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Abstract 
The focus of this thesis is the investigation of modified electrodes for the 

electrochemical generation of hydrogen. The catalysts employed consist of a series 

of metal perfluorinated phthalocyanines. Modified electrode films were made my 

physical adsorption of the complexes onto carbon surfaces and by dispersing them 

in Nafion® prior to casting them onto glassy carbon electrodes. These systems were 

evaluated in terms of TOF (hr
-1

), moles of hydrogen generated and current density. 

As non-renewable sources of energy are currently the main energy providers or 

global consumption, there is now, more than ever, a demand for green, cheap, 

reliable and stable renewable energy sources. 

 

Chapter 1 comprises of a literature review of electrocatalytic studies on similar 

catalysts. 

 

Chapter 2 introduces the theory and practical aspects of this thesis. The 

experimental techniques employed (mainly cyclic voltammetry, bulk electrolysis 

and gas chromatography) in the studies presented in the later chapters are discussed, 

as well as the featured materials, methods and calculations.  

 

Chapter 3 presents the characterisation of the catalysts, using absorbance 

spectroscopy and solution electrochemistry. The adsorbed modified electrodes are 

also characterised in this chapter.  

 

Chapter 4 is concerned with three substituted metal (II) phthalocyanines; CoPcF16, 

CuPcF16 and ZnPcF16 for use as electrocatalysts for H2 formation. Factors including 

temperature, electrolyte and electrolysis potential play a major role in the 

development of such systems. Optimising the parameters for increasing these 

catalysts' performance for the electrocatalytic proton reduction remained the focus 

of this work. 

 

Chapter 5 details the activity of the three catalysts incorporated in Nafion®. The 

introduction of a polymer matrix is expected to alter the electrocatalytic activity. 

Similarly to Chapter 4, important conditions are investigated such as electrolyte, 
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temperature and electrolysis potential. The effect of varying the ratio of catalyst to 

Nafion® is also studied. 

 

Chapter 6 explores the use of a different electrode material for electrocatalytic 

generation of hydrogen. Nano-porous carbon monolith fragments were used in an 

effort to increase the catalytic performance but also to investigate the hydrogen 

storage properties of this material. 

 

Chapter 7 is concluding remarks made for each experimental chapter and 

suggestions for future work. 
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Abbreviations 
 

 

Ag  Silver wire 

Ag/AgCl Silver/Silver Chloride 

BCM  Blank carbon monolith 

BE  Bulk electrolysis with coulometry 

CM  Carbon monolith 

CME  Chemically modified electrode 

CoPcF16 Cobalt (II) 1, 2, 3, 4, 8, 9, 10, 11, 15, 16, 17, 18, 22, 23, 24, 25  

  hexadecafluoro-29 H, 31 H phthalocyanine 

CuPcF16 Copper (II) 1, 2, 3, 4, 8, 9, 10, 11, 15, 16, 17, 18, 22, 23, 24, 25  

  hexadecafluoro-29 H, 31 H phthalocyanine 

CV  Cyclic voltammetry 

DPV  Differential pulse voltammetry 

FE  Faradaic efficiency 

FID  Flame ionisation detector 

GC  Gas chromatography 

GCE  Glassy carbon electrode 

MCM  Modified carbon monolith 

MPc  Metal phthalocyanine 

MTPP  Metal tetraphenyl porphyrin 

MV  Methyl viologen 

Nf  Nafion® 

PE  Potentiostatic electrolysis 

PSCAS Potential step chromoamperometry 
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PVP  Poly-4vinylpyridine 

2-PVP  Poly-2vinylpyridine 

PVP-(St) Poly-4vinylpyridine (co-styrene) 

QRE  Quasi-reversible electrode 

Ru(bpy)3 Ruthenium tri(bipyridine) 

TCD  Thermal conductivity detector 

TOF  Turnover frequency (hr
-1

) 

TON  Turnover number 

ZnPcF16 Zinc (II) 1, 2, 3, 4, 8, 9, 10, 11, 15, 16, 17, 18, 22, 23, 24, 25  

  hexadecafluoro-29 H, 31 H phthalocyanine 

 

 
 



viii 

 

Table of Contents 

Authors Declaration         ii 

Acknowledgements          iii 

Abstract          iv 

Abbreviations          vi 

Table of Contents         viii 

Chapter 1 Introduction       1 

 1.1 Introduction        2 

 1.2 Electrocatalytic systems based on modified electrodes  7 

  1.2.1 Modification of electrode surfaces    8 

  1.2.2  Catalytic activity      8

   1.2.2.1 Overpotential       9

   1.2.2.2 Turnover frequency and current density  11 

  1.2.3 Metal phthalocyanine modified electrodes   13 

   1.2.3.1 Cobalt (II) phthalocyanine as an electrocatalyst  14

  1.2.4 Charge transfer within a catalyst/polymer layer  18 

   1.2.4.1 Apparent diffusion coefficient Dapp   19 

  1.2.5 Catalysis       21 

  1.2.6 Effect of pH       23 

  1.2.7 Metalloporphyrins as electrocatalysts    29 

 1.3  Why perfluorinated metal phthalocyanines?    31 

1.4 Scope of Thesis       33 

1.5  References        35 

 

Chapter 2 Experimental Procedures and an Introduction to  

  Techniques       41 

2.1 Electrochemistry       42 

 2.1.1  Introduction       42 

 2.1.2  Faradaic processes      42 

 2.1.3 Electrical double layer     43 

 2.1.4  Nernst behaviour and interfacial reactions   45 



ix 

 

2.1.5  Mass transport       46 

2.1.5.1 Diffusion      47 

  2.1.6 Electron transfer      49 

  2.1.7 Modified electrode surfaces     54 

   2.1.7.1 Construction of modified electrodes   56 

   2.1.7.2 Stability      56 

   2.1.7.3 Characterisation     57 

 2.2 Electrochemical Materials      59 

  2.2.1  Electrochemical cell      59 

  2.2.2  Electrodes       60 

2.2.2.1 Working electrode     60 

2.2.2.2 Counter electrode     61 

2.2.2.3 Reference electrode     61 

2.2.2.4 Using ferrocene as an internal standard  62 

  2.2.3 Electrochemical methods and techniques              63

   2.2.3.1 Cyclic voltammetry     63 

   2.2.3.2 Differential pulse voltammetry   66 

   2.2.3.3 Bulk electrolysis with coulometry   67 

 2.3 Hydrogen quantification using electrochemistry   69 

  2.3.1 Calculation of moles of reactant/product   70 

  2.3.2 Calculation of percentage of electroactive catalyst  71 

  2.3.3 Calculation of turnover frequency (electrochemically) 71 

 2.4 Chromatography       72 

  2.4.1 Introduction and Gas chromatography (GC)   72 

  2.4.2 Detectors       74 

   2.4.2.1 Thermal conductivity detector (TCD)  74 

  2.4.3 Method validation      76 

  2.4.4 Hydrogen quantification using Gas Chromatography 77 

   2.4.5 Sources of error     78 

 2.5 Experimental materials and conditions    79 

  2.5.1 Solution electrochemistry     79 

  2.5.2 Modified electrodes for electrocatalytic studies  80 

   2.5.2.1 Coating of electrodes     80 

   2.5.2.2 Cleaning of electrodes    80 



x 

 

  2.5.3 Catalysts and polymers     80 

  2.5.4 Preparation of catalyst solutions    81 

   2.5.4.1 Adsorbed catalysts     81 

   2.5.4.2 Catalysts dispersed in Nafion®   81 

2.5.5 Preparation of catalysts using graphitized carbon monolith 

material as electrodes      82 

2.5.6 Gas chromatography method     82 

2.5.6.1 Elution times of gases     83 

 2.6 Concluding remarks       84 

 2.7  References        85 

     

Chapter 3 Characterisation of Perfluorinated Metal (II) 

Phthalocyanines                88 

 3.1 Introduction        89 

 3.2  Result and Discussion       92 

  3.2.1 Characterisation- Absorption spectroscopy   92 

3.2.2 Electrochemical Characterisation- Redox properties 

 of MPc’s in solution      93 

   3.2.2.1 Cobalt (II) hexadecafluorophthalocyanine  96

   3.2.2.2 Copper (II) hexadecafluorophthalocyanine  100

   3.2.2.3 Zinc (II) hexadecafluorophthalocyanine  103 

3.2.3 Electrochemical Characterisation- Redox properties of 

immobilised MPc’s      105 

 3.2.3.1 Cobalt (II) hexadecafluorophthalocyanine  105 

 3.2.3.2 Copper and Zinc (II) hexadecafluorophthalocyanine 106 

3.2.4 Characterisation of the electrocatalytic activity   108 

 3.3 Concluding remarks       111 

 3.4  References        112 

Chapter 4 Factors influencing the Electrocatalytic Generation of 

Hydrogen using Modified Metal (II) Perfluorinated 

Phthalocyanines Electrodes             114 

4.1  Introduction        115 



xi 

 

4.2  Results and Discussion      116 

4.2.1 Characterisation-Cyclic voltammetry and onset potential     
 
116 

4.2.1.1 Surface coverage of M(II)PcF16   119 

4.2.1.2 Proposed reaction pathways    121 

  4.2.2 Conditions affecting electrocatalytic generation of  

hydrogen        123 

4.2.2.1 Applied electrolysis potential    123 

   4.2.2.2 Effect of temperature     131 

4.2.2.3 Effect of using ethyl acetate for preparation of  

catalyst solution     138 

4.2.2.4 Casting additional layers using DMF catalyst  

Solution      142 

4.2.2.5 Effect of varying the pH and ionic strength of 

electrolyte      145 

4.2.2.6 Varying the catalyst concentration in the coating 

solution      153 

4.2.2.7 Varying the volume of catalyst deposited  156 

4.2.2.8 Using chloride as an electrolyte   157 

4.2.2.9 Stability      160 

4.2.2.10 Duration of electrolysis    161 

4.2.2.11 Repeated use of a modified electrode  164 

4.2.2.12 Photo-electrocatalytic generation of hydrogen 166 

 4.3 Experimental considerations      171 

  4.3.1 Pressure       171 

   4.3.1.1 Effect of using a larger cell volume   171 

  4.3.2 Effect of temperature on solvent evaporation and  

film quality       174 

  4.3.3 Seal integrity       175 

4.4 Concluding remarks       177 

4.5 References        179 

 



xii 

 

Chapter 5 Electrocatalytic Hydrogen Generation using modified 

Metal (II) Perfluorinated Phthalocyanine Electrodes 

dispersed in Nafion® polymer            183 

5.1  Introduction        184 

5.2  Results and Discussion      187 

 5.2.1 Characterisation of M(II)PcF16:Nafion®   187 

  5.2.1.1 Onset potential     189 

5.2.1.2 Electrochemical reactivity of M(II)PcF16 embedded 

 in Nafion®      191 

5.2.1.3 Surface electrochemical response   192 

5.2.1.4 Proposed reaction pathways    193 

  5.2.2 Conditions affecting electrocatalytic generation of  

hydrogen       195 

5.2.2.1 Applied electrolysis potential    195 

5.2.2.2 Effect of temperature     201 

5.2.2.3 Effect of varying the pH and ionic strength of 

electrolyte      209 

5.2.2.4 Using chloride as an electrolyte   215 

5.2.2.5 Varying the catalyst concentration in the coating 

solution      218 

5.2.2.6 Varying the volume of catalyst deposited  220 

5.2.2.7 Casting additional layers using DMF catalyst  

Solution      221 

5.2.2.8 Stability      223 

5.2.2.9 Duration of electrolysis    224 

5.2.2.10 Photo-electrocatalytic generation of hydrogen 226 

5.2.3 Effect of varying the ratio of MPc to Nafion®  

for the electrocatalytic generation of hydrogen  229 

 5.2.3.1 Varying the ratio of CuPcF16:Nafion®  229 

 5.2.3.2 Varying the ratio of catalyst:Nafion®using 

 KCl as the electrolyte     234 

 5.3 Concluding remarks       237 

 5.4 References        240 



xiii 

 

 
Chapter 6 Electrocatalytic Hydrogen Generation using modified 

Metal (II) Perfluorinated Phthalocyanine Electrodes on 

Nano-porous Graphite Material            243 

6.1  Introduction        244 

6.2  Results and Discussion      245 

6.2.1 Carbon monoliths as electrode material for the enhanced     

electrocatalytic activity of CoPcF16      245 

 6.2.1.1 Preparation of monolith material   245 

6.2.2 Characterisation of CoPcF16/CM by cyclic voltammetry 248 

6.2.2.1 Characterisation of immobilised CuPcF16/CM and 

ZnPcF16/CM by cyclic voltammetry   251 

  6.2.3 Onset Potential      252 

  6.2.4 Electrochemical surface behaviour and surface coverage 254 

  6.2.5 Parameters affecting electrocatalytic hydrogen production 257 

6.2.5.1 Electrocatalytic activity of MCM and effect of  

varying the ratio of CM:CoPcF16   257 

6.2.5.2 Effect of temperature     261 

6.2.6 Electrocatalytic activity using a chloride electrolyte  

at 40°C       265 

6.2.7 Carbon monolith rod as a working electrode  

for the electrocatalytic generation of hydrogen  

using CoPcF16        267 

6.2.8 Storage properties of Carbon Monolith material  270 

 6.3 Concluding remarks       273 

 6.4 References        275 

 

Chapter 7 Concluding Remarks and Future Work           278 

 7.1 Concluding remarks and future work     279 

 

 

Appendix A  Publications       

Appendix B Chapter 3               i 



xiv 

 

Appendix C Chapter 4               iv 

Appendix D Chapter 5               xviii 

Appendix E  Chapter 6              xxxvi 

 



Chapter One: Introduction 

1 
 

 

 

 

 

 

Chapter One 

Introduction 

 

An overview of work carried out for the investigation of electrocatalytic pathways 

towards sustainable fuel production from water. The electrocatalytic properties of 

metallophthalocyanines and metalloporphyrins on chemically modified electrodes 

for electrochemical H2 formation are discussed. Important parameters are 

examined for such catalysts immobilised on electrode surfaces including, catalytic 

efficiency, the overpotential required, pH of electrolytes used, the applied 

potential, methods used for catalyst immobilisation, and polymer supports. 

Possible mechanistic pathways are investigated for both reactions. Where 

available, turnover numbers are reported and provided in a table format.   
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1.1 Introduction 

In recent years the need for renewable energy sources has become a major cause 

for concern. Now more than ever, there is a serious demand for renewable energy 

supplies.  The rapid expansion of human populations and its attending energy 

demands have seriously taxed our ability to live in a sustainable manner.  It has 

been suggested that the world’s largest energy source, oil, will be exhausted by 

the middle of the 21
st
 century.

1,2
  Our dependence on fossil fuels for energy 

sources has created a second, far-reaching problem, which is climate change. In a 

recent review by Roy et al., the environmental impact of the increasing CO2 levels 

was discussed, with an expected 6 degree increase in global temperature being 

predicted before the end of the current century.
3
  This increase in temperature will 

have serious environmental consequences, including greatly diminished arable 

lands and no polar ice cap.
4
  It is alarming that trends in both population growth 

and fossil fuel energy consumption continue, seemingly unabated. Thus, there is 

an urgent need for the development of novel approaches for obtaining energy, 

which should be carbon-neutral and therefore not exacerbate atmospheric CO2 

levels.   

The development of new energy technologies should be efficient and cheap 

enough to replace present fossil fuel-based energy sources.  Wind and solar 

energy are possible solutions.  The advantage with using wind energy is that it is a 

well-developed science; however the variable energy output remains a 

disadvantage (with concerns of locations of wind turbines and the irregular 

strength of winds).  

Solar energy is widely considered to be one of the most promising avenues for 

energy in future times, because of the virtually unlimited amount of solar energy 

that is available.  In the last number of years considerable improvements have 

been made in the construction of fuel cells which mimic artificial photosynthesis.
5
  

However, solar energy, like wind, is an intermittent energy source, and both of 

these technologies produce electricity that must be stored.  Compared to liquid 

hydrocarbon fuels, batteries can only store a small fraction of the energy and other 
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means of storing electricity, such as supercapacitors are not yet developed to the 

point that they can be considered for large-scale use.
6
   

It is these issues, along with a greatly established fossil fuel-based energy 

infrastructure which makes displacing fossil fuels as a primary energy source for 

the world a daunting task.   

A study of global energy consumption for 2010 conducted by BP (British 

Petroleum) revealed that at present, renewable energy sources (solar, wind, tidal, 

hydro and geothermal energy) constitute only 1% of the world’s energy 

consumption; oil and gas remain the leading non-renewable sources of energy, 

accounting for 37% and 23% of global energy usage figures, respectively.
7
  Thus, 

a novel energy technology needs to be capable of producing energy in a stored 

format.
8
   

The electrocatalytic formation of hydrogen and the transformation of CO2 into 

useful chemical products are of great interest in this endeavour.  If renewable 

energy sources are used to generate fuels from cheap and widely available 

materials, this goal can be accomplished.  Because of the sheer scale that would 

be involved in supplying the world’s billions with energy, water has often been 

considered as a suitable starting material for the synthesis of H2.  It is present in 

large quantities on the earth’s surface and hydrogen produced from aqueous 

solutions can be combusted to produce energy, yielding no carbon footprint.  

Hydrogen is an ideal energy carrier, but currently, its generation is mostly carried 

out using fossil fuels. As hydrogen has a low volumetric energy density, its 

storage and transportation is inconvenient, requiring high pressures (at an extra 

energy cost).  However, on-board generation for immediate use in vehicles could 

aid to partly alleviate this drawback.   

For the generation of hydrogen, water electrolysis is a well-established process 

but it employs expensive electrode materials and the transformation to H2 requires 

high temperatures, reducing energy gains.
9
  Thus, a more environmentally 

friendly H2 production method is of interest.
10

  The electrocatalytic formation of 

hydrogen is of particular interest for this reason.  CO2 is another widely available 

material that might be considered for energy storage purposes.  As it is the by-

product of most industrial operations and because of the problems that are 
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associated with its build-up in the atmosphere, CO2 would be the cheapest type of 

starting material.   

Electrochemical energy storage routes have been explored as early as 1800, with 

the first report of water electrolysis by Nicholson and the first battery by Volta 

appearing in the same year.
11

  Starting from the 1980’s there has been an interest 

in developing electrocatalytic methods for hydrogen production and the 

transformation of CO2 into useful chemicals.  Studies of electrochemical H2 

evolution and CO2 reduction are well-known, and are typically carried out with 

the use of catalysts.  The reduction of acidic solutions on platinised platinum 

surfaces forms the basis for the standard hydrogen electrode (SHE) (aH2 = aH+ = 1; 

T = 25
o
C), which yields the reversible potential for proton reduction to molecular 

hydrogen.
12,28

   

The reduction of H
+
 on other surfaces and using different conditions requires a 

greater energy investment for this transformation, observed experimentally in the 

form of an overpotential (section 1.2.2.1).  Large-scale use of platinum for 

obtaining energy in this manner is not feasible, hence much time has been devoted 

toward the discovery of more abundant and cheaper materials for electrochemical 

H
+
 reduction at minimal overpotentials, concerning a range of electrode materials, 

semiconductors, molecular catalysts dissolved in electrolyte solutions and 

surfaces that incorporate immobilised catalyst centres (chemically-modified 

electrodes, CMEs).  This thesis concerns CMEs that consist of substituted metal 

phthalocyanines (MPc’s) in surface-confined arrangements for electrochemical H2 

evolution. These MPc’s are advantageous for this work in that they provide 

reactive catalyst centres whose electronics may be influenced by the nature of the 

coordination sphere.  These systems are sometimes active at lower overpotentials 

than metallic catalysts, and may present “open” coordination sites for catalytic 

transformations in the form of easily-substituted ligands.
13

 

Along with using molecular complexes as catalysts for these reactions, a popular 

method for the immobilisation of electrocatalysts on electrodes is dispersing them 

in polymer matrices.  In certain cases, electroactive polymers may be used, which 

facilitates the regeneration of the active forms of the electrocatalysts.
14

  Superior 

electron transport is possible in systems that involve conjugated organic 
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backbones (conjugated metallopolymers).  These materials have been targeted for 

use in electrocatalysis since their discovery in the mid 1990’s, due to their fast 

electron transport properties which can greatly enhance the regeneration of 

electrocatalyst centres during catalytic oxidation/reduction cycles.
15

  For these 

materials, a fast superexchange mechanism operates, which provides electron 

transport at rates up to two orders of magnitude greater than those reported for 

comparable vinlypyridine-based metallopolymers.
16

 The direct coordination of 

metal centres to the conjugated π-system of the polymer backbone in a conjugated 

metallopolymer also yields materials which possess interesting combinations of 

redox and spectral properties.  However, these pre-synthesised ligands that yield 

conjugated metallopolymers are not yet commercially available, thus investigative 

work with these materials would require additional synthetic effort.  Still, the 

attachment of groups that enable in-situ oxidative or reductive 

electropolymerisation (e.g. thiophenes, pyrroles) may be achieved through well-

established carbon-carbon bond formation reactions in reasonably good 

yields.
17,18,19

 

This chapter gives a brief overview of the work carried out for the electrocatalytic 

generation of hydrogen in the last 30 years using electrodes in which surfaces are 

modified with a range of substituted metal phthalocyanines.  The experimental 

conditions are listed in Table 1.1 for the electrocatalytic production of hydrogen.  
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Table 1.1: Comparison of reported experimental details and hydrogen generation 

turnover numbers (TON’s) for the electrocatalysts discussed.  

[M-no.] 

 

Polymer/Electrode Potential 

(V) vs. 

Ag/AgCl 

pH of Solvent 

System 

TOF (hr
-1

) 

[Co-1] 

[Co-2] 

[Co-3] 

[Cu-1] 

[Cu-4] 

[Co-4] 

[Zn-1] 

[Zn-1] 

[Co-5] 

[Co-5] 

[Co-5] 

[Ti-6a-c] 

 [Co-7] 

[Co-7] 

[Co-7] 

[Co-7] 

[Co-7] 

[Co-8] 

[Co-8] 

[Mn-8] 

 [Fe-8] 

[M-8] 

[Zn-8] 

[Zn-8] 

P(VP-St)
a
/BPG

b 

P(VP-St)
a
/BPG

b 

P(VP-St)
a
/BPG

b 

Nf
d
/GCE

e
 

GCE
e
 

GCE
e
 

P(VP-St)
a
/BPG

b 

Nf
d
/BPG

b
 

GCE
e
/epc

c,h
 

GCE
e
/dc

m
 

GCE
e
/sc

n
 

Nf
d
/GCE

e 

Nf
d
/ITO

i
 

Nf
d
/ITO

i
 

Nf
d
/ITO

i
 

Nf
d
/ITO

i
 

Nf
d
/ITO

i
 

Nf
d
/Pt 

Nf
d
/BPG

b
 

Nf
d
/Pt 

Nf
d
/Pt 

Nf
d
/BPG

b
 

PVP
k
/Pt 

Nf
d
/Pt 

-0.9
 c
 

-0.9
 c
 

-0.9
 c
 

-1.22
f 

-0.84
 f
 

-1.04
 f 

-0.9
c
 

-0.9
c
 

-0.98
 f 

g 

g 

g 

-0.45
f
 

-0.50
f
 

-0.54
f
 

-0.58
f
 

-0.60
f
 

-0.3
c 

-0.7
c
 

-0.8
c 

-0.8
 c
 

-0.8
 c
 

-0.4
l 

-0.25
c
 

pH 1.0 
o
 

pH 1.0
 o

 

pH 1.0
 o

 

pH 2.7, 7.3, 10.4
 o

 

pH 9.2
 o

 

pH 9.2
 o

 

pH 1.0
 o

 

pH 1.0
 o

 

pH 2.4
 o

 

pH 2.4
 o

 

pH 2.4
 o

 

pH 3.4, 5.6, 10
 o

 

pH 1.4
p

 

pH 2.2
 p

 

pH 4.0
 p

 

pH 7.2
 p

 

pH 10.3
 p

 

pH 1.0
o

 

pH 1.0
 o

 

pH 1.0
 o

 

pH 1.0
 o

 

pH 1.0
 o

 

pH 4.4
 o

 

pH 1.01
 o

 

2 x 10
5
 

5 x 10
4
 

1 x 10
3
 

g 

g 

g 

3 x 10
4
 

4 x 10
4
 

g 

g 

g 

g 

20.
j
 

40
 j
 

32
 j
 

6
 j
 

34
j 

2 x 10
2
 

70 

g 

g 

5 x 10
2
 

g 

g 
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a 

P(VP-St) = poly(4-vinylpyridine-co-styrene); 
b 

Basal
 
pyrolytic graphite;  

c
 

Potentiostatic Electrolysis ;  
d
 Nafion® ;  

e
 Glassy Carbon Electrode ;

f
  Calculated 

from published data vs. SCE ; 
g
 Not given ; 

h
 Electro polymerization technique;  

i
 

Indium Titanium Oxide;  
j
 Calculated by subtracting the amount of hydrogen 

evolved on an ITO/Nf® electrode to the amount evolved on ITO/Nf®/CoPc, No 

indication of length of time TON have been calculated, 
k
 Poly(4-vinylpyridine);  

l 

Potential at which photocurrent is observed ; 
m 

Dip cast ; 
n
 Spin coat, 

o
 0.1 M aq. 

NaH2PO4/H3PO4 ;  
p 

0.1 M aq. NaCl/NaH2PO4/H3PO4. 

1.2 Electrocatalytic systems based on modified 

electrodes 

 

When hydrogen is used as an energy source, it generates no emissions other than 

water.   Thus, it seems sensible to pursue this fuel as an energy source for meeting 

our future energy needs.  The emergence of an environmental hydrogen economy 

has been advocated for some time.  However, at present most hydrogen is 

produced from fossil fuels, a method that is clearly neither sustainable, nor 

environmentally friendly.  A smaller amount (about 4%) is obtained from the 

electrolysis of water.  Although attractive in principle, the direct electrolysis of 

water has several drawbacks.  This process mainly uses platinum working 

electrode surfaces, and to enhance the efficiency of the process, high pressure and 

high temperatures (up to 850
o
C) are frequently used, yielding an overall efficiency 

of 50-70%.  Therefore, there is an urgent need for the development of cheap and 

low-temperature production methods for hydrogen.  The challenge for today’s 

scientists is to develop sustainable techniques to produce hydrogen economically.  

Because the use of Pt catalysts for meeting global energy needs is not a realistic 

idea (a hurdle which also confronts fuel cell technology), molecular catalysts 

using first row transition metals have been investigated for their potential 

application in hydrogen generation reactions.  The main molecular catalysts which 

will be discussed in detail in this chapter are metal phthalocyanines and 

porphyrins, although a recent review has been published detailing various types of 

metal compounds which have been employed as electrocatalysts for the 

production of fuel from water.
20
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1.2.1 Modification of electrode surfaces 
 

A variety of techniques have been published which detail the immobilisation 

methods of catalysts onto electrode surfaces.
21,22,23

 Three techniques that are 

frequently encountered in the literature for producing these modified films are 

drop-casting of catalyst solutions, dip-coating of catalyst solutions and 

electrochemical coating. 

The first technique simply involves casting a small volume of the catalyst solution 

onto the surface of an electrode, hence the term drop-casting.
24

 Providing that the 

complex is not soluble in the electrolysis solvent, this method is a convenient 

route to the creation of modified electrode surfaces.  Dip-coating is a related, 

alternative technique in which the electrode is immersed into the catalyst solution, 

removed and allowed to dry.
25,26

 The third technique is electrochemical coating. 

An electrode is placed into the catalyst solution where the potential of the 

electrode is fixed (for a period of time) in which the coat is ‘grown’ directly onto 

the surface. The catalyst consists of a monomeric electroactive species which 

contains polymerisable groups (such as vinyl-substituted metal complexes) for the 

creation of a modified electrode surface.  In this technique, the use of 

chemical/electrochemical reactions generate new bonds between the 

electrocatalyst and the electrode surface.
26,27

   

Several important advantages over solution-phase experiments are achieved when 

electrocatalysts are introduced as insoluble films on electrode surfaces. A high 

concentration of the catalyst exists in the region of the electrochemical reaction 

(compared to the concentration of the electroactive species in at the interface in 

solution phase).  Furthermore, because the electrode is coated with a thin layer of 

the catalyst, the approach uses minimal quantities of catalyst materials. 

Importantly, removal of the electrocatalyst following the reaction is facile.  

1.2.2 Catalytic Activity 

It is evident from the examples of work carried out in this field over the 

years that there are a number of factors which dictate a catalyst’s performance for 

electrocatalytic reduction of H
+
 to H2. These factors are applied electrolysis 
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potential, pH of electrolyte, influence of the metal centre, substituent effects, and 

polymer support. 

1.2.2.1 Overpotential (η)  

For H2 evolution, the reaction of interest is; 

                                             Equation 1.1 

The reaction in Equation 1.1 occurs at a platinum electrode, at an equilibrium 

potential of -0.197 V vs. Ag/AgCl. Over-potential, η, is defined as the additional 

potential beyond the thermodynamic requirement needed to drive a reaction at a 

certain rate.
28

 The equilibrium potential, Eeq, is related to the overpotential 

through equation 1.2:  

η = E - Eeq          Equation 1.2 

An ideal system is one which has a low overpotential for the proton reduction 

reaction to molecular hydrogen. A large overpotential involves a significant extra 

energy investment for driving the electrochemical reaction at the desired rate. 

Thus the development of catalysts which can carry out the desired process at 

small overpotentials is highly desirable. 

It is apparent from the literature reviewed that different research groups report the 

experimental potential (E) for the electrolyses in different manners.  This, of 

course, influences the determination of the overpotential. Artero et al.
29

 report 

using the half-wave potential at which catalytic currents are measured while Koca 

referred to the onset of the reduction wave for the calculation of η.
30

  The onset 

potential is described as the minimum potential at which the catalytic process is 

observable.  Peters et al.
31

 interpret the potential E to be that of the reduction 

process of the species involved in the catalytic reaction (i.e. catalyst and not the 

potential at which the catalytic current occurs) whereas DuBois takes the potential 

E as the corresponding potential to where the current is half its maximum value.
32

 

With regards to the overpotential, two remarks must be made. The first is that the 

standard electrode potential, E°, for the reduction to H2 is measured at standard 

conditions (298 K, 1 atm with H
+
(aq) and H2(g) at unit activity) using platinised 

platinum electrodes.
28,33

 However these conditions do not reflect the experimental 
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conditions employed for the reactions carried out in this thesis or in any of the 

works cited above.  

In order investigate the possibility of using a complex as an electrocatalyst for this 

kind of work, experiments should be performed using a bare working electrode 

first in order to gauge the overpotential requirements (Ebare), for the reaction This 

potential can be compared to the potential for the same reaction using a modified 

working electrode Emod. If Emod is less negative (for a reduction) than the Ebare, 

then the modifying layer is an effective electrocatalyst, decreasing the 

overpotential with respect to the bare electrode and thus requiring less energy for 

the reaction to ensue. 

 

Figure 1.1:  Cyclic voltammogram of (a) bare GCE and (b) modified electrode 

(coated with CoPcF16 -inset) (vs. Ag/AgCl) at 100 mV/s in 0.1 M NaH2PO4/H3PO4 

(pH 2) for hydrogen production. Inset: enlarged CV, where x represents the 

difference in potential at which similar currents are observed by Ebare and Emod 

thus decreasing the overpotential. 

For illustrating this point, the voltammogram shown in Figure 1.1 compares a bare 

glassy carbon electrode to a coated GCE modified with CoPcF16. The generation 
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of H2 using a bare glassy carbon electrode in pH 2 phosphate buffer conditions 

would require a potential (Ebare) more negative than -1.2 V to produce a current of 

the same magnitude as the current produced by CoPcF16 (Emod), Figure 1.1 inset. 

The same current is observed at a potential that is almost 200 mV less negative for 

CoPcF16, which suggests that CoPcF16 is effective for electrocatalytic H2 

generation.  

1.2.2.2  Turnover Frequency (TOF) and Current Density (J) 

Turnover frequency TOF and current density J are performance indicators used to 

evaluate how effective an electrocatalyst is at contributing to the reaction. The 

turnover number, TON, reports the number of moles of product generated per 

mole of immobilised, electrochemically active catalyst during the experiment 

(Equation 1.3) whereas the TOF reports the number of moles of product obtained 

in the context of a certain timeframe, (i.e. per hour).  Current density J is defined 

as the rate at which electrons pass across the electrode-solution interface, divided 

by the electrode’s surface area. J offers important information concerning the rate 

of electrolysis (Equation 1.4). The current density in this thesis is determined in 

two ways; the first is by taking the maximum current observed in a cyclic 

voltammetry (CV) experiment and dividing it by the geometrical area of the 

working electrode (0.070 cm
2
 for a glassy carbon electrode). The catalytic current 

observed in the voltammogram is assumed to be a result of proton reduction. The 

current density was also calculated by taking the average current passed over the 

period of electrolysis and dividing it by the area of the working electrode. The 

problem associated with calculating the current density in this way is that 

oxidation of water occurs at the counter electrode.  In the timeframe of an 

electrolysis experiment (one hour) it is expected that diffusion of dissolved O2 

(created by this oxidation) would be sufficient to permit movement of O2 to the 

cathode, where it would subsequently compete with H
+
 ions for reaction at the 

working electrode.  However, because the products at both the working and 

counter electrodes are gases, convection caused by the movement of these bubbles 

(and by periodic bumping of the cell to dislodge adhered H2 bubbles at the 

working electrode) is expected to greatly enhance the ability of O2 to reach the 

working electrode during an electrolysis.  Unfortunately, phthalocyanine 

complexes are known to catalyse the reduction of O2.  Thus the current that passes 
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during an electrolysis will have some component that is caused by O2 reduction. 

Because there is not sufficient time for this to occur during a cyclic voltammetry 

experiment (approximately 1 minute in length), current density calculated by the 

former approach is expected to be more useful for probing the performance of a 

catalyst for H
+
 reduction.  (The current densities can later be related to post-

electrolysis data like TOF, mol product, etc.)  The current density values given in 

the experimental chapters are calculated by both electrochemical techniques 

which can be compared.  

      
           

                 
   Equation 1.3 

      
 

 
   Equation 1.4 

Turnover figures can suffer from several drawbacks.  First, the amount of product 

is dependent on the electrolysis time, thus reporting turnover frequency (TOF) 

instead of TON (which is defined as TON divided by time) may be more useful. 

However, non-linear current densities/amounts of product can be observed over 

time for such studies, and thus even TOF data must be used with some care when 

comparing the performance of different catalysts and different conditions.  

Another important factor that influences TOF/TON in modified electrode studies 

(which is not always considered) is the fact that not all catalyst material within a 

modified electrode film necessarily participates in oxidation/reduction, due to 

limitations imposed by electron transport, and diffusion of the catalyst during 

electrolyses.  For bulky catalysts that diffuse slowly within a non-conducting 

polymer film (e.g. phthalocyanine complexes), this may limit oxidation/reduction 

of the catalyst to regions very close to the electrode surface and preclude such 

processes in more remote regions of the film.  For TOF/TON calculations, this is a 

source of error that can amount to an order of magnitude or more in reported data.  

Thus the quantity of electroactive catalyst material within the film should be 

determined by an electrochemical technique (e.g. cyclic voltammetry).  This data 

has been used in the determination of TOF figures for this thesis; however, there 

is significant variation in the data which makes trends in TOF figures sometimes 

difficult to interpret. 
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1.2.3  Metal phthalocyanine modified electrodes 

Metallophthalocyanines (MPc’s) have attracted much attention over the years in 

areas ranging from commercial use as dyes in the paper and textile industry
34

, 

environmental and chemical sensors used in the detection of heavy metals
35,36

 and 

in pharmacology, for use as therapeutic agents.
37

  

Important properties of MPc’s include a rich redox chemistry that is associated 

with an 18π-electron arrangement, which allows for π-stacking interactions 

between these planar macrocycles in even fairly dilute solutions. They offer 

chemical and thermal stability, varied coordination properties, absorbance in the 

visible spectrum and highly efficient intermolecular electron transfer processes.
38

  

Metal phthalocyanines can be deposited from solutions onto electrodes forming 

aggregated systems which exhibit low solubility in H2O, making these ideal 

candidates for use as electrocatalysts in aqueous solutions. It is these properties 

which make them attractive for use as catalysts for hydrogen evolution.   
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Figure 1.2: Structures of metal phthalocyanine where M = Co, Zn, Cu, Fe, Mn, 

Ni, Pd; R1 = R2 = H for [Co-1], [Zn-1], [Cu-1], [Fe-1], [Mn-1], [Ni-1] and [Pd-

1]. 

A considerable amount of research has demonstrated that MPc’s can catalyse 

photoinduced proton reduction reactions to generate molecular hydrogen in the 

presence of sacrificial donors.
39,40

 Although such results are very important with 

regards to alternative energy technology, the need for sacrificial donors will not 

directly lead to a sustainable hydrogen production technology.  Modified 

electrodes for hydrogen evolution bypass the sacrificial donor step, since the 
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catalytically active states are generated by electron transfer at the film-solution 

interface at a modified electrode. 

MPc’s have been investigated for many years as materials for H2 evolution, in 

studies that consider different metal centres as well as the effect of various 

substituents on the Pc ring.  The electronic/steric nature of the substituents can 

affect the redox chemistry of the Pc ring, which can influence the electrocatalytic 

activities of complexes involving these structures.  Electron withdrawing 

substituents tend to facilitate reduction of the complex (shift the reduction 

potential of MPc’s to more positive values), while electron donating groups 

generally lower the ease of their reduction.
41

 The catalytic activities of MPc’s 

have been ascribed to the relative energy of the metal d orbital energies, which 

may be positioned between the HOMO and the LUMO of the Pc ring.
38, 42, 43, 44, 45, 

46, 47
 Although the first oxidation and first reduction processes are assigned as 

metal based for MPc’s containing central metal ions of Mn, Fe and Co,
47

  Lever et 

al. reported that for MPc’s containing Ni, Zn and Cu as the central metal ion, no 

reduction redox processes take place on these centres but on the ring itself.
39

  

Therefore, there is much interest in the modification of MPc’s concerning the 

effects of various substituents and central metal ions on their electrochemical 

properties. This is discussed further in Chapter 3. 

1.2.3.1 Cobalt(II) phthalocyanine as an electrocatalyst 

Because the electronic properties of ring substituents have been shown to play a 

key role in the catalytic activity of MPc’s towards H2 evolution, many researchers 

have explored this idea by varying both the nature of the metal and the 

phthalocyanine ring structure.  Kaneko et al. reported the electrocatalytic 

properties of a series of Co(II) phthalocyanines.  [Co-1], [Co-2] and [Co-3] shown 

in Figure 1.3 were incorporated in P(VP-St) polymer and adsorbed onto a BPG 

electrode. All three Pc’s displayed electrocatalytic activity for hydrogen 

formation.
25
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Figure 1.3: Structure of metal phthalocyanine where M = Co for [Co-2] where R1 

= R2 = CN and [Co-3] where R1 = H, R2 = (SO3H).  

For [Co-1] embedded in a P(VP-St) polymer matrix,  a TOF as high as 2 x 10
5
 in 

1 hour was determined when held at a constant potential of -0.9 V vs. Ag/AgCl in 

acidic phosphate buffer, Table 1.1. This TOF is one of the highest values reported 

when compared with other molecular based catalysts and is the standard against 

which our catalysts are compared throughout the thesis.  Upon substitution of the 

[Co-1] with cyano- or sulphato- groups, the catalytic efficiency (and apparent 

diffusion coefficient Dapp – see 1.2.4.1) decreased in the order [Co-1] > [Co-2] > 

[Co-3].  This decrease in efficiency is reflected in TOF data for [Co-2] and [Co-3] 

(5 x 10
4
 and ~ 1.2 x 10

3
 h

-1
, respectively, Table 1.1) under the same conditions as 

used for [Co-1]. This trend suggests that catalytic efficiency is dependent upon the 

rate of electron transport within the matrix.  Clearly the nature of the functional 

groups which are substituted on the Pc ring strongly affect catalytic efficiency.  

This is reflected in the mechanism and also in redox potentials observed for the 

compounds where the redox potentials (E½) for [Co-1], [Co-2] and [Co-3] are -

0.25 V, -0.20 V and -0.55 V respectively. Some suggested mechanisms for H2 

production by proton reduction are illustrated in Scheme 1.1.
25

  



Chapter One: Introduction 

16 
 

 

Scheme 1.1: Proposed electrocatalytic mechanisms for the reduction of protons 

to hydrogen, where [Co-1] is the unsubstituted CoPc, [Co-2] is CoPc(CN8) and 

[Co-3] is CoPc(SO3H)4 (which are all embedded in the P(VP-St) matrix). 

Mechanism reported by Kaneko, reference 25. 

Osmanbaş et al. reported cobalt, copper and zinc phthalocyanines bearing 

thiophenes for investigation as electrocatalysts for the production of H2 ([Co-4], 

[Cu-4] and [Zn-4]).
26

  These electrodes were prepared using various modification 

techniques such as dip-casting, spin casting and electropolymerisation.  The 

structure of this type of MPc is shown in Figure 1.4.  
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Figure 1.4: Structure of [M-4] where M = Co, Cu and Zn.  

Although no TOF were given, the rate of H2 production was determined by the 

rate of electrolysis where for both the zinc and copper phthalocyanines, the charge 

passed over 1 hour was low, compared to the charge passed for cobalt [Co-4], 

Figure 1.5.  It was suggested that the enhanced catalytic activity of the thiophene 

based CoPc derivatives compared to the copper and zinc derivatives was due to 

the metal/ligand processes as metal based reduction processes were postulated to 

play an important role for the reduction of protons.
39,47

  

 

Figure 1.5: Current-time profiles (inset: charge-time profile) for [M-4], (a) [Co-

4] (black line), (b) [Zn-4] (dot dash line) and (c) [Cu-4] (dot line) (vs. SCE) at 

(a) 

(b) 

(c) 

(a) 

(b) 

(c) 
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100 mV/s in 0.1 M NaH2PO4/NaCl. Electrode modified by electropolymerisation. 

Adapted from reference 26. 

The substitution of the thiophene functional group shifts the redox potential in a 

negative direction, where the cathodic wave for the first reduction of metal Co(II) 

to Co(I) occurs at -0.43 V, compared to the unsubstituted [Co-1] at -0.25 V vs. 

Ag/AgCl.
25

 The effect of pH on hydrogen generation on these MPc derivatives is 

discussed in Section 1.2.6. 

1.2.4 Electron transport within a catalyst/polymer layer 

The efficiency of the CME’s will be dictated by electron transport steps between 

the substrate and the underlying electrode surface which are mediated by the 

catalytic centres.  There are three mechanisms of transport by which electron 

transport in the polymer layer may be controlled.  Depending on the experimental 

conditions and the nature of the polymer matrix, the rate determining step may be 

governed by: 1) polymer movement (in cases where the catalytic centres are 

strongly bound to the polymer chain) or diffusion of the catalysts within the 

polymer (when interactions are not strong); 2) diffusion of the substrate and/or 

counter ions, or; 3) electron transport.
48

 Diffusion of the electrocatalysts in the 

polymer matrices (example: Nafion®) considered in this work is proposed to be 

faster than electron hopping and, therefore, is the most likely mechanism for the 

electron transport.
25,49,50

  This is due to the weak interaction of the polymer matrix 

and the complex. This type of electron transport mechanism is observed for 

CoTPP (TPP = tetraphenylporphyrin) incorporated in P(VP-St) and Nafion® and 

also for MV
2+

/ MV
+
 in Nafion® (MV

2+
 = methyl viologen)

51
.  An electron-

hopping mechanism is expected to be dominant for [Ru(bpy)3]
3+

/ [Ru(bpy)3]
2+

 in 

Nafion®.
52
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Figure 1.6: (a) Structure of polyvinylpyridine co-styrene P(VP-St), (b) structure 

of Nafion®. 

When reduction of the complex occurs within the polymer film, the charge on the 

reduced form must be compensated.  This may happen by one of two pathways: 1) 

cation migration from the electrolyte solution into the polymer film or 2) by anion 

migration from the polymer matrix to the solution. This charge compensation 

influences the electron transport rate. In Nafion® the sulphonate anions are 

immobilised in the polymer and so charge compensation takes place by movement 

of ions from the bulk electrolyte into the Nafion® film. Charge migration by 

cations is accomplished with H
+
 ions, as protons have higher mobilities than any 

other cations in the film (e.g. Na
+
). Similarly, charge compensation in P(VP-St) 

occurs via proton migration from the bulk solution to the layer (a process that is 

more likely than the migration of bulky anions such as H2PO4
- 
from the polymer 

layer to the bulk solution). However, positively charged ions may be prevented 

from moving into the polymer matrix by the protonated pyridines of the P(VP-St) 

matrix, resulting in a lower electron transport rate.
49

 

1.2.4.1 Apparent diffusion coefficient Dapp 

Charge-transport a polymer film can be described by the apparent diffusion 

coefficient, Dapp, assuming semi-infinite diffusion behaviour, as defined by 

Cottrell’s equation,
28
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where i is the current (A), n is the electron stoichiometry, F is Faraday’s constant 

(96,485 C
.
mol

-1
), CO

 
is the concentration of the electroactive catalyst in the bulk 

solution (mol
.
cm

-3
) and t is time (s).  

Dapp values were obtained following a potential step from 0 V to -0.6 V vs. 

Ag/AgCl for electrode modified with [Zn-1] embedded in P(VP-St) and Nafion® 

matrices (denoted [Zn-1]/P(VP-St) and [Zn-1]/Nafion®, respectively) adsorbed 

on basal plane pyrolytic graphite (BPG) electrodes. At low catalyst concentrations 

(< 20 mM), the Dapp values calculated were almost independent of the 

concentration of the catalyst (MPc complex) in the matrix.
49

 Reported Dapp values 

for [Zn-1]/Nafion® (~ 1.9 x 10
-8

 cm
2
s

-1
) were almost four times higher than those 

observed for [Zn-1]/P(VP-St) (~ 5.5 x 10
-9

 cm
2
s

-1
) due to the interaction of the 

redox complex with the polymer matrix and counterion migration. In acidic 

conditions the pyridine groups of P(VP-St) are protonated and so the Zn complex 

can be axially coordinated to the free vinyl-pyridine groups, thus the electron 

transport rate is slower compared to Nafion® due to these stronger interactions.  

This rate of charge transport through the modified layer is also reflected by the 

TOF, where [Zn-1]/Nafion® reached a TOF as high as 4 x 10
4 

while TOF 

obtained for [Zn-1]/P(VP-St) was 2 x 10
4
, Table 1.1. 

Similar behaviour was also observed for [Co-1], [Co-2] and [Co-3] complexes 

incorporated in P(VP-St). For [Co-1] and [Co-2] (where films were prepared 

using low concentrations of catalysts; 2.5 mM to 10 mM), comparison of Dapp 

values and catalyst concentration revealed an independent relationship.  However, 

Dapp values decreased for [Co-3] with an increase of the complex concentration in 

the polymer matrix, implying an inverse relationship exists between Dapp and 

concentration.  The most efficient catalyst, in terms of Dapp was [Co-1] (~2.1 x 10
-8

 

cm
2
s

-1
) while the least efficient catalyst was [Co-3] (~3.7 x 10

-10
 cm

2
s

-1
). As for 

[Zn-1]/Nafion® and [Zn-1]/P(VP-St) the rate of charge transport through the 

modified layer is also reflected by the TOF, where [Co-1]/ P(VP-St) reached a 

TOF as high as 2 x 10
5 

while TOF obtained for [Co-3]/P(VP-St) was ~1.2 x 10
3
. 

The electron transport rate is highly dependent upon interactions between 

complex and matrix, with physical diffusion of the complexes ascribed as the 

mechanism of electron transport for each of the three complexes. These Dapp 
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values, which illustrate the rate of charge transport through the catalytic layer, 

highlight the importance of the choice of polymer matrix.  

1.2.5 Catalysis 

It was initially assumed that redox-active metals are required to catalyse hydrogen 

evolution; however, ring-based mediation has been observed.
26,30,40,49,53,54,55  

This 

shift in the location of the catalytically active redox state is related to the metal d-

orbital energies of the central metal ion. If the central metal has no d orbital levels 

within the HOMO-LUMO energy gap of Pc, the metal ion will not be involved 

when the complex is either oxidised or reduced, implying that electrocatalytic 

processes can be mediated by the phthalocyanine ring. MPc’s based on Ni(II), 

Zn(II), Pb(II), Pd(II) and Cu(II) display this type of electrochemical behaviour 
30, 

42, 44, 45,46,49 
while Mn(II), Fe(II) and Co(II) can experience metal-based and ligand-

based reductions 
40,42,44,45,46,54,56

. Koca et al. studied a range of copper (II) 

complexes adsorbed on a GC working electrode, where [Cu-1] exhibited ligand-

based redox processes that efficiently catalysed proton reduction to H2.
30

  

Figure 1.7: Cyclic voltammogram of (a) bare glassy carbon electrode, (b) [Cu-1] 

in Nafion® polymer in aqueous phosphate buffer at pH 2.70 at 100 mV/s.  

Adapted from reference 30. 

In acidic phosphate buffer, a decrease in overpotential for H
+
 reduction was 

observed for [Cu-1], compared to the potential required for H2 formation using a 

bare GCE [2.5 x 10
-9

 mol cm
-2

], Figure 1.7. Nafion® was employed as a 

(a) 

(b) 

Potential E (V) vs. SCE 

Current 

I (μA) 
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supporting matrix in an effort to enhance the catalytic activity. For [Cu-

1]/Nafion® on a GCE,  a decrease in overpotential for H2 formation was observed 

compared to the adsorbed complex by almost 600 mV in phosphate buffer in basic 

conditions (pH 10.4); however, TOF were not reported for this catalyst.  
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Figure 1.8: Structure of [Co-5] and [Cu-5], R = O(C6H4)2CF3  

For [Cu-5] containing fluorophenoxy functional groups, Figure 1.8, adsorbed onto 

a GCE [2.5 x 10
-9

 mol cm
-2

], higher electrocatalytic activity for proton reduction 

was observed than for the cobalt analogue, [Co-5]. While the onset potential for 

catalysis on bare GC electrode is observed at -1.27 V (vs. Ag/AgCl at pH 9.2) the 

onset of catalytic hydrogen evolution (as indicated by the appearance of a sharp 

cathodic process) begins at -0.84 V and -1.04 V for [Cu-5] and [Co-5], 

respectively; however, no TOF data were reported for these compounds.
55

  

 

 

Figure 1.9: Cyclic voltammogram of (a) [Co-5] and (b) [Cu-5] (vs. SCE) at 100 

mV/s at pH 9.2 in 0.1 M NaH2PO4/NaCl. Adapted from reference 55. 
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Kaneko et al. examined [Zn-1] embedded in Nafion® and [P(VP-St)] matrices 

adsorbed on BPG electrodes, which displayed ring-based redox processes that 

catalysed hydrogen formation.
49

 TOF values reached 4.3 x 10
4
 and 2.9 x 10

4 
for 

[Zn-1]/Nafion® and [Zn-1]/P(VP-St), respectively, after 1 hour electrolysis at -0.9 

V vs. Ag/AgCl [5 x 10
-8

 mol cm
-2

], Table 1.1. This activity indicates that although 

Zn does not undergo a metal-based reduction, this metallophthalocyanine can still 

act as an electrocatalyst for H2 evolution. 

1.2.6 Effect of pH 

The Nernst equation for these processes reveals that the pH of the electrolyte 

solution plays an important role in the potential required for the hydrogen 

evolution reaction at a bare electrode surface with the thermodynamic effect of pH 

on the half wave potential, E½ is a shift of 0.059 V.  The Nernst equation is 

described below;
28

  

                                     
  

  
    

   

   
       Equation 1.6  

where E is the applied potential,  E
o
 is the standard potential, R is the gas constant 

(J mol
-1

 K
-1

), T is temperature (K), n is the number of electrons transferred and F 

is the Faraday constant (C mol
-1

). For [Co-1], electrocatalytic activity has been 

found to vary with pH due to the multiple mechanistic pathways. Formation of a 

proposed metal-hydride intermediate is proposed to occur after the first reduction 

of the complex, which is dependent upon electron transfer rate and electrolyte pH.  

Osmanbaş et al. reported varied catalytic behaviour over a range of pH buffer 

solutions. When [Co-4] was employed in acidic media, electrocatalytic activity 

was high while in neutral conditions, the lowest electrocatalytic activity was 

observed.
26

 The mechanism proposed suggests that at low pH, the first catalytic 

step involves reduction of [Co(II)Pc(-2)] to [Co(I)Pc(-2)], which is subsequently 

protonated to form a stable hydride complex, [Co(I)Pc(-2)
.
H

+
].  Proton reduction 

occurs following a second protonation step of the protonated, reduced species 

[Co(I)Pc(-2)
.
H

+
] to yield molecular H2. Thus in acidic conditions, [Co-4] can bind 

a proton firmly, thus the electrocatalytic activity increases. Suggested mechanisms 

for H2 production by proton reduction for [Co-4] are illustrated in Scheme 1.2. 
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Scheme 1.2: Proposed electrocatalytic mechanisms for the reduction of protons 

to hydrogen for [Co-4] where X denotes the thiophene functional group 

(S(CH2)6OCO(C4H3S)) on the Pc ring. Mechanism adapted from reference 26. 

The suggested mechanism for the electrocatalytic proton reduction using [Co-4] 

has two pathways; the top represents the mechanism in basic conditions while the 

bottom is in acidic media. 

This pathway in acidic media is in agreement with work reported by Koca et al. 

using titanyl phthalocyanines adsorbed on GCE’s, Figures 1.10.   
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Figure 1.10: Structure of [Ti-6], where 6a; R1= R2 = S(CH2)2N(CH3)2, X = 

C6H4O2, 6b; R1= R2 = S(CH2)2N(CH3)2, X = C10H6O2 and 6c; R1= R2 = 

S(CH2)2N(CH3)2, X = O. 
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At low pH, [Ti-6a-c] complexes were reduced and subsequently protonated to 

form stable hydrides yielding H2 through 1 proton, 1 e
-
 sequences (ECCE overall), 

Scheme 1.3.
57

   

 

Scheme 1.3: Proposed ECCE mechanism for the catalytic proton reduction in 

acidic conditions (black arrows) and basic conditions (dashed arrows). Adapted 

from reference 57. 

Increasing the pH to neutral conditions causes the electrocatalytic activity of the 

complexes to decrease.  When the pH is made more basic for [Ti-6a] and [Ti-6c], 

the potential difference between the [M(II)Pc(-2)]/
 
[M(I)Pc(-2)]

-
 process and the 

proton reduction process increases, and it is suggested that this difference may 

cause deprotonation of the hydride form before its reduction can occur to evolve 

hydrogen.  For [Ti-6a] however, electrocatalytic activity increases in basic media. 

This increase may arise from the axially bound ligand, X.  Following reduction to 

[Ti-6a]
-
 and protonation to H

+
[Ti-6a]

-
, a second reduction yields H

+
[Ti-6a]

2-
, 

which then can undergo another protonation (to H
+.

H
+
[Ti-6a]

2-
) leading to the 

increase in catalytic activity. At different pH’s, different electrocatalytic activity is 

observed for [Ti-6a-c] complexes due to 1) differing abilities bind a proton and 2) 

differing abilities to form a stable metal-hydride intermediate. 

[Ti-6a-c]/Nafion® on a GCE surface sees an enhancement in electrocatalytic 

activity for [Ti-6a,b] in neutral and acidic media compared to the adsorbed 

complexes in the same conditions. This observation suggests that the nature of the 

ring substituents (along with the axial ligands) can affect the ability of the 

polymer/catalyst to bind a proton and that the nature of the polymer matrix plays 

an important role in the electrocatalytic activity over a range of pH’s. Overall, the 
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complex which displayed the best catalytic activity over the range of pH is [Ti-

6c].  

 

Figure 1.11: Cyclic voltammograms of bare and modified electrodes of [Ti-6a-c]. 

Where a = bare GCE, [Ti-6a] = b, [Ti-6b] = c and [Ti-6c] = d.  Performed in 0.1 

M aqueous phosphate buffer at 100 mV/s. A = pH 3.4, B = 5.6 and C = 10.0. 

Adapted from reference 57. 
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However, for some MPc complexes, mechanisms different to those described 

above have been reported. Koca et al. noted the effect of changing pH of the 

electrolyte buffer for [Co-7]/Nafion® adsorbed on the surface of an ITO working 

electrode, Figure 1.12.  
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Figure 1.12: Structure of [Co-7] where M = Co, R = C(COOC2H5)3  incorporated 

into Nafion®. 

In acidic conditions, the first reduction process assigned as Co(II)/ Co(I) was 

found to be pH-dependent until the electrolyte solution reached neutral pH.  TOFs 

reported for [Co-7]/Nafion® were 20.1, 39.9 and 31.5 at pH 1.4, 2.2, and 4.0, 

respectively, Table 1.1. As these electrocatalytic experiments were carried out on 

an ITO electrode, the concentration of catalyst immobilised on the surface was not 

given.  At neutral pH (7.2), [Co-7] /Nafion® displayed poor activity for binding 

protons, reflected by the TOF of 6.18.  The reduction potential for [Co-7] 

/Nafion® is shifted negatively in basic media, yielding an increase in the 

electrocatalytic activity for proton reduction.  At pH 10.3, a TOF for H2 formation 

was recorded as 34.2.  As the central metal ion contributes to electrocatalytic 

activity in a range of pH’s with the formation of a metal hydride intermediate; 

however, it appears that proton reduction is also reliant upon the nature of the 

substituents in both acidic and basic conditions.
40

  

 

1.2.7 Metalloporphyrins as electrocatalysts 

Metalloporphyrins are macrocyclic metal complexes which are closely related to 

metal phthalocyanines,
58

 with the positioning of the nitrogen’s at the meso (α) 
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position and substitution of the benzene rings fused on each of the 4 pyrolitic 

subunits at β position as the obvious structural difference, Figure 1.13. 

 

NHN

NH N

 

Figure 1.13: Structure of metal free porphyrin with structural differences between 

porphyrin/ phthalocyanine at α and β position.  

Metalloporphyrins are used for various applications such as, phototherapeutic 

agents for treatment of cancer (PDT)
59

 and as catalysts for the reduction of H
+
 to 

H2 in solution.
60,61,62 

 Kaneko et al. reported the electrocatalytic properties of 

various metal porphyrins on electrode surfaces.
63,64,65  

Investigations concerning 

substitution at the porphyrin ring with a range of functional groups and different 

central metal ions revealed diverse electrocatalytic activities for the hydrogen 

evolution reaction. The nature of the substituent and central metal ion were crucial 

for the reaction to proceed.  

 

 

 

 

 

 

 

Figure 1.14: Structure of metal tetraphenylporphyrin; where M = Co, Fe, Mn, 

Zn; R1 = R2 = H for [Co-8], [Fe-8], [Mn-8] and [Zn-8] respectively. 

α 

β 

N

M

N

N

N

R
2

R
2

R
2

R
2

R
1

R
1

R
1

R
1

 



Chapter One: Introduction 

29 
 

Cobalt tetraphenylporphyrin [Co-8] adsorbed on a Pt working electrode was 

examined for hydrogen evolution.
64

 This assembly acted as a catalyst in acidic 

conditions at -0.25 V vs. Ag/AgCl, a potential close to the standard redox 

potential for H
+
/H2.  Dispersing the catalyst into Nafion® appeared to result in an 

enhanced catalytic activity compared to [Co-8] immobilised directly on a bare Pt 

electrode.  Hydrogen evolution occurred at potentials more positive than the bare 

Pt electrode in these studies as shown in Figure 1.15 below.   

 

 

Figure 1.15: Cyclic voltammogram of (a) bare Pt electrode and (b) [Co-8] 

embedded in a Nafion® layer coated onto a Pt electrode, using 0.1 M aqueous 

phosphate solution at pH 1. Scan rate = 1 mV/s. Adapted from reference 64. 

After a 1 hour potentiostatic electrolysis at -0.3 V in acidic condition (pH 1), the 

TOF reached 2.3 x 10
2
 [2 x 10

-9
 mol cm

-2
], Table 1.1.  However, the values 

obtained were lower than those for [Co-1] where TOF reached 2 x 10
5
 [1.25 x 10

-8
 

mol cm
-2

] when incorporated in P(VP-St) for 1 hr.
25

 The high electrocatalytic 

activity of [Co-8]/Nafion® were assigned to the strongly acidic properties of 

Nafion®, where a high concentration of protons in the Nafion® membrane at pH 

1 favours H2 production.
66

 As previously discussed for metal-phthalocyanines, 

diffusion-based electron transport occurs for this system due to a weak interaction 

between the redox couple and the polymer matrix and as a result, electron transfer 
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occurs faster by this route than by the electron-hopping mechanism.
25

 For [Co-

8]/Nafion®, it is suggested that a bimolecular catalysis mechanism is responsible 

for the reduction of Co(II)-TPP to catalyse H2 formation. The formation of two 

intermediates was proposed; 1) metal-hydride formation and 2) a phenyl group of 

the TPP substituents act as an active site to form a protonated intermediate-

complex due to a cation (H
+
)-π interaction.  

 [Mn-8] and [Fe-8]
63

 complexes shown in Figure 1.14 are also active as catalysts, 

although they are less effective than [Co-1].
25

  Similar to the findings for [Co-8], 

proton reduction appeared for these complexes at more positive potentials 

(approx. 50 mV) than for a bare Pt electrode. These complexes were also 

dispersed into Nafion® ([M-8]/Nafion®) to investigate the effect of a polymer 

matrix for the electrocatalytic proton reduction.  A comparison of the amounts of 

H2 produced after the potentiostatic electrolysis step for [Mn-8]/Nafion®, [Fe-

8]/Nafion®, and [Mn-8] and [Fe-8] films adsorbed directly on Pt surfaces showed 

that the [M-8]/Nafion® system exhibited the highest electrocatalytic activity (in 

terms of volumes (μL) for H2 evolution, however a time frame was not given). 

Thus these modified electrodes can electrocatalytically generate hydrogen. The 

TOF reported for [M-8] was 5 x 10
2
 hr

-1
 at -0.8 V in pH 1 buffer solution (1 x 10

-8
 

mol cm
-2

/surface). Similarly for [Co-8], a bimolecular catalysis mechanism for 

electron transport was considered.  Importantly, Buttry and Anson reported the 

presence of Co-TPP in the hydrophobic region of the Nafion®
67

 which may 

suggest the formation of the second intermediate. Ryan et al. reported similar 

behaviour for [Fe-8] and [Mn-8] complexes.
68

 

Abe et al. investigated the effect of using light (λ = 420 nm) to enhance the 

electrocatalytic activity of [Zn-8] immobilised in a matrix and adsorbed on a Pt 

electrode. This modified electrode produced a photocurrent upon an applied 

electrolysis potential of -0.55 V vs. Ag/AgCl when a PVP support was employed 

at pH 4.4 (1 x 10
-7

 mol cm
-2

), Figure 1.16.
65a
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Figure 1.16: Current response induced by on/off irradiation of light at 420 nm 

(vs. Ag/AgCl) for [Zn-8]/PVP in pH 4.4 phosphate buffer solution. Adapted from 

reference 65a. 

 

[Zn-8] worked as a photosensitiser in the visible region for photoinduced electron 

transfer.
69,70,71,72 

These findings suggested that quenching of the singlet [Zn-8]* 

species to [Zn-8]
.- 

occurred by reduction of the Pt electrode. This reduced [Zn-8]
.-
 

species was expected to mediate proton reduction to H2.  Nafion® was also used 

as a polymer for these photoelectrochemical experiments ([1 x 10
-8 

mol
 
cm

-2
).

65b
 

Potentiostatic electrolyses were carried out at -0.25 V vs. Ag/AgCl for 1 hour in 

pH 1 aqueous solution. It was observed that photoinduced H2 formation takes 

place efficiently for this system, however no TOF were given. Thus, the system 

[Zn-8] when either PVP or Nafion® were employed as polymers, displayed 

photoelectrochemical H2 production without employing an electron relay, while 

[Zn-8] acted as the sensitizer in the polymer membrane. 

 

1.3 Why perfluorinated metal phthalocyanines? 

Developing feasible alternatives for H2 production is scientifically challenging an 

endeavour.  However using bare metal cathodes such as Hg, Cu, Pd or Au is not 

practical, as large overpotentials are required or, in the case of Au, low abundance 

makes large-scale use impractical.  The literature review for this thesis is based on 

Time t (sec) 

Current I (A) 
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macrocyclic metal complexes for the electrocatalytic production of hydrogen, 

mainly metal phthalocyanines. These metal phthalocyanines described are 

substituted with various substituents and by doing so the electrochemical 

properties of the complex are altered. Hence, choosing a catalyst which possess 

attractive electrochemical properties, such as reversible reduction processes which 

have only moderately low potentials (close to 0 V, the standard potential for H
+
 

reduction) in order to enhance the electrocatalytic activity for proton reduction is 

highly desirable.  

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-Hexadecafluoro-29H,31H 

phthalocyanine (PcF16) contains electro-withdrawing groups at all available sites 

on the four fused phenyl rings. The tetraaza nitrogen’s on the phthalocyanines 

offer greater thermal stability and are less susceptible to oxidation. By substituting 

all 16 hydrogen’s on the fused phenyl rings with fluorines, a positive shift in the 

reduction potential occurs (-0.43 V vs. Ag/AgCl). The electrochemical properties 

can be further tuned by substitution of both protons at positions 29 and 31 in the 

central cavity with metal cations. Kaneko et al. reported TOF as high as 2 x 10
5
 

for the unsubstituted CoPc ([Co-1]) in aqueous phosphate solution (pH 1).
25

 

Substitution with an electron withdrawing group, fluorine, yielded an increase in 

catalytic activity (compared to CoPc) leading to higher TOF (2 x 10
6
) and current 

densities and a decrease in overpotential (discussed later in chapter 4). 

Several research groups have reported MPcF16 as catalysts which displays good 

catalytic activity for the reduction of O2 where M denotes Co, Fe, Mn and Zn. 

Considering these MPcF16 catalysts show good catalytic activity for the reduction 

of O2 from water,
73,74,75,76,77

 which is a four-electron transfer reaction, these 

catalysts should be applicable for the investigations of the more kinetically 

feasible electron transfer reaction, 2H
+
 + 2e

-
  H2. The electrocatalytic proton 

reduction reaction to hydrogen using these perfluorinated metal (II) 

phthalocyanines (CoPcF16, CuPcF16 and ZnPcF16) as electrocatalysts has not been 

reported to the best of our knowledge. 
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1.4 Scope of Thesis 

The aim of this project was to identify a range of electrocatalysts for H2 evolution. 

Platinum is widely used for electrochemical H2 evolution; however, it is not an 

ideal electrode material as it is not abundant and is an expensive material.  Hence 

employing transition metal complexes such as metal phthalocyanines would be an 

excellent alternative, considering these materials are abundant and thus cost 

effective. As non-renewable sources are currently the main energy supplies for 

global consumption, there is an ever-increasing demand for green, cheap, and 

reliable, renewable energy sources.  

Chapter 2 deals with the electrochemical and gas chromatography theory. 

Important performance indicators and calculations, such as TOF are described 

here. 

Chapter 3 in this thesis will introduce and discuss the three substituted 

perfluorinated metal (II) phthalocyanines, Figure 1.17. The main electrochemical 

technique used for the characterisation in both solution phase and as a thin films 

was cyclic voltammetry (CV). Characterisation of the electrocatalytic activity is 

also introduced in this chapter.  
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Figure 1.17: Structure of molecular catalysts for the electrocatalytic reduction of 

H
+ 

to H2 where M = Co, Cu and Zn. 

Chapters 4, 5 and 6 in this thesis will discuss these perfluorinated metal (II) 

phthalocyanines as adsorbed catalysts, as catalysts embedded in a polymer and in 
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graphitised porous carbon monolith material for the electrocatalytic generation of 

hydrogen.  

Chapter 4 will discuss the results of electrocatalytic studies for the selected 

catalysts shown in Figure 1.17 as adsorbed films.  Various factors are explored to 

determine which parameters influence the catalysis for H2 production. These 

factors include electrolysis potential, overpotential, electrolytes, temperature, 

influence of light and a range of other parameters. Their potential in the 

application as electrocatalysts are ascertained by performance indicators, mainly 

TOF, moles of hydrogen and current density.  

Chapter 5 will discuss the results of immobilising these catalysts within a polymer 

matrix. The development of a 3-D catalytic layer such as this, has been known to 

lead to greater performance due to the increase in concentration of electroactive 

species at the electrode surface.
20

 The polymer matrix employed in these studies is 

Nafion®, an anionic polymer which allows for the passage of H
+
 through the 

layer. The influential parameters investigated in chapter four will be discussed in 

this chapter.  

Chapter 6 details the activity of these three catalysts when dispersed on a nano-

porous carbon monolith material. The construction of these new catalytic systems 

on a conducting GCE will be discussed.  Nano-porous polymers have been 

reported as materials which are capable for H2 storage,
78,79

 thus in combination 

with an electrocatalyst, the construction of a new electrocatalytic system, which 

can both produce and store hydrogen is the main focus of this chapter. The 

optimum catalyst and conditions identified from Chapter 4 and 5 are applied to 

this nano-porous material and the results following the investigation will be 

discussed. 

Chapter 7 outlines the main concluding remarks from each chapter. The proposed 

future work for each of the studies carried out in previous sections is also outlined 

in this chapter. A series of refereed papers have been published on the work can 

be found in Appendix A. Supplementary Figures and Tables of work carried out 

and described in Chapters 3 to 6 are located in Appendix B to E respectively.  
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Chapter Two 

Experimental Procedures and an 

Introduction to Techniques 

 

This chapter discusses the theory and background of electrochemistry. This 

includes a discussion of the factors affecting the reactions at the 

electrode/solution interface. The thermodynamic and kinetic parameters which 

influence the rate of reaction are discussed. An introduction into the importance 

of modified electrodes and the different parameters which affect the rate of 

electrolysis are presented. 

The electrochemical techniques used throughout the thesis, cyclic voltammetry 

and bulk electrolysis with coulometry are discussed.  

This chapter also presents an introduction to the analytical instrumentation 

employed for the detection of a gas product, hydrogen, including the calculations 

used for the determination of product formed and the efficiency of the 

electrocatalytic systems.  
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2.1 Electrochemistry  

2.1.1 Introduction 

Electrochemistry is the science of electron transfer across an electrode-solution 

interface. The origin of electrochemistry began over 200 years ago when Volta 

invented the Voltaic Pile and Nicholson and Carlisle discovered electrolysis.
1
 It 

was these findings which lead to a scientific revolution at the beginning of the 19
th

 

century. A new science was born. Michael Faraday established quantitative 

electrochemistry, with the publication of Faraday’s two laws, relating the extent 

of an electrochemical reaction to the charge passed at the electrode.  Advances in 

methods and technology have made electrochemistry an increasingly popular 

technique for qualitative and quantitative analysis of a chemical reaction.  

2.1.2 Faradaic Processes 

An electrochemical reaction involves the application of a potential to an electrode 

in order to remove or supply an electron(s) to some electroactive species in 

solution, represented as O and R in Equation 2.1 below.  

         Equation 2.1 

where O and R denote the oxidised and reduced forms, respectively, of a redox 

couple. When a species becomes oxidised/reduced, a Faradaic current (iF) is 

produced. This current arises from the movement of the electrons from/to the 

electrode to effect a change in the oxidation state of the electroactive species at 

the electrode/solution interface. A Faradaic current is one which obeys Faraday’s 

law which states that the quantity of a chemical species produced or consumed by 

electrolysis is proportional to the amount of charge passed across the 

electrode/solution interface (the passage of 96,485 C causes a 1 mole equivalent 

of a 1-electron reaction).
2
 Faradaic processes will occur at potentials where they 

are thermodynamically and kinetically feasible and the resulting current due to 

these processes provides a measure of the rate of the reaction. Non-Faradaic 

processes can also occur. These processes are commonly due to adsorption of ions 

on the electrode surface in response to an applied potential, resulting in the 

formation of an electrical double layer at the interface (discussed below) and the 

current produced (iC, the charging current) is thus not a result of electron transfer 



Chapter Two: Experimental Procedures and Introduction to Techniques 

43 
 

across the interface. Although such processes are not generally of interest, 

experimental conditions may cause iC to become large relative to iF and make data 

interpretation difficult.  Conditions which minimise iC (high electrolyte 

concentrations, slower scan rates, or perhaps microelectrodes) may need to be 

considered. 

2.1.3 Electrical double layer  

As mentioned above, non-Faradaic processes can occur as a result of the re-

organisation of charge at the electrode/solution interface. When the potential of an 

electrode is moved from the equilibrium potential, charge will generated at the 

surface. This charge can create strong interactions between the electrode and ions 

and molecules in the solution adjacent to the electrode, resulting in the formation 

of the double layer. Species close to the electrode and species in the bulk solution 

behave differently due to the effect of the electric field which exists at the 

electrode surface. The species in the bulk solution are said to experience an 

isotropic environment (due to the absence of an electric field) while species at the 

electrode/solution interface are influenced by an anisotropic electric field. Thus as 

the distance from the electrode interface increases, the influence of the electric 

field on the species in solution decreases.
3
  

The first model to be presented by Helmholtz in 1879 proposed that the 

interactions between the ions in solution and electrode surface were electrostatic 

interactions. It was suggested that a charge density was held on the electrode, 

arising from an excess or deficiency of electrons at the electrode surface and this 

charge at the electrode could be balanced by redistributing ions close to the 

electrode. However Helmholtz’s proposed structure of the double layer did not 

consider additional factors, such as diffusion of such charges due to thermal 

agitation (into the bulk solution) and interactions between solvent dipoles and the 

electrode.
4
  

The next model to address these factors was by Gouy and Chapman in the early 

1900’s, which proposed that the solution side of the electrode/solution interface 

possesses a diffuse layer of charges, with the greatest concentration of charge 

closest to the electrode. Like the Helmholtz model described above, this model 

was not realistic. Stern suggested a model in 1924 which combined both the 
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Helmholtz and Gouy-Chapman models. The Stern model takes into consideration 

that ions have defined radii and when in solution, become solvated.
5
 The distance 

of these ions to the electrode surface thus will always be greater than zero. In 

1947 Grahame suggested a model for the double layer, very similar to that of the 

Stern model described above. The difference between this model and the former is 

the existence of specific adsorption of ions which lose the solvation shell upon 

approaching closer to the electrode surface as shown in Figure 2.1.
6
  These ions 

can bind strongly to the metal electrode surface and are thus said to exist in the 

IHP (inner Helmholtz plane), Figure 2.1 (a).  

 

                   

 

Figure 2.1: Model of a double layer as proposed by Stern and Grahame, where 

(a) and (b) indicate the inner and outer Helmholtz planes respectively. Adapted 

from references 4, 5 and 6. 

Two regions exist in this model adjacent to the electrode interface, the first 

(closest to the electrode) is the inner Helmholtz plane (IHP) while the second 

region is known as the outer Helmholtz plane (OHP), labelled (a) and (b) in the 

diagram. The IHP contains specifically adsorbed ions and solvent molecules. The 

OHP extends from the inner layer out to the bulk solution. This outer diffuse layer 
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is comprised of solvated ions and other adsorbed species. A region of no net 

charge can exist, termed a potential of zero charge (PZC). This exists when there 

is no specific adsorption; hence the net charge is zero. The number of cations is 

equal to that of the anions.
7
  

2.1.4 Nernst behaviour and Interfacial Reactions 

Electrode reactions can be described by the Nernst equation which relates the 

electrode potential and the concentration of the electroactive species at the 

interfacial region.
3
  

                
   

  
   

   

   
   Equation 2.2 

Where E° is the standard potential for the redox reaction, R is the gas constant, T 

is the temperature, n is the number of electrons transferred and F is Faraday’s 

constant.  The reaction at the electrode/solution interface can involve a series of 

steps.  Factors which may affect the rate of the electrode reaction include, mass 

transport (movement of reactants to and products from the electrode surface), 

chemical processes (e.g. accompanying chemical reactions), surface processes 

(e.g. adsorption/desorption) which precede or follow electron transfer.  Where a 

reaction is controlled by the rate at which the electroactive species reaches the 

electrode surface, the current produced is described as mass transport limited. A 

simplified model shown in Figure 2.2 represents the electrochemical reaction of a 

redox species at the electrode/solution interface.   
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Figure 2.2: Illustration of electron transfer at the electrode/solution interface. DO 

and DR represent the diffusion coefficients for the mass transport of electroactive 

species (oxidised and reduced) in and out of the bulk solution from/to the double 

layer. Adapted from reference 6. 

2.1.5 Mass Transport 

There are 3 modes of mass transport; diffusion, convection and migration. The 

first type diffusion concerns mass transport driven by a concentration gradient, 

such that diffusion of the species occurs from regions of high concentration to 

lower concentrations. Transport of species to the electrode by convection occurs 

by physical movement such as stirring. The third mode of mass transport is the 

migration of charged particles through an electric field. Typically, migration 

effects are minimised by the use of an electrolyte (salt) and because mass 

transport in regions very close to the electrode surface occurs through a compact 

layer adjacent to the electrode (2.1.5.1), convection here is assumed to be zero.
8
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2.1.5.1 Diffusion 

Diffusion is the movement of species in a solution under the influence of a 

concentration gradient.  The rate of diffusion can be quantified by use of Fick’s 1
st
 

law of diffusion, Equation 2.3, where the rate of diffusion (flux) is proportional to 

the slope of the concentration gradient.
3
 

       
       

  
   Equation 2.3 

where D is the diffusion coefficient,  
       

  
  is the concentration gradient and j is 

the flux. The flux is the number of moles passing through a unit area per unit time, 

(moles
.
cm

-2.
s

-1
) and is also given by Equation 2.4 where the flux of species to the 

electrode surface is directly proportional to the current produced.  

    
 

   
  Equation 2.4 

Where i is the current (A), n is the number of electrons transferred in the reaction, 

F is Faraday’s constant (C/mol e
-
) and A is the area of the electrode (cm

2
). These 

two equations can be combined to yield an expression for the current response due 

to the flux.  

    nFAD
        

  
  Equation 2.5 

Therefore the current is first order with respect to the concentration gradient of the 

electroactive species. The mathematical expressions given above indicate that the 

diffusional flux is time dependent, which is taken into account by Fick’s second 

law, Equation 2.6 illustrating the rate of change of the concentration between two 

planes x and (x+dx) which are parallel.  

                                               
        

  
  

        

   
     Equation 2.6 

This law is only valid for conditions where the diffusional planes are parallel to 

one another and the direction of diffusion is perpendicular to the planes, shown in 

Figure 2.3. These conditions described above are valid for linear diffusion.
3,4
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Figure 2.3: Illustration to represent the direction of flux and diffusion planes 

which are at 90° indicative of linear diffusion at a planar electrode. Adapted from 

reference 5. 

As discussed above the diffusional flux is time dependent, thus a concentration-

time profile can be generated for a potential step experiment where a potential is 

chosen for which reactant O is completely reduced to product R. Upon application 

of this potential, the surface concentration of O falls to zero and a concentration 

gradient is immediately created adjacent to the electrode surface. This region is 

known as the diffusion layer where the thickness, δ is time dependent (becoming 

thicker with time).  

 

 

Figure 2.4: The growth of the diffusion layer thickness (δ) with increasing 

distance from the electrode surface as a function of time. Tx indicates the period 

of time after electrolysis. Adapted from reference 3. 
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A new mathematical expression is shown in Equation 2.8 which considers the 

concentration gradient at the surface and the current response due to the 

diffusional flux (Equation 2.6). The validity of this equation assumes a set of 

boundary conditions and are described as the following equations:  

              
    Equation 2.7a 

Initial condition: the concentration of the electroactive species Co at the 

electrode/solution interface at time zero (i.e. prior to an electrolysis reaction) is 

the same concentration of that in the bulk solution C
*
o. 

                                                Equation 2.7b 

The concentration of species at the electrode/solution interface is zero when the 

experiment begins (time t) as the species is converted to either its oxidised or 

reduced species (depending on the direction of the reaction).  

                                          
    Equation 2.7c 

while the concentration of the electroactive species at some distance beyond the 

diffusion layer from the electrode remains C
*
o at time t (semi-infinite condition)  

This equation is known as the Cottrell equation, where the current (for semi 

infinite linear diffusion) decreases proportionally to the square root of time. 

     
      

 
  

 
 

   
 

  
   Equation 2.8 

For this equation, n is the number of electrons, F is Faraday’s constant, A is the 

electrode area (cm
2
), CO

 
is the concentration of the electroactive species in the 

bulk solution (mol
.
cm

-3
), D is the diffusion coefficient (cm

2.
s

-1
) and t is the time 

(s).  The application of this equation relies on the semi infinite linear diffusion 

being the controlling condition for mass transport.
4,20

  

2.1.6 Electron transfer  

Reactions for which the current is controlled by the rate at which electrons are 

transferred at the interface occur when the mass transport is sufficiently fast 

compared to electron transfer.  Heterogeneous electron transfer involves the 
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transfer of electrons across an interface, in these studies, across an 

electrode/solution (or electrode-coating) interface.  For both of these cases, 

transfer of electrons from the electrode to a catalyst occurs, and this catalyst may 

be present in solution form or fixed at the electrode surface in the form of a 

film/coating. 

A metal electrode consists of closely packed atoms which overlap and so 

continuum of electron energy levels exists where the available electrons fill the 

states according to the Aufbau principle.
5
 The Fermi level is an energy level of 

which the highest energy electrons are located. Upon the application of a voltage, 

the Fermi level can be moved to higher or lower energy. Depending on the 

position of the Fermi level, it may be thermodynamically feasible for electron 

transfer to occur; that is for the oxidation or reduction of a species in solution to 

take place. If the potential is increased to more negative potentials then the Fermi 

level will rise to a higher energy level while the energy will decrease when the 

voltage is made more positive. The processes of reduction and of oxidation are 

shown in Figure 2.5 where (a) depicts the addition of an electron to the LUMO 

level of species A while (b) illustrates the removal of an electron from the HOMO 

level of species A.
9
  

 

 

 

Figure 2.5: Electron transfer process between a metal electrode and species A in 

solution. (a) represents reduction of the species A, while (b) demonstrates the 

oxidation of A. Adapted from reference 5 and 9. 
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When the highest energy electrons on the electrode are above the LUMO of A, A 

will be reduced by the electrode, (A + e
-
 → A

-
).  When the highest energy 

electrons of the electrode are below the HOMO of A, A will be oxidized, (A– e
-
 

→ A
+
).

10
 The factors which govern the rate of electron transfer for the oxidation 

and reduction processes are discussed here. For a one electron reaction, a 

heterogeneous rate constant k is used to quantify the rate of the forward and 

reverse reaction.
3
  

              
Equation 2.9 

 

                  Equation 2.10 

where Vx is the rate of the reaction (mol
.
cm

-2.
s

-1
); where x = f is the forward 

direction and x = r in the reverse direction, kx is the heterogeneous rate constant 

(cm
2.

s
-1

) and Cy is the concentration of species y at the electrode surface after time 

t. For the forward reaction (O + ne
-
  R), y = O; and reverse reaction, (R  O + 

ne
-
) y = R. 

As the current is a measure of the rate of a redox reaction, then the rate Vx (of the 

forward and backward reactions) is first order with respect to Cy thus Vx is 

proportional to the predicted current produced ix, Equation 2.11.  

                              Equation 2.11 

where ix is the current (where x = f is the forward direction and x = r in the reverse 

direction) Vx is the rate (where y = f for the forward reaction and y = r for the 

reverse reaction) and n, F, A are as described in 2.1.5.1. The overall current can be 

calculated by combining both reactions, to obtain Equation 2.12. 

                                Equation 2.12 

As electron transfer reactions behave in a similar manner to chemical processes, 

the transition state model (thermodynamics) can be employed, shown (Figure 2.6) 

to establish the parameters affecting electron transfer. This model represents a 

reaction in which the reactant O must overcome an energy barrier, the summit 

(transition state) G
ⱡ
 in order to produce products R. 

k r 

k f 
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Figure 2.6: Free energy ∆G plot for the one electron reduction of O to R at a 

fixed potential. Adapted from reference 5. 

The free energy ∆Gx for the electrode reactions can be calculated using Equations 

2.13 and 2.14 for the oxidation and reduction reactions respectively.  

                        Equation 2.13 

                                   Equation 2.14 

Where ∆Gred and ∆Goxi represent the activation free energy for the product of the 

forward (reduction) and back (oxidation) reactions respectively, G
ⱡ 
is the transition 

state (energy barrier) and G
O 

and G
R
 are the energies associated with the reactants 

of each the reactions. This free energy model predicts the corresponding rate of an 

electrode transfer process kx (where x can represent oxidation or reduction), 

Equation 2.15.  

         
    

 

                  Equation 2.15 
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Where A is the frequency factor, ∆Gx
 
is the free energy of activation, (x is 

oxidation/reduction), R is the ideal gas constant and T is absolute temperature. 

(∆Gx
 
is also referred to as EA, the activation energy barrier which is used in the 

Arrhenius equation.) The influence of applied potential on the heterogeneous rate 

constants can be understood by examining the thermodynamics of the process. 

Using the transition state model, it demonstrates how the rate constants are 

dependent upon applied potential.
5,6

  Figure 2.7 illustrates how the free energy 

plots change as a function of applied potential.  Similar to Figure 2.6 at a single 

potential, this shows the dependence of the reactant on voltage as the potential is 

now changed to a value beyond the equilibrium potential (Eq).  The free energy 

associated with product remains fixed, independent of applied potential.  

Figure 2.7 illustrates how the free energy plots change as a function of applied 

potential (transition state model).  Similar to Figure 2.6, at a single potential, this 

shows the dependence of the reactant on voltage as the potential is now changed 

to a value beyond the equilibrium potential (Eeq).  The free energy associated with 

product remains fixed, independent of applied potential.  

 

Figure 2.7: Free energy ∆G profiles at varying potentials Eeq and E1.  
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As the potential is changed from the initial equilibrium potential Eeq to a final 

potential E1, it is evident that the activation energy is shifted with varying 

potential, hence the reaction of O to R becomes more thermodynamically 

favoured. The free energy terms for the oxidation/reduction can be expressed in 

terms of the heterogeneous rate constants koxi and kred in Equations 2.16 and 2.17 

respectively. The expressions below indicate that the rate constants for the 

electron transfer steps are proportional to the exponential of the applied potential, 

thus the rate of an electrode reaction can be altered by changing the potential of 

the working electrode.
11

  

         
     

  
   

       

  
   Equation 2.16 

 

         
     

  
   

    

  
      Equation 2.17 

where E is the applied potential and α is the symmetry factor (which affects the 

shape of the free energy potential plots).  

2.1.7 Modified electrode surfaces 

The structure of the electrode/solution interface is of great importance for an 

electrode reaction, as discussed. The application of a thin layer of material onto an 

electrode surface can provide a greater control of the electrode’s properties, 

including its ability to transfer electrons to some species of interest. The 

development of modified electrodes for the current work was done in order to 

facilitate this sort of process and enhance catalytic reactions. The reactivity of the 

modified surface electrode is determined by the electrode potential (which is 

controlled by a potentiostat) and by the nature and structure of the electrode 

surface (in particular, the modifying layer).
12,13

  

Although the modifying layer prevents direct contact between the underlying 

electrode surface and the solution, it must allow for transfer of electrons between 

the electrode and the species in solution undergoing oxidation/reduction. As 

electron transfer occurs between the Fermi level of the electrode and 

HOMO/LUMO of electroactive species in a solution (in the work of Chapter 3), 
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electron transfer is mediated by redox groups present in the layer. These redox 

groups are specifically chosen to mediate charge transfer i.e. participate in an 

electrochemical reaction, whether it be to catalyse or block a reaction.
12

  A model 

for mediated electron transfer is shown in Figure 2.8 

     

 

Figure 2.8: Electron transfer model of a modified electrode surface consisting of 

MPcF16 as an example.  Adapted from references 12 and 13.  

This scheme is similar to the model shown in Figure 2.2; however, electron 

transfer occurs between the electrode and the mediator M and not directly with the 

substrate H
+
. Equations 2.18 and 2.19 demonstrate the mediated reaction 

sequence. The original active form of the mediator is electrochemically 

regenerated and reduced substrate can diffuse away into the bulk solution. For the 

hydrogen evolution reaction occurring in work presented in this thesis, the 

mediator Mox is [MPcF16], the substrate A is H
+
 in the electrolyte which are 

electrocatalytically reduced to H2. As the reduced substrate is a gas, it diffuses 

away from the electrode surface to fill the headspace volume at the top of the 

electrochemical cell.
3
 

                                        Equation 2.18 

                                                Equation 2.19 

Bulk Solution Modified Layer Metal Electrode 

H+ 
H+ 

H2 

[MPcF16]
- 
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Thus the catalytic reaction in the simplistic form is given in Equation 2.19, where 

the catalyst is regenerated with the evolution of hydrogen.  

2.1.7.1 Construction of modified electrodes 

Polymers which are capable of moving charge (electrons/ions) between the 

electrode surface and the catalyst are an important feature of the work reported in 

this thesis, as the reduction of the catalyst requires both electrons and counterion 

movement within the modifying layer.  Production of these layers can be achieved 

in various ways, such as direct electropolymerisation, dip coating of the electrode 

into a solution of the mediator/polymer, electrostatic binding of a mediator 

directly via drop-casting from a solution, or incorporating the mediator in a 

polymer matrix.
3,4,12,13

  

In this last technique, the polymeric material and the mediator, an electrocatalyst 

in this case, are dissolved in a volatile solution. A known volume (μL) of the 

mediator/polymer solution is transferred to the electrode surface. The solvent can 

be removed in a number of ways, including air drying, in vacuo drying, and 

evaporation in a solvent-saturated chamber followed by air curing. Vos et al. 

report the importance of the rate of solvent removal, where slow removal is the 

optimum method for the production of organised films.
13

  Exposure of a large 

surface area is important as it allows for greater contact with the substrate in the 

electrolyte solution, leading to large and rapid responses. If the catalyst within 

whole layer is electroactive (rather than just a thin layer at the polymer/solution or 

electrode/polymer interface) then a thick, 3-D film structure should lead to 

enhanced product yields. 

2.1.7.2 Stability 

An important factor for such thin modifying films is the stability of the coating.  

Employing modified electrodes in a variety of pH environments (acidic, neutral 

and basic solutions) may affect the long-term response (stability) of the coating. 

Another important factor to consider is the stability associated with the mediator 

and the ability of the redox centre to be repeatedly cycled through 

reduction/oxidation steps. Repeated movement of the charge-compensating 
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counterions in and out of the film can lead to breaks in the film. This can hinder 

the mechanical stability of the film after repeated redox cycling.
13

  

2.1.7.3 Characterisation 

The nature of the modified layer can be determined using cyclic voltammetry. 

This technique allows for important parameters to be obtained, such as redox 

potential and stability. Using slow scan rates, the area under the cyclic 

voltammogram can provide a measure of the amount of electroactive mediator 

species which is present on the electrode surface.  

The appearance of a cyclic voltammogram for a redox species in a very thin 

modifying layer is different to that of a redox couple in solution phase that follows 

Nernst behaviour.  

 

Figure 2.9: Cyclic voltammetry of an ideal reversible redox species in a modified 

layer. FWHM (∆Ep½) is the full width a half maximum for the redox species. 

Adapted from reference 4. 

The anodic wave of a reversible surface confined redox couple is generally the 

mirror image of its corresponding cathodic wave. Considering that the redox 

species within the modified layer is not present in the bulk solution then electron 

transfer will not be limited by mass transport to the electrode. Thus, for an ideal 

Nernstian reaction where Epa = Epc, the full width at half height (FWHM or Ep,½) 

of either the cathodic or anodic wave is given by the following expression,
4
  

Potential E (V)  

Current    

I (A) 

FWHM  
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             Equation 2.20 

Monitoring the peak current and position as a function of time allows for the 

stability of the coating to be studied. For surface-confined redox species, the 

current is directly proportional to the scan rate (Equation 2.21) whereas the 

current produced by the reversible oxidation/reduction of a redox couple which is 

freely diffusing in solution is proportional to the square root of the scan rate 

(Equation 2.22). Thus investigating the sweep rate dependence of the modified 

layer can provide information about the charge transfer process within the 

modifying layer.
12

  

            Equation 2.21 

                                       Equation 2.22 

As stated above, the amount of the electroactive species in the modified layer can 

be calculated from the area under the redox wave, allowing for the number of 

moles of electroactive species to be determined. Assuming that the Faradaic 

response is due to the redox species in the modified layer and not from the bulk 

solution (which is electrolyte only, therefore the concentration of redox species in 

solution is zero), then the surface coverage, in terms of molecules can also be 

calculated for the film by Equation 2.23.  

       
 

   
    Equation 2.23 

Where Γ is the surface coverage (mol cm
-2

), Q is Faradaic charge (C), n is the 

number of electrons transferred, F is the Faraday constant (C/mol
 
e) and A is the 

area of the electrode surface (cm
2
).

4
  

This can be further extended to determine the area occupied by a molecule Amolec 

(Å
2
) using Equation 2.24.

14
 

                               
    

   
   Equation 2.24 

where NA is Avogadro’s number.  The surface coverage term can be used in 

combination with Equation 2.20 to give an expression which relates surface 
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coverage, peak current and the potential scan rate (, V
.
s

-1
) for a reversible surface 

controlled process by Equation 2.25 where nM is the number of electrons 

transferred.
3,4,15

 

               
   

 

 
 
  

  
         Equation 2.25 

The surface coverage term is important as it allows for an understanding of the 

behaviour of the redox species within the modified layer. By comparing the 

experimental surface coverage values Γexp with theoretical surface coverage 

values Γtheo, a description of the film in terms of flat monolayers of redox species 

can be determined.
15,16

   

 

2.2 Electrochemical Materials 

2.2.1 Electrochemical Cell  

The experimental work in Chapters 3 to 6 presented in this thesis employed the 

use of a three electrode cell set up in order to perform the necessary 

electrochemical techniques, such as cyclic voltammetry, differential pulse 

voltammetry and bulk electrolysis. The three electrodes used consist of a working 

electrode, a reference electrode and a counter electrode which are housed in a V-

shaped glass cell as shown in Figure 2.10.  

 

 

Figure 2.10: Diagram of a basic 3 electrode electrochemical set up, consisting of 

(a) counter electrode, (b) reference electrode and (c) working electrode.  

(c) (b) 

(a) 
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The working electrode is the surface at which the electrochemical reaction of 

interest occurs while the counter electrode provides the surface for which the 

accompanying electron-transfer reaction occurs during the overall redox reaction. 

Current is measured between the working electrode and the counter electrode. The 

reference electrode is an electrode which has a defined electrochemical potential 

that is stable upon the passage of a small current (non-polarisable electrode). The 

applied potential (working electrode) is measured between the working electrode 

and reference electrode. When setting up the three-electrode cell, it is important to 

place the working and reference electrodes close to each other to minimise the 

solution resistance. From Ohm’s Law, it can be seen that resistance is a function 

of potential and current;     . Thus, the working electrode potential which is 

reported includes Ohmic potential drop, where                     .
4
 It is 

important to note that there will always be a residual resistance, which will remain 

uncompensated and thus is termed Ru. This uncompensated resistance Ru can be 

calculated using Equation 2.26 when planar working electrodes are employed. As 

this electrode surface is uniform, this means the current density is also uniform 

and not shielded from the adjacent reference electrode.  

                          
 

  
                 Equation 2.26 

In this equation, x denotes the distance between the working and reference 

electrodes, κ is the conductivity of the solution and A is the area of the working 

electrode.
4
 Another means of reducing the resistance of the solution is the use of 

an electrolyte of high ionic strength, i.e. 1 M concentration. The high ionic 

strength of an electrolyte allows for a high conductivity therefore reducing the 

resistance of the solution.  

2.2.2 Electrodes  

2.2.2.1 Working Electrode 

Glassy carbon (GCE) working electrodes were employed for the electrocatalytic 

studies; however, Chapter 6 discusses these studies whilst using a carbon 

monolith as an electrode material. GCEs possess the advantages of low cost, little 

pretreatment and a large overpotential for the evolution of H2, compared to Pt 

surfaces.
17
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2.2.2.2 Counter Electrode 

The counter electrode, also known as the auxiliary electrode, provides a route for 

the ‘other’ half reaction to occur. Most counter electrodes possess a high surface 

area.  Metal wires are commonly used as they are excellent conductors.  Similar to 

using Pt as working electrodes, it is often a good choice for use as a counter 

electrode as it is chemically inert.
17

 

2.2.2.3 Reference electrodes 

A reference electrode is one whose chemical composition is known and fixed. Its 

potential should be stable with respect to time. The primary reference electrode 

used is the standard hydrogen electrode, SHE (also known as the normal hydrogen 

electrode NHE). It is composed of platinised platinum which is immersed in an 

acidic medium in which H2 gas is bubbled through.
4,17

  

                                 Equation 2.27 

For use as a reference electrode, the potential of the SHE is defined as 0 V, where 

a = 1 (unit activity) for both H2 and H
+
, and are maintained at unity during 

operation. This electrode is not practical for everyday use in the sense that it 

requires a constant stream of H2 gas bubbled through the acidic solution.  

Nonetheless, potentials are often quoted vs. SHE.  It is far more common to see 

the use of an Ag/AgCl or SCE reference electrode during routine electrochemical 

studies involving aqueous solutions. 

 

  

 

 

Figure 2.11: Schematic of potential scale (V) of reference electrodes. 

Simple conversion of potentials collected using one reference electrode to those 

versus another can be calculated as shown below in Equations 2.28. The NHE and 

Ag/AgCl reference electrodes are used as examples. 

SCE Ag/AgCl NHE 

+ 0.242 V  + 0.197 V  0 V  
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                                 Equation 2.28 

The reference electrode used for the electrocatalytic experiments discussed in 

Chapters 4-6 is an aqueous (aq.) Ag/AgCl electrode. This is a popular choice of 

reference electrode when aqueous conditions are employed. The half reaction for 

this reference electrode is shown below in Equation 2.29. 

                                 
     Equation 2.29   

The constant activity of the chloride ion is achieved by coating a silver wire with 

silver chloride and immersing this into an internal solution of saturated potassium 

chloride, thus the concentration of the chloride ion remains fixed at the saturation 

limit.  A salt bridge is used to make electrical contact between the silver wire and 

solution to be analysed as it allows for slow leakage of the internal potassium 

chloride solution.
4
  At 25°C the formal potential for the AgCl half reaction is + 

0.197 V vs. SHE in saturated chloride solution.  

Non aqueous reference electrodes have been used for the characterisation of 

MPc’s by solution electrochemistry in Chapter 3 (the use of aqueous reference 

electrodes is unwanted due to problems posed by the possible leakage of water 

into the non-aqueous solvent and liquid junction potentials).  Therefore, using a 

silver wire within a non-aqueous solvent is preferred. Although the potential of 

the Ag wire is not defined, it doesn’t change significantly during the 

measurements. These electrodes are often referred to as quasi-reference electrodes 

(QRE) and using an internal standard such as ferrocene is required in order to 

obtain a true reference potential.
3,4

  

2.2.2.4 Using Ferrocene as an Internal Standard 

Because the potential of the Ag wire is not defined, it is essential to use an 

internal standard. Ferrocene (Fc/Fc
+
)
 

is suitable for this purpose. Ferrocene 

exhibits a reversible redox process at +0.40 V vs NHE
18

 in water (~0.69 V vs. 

NHE in MeCN).
20

 Its oxidised species ferrocenium Fc
+
, is also soluble and stable 

in a range of solvents and the redox couple displays Nernstian behaviour. Thus, a 

value for E
o

Fc/Fc+ vs. Ag wire can be obtained and the potentials of other reactions 

may be reported against Fc/Fc
+
. Although the potential of the Fc/Fc

+
 wave will 
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vary with the type of reference electrode material used (e.g. Ag wire, Cu wire, 

SCE), the potentials of other redox processes vs. the ferrocene wave will not.  It 

also allows for reproducible formal potentials because variables (including 

electrode degradation) are eliminated. Therefore using ferrocene as an internal 

standard is convenient and it allows for the quantitative comparison of potentials 

measured in a range of solvents.
19,20

 

 

2.2.3 Electrochemical Methods and Techniques 

Cyclic voltammetry is a widely used technique for the analysis of electrochemical 

reactions. Voltammetric methods based on linear potential sweep techniques are 

used throughout this thesis allowing for the identification of diffusion-controlled 

and surface-confined properties of metal phthalocyanines.  

2.2.3.1 Cyclic Voltammetry 

For the linear sweep voltammetry technique, the potential is scanned at a constant 

rate between an initial and final potential (E1 and E2, respectively) following the 

waveform shown in Figure 2.12. The current produced by this experiment is 

measured as a function of the applied potential, as well as the potentials observed 

for oxidation/reduction processes, which relate to orbital energies of the analyte.  

Cyclic voltammetry operates on the same basis with the difference being that a 

reverse scan is employed whereby the potential is scanned back from E2 toward to 

the initial potential E1, Figure 2.12.  Analysis of the resulting voltammogram 

(CV) offers added information about the properties of the electrochemical reaction 

as well as any additional follow up chemical processes that may occur following 

electron transfer, to or from the species involved.
3,20
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Figure 2.12: Potential-time profile; Linear-sweep voltammetry, forward sweep 

(a) and cyclic voltammetry (1 cycle), reverse sweep (b).  

Figure 2.13: Cyclic voltammogram of ferrocene (Fc
2+

/Fc
3+

) in 0.1 M TBA PF6 in 

MeCN vs. SCE. 
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The cyclic voltammogram of the oxidation of ferrocene to ferrocenium is shown 

in Figure 2.13. As the potential is scanned in a positive direction, it approaches 

the standard potential E° for the redox process, an anodic current begins to 

increase until a maximum current is reached. During this period of the scan, Fc is 

oxidized at the electrode surface (to Fc
+
).  At the potential that corresponds to the 

peak current, the movement of Fc through the bulk solution to the edge of the 

diffusion layer occurs at a maximum rate.  Beyond this potential, Fc becomes 

depleted in the region adjacent to the diffusion layer and the current consequently 

drops until it reaches the final potential E2. The direction of the potential sweep is 

then reversed and scans back toward E1, where the ferrocenium molecules at the 

electrode surface (generated by the forward sweep) are reduced back to ferrocene 

(generating a corresponding cathodic peak). This CV is characteristic of a redox 

couple in solution undergoing a one electron electrochemical process at which the 

scan rate is faster than the rate of diffusion.
4,6

  

The Fc/Fc
+
 couple is a reversible redox couple, and several important 

characteristics of this couple can be deduced from the cyclic voltammogram, 

including peak potential, Ep and peak current maximum, ip. 

The half wave potential, E½ is positioned between the anodic (Ep,a) and cathodic 

(Ep,c)
4

 peak potentials shown by Equation 2.30. 

                               
     

          

 
    Equation 2.30 

The separation of peaks Ep,a and Ep,c  for a reversible couple is shown by Equation 

2.31. 

                                   
     

 
    Equation 2.31 

Therefore for a process exhibiting Nernstian behaviour, the separation for a one 

electron transfer ∆Ep is 59 mV.
4
 The half peak potential can also be calculated 

where the peak potential at half the maximum is related to Ep/2 as shown by 

Equation 2.32. 

           
    

       

  
                  Equation 2.32 
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The peak current for a reversible redox reaction, where diffusion of the 

electroactive species is considered to be planar, is expressed according to the 

Randles-Sevcik equation.
3,4

 

                           
 

     

 
  
  

  
 

          Equation 2.33 

The peak current (ip) is directly proportional to the concentration of electroactive 

species (for a reversible electrochemical process), and the current increases with 

the square root of the scan rate, as described previously in Equation 2.22. For a 

reversible couple, the ratio of the cathodic and anodic peak currents will equal 1.  

                               
     

    
      Equation 2.34 

2.2.3.2 Differential Pulse Voltammetry  

This technique differs from that of potential sweep voltammetry in that the 

potential is applied in a staircase manner, rather than being ramped at a constant 

rate. The current is measured before and after an application of a pulse potential
6
, 

as shown in Figure 2.14 where i1 and i2 represent the points in which the currents 

are measured. 

                         

 

Figure 2.14: Differential Pulse Voltammetry (DPV). 

The advantage of this technique over potential ramp techniques is that it offers a 

greater sensitivity by optimising the ratio of the Faradaic current (iF) to the 

capacitive current (iC). 
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Time 
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Figure 2.15: An example of a Differential Pulse Voltammogram of a redox couple 

O + ne ↔ R. 

The current is sampled over a series of increasing potential pulses. The difference 

in the current is measured before and at the end of each pulse. The resulting i-E 

curve is shown in Figure 2.15, similar to that of a cyclic voltammogram, but the 

contribution of the capacitive charging current now is diminished.  

2.2.3.3 Bulk Electrolysis with Coulometry  

Bulk electrolysis (also known as potentiostatic electrolysis PE) with coulometry is 

another electrochemical technique in which a constant potential is applied (for a 

period of time) and the resulting current is recorded as a function of time.
21

 The 

potential waveform, E-t (a), current-time profile, i-t (b) and charge- time profile, 

Q-t (c) for a bulk electrolysis experiment are shown in Figure 2.16. During the 

time before the potential step (the rest period), the cell should be at open-circuit 

(i.e. zero current); this makes the solution homogeneous near the electrode 

surface, like in the rest of the solution.  Then, when the step is applied, mass 

transport changes the surface (and nearby) concentrations, and a Faradaic current 

flows.
4
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Figure 2.16: (a) potential waveform E-t, (b) current-time i-t and (c) charge-time 

Q-t for a bulk electrolysis. 
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This technique is different from a potential ramp technique in that the potential is 

stepped into the mass transport-limited region so that the electrochemical reaction 

is diffusion controlled. As the current is related to the rate of electrolysis, it can be 

used to calculate the charge passed at any period of time during the reaction. The 

area under the i-t curve can be calculated to give the charge passed for that period 

of time as 1 A = 1C/s.  

2.3  Hydrogen Quantification using Electrochemistry   

In this section, the manner in which the electrochemical data is obtained and 

analysed is described. In Chapters 4 to 6 the amount of product formed by 

electrolyses and the turn-over frequency per hour (TOF hr
-1

) for each system is 

discussed. The electrochemical determination of the moles of product (H2) formed 

during an electrolysis assumes only H2 formation (i.e. not other processes, such as 

O2 reduction that may also produce current, and other side-reactions that involve 

the catalyst) and so this figure represents the upper limit for H2 formation – the 

maximum amount of product that may be obtained if 100% of the charge passed 

during the experiment is utilised for forming H2.  The potential imposed on the 

working electrode during electrolysis will also generate a non-Faradaic current 

that will contribute towards the overall charge reported. The TOF values which 

are obtained by the total current, given as TOF (electrochemistry) are listed in 

relevant Appendix section, in order to simplify the experimental data used to 

calculate the Faradaic efficiency mentioned throughout this thesis. 

Furthermore, it is possible that gaseous products like H2 may leak during the 

electrolysis or during transfer to the GC instrument. The first factor 

(electrochemical) will make the mol of H2 (and TON) determined through 

electrochemical data artificially high, while the last factor will lower the value of 

the mol of H2 determined by GC.  Importantly, the ratio of the mol H2 determined 

for electrolysis and by GC (or other instrumental method) gives an indication of 

the proportion of the total current that yields H2 (Faradaic efficiency) but does not 

account for any hydrogen which may have leaked from the cell.  
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2.3.1 Calculation of moles of reactant/ product 

The number of electrons that cross the electrode interface during the time of an 

electrolysis step is related stoichiometrically to the extent of the electron-transfer 

processes occurring at the electrode. This number of electrons is expressed as the 

total charge Q and is accumulative for the duration of an electrolysis step. The 

relationship between charge and the amount of product formed is given by 

Faradays law which states that a 1 mole equivalent for a 1 electron reaction causes 

96,485 Coulombs to pass.
4
  Thus, the number of moles electrolysed can be 

determined by Equation 2.35.  

                           Equation 2.35  

Where N is the number of moles electrolysed (mol), Q is the charge (Coulombs), 

n is the stoichiometric number of electrons consumed in the electrochemical 

reaction and F is Faraday’s Constant (C/mol). 

 

Figure 2.17: Cyclic voltammogram of CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2) 

vs. Ag/AgCl.  Scan rate = 100 mV/s. 

The cyclic voltammogram shown in Figure 2.17 shows the reduction of Co(II) to 

Co(I). The area under the peak can be integrated to determine the charge passed 
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for this process (for the data shown, a charge of 5.1 x 10
-7

 C was passed). Using 

equation 2.35, the number of moles of catalyst deposited on the electrode surface 

(or, at least, the number of moles of catalyst that is able to undergo 

reduction/oxidation for this modified electrode) is calculated as 5.3 x 10
-12

 mol.  
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Figure 2.18: Charge-time profile (Q-t) for electrolysis step for 1 hour.  

2.3.2 Calculation of percentage of electroactive catalyst 

The determination of the number of electroactive moles is described above in 

2.3.1. As the volume of catalyst (1.5 μL) drop cast onto the electrode and the 

concentration of the catalyst solution (2.8 x 10
-5

 M for CoPcF16) are known, 

calculating the percentage (%) electroactive catalyst in the modifying layer can be 

determined.  

                                   

                                                
          Equation 2.36 

 

2.3.3 Calculation of turnover frequency (electrochemically) 

The potentiostatic electrolysis experiment involves the imposition of a potential 

step to the modified working electrode for 1 hour, during which time, H2 is 

Total Charge Q 
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produced. A charge-time profile is generated from which the total charge, Q, is 

obtained as - 0.36 C (from Figure 2.18). For the electrochemical production of H2, 

2 electrons are required, thus through Equation 2.35, the number of moles of 

product formed can be determined. For the reaction of interest, the stoichiometric 

value n is 2 (number of electrons). Using the number of moles of H2 produced, the 

average TON (or TOF (hr
-1

)) can be obtained by using Equation 2.37.  

                                 
           

                 
   

 

  
     Equation 2.37       

TOF values obtained in this way in Chapters 3 to 6 by Equation 2.37 are available 

in Appendix B to E respectively.  

2.4 Chromatography 

2.4.1 Introduction and Gas Chromatography 

Chromatography is a procedure for separating an analyte of interest from other 

compounds in a sample mixture. All chromatographic techniques depend on the 

differing distributions of individual compounds between two immiscible phases, 

the mobile (liquid or gas) and the stationary phases (fixed in a column or on a 

solid surface). The mobile phase passes through or over the stationary phase. As 

the mixture of compounds is eluted, the compound appearing first at the end of 

the stationary phase has the smallest distribution into the stationary phase, thus 

has the smallest retention time. As the separated compounds appear at the end of 

the stationary phase, they are detected by means of a detector which may be a 

general purpose detector or one that is specific for the analyte of interest. The 

quantification of the separated compounds is determined by the detector. 

Gas chromatography (GC) involves a sample which can be vapourised easily (or 

is already in a gaseous state) and injected onto the head of the chromatographic 

column. The sample is transported through the column by the flow of an inert or 

unreactive gaseous mobile phase.  There are two packed columns which are used 

to separate a mixture of gases such as H2, O2, CO2, CO and CH4 which will be 

discussed now in more detail. 

The rate at which the gas molecules progress along the column depends on the 

strength of adsorption or distribution, which in turn depends on the type of 

molecule and on the column chosen for separation. Gas species are identified by 
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the order in which they emerge from the column and by the residence time of the 

species in the column. There are many parameters which influence the effect of 

molecular adsorption and the rate of progression along the column, temperature 

and the flow rate of carrier gas are just two of these parameters and thus are 

carefully controlled.
22

  

 

 

Figure 2.19: Basic diagram of a typical GC, consisting of (a) gas tight syringe 

and injector port, (b) carrier gas N2, (c) temperature controlled oven, (d) two 

packed columns, (e) Detectors, TCD and FID, (f) & (g) compressed air and H2 for 

FID and (h) software for conversion of signal output to chromatographs. Adapted 

from reference 22. 

A gaseous mixture containing H2, O2, CO2, CO and CH4 is injected into the 

sample loop L1, through the injector port using a gas tight syringe. This mixture is 

swept along by the mobile phase i.e. N2 carrier gas, to the first column, Hayesep 

C.
23

 This packed column consists of a macro-porous polymer in which CO2 has a 

high affinity for while the other gas molecules are not retained and quickly elute 

to the second column through sample loop L2. At this point the columns, which 

were arranged in series (see Figure 2.20- (d)) are now switched to bypass mode 

(Figure 2.20-(e)) to prevent CO2 moving onto the second column from the 

Hayesep column. As CO2 bypasses the second column, it moves directly towards 

the TCD and FID detectors and can be identified easily on the chromatogram. The 

second column consists of a molecular sieve column which is commonly used for 

the separation of gases such as H2, O2, CH4 and CO, argon, neon, and other rare 

gases.
24

 The lighter gases tend to elute first while the larger gas molecules will be 

retained for a longer time. The column is moved back into series mode and the 

(e) 
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) 
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column effluent passes through both the detectors and methanizer, with H2 being 

eluted first.
25

  

 

 

Figure 2.20: Schematic of the flow of gas mixture through GC; (a) Sample in loop 

L1, (b) Carrier gas in loop L1, (c) Hayesep C column, (d) Molecular sieve column 

in series mode on loop L2 (e) Molecular sieve column in bypass mode on loop L2, 

(f) TCD reference sample in/out, (g) Methanizer and (h) FID.  Adapted from 

Reference 25. 

2.4.2   Detectors 

2.4.2.1 Thermal Conductivity Detector (TCD) 

The thermal conductivity detector (TCD) was one of the first detectors to be used 

for gas analysis and is still a popular choice for use today as it possesses desirable 

properties. This detector works on the basis that it measures a constant thermal 

conductivity of the carrier gas (reference gas) so any change in this due to a 

species with a different thermal conductivity relative to that of the carrier gas can 

be detected.  

A TCD is basically a metal block consisting of two pathways in which electrically 

heated filaments are fitted. The block which houses these filaments is temperature 

controlled at all times. The filaments are usually made of an alloy so it has a high 

temperature coefficient of resistance. These filaments are inserted into a 
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Wheatstone bridge circuit as illustrated in Figure 2.21. Nitrogen carrier gas passes 

through one pathway while the column effluent is allowed to pass through the 

second. A basic TCD normally consists of two filaments (Varian© CP 3800 GC 

consists of four filaments which enhances the response). The carrier gas is passed 

over two filaments, labelled RR1 and RR2 at a constant flow rate and temperature. 

The column effluent consists of the carrier gas, N2 and the analytes separated by 

the columns before reaching the detectors. Therefore the conductivity of the 

column effluent is different to that of the reference and this passes by the sample 

filaments labelled S1 and S2. The change in conductivity causes the filament 

temperature to change (heat up or cool down), subsequently altering the resistance 

of the sample resistors of the Wheatstone bridge.
26,27

   

 

 

Figure 2.21: A TCD consists of a Wheatstone bridge circuit. The blue arrow 

indicates the direction of carrier gas which passes by the filaments labelled RR1 

and RR2, while the red arrow indicates the direction of column effluent which 

passes by the filaments labelled RS1 and RS2. Four filaments are used, typical for a 

Varian GC detector. Adapted from Reference 26. 

When a current is applied to the filaments, this causes the filaments heat up to a 

required temperature. A change in resistance is monitored as the filaments ‘sense’ 

a change in temperature.  When an analyte passes both filaments, the resistance of 

RS1 and RS2 changes and the bridge becomes unbalanced. This generates a 

RS1 RR1 

RR2 

Flow of Carrier 
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potential which is proportional to the skew and proportional to the concentration 

of analyte in the effluent stream.  

 

 

Figure 2.22: Gas chromatogram of a separated mixture of gases detected by the 

TCD.  

A typical chromatogram of a 1 ml injection of a 1000 ppm mixed gas is shown in 

Figure 2.22, produced by the TCD detector. The gases are separated and identified 

(output signal is mV/sec).   

2.4.3 Method Validation 

Quantification of the gas product formed by electrolysis is vital, as it allows for 

the efficiency of the system to be calculated by comparing GC results with 

electrochemical results. Quality control (precision) and method validation can be 

used as a measure to verify that an experiment/procedure is working properly, and 

to ensure that the results generated by this are correct. Precision is how well an 

instrument can reproduce the same result over time and under varying operating 

conditions. Method validation is a process of testing a measurement procedure to 

assess its performance and to validate that performance is acceptable for its 

intended purpose.
28,29,30

  This approach was taken for the research carried out 

throughout the experimental chapters of this thesis. Not only does this provide 

assurance in the instrumentation, it also gives confidence in the results obtained.  

A calibration curve shows the response of an analytical method to known 

quantities of an analyte.
28

 As a calibration curve is used to determine a sample of 

an unknown concentration by comparing it to a standard set of samples of known 
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concentration, a plot of concentration versus instrument response yields a linear 

relationship (Figure 2.23). The unknown’s response is measured and using the 

equation of the line from the calibration curve, the concentration can be attained. 

A measure of linearity is denoted by the square of the correlation coefficient R
2
. 

A volume of a mixture of standard gases was injected onto the GC on a daily basis 

to account for the reproducibility and reliability of the instrument. The response of 

this gas sample was inserted into a calibration curve to ensure there was no 

deviation from the linear fit.  

 

Figure 2.23: Example of a calibration curve for the determination of 

concentration of a H2 sample of unknown concentration. 

 

2.4.4 Hydrogen Quantification using Gas chromatography  

As described in section 2.3, the electrochemical determination of the moles of 

product (H2) formed during electrolysis is an indication of the upper performance 

limit (H2 evolution), thus the GC value is always expected to be less than this 

value.  By taking a certain volume of gas from the headspace of an 

electrochemical cell as shown in Figure 2.10, this can be injected into the GC and 
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the concentration of the headspace can be calculated. Using the Ideal gas law, the 

moles of product n can be determined for each system. Assume that the injection 

of a 10000 ppm calibration standard of H2 yielded a signal of 350 mV/sec, as 

obtained by TCD. If an injection of a sample containing x ppm of H2 from the 

headspace is recorded as 245 mV/sec, then this corresponds to a concentration of 

7000 ppm of H2. The concentration of the gas can be converted to partial pressure 

by assuming standard pressure is present in the electrochemical cell (1 atm). The 

concentration is divided by 1 x 10
6
 and then multiplied by 101,325 Pa.   Thus the 

partial pressure due to hydrogen is determined as 709.3 Pa (1 atm = 101,325 Pa). 

Assuming ideal gas behaviour, this value can be substituted into the Ideal gas law 

as P, V, R and T are known, therefore n, number of moles of product can be 

solved.  

                                           Equation 2.38 

The turnover frequency TOF (hr
-1

) can be obtained by using Equation 2.37 as the 

number of moles of catalyst is determined by electrochemistry, discussed above in 

section 2.3.1.  

The Faradaic efficiency of the system can also be determined by taking the 

chromatographic data; the moles of H2 calculated and dividing it by the total 

amount of moles of H2 formed (obtained by electrochemistry) and multiplying it 

by 100, Equation 2.39. If no other process or reaction is taking place in the cell 

(and no leakage of product occurs), then the Faradaic efficiency should be 100 %. 

(Note: all TOF (hr
-1

) values given in the experimental Chapters 4 to 6 are obtained 

by gas chromatography, unless otherwise stated). 

     %            
                

                               
          Equation 2.39 

 

2.4.5 Sources of Error 

As with any measurement taken, a level of uncertainty will be present, known as 

experimental error. Although experimental errors are unavoidable, it is important 

however to firstly identify where the source of error may lie and to recognise the 

degree of error (or the degree of confidence). There are two types of errors which 
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can occur; systematic and random. A systematic error is described as a consistent 

error which can be detected and corrected. An example of a systematic error is 

one which may occur due to a fault within an instrument, such as an uncalibrated 

pipette or use of a wrongly labelled solution. A systematic error affects the 

accuracy however, a feature of systematic error is that it is reproducible and can 

be taken into account by careful examination of results produced.  Random error 

is one which is unpredictable and can’t be eliminated. An example of this error is 

reading the scale of a syringe; reading of the same scale several times might report 

several different readings. As random errors affect the precision of a result, 

repetition can reduce the degree of experimental error.
28

  

In an effort to reduce the amount of errors, the experimental errors have been 

identified and extra care taken to minimise these, thus leading a greater degree of 

confidence in the accuracy and precision in the results presented in the thesis. The 

errors identified are discussed in the experimental chapters. 

2.5 Experimental Materials and Conditions 

2.5.1 Solution electrochemistry 

Cyclic voltammograms described in Chapter 3 were recorded against a silver wire 

(Ag/Ag
+
) reference electrode.  GCEs macro (area = 0.07 cm

2
) were used as the 

working electrode and a platinum wire was employed as the counter electrode. 

Ferrocene was used as an internal standard for which the potentials obtained using 

the Ag
+
 wire were converted to the Ag/AgCl reference electrode. 

A 0.1 M solution of tetrabutylammonium hexafluorophosphate, TBA PF6 (Fluka, 

electrochemical grade) in DMSO (Aldrich, anhydrous, 99.8%) was used as the 

supporting electrolyte unless otherwise stated.  

Electrochemical experiments were carried out using CH Instruments Version 8.15 

software controlled electrochemical bipotentiostat CHI750C. Prior to each 

experiment, the electrochemical cell was degassed for at least 20 minutes using 

argon and a blanket of argon was maintained throughout each experiment to allow 

for the removal of oxygen from the cell.  
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2.5.2 Modified electrodes for electrocatalytic studies 

Cyclic voltammograms, differential pulse voltammograms and bulk electrolyses 

were recorded against a silver/ silver chloride (Ag/AgCl,
 
3 M KCl) reference 

electrode using a platinum wire as the counter electrode. GCEs were mainly used 

for these experiments.  All cyclic voltammograms were recorded at a scan rate of 

100 mV/s unless otherwise stated. 

Sodium dihydrogen phosphate (Merck 98-100 %) was used as the 

electrolyte/buffer for the electrocatalytic experiments. Altering the ratio of sodium 

dihydrogen phosphate and phosphoric acid allowed for the formulation of buffer 

solutions covering a range of pH. Basic solutions were attained by using NaOH 

and as described for the lower pH buffers, the ratios of each were altered to 

achieve a range of basic aqueous solutions.  The ionic strength of these solutions 

was kept constant at 0.1 M unless otherwise stated.  

2.5.2.1 Coating of electrodes 

Modified GC electrodes were prepared by drop-casting a known volume (1.5 μL) 

of each catalyst/polymers onto the surface of a clean electrode. The electrode was 

allowed to dry overnight in an oven set at 21°C (in an effort to form a 

homogeneous reproducible film). 

2.5.2.2 Cleaning of working electrodes 

The working electrodes required cleaning before each use. This was carried out by 

polishing with 0.3 µm alumina paste (alumina powder and water), followed by 

sonication in deionised water for 5 minutes and further polishing with 0.05 µm 

alumina paste and sonicated again in deionised water for 5 minutes. For solution 

electrochemical analysis, the electrodes were sonicated for 5 minutes in DMSO 

before being placed in the electrochemical cell. All cyclic voltammograms were 

recorded at a scan rate of 100 mV/s unless otherwise stated. 

2.5.3 Catalysts and polymers 

Metal phthalocyanines employed for the investigation of suitable catalysts for the 

electrocatalytic proton reduction to H2 were Cobalt (II) 

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-
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phthalocyanine (Aldrich, 95% dye content), Copper (II) 

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-

phthalocyanine (Aldrich, 80% dye content) and Zinc (II) 

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-

phthalocyanine (90-95 % purity), which  was synthesised by Dr. Brian Murphy of 

Dr. Kieran Nolan’s research group, Dublin City University.  Nafion® resin (5 wt 

% in mix of lower aliphatic alcohols and water) was used to investigate the 

suitability of a polymer matrix for electrocatalytic production to H2.   

2.5.4 Preparation of Catalyst solutions 

2.5.4.1 Adsorbed Catalysts 

0.0012 g of CoPcF16 was dissolved in 20 mL of DMF or ethyl acetate and 

sonicated. The solution was allowed to stand overnight and was decanted the 

following day. The undissolved catalyst was dried and weighed on pre-weighed 

filter paper. The amount catalyst which remained undissolved was calculated as 

60 %, thus the concentration of the catalyst solution in DMF is 2.8 x 10
-5

 M. The 

concentration of CoPcF16 prepared in ethyl acetate was calculated as 8.2 x 10
-5

 M 

with 53 % of undissolved catalyst remaining in solution. 

CuPcF16 and ZnPcF16 solutions were prepared as described for CoPcF16 with 

solution concentrations calculated as 5.6 x 10
-5

 M and 3.7 x 10
-4

 M (69 % and 48 

% undissolved catalyst remaining in solution for CuPcF16 and ZnPcF16 

respectively).   

2.5.4.2 Catalysts dispersed in Nafion® 

1 mL of Nafion® was added to 4 mL of CoPcF16 solution (above) and sonicated 

for 5 minutes. CuPcF16/Nafion® and ZnPcF16/Nafion® solutions were prepared as 

described for CoPcF16.  

Solution concentrations when dispersed in a 4:1 CoPcF16:Nf volume ratio are as 

follows: 2.2 x 10
-5

 M (CoPcF16:Nf); in a 1:1 ratio 1.4 x 10
-5

 M (2-CoPcF16:Nf) 

and in a volume ratio of 1: 4, 5.6 x 10
-6

 M (3-CoPcF16:Nf). Solution 

concentrations when dispersed in a 4:1 CuPcF16/Nf volume ratio are as follows: 

4.4 x 10
-5

 M (CuPcF16:Nf); in a 1:1 ratio 2.2 x 10
-5

 M (2-CuPcF16:Nf) and in a 
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volume ratio of 1: 4, 1.1 x 10
-5

 M (3-CuPcF16:Nf).  Solution concentrations when 

dispersed in a 4:1 ZnPcF16/Nf volume ratio are as follows: 3.0 x 10
-4

 M 

(ZnPcF16:Nf); in a 1:1 ratio 1.9 x 10
-4

 M (2-ZnPcF16:Nf) and in a volume ratio of 

1: 4, 7.4 x 10
-5

 M (3-ZnPcF16:Nf).  

2.5.5 Preparation of catalysts using graphitized carbon monolith 

material as electrodes 

The modified electrodes prepared using porous graphitized carbon monolith 

material described in Chapter 6 were synthesised by Xiaoyun He
31

 of Professor 

Brett Paul’s research group, Dublin City University.  

Two methods were used to prepare the modified electrodes. The first involved 

placing the carbon rod into a solution of CoPcF16 (2.8 x 10
-5

 M CoPcF16) which 

was stirred for 72 hours and allowed to dried after this time. This modified carbon 

monolith rod adsorbed with the cobalt catalyst was denoted MCM (modified 

carbon monolith).  The next stage involved crushing the carbon monolith 

fragment into a fine powder by a mortar and pestle. A 10 mg/mL of CCM/ 10 mM 

DDAB (dodecyldimethylammonium bromide) solution was prepared to allow for 

drop casting of the material onto a glassy carbon electrode.  

The second method of electrode preparation followed the method outlined above 

(see Chapter 6).  Modified electrodes consisted (blank carbon monolith material, 

denoted CM) of varying ratios of CM: MPcF16(DMF) where each component 

which was mixed and then drop cast (1.5 μL, unless otherwise stated) onto the 

electrode surface.  Prior to drop casting of the carbon monolith materials, each 

solution was sonicated for 1 hour. Modified electrodes were allowed to dry in an 

oven (at 21°C) overnight.  

2.5.6 Gas Chromatography 

Varian© CP3800 GC equipped with a TCD and FID detector was used for the 

quantification of gas in the headspace of the experiments described in chapters 4 

to 6. Gas mixtures were separated using two packed columns; Hayesep C porous 

polymer column of dimensions 2 m x 1/8" x 2.0 mm and a Molecular Sieve 13x 

60-80 mesh with dimensions 1.5 m x 1/8" x 2.0 mm.  Nitrogen (BIP grade- Air 
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Products) was used as a carrier gas and compressed air and hydrogen (Air 

Products) were used for the FID to maintain a lighting flame. Varian software 

version was used to interpret the chromatograms. A range of standard calibration 

gases were used containing H2, O2, CO2, CO and CH4 in the range of 10
2
 ppm to 5 

x 10
4
 ppm (0.01% to 5%). These were used to plot a calibration curve on a weekly 

basis to account for accuracy and reliability in the measurements.  

Flow rates were controlled by electronic flow controllers (EFC). Column pressure 

was set to 40 psi with total flow of 50 ml/min N2 carrier gas. The TCD reference 

was set at 20ml/min and it was important that the actual column flow matches that 

of the TCD flow rate to allow the TCD to function correctly. The methaniser flow 

was set at 10 ml/min of H2 at 40 psi. The gases which pass through the FID 

consisted of compressed air at 300 ml/min, H2 at 20 ml/min and makeup flow at 

10 ml/min.  The following are the temperatures for which each component were 

set: Injector 150°C, Middle Valve Oven 170°C, Column Oven 70°C, TCD block 

temperature 200°C, filament temp 250°C, FID oven 200°C and methaniser 400°C. 

A 1 ml gas tight syringe (Hamilton) and 23 gauge needle was used to inject the 

gas sample into the injector port.  

2.5.6.1 Elution times of gases 

The run time was 7 minutes, with the order of elution and retention times as 

follows; TCD: H2 0.85 min, O2 1.20 min, CO2 2.30 min, CO 5.00 min; FID: O2 

1.20 min, CO2 2.30 min, CO 5.00 min and CH4 5.50 min.  
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2.6 Concluding Remarks 

In this chapter, the theory of important electrochemistry terms is discussed, such 

as double layer formation, mass transport and electron transport. The use of 

modified electrodes consisting of an electroactive species is discussed, where the 

structure of the electrode/solution interfaces is of great importance for an 

electrode reaction to occur. The development of modified electrodes has been 

widely reported to facilitate and enhance catalytic reactions, such as the catalytic 

reaction reported in this thesis.  The main electrochemical techniques employed in 

this thesis are cyclic voltammetry and bulk electrolysis with coulometry. The 

current responses produced as a result of the application of a potential allow for 

valuable information to be obtained by each technique employed.  

Gas chromatography is a separation technique which can detect gases and thus 

was chosen to detect hydrogen produced by electrolysis experiments outlined in 

Chapter 4 to 6. The basic theory of gas chromatography is discussed, along with a 

detailed description of the workings of the detectors. As with any analytical 

instrumentation, the importance of the accuracy and reproducibility is highlighted 

with the discussion of method validation, use of calibration curves and 

identification of errors associated with the experimental work carried out. The 

chapters detailing the electrocatalytic studies consist of both electrochemical and 

chromatographic calculations. These calculations, which allow for hydrogen 

quantification, are described in detail. The electrochemical and chromatographic 

determination of moles of hydrogen evolved by electrolysis allow for the 

determination of the Faradaic efficiency of each catalytic system.  
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Phthalocyanines  

 

 

Three perfluorinated metal (II) phthalocyanine complexes where M is Co, Cu and 

Zn, have been studied as potential catalysts for electrocatalytic generation of 

molecular hydrogen. Characterisation of the metallophthalocyanines is carried 

out using UV-Vis spectroscopy and cyclic voltammetry in solution, while 

characterisation of the electrocatalytic activity of the adsorbed 

metallophthalocyanines is done by cyclic voltammetry. 
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3.1 Introduction 

Some of the features characteristic of metal phthalocyanines are the following; 

they can be synthesised from a metallic element, facile design of special 

characteristics through symmetric and asymmetric substitution of the main Pc ring 

and through axial ligation to the central metal, its efficient energy absorption and 

redox nature which make these metallophthalocyanine complexes valuable.
1
 The 

electrochemistry of both unsubstituted and substituted cobalt phthalocyanine 

derivatives has been previously reported
2
. The electrochemistry of 

metallophthalocyanine species in solution typically shows multiple redox 

processes localised on the metal centre and/or on the phthalocyanine ring. Diverse 

electrochemical properties may be achieved by incorporating different metals into 

the central cavity of the Pc ring and by varying the ring substituents. The redox 

processes are influenced by the nature and oxidation state of the central metal, the 

nature of the substituents on the Pc ring and the nature of any axial ligands and 

solvents.  

The charge on the deprotonated phthalocyanine ring is -2 (Pc
2-

). Application of 

negative potential (i.e. cathodic direction) can reduce the Pc ring with up to 4 

electrons; from Pc
(2-)

, Pc
(3-)

, Pc
(4-)

, Pc
(5-)

 to Pc
(6-)

. The central metal ion can be both 

oxidised and reduced which can yield a variety of possible net oxidation states. 

Ni(II), Zn(II), Pb(II), Pd(II), and Cu(II) display ring based oxidations while 

Mn(II), Fe(II) and Co(II) can experience metal-based reductions as well as ligand-

based reductions.
3,4,5,6,7,8,9,10,11

 The reason for which these metals experience metal 

based reductions is due to the energies of the molecular orbitals.   If these lie at 

values within the highest occupied molecular orbital HOMO (a1u) and lowest 

unoccupied molecular orbital LUMO (2eg) gap of the ring, oxidation or reduction 

(or both) may occur on the central metal.  
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Figure 3.1: Molecular energy orbitals for the outer orbitals of Co, Cu and Zn 

phthalocyanines. Metal based orbitals are labelled in red while ring based 

orbitals are in navy.  Adapted from reference 12. 

The energies of the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) are displayed in Figure 3.1 for neutral 

metal phthalocyanines bearing Co, Cu and Zn central metal ions. Under the D4h 

point group, the 5 metal d-orbitals are termed b1g, b2g, a1g and 1eg for dx
2

-y
2
, dxy, 

dz
2
 and dxz, dyz respectively. The molecular orbitals of the phthalocyanine ring are 

labelled a1u and 2eg for the bonding π and antibonding π* orbitals respectively. 

These orbitals are the HOMO and LUMO of the phthalocyanine ring.  

The square planar symmetry offers good stabilisation as the dx
2

-y
2 

is high in energy 

and remains unfilled. The molecule lies in the xy plane and thus the dxy and dyz 

orbitals have π character.  

Comparison of the orbitals for each of the metals in Figure 3.1 reveals similar 

energies for the HOMO (a1u) and LUMO (2eg) orbitals of the phthalocyanine ring. 

The a1u level remains at the same energy for all three metal ions, suggesting that 

substitution of the central cavity of the phthalocyanine ring with different metal d 

ions has little effect on this orbital.   In the case for cobalt (II) which is a d
7
 ion, 

the 1eg orbital of the metal lies in between these orbitals, thus allowing for 

reduction to occur on this partially filled orbital.  However for copper (d
9
) and 
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zinc (d
10

), the 1eg orbitals lie beneath the a1u level hence these complexes don’t 

experience a metal based reduction. The addition of an electron to the copper 

phthalocyanine occurs on the ring (2eg), even though a level of lower energy b1g 

(in comparison to 2eg) is available. It is postulated however that the reason the 

electron ‘bypasses’ this metal based orbital is due to repulsion of the electron with 

a localised metal orbital and so reduction is favoured on the delocalised Pc ring.
12

 

The 1eg orbital of ZnPc lies at lower energy compared to that of both Co and Cu 

hence reductions for this complex occur only from the a1u and 2eg orbitals of the 

phthalocyanine ring. All three metals can experience a removal of an electron 

from the a1u of orbital of the phthalocyanine ring.  

It should be noted that the order of molecular orbitals for the perfluorinated 

[M(II)PcF16] does not change from [M(II)PcH16] shown above in Figure 3.1; 

however there is a slight shift to higher energy (eV) for the high energy orbitals 

(b1u and 2eg) of  both the metal and ring orbitals.
12

 This shift is attributed to the 

electronic properties of the substituted fluorine atoms on the Pc ring.  
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3.2 Results and Discussion 

3.2.1 Characterisation- Absorption Spectroscopy 

The absorption spectrum of the perfluorinated Co(II) phthalocyanine is displayed 

in Figure 3.2.  The solubility of this catalyst is quite poor in most organic solvents, 

however the spectrum was obtained at a low concentration of CoPcF16 in DMF 

(concentration ~ 5 x 10
-6

 M). (Absorbance spectra of CuPcF16 and ZnPcF16 are 

displayed in Appendix B, Figures B.1 and B.2).   

 

Figure 3.2: Absorbance spectrum of CoPcF16 in DMF solution.  

The absorbance spectrum of CoPcF16 is shown in Figure 3.2.  This catalyst 

exhibits a Q band at a maximum absorbance 675 nm, with a shoulder at 640 nm 

which are features which are characteristic of metallophthalocyanines.
13,14

 The Q 

band is attributed to the π-π* electronic transitions from the HOMO (a1u) to the 

LUMO (2eg) of the Pc ring.
15

 The Q band is influenced by the central metal ion, 

the solvent and valence state.
16

 Aggregation of metallophthalocyanines is often 

indicated by the emergence of a second absorbance band at higher energy relative 

to the Q band, thus the appearance of the shoulder at 640 nm indicates 

aggregation in the catalyst solution.
17

 The absorbance spectra of CuPcF16 and 

ZnPcF16 also display these features. 
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Comparing the wavelengths at which these catalysts exhibit the maximum 

absorbance (Q band), it appears that substituting the central metal ion with copper 

or zinc results in a slight blue shift to 673 nm for CuPcF16, while for ZnPcF16, the 

shoulder which appears at 638 nm is larger than the Q band which is observed at 

670 nm. This also indicates the presence of two Pc species (aggregates) in 

solution.
14,18

 Thus, it can be deduced that for these metallophthalocyanines, the 

spectral features exhibited by all 3 catalysts are similar, with ZnPcF16 

experiencing the largest blue shift of the Q band.  

 

3.2.2 Electrochemical Characterisation- Redox Properties    

Two electrochemical techniques were employed in the characterisation of these 

complexes; cyclic voltammetry (CV) and differential pulse voltammetry (DPV). 

The redox potentials for each of the three metallophthalocyanines were obtained 

using these 2 techniques and are listed in Table 3.1.  

The first phthalocyanine discussed [CoPcF16] is the only complex which 

experiences a metal based reduction; the addition of an electron according to the 

following process: M(II) + e
-
 → M(I). No metal based reductions are observed for 

the phthalocyanines bearing copper and zinc as central metal cations. The 

theoretical peak to peak separation between the anodic and cathodic waves of a 

redox process (ΔEp) for a one electron process is 59 mV at room temperature (an 

experimental range between 60 – 100 mV for a one electron process is not 

uncommon).
19,20,21 

 Values in the range of 55 – 90 mV were observed for ΔEp of 

each the metallophthalocyanines investigated in this thesis. All three 

phthalocyanines experience several ring based reductions, revealing an addition of 

an electron to the LUMO (2eg) of the molecular Pc ring orbital.
22

 (Pc
(2-)

 + e
-
 → 

Pc
(3-)

, Pc
(3-)

 + e- → Pc
(4-)

). 

Redox processes observed at more positive potentials for these 

metallophthalocyanines are assigned as the oxidation of the metal with the 

removal of an electron; M(II) → M(III) + e
-  

for cobalt. 

Variations in the redox potentials of each of these perfluorinated phthalocyanines 

are due to the influence of the metal cation located in the central cavity of the Pc 
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ring as shown in Figure 3.1.  To aid the assignment of the processes, the redox 

potentials of the unsubstituted M(II)Pc
(2-)

 complexes are reported. The presence of 

16 fluorine atoms on the four fused benzo-rings shifts the redox potentials towards 

positive values, as the fluorine substituents are electron withdrawing in nature, 

Figure 3.3.  
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Figure 3.3: Structures of (a) unsubstituted M(II)Pc
(2-)

 and (b) perfluorinated 

M(II)Pc
(2-)

F16 metallophthalocyanines where M = Co, Cu and Zn.  
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Table 3.1: Electrochemical potentials of the metallophthalocyanines (vs Fc/Fc
+
) 

at 100 mV/s. The unsubstituted metallophthalocyanines Co(II)Pc
(2-)

, Cu(II)Pc
(2-)

 

and Zn(II)Pc
(2-)

 are included for comparison purposes. Experiments performed 

using a Ag/Ag
+
 wire in 0.1 M TBA PF6 in acetonitrile.  

a
Potentials converted from Ag

+
 to Fc/Fc

+
,
 b

Dimethylsulphoxide, 
c
1-

chloronaphthalene20
, 

d
Dimethylforamide22

, 
e
Pyridine21

, 
f
Irreversible process,  

g
Potentials converted from vs. SCE  to vs. Fc/Fc

+ 
using E° = 0.69 V vs. NHE in 

MeCN.
25

 

Due to time constraints, assignment of redox processes with the aid of 

spectroelectrochemistry was not carried out. However, as the redox potentials of 

these perfluorinated phthalocyanines shifted only slightly compared to the 

unsubstituted phthalocyanines, and with comparison of redox potentials of similar 

MPc’s reported in the literature, assignments could be carried out. All three 

metallophthalocyanines have similar voltammetric responses in solution, 

displaying multi electron reduction processes. The reason for the difference in 

redox potentials for the three MPc’s lies in the nature of the metal occupying the 

central cavity of the Pc ring. (Note: the complexes denoted CoPc, CuPc and ZnPc 

in this chapter are the same complexes labelled [Co-1], [Cu-1] and [Zn-1] 

respectively in Chapter 1).  

As Table 3.1 above lists the redox potentials of the unsubstituted 

metallophthalocyanines previously reported by Wolberg
22

, Lever
23

 and Turek
24

, it 

was expected that effect of substituting the hydrogen atoms in the fused benzene 

rings with fluorines would yield a shift to positive potentials. Due to the extremely 

poor solubility of these metallophthalocyanines (concentration < 1 mM) the 

currents observed were quite weak.  

3.2.2.1 Cobalt hexadecafluorophthalocyanine CoPcF16 

Cobalt phthalocyanines can undergo both metal based oxidations and metal based 

reductions.
1
 For the perfluorinated complex under investigation here and 

examination of the redox potentials observed for the unsubstituted CoPc displayed 

in Table 3.1, it was expected that two oxidation processes would be observed, 
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each for the metal centre and the Pc ring. Similarly for the reduction processes, 

the appearance of three cathodic waves was expected. 

The electrochemistry of the CoPcF16 reveals two anodic processes, both of which 

are reversible. These findings are in agreement with the expected electrochemical 

behaviour. These processes occurring at 0.21 V and 0.67 V vs. Ag/Ag
+
 are in 

agreement with the potentials reported for the oxidation of the unsubstituted 

CoPc.
23,24,26

  The first process, observed at the least positive potential is attributed 

to the removal of an electron from the metal centre as the metal dπ (1eg) can 

experience a metal based oxidation due to the position of this level within the MO 

of the Pc ring. Hence it can be assumed that the first oxidation and also the first 

reduction processes occur on the metal 1eg in polar solvents, such as DMSO.
27

 

Hence the oxidation process at 0.21 V vs. Ag/Ag
+
 can be easily assigned as M(II) 

→ M(III) + e
-
. The second process at 0.67 V vs. Ag/Ag

+
 is characteristic of a ring 

based oxidation, Pc
(2-)

 → Pc
(1-)

 + e
-
. The cyclic voltammogram showing the 

oxidation of CoPcF16 is shown in Figure 3.4. 

 

Figure 3.4 Cyclic voltammogram of CoPcF16 at a GC electrode (0.07 cm
2
 area), 

vs. Ag/Ag
+
, using 0.1 M TBAPF6 as the supporting electrolyte in DMSO. Scan 

rate: 100 mV/s. 
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The appearance of these processes at more positive potentials than those displayed 

by CoPc is attributed to the electron withdrawing ability of the hexadecafluoro 

groups on the 4 fused benzo subunits of the phthalocyanine ring. The electron 

withdrawing substituents on the Pc ring leads to greater π-acceptor capabilities 

and the π-delocalization results in a stabilisation of the metal dπ orbitals (1eg). 

Compared to the unsubstituted Pc ring, the presence of the electron withdrawing 

groups pull even more electron density away from the metal accounting for the 

additional process observed at higher redox potentials. The potentials at which 

these processes are observed are comparable with similar CoPc derivatives; Ünlü 

et al. report comparable redox potentials for a Co(II) phthalocyanine with 

fluorophenoxy substituents.
28

 The metal based oxidation for the Co(II)/Co(III) 

redox couple is observed at 0.77 V vs. Fc/Fc
+
 (1.13 V vs. SCE). Koca et al. also 

report oxidation potentials slightly more positive at 0.87 V vs. Fc/Fc
+
 (1.23 V vs. 

SCE) for a Co(II) phthalocyanine with long chain chlorobenzyl substituents on 

each of the 4 fused benzene rings.
30

 Similarly Golovin et al. describe the 

oxidation potentials of Co(II)PcCl16 to be more positive than those of the 

unsubstituted Co(II) phthalocyanine, observed at 0.68 V vs. Fc/Fc
+
 (1.09 V vs. 

Ag/AgCl, DPV).
29

 It is clear that substituting metal (II) phthalocyanines which 

can undergo metal based oxidations with electro withdrawing substituents causes 

a shift to more positive potentials.  

The assignments of such processes reported by Koca
11,30,31

 and Ünlü
28

 are based 

on spectroelectrochemistry in which a typical oxidative spectrum of a Co(II)Pc 

can reveal an increase in both the Q band and the B bands in the 400–500 nm 

region and an accompanying red shift to lower energy, indicative of the removal 

of an electron from the metal centre.  Ring based oxidative processes are shown 

by a decrease of the Q band and appearance of other absorbance bands.  

In DMSO, several cathodic processes were observed within the available potential 

window. The redox potentials and peak-to-peak separations are listed in Table 3.1  
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Figure 3.5: Cyclic voltammogram of the reductions of CoPcF16 at a GC electrode 

vs. Ag/Ag
+
, using 0.1 M TBAPF6 in DMSO. Scan rate: 100 mV/s. 

There are three processes evident in the voltammogram shown in Figure 3.5. The 

process observed at the least negative potential, Epc = -0.54 V vs. Ag/Ag
+
 does not 

appear to be electrochemically reversible at this scan rate as the peak to peak 

separation for this process with the corresponding anodic wave is larger than 59 

mV/n.  The reduction potentials of the Co(II) phthalocyanine substituted with 

fluorophenoxy substituents described by Ünlü et al.
28

 and for Co(II) 

phthalocyanines with fluorinated aryloxy groups reported by Koca et al.
11

 are 

comparable to some of the processes observed here. Thus this process is attributed 

to the addition of an electron to the metal 1eg orbital, Figure 3.1. The metal dπ 

(1eg) can experience a metal based reduction due to the position of this level, 

hence the first reduction process at -0.54 V vs. Ag
+
 is assigned as Co(II) + e

-
 → 

Co(I). 

Thus the remaining 2 cathodic processes are attributed to the phthalocyanine ring, 

which is in good agreement with previous reports.6
,11,22,23,30,31

 These reduction 

waves are indicative of a reversible redox processes where a one electron 

reversible process exhibits a peak to peak separation of 59 mV (however it is not 

uncommon to observe separation values of 60-100 mV/n).  
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The electron-withdrawing properties of the fluorine substituents cause a shift to 

less negative potentials, -0.95 V compared to -1.07 V vs. Fc/Fc
+ 

in the absence of 

the fluorine atoms.  In the potential window shown in Figure 3.5, the reductive 

processes can be observed at -1.11 V and -1.54 V vs. Ag/Ag
+
. Such potentials 

reported for the MPc’s appear to be characteristic of phthalocyanines bearing 

fluoro-moieties.
10,31,32 

As described for the assignments of the oxidative processes, 

these assignments are based on spectroelectrochemistry in which reduction of 

Co(II)Pc to form Co(I)Pc, results in a shift of the Q band to longer wavelengths 

with a simultaneous decrease in intensity and development of a  new absorption 

band between the Q and B bands in the 400–500 nm region. This new absorption 

band is associated with the metal-to-ligand charge transfer (MLCT) from Co(I) to 

the Pc ring.
33

  

 

3.2.2.2 Copper (II) Hexadecafluorophthalocyanine CuPcF16 

Copper phthalocyanines can only undergo ring based reductions due to the 

positioning of the HOMO/LUMO energies. For this complex it was expected that 

one oxidation process would be observed for the Pc ring and the appearance of 

two cathodic waves was also expected attributed to the reduction of the Pc ring. 

The electrochemistry of CuPcF16 reveals one oxidation and two reductions which 

is in agreement with the predicted behaviour. 
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Figure 3.6: Cyclic voltammogram of both the oxidation and reductions of 

CuPcF16 at a GC electrode vs. Ag/Ag
+
, using 0.1 M TBAPF6 in DMSO. Scan rate: 

100 mV/s. 

The anodic process is observed at 0.37 V vs. Ag
+ 

with a peak to peak separation of 

160 mV. Lever et al. report that metallophthalocyanines in solution can 

experience the removal of two electrons on the phthalocyanine ring, where the 

oxidation state of the ring becomes Pc(0).
1
  Referring back to Figure 3.1 which 

presents the molecular orbital energies of the three hexadecafluoro substituted 

metallophthalocyanines, it is apparent that the oxidation and reductions reactions 

can only occur on the a1u and 2eg orbitals of the Pc ring.   

Thus the removal of the electron takes place on the a1u (HOMO) orbital and is 

assigned as a 2 electron oxidation (Pc
(2-)

 → Pc
(0)

). Comparing the Cu and Co 

phthalocyanines, the Co exhibits a reversible Pc ring process at a more positive 

oxidation potential (0.67 V vs. Ag
+
) than for Cu (0.37 V vs. Ag

+
).  

Two reduction processes are observed in Figure 3.6, which was expected. These 

two cathodic processes at –0.80 V and -1.05 V vs. Ag/Ag
+
 exhibit Nernstian 

behaviour. The reduction reactions occur as follows: Pc
(2-)

 → Pc
(3-)

 →Pc
(4-)

.  

Comparing the cathodic potential of the unsubstituted CuPc which occurs at -1.29 
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V vs Fc/Fc
+
 with the first reduction process for CuPcF16 at -1.21 V vs. Fc/Fc

+
 (-

0.80 V vs. Ag
+
), these potentials are in good agreement.  The slight shift towards 

less negative potentials for CuPcF16 is attributed to the electron withdrawing 

nature of the fluorines. The electrochemical behaviour of this complex can be 

compared to the existing literature of similar MPc’s. Günsel et al. reported 

comparable redox potentials for a Cu(II) phthalocyanine with tetra-fluorophenoxy 

substituents.
34

 The cathodic processes occurring at -0.75 V, -1.05 V and -1.85 V 

vs. SCE were attributed to ring based reductions. Similar to the experimental 

results presented here, these potentials are shifted in a positive direction due to the 

enhanced π-acceptor properties of the substituents.  Spectroelectrochemical 

studies carried out by Koca et al. report ring based reduction for a Cu(II) 

phthalocyanine bearing trifluorophenoxy substituents.  These three Pc ring based 

reductions, Pc
(2-)

 → Pc
(3-)

, Pc
(3-)

 → Pc
(4-)

 and Pc
(4-)

 →Pc
(5-)

 are observed by a 

decrease in the Q band in the 650-690 nm regions with a corresponding increase 

in absorbance bands in the 500 and 700 nm regions; indicative of the addition of 

an electron on the Pc ring.
3
  

 

Figure 3.7: Plot illustrating the relationship between the current density, J, of the 

first cathodic process, with the square root of the scan rate, ν 
1/2

 for CuPcF16. 
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For CuPcF16, the anodic process at 0.37 V and the two reductions at -0.80 V and -

1.05 V vs. Ag/Ag
+
 were observed to exhibit linear peak current versus square root 

of scan rate dependence (see Figure 3.7). For simplicity, the plot of scan rate vs. 

current density is only shown for the first cathodic process, however the plot for 

the oxidation and second reduction show the same behaviour as the one shown 

above.  

3.2.2.3 Zinc hexadecafluorophthalocyanine ZnPcF16 

Zinc phthalocyanines can undergo both ring based oxidations and reductions. For 

this perfluorinated ZnPc under investigation here and examination of the redox 

potentials observed for the unsubstituted ZnPc displayed in Table 3.1, it was 

expected that one oxidation process would be observed (occurring on the Pc ring). 

While for the reduction processes, the appearance of two cathodic waves was 

expected. The behaviour of this complex was expected to display processes 

similar to those exhibited by CuPcF16 (discussed above).  The electrochemistry of 

ZnPcF16 reveals one irreversible oxidation, Figure 3.8 and reductions, Figure 3.9. 

 

Figure 3.8: Cyclic voltammogram of the oxidation of ZnPcF16 at a GC electrode 

vs. Ag/Ag
+
, using 0.1 M TBAPF6 in DMSO. Scan rate: 100 mV/s. 
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The anodic process observed at 0.77 V vs. Ag/Ag
+ 

is assigned as a ring based 

oxidation, Pc
(2-)

 →Pc
(1-)

.  Koca et al. report comparable redox potentials for a 

Zn(II) phthalocyanine with tri-fluorophenoxy substituents; the anodic process at 

0.66 V vs. SCE is attributed to a ring based oxidation.
31

 Replacement of the tri-

fluorophenoxy substituents with tetra- and penta-fluorophenoxy moieties causes 

the oxidation potential to increase to 0.79 V and 0.99 V vs. SCE respectively.
11

 

This is a result of the electron-withdrawing nature of the fluorinated groups, 

requiring more energy to remove an electron from the ring, as the number of 

fluorine atoms on the ring increases.  

Comparing this ZnPcF16 complex to CoPcF16, the Zn exhibits an irreversible Pc 

ring process at +0.77 V vs. Ag/Ag
+
 which is similar to the potential of the ring 

based oxidation of CoPcF16 at +0.67 V vs. Ag/Ag
+
.  

 

Figure 3.9: Cyclic voltammogram of the reductions of ZnPcF16 at a GC electrode 

vs. Ag/Ag
+
, using 0.1 M TBAPF6 in DMSO. Scan rate: 20 mV/s. 
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potentials of the Cu are mostly similar to this Zn phthalocyanine, as both exhibit 

ring based reduction processes. These potentials are also similar to those reported 

for the unsubstituted analogues.  Koca et al. report similar cathodic potentials for 

a Zn(II) phthalocyanine with penta-fluorophenoxy moieties.
3
 The reductions 

occurring at -0.63 V and -1.03 V vs. SCE are attributed to a ring based reduction. 

Hesse et al. also describe the reduction potentials observed for a similar fluoro-

substituted phthalocyanine at -0.60 V, -0.90 and -1.9 V vs. SCE.
35

 These 

processes are in good agreement with the experimental potentials for this ZnPcF16 

phthalocyanine.   

3.2.3 Electrochemical Characterisation- Redox Properties of 

Immobilised MPc’s  

Cyclic voltammetry was employed in the characterisation of these complexes 

immobilised on a glassy carbon electrode. The redox potentials for each of the 

three metallophthalocyanines are listed in Table 3.2. Preparation of these modified 

electrodes is described in the experimental section of Chapter 2. A further 

discussion will be given in Chapter 4, describing the cyclic voltammograms and 

onset potentials for the electrocatalytic currents. 

Complex Reduction E ½ (V) 

vs. Ag/AgCl 

Epc- Epa (mV) 

CoPcF16 

CuPcF16 

ZnPcF16 

-0.43 

-0.30 

-0.27 

70 

30 

120 

 

Table 3.2: Electrochemical potentials of the metallophthalocyanines (vs Ag/AgCl) 

at 100 mV/s. Experiments performed in 0.1 M NaH2PO4/H3PO4 (pH 2). 
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3.2.3.1 Electrochemical Characterisation- Cobalt 

hexadecafluorophthalocyanine CoPcF16  

The cyclic voltammogram of Co (II) phthalocyanine adsorbed on a glassy carbon 

working electrode is shown in Figure 3.11. A well resolved reversible redox 

couple at -0.43 V vs. Ag/AgCl, with a peak to peak separation of 70 mV is 

observed. Comparing this cathodic wave with the assignment in solution phase, 

this reduction is attributed as the one electron reduction of the Co(II)/Co(I)
 

process. The reduction potential of the adsorbed metallophthalocyanine lies at 

approximately 110 mV less negative than in solution. 

 

Figure 3.11: Cyclic voltammogram of CoPcF16 modified electrode vs. Ag/AgCl in 

0.1 M NaH2PO4/H3PO4 (pH 2).  Scan rates: 20mV/s- 200 mV/s. 

3.2.3.2 Copper and Zinc hexadecafluorophthalocyanine (CuPcF16 and 

ZnPcF16) 

The cyclic voltammograms of both Cu and Zn (II) phthalocyanines adsorbed on 

GCEs are shown in Figure 3.12. Cu and Zn both exhibit ring based reductions 
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only as the 1eg orbital of these metals do not lie in the energy gap of the a1u and 2eg 

orbitals. Cu displays a well resolved redox couple at -0.30 V vs. Ag/AgCl, with a 

peak to peak separation of 30 mV. A broader cathodic wave is observed for Zn at 

a slightly less negative potential of -0.27 V vs. Ag/AgCl. The peak to peak 

separation for the addition of an electron to the Pc ring of the Zn complex is 120 

mV. Comparing these cathodic waves to the corresponding reduction process in 

solution phase, there appears to be an anodic shift for both processes.  The 

reduction potential of the adsorbed metallophthalocyanine lies at approximately 

400 mV less negative than in solution while the largest shift is revealed by the 

reduction of Cu(II) to Cu(I) which occurs in solution almost 500 mV more 

negative than the adsorbed phthalocyanine.  

 

Figure 3.12: Cyclic voltammograms of CuPcF16 and ZnPcF16 modified electrodes 

in 0.1 M NaH2PO4/H3PO4 (pH 2), vs. Ag/AgCl.  Scan rate: 100mV/s 

Scan rate dependence studies are displayed in Appendix B, Figures B.3-B.4 for 

each of these catalysts. 
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3.2.4 Characterisation of the Electrocatalytic activity  

Scanning to further negative potentials (0 to -0.8 V vs. Ag/AgCl) reveals an 

additional return wave with an Epa = -0.6 V and the appearance of the well 

resolved Co(II)/Co(I) process observed in the smaller potential window (0 V to -

0.6 V vs. Ag/AgCl) changes to a broader process, Figure 3.13 inset. The 

additional return wave is most likely attributed to the reduction of the Pc ring, 

however the Epc is not clearly observed. It is suggested that this occurs at a 

potential close to the onset of the catalytic process at -0.90 V. A sharp catalytic 

current displayed at -1.2 V vs. Ag/AgCl is indicative of the consumption of 

protons with the simultaneous evolution of H2.  

 

Figure 3.13: Electrocatalytic activity of the adsorbed CoPcF16 modified GCE 

over a range of potential windows in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. Ag/AgCl.  

Scan rate: 100 mV/s.  

The same catalytic response can be seen for both CuPcF16 and ZnPcF16 upon 

scanning in a negative direction, Figures 3.14 and 3.15.  However, no additional 

ring based processes are observed, unlike Co. The catalytic current for Cu appears 
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to commence at a slightly less negative potential of -0.83 V compared to that for 

Co, whilst this onset potential for the Zn phthalocyanine appears marginally more 

negative, -0.85 V. The currents observed are enhanced greatly at potentials 

beyond the onset potential, indicative of the catalytic current for the generation of 

H2.   

 

Figure 3.14: Electrocatalytic activity of the adsorbed CuPcF16 modified GCE 

over a range of potential windows in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. Ag/AgCl.  

Scan rate: 100 mV/s.  
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Figure 3.15: Electrocatalytic activity of the adsorbed ZnPcF16 modified GCE 

over a range of potential windows in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. Ag/AgCl.  

Scan rate: 100 mV/s.  
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3.3 Concluding Remarks 

Cobalt, copper and zinc perfluorinated phthalocyanines were characterised by 

absorbance spectroscopy and cyclic voltammetry. The expected electrochemical 

behaviour was observed. Comparing these potentials to those displayed by the 

unsubstituted MPc’s reveals a shift in potentials. For CoPcF16, two oxidation 

processes are assigned as the removal of an electron from the metal followed by 

the Pc ring. Three cathodic processes are displayed, attributed to the addition of 

an electron to the metal and Pc ring. Copper and zinc display ring based 

oxidations and reductions. This is a result of the position of the HOMO and 

LUMO energies with respect to the Fermi level of the electrode.  

When these catalysts are immobilised on a glassy carbon electrode, the redox 

potentials are observed. For CoPcF16, the metal based reduction is 100 mV more 

negative compared to CuPcF16 and ZnPcF16. The electrocatalytic activity is 

introduced; the cyclic voltammograms reveal a sharp increase in the cathodic 

current at ~ -1.2 V, with an onset potential at approximately -0.90 V, indicative of 

the catalytic proton reduction reaction to H2.  
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Chapter Four 

Factors Influencing the Electrocatalytic 

Generation of Hydrogen using modified Metal 

(II) Perfluorinated Phthalocyanine Electrodes 

 

The electrocatalytic generation of H2 from water using modified electrodes of 

metal (II) perfluorinated phthalocyanine complexes where M is Co, Cu and Zn 

are discussed. Various parameters influencing the electrocatalytic activity were 

investigated including pH, temperature, choice of solvent, volume of coatings, 

number of coatings and applied electrolysis potential.  

The performance of each of the three catalysts was evaluated by TOF (hr
-1

) and 

current density. The results generated were significantly higher compared to the 

data for unsubstituted CoPc reported by Kaneko et al., reaching a TOF (hr
-1

) as 

high as 2 x 10
5
. The catalyst which exhibited the highest TOF (hr

-1
) reaching 3.5 x 

10
6
 was CuPcF16 at 20

°
C in pH 2 aqueous solution. CoPcF16 displayed the largest 

current density for the electrocatalytic reaction while ZnPcF16 required the least 

overpotential to electrocatalytically produce H2. 
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4.1 Introduction 

Metal phthalocyanine derivatives have been studied as potential candidates for 

solar energy devices. The potential for application of these MPc’s owes to their 

electronic properties; their ability to efficiently transfer electrons to facilitate 

electrocatalytic reactions, such as the hydrogen evolution reaction and the more 

challenging, reduction of carbon dioxide to useful fuels.
1 , 2 , 3 , 4 , 5

For the work conducted in this thesis, three metals were chosen to investigate the 

role of the central metal ion for the catalytic reduction of H
+
 in aqueous solutions. 

The three metal ions, Co
2+

, Cu
2+

 and Zn
2+

 have electronic configurations of d
7
, d

9
 

and d
10

 respectively, thus the positions of the molecular orbitals lie at different 

energies. It has been documented that if the central metal has no available d 

orbital levels which fall within the HOMO-LUMO energy gap of phthalocyanine 

ring, the metal cation will not be involved when the complex is either oxidised or 

reduced, therefore the electrocatalytic process can be mediated by the 

phthalocyanine ring itself.
6
 Originally however it was assumed that redox-active 

metals are required to catalyse hydrogen evolution such as Mn(II), Fe(II) and 

Co(II) which undergo metal-based reductions as well as ligand-based 

reductions.
7,8,9,10,11

 Metals which experience no metal based reductions include 

Ni(II), Zn(II), Pb(II), Pd(II), and Cu(II).
7,11,12,13

 

This chapter will discuss the results of the investigations performed using 

CoPcF16, CuPcF16 and ZnPcF16. The effects of various parameters which influence 

the electrocatalytic hydrogen evolution reaction are presented. Additional 

experimental considerations are also discussed. All TOF (hr
-1

) figures presented in 

this chapter are calculated by values obtained by gas chromatography. Faradaic 

efficiencies discussed here are calculated using TOF (hr
-1

) values obtained by gas 

chromatography and TOF (hr
-1

) values determined by electrochemistry. These 

electrochemical TOF (hr
-1

) values are located in Appendix C.  
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4.2 Results and Discussion 

4.2.1 Characterisation-Cyclic voltammetry and onset potential  

The characterisation and peak assignments for each of the three 

metallophthalocyanines considered in this chapter have been previously discussed 

in Chapter 3. The potentials for which the redox processes of 

metallophthalocyanines are commonly reported for adsorbed films on various 

electrode materials.
14

  The cyclic voltammogram displayed in Figure 4.1 

represents GCEs modified with CoPcF16, CuPcF16, ZnPcF16 and a bare, uncoated 

GCE in acidic phosphate (0.1 M NaH2PO4/H3PO4) electrolyte at pH 2 measured 

under argon.  

Figure 4.1: Comparison of typical currents observed in the potential window of 0 

to -1.2 V vs. Ag/AgCl for electrodes modified with CoPcF16, CuPcF16, ZnPcF16 

and a bare GCE. Scan rate = 100 mV/s in 0.1 M NaH2PO4/H3PO4 (pH 2) at 20°C. 

The onset for hydrogen evolution occurs at -0.45 V vs. Ag/AgCl when a bare Pt 

macro electrode is used in this buffer solution (see Appendix C, Figure C.10).  At 

-0.7 V a maximum current of 6 x 10
-4

 A is observed with a corresponding current 
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density obtained by CV of 20.30 mA/cm
2
 (based on the geometrical area of 0.03 

cm
2
).  With this is mind, Figure 4.1 demonstrates the onset potentials for MPcF16-

modified electrodes. The cathodic current can be seen to increase at 

approximately – 0.83 V and -0.85 for CuPcF16 and ZnPcF16 respectively, while for 

CoPcF16, the current increases substantially near -0.9 V. This behaviour suggests 

an electrocatalytic reaction, which in these experiments is due to the reduction of 

H
+
 to H2.  As a measure of comparison, the same experiment was conducted on an 

uncoated (bare) GCE. The onset potential in these voltammograms was 

determined by examining the point at which the current significantly increases, 

hence for these experiments as shown in Figure 4.1 above, the onset potentials are 

said to be at the point of the first curvature of the E-i plot.  In the absence of a 

catalyst, it can be seen that the current at this surface is much less than for the 

modified electrodes near -0.8 to -0.9 V.  Even at a potential of -1.2 V, the current 

at the GC electrode is less than 10% of the current observed for the CoPcF16 film.  

The overpotential may be quoted with respect to this bare electrode (see Chapter 

2).
15,16

 The potential which is required in order to produce a cathodic current of a 

similar magnitude in the phosphate electrolyte is approximately -1.4 V vs. 

Ag/AgCl. Thus these catalysts significantly lower the overpotential required for 

the electrocatalytic generation of hydrogen thus requiring less energy for 

promotion of the reaction.
13

 

Electrode    Onset Potential (V) 

Co -0.90 

Cu -0.83 

Zn -0.85 

Bare GCE     -1.10 

 

Table 4.1: Onset potentials (V) at which the catalytic current are observed vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) at 20°C for CoPcF16, CuPcF16, 

ZnPcF16 modified electrodes and an uncoated GCE. 
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The maximum current observed at 100 mV/s for catalytic hydrogen evolution 

reaches a value of 5 x 10
-4

 A for CoPcF16 and approximately 4 x 10
-4

 A for both 

CuPcF16, and ZnPcF16.  Although the largest catalytic current is observed for films 

of the Co catalyst, films of the Cu and Zn complexes (which exhibit only ring 

based reductions) display less negative onset potentials.  From the onset potential 

for the bare GCE (about -1.10 V vs. Ag/AgCl) it can be deduced that the 

overpotential for electrocatalytic H2 evolution in these experiments is reduced by 

at least 200 mV using electrodes modified with MPcF16 films. Comparing these 

values to those obtained when a bare Pt electrode (see Appendix, Figure C.10) 

was used in an identical experiment, it appears that an overpotential of 

approximately 500 mV is required when the catalysts are employed (with respect 

to Pt).  

 

Figure 4.2: Current- time profile (inset: charge-time profile) as a result of 

potentiostatic electrolysis of CoPcF16 at -1.2 V vs. Ag/AgCl.  

Potentiostatic electrolyses were carried out under argon in the acidic phosphate 

buffer solution for the adsorbed metallophthalocyanines. A typical electrolysis 

experiment is shown in Figure 4.2, where the potential was fixed at -1.2 V for 

CoPcF16 corresponding to the potential at which a large steep catalytic current was 
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observed. Investigating the optimum applied electrolysis potential was carried out 

in an effort to further reduce the overpotential for the generation of H2, discussed 

in 4.2.2.1.  The current-time profile for this type of experiment is shown in Figure 

4.2.  In this figure, the current appears to be very noisy due to the constant build 

up of small hydrogen bubbles occurring at the electrode surface. The bubbles 

block the working electrode surface and impede the electrocatalytic reaction, as 

shown in Figure 4.3. 

 

Figure 4.3: Images of experimental set up for the potentiostatic electrolysis of 

CoPcF16 at -1.2 V vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). The build up of 

hydrogen gas bubbles can be clearly seen on the working electrode. 

However when the hydrogen gas bubbles diffuse away, the working electrode 

(modified) surface is exposed, yielding a greater surface area for electron transfer 

and thus an immediate increase in the observed current.  It was often necessary to 

manually tap the side of the electrochemical cell to “encourage” the hydrogen gas 

bubbles away from the surface of the electrode. As the current is related to the rate 

of electrolysis, it can be used to calculate the charge passed after any period of 

time during the reaction (charge is the integral of current with respect to time). 

4.2.1.1 Surface Coverage of M(II)PcF16 

For each of the electrocatalysts discussed in this section, the volume of MPcF16 

solution applied to the working electrode was 1.5 uL. Thus for a solution of a 
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concentration of 2.8 x 10
-5

 M (for CoPcF16) the number of moles of catalyst 

deposited on the surface of the electrode was calculated as 4.2 x 10
-11

 mol. The 

amount of electrochemically active catalyst in the coated layer was determined 

using the peak area of the M(II)/M(I) couple for CoPcF16 (or Pc
(2-)

/ Pc
(3-)

 for 

CuPcF16 and ZnPcF16).  The average percentage of this CoPcF16 species which is 

electroactive on the electrode surface was calculated to be about 6% of the total 

amount deposited.  Although this represents only a small fraction of material, Abe 

et al. reported similar findings in which 4% of CoPc coated on a basal plane 

pyrolitic graphite (BPG) working electrode was found to be electroactive.
17

 For 

CuPcF16 and ZnPcF16, the average number of moles of catalyst coated on the 

surface of the electrode was calculated as 8.3 x 10
-11

 mol and 5.6 x 10
-10

 mol 

respectively. The average percentage of electroactive catalyst was found to be 0.1 

% and 1 % for ZnPcF16 and CuPcF16 respectively. Although the percentage of 

active species for the Cu and Zn catalyst was lower compared to Co, the 

concentration of the catalyst solutions prepared are higher. The average surface 

coverage of each catalyst is shown below in Figure 4.4.4 

 

Figure 4.4: Typical surface coverage Γ calculated for Co, Cu and Zn 

metallophthalocyanine complexes using the electrochemically active amount of 

catalyst, where the geometrical area of a glassy carbon electrode is 0.07 cm
2
.  
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It appears that for these types of metallophthalocyanines, only a small fraction of 

the catalyst participates in the electrocatalytic reaction. Investigations were carried 

out in an effort to increase the amount of electroactive species present in the 

modified layer, including coating the electrode surfaces with more than one 

“layer”, increasing the volume of catalyst solution deposited and using a more 

volatile solvent to increase rate at which the solvent can evaporate, allowing for 

additional layers to be cast in a short amount of time. These investigations are 

discussed later in this chapter. Ouyang et al. reported the use of CoPcF16 as an 

electrocatalyst for the reduction of O2. However, in this work, it was found that 

approximately 33 % of the coated layer of the catalyst was electroactive, as 

determined by cyclic voltammetry when deposited on a BPG electrode.
18

 

Suguwara et al. reported similar findings to the catalysts employed in this thesis, 

where a lower percentage of catalyst is electroactive of ~3 %.
19

 It has been 

proposed that the small percentage of catalyst which is electroactive in these 

layers is due to limited conductivity of metallophthalocyanines.
20,21

 The various 

factors which appear to affect the electrocatalytic behaviour of the MPcF16 

modified electrodes in this thesis will be discussed for each of the three 

metallophthalocyanines. The results of these potentiostatic electrolysis 

experiments are discussed in terms of moles of hydrogen produced and TOF data. 

 

4.2.1.2 Proposed Reaction Pathways 

In this thesis, the centre of attention has been the optimisation of the 

electrocatalytic behaviour of the modified electrodes. No specific experiments 

were carried out to investigate the reaction pathway of this process. However in 

the literature,
22

 such mechanisms have been proposed and are suitable for the 

compounds studied in this thesis.  For CoPcF16 modified electrodes, the reaction 

pathway for hydrogen evolution is assumed to occur in a manner described by 

Kaneko et al. for the unsubstituted CoPc modified electrodes.
14

  Following the 

reduction of the metal centre, the charge on this reduced complex [Co(I)Pc
(-2)

F16]
-
 

needs to be compensated by cation migration from the electrolyte solution into the 

modifying layer, [Co(I)Pc
(-2)

F16]
-.
H

+
.  In aqueous media at pH 2, this charge 
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migration occurs in the form of protons from the bulk solution, as protons have a 

higher mobility than any other cations in the film. There are conflicting reports as 

to how the next step evolves.  The formation of the proposed metal-hydride 

intermediate can occur after the first reduction. In acidic conditions, this pathway 

is plausible; however in neutral and basic conditions, the lower concentration of 

protons in the solution can hinder the formation of the metal hydride. The third 

step involves the reduction of the protonated anionic species [Co(I)Pc
(-2)

F16]
-.
H

+
, 

where the addition of an electron takes place on the phthalocyanine ring [Co(I)Pc
(-

3)
F16]

-.
H

+ 
with a subsequent protonation step H

+.
H

+
[Co(I)Pc

(-3)
F16]

2- 
to 

electrocatalytically evolve hydrogen.2,14,23
 This step is denoted EC, Scheme 4.1. 

 

  

Scheme 4.1: Proposed ECEC pathway for the electrocatalytic generation of 

hydrogen using CoPcF16 as the catalyst in acidic conditions. (Pathway adapted 

from Kaneko, reference 14). 

When different pH’s of an electrolyte solution are employed, the difference in 

electrocatalytic activity is due to the ability of the catalyst to bind a proton and to 

form a stable metal-hydride intermediate. In basic conditions, a third reduction of 

a di-anionic protonated species can occur with a second protonation step to 

subsequently eliminate hydrogen gas. This pathway has been proposed by 

Osmanbaş et al. who reported a Co based phthalocyanine bearing thiophenes 

which exhibited varied behaviour when aqueous electrolytes of varying pH are 

employed in these studies.
24

 

For catalysts where no metal based reductions take place (i.e. CuPcF16 and 

ZnPcF16), the reductions can only occur on the phthalocyanine ring.
13,25

 The 

proposed reaction pathway for these catalysts is described by Scheme 4.2, where 

[Co(II)Pc(2-)F16] 

+ e-

+ H+- H2

[Co(I)Pc(2-)F16]
-

H+.H+[Co(I)Pc(3-)F16]
2- [Co(I)Pc(2-)F16]

-.H+
+ e-

+ H+
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an ECEC route is suggested. The reaction pathway for hydrogen evolution 

proposed here is suggested to occur in a manner described by Koca et al. when 

modified electrodes consisting of CuPc and ZnPc derivatives were employed in 

these studies.
13,24,25

   

 

Scheme 4.2: Proposed ECEC pathway for the electrocatalytic generation of 

hydrogen where M is Cu and Zn as the catalyst in acidic conditions. Pathway 

adapted from reference 23. 

 

4.2.2  Conditions affecting electrocatalytic generation of 

hydrogen 

It is important to note that all the performance data given in these experimental 

chapters are based on several modified electrodes for each set of experiments, 

hence the performance data values are an average of a given number of modified 

electrodes.  

 

4.2.2.1 Electrolysis potential  

The potential at which the electrocatalytic reaction proceeds efficiently is an 

important factor, as it determines the energy cost for hydrogen evolution. In an 

ideal electrocatalytic system, a potential close to -0.2 V vs. Ag/AgCl would be all 

that is needed for the driving force for this reaction. Examination of the cyclic 

voltammograms of each of the catalysts reveals large cathodic currents which are 

attributed to H2 evolution are observed at -1.2 V vs. Ag/AgCl (however, as noted, 

the onset potentials occurs at less negative potentials). These potentials have been 

utilised for the generation of hydrogen.  Kaneko et al. reported a TOF of 2 x 10
5 

[M(II)Pc(2-)F16] 
+ e-

+ H+
- H2

[M(II)Pc(3-)F16] 

[M(II)Pc(4-)F16] [M(II)Pc(3-)F16].H
+

+ e-

+ H+
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hr
-1

 using an electrolysis potential of -0.9 V vs. Ag/AgCl for CoPc in a phosphoric 

acid at pH 1.
17

 Similar potentials have been employed for other Cu and Zn 

phthalocyanines.
12,13,25

   

Lower (more negative) applied potentials result in increased reaction kinetics, 

which is observed by the increasing TOF figures obtained for H2 evolution 

(determined by GC measurements, Figure 4.5, charge passed in the electrolyses 

(Table 4.2 and Table 4.3) and current densities in Figure 4.6. (Additional TOF 

values in Appendix C, Tables C.1-C.3).  It is important to reiterate that the charge 

passed in these experiments is likely to be complicated by the reduction of O2 

produced at the anode, by solvent oxidation.  Without this complication, it would 

be possible to assess the Faradaic efficiency of the catalytic reactions (amount of 

H2 determined by GC divided by amount of H2 calculated from the charge passed 

during the electrolysis, multiplied by 100%).  However, the design of the cells 

used in this work (no salt bridge, small physical separation (< 2.5 cm) between 

working and counter electrode) did not include measures aimed at impeding the 

movement of O2 throughout the solution. This factor also limits the performance 

of the modified electrodes as H2 evolution catalysts, since the O2 reduction 

reaction will compete with H
+
 reduction.

18,26,27 
Interestingly, when potentials more 

negative than -1.1 V are applied for a ZnPcF16-modified electrode, a decrease in 

catalytic activity (in terms of TOF values) is observed. It appears that the 

optimum electrolysis potential required for the electrocatalytic generation of 

hydrogen using ZnPcF16 as the catalyst is -1.1 V vs. Ag/AgCl. Examination of the 

moles of hydrogen produced can further help to identify the optimum catalyst 

used for these studies. 
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Figure 4.5: Effect of applied potential on turnover frequencies TOF (hr
-1

) 

obtained by gas chromatography for CoPcF16, CuPcF16 and ZnPcF16 represented 

by the black, red and green lines respectively in 0.1 M NaH2PO4/H3PO4 (pH 2). 

 

The TOF values are shown in Figure 4.5 for all modified electrodes. The TOF 

values obtained increase with increasingly negative applied electrolysis potentials 

when CoPcF16 is employed. For this catalyst, the highest TOF data are obtained at 

-1.2 V (1.9 x 10
6 

(electrochemical) and 1.4 x 10
6
 (gas chromatography)) while at -

0.8 V, the lowest TOF was determined as 2.5 x 10
3
.
 
 Analysis of the gas phase was 

carried out by injecting a volume of gas from the headspace of the electrochemical 

cell using a gas-tight syringe. Detection of hydrogen gas was achieved via gas 

chromatography using a thermal conductivity detector (see Chapter 2). There are a 

number of possible reasons for such low TOF values at less negative potentials, 

such as leakage of hydrogen gas from the electrochemical cell (which would 

matter more for experiments that produce less H2). It is likely that the weaker 

performances are the result of a low driving force (i.e. applied potential) for the 

reaction to proceed because rate constants for electron transfer are potential-

dependent. Greater overpotentials will yield higher currents and more product 

within a given timeframe.   
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Applied Potential 

(V) 

-0.8 -0.9 -1.0 -1.1 -1.2 

Charge (C) 0.02 0.03 0.10 0.15 0.28 

Moles of H2 (mol) 3.1 x 10-9 6.4 x 10-9 7.6 x 10-8 1.2 x 10-7 1.2 x 10-6 

Faradaic Efficiency 
(%) 

27 39 15 16 74 

1Current Density J 

(mA/cm2) 

8 x 10-2 0.1 0.4 0.6 1.1 

2Current Density J 

(mA/cm2) 

2 x 10-2 0.2 0.6 3.1 7.5 

(%) Electroactive Co 4.0 3.7 4.2 4.6 6.3 

 

Table 4.2: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour for CoPcF16 with varying electrolysis potentials in 0.1 M NaH2PO4/H3PO4 

(pH 2). 
1
Current density obtained using BE data and 

2
current density obtained 

using the last scan of the CV.  

 

The TOF data for CuPcF16 and ZnPcF16 are shown in Figure 4.5. Analysis of the 

gas phase was performed and the measured amount of hydrogen and the resulting 

TOF data was determined as 1.7 x 10
6
 when ZnPcF16 is used (-1.1 V). When the 

electrolysis potential of -0.8 V was applied, the amount of H2 gas present in the 

headspace was lower than the limit of detection for the TCD (100 ppm H2). The 

performance indicators displayed in Table 4.3 reflect the poor activity at this 

electrolysis potential.  The reduced activity of this catalyst at this potential was 

expected and is suggested to be the result of a low driving force for the reaction.   

As mentioned above, ZnPcF16 was found to exhibit some interesting applied 

potential-TOF behaviour. This is illustrated by the data obtained from cyclic 

voltammetry and electrolysis experiments (Table 4.3). The maximum TOF value 

was found for this modified electrode at -1.1 V (Figure 4.5).  Since the TOF value 
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is calculated using the moles of electroactive catalyst, it is worth noting here that 

at a potential of -1.2 V, the amount of catalyst that underwent reduction at the 

working electrode was found to be noticeably higher than at all other potentials.  

However, because the amount of product detected in the cell headspace was not 

found to increase proportionally, the TOF value for this experiment was lower 

than expected.  The moles of hydrogen produced also reflects this trend (Table 

4.5). When an electrolysis potential of -1.2 V was applied for the CuPcF16-

modified electrode, the highest TOF of all three experiments was noted (3.5 x 

10
6
).  
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Applied  

Potential (V) 

-0.8 -0.9 -1.0 -1.1 -1.2 

CuPcF16 

Average Charge 
(C) 

9.2 x 10-3 0.07 0.08 0.1 0.2 

1Current Density J 
(mA/cm2) 

4 x 10-2 0.3 0.3 0.4 0.9 

2Current Density J 
(mA/cm2) 

0.4 0.8 2.2 3.9 5.7 

Moles of H2 (mol) - 9.1 x 10-8 1.3 x 10-7 3.2 x 10-7 8.8 x 10-7 

Faradaic Efficiency 
(%) 

- 25 32 56 74 

(%)Electroactive 0.4 0.5 0.4 0.4 1.0 

ZnPcF16 

Average Charge 
(C) 

5.4 x10-4 2.0 x10-3 0.3 0.4 0.2 

1Current Density J 
(mA/cm2) 

2 x10-3 8 x10-3 1.2 1.7 0.8 

2Current Density J 
(mA/cm2) 

0.3 0.7 2.1 3.9 5.9 

Moles of H2 (mol) - - 1.1x 10-6 1.2 x 10-6 4.4 x 10-7 

Faradaic Efficiency 
(%) 

- - 68 54 40 

(%) Electroactive  0.1 0.1 0.2 0.1 0.4 

 

Table 4.3: Performance data obtained by CV and BE for 1 hour for CuPcF16 and 

ZnPcF16 at varying electrolysis potentials vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 

(pH 2).Current densities obtained by 
1
BE and 

2
current density obtained using the 

last scan of the CV.  
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.  

 

Examination of the electrochemical results obtained using ZnPcF16 shows that the 

lowest current density at -0.8 V is obtained while at -0.9 V a significant jump in 

current density is noted, indicating that the rate of electron-transfer at the 

modified electrode has increased with this small additional driving force. Because 

O2 has a less negative reduction potential than H
+
 for these kinds of modified 

electrodes in aqueous solutions,
18,28,29,30,34,35

 it is possible that the current which is 

produced at these potentials is directed towards O2 reduction, but at more negative 

potentials, H2 evolution from H
+
 becomes more competitive.   When a potential of 

-1.1 V was applied the Faradaic efficiency (described in Chapter 2) calculated for 

H2 evolution for this modified electrode was 54 %. Bearing in mind the 

complications mentioned earlier in this chapter with regards to Faradaic efficiency 

data, it appears that at this potential, H
+
 reduction is faster than reduction of O2.  

However, a significant portion of the electrolysis charge still involves some 

process other than H2 evolution.   

 

The amount of catalyst which is electrochemically active in these experiments 

reveal no obvious trends other than that at the lowest potentials, the amount of 

catalyst available for catalysis appears to be highest. For the Cu and Zn films, this 

factor is several times lower compared to the Co films.  It is obvious that most of 

the catalyst in the modifying films does not participate in the catalytic reaction. 
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Figure 4.6: Average current density (obtained by BE) as a function of applied 

potential. The black, red and green lines represent the data obtained for CoPcF16, 

CuPcF16 and ZnPcF16 respectively.  

 

ZnPcF16 demonstrates better performance at less negative potentials (-1.1 V 

electrolysis potential) than the other two modified electrodes in these studies, in 

terms of moles of hydrogen, TOF and current density (which can be considered 

important as it is a measure of the rate of the electrolysis reaction), however as 

mentioned previously, the current density value obtained is not solely due to the 

hydrogen evolution reaction occurring at the modified electrode as O2 reduction is 

likely to contributes to a significant amount of the current density in these 

experiments.
31,32,33

 Thus, the catalyst displaying the largest current density due to 

proton reduction alone is CoPcF16 (7.5 mA/cm
2
). 

Examination of the moles of hydrogen determined by GC reveals the CoPcF16 as 

the catalyst which produces the largest number of moles (1.2 x 10
-6

 mol) 

compared to CuPcF16 and ZnPcF16 when an electrolysis potential of -1.2 V is 

applied.  
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4.2.2.2 Effect of Temperature 

The experimental results discussed so far are concerned with the employment of 

the catalyst systems for electrocatalytic hydrogen generation at room temperature 

(i.e. 20°C). Therefore it is worthwhile investigating how these systems function at 

temperatures both above and below room temperature, thus the temperatures 

chosen for investigation are 0°C, 20°C and 40°C. For all of these studies, the 

electrochemical cell was placed in a stirring water bath at a constant temperature. 

An ice bath was employed for the experiments performed at 0°C where ice was 

continuously added to maintain the cold temperature (actual temperature of the ice 

bath was ~ 3°C).  

 

Figure 4.7: Cyclic voltammetry of CoPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 3°C (black line), 20°C (red line) and 40°C (blue line).  

 

It is evident that temperature affects both the electrochemical behaviour of the 

redox couple and also the subsequent proton reduction reaction. Although the 

appearance of the Co(II)/Co(I) redox couple at each temperature are slightly 

different, the height of the waves are quite similar against the background. The 
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difference is most likely attributed to the increase in kinetics with the hydrogen 

evolution reaction itself at the electrode surface with increasing temperature rather 

than a change in electrochemical behaviour with the Co(II)/Co(I) process.
34,35

  

The effect of temperature on electrocatalytic hydrogen evolution for each catalyst 

is shown in Figures 4.8, 4.10 and 4.11.  The accompanying experimental data are 

displayed in Tables 4.4 and Table 4.5 for catalysts employed. (Additional TOF 

data in Appendix C, Tables C.4-C6). 

 

Figure 4.8: Effect of temperature on turnover frequencies TOF (hr
-1

) for 

CoPcF16, CuPcF16 and ZnPcF16 represented by the black, red and green lines 

respectively. 

A trend is observed for all catalysts where the TOF increases with increasing 

temperature. Analysis of the gas in the headspace of the cell for the CoPcF16 

system reveals the following data; at 40°C, TOF was determined of 1.9 x 10
6
, at 

20°C, TOF = 1.4 x 10
6 

and at 3°C, TOF = 3.3 x 10
5
, Figure 4.8. It is important to 

note that temperature influences the solubility of H2 (as well as O2), with higher 

temperatures lowering gas solubility.  This will affect the quantity of H2 in the 

headspace (above the solution) as well as the amount of H2 that remains in 
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solution (which is inaccessible as far as GC determination of TOF is 

concerned).
36,37

  

Figure 4.9: Solubility of hydrogen in water at various temperatures. Adapted 

from reference 36. 

The effect of solubility of hydrogen in water is observed in Figure 4.9. It shows 

the expected inverse relationship between the solubility of H2 in water at various 

temperatures; the solubility decreases with increasing temperature.
36,37

 The 

temperature at which H2 has the highest solubility in water (3°C) correlates with 

the lowest TOF for CoPcF16. Thus the most efficient system (40°C) is the one in 

which H2 has the lowest solubility as well as increased reaction kinetics at higher 

operating temperatures. It is worth noting that O2 generated at the counter 

electrode will also be less soluble at higher temperatures.  Thus the optimum 

operating conditions of the cell used in this work for H2 production would best be 

carried out at elevated temperatures. The cyclic voltammograms for CoPcF16 at 

the various temperatures are shown in Figure 4.10. 
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Figure 4.10: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 100 mV/s where the black, dashed and grey lines 

represent the catalytic currents at 3°C, 20°C and 40°C respectively. 

 

This figure shows that the onset potential for reduction shifted to less negative 

values with increasing temperature.  The onset potential for work conducted at 

0°C was -1.08 V vs. Ag/AgCl. When the temperature was increased to 20°C, the 

onset potential was observed at -0.90 V vs. Ag/AgCl. Increasing the temperature 

by a further 20°C shifts the onset potential for the electrocatalytic reduction of H
+
 

to -0.85 V vs. Ag/AgCl. This shift is a result of an increase in the rate constant for 

the electrocatalytic reaction and a lowering of the overpotential is thus 

observed..
34,38

 Data describing charge passed at the electrode surface after 1 hour 

potentiostatic electrolysis, current density, Faradaic efficiency and % of 

electroactive catalyst in the films are shown in Table 4.4. 
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Temperature (°C) 3 20 40 

Charge (C)  0.13 0.28 0.80 

Moles of H2 (mol) 3 x 10-7 1.2 x 10-6 2.1 x 10-6 

Faradaic Efficiency (%) 46 74 50 

1Current Density J 

(mA/cm2) 

0.5 1.1 3.1 

2Current Density J 

(mA/cm2) 

2.9 7.5 11.8 

(%) Electroactive CoPcF16   2.7 6.3 6.8 

 

Table 4.4: Average performance data obtained by CV and BE (-1.2 V vs. Ag/AgCl 

for 1 hour) for CoPcF16 at varying temperatures in 0.1 M NaH2PO4/H3PO4 (pH 

2). Current density obtained by 
1
BE and 

2
current density obtained using the last 

scan of the CV.  

.  

It can be seen from the data that the fraction of the catalyst that is electroactive is 

enhanced at higher temperatures.  This observation suggests that the conductivity 

of the films is improved at higher temperatures.  Saravanan et al. showed this to 

be true for films of CoPc studied over a wide range of temperatures.
39

  The 

improved conductivity is a likely result of improved charge hopping at higher 

temperatures. In these experiments, the ability of H
+
 ions to diffuse through the 

films during catalytic reactions may also be enhanced by structural changes 

brought about by temperature changes.
40

 The effect of temperature on the 

electrocatalytic activity for CuPcF16 and ZnPcF16 has also been studied. Analysis 

of the gas in the headspace yielded TOF values of 1.5 x 10
5
, 3.5 x 10

6
 and 3.9 x 

10
6
 at 3°C, 20°C and 40°C respectively when CuPcF16 was employed as the 

catalyst.  This trend was also observed for ZnPcF16 was employed where TOF 

values of 2.7 x 10
5
, 1.7 x 10

6
 and 3.4 x 10

6 
at 3°C, 20°C and 30°C, were obtained 

respectively. The current densities determined for both of these catalysts with 
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increasing temperature are shown in Figure 4.11. The current densities for 

CoPcF16 experiments are included for comparison.  

 

Figure 4.11: Average current densities (mA/cm
2
) at -1.2 V as a function of 

temperature for CoPcF16 (black line), CuPcF16 (red line) and ZnPcF16 (green line). 

(Current densities obtained using CV). 

The current density data can be obtained by using either CV and/or BE data 

(Chapter 2). Figure 4.11 above displays the current densities determined by cyclic 

voltammetry as these values correspond to the catalytic production of hydrogen 

and are not complicated by the reduction of O2 evolved at the anode. 

It can be clearly seen that CuPcF16 displays very similar behaviour to CoPcF16, 

where higher temperatures yield an increase in reaction rates as a result of 

improved kinetics.
34,35

  However the current densities values are lower for 

CuPcF16 compared to CoPcF16 over the temperature range investigated.  The trend 

is also observed for ZnPcF16 where an increase in temperature results in a rise in 

current density values.  

Although there is no experimental data for the catalytic activity for ZnPcF16 at 

40°C, the increase in current densities displayed by this catalyst when the 
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temperature is increased from 20°C to 30°C suggests that this trend would be also 

be observed at 40°C as a result of improved kinetics.  

Catalyst ZnPcF16 CuPcF16 

Temperature (°C) 3 20 30 3 20 40 

Charge (C) 0.04 0.44 0.81 0.11 0.23 0.59 

Mols of H2 (mol) 1.1 x 

10-7 

1.2 x 

10-6 

3.7 x 

10-6 

8.6 x 

10-8 

8.9 x 

10-7 

1.4 x 

10-6 

Faradaic 
Efficiency (%) 

36 54 89 15 74 46 

1Current Density  

J (mA/cm2) 

0.2 1.7 3.2 0.4 0.9 2.3 

2Current Density  

J (mA/cm2) 

2.4 5.9 11.8 1.4 5.7 7.7 

% Electroactive 0.02 0.1 0.2 1.1 1.0 3.6 

 

Table 4.5: Average performance data obtained by CV and BE at -1.1 V and -1.2 

V vs. Ag/AgCl for 1 hour for ZnPcF16 and CuPcF16 respectively at varying 

temperatures in 0.1 M NaH2PO4/H3PO4 (pH 2). Current density obtained by 
1
BE 

and 
2
current density obtained using the last scan of the CV.  

 

The current densities (J) obtained by cyclic voltammetry and bulk electrolysis can 

be compared. As mentioned, the current density obtained by cyclic voltammetry is 

a result of proton reduction at the modified electrode, hence it can be viewed as an 

indicator of the catalyst’s performance for the catalytic reaction. However, the 

current density determined by bulk electrolysis is averaged over the timeframe of 

the electrolysis experiment that involved times longer than ~ 1 minute, and is 

assumed to be a contribution of proton reduction and O2 reduction, which drifts 

from the anode to the modified electrode. To evaluate the performance for proton 

reduction alone, it is best to consider the current densities obtained by cyclic 
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voltammetry. For these catalysts, the largest J at 20°C was observed when 

CoPcF16 was employed, (7.5 mA/cm
2
), compared to CuPcF16 (5.7 mA/cm

2
) and 

ZnPcF16 (5.9 mA/cm
2
) in Table 4.5 respectively. Increasing the temperature to 

40°C results in increased electrode kinetics (as discussed) which was observed by 

higher current densities, 11.8 mA/cm
2
 for both CoPcF16 and CuPcF16. The cyclic 

voltammograms displaying the catalytic currents for CuPcF16 and ZnPcF16 at the 

various temperatures are shown in the Appendix C, Figures C.1 and C.2. 

Comparison of the moles of hydrogen generated by these catalysts over the range 

of temperature reveals ZnPcF16 as the optimum catalyst for the employment for 

hydrogen production at 30°C (3.7 x 10
-6

 mols at an applied potential of -1.1 V). 

 

4.2.2.3 Effect of using ethyl acetate for preparation of catalyst solutions 

The catalyst layers under investigation in this thesis were prepared using DMF as 

the most appropriate solvent. The solubility of metallophthalocyanines in most 

organic solvents is quite poor and in DMF, it was found that a maximum 

concentration of 2.8 x 10
-5

 M of CoPcF16 could be achieved in this solvent.  

In an effort to increase the amount of catalyst material on the electrode surface, 

ethyl acetate was chosen, a solvent which is more volatile than in DMF and also 

one which the catalyst exhibited better solubility. A 8.2 x 10
-5

 M CoPcF16 solution 

was prepared, (almost 3 times more concentrated than when prepared in DMF).  

As ethyl acetate has a boiling point of 77° C, much lower than that of DMF (153° 

C), this allowed for solvent evaporation to occur faster than for DMF. Hence 

modified electrodes could be constructed with multiple layers cast onto the 

surface (the ethyl acetate catalyst solution evaporated almost immediately upon 

casting on the electrode). The results of these studies are shown below. A trend 

can be observed upon increasing the number of layers (Table 4.6), in terms of 

charge passed during electrolyses, current density (mA/cm
2
), and the percentage 

of the catalyst that is electroactive.  
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No. of layers drop cast 1 2 5 

Charge (C)  0.12 0.09 0.08 

Moles of H2 (mol) 3.7 x 10-7 2.6 x 10-7 2.3 x 10-7 

Faradaic Efficiency % 60 56 56 

1Current Density J (mA/cm2) 0.5 0.4 0.3 

2Current Density J (mA/cm2) 3.4 3.6 3.1 

(%) Electroactive CoPcF16   0.9 0.6 0.1 

Table 4.6:  Average charge (C), current density (mA/cm
2
) moles of electroactive 

catalyst (mol) and % electroactive catalyst for CoPcF16 prepared in ethyl acetate. 

Current density obtained by 
1
BE and 

2
current density obtained using the last scan 

of the CV.  

From the experimental results, it appears that increasing the number of layers on 

the electrode leads to a slight decrease in catalytic performance.  This is indicated 

by the charge passed after 1 hour electrolysis; 0.12 C using 1 layer, 0.09 C using 2 

layers and 0.08 C for 5 layers. This is also shown by the current density values 

obtained after the 1 hour electrolysis period. It might be assumed that thicker 

films would be less able to pass charge due to problems associated with 

counterion diffusion through thicker films.  However, it is expected that the 

evaporation of the solvent on the electrode is not an entirely predictable process.  

Evaporation rates at different regions on the electrode (i.e. exterior of the drop 

cast on the surface vs. the interior of the drop) are not uniform, and thus films 

produced by this method can be expected to be somewhat irregular.  It is expected 

that the film’s appearance would look similar to a film left by a drop of coffee, for 

example, on a tabletop, thickest at the outside and thin in the centre.  When 

multiple drops are cast, they dry on the surface created by the previous drops.  

Furthermore, the solid that remains following solvent evaporation will be, to at 

least some extent, crystalline, and the crystallinity of the film will be highly 
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dependent on evaporation rate.
41

 In short, although the data might suggest simple 

“thick film-poor performance” behaviour, the topography of the films is likely 

complex and comparisons in these data are not necessarily straightforward.   

Comparison of the cyclic voltammograms of the modified electrode coated with 1 

layer and 5 layers are shown in Figure 4.12. A reversible redox couple E½ at -0.43 

V vs. Ag/AgCl is observed for the electrode modified with one coat of catalyst, 

while the electrode coated with 5 layers of catalyst reveals a less pronounced 

redox process.  This reversible process has been previously assigned (Chapter 3) 

as the addition of an electron to the catalyst with the subsequent re-oxidation 

reaction.   

Figure 4.12: Cyclic voltammogram of modified electrodes coated with CoPcF16 

vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). The catalyst was prepared using 

ethyl acetate. The red line represents the CV of the single layered modified 

electrode while the black line depicts the CV of the electrode modified with 5 

layers of catalyst. Scan rate = 100 mV/s. 

Using cyclic voltammetry, the area (C) under the wave can be converted to 

number of moles of catalyst which are electroactive by using Faraday’s constant. 
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Table 4.6 displays the number of moles of catalyst which are electroactive and the 

percentage of electroactive species. From the data, it can be seen that as the 

number of layers coated increase, this factor becomes progressively worse. These 

results correlate with the charge and current density parameters previously 

discussed. In terms of turnover frequencies TOF (hr
-1

), the graph below compares 

the TOF to the modified electrodes coated with various layers of catalyst.  

 

Figure 4.13: Number of layers coated on a modified electrode vs. TOF (hr
-1

) for 

the electrocatalytic generation of hydrogen. 

The modified electrode with 5 layers of catalyst deposited on the surface revealed 

the most promising current density and also displayed the largest TOF (1.3 x 10
6
). 

The electrode modified with just one layer of catalyst revealed a TOF of 4.8 x 10
5
. 

A greater amount of catalyst should yield more product; however, TOF numbers 

should be independent of catalyst amount, as the greater amount of H2 produced 

would be divided by a greater quantity of catalyst. Comparing the moles of 

hydrogen produced is a better way of comparing the catalytic activity for these 

modified electrodes. Increasing the catalyst layers from 1 film to 5 films resulted 

in a decrease in hydrogen formation; 3.7 x 10
-7

 mols (1 layer) compared to 2.3 x 

10
-7

 mols (5 layers). As small variations in the amount of catalyst will result in 
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significant fluctuations in TOF data, the trend shown in Figure 4.13 should be 

viewed with caution.   

Vos et al. reported the rate of solvent removal is important if the aim is to produce 

smooth films, with slow removal being preferable.
42  

Since DMF is much less 

volatile than ethyl acetate, slower evaporation of the solvent is achieved using 

DMF. The fraction of active catalyst for a DMF film (1 drop/layer) was 

significantly higher than for ethyl acetate (6% compared to 0.9%). It is possible 

that the larger fraction of active catalyst is a result of better film quality due to the 

slow evaporation of DMF, producing good crystallinity and leading to an increase 

in conductivity in the film.
43

  

The drop casting method for electrode modification presents a number of factors 

that may lead to variations in film quality. These factors include solution 

preparation, accuracy in the delivery by the auto pipette, rate of solvent 

evaporation, and human error. Solvent evaporation rate will affect the surface 

characteristics of the film, while the other factors listed will only contribute to 

uncertainty in the total amount of catalyst deposited.
42

 

Assuming that coating the electrode in layers has some effect on the performance 

of the modified electrodes, one way that this could be assessed is using cyclic 

voltammetry to investigate the amount of catalyst that is able to undergo 

reduction/oxidation. This is important because the amount of catalyst that is 

electroactive within the film will influence the amount of H2 that can be 

generated.  The mean and standard deviation results for one and five layer films 

are presented in Table 4.7. 
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Number of layers 1 5 

Mean no. of moles of electroactive 

catalyst (mol) 

1.1 x 10-12 1.7 x 10-13 

Standard Deviation (mol) 4.6 x 10-13 1.0 x 10-13 

% Distribution of data about the 

mean 

45 56 

No. of modified electrodes 6 6 

 

Table 4.7: Catalyst solution prepared in ethyl acetate; Data obtained for twelve 

modified electrodes in total, six of which are coated with 1 layer of catalyst and 

the remaining six coated with 5 layers of catalyst. These electrodes were placed in 

an oven where the temperature was maintained at 21°C for solvent evaporation. 

From the data in the table, it can be seen that the standard deviation for data 

acquired from the electrodes formed with 1 film versus 5 is not really that 

different.  There is a slightly greater variability for the electrodes coated with 5 

layers of catalyst, relative to the electrodes modified with one layer. However, it 

does still appear that a thicker film presents less catalyst that is available for 

reduction/oxidation. (Additional TOF data in Appendix C, Table C.7). 

4.2.2.4 Casting additional layers using DMF catalyst solution 

In an effort to increase the amount of electroactive catalyst present in the 

modifying layer which is available to participate in the electrocatalytic reaction, 

the casting of additional layers was investigated. While the effect of increasing the 

number of layers cast using a catalyst solution prepared in ethyl acetate has been 

discussed above (4.2.2.3), investigating the effect of altering the number of layers 

cast onto the electrode using a catalyst solution prepared in DMF was carried out. 

For comparison purposes, the performance indicators for each catalyst when just 

one coat was drop cast onto a glassy carbon electrode in the construction of a 

modified electrode is given. The effect of the additional layer is shown in Table 

4.8. 
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Table 4.8: Average performance data obtained for CoPcF16 by CV and BE vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying the number of layers of 

catalyst deposited (from a catalyst solution prepared in DMF) on the electrode. 

Current density calculated using 
1
BE and 

2
current density obtained using the last 

scan of the CV.  

 

When a modified electrode was coated with 2 layers of CoPcF16, the average 

current density, obtained during the electrolysis step (0.7 mA/cm
2
) was just over 

half of that obtained when 1 coat was applied (1.1 mA/cm
2
).

 
These results indicate 

that the rate of the electrocatalytic reaction decreased significantly when an 

additional layer was coated. Consider Equation 4.1 where Aox represent the 

protons in the electrolyte solution, Mox is Co (II), Mred is Co (I) and Ared is H2. The 

electrocatalytic reaction occurs by the following equation;  

                                Equation 4.1 

Catalyst CoPcF16 

No. of layers cast 1 2 

Charge (C)  0.28 0.17 

TOF  (hr-1) 1.4 x 106 4.1 x 105 

Moles of H2 (mol) 1.2 x 10-6 8.2 x 10-7 

Faradaic Efficiency % 74 43 

1Current Density J (mA/cm2) 1.1 0.7 

2Current Density J (mA/cm2) 7.5 6.9 

(%) Electroactive CoPcF16  6.3 4.8 
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The protons must diffuse through the second layer (adjacent to the bulk solution) 

before it reaches the catalyst at the first modifying layer close to the electrode in 

order to participate in the electrocatalytic reaction. Thus the decrease in activity 

may be a result of slow mass transport of the protons into the modifying layer, as 

the layer thickness has increased and the electrode kinetics may be sluggish due to 

the additional layer, hindering the catalytic activity.
41, 44 , 45  

This trend is also 

observed when 2 layers of CuPcF16 and ZnPcF16 are cast (from DMF) onto a 

working electrode.  As the catalytic activity was not enhanced with the additional 

casting of layers (evident for all 3 catalyst), the resulting TOF values obtained 

were lower than those compared to using one layer of catalyst. (see Appendix C, 

Tables C.8 and C.9). 

 

4.2.2.5 Effect of varying the pH and ionic strength of electrolyte 

The experimental results for each of the catalyst systems for electrocatalytic 

hydrogen generation at room temperature using a solution which works as an 

electrolyte and a buffer will be discussed. The pH was changed by altering the 

ratio of NaH2PO4/H3PO4 and by using NaOH for basic conditions, while 

maintaining an ionic strength of 0.1 M NaH2PO4.  

Examination of the cyclic voltammograms of each of the catalysts in phosphate 

solution at pH 2, 4, 7 and 9 reveals a shift towards more negative potentials for the 

redox couples, Co(II)/Co(I) for CoPcF16 (and Pc
(2-)

/Pc
(3-)

 CuPcF16 and ZnPcF16) 

with decreasing acidity, see Table 4.9. For CoPcF16 at pH 4, the Co(II)/Co(I) 

process is observed at -0.54 V vs. Ag/AgCl, but as the pH of the electrolyte 

solution increases to more basic conditions, the redox process becomes broader 

and the anodic peak is difficult to see (making Epa more difficult to determine).  
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pH E ½ (V)   vs. Ag/AgCl Epa- Epc (mV) 

2 -0.43 60 

4 -0.54 60 

7 -0.67 110 

9 -0.91 130 

 

Table 4.9: Reduction potentials of immobilised Co(II)/ Co(I) for CoPcF16 in 0.1 

M NaH2PO4 electrolyte over a range of pH at room temperature.  

 

It is evident that a concurrent shift in the onset potential for H
+
 reduction is also 

observed as a result of a increase in pH of the electrolyte solution, Figure 4.14- 

4.15. The Nernst equation predicts that the 2H
+
 + 2e

-
  H2 reaction will be more 

thermodynamically favourable at lower solution pH (Equation 4.2).
46

  

 

          
  

  
  

     

    
   Equation 4.2 

As expected by the equation, a cathodic shift in potential was observed when the 

pH of the electrolyte solution increased, Equation 4.3. 

             
  

 
      Equation 4.3 

In neutral and basic conditions, the H2 evolution reaction is expected to be 2H2O+ 

2e
-
  H2 + 2OH

-
, because [H

+
] in these cases is very low.

47,48
  For this equation, 

in more basic media, [OH
-
] is high, and increasing [OH

-
] shifts the H2 evolution 

reaction to more negative potentials.  Application of a reduction potential of -1.2 

V to a modified electrode of CoPcF16 immersed in a phosphate solution at pH 4, 

revealed a weak cathodic current, producing a TOF of 1.3 x 10
4
.  
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pH 2 4 7 9 

Charge (C) 0.28 0.02 8.4 x 10-4 6.5 x 10-4 

TOF (hr-1) 1.4 x 106 1.3 x 104 - - 

Moles of H2 (mol) 1.2 x 10-6 2 x 10-8 - - 

Faradaic Efficiency % 74 19 - - 

1Current Density J 
(mA/cm2) 

1.1 0.1 3 x 10-3 2 x 10-3 

 

Table 4.10: Effect of varying the pH of electrolyte on the (average) performance 

indicators for CoPcF16 obtained by CV and B at -1.2 V vs. Ag/AgCl. 
1
Current 

densities determined using data obtained by BE. 

 

The activity at -1.2 V became progressively lower upon increasing the pH of the 

solution.  At neutral conditions, no visible sharp increase in a cathodic current at -

1.2 V was observed indicating that at this potential, the hydrogen evolution 

reaction was hindered. The current density obtained of 3 x 10
-3

 mA/cm
3
 reflects 

this weak activity.  No gaseous product was detected by gas chromatography, 

indicating that the concentration of hydrogen (if any) lies below the LOD of the 

TCD.  Similar to the activity of the catalyst at pH 7, when more basic conditions 

were employed (pH 9), no hydrogen was detected by gas chromatography. These 

results indicate that the electrocatalytic reaction proceeds at a much lower rate in 

neutral and basic conditions, as expected, Figure 4.14. 
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Figure 4.14: Cyclic voltammetry of CoPcF16 in 0.1 M NaH2PO4 at pH 4, 7 and 9 

represented by green, black and red lines respectively. 

As mentioned above, the reason for such poor catalytic activity for the 

electrocatalytic generation of hydrogen is due to the decrease in the concentration 

of protons in solution with increasing pH.  Also, it is evident that the electrolysis 

potential of -1.2 V is clearly not a sufficient driving force for H2 evolution when 

such a low concentration of protons in solution are available. In order for CoPcF16 

to work as an efficient catalyst at higher pH, a more negative overpotential will be 

required to improve the performance.  

 

Thus, work was carried out on these catalysts to investigate the potential required 

to initiate the hydrogen evolution reaction over a range of pH values.  The results 

for CoPcF16 are described in Figure 4.15.  

In pH 4 conditions, a catalytic current was observed having a peak value at -1.4 V, 

indicating that at this potential, hydrogen evolution can take place. The onset 

potential is shifted negatively relative to what was found when pH 2 buffer was 

used, observed at -1.03 V.   
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Figure 4.15: Cyclic voltammetry of the catalytic currents for CoPcF16 in 0.1 M 

NaH2PO4 over a range of pH.  

 

The electrochemical behaviour of CoPcF16 at neutral pH and in basic conditions 

was similar (see Figure 4.15). Significantly enhanced currents at pH 7 and pH 9 

conditions were noted to begin near -1.5 V for this catalyst at both pH.  

Comparing the catalytic currents shown in the cyclic voltammograms by CoPcF16 

to those of the bare GCE in Figure 4.16, a similar response in the absence of the 

catalyst is observed.  The appearance of these catalytic currents over a range of 

pH with decreasing (more negative) electrolysis potential implies that the 

hydrogen evolution reaction can occur in the absence of the catalyst providing 

enough of a driving force is applied, i.e. an overpotential.  
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Figure 4.16: Cyclic voltammetry of the catalytic currents for bare GCE in 0.1 M 

NaH2PO4 over a range of pH.  

 

The performance data for CoPcF16 at each pH is displayed in Table 4.8. At pH 7, 

the H2 evolution process was noted to begin near -1.45 V. At -1.8 V, the 

characteristic, sharp rise in reduction current (indicative of the catalytic reaction) 

was observed, reaching a maximum of 3.5 x 10
-4

 A. As the pH of the electrolyte 

increased, a lower (more negative) electrolysis potential was required. The charge 

passed after 1 hour electrolysis at each of the applied potentials discussed above 

increased as the pH increased. The catalytic activity of CoPcF16 was quite similar 

in both basic and neutral conditions. The TOF values are shown in Table 4.10 

(Appendix C, Table C.10). The performance in these experiments, as evaluated by 

TOF, was largest at pH 7 followed closely by the pH 9 study (2.2 x 10
6
 and 2.0 x 

10
6
, respectively). High Faradaic efficiencies for these systems were determined 

(82 % and 77 %, respectively). The lowest TOF were obtained when the pH 4 

electrolyte was employed; 5.5 x 10
5
. The current density observed in a cyclic 

voltammetry experiment is a reasonable predictor of the quantity of charged that 

will be passed during an electrolysis, assuming the reaction at the electrode is 

uncomplicated.  The peak current for the pH 4 study was the smallest of the 
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currents observed of all the pH studies.  Thus it should not be surprising that the 

TOF data found for pH 4 is significantly less than those found at other pH values.  

Applied Potential (V)  -1.2 

(pH 2) 

-1.4 

(pH 4) 

-1.8 

(pH 7) 

-1.8 

(pH 9) 

Charge (C) 0.28 0.33 1.04 1.02 

Moles of H2 (mols) 1.1 x 10-6 9 x10-7 4.4 x 10-6 2.3 x 10-6 

TOF (hr-1) 1.4 x 106 5.5 x 105 2.2 x 106 2.0 x 106 

Faradaic Efficiency % 74 60 82 77 

(%) Electroactive 

CoPcF16   

6.3 4.5 5.0 5.9 

 

Table 4.11: Effect of pH of electrolyte on the average performance indicators for 

CoPcF16 obtained by CV and BE (using varying applied potentials). 

 

The catalytic reaction of proton reduction in acidic conditions should result in the 

largest amount of hydrogen formation, however in Table 4.10, this is not the case.  

In neutral and basic conditions, an increase in the number of moles of hydrogen 

was observed as a result of the negative applied potential. Thus, it is difficult to 

gauge the pH-catalyst performance as hydrogen evolution due to an overpotential 

influences the experimental results.  Thus for each of the catalytic systems 

presented here, the experimental results for CuPcF16 and ZnPcF16 over a range of 

pH are not discussed but the cyclic voltammograms and TOF data are presented in 

Appendix C, Tables C.11-C12 and Figures C.3-C.4. 

The experiments which have been discussed so far have all been performed in a 

phosphate (NaH2PO4/H3PO4) solution at pH 2 (varied for pH study) of 0.1 M 

ionic strength. Kaneko and Koca reported electrocatalytic results concerning 

metallophthalocyanines when their modified electrodes were placed in an 

electrochemical cell containing 0.1 M NaH2PO4/H3PO4.1
,2,12,14,17

 To the best of 

our knowledge, varying the concentration of the electrolyte has not been reported, 
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therefore it was of interest to investigate the effect of lowering the concentration 

on the electrocatalytic generation of hydrogen.  

As the potential was held constant and the pH was increased, the cathodic current 

decreased, which is evident in Figure 4.14 which compares the currents at 

different pH cycled in the same potential window (0 V to -1.20 V).  This was 

expected as the equilibrium potential Eeq becomes more and more negative with 

increasing pH, indicated by the magnitude of the currents (0.059 V per pH unit 

change).  In order for the same current to be produced by each of these systems 

operated over a range of pH, the applied potential Eapp was  pushed to more 

negative potentials.  At pH 4, the equilibrium potential becomes more negative by 

0.118 V, compared to the equilibrium potential at pH 2.   Thus the overpotentials 

can be calculated for at each pH unit change; 1.0 V at pH 4, 1.1 V at pH 7 and 1.2 

V at pH 9 when all compared at a current of 1 x 10
-4

 A. 

In Figure 4.17 the effect of the ionic strength of the buffer solution on the activity 

for hydrogen evolution is observed. 

 

Figure 4.17: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl at 100 mV/s where 

the black line is the modified electrode immersed in 0.1 M NaH2PO4/H3PO4 (pH 

2) and the grey dashed line is using 0.01 M NaH2PO4/H3PO4 (pH 2). 
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When an electrolyte containing 0.1 M NaH2PO4/H3PO4 at pH 2 was employed, a 

large cathodic catalytic current was observed with a corresponding onset potential 

of -0.90 V vs. Ag/AgCl.  By altering the concentration of the electrolyte to 0.01 

M, an cathodic current at -1.2 V was observed, although it is of less magnitude, 

compared to the current produced at -1.2 V in 0.1 M electrolyte. The onset 

potential shifted negatively by 100 mV as the ionic strength decreases, observed 

now at -1.0 V vs. Ag/AgCl. The ionic strength of the electrolyte plays a 

significant role in the electrocatalytic reaction.
49

  

A plausible explanation for the reduced catalytic activity for CoPcF16 using the 

lower ionic strength buffer (0.01 M NaH2PO4/H3PO4) is an increase in resistance 

between the working and reference electrodes in the cell. It was observed that the 

charge can be passed more easily using a higher concentration of buffer, which 

can be attributed to a lower resistance when the solution of higher ionic strength is 

employed. This, coupled with the importance of proton concentration leads to an 

improved performance for the hydrogen evolution reaction when the solution of 

higher ionic strength is used i.e. 0.1 M NaH2PO4/H3PO4 

4.2.2.6 Varying the catalyst concentration in coating solution 

The experimental results discussed so far are concerned with the employment of 

these catalyst systems where a volume of catalyst of known concentration is 

deposited onto the surface of the GCE. The effect of varying the concentration of 

the CoPcF16 catalyst was investigated and the experimental results are displayed 

in Figures 4.18 and 4.19 and Table 4.12. Three solutions were prepared from a 

stock solution (2.8 x 10
-5

 M) of the following concentrations; 7 x 10
-6

 M, 1.4 x 10
-

5
 M and 2.1 x 10

-5
 M. Kaneko et al. reported that the number of moles of cobalt 

phthalocyanine increased with increasing solution concentration; the hydrogen 

evolved (measured in uL) was proportional with the concentration of catalyst 

solution (3 mM to 10 mM).
14

 For CoPcF16, the number of moles of hydrogen 

electrocatalytically produced increased as the concentration of catalyst increased 

also, shown in Figure 4.18. 
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Figure 4.18: Moles of hydrogen as a function of concentration of catalyst solution 

(used for depositing films) in 0.1 M NaH2PO4/H3PO4 (pH 2) at -1.2 V vs. 

Ag/AgCl.  

A linear relationship was described for the evolved hydrogen using CoPc by 

Kaneko with increasing catalyst solution concentration.
14

 This unsubstituted 

catalyst was assumed as being 100 % electroactive in the layer for each of the 

concentrations of catalyst solutions, thus the resulting TOF was invariant. This 

behaviour was not observed for the CoPcF16 catalyst discussed here, as the highest 

percentage of electroactive species varied with each concentration of catalyst 

investigated. Table 4.12 presents electrochemical data that were obtained in these 

experiments.  It is evident that the charge obtained during 1 hour potentiostatic 

electrolysis increased as a function of increasing concentration of catalyst 

solution; the lowest electrolysis charge of 0.16 C was observed when a catalyst 

concentration of 7 x 10
-6

 M was used while this increased to 0.26 C when 2.1 x 

10
-5

 M catalyst solution was employed. The current density appeared to increase 

slightly when the concentration of catalyst in solution increased, this is a feature 

which was observed for a ZnPc macrocycle, where it was assumed that the 
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increase in current density with increasing concentration of catalyst was a result of 

improved intermolecular contact (higher electrical conductivity).
50

  

Catalyst Concentration 

(x 10-5 M) 

 

0.7 

 

1.4  

 

2.1  

Charge (C hr-1)  0.16 0.22 0.26 

Moles of H2 (mol) 3.8 x 10-7 4.4 x 10-7 6.1 x 10-7 

Faradaic Efficiency (%)  46 39 45 

1Current Density J (mA/cm2) 0.6 0.9 1.0 

2Current Density J (mA/cm2) 0.8 1.4 4.3 

Electroactive CoPcF16 (%) 1.6  3.2 3.4 

 

Table 4.12: Average performance data obtained for CoPcF16 by CV and BE (at -

1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying 

catalyst concentration. Current densities obtained by 
1
BE and 

2
CV data.  

The TOF figures obtained by headspace analysis using gas chromatography are 

displayed in Figure 4.19.  
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Figure 4.19: Turnover frequencies TOF (hr
-1

) as a function of concentration of 

catalyst solution for CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2). 

The TOF values calculated do not appear to change significantly with catalyst 

solution concentration; However, the Faradaic efficiencies were poor in these 

studies, calculated as 46 %, 39 % and 45 % with increasing concentrations of 

catalyst solutions using a potential of -1.2 V (Appendix C, Table C.13). 

4.2.2.7 Varying the volume of catalyst deposited 

As the concentration of the catalyst was varied (4.2.2.6) and the results have been 

discussed above, the effect of casting a lower volume of catalyst was hence 

investigated. The experimental data discussed in this chapter are a result of 

casting 1.5 μL of each of the catalysts onto a GCE to construct a modified layer. 

As varying the catalyst concentration revealed an increase in the catalytic activity, 

determined by product yield (mols) and current density. The expected results 

when the volume of catalyst deposited was lowered (0.5 μL and 1.0 μL) was a 

subsequent decrease in electrocatalytic activity for the hydrogen evolution 

reaction. The experimental results did not indicate the expected trend with varying 

the volume of catalyst deposited onto the electrode. Hence the catalytic activity is 
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independent when volumes of 0.5 μL, 1.0 μL and 1.5 μL of catalyst solution are 

cast onto the electrode. By casting a volume of 0.5 μL, the maximum number of 

electroactive moles in the film is 1.4 x 10
-11

, while increasing the volume to 1.5 

μL would allow 4.2 x 10
-11

 mols of CoPcF16 (assuming 100 % electroactive). 

However metallophthalocyanines are reported to have limited conductivity, as 

illustrated by the modified layers shown in this chapter and by Ouyang and 

Sugawara.
18,19

  

 

4.2.2.8 Using Chloride as an electrolyte 

The cyclic voltammetry of CoPcF16 immersed in 0.1 M HCl/KCl (~pH 1) is 

displayed in Figure 4.20. Comparing the cyclic voltammogram using this 

electrolyte to one obtained in a phosphate solution reveals similar characteristics, 

however it is evident a shift in potential occurred (in HCl/KCl) for the most 

prominent process, assigned as the reduction of the metal centre of CoPcF16. 

The cyclic voltammogram of CoPcF16 shows a reversible redox process at -0.39 V 

vs. Ag/AgCl and is assigned as the reduction of Co(II)/ Co(I) process (E ½ = -0.43 

V vs. Ag/AgCl in pH 2 phosphate buffer), experiencing a 40 mV positive shift.  A 

broad cathodic wave is observed in the potential region of -0.7 V and a re-

oxidation process Epa is observed at -0.52 V.  This process is assigned as the 

reduction of the phthalocyanine ring. The potentials at which these processes 

occur shift in an anodic direction, as the pH of this solution is more acidic  

compared to the phosphate buffer.  
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Figure 4.20: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl in 0.1 M HCl/KCl 

(~pH 1) at 100 mV/s. Inset: Redox couple Co(II)/Co(I) in the potential window 0 

to -0.9 V.  

 

A large sharp cathodic current is observed when the potential is scanned 

negatively to -1.2 V, Figure 4.20. As described previously for this catalyst using 

the phosphate electrolyte, this is indicative of a catalytic current. An onset 

potential occurs at -0.93 V using this electrolyte similar to when the phosphate 

electrolyte is employed.  

The effect of varying the temperature using the HCl electrolyte was investigated 

and the results are shown in Table 4.13 below. Similar to the trend observed using 

the phosphate buffer, an increase in catalyst performance was observed with 

increasing temperature.  
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Temperature (°C) 0 20 40 

Charge (C) 0.15 0.37 0.54 

Moles of H2 (mol) 5 x 10-7 1.7 x 10-6 2.5 x 10-6 

Faradaic Efficiency % 64 89 89 

1Current Density (mA/cm2) 0.6 1.5 2.1 

2Current Density (mA/cm2) 1.7 7.2 9.6 

% Electroactive catalyst 3.4 6.7 8.1 

 

Table 4.13: Average performance data obtained for CoPcF16 by CV and BE (at -

1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M HCl/KCl (~pH 1) with varying 

temperature. Current densities obtained by 
1
BE and 

2
current density obtained 

using the last scan of the CV.   

 

The TOF (hr
-1

) values as a function of temperature are shown in Figure 4.21 

(Appendix C, Table C.14). As the temperature increased, the TOF values for 

CoPcF16 also increased. At 40°C, TOF figures reached 7.3 x 10
5
, whereas at 20°C 

and 0
o
C, TOF values were 6.1 x 10

5
 and 3.4 x 10

5
, respectively. The Faradaic 

efficiencies at 20°C and 40°C were determined to be 89 % at both temperatures.  

The high Faradaic efficiencies for these experiments (relative to what was found 

in the phosphate buffer) may be a result of less water oxidation at the anode, since 

Cl
-
 should undergo oxidation at a similar potential, resulting in less O2 generated 

at the counter electrode and potentially less interference by O2 reduction at the 

working electrode.  Furthermore, higher temperatures should decrease H2 and O2 

solubility.
36

  Lower H2 solubility will enhance H2 in the cell headspace and lower 

O2 solubility would lower competition for electrons at the working electrode.  

Thus both should result in higher Faradaic efficiencies.  It is also noted that the 

amount of product obtained in these experiments is about the same as what was 

found in the phosphate buffer at each temperature. 



Chapter Four: Factors Influencing the Electrocatalytic Generation of Hydrogen using Modified 

Metal (II) Perfluorinated Phthalocyanine Electrodes 

 

160 
 

Similarly to the previous discussion in section 4.2.2.2, these Faradaic efficiencies 

given are a lower limit and do not take into consideration the solubility of H2 in 

water at various temperatures (Figure 4.9).  

 

Figure 4.21: Turnover frequencies TOF (hr
-1

) as a function of temperature for 

CoPcF16 in 0.1 M HCl/KCl.  

Comparing the TOF calculated using both these electrolyte systems, lower TOF 

values were obtained using 0.1 M HCl/KCl. Although these TOF data are lower, a 

larger number of moles of catalyst were determined to be active in these studies 

(the percentage of electroactive catalyst increased when higher temperatures are 

employed: 6.7 % and 8.1 % at 20°C and 40°C, respectively).  

4.2.2.9 Stability 

The stability of these catalysts is observed upon examining the cyclic 

voltammograms recorded prior to and after the potentiostatic electrolysis. Before 

an electrolysis step is performed using the modified electrode, the voltage is 

scanned to low potentials until the potential at which the maximum catalytic 

current is reached. The stability of these catalysts in the modifying layer is 

indicated by a cathodic catalytic current of similar magnitude after the 

potentiostatic electrolysis. The appearance of this current suggests a stable 
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electrochemical response. A decrease in the current produced after the electrolysis 

step would indicate instability of the catalyst in the modifying layer to serve as a 

catalyst for the electrocatalytic generation of hydrogen.
42

  As the number of moles 

of electroactive catalyst is relatively low (less than 6 % electroactive for CoPcF16, 

1.0 % for CuPcF16 and 0.1 % for ZnPcF16) it is difficult to observe the redox 

couple in the CV after electrolysis (See Appendix C, Figures C.5-C.7). 

4.2.2.10 Duration of Electrolysis  

For the generation of H2, the potential of the working electrode is fixed at a 

negative value. For CoPcF16 and CuPcF16, the optimum reduction potential for the 

electrolysis step was determined to be -1.2 V while this potential increases 

slightly to -1.1 V when ZnPcF16 is used for the electrocatalytic reaction.  

The aim of this study was to investigate the length of time the catalyst could be 

used to electrochemically generate hydrogen before the performance of the 

modified layer was observed to be adversely affected. The modified electrodes 

were prepared in the same manner as described earlier for one hour electrolyses, 

however the duration of the electrolysis reaction was increased from 1 hour to 5, 

11 and 24 hours. These experiments were conducted using just the Co catalyst. 

The performance indicators are reported in Table 4.14 and the corresponding 

TON values are displayed in Figure 4.22.  

 

Time (hr) 1 5 11 24 

Charge (C) 0.28 2.3 6.5 71.4 

1Current Density J (mA/cm2) 1.1 9.1 25.8 16.9 

(%) Electroactive CoPcF16   6.3 3.2 3.6 4.9 

 

Table 4.14: Average performance data obtained for CoPcF16 by CV and BE (at -

1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) as a function of 

time. 
1
Current density obtained by BE data. 
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The results presented in Table 4.14 indicate that as the length of time of the 

potentiostatic electrolysis increased the performance did not appear to diminish 

suggesting that metallophthalocyanine modified electrodes are quite stable as 

catalysts for the electrocatalytic hydrogen evolution reaction. When the 

electrolysis was carried out over 5 hours, an increase in charge passed was 

observed which was more than 8 times larger than the charge passed after 1 hour. 

After a 24 hour period, a large charge passed of 71.4 C. These results indicate that 

CoPcF16 can act as a catalyst for the electrocatalytic hydrogen evolution reaction 

over long periods of time. The current densities obtained increased as the period 

of electrolysis increased, however the contribution of increasing O2 concentration 

produced at the anode over time complicates these results.  

 

Figure 4.22: Turnover numbers (TON) as a function of time for CoPcF16 in 0.1 M 

NaH2PO4/H3PO4 (pH 2). 

The turnover numbers are displayed in Figure 4.22 for CoPcF16 (Appendix C, 

Table C.15). The turnover figures presented so far in this chapter are turnover 

frequencies, where TOF reports the number of moles produced over a given time 

frame, i.e. per hour. The turnover number TON reports the number of moles of 

product generated per mole of immobilised, electrochemically active catalyst over 
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the duration of the experiment. The TON obtained by gas chromatography 

revealed an increase with time however, the increase in TON from 11 hours to 24 

hours was more rapid. At 11 hours, the TON calculated by gas chromatography is 

3.8 x 10
6
,
 
while after 24 hours, the TON reached 7.9 x 10

6
. The Faradaic 

efficiency after 24 hours was quite poor, only 20 % efficient compared to 74 % 

Faradaic efficiency after 1 hour period.  

Figure 4.23: Cyclic voltammetry of CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. 

Ag/AgCl. The black line indicates the CV before electrolysis (Co(II)/Co(I) 

process) and the grey dashed line is the CV after the electrolysis step after 5 

hours. Inset: enlarged potential window of 0 to -0.9 V.  

Figure 4.23 shows the voltammograms prior to electrolysis and 5 hours after 

electrolysis. It is evident that the onset potential shifted significantly in a positive 

direction and appeared at the potential at which the Co(II)/Co(I) process was 

observed. A subsequent increase in current is also observed, further indicating the 

stability of the modified electrode.  
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4.2.2.11 Repeated use of a modified electrode 

The stability of the catalyst in the modified layer has been discussed, where the 

stability after the potentiostatic electrolysis is indicated by a catalytic current of 

similar magnitude to the initial catalytic current prior to electrolysis. Work was 

carried out to investigate if the modified electrode could be used for a second 

time; in a separate experiment with fresh electrolyte and de-aerated for 20 

minutes, as per previous experiment set-ups. An overlay of the currents observed 

in a potential window of 0 to -1.2 V vs. Ag/AgCl when the modified electrode 

was used for the first and second time is shown in Figure 4.24. The magnitude of 

the catalytic current is slightly less in the second experiment than observed the 

first time the electrode was used. The redox couple of Co(II)/ Co(I) is less 

prominent that compared to the voltammogram obtained the first time the 

modified electrode was used. The number of moles which were electroactive in 

the modifying layer was calculated as 4.8 x 10
-13 

moles, less than half of the 

electroactive catalyst that was determined after the first experiment.   

 

Figure 4.24: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 100 mV/s. The grey line indicates the catalytic current 

obtained prior to the first electrolysis step while the dashed line shows the 

catalytic current obtained prior to the second electrolysis step.  
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From Table 4.15, it can also be seen that the charge which passed during the 

second electrolysis was only 50 % of the charge passed when the modified 

electrode was used the first time. 

Re-use of Electrodes First Use Second Use 

Charge (C)  0.24 0.12 

Moles of H2 (mol) 6.1 x 10-7 1.2 x 10-7 

Faradaic Efficiency % 49 19 

1Current Density J (mA/cm2) 0.9 0.4 

2Current Density J (mA/cm2) 7.8 2.4 

Moles of electroactive catalyst 

(mol) 

1.1 x10-12 4.8 x10-13 

(%) Electroactive CoPcF16   2.5 1.1 

 

Table 4.15: Average performance data obtained for CoPcF16 by CV and BE (at -

1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) after the first and 

second use. Current density obtained using data from 
1
BE and 

2
current density 

obtained using the last scan of the CV.  

 

The TOF (hr
-1

) values obtained when the electrode is used for a second time for 

the hydrogen evolution reaction are 2.4 x 10
5
 (and 5.7 x 10

5
 for the first use). (See 

Appendix for additional TOF data, Table C.16). 
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Figure 4.25: Turnover frequencies obtained for CoPcF16 where the light grey and 

dark grey columns correspond to the first and second use of the modified 

electrode respectively.  

From the data, it appears that this systems performance deteriorates with use.  

This is further shown by comparing the moles of hydrogen produced; 6.1 x 10
-7

 

mols of H2 is produced for the first used and when used for a second time, only 

1.2 x 10
-7

 mols are generated.  

4.2.2.12 Photo- electrocatalytic generation of hydrogen 

Phthalocyanines can play a role as active components for processes driven by 

light. This is been reported by many groups, including Klofta
51

 and Kaneko et al. 

who reported an increase in electrocatalytic activity when modified electrodes 

containing zinc macrocycles were irradiated with light.
52,53,54

 The experiments 

discussed so far in this chapter were all carried out in natural daylight. As metal 

phthalocyanines can absorb light at both the blue and red regions, it was necessary 

to investigate the effect of the absence of light on these modified electrodes 

containing CoPcF16, CuPcF16 and ZnPcF16.  
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Figure 4.26: Moles of hydrogen obtained by gas chromatography after 1 hour 

potentiostatic electrolysis at -1.2 V vs. Ag/AgCl for CoPcF16, CuPcF16 and 

ZnPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2).  

The cell was placed in a dark cupboard and the potentiostatic electrolysis 

experiments in the absence of light were performed. The resulting experimental 

data are displayed in Tables 4.16-4.17 for CoPcF16 and CuPcF16/ ZnPcF16 

respectively. The moles of hydrogen obtained in the light and the dark are shown 

in Figure 4.26 above.  
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Variable Dark Light 

Charge (C) 0.13 0.28 

Moles of H2 (mol) 4.2 x 10-7 1.2 x 10-6 

Faradaic Efficiency % 63 74 

1Current Density (mA/cm2) 0.6 1.1 

2Current Density (mA/cm2) 1.8 7.5 

% Electroactive 1.5 6.3 

 

Table 4.16: Average performance data obtained for CoPcF16 by CV and BE (at -

1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) in daylight and in 

darkness. Current density obtained using 
1
BE and 

2
current density obtained using 

the last scan of the CV.  

 

Examination of the data shown in the table revealed a decrease in activity when 

the electrolyses were conducted in the absence of light. This suggests that the 

electrocatalytic generation of hydrogen is aided when performed in daylight. For 

CoPcF16, the charge passed after an hour electrolysis was doubled when carried 

out in daylight (0.28 C) compared to the charge obtained in darkness; 0.13 C. 

Hence it appears that the light contributes to the catalytic activity for hydrogen 

evolution using this catalyst.  
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 CuPcF16 ZnPcF16 

Variable Dark Light Dark Light 

Charge (C) 0.03 0.23 0.13 0.44 

Moles of H2 (mol) 1.2 x 10-8 8.8 x 10-7 2.1 x 10-7 1.2 x 10-6 

Faradaic Efficiency % 8 74 31 54 

1Current Density 

(mA/cm2) 

0.1 0.9 0.5 1.8 

2Current Density 

(mA/cm2) 

1.5 5.7 2.6 5.9 

% Electroactive 0.3 1.0 0.9 0.1 

 

Table 4.17: Average performance data obtained for CuPcF16 and ZnPcF16 by CV 

and BE vs. Ag/AgCl in 0.1 M NaH2PO4/ H3PO4 (pH 2) in daylight and in 

darkness. Current density obtained using data from 
1
BE and 

2
CV.  

 

Comparing the resulting data obtained when CuPcF16 and ZnPcF16 were employed 

as catalysts, the same trend determined for CoPcF16 was observed. For ZnPcF16, 

the charge passed after an hour electrolysis was less than one third of that when 

carried out in daylight (0.44 C) compared to the charge obtained in darkness; 0.13 

C. The current density also confirmed that the absence of light appeared to cause a 

decrease in the catalytic activity. When the reaction takes place in daylight, a 

current density of 1.8 mA/cm
2
 was obtained by bulk electrolysis, however when 

the electrochemical cell was placed in darkness, the resulting current density falls 

to 0.5 mA/cm
2
, again, only one third of the value obtained when the cell was 

placed in light (however these current densities are complicated by the presence of 

O2 after an hour electrolysis).  Similarly, the current density obtained by cyclic 

voltammetry was reduced by more than half when the cell was placed in the dark, 

a direct indication of the effect of light on proton reduction at -1.2 V vs. Ag/AgCl.  
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Thus for phthalocyanines with Cu and Zn as central metal cations, the light 

contributes to the rate at which the hydrogen is evolved.
55

 This behaviour was 

observed by Tachikawa et al. where in the darkness, no significant cathodic 

current for the electrocatalytic reduction of O2 using ZnPc was observed.
56

  

The largest affect the absence of light has on the generation of hydrogen 

electrocatalytically was when CuPcF16 was employed. The lowest charge passed 

after 1 hour electrolysis, 0.03 C in darkness was observed. This is 7 times lower 

than the charge obtained in daylight of 0.23 C. The current density also confirmed 

that when the electrochemical cell was placed in darkness, a decrease in the 

catalytic activity was observed. In daylight, a current density of 0.9 mA/cm
2
 was 

obtained, however when the electrochemical cell was placed in darkness, the 

resulting current density decreased to 0.1 mA/cm
2
, again, almost 7 times smaller 

compared to the current density value obtained when the cell was placed in light, 

(4 times less when comparing current densities obtained by CV). The catalyst 

which displayed the weakest electrocatalytic activity when placed in darkness, 

relative to the activity observed in daylight was CuPcF16, while the most efficient 

catalyst which can perform in the absence of light was CoPcF16, as determined by 

the current density. These findings are in agreement with the literature for CoPc 

derivatives, where these complexes can act as efficient electrocatalysts for the 

reduction of O2 in the dark.
57,58,59

 Thus, the performance indicators displayed in 

Tables 4.16 and 4.17 indicate that these catalysts can work in both light and dark 

conditions, with the optimum conditions being in daylight. (See Appendix C, 

Table C.17 and Figure C.8 and C.9). 
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4.3 Experimental considerations  

4.3.1 Pressure 

The equations required to calculate TOF values by gas chromatography are 

described in Chapter 2. An important assumption which has been made for all the 

TOF data calculated throughout this thesis is that the pressure remains as 1 atm 

(101325 Pa) during the potentiostatic electrolysis. Accumulation of the product of 

the electrolysis reaction (H2(g)) subsequently changes (increases) the pressure in 

the headspace of the cell at fixed volume (5.5 mL). The increase in H2 pressure 

could affect the kinetics by slowing down the rate of the reaction at the working 

electrode. 

For the experiments carried out in this thesis, there are no visible signs of an 

increase in pressure which would be expected if there was a significantly large 

increase in pressure building up in the cell; a bulge in the rubber septa was not 

observed. Also, if the pressure in the cell was much larger than 1 atm, it is 

assumed the plunger of the needle would rise instantly to fill the syringe. This is 

also not observed upon taking a gas sample from the headspace of the 

electrochemical cell. Finally, as the average partial pressure due to hydrogen 

evolution in the electrochemical cell was 700 Pa, this is the equivalent of a 0.69 %  

rise in pressure in the cell and thus may be considered as negligible.  

 

4.3.1.1 Effect of using a larger cell volume 

The effect of pressure can be further illustrated by using a larger cell with a 

headspace volume of 21 mL. This headspace is 4 times larger than the standard 

cell, denoted cell 1. By carrying out an identical potentiostatic electrolysis using 

the larger cell, denoted cell 2, this increased volume was thought to alleviate some 

of the pressure due to the change in the partial pressure component as a result of 

the evolution of hydrogen gas at the working electrode. Also it was expected if the 

increase in pressure is a dominant factor in the standard cells and subsequently 

hinders the rate of the reaction in an hour potentiostatic electrolysis experiment, 

then this larger cell should allow for the rate of the reaction to be unaffected as the 
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headspace volume is almost 4 times larger. Thus, an increase in the performance 

indicators is expected when cell 2 is employed.  

In order to analyse the results of an increase in volume of headspace, it is sensible 

to replicate an experiment which generates a large current density and also one 

where a large TOF is determined by gas chromatography. The system which 

displayed the greatest catalytic activity when the operating temperature was set to 

40°C was CoPcF16. The solubility of hydrogen also plays a vital role as discussed 

in section 4.2.2.2; the solubility of hydrogen in water decreases with increasing 

temperature.  The experimental results of using both the standard cell 1 and the 

larger cell 2 are displayed in Table 4.18.   

 Cell 1 Cell 2 

Charge (C) 0.80 0.68 

Moles of H2 (mol) 2.1 x 10-6 1.2 x 10-6 

Faradaic Efficiency % 50 35 

1Current Density J (mA/cm2) 2.3 2.4 

2Current Density J (mA/cm2) 7.5 10.7 

Moles of electroactive catalyst 

(mol) 

2.9 x10-12 2.5 x10-12 

Electroactive CoPcF16  (%) 6.8 6.0 

 

Table 4.18: Average results obtained for CoPcF16 by CV and BE (at -1.2 V for 1 

hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) using cell 1 (total volume of 

headspace = 5.5 ml) and using cell 2 (total volume of headspace = 21 ml) at 

40°C. Current density obtained using data from 
1
BE and 

2
current density obtained 

using the last scan of the CV.  
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Examination of the performance indicators showed that employing a cell with a 

larger headspace did not significantly change these parameters for the 

electrocatalytic generation of hydrogen. These results were not expected if the 

catalytic activity was hindered by the increase in pressure with a fixed volume. As 

cell 2 contains a larger headspace, it was expected that higher performance 

indicators would be observed if the pressure is a dominant factor in the 

electrolysis reaction. These results above suggest that the pressure in the cell did 

not rise significantly enough to affect the rate of the hydrogen evolution reaction. 

In fact, it appeared that the kinetics is slightly improved while housed in the 

standard cell, where a charge of 0.80 C is obtained during the 1 hour potentiostatic 

electrolysis, compared to 0.68 C in cell 2 at 40°C. However the average current 

density, obtained during one hour electrolysis was marginally larger in cell 2 of 

2.4 mA/cm
2
.  

Figure 4.27: Turnover frequencies TOF (hr
-1

) obtained for CoPcF16 where the 

dark grey and light grey columns correspond to the TOFs by gas chromatography 

for the modified electrodes placed in cell 1 and cell 2 respectively.  
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Comparing the TOF determined in the standard cell 1 with the TOF obtained in 

the larger cell 2, it is evident that the highest TOF values are attained using the 

smaller cell 1. Using the larger cell 2, the TOF values calculated are one third less, 

1 x 10
6
 than those determined using the standard cell 1, 1.9 x 10

6
.   Hence it is 

concluded that the catalytic activity is not affected by the volume of cell 

headspace when 1 hour potentiostatic electrolysis is carried out. It is also 

concluded that the pressure does not deviate significantly from 1 atm when 

hydrogen gas is produced electrocatalytically, therefore the equations for 

calculating TOF determined by gas chromatography are valid (albeit a level of 

error exists).  

4.3.2 Effect of temperature on solvent evaporation and film 

quality 

Two sets of results are shown in Table 4.21 below; the first are the number of 

electroactive moles present on the electrode surface when dried overnight in a 

cupboard and the second represent the number of electroactive moles present on 

the electrode surface when dried overnight in an oven set at 21°C.  

Air-Temperature of electrodes 
for solvent evaporation 

21°C Varied 

Mean no. of moles of 

electroactive catalyst (mol) 

4.6x 10-12 1.4 x 10-12 

Standard Deviation (mol) 2.8  x 10-12 1.2 x 10-12 

% Distribution of data about the 

mean 

60 90 

 

Table 4.19: Catalyst solution prepared in DMF; Data obtained for modified 

electrodes when the temperature is maintained at 21°C and when the temperature 

can fluctuate. 

The data suggests that the drying rate does exhibit some influence over film 

features.  It appears that the fraction of catalyst that is electroactive is lower for 
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films that are not dried under constant temperature conditions.  If there is a real 

effect here, it is expected that regulated drying conditions would improve the 

regularity of the film.  It is evident from the statistical data presented above that 

construction  of these modified electrodes is influenced by the temperature as it 

affects the rate of removal of the solvent evaporation. By placing the modified 

electrodes in an oven set at a constant temperature (21°C), it allows for the 

formation of a homogenous layer, thus the measure of uncertainty is reduced. The 

electrodes which are placed in a cupboard overnight are affected deeply by the 

temperature. Considering that the solvent is allowed to evaporate over the course 

of approximately 18 hours, the temperature of the laboratory overnight may 

decrease, possibly leading to an irregular rate of solvent removal and hence an 

inhomogeneous layer formation as the temperature is inconsistent.
42

  

4.3.3 Seal Integrity 

The construction of the electrochemical cells used for the electrocatalytic 

generation of hydrogen consists of a v-shaped glass cell filled with 15 mL of 

electrolyte solution with the working modified electrode, reference electrode and  

counter electrode. These are placed in the cell, where in one side, the reference 

and counter electrode are fitted. A rubber septum is used to hold both electrodes 

in place and also to seal the cell as the product of the electrolysis reaction is a gas. 

A second rubber septum is used and is placed in the second neck of the cell in 

which the modified electrode is placed. When the cell is sealed, a stream of argon 

is allowed to flow through the cell by piercing these seals with the inlet needle 

(Ar) and an outlet needle which allows the gas to escape from the cell. When the 

cell has been de-aerated after 20 minutes (see Appendix C, Figure C.11), the 

needles are removed and the septa are covered with a layer of parafilm. As the 

rubber seals have been pierced, it is important to investigate the integrity of the 

seal. It is possible that H2 may escape at a faster rate, before the headspace 

analysis takes place. Therefore it was necessary to investigate the rate of loss of 

gas when a seal has been previously pierced.  

A schlenk flask was filled with hydrogen gas and sealed with a rubber septum. 

Using a gas tight syringe, the seal was pierced with the needle and a volume of 
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hydrogen gas was injected into the GC. The amount of hydrogen was obtained by 

the chromatogram generated by the TCD. A second injection was taken and 

importantly, the needle pierced a different part of the rubber septum. This sample 

was injected into the GC for analysis. This procedure of piercing the seal in 

different locations of the rubber septum was continued until a large area of the 

seal had been pierced (carried out over one week). The chromatograms revealed 

that continuous piercing of the rubber septa did not significantly allow the 

hydrogen gas to escape, as the concentration of hydrogen present after one week 

decreased by 40 %.  
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4.4 Concluding Remarks 

The parameters and operating conditions which affect the activity of MPcF16 

where M is Co, Cu or Zn to electrocatalytically generate hydrogen from water 

were investigated. Important conditions such as pH, temperature and electrolysis 

potential have been discussed. The onset potentials for CuPcF16, ZnPcF16 and 

CoPcF16 were determined to be -0.85, -0.87 and -0.90 V vs. Ag/AgCl in pH 2 

phosphate solution (0.1 M NaH2PO4/H3PO4). At least a 200 mV decrease in 

overpotential for H2 evolution was achieved using these modified electrodes, with 

respect to the bare electrodes in identical conditions.  It was found that the best 

overall performance at pH 2 and at 20
°
C was provided by ZnPcF16 (largest moles 

of hydrogen of 1.2 x 10
-6

 mol at -1.1 V).  

When the temperature was varied, the three catalysts each revealed lower 

electrocatalytic activity at 0°C due to slower electron transfer kinetics. Increasing 

the temperature to 20
o
C and 40°C provided better kinetics and improved 

performance. The solubility of hydrogen in water with increasing temperature is 

taken into consideration in the discussion of these electrocatalytic results.   

Employing ethyl acetate as a solvent permitted the investigation of the affect of 

the rate of solvent evaporation during film casting (the results obtained using 

thicker films created by deposition of several layers of catalyst material).  Coating 

an electrode with 5 layers through fast evaporation of a catalyst solution prepared 

using ethyl acetate revealed a low charge and a decrease in current densities 

relative to a single coated electrode. This decrease in electrocatalytic performance 

is ascribed to the slow electron transfer through the increased number of layers of 

catalysts.  

When the pH of the electrolyte solution was increased (neutral, basic conditions) 

the potential at which the redox couple and the onset potential for the 

electrocatalytic reaction was observed shifted to lower potentials. However the 

catalyst which acts the most efficiently at all pH, reflected by the overpotentials, 

charge and current densities was CoPcF16. Altering the ionic strength of the 

electrolyte solution to 0.01 M displayed a decrease in catalytic activity when 

CoPcF16, which was reflected in the performance indicators which revealed a 
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decrease by approximately 50 % compared to using 0.1 M phosphate solution. It 

is plausible that solution resistance gives rise to this performance. Increasing the 

number of layers (from a DMF solution) applied to the electrode of the modifying 

layer exhibited a decrease in electrocatalytic activity, observed in the current 

density, charge and TOF obtained for each of the catalysts. Varying the 

concentration of the catalysts cast into the electrode reveals the highest current 

density for CoPcF16 when the most concentrated catalyst was applied, 2.1 x 10
-5

 

M, however the largest TOF values obtained when the least concentrated solution 

of catalyst cast, 7.x 10
-6

 M, which was due to the low number of electroactive 

moles in the modifying layer at this concentration.  

The stability of the layers was investigated through running experiments over 

different durations.  After 24 hours, a plateau or a decrease in charge would be 

expected if the modifying layer deactivated or decomposed on the electrode. 

However this was not observed, indicated by the large charge and TON obtained 

after 24 hours of electrolysis, reaching 71.4 C and 9.7 x 10
6
 respectively. To 

further investigate the stability of these layers, the modified electrodes containing 

CoPcF16 were subjected to repeated use for the electrocatalytic generation of 

hydrogen. Lastly, the effect of light was investigated for all catalysts. When these 

electrocatalytic experiments were performed in the dark the activity fell for all 

three metallophthalocyanines indicated by a decrease in the current density, 

charge, TOF and percentage electroactive in the layer. The largest difference was 

observed using CuPcF16 as the catalyst, where the number of moles of H2 

produced in the dark (1.1 x 10
-7

 moles) was more than 7 times less than the moles 

of hydrogen produced in the light (8.8 x 10
-7

 moles).  Thus light plays a role in the 

electrocatalytic generation of hydrogen. 

The practical experimental considerations are discussed, such as the effect of 

pressure in a standard cell compared to a cell of larger headspace volume. It is 

concluded that the volume of headspace available does not affect these 

electrocatalytic reactions over the 1 hour potentiostatic electrolysis, thus the effect 

of increasing pressure is not evident in this experimental set up. The rate of which 

hydrogen gas escapes from the electrochemical cell sealed using rubber septa and 

the errors which are associated with these experiments have also been discussed.  
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Chapter Five 

Electrocatalytic Hydrogen Generation using 

modified Metal (II) Perfluorinated 

Phthalocyanine Electrodes dispersed in 

Nafion® polymer 

 

The electrocatalytic generation of H2 from water using modified electrodes of 

three metal (II) perfluorinated phthalocyanine complexes (where M is Co, Cu and 

Zn) incorporated in Nafion® are discussed. Various parameters influencing the 

catalytic activity discussed in the previous chapter were investigated in these 

studies also. The effect of varying the ratio of metallophthalocyanine to polymer 

matrix was conducted, which revealed the optimum catalyst system as 3-

MPcF16:Nf of (volume ratio of 1:4 MPc: Nafion®) for each of the catalysts 

employed.  

The performance of each of the catalysts embedded in the polymer weere 

evaluated by TOF (hr
-1

) and current density. The performance data were found to 

be significantly lower than for the adsorbed catalyst films discussed in the 

previous chapter, although a larger percentage of catalyst in the polymer is 

electroactive. The catalyst which displayed the highest catalytic activity for the 

electrocatalytic generation of hydrogen at 20°C in 0.1 M phosphate solution at 

pH 2 was CoPcF16/Nf, achieving 4.4 x 10
5
 TOF with a corresponding Faradaic 

efficiency of 71%.  

Comparisons between adsorbed catalysts and polymer-supported forms are made 

throughout the discussion.  
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5.1 Introduction 

Modified electrodes incorporating polymer matrices have been a subject of 

interest for many years now, with widespread applications in areas such as 

electroanalysis
1

, electrocatalysis,
2

 information storage
3

 and solar energy 

conversion
4

. The role of the modifying layer is to allow electrochemical 

communication between the underlying electrode material and the solution 

containing the analyte of interest.
5
 This is achieved by employing an electroactive 

species, such as metallophthalocyanines within the layer. This electroactive 

species can also be dispersed within an electroactive polymer. As the name 

suggests, electroactive polymers are polymers which allow for charge transfer to 

occur. There are many classes of polymers, such as electronically conducting π-

conjugated polymers (polypyrole), redox species covalently linked to polymer 

chains (poly(vinylferrocence)) and ion exchange polymers (Nafion®, poly4-

vinylpyridine-co-styrene). The appeal of employing polymers in conjunction with 

a redox active molecule is their properties. Electroactive polymers which are used 

as films in contact with an electrode can permit an electrical current and they 

possess a semi-rigid mechanical property.
6
 It is this mechanical stability which is 

attractive, as it can allow for repeated ingress/ egress of reactants and products 

through the polymer matrix (for the duration of an electrolysis step), thus the 

redox species immobilised within the matrix should remain intact. 

For the investigations carried out in this chapter, an ion exchange polymer 

Nafion® was employed. The attractive properties of this anionic polymer include 

thermal stability and it is chemically inert. Nafion® consists of hydrophilic 

sulphonate groups immobilised on hydrophobic fluorocarbon chains.
7
 The redox 

active metallophthalocyanines are held due to hydrophobic forces within the 

polymer matrix, however these redox active molecules are not anchored and are 

considered as mobile. As the structure of this polymer contains hydrophilic and 

hydrophobic groups, Figure 5.1, these regions can be identified and are expected 

to play a vital role in oxidation/reduction processes within the polymer-catalyst 

layer.
 8, 13, 14, 21
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Figure 5.1: Structure of Nafion® where the (a) hydrophobic and (b) hydrophilic 

regions are circled. Adapted from reference 14.  

Modified electrodes incorporating a polymer can be described by Figure 5.2.9  

 

 

Figure 5.2: Illustration of a modified electrode incorporating an electroactive 

polymer matrix where (a) Electrode, (b) Transfer layer, (c) Diffusion double 

layer, (d) diffusion layer and (e) bulk solution. 
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In the absence of a modified layer, the electrode/solution interface consists of the 

electrode, electrical double layer and the bulk solution (desribed in Chapter 2). 

However, for a modified electrode, the electrical double layer is now identified as 

the “transfer layer” and the “diffuse double layer” (b) and (c), while the ionically 

conductive phase incorporates the transfer layer, diffusion double layer, and 

diffusion layer, and expands to the bulk solution, (b) – (e). The definition of the 

electrode/solution interface is broadened to incorporate a modified electrode.
9
 

Modifying layers designed to catalyse a specific target reaction, such as the 

hydrogen evolution reaction can be constructed.  

An important factor to consider is the transport of electrons and ions through the 

matrix when electroactive polymers are employed. Electron transport through 

polymer films such as these have been thoroughly investigated over the years 

providing an insight into the mechanisms for reactions.
10,11,12 

The electron transfer 

and charge transport mechanisms involving ion exchange polymer and 

metallophthalocyanines have been reported,
20,21

 and thus pathways that describe 

the transport of electrons and ions in these M(II)PcF16 modified electrodes may be 

deduced. 

Kaneko et al. described the two forms of charge transfer which can occur in redox 

reactions through a polymer matrix.
13,14,21

 For redox-active molecules bound to a 

polymer matrix by strong chemical interactions (chemical binding or 

coordination), the ability of the redox species to move within the polymer 

framework is hindered and as a result, charge propagation takes place by an 

electron-hopping mechanism. Redox molecules which are physically bonded by 

electrostatic or hydrophobic interactions achieve charge propagation through 

charge-hopping and/or diffusion mechanisms.
15

 Physical interactions between the 

redox molecules and the polymer matrix are considered as less restricting, thus the 

mobility of the redox molecules is increased.  Blauch and Savéant investigated 

charge transport through polymer films and reported that charge propagation in a 

matrix is fundamentally a percolation process.
12

   

This chapter will discuss the results of the investigations performed using 

CoPcF16, CuPcF16 and ZnPcF16, each incorporated in Nafion® films, denoted 
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CoPcF16/Nf, CuPcF16/Nf and ZnPcF16/Nf (4:1 volume ratio of M(II)PcF16: 

Nafion®), described in Chapter 2. The effect of the varying the parameters which 

influence electrocatalytic hydrogen evolution are presented. The effect of varying 

the ratio of metallophthalocyanine to Nafion® polymer has been investigated and 

will be discussed in section 5.2.3. (All TOF (hr
-1

) values presented in this chapter 

are based on values obtained by gas chromatography. TOF values obtained 

electrochemically are in Appendix D). 

5.2 Results and Discussion 

5.2.1 Characterisation of MPcF16:Nafion®  

Characterisation of the three metallophthalocyanines employed here are described 

in Chapter 3 previously. The effect of incorporating these catalysts into the 

Nafion® polymer is observed using cyclic voltammetry, Figure 5.3.   A slight 

shift in the redox potential of the prominent process is observed relative to the 

adsorbed metallophthalocyanines. As this shift in potential is relatively small, the 

assignments for redox processes here are assumed to be unchanged.  

 

Figure 5.3: Redox processes observed for electrodes modified with CoPcF16/Nf, 

CuPcF16/Nf, and ZnPcF16/Nf vs. Ag/AgCl Scan rate = 100 mV/s in 0.1 M 

NaH2PO4/H3PO4 (pH 2). 
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The potentials observed for these MPc’s are similar to phthalocyanine derivatives 

which are commonly reported for adsorbed films, presumably due to their low 

solubility in common solvent-electrolyte systems.
16

  For comparison purposes, the 

redox potentials reported by Zhao of various cobalt phthalocyanine derivates 

dispersed in polyvinylpyridine co-styrene (P-VPSt) are listed. Similar to the 

perfluorinated catalysts discussed in this work, incorporation of these catalysts in 

a polymer matrix causes a slight shift in potentials relative to adsorbed catalyst 

films.  

Catalyst E ½ Potential (V) Epc – Epa (V) 

CoPcF16/Nf -0.43 0.06 

CuPcF16/Nf -0.32 0.03 

ZnPcF16/Nf -0.25 0.10 

CoPc(a) -0.57 - 

CoPc/PVP(b) -0.25 - 

CoPc(CN)8/P(VP-St)(b) -0.20 - 

CoPc(SO3H)4/ P(VP-St) (b) -0.50 - 

 

Table 5.1: Potentials at which the redox couple is observed vs. Ag/AgCl in 0.1 M 

NaH2PO4 (pH 2) at 20°C for CoPcF16/Nf, CuPcF16/Nf, and ZnPcF16/Nf, modified 

electrodes. (a) denotes the redox potentials of various cobalt phthalocyanine 

derivates reported by Ouyang et al.
17

 (b) denotes the redox potentials of various 

cobalt phthalocyanine derivates reported by Zhao et al.
16

  

The redox potentials displayed in Table 5.1 reveal relatively small shifts when 

compared to the potentials in the absence of a polymer matrix; no shift in potential 

for CoPcF16, a 20 mV cathodic shift when CuPcF16/Nf is used and a 20 mV 

anodic shift for ZnPcF16 when compared to the adsorbed catalysts.  
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5.2.1.1 Onset Potential 

The cyclic voltammogram displayed in Figure 5.4 illustrates the results of 

experiments involving GCE modified with CoPcF16/Nf, CuPcF16/Nf and 

ZnPcF16/Nf where H2 is electrochemically generated. Data for a bare GCE and 

Nafion®-coated GCE are shown also in 0.1 M NaH2PO4/H3PO4 electrolyte at pH 

2. 

Figure 5.4: Comparison of typical currents observed for electrodes modified with 

CoPcF16/Nf, CuPcF16/Nf, ZnPcF16/Nf, Nafion® and a GCE, vs. Ag/AgCl.  Scan 

rate = 100 mV/s in 0.1 M NaH2PO4/H3PO4 (pH 2)buffer. 

When CuPcF16/Nf is employed in these studies, the cathodic current begins to 

increase at approximately – 0.90 V vs. Ag/AgCl.  This potential is the most 

positive onset potential displayed of all three catalysts. In the absence of the 

catalyst/polymer layer (i.e. bare GCE surface) the onset potetnial was not 

observed until near -1.10 V.  The potential which is necessary to produce currents 

of the same magnitude (to the bare) in the phosphate electrolyte is approximately -

1.40 V vs. Ag/AgCl. Somewhat similar behaviour is observed when an electrode 

cast with Nafion® is employed.  The overpotential for H
+
 reduction using the 
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modified electrodes is less than for the bare electrode and Nafion®-coated 

surfaces.  Incorporation of the catalysts into Nafion® causes a negative shift in the 

onset potentials for H
+
 reduction;  where CuPcF16/Nf and CoPcF16/Nf both 

experience small shifts (0.05 mV and 0.07 mV respectively), ZnPcF16/Nf lowers 

the onset potential by 0.13 mV relative to the adsorbed catalyst. 

    Onset Potential (V) 

Co -0.98 

Cu -0.90 

Zn -1.00 

Nafion®       -1.05 

Bare GCE       -1.10 

 

Table 5.2: Onset potentials (V) at which the catalytic current is produced vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) at 20°C for CoPcF16/Nf, CuPcF16/Nf, 

ZnPcF16/Nf, Nafion® modified electrode and an uncoated GCE. 

 

The cyclic voltammograms for the modified electrodes shown in Figure 5.4 are 

indicative of the catalytic H
+
 reduction reaction. The resulting current from the 

catalytic reduction of H
+
 reached a value of 3.0 x 10

-4
 A for CoPcF16/Nf and 2.3  x 

10
-4

 A for CuPcF16/Nf. The weakest catalytic current was observed for 

ZnPcF16/Nf, 1 x 10
-4

 A.  From Figure 4.1, it can be seen that the currents for the 

catalysts adsorbed directly onto the electrodes (i.e. without Nafion®) are greater 

than those shown in Figure 5.4.  Also, the onset potential for H
+
 reduction is 

observed at less negative potentials for adsorbed films as mentioned.  The current-

time profile for an electrolysis experiment is shown in Figure 5.5 
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Figure 5.5: Current- time profile as a result of potentiostatic electrolysis of 

CoPcF16/Nf at -1.2 V vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2).  

A typical electrolysis experiment is shown in Figure 5.5, where the potential was 

fixed at -1.2 V for CoPcF16/Nf corresponding to the potential at which a large 

steep catalytic current was observed. As the current is related to the rate of 

electrolysis, it can be used to calculate the charge passed after any period of time 

during the reaction (charge is the integral of current with respect to time). 

5.2.1.2 Electrochemical reactivity of M(II)PcF16 embedded in Nafion® 

For each of the electrocatalysts discussed here, modified electrodes were created 

by casting ~ 22 M solutions (1.5 L) of the catalyst (in Nafion®/DMF).  The 

surface coverage of the catalyst in the Nafion® film was thus ~5 x 10
-10

 mol/cm
2
 

of geometric electrode area (see Appendix D, Figure D.0).   The amount of 

reactive catalyst in the coated layer was determined using the peak area of the 

M(II)/ M(I) couple for CoPcF16/Nf and Pc
(2-)

/Pc
(3-)

 for CuPcF16/Nf and 

ZnPcF16/Nf respectively, as described in Chapter 2.  The average percentage of 

this CoPcF16 species which was found to be electroactive was calculated as ~10.5 

% of the total amount deposited.  This percentage is significantly larger than for 
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adsorbed CoPcF16 (~6.3 %). For CuPcF16/Nf and ZnPcF16/Nf, the fraction of 

electroactive catalyst was ~3.4 % and 1.2 % for Cu and Zn catalysts, respectively. 

It is perhaps worth noting that the concentrations of the catalyst solutions used for 

preparing CuPcF16/Nf and ZnPcF16/Nf modified electrodes was higher than for the 

Co catalyst films. Similar to what was observed for CoPcF16/Nf, a greater fraction 

of the total catalyst deposited in these experiments (in CuPcF16/Nf and 

ZnPcF16/Nf films) was found to be electractive compared to corresponding 

adsorbed catalysts (1 % and 0.1 % CuPcF16 and ZnPcF16 respectively). This 

behaviour might be ascribed to improved charge transport properties of the 

catalysts in the Nafion® matrix compared to what exists with the adsorbed layers 

of the metallophthalocyanines. Similar to Chapter 4, investigations were carried 

out in an effort to increase the amount of electroactive species present in the 

modified layer, including coating more than one layer, increasing the volume of 

catalyst deposited and increasing the ratio of Nafion® matrix in the modifying 

layer. These investigations are discussed later in the chapter. 

5.2.1.3 Surface electrochemical response 

The surface behaviour of the adsorbed metallophthalocyanines on a GCE has been 

described in Chapter 3. For modified electrodes constructed by dispersing these 

metallophthalocyanines in Nafion®, a linear relationship between current and 

square root of scan rate in cyclic voltammetry experiments was found, illustrated 

in Figure 5.6 for CoPcF16/Nf. The electrochemical response of this catalyst is also 

representative of the behaviour exhibited by CuPcF16/Nf and ZnPcF16/Nf. This 

behaviour suggests that these redox molecules which are physically trapped in the 

Nafion® matrix by hydrophobic forces move by diffusion within the matrix.
21

 

The effect of altering the ratio of Nafion® and metallophthalocyanine in the 

modifying film is investigated in section 5.2.3 of this chapter.  
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Figure 5.6: Current density J, of CoPcF16/Nf (4:1 vol ratio) as a function of the 

square root of the scan rate, v½ at 20°C. 

 

5.2.1.4 Proposed Reaction Pathways  

The reaction pathways proposed in Chapter 4 are applicable for these 

metallophthalocyanines embedded in Nafion®. Following the reduction of the 

metal centre (Co(II)/Co(I)), the charge on the reduced complex [Co(I)Pc
(-2)

F16/Nf] 

is compensated by cation migration from the electrolyte solution into the 

modifying layer, [Co(I)Pc
(-2)
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.
H

+
.  In aqueous media at pH 2, this charge 

migration occurs in the form of protons from the bulk solution to balance the 

negative charge associated with the reduced catalytic species at the electrode 

surface, as protons have a higher mobility than any other cations in the film. As 

Nafion® is an anionic polymer, protons are easily accepted. Also, as this 

metallophthalocyanine is immobilised (some movement is permitted, known as 

bounded motion
12

) within the anionic polymer matrix, proton migration from the 

bulk solution into the polymer framework is favoured.  
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The addition of an electron on the phthalocyanine ring [Co(I)Pc
(-3)

F16/Nf]
.
H

+
, with 

the subsuqent protonation of the complex, H
+.

H
+
[Co(I)Pc

(-3)
F16/Nf]

 
yields 

molecular hydrogen. These reaction steps are illustrated in Scheme 5.1. 

 

Scheme 5.1: Proposed ECEC pathway for the electrocatalytic generation of 

hydrogen using CoPcF16 embedded in Nafion® as the catalyst. 

However employing catalysts such as copper and zinc in a polymer matrix which 

exhibit no metal based reductions, the addition of an electron can only take place 

on the phthalocyanine ring.
18

 As the formation of a metal hydride cannot occur, 

protonation can only take place on the phthalocyanine ring.
19,20

  A suggested 

pathway is displayed in Scheme 5.2, where an ECEC route is postulated.  

  

Scheme 5.2: Proposed ECEC pathway for the electrocatalytic generation of 

hydrogen where M is Cu or Zn as the catalyst. 

Zhao et al. report an unsubstituted ZnPc embedded in Nafion® as a catalyst for 

the electrocatalytic generation of hydrogen.
21

 Two fundamental steps are required 

for the catalytic reaction to proceed; the first is the electron propagation 

(diffusion) by the reduction of Zn(II)Pc
(2-)

 to Zn(II)Pc
(3-)

 and the second is the 

[Co(II)Pc(2-)F16/Nf] 
+ e-

+ H+- H2

[Co(I)Pc(2-)F16/Nf] 

[Co(I)Pc(3-)F16/Nf] [Co(I)Pc(2-)F16/Nf].H+
+ e-

+ H+

[M(II)Pc(2-)F16/Nf] 
+ e-

+ H+
- H2

[M(II)Pc(3-)F16/Nf] 

[M(II)Pc(4-)F16/Nf] [M(II)Pc(3-)F16/Nf].H+
+ e-

+ H+
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hydrogen evolution reaction facilitated by the catalytic proton reduction by the 

reduced Zn(II)Pc
(3-)

 catalyst. The pathway proposed by Zhao is similar to the 

pathway described in Scheme 5.2, however the formation of an intermediate 

molecule occurs upon the coordination of a proton by the reduced Zn(II)Pc
(3-)

 

species. The evolution of dihydrogen occurs when two of these molecules are 

close in proximity where Zn(II)Pc
(3-)

 is oxidized back to the original Zn(II)Pc
(2-)

 

form and eliminating hydrogen in the process.
21

  

5.2.2 Conditions affecting electrocatalytic generation of 

hydrogen 

 

5.2.2.1 Applied electrolysis potential  

The results for adsorbed catalyst films discussed in Chapter 4 describe the 

importance of the applied potential used for driving the hydrogen evolution 

reaction.  In order to investigate the importance of the polymer matrix (Nafion®) 

a GCE was coated with Nafion® and used as a modified electrode for H
+
 

reduction experiments. Following an hour potentiostatic electrolysis at -1.2 V, the 

following data were collected (Table 5.3):  

 

Charge (C) 0.04 

1Current Density J (mA/cm2) 0.3 

2Current Density J (mA/cm2) 0.2 

Moles of hydrogen (mol) 1 x 10-7 

Faradaic Efficiency* % 52 

 

Table 5.3: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour at -1.2 V for Nafion® with in 0.1 M NaH2PO4/H3PO4 (pH 2). 
1
Current 

density obtained using BE data and 
2
current density obtained using the last scan 

of the CV.  
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It is evident that H
+
 reduction is accelerated in the presence of a Nafion® coating 

compared to a bare GCE, indicated by the number of moles of hydrogen 

produced.  The Faradaic efficiency was calculated using the charge passed and the 

number of moles of H2 gas chromatography. This catalytic behaviour was noted 

by Zhao et al. when Nafion® was coated onto a BPG electrode, the Faradaic 

efficiency was 52 % in pH 2 conditions also.
21

  A comparison of the amount of 

charge passed in this electrolysis experiment with one conducted for a CoPcF16/Nf 

modified electrode at -1.2 V (Table 5.4) shows that much less H2 is produced 

using the Nafion® modified electrode alone. 

When the applied potential is decreased (to more negative potentials), an increase 

in the reaction kinetics can occur, displayed in Tables 5.4- 5.5 and in Figures 5.7 

to 5.9 respectively (see Appendix D, Tables D.1-D.3 for additional TOF data). 

Figure 5.7: Effect of applied potential on turnover frequencies TOF (hr
-1

) for 

CoPcF16/Nf.  

 

The TOF (hr
-1

) values are shown in Figure 5.7 where CoPcF16/Nf is the catalyst 

employed for the modified electrode. The TOF values obtained are in agreement 

with the expected response; these values increase with decreasing applied 
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electrolysis potentials. The highest TOF obtained at -1.2 V is 4.4 x 10
5
 with a 

corresponding Faradaic efficiency of 71 %.  

Applied Potential 

(V) 

-0.8 -0.9 -1.0 -1.1 -1.2 

Charge (C) 2 x 10-3 0.03 0.05 0.12 0.19 

Moles of H2 (mol) 7.4 x 10-9 3.7 x 10-8 1 x 10-7 2.6 x 10-7 7 x 10-7 

Faradaic Efficiency 

%  

68 25 41 42 71 

1Current Density J 

(mA/cm2) 

8 x 10-3 0.1 0.2 0.5 0.8 

2Current Density J 

(mA/cm2) 

2 x 10-2 3 x 10-2 0.1 1.5 4.4 

(%) Electroactive 

CoPcF16  

3.0 6.2 9.2 8.7 10.5 

 

Table 5.4: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour for CoPcF16/Nf with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using BE data and 

2
current 

density obtained using the last scan of the CV.  

 

The current density profile observed in Figure 5.8 below follows the trend cited 

above: increased reaction kinetics at lower applied potentials. At -1.2 V, the 

highest charge and current density were obtained of 0.19 C and 1.1 mA/cm
2 

(4.4 

mA/cm
2
 by CV) respectively.  The current density obtained here using an 

electrolysis potential of -1.2 V compares with the current density obtained using 

the CoPcF16 adsorbed species revealing no further increase in current density. 

This suggests that when the catalyst is embedded in a Nafion® polymer, the 

polymer offers no real performance enhancement. This is further realised by 

comparing the moles of hydrogen produced when the catalyst is immobilised in 
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the absence of Nafion® (1.2 x 10
-6 

mols). This is, perhaps, because only the 

catalyst near the electrode is able to participate in the catalytic reaction.  Diffusion 

of the phthalocyanine complex is expected to be slow within the polymer.  The 

metallophthalocyanine which is situated in the film closest to the electrode may 

decompose in the matrix faster than if adsorbed on the surface itself. As 

percolation of charge transport is assumed a gradual process through the film, the 

remaining catalyst in the rest of the film is transported by either a hopping or 

diffusion mechanism.
13

 Blauch and Savéant report both of these percolation 

processes within polymer matrices as sluggish.
12

  

 

Figure 5.8: Average current density (mA/cm
2
) obtained by BE function of varying 

applied electrolysis potentials. The black, green and red lines represent 

CoPcF16/Nf, CuPcF16/Nf and ZnPcF16/Nf  respectively.  

The TOF (hr
-1

) values shown in Figure 5.9 represent the data for CuPcF16/Nf 

modified electrodes. When a potential of -1.2 V was applied for this electrode 

system, the TOF was found to be 2.3 x 10
5
.  Comparison of these TOF values 

displayed in Figure 5.9 with those obtained in the absence of Nafion® (Chapter 4) 

reveals that they are considerably less (3.5 x 10
6
). However as TOF values are 

calculated based on the number of moles of electroactive species in the modifying 

layer, it is difficult to directly compare the catalytic performance of these systems 

based on TOF data alone. Comparing the  number of moles of hydrogen obtained 
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(by gas chromatography) can further aid the determination of which 

metallophthalocyanine displays the optimum performance.  

Applied Potential 
(V) 

-0.8 -0.9 -1.0 -1.1 -1.2 

CuPcF16/Nf 

Charge (C) 2.9 x 10-2 4.6 x10-2 0.11 0.16 0.17 

Moles of H2 (mol) 5.7 x 10-8 6 x 10-8 7.2 x 10-8 1.6x 10-7 1.8 x 10-7 

Faradiac Efficiency 
% 

19 18 25 29 39 

1Current Density J 
(mA/cm2) 

0.1 0.2 0.4 0.6 0.7 

2Current Density J 
(mA/cm2) 

4 x 10-2 0.2 0.4 1.6 3.5 

Electroactive 
CuPcF16/Nf (%) 

2.1 2.0 1.6 2.3 3.4 

ZnPcF16/Nf 

Charge (C) 1.9 x10-3 6.5 x10-3 1.2x10-2 0.14 0.24 

Moles of H2 (mol) - - - 1.6 x 10-7 2.7 x 10-7 

Faradiac Efficiency 
% 

- - - 25 22 

1Current Density J 
(mA/cm2) 

8 x 10-3 3 x 10-2 5 x 10-2 0.6 1.0 

2Current Density J 
(mA/cm2) 

0.1 0.1 0.3 0.4 1.4 

Electroactive 
ZnPcF16/Nf (%) 

1.6 1.2 1.8 2.1 1.2 

 

Table 5.5: Average performance data obtained by CV and BE for 1 hour for 

CuPcF16/Nf and ZnPcF16/Nf at varying electrolysis potentials vs. Ag/AgCl in 0.1 
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M NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using BE data and 

2
current 

density obtained using the last scan of the CV.  

At potentials of -0.8 V to -1.0 V for ZnPcF16/Nf, electrochemical data suggested 

the formation of H2 (Appendix D, Table D.3); however, the amounts produced fell 

below the LOD and thus the performance of this catalyst at these potentials is not 

able to be fully studied with the techniques available.  At -1.1 V and -1.2 V, 

enough H2 was generated during the 1 hour electrolysis period to permit the 

calculation of TOF (hr
-1

) values. The largest TOF for ZnPcF16/Nf was calculated 

as 5.6 x 10
4
. 

 

Figure 5.9: Effect of applied potential on turnover frequencies TOF (hr
-1

) for 

CuPcF16/Nf and ZnPcF16/Nf represented by the black line and red lines 

respectively. 

For catalyst/Nafion® modified electrodes overall, the largest TOF values were 

obtained for CoPcF16/Nf, followed by CuPcF16/Nf and the lowest TOF was 

determined for ZnPcF16/Nf. The TOF values obtained for catalysts supported in 

Nafion® are considerably less than those displayed for adsorbed catalysts. 
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Nafion® is an excellent H
+
 conductor, and the concentration of H

+
 ions within the 

polymer film should be quite high, so it is postulated that the lower performance 

of metallophthalocyanine catalysts in Nafion® is a result of slow mass transport 

through the polymer film, indicated by the moles of H2 produced by these 

catalysts. 

 

5.2.2.2 Effect of Temperature 

The experimental results discussed throughout this chapter are concerned with the 

employment of these catalyst systems for electrocatalytic hydrogen generation at 

room temperature, i.e. 20°C. Therefore the effect of varying the operating 

temperature of these electrochemical cells was investigated. The temperatures 

chosen for investigation were 3°C, 20°C and 40°C, the same as in Chapter 4.   

The cyclic voltammogram in Figure 5.12 shows the effect of temperature on the 

appearance of the Co(II)/Co(I) redox couple for CoPcF16/Nf. The potential at 

which the redox couple was observed shifts very slightly as the temperature is 

increased.  The half wave potentials measured for Co(II)/Co(I) for CoPcF16/Nf at 

both 3°C and 20°C were -0.44 V and -0.43 V respectively, and -0.43 V when the 

temperature of the cell was increased to 40°C.  At 40°C, the current was observed 

to increase in the region of -0.60 V. This behaviour was observed by Baker et al. 

for the electrocatalytic reduction of O2 using CoPcF16. This behaviour is not 

observed when the temperature is maintained at 3°C and 20°C. 
22,23
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Figure 5.10: Cyclic voltammetry of CoPcF16/Nf vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 3°C (black line), 20°C (red line) and 40°C (green 

line). Scan rate = 100 mV/s. 

Figure 5.10 illustrates the effect of temperature on the H
+
 reduction reaction.  The 

onset potentials for H
+
 reduction for the Nafion®-modified electrodes appeared to 

be slightly shifted to more negative potentials compared to adsorbed films, but the 

onset potential was again observed to shift to less negative potentials with 

increasing temperature. At higher temperatures, the charge passed during the 

electrolysis experiment was observed to rise (Table 5.6 below).  The 

voltammograms at each temperature revealed a sharp rise in current at -1.2 V vs. 

Ag/AgCl, indicative of the catalytic reaction for CoPcF16/Nf. The increase in the 

catalytic currents with increasing temperatures are due to the increased reaction 

kinetics as discussed previously.
23,24

  

Comparing the magnitudes of these currents produced by CoPcF16/Nf to the 

currents obtained using the adsorbed CoPcF16 catalyst alone, the currents observed 

at 3°C are approximately the same magnitude, however the rise in temperature 

caused a larger performance enhancement for adsorbed CoPcF16 films than for 
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Nafion®-supported catalysts. The effect of temperature on electrocatalytic 

hydrogen evolution for CoPcF16/Nf species is shown in Figure 5.10. The 

accompanying experimental data for CoPcF16/Nf is displayed in Table 5.6. 

 

Temperature (°C) 3 20 40 

Charge (C)  0.09 0.19 0.42 

Moles of H2 (mol) 3 x 10-7 7 x 10-7 1.7 x 10-6 

Faradaic Efficiency % 66 71 77 

1Current Density J 

(mA/cm2) 

0.4 0.8 1.7 

2Current Density J 

(mA/cm2) 

3.2 4.5 8.0 

(%) Electroactive 

CoPcF16/Nf   

5.5 10.5 14.1 

 

Table 5.6: Average performance data obtained by CV and BE (-1.2 V vs. Ag/AgCl 

for 1 hour) for CoPcF16/Nf at varying temperatures in 0.1 M NaH2PO4/H3PO4 

(pH 2). 
1
Current density obtained using BE data and 

2
current density obtained 

using the last scan of the CV.  

 

A linear relationship was observed for the CoPcF16/Nf system for TOF (hr
-1

) and 

temperature. The highest Faradaic efficiency (77 %) for these experiments was 

found at 40
°
C. The Faradaic efficiency of the systems at 3°C and 20°C are 66 % 

and 71 % respectively. It is expected that these efficiencies are a reflection of both 

improved reaction kinetics at higher temperatures and also poorer H2 and O2-

solubility with increasing temperature (Figure 4.9).
25
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Figure 5.11: Effect of temperature on turnover frequencies TOF (hr
-1

) for 

CoPcF16/Nf (black  line), CuPcF16/Nf (red line), ZnPcF16/Nf (green line) 

respectively.  

Examination of the data obtained for CoPcF16/Nf at the various temperatures in 

Table 5.6 also reveals an increase in the performance indicators with increasing 

temperature. The current density determined at 3°C reached 0.4mA/cm
2
, almost 

two thirds as less than the current density observed at room temperature of 1.1 

mA/cm
2. 

 Likewise the current density at 20°C is more than half of that obtained at 

40°C (1.9 mA/cm
2
). Similarly, this trend was observed in the charge obtained 

after an electrolysis step where at 3°C then charge obtained was 0.09 C while at 

20°C the charge doubled to 0.19 C. This was also observed at 40°C, where the 

charge measured of 0.42 C was about twice the charge obtained at 20°C.  Thus it 

can be concluded that the charge was first order with respect to increasing 

temperature of the electrochemical cell while the current density also increases 

with increasing temperatures.  
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The performance indicators obtained for modified electrodes involving the 

adsorbed Co catalyst indicated superior catalytic performance for these films over 

Nafion®-supported films.  

 

The cyclic voltammograms in Figure 5.12 exhibits the redox couple of the Pc ring 

of CuPcF16/Nf. The half wave potentials measured for Pc
(2-)

/ Pc
(3-)

 for CuPcF16/Nf 

at 3°C and 20°C were -0.33 V and -0.32 V respectively, while this potential 

shifted anodically to -0.26 V when the temperature of the electrochemical cell was 

increased to 40°C.  At 40°C, it appeared that an increase in catalytic activity 

occured as the current started to increase in the region of the potential onset at -

0.85 V; due to improved reactions kinetics at the electrode/catalyst interface. The 

onset potentials for H
+
 reduction for the Nafion®-modified electrodes were 

signicantly shifted to less negative potentials with increasing temperature. 

 

Figure 5.12: Cyclic voltammograms of CuPcF16/Nf vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 100 mV/s where the black line is at 3°C, the red line is 

at 20°C and the green line is at 40°C. Scan rate = 100 mV/s. 
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The cyclic voltammograms for CuPcF16/Nf at the various temperatures are shown 

in Figure 5.12. The catalytic current at 40°C is more than 3 times greater than that 

of the current produced at 3°C.  The stability of this catalyst dispersed in Nafion® 

is also evident at the various temperatures. The effect of temperature on 

electrocatalytic hydrogen evolution for CuPcF16/Nf species is shown in Table 5.7. 

(see Appendix D, Tables D.4 to D.6 for additional data). 

 ZnPcF16/Nf CuPcF16/Nf 

Temperature (°C) 3 20 40 3 20 40 

Charge (C) 0.04 0.24 0.60 0.04 0.17 0.33 

Moles H2 (mol) 5.6 x 10-8 2.7 x 

10-7 

2.2 

x10-6 

7.9x 

10-8 

1.8 x 

10-7 

1.2 x 

10-6 

Faradaic 

Efficiency % 

25 24 70 39 39 74 

1Current Density  

J (mA/cm2) 

0.2 1.0 2.4 0.2 0.7 1.3 

2Current Density  

J (mA/cm2) 

0.4 1.4 3.1 1.0 3.4 4.1 

% Electroactive 0.4 1.2 0.9 2.0 3.4 2.3 

 

Table 5.7: Average performance data obtained by CV and BE  at  -1.2 V vs. 

Ag/AgCl for 1 hour for ZnPcF16/Nf and CuPcF16/Nf respectively at varying 

temperatures in 0.1 M NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using 

BE data and 
2
current density obtained using the last scan of the CV.  

 

Analysis of the gas in the headspace of the cell by gas chromatography revealed a 

TOF of 2.3 x 10
5
 at 20°C, while at 40°C a TOF value of 8. x 10

5
 was obtained. 

When the temperature of the electrochemical cell was maintained at 40°C, the 

highest Faradaic efficiency was calculated as 74 %.  
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Figure 5.13: Current densities (mA/cm
2
, obtained by bulk electrolysis) as a 

function of temperature for CoPcF16/Nf (green line), CuPcF16/Nf (red line) and 

ZnPcF16/Nf (black line). 

It is clear to see that ZnPcF16/Nf displays a similar profile to CoPcF16/Nf, Figure 

5.14 however the current densities obtained for ZnPcF16/Nf were almost half those 

obtained for CoPcF16/Nf at 3°C and 20°C. The current density for CuPcF16 at 

40°C was also lowered than expected (1.1 mA/cm
2
). As discussed in the previous 

chapter, the effect of O2 reduction (produced at the anode) and the continuous 

build up of gas bubbles on the working electrode results in a lower passage of 

current, thus the current densites obtained over an hour electrolysis step are lower 

than expected.  

The redox couple of ZnPcF16/Nf is displayed in Figure 5.14 over the range of 

temperatures. The potential at which the redox couple was observed did not 

change with varying the temperature, however it was evident that altering the 

temperature effected both the electrochemical behaviour of the redox couple and 

also the subsequent proton reduction reaction. The appearance of the Pc
(2-)

/ Pc
(3-)

 

redox couple at -0.25 V vs. Ag/AgCl changed as the temperature increased.  
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Figure 5.14: Cyclic voltammetry of ZnPcF16/Nf vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 3°C (black line), 20°C (green line) and 40°C (red 

line). Scan rate = 100 mV/s. 

 

The onset potential of H
+
 reduction at ZnPcF16/Nf at 3°C occured at -1.10 V, and, 

shifted to -0.9 V when the temperature was increased to 40°C. The shift to a more 

negative potential at 3°C is a result of slower rate of reaction due to the 

temperature, while the opposite is true at 40°C. The magnitudes of the currents 

shown in Figure 5.14 are comparable to the currents observed for the adsorbed 

species (see Appendix C, Figure C.2). The TOF/temperature profile for results 

obtained by gas chromatography are shown in Figure 5.11.  At 3°C, 20°C and 

40°C, the TOF obtained were 1.4 x 10
4
, 5.8 x 10

4
 and 3.0 x 10

5 
respectively. The 

Faradaic efficiency of each of these systems was calculated and when the 

temperature of the electrochemical cell was maintained at 40°C, the highest 

Faradaic efficiency was calculated as 70 %. 
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5.2.2.3 Effect of varying the pH and ionic strength of electrolyte 

The experimental results for each of the catalyst systems for electrocatalytic 

hydrogen generation at room temperature discussed so far with varying potential 

and temperature were carried out using 0.1 M NaH2PO4/H3PO4 buffer at pH 2. 

The effect of the catalytic performance whilst varying the pH of the phosphate 

buffer solution was investigated using these catalysts incorporated in Nafion®. 

Preparation of the phosphate solutions over a range of pH is described in Chapter 

2. Examination of the cyclic voltammograms of each of the catalysts in the 

phosphate buffer over the range of pH revealed a shift in redox potential towards 

more negative potentials of the first redox couple (Co(II)/Co(I) and Pc
(2-)

/Pc
(3-)

 for 

CoPcF16/Nf and CuPcF16/Nf/ ZnPcF16/Nf, respectively). For CoPcF16/Nf at pH 4, 

the Co(II)/Co(I) process is observed at -0.47 V vs. Ag/AgCl while it shifts to more 

negative potentials at neutral pH.  As the pH of the electrolyte solution was 

increased to more basic conditions, the Co(II)/Co(I) wave became broader and the 

anodic peak was difficult to see, Table 5.8.   

 

pH E ½ Potential (V) Epc – Epa (V) Onset Potential 

(V) 

2 -0.43 0.06 -0.98 

4 -0.47 0.07 -0.98 

7 -0.67 0.10 -1.10 

9 - - -1.47 

 

Table 5.8: Reduction potentials of CoPcF16/Nf in 0.1 M NaH2PO4 over a range of 

pH. 

The influence of pH on the potential of the Co(II)/Co(I) process should be due to 

the influence of ring protonation, which would be promoted at lower pH. Cyclic 

voltammograms for CoPcF16/Nf in phosphate buffers of various pH are shown in 

Figure 5.15.  Application of a reduction potential of -1.25 V to a modified 

electrode of CoPcF16/Nf immersed in a phosphate solution at pH 4, revealed only 

a weak cathodic current; with no detectable amount of gaseous product 
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determined. Comparing this to an experiment conducted at pH 2, the current 

density obtained was significantly less (0.1 mA/cm
2
) suggesting weak activity at 

pH 4 when an electrolysis potential of -1.2 V was applied, Table 5.9. 

pH 2 4 7 9 

Charge (C) 0.19 3 x10-2 2.2 x10-3 3.7x10-4 

1Current Density J 

(mA/cm2) 

0.8 0.1 9 x 10-3 1.5 x 10-3 

 

Table 5.9: Effect of varying the pH of electrolyte on the average performance 

indicators for CoPcF16/Nf obtained by CV and BE at -1.2 V vs. Ag/AgCl.  

The activity at -1.2 V was found to be progressively weaker with increasing pH 

for CoPcF16/Nf.  At neutral pH, a gradual increase in cathodic current was 

observed at -1.2 V with no H2 detected by gas chromatography. As before, the 

poor activity for the electrocatalytic generation of hydrogen in these experiments 

ascribed to the decrease in the concentration of protons in solution with increasing 

pH. (see Appendix D, Table D.7 and Figure D.1). 
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Figure 5.15: Typical currents observed for CoPcF16/Nf in phosphate buffer at 

various pH, vs. Ag/AgCl. Scan rate = 100 mV/s. 

Upon scanning in a further cathodic direction to -1.7 V, the current begins to 

increase grealty, 5.8 x 10
-3

 mA/cm
2
 at -1.2 V to 7.1 mA/cm

2
 at -1.7 V.  

 

Applied Potential (V) -1.2 

(pH 2) 

-1.25 

(pH 4) 

-1.7 

(pH 7) 

-1.8 

(pH 9) 

Charge (C) 0.19 0.05 0.67 1.24 

Moles of H2 (mol) 7 x 10-7 2.5 x 

10-7 

3.5 x 10-6 6.4 x 

10-6 

Faradaic Efficiency % 71 55 35 - 

1Current density J 

(mA/cm2) 

4.4 2.6 7.1 4.6 

Electroactive CoPcF16/Nf 

(%) 

10.5 3.8 2.4 0.5 

 

Table 5.10: Effect of pH of electrolyte on the average performance indicators for 

CoPcF16/Nf obtained by CV and 
1
BE (using varying applied potentials). 

 

 

In order to get some idea of the performance of the CoPcF16/Nf modified 

electrode in different pH conditions, the applied electrolysis potentials were varied 

according to the maximum currents that were obtained in CV experiments.  These 

potentials are shown in Table 5.10 and can be seen in Figure 5.15.  Although the 

H2 generation data will thus involve a combination of influences (pH and applied 

potential) it is expected that the latter factor is a greater influence here.  Thus the 

high pH data does not necessarily reflect superior performance. The amount of H2 

actually determined in these measurements is shown in Figure 5.16.  
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Figure 5.16: Moles of hydrogen gas produced as a function of pH of electrolyte 

as determined by gas chromatography respectively for CoPcF16/Nf in phosphate 

buffer. 

It is difficult to compare the activity illustrated above as the performance at each 

pH is a result of a different driving force. The catalytic reaction of proton 

reduction in acidic conditions should result in the largest amount of hydrogen 

formation, however in Figure 5.16 above, this is not the case.  In neutral and basic 

conditions, an increase in the number of moles of hydrogen is observed as a result 

of the applied potential. It is difficult to gauge the pH-catalyst performance as 

hydrogen evolution in these cases because the data would involve two influences: 

pH and applied potential. However, the Nernst equation predicts the equilibrium 

potential Eeq to change by 0.059 V per pH unit change, thus, in order for the same 

current to be produced by each of these systems operated over a range of pH, the 

applied potential Eapp was driven to negative potentials.  At pH 4, the equilibrium 

potential becomes more negative by 0.118 V, compared to the equilibrium 

potential at pH 2.   Thus the overpotentials can be calculated for at each pH unit 

change; 0.9 V at pH 4, 1.0 V at pH 7 and 1.1 V at pH 9 when all compared at a 

current of 1 x 10
-4
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The experimental data obtained using CuPcF16 and ZnPcF16 dispersed in Nafion® 

are shown in Appendix D, Figures D.2- D.5 and Tables D.8- D.11. These catalyst 

systems exhibit the same behaviour as discussed here for CoPcF16:Nf. As the 

overpotential for the catalytic reaction varies for each of the catalysts, direct 

comparisons cannot be drawn.  

The electrocatalytic activity of these metallophthalocyanines incorporated in a 

Nafion® polymer discussed so far in this chapter has been measured in 0.1 M 

NaH2PO4/H3PO4 at pH 2 (with the exception of the pH study). As observed with 

the adsorbed catalysts described in Chapter 4, it appears that the catalytic activity 

for the production of hydrogen is highly dependent upon the concentration of 

protons in the electrolyte solution. In Figure 5.17 the effect of the ionic strength of 

the buffer solution is evident as a catalytic current a smaller magnitude is 

observed when a 0.01 M NaH2PO4/H3PO4 buffer was employed.  

 

Figure 5.17: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl at 100 mV/s  where 

the grey dashed line is the modified electrode immersed in 0.1 M 
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NaH2PO4/H3PO4 (pH 2) and the black line is using 0.01 M NaH2PO4/H3PO4 (pH 

2). 

Similar to the results observed in Chapter 4, the ionic strength and resistance of a 

result of a lower ionic strength of the electrolyte plays a significant role in the 

electrocatalytic reduction of protons to hydrogen.
26

  

As these metallophthalocyanines catalysts are insoluble in water due to the 

hydrophobicity of the Pc ring,
13

 it is assumed that the catalysts are located either 

at the hydrophobic region i.e. at the fluorocarbons chains, or possibly located in 

the interfacial regions as the M(II)PcF16 molecule is neutral. This is assumed by 

Zhao et al. for an unsubstituted ZnPc embedded in Nafion® where electron 

propagation as the rate determining step was reported to occur at a faster rate 

(indicated by the Dapp) in Nafion® than in P(VP-St) due to the mobility of ZnPc in 

the Nafion® polymer framework.
21

  

The reason for this lies in the interaction of the catalyst with the polymer 

framework. Charge transport through the Nafion® is assumed faster due to 

diffusive interaction compared to a restricted interaction with P(VP-St). Charge 

compensation is another factor which influences the rate of electron transfer. 

When an electrochemical reduction occurs, an additional negative charge is 

localised on the catalyst, thus to maintain electroneutrality a cation is required to 

balance the charge within the modifying layer.  Nafion® works on the basis of 

charge exclusion, such that anionic interference is excluded from the surface 

through electrostatic repulsion with the negatively charged sulphonated groups. 

As the sulphonate anions cannot move into from the polymer matrix, charge 

compensation occurs through proton migration from the bulk solution into the 

Nafion® film. As protons are highly mobile in solution and due to the high 

concentration in pH 2 electrolyte solution, proton migration is favoured. Also 

Nafion® is an anionic polymer, protons are easily attracted to this matrix thus 

facilitating electron transfer. Hence the presence of the catalysts dispersed in a 

Nafion® polymer plays a vital role in the rate of the electrocatalytic reaction for 

hydrogen evolution.8,13,27,29 
 

No gaseous product was detected by gas chromatography, therefore the amount of 

gas present in the headspace was lower than the LOD using 0.01 M 
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NaH2PO4/H3PO4 solution. A plausible explanation for the reduced catalytic 

activity for CoPcF16 dispersed in Nafion® using the lower ionic strength buffer 

(0.01 M NaH2PO4/H3PO4) is an increase in resistance between the working and 

reference electrodes in the cell. It appears that the charge is passed more easily 

using the 0.1 M buffer, which can be attributed to a lower resistance when the 

solution of higher ionic strength is employed.  

5.2.2.4 Using chloride as an electrolyte 

The cyclic voltammogram for CoPcF16/Nf immersed in 0.1 M HCl/KCl (~pH 1) is 

displayed in Figure 5.31. Comparing the cyclic voltammogram for the modified 

electrode in this electrolyte to one obtained in a phosphate solution reveals similar 

characteristics, however there is a clear shift in the potential for the Co(II)/Co(I) 

process, Figure 5.18. 

Figure 5.18: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl in 0.1 M HCl/KCl 

(~pH 1) at 100 mV/s.  

The cyclic voltammogram for CoPcF16/Nf shows a reversible redox process at -

0.39 V vs. Ag/AgCl and is assigned as the reduction of Co(II)/Co(I)  process. The 

potential at which this processes occured shifted in an anodic direction as the pH 
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of the electrolyte solution decreased to approximately pH 1.  The cyclic 

voltammogram displayed here occured at the same potential for the adsorbed 

species in this electrolyte, however no ring based reduction was observed 

CoPcF16/Nf. 

 

Figure 5.19: Cyclic voltammogram of CoPcF16 vs. Ag/AgCl in 0.1 M HCl/KCl at 

100 mV/s.  

A large sharp cathodic current, corresponding to H
+
 reduction, was observed 

beginning near -0.94 V, which is 40 mV less negative than for the corresponding 

phosphate electrolyte experiment. Similar to experiments performed in the 

phosphate buffer, the current measured after an electrolysis experiment was 

virtually unchanged compared to the voltammogram measured before the 

experiment, further suggesting that the CoPcF16/Nf modified electrode is stable to 

the conditions employed in this experiment. A larger catalytic current (and hence 

current density) is observed using this solution; 6.5 x 10
-4

 A and 9.3 mA/cm
2
 

respectively). As discussed in Chapter 4, the larger current density indicates the 

reduction of O2 is slower when this KCl electrolyte is employed.   
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Temperature effects are shown in Table 5.11, below. Similar to the trend observed 

using the phosphate buffer, increased performance is observed with increasing 

temperature. 

 

Temperature (°C) 3 20 40 

Charge (C) 0.08 0.28 0.58 

Moles of H2 (mol) 2.6 x 10-7 1.0 x10-6 2.3 x 10-6 

Faradaic Efficieny % 63 69 77 

1Current Density (mA/cm2) 5.2 11.3 13.6 

2Current Density (mA/cm2) 0.3 1.1 2.3 

% Electroactive catalyst 7.0 6.2 8.6 

 

Table 5.11: Average performance data obtained for CoPcF16/Nf by CV and BE 

(at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M HCl/KCl with varying temperature. 

1
Current density obtained using the last scan of the CV and using 

2
bulk 

electrolysis data. 

 

The TOF values as a function of temperature are shown in Figure 5.20. TOF 

values at 0
°
C and 20

°
C reached 9.2 x 10

4
 and 3.5 x 10

5
, respectively. 

 
 The TOF 

obtained at 40
°
C was 8.1 x 10

5
. Large Faradaic efficiencies were determined for 

the catalyst with increasing temperatures. (see Appendix D, Table D.13) 
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Figure 5.20: Turnover frequencies TOF (hr
-1

) as a function of temperature for 

CoPcF16/Nf in 0.1 M HCl/KCl. 

Comparing the performance parameters in Table 5.12, it appears the better 

performance data were achieved when 0.1 M HCl/KCl electrolyte was employed. 

For instance, at 40°C, the charge and current density obtained using this 

electrolyte were 0.58 C and 13.6 mA/cm
2 

respectively, while lower values were 

determined using 0.1 M NaH2PO4/H3PO4 of 0.42 C and 8.0 mA/cm
2
 respectively.  

5.2.2.5 Varying the catalyst concentration in coating solution 

The effect of varying the concentration of the CoPcF16/Nf catalyst was 

investigated and the experimental results are displayed in Figure 5.21 and Table 

5.12. Three solutions were prepared from a 2.2 x 10
-5

 M stock CoPc/Nf solution 

of the following concentrations; 5.6 x 10
-6

 M, 1.1 x 10
-5

 M and 1.7 x 10
-5 

M.  

Kaneko et al. reported that the number of moles of H2 produced for CoPc/Nf 

modified electrodes increased with increasing catalyst concentration.
16

 For 

CoPcF16/Nf, a similar result was found. However, Kaneko et al. found that TOF 

was independent of catalyst concentration (3 mM to 10 mM). For CoPcF16 

decreasing TOF values were obtained with increasing catalyst concentration.  For 
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Kaneko’s work, it was assumed that 100% of the catalyst deposited onto the 

electrode was involved in the catalytic reaction. However, decreasing TOF values 

with increasing CoPcF16 concentration was found here (regardless of whether all 

of the catalyst or only the amount determined to be electroactive in the films is 

used).  The expected trend is one where the amount of catalyst in the film 

produces a proportional quantity of H2; however, TOF should be fairly constant, 

giving consideration to influences such as experimental error. (see Appendix D, 

Table D.14). 

Catalyst Concentration 

(x 10-5 M) 

 

0.6 

 

1.1 

 

1.7 

Charge (C)  0.12 0.14 0.17 

Moles of H2 (mol) 5.0  x 10-7 5.5 x 10-7 6.4 x 10-7 

Faradaic Efficiency % 90 89 74 

1Current Density J (mA/cm2) 0.5 0.6 0.7 

2Current Density J (mA/cm2) 1.4 0.9 1.1 

(%) Electroactive CoPcF16   2.8 2.7 2.5 

 

Table 5.12: Average performance data obtained for CoPcF16/Nf by CV and BE 

(at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying 

catalyst concentration. 
1
Current density obtained using BE data and 

2
current 

density obtained using the last scan of the CV.  

 

The current density appeared to increase slightly when the concentration of 

catalyst in solution increased, a feature which was observed for a ZnPc 

macrocycle, assumed as a result of improved intermolecular contact (higher 

electrical conductivity).
28

  For this work, solutions were prepared from a stock 2.2 

x 10
-5

 M CoPcF16 solution containing ~ 5 % w/w Nafion® by dilution in DMF.  

Thus, the solutions have differing amounts of Nafion® (from the most dilute to 

most concentrated solution, the relative quantity of Nafion® increases by a factor 
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of 3).  This may suggest that the thicknesses of the films that are produced after 

drying will depend largely on the amount of Nafion® in the casting solution 

(thicker films with increasing amounts of Nafion® in the casting solution).
29,33

  

The best catalytic behaviour should be obtained for the thinnest film, assuming 

that diffusion within the film is a limiting factor in this work.  Thus the TOF data 

shown in Figure 5.21 appear to be influenced by film thickness.   

 

Figure 5.21: Turnover frequencies as a function of catalyst solution concentration 

for CoPcF16/Nf. 

5.2.2.6 Varying the volume of catalyst deposited 

The effect of varying the concentration of the catalyst embedded in a Nafion® 

matrix discussed above prompted a study to investigate the effect of casting a 

lower volume of catalyst. The experimental results did not indicate the expected 

trend; an increase in active with increasing the volume of catalyst deposited onto 

the electrode since the catalytic activity was independent when volumes of 0.5 μL, 

1.0 μL and 1.5 μL of catalyst solution dispersed in Nafion® were cast onto the 

electrode.  
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5.2.2.7 Casting additional layers from DMF catalyst solution 

While the effect of increasing the volume of catalyst is discussed above, 

investigating the effect of altering the number of layers cast onto the electrode was 

carried out in an effort to increase the amount of electroactive catalyst present in 

the modifying layer which is available to participate in the electrocatalytic 

reaction.  The performance indicators for each catalyst when just one coat was 

drop cast onto a GCE are displayed for comparison purposes. The effect of the 

additional layer is observed in Table 5.13 which displays the electrocatalytic 

activity of CoPcF16/Nf. (see Appendix D, Table D.15). 

 

Table 5.13: Average performance data obtained for CoPcF16/Nf by CV and BE at 

-1.2 V vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying the number of 

layers of catalyst deposited on the electrode. 
1
Current density obtained using BE 

data and 
2
current density obtained using the last scan of the CV.  

 

Examination of the data displayed in Table 5.13 reveals that applying a second 

layer of catalyst onto the modifed electrode did not alter the electrocatalytic 

activity for the hydrogen evolution reaction. It is proposed that facile diffusion can 

occur when a second layer is cast. As Nafion® allows for the uptake of protons, it 

Catalyst CoPcF16/Nf 

No. of layers cast 1 2 

Charge (C)  0.19 0.18 

Moles of H2 (mol)  7 x 10-7 6 x 10-7 

Faradaic Efficiency % 71 65 

1Current Density J (mA/cm2) 0.8 0.7 

2Current Density (J) (mA/cm2) 4.4 7.2 

% Electroactive  10.5 6.5 
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is postulated that as the ratio of Nafion® increases, the uptake of protons occurs 

readily in pH 2 acidic conditions, thus contributing to the steady catalytic 

activity.7,21
 Although no experimental data is available for an electrode with 10 

layers of CoPcF16/Nf cast, it would be expected that an increase in thickness of the 

modifying layer would result in a decrease in the rate of the catalytic activity as 

mass transport of the reactant (protons) and catalyst to the electrode surface and 

product leaving the electrode surface would become sluggish.
29,30,31,32

   

 

Table 5.14: Average performance data obtained for CuPcF16/Nf and ZnPcF16/Nf 

by CV and BE at -1.2 V, vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with 

varying the number of layers of catalyst deposited on the electrode. 
1
Current 

density obtained by BE. 

 

When 2 layers of CuPcF16/Nf and ZnPcF16/Nf were cast onto a working electrode, 

the catalytic activity decreased. The charge recorded after the hour electrolysis 

was slightly less that the charge obtained when only one coat is applied to the 

working electrode for CuPcF16/Nf. However, when a second layer of ZnPcF16/Nf 

was cast, the charge accumulated after an hour is 20 % of the charge passed when 

Catalyst CuPcF16/Nf ZnPcF16/Nf 

No. of layers cast 1 2 1 2 

Charge (C)  0.17 0.17 0.24 0.05 

Moles of H2 (mol) 1.8 x 10-7 1.4 x 10-7 2.7 x 10-7 2.7 x 10-7 

Faradaic Efficiency % 39 16 22 45 

1Current Density J 
(mA/cm2) 

0.7 0.7 1.0 0.2 

% Electroactive 
MPcF16/Nf 

3.4 1.5 1.2 1.3 
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1 layer was coated. These results indicate that the rate of the electrocatalytic 

reaction decreases when an additional layer is coated.   

The TOF values obtained for each of the catalysts employed revealed a decrease 

in the values determined (See Appendix D, Table D.15). The largest TOF 

obtained is when CuPcF16/Nf was employed of 1.7 x 10
5
, however this is 3.5 

times smaller than the TOF obtained using 1 modifying layer. The lowest TOF is 

observed when ZnPcF16/Nf was used, 4.7 x 10
4
.  

As TOF values are determined by the number of electroactive moles on the 

modifying layer and this can vary with each modified electrode, it is more 

appropriate to use the current density, charge and number of moles of hydrogen 

produced to determine the electrocatalytic activity of a catalyst. As the number of 

moles of hydrogen produced when the second coat of catalyst is cast are 

marginally smaller than those compared to only one coat, it is therefore assumed 

that when a second layer of CoPcF16/Nf is cast onto a modified electrode, the 

electrocatalytic behaviour is independent of this additional layer. As the aim of 

casting an additional layer was to increase the moles of electroactive catalyst and 

hence improve the electrocatalytic activity for the generation of hydrogen, this 

was not achieved. Casting a second layer of CoPcF16/Nf resulted in the same 

catalytic activity, while a decrease in activity occurs when additional layers of 

CuPcF16/Nf and ZnPcF16/Nf are cast.  

 

 

5.2.2.8 Stability 

The stability of these catalysts is observed upon examining the cyclic 

voltammograms recorded prior to and after the potentiostatic electrolysis. Before 

an electrolysis step is performed using the modified electrode, the voltage is 

scanned in a cathodic direction to the corresponding potential at which the 

maximum catalytic current is observed. The stability of these catalysts in the 

modifying layer is indicated by a cathodic catalytic current of similar magnitude 

after the potentiostatic electrolysis. A decrease in the current produced after the 

electrolysis step would indicate instability of the catalyst in the modifying layer to 

serve as a catalyst for the electrocatalytic generation of hydrogen.5 Similar to the 
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adsorbed catalysts, as the number of moles of electroactive catalyst is relatively 

low (10.5 % electroactive for CoPcF16/Nf, 3.4 % for CuPcF16/Nf and 1.2 % for 

ZnPcF16/Nf), it is difficult to observe the redox couple in the voltammogram after 

electrolysis (See Appendix D, Figures D.6-D.9). This is also observed for the 

adsorbed catalysts in Chapter 4.  

5.2.2.9 Duration of Electrolysis  

The aim of this study was to investigate the length of time the catalyst can 

electrocatalytically generate hydrogen before the activity of the modified layer 

decreased. The modified electrodes were prepared in the same manner as for a one 

hour electrolysis experiment; however the duration of the electrolysis reaction was 

increased from 1 hour to 6 hours and to 24 hours. These experiments were 

conducted using just the CoPcF16/Nf catalyst. The performance indicators are 

reported in Table 5.15 and the corresponding TON displayed in Figure 5.22. (see 

Appendix D, Table D.16). 

 

Time (hr) 1 6 24 

Charge (C) 0.2 2.2 30.5 

Current Density J 
(mA/cm2) 

0.8 8.7 121 

(%) Electroactive 
CoPcF16   

10.5 9.2 10.6 

 

Table 5.15: Average performance data obtained for CoPcF16/Nf by CV and BE 

(at -1.2 V) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) as a function of time.  

 

The results presented in Table 5.15 indicate that as the length of time of the 

potentiostatic electrolysis increased, performance did not appear to diminish 

suggesting these modified electrodes dispersed in Nafion® were stable as 

catalysts for the electrocatalytic hydrogen evolution reaction. When the 

electrolysis was carried out over 6 hours, an increase in charge passed was 
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observed which is more than 11 times larger than the charge passed after 1 hour. 

After a 24 hour period, the charge continued to rise indicating the catalytic 

reaction can continue over long periods of time. As discussed in chapter 4, the 

current densities obtained by bulk electrolysis increase as the period of 

electrolysis increases, however the contribution of increasing O2 concentration 

over time complicates these results.  

 

Figure 5.22: Turnover Numbers (TON) as a function of time for CoPcF16 in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

The turnover figures are displayed in Figure 5.22 for CoPcF16/Nf over time. The 

turnover figures presented so far in this chapter are turnover frequencies, where 

TOF reports the number of moles produced over a given time frame, i.e. per hour. 

The turnover number TON reports the number of moles of product generated per 

mole of immobilised, electrochemically active catalyst over the duration of the 

experiment. The TON’s increased steadily over the 24 hour period, reaching 2.9 x 

10
6
. Although the Faradaic efficiency decreases with increasing periods of 

potentiostatic electrolyses (17 %), O2 reduction contribues to the large current 

densities. The stability of this catalyst is demonstrated and can work as a catalyst 

for longer electrolysis periods. These findings are very similar to those observed 
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for the adsorbed catalysts, therefore Nafion® doesn’t offer any further stability for 

longer electrolysis periods. 

5.2.2.10 Photo- electrocatalytic generation of hydrogen 

The experiments discussed so far in this chapter were all carried out in natural 

daylight. Therefore the importance of light on the electrocatalytic activity was 

investigated using modified electrodes containing CoPcF16, CuPcF16 and ZnPcF16 

embedded in Nafion®. Performing these experiments in the presence of light has 

been reported where an increase in the electrocatalytic activity was obtained when 

a modified electrode containing a zinc macrocycle was irradiated with light.
33,34,35

 

The effect of light on the catalytic actiivty can also be observed in Chapter 4 

(4.2.2.12). For these electrocatalytic experiments, the cell was placed in a dark 

cupboard and the potentiostatic electrolysis experiments in the absence of light 

were performed. The resulting experimental data are displayed in Tables 5.16 and 

5.18 for CoPcF16/Nf,  and CuPcF16/Nf and ZnPcF16/Nf respectively. (see 

Appendix D, Table D.17). 

Variable Dark Light 

Charge (C) 0.11 0.19 

Moles of H2 (mol) 4 x 10-7 7 x 10-7 

Faradaic Efficiency % 64 71 

1Current Density (mA/cm2) 0.4 0.8 

2Current Density (mA/cm2) 1.1 4.5 

% Electroactive 2.8 10.5 

 

Table 5.16: Average performance data obtained for CoPcF16/Nf by CV and BE 

(at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) in daylight 

and in darkness. 
1
Current density obtained using BE data and 

2
current density 

obtained using the last scan of the CV.  
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Examination of all the performance indicators when this metallophthalocyanine 

dispersed in Nafion® was employed as a catalyst revealed a decrease in activity 

when the potentiostatic electrolyses were conducted in the absence of light. This 

suggests that the electrocatalytic generation of hydrogen is aided when performed 

in daylight. When the reaction takes place in daylight, a current density of 4.5 

mA/cm
2
 is observed by CV, however when the electrochemical cell is placed in 

darkness, the resulting current density falls to 1.1 mA/cm
2
. Hence it appears that 

the light contributes to the rate at which the hydrogen is evolved using this 

catalyst. The current densities calculated by CV when the reactions were 

performed in the dark were lower than those determined for the adsorbed catalysts 

(described in Chapter 4). This trend was been noted by Schlettwein for the light 

induced oxygen reduction using ZnPc (in a variety of polymers, including 

Nafion®) were investigated.
33

 

 CuPcF16/Nf ZnPcF16/Nf 

Variable Dark Light Dark Light 

Charge (C) 0.12 0.17 0.05 0.24 

Moles of H2 (mol) 1.4 x 10-7 1.8 x 10-7 4.2 x 10-8 2.7 x 10-7 

Faradaic Efficiency % 24 39 16 24 

1Current Density 

(mA/cm2) 

0.5 0.7 0.2 1.0 

2Current Density 

(mA/cm2) 

0.7 3.5 0.7      1.4 

% Electroactive 2.4 3.4 1.3 1.2 

Table 5.17: Average performance data obtained for CuPcF16/Nf and ZnPcF16/Nf 

by CV and BE vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) in daylight and in 

darkness. 
1
Current density obtained using BE data and 

2
current density obtained 

using the last scan of the CV.  
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Examination of the experimental data when CuPcF16/Nf and ZnPcF16/Nf were 

employed as catalysts, the same trend determined for CoPcF16/Nf was observed 

here. For ZnPcF16/Nf, the charge passed after an hour electrolysis in darkness was 

almost 5 times less than the charge obtained when carried out in daylight.  

Comparing this to the activity when CuPcF16/Nf was used, the absense of light did 

not appear to have a significant effect on the catalytic performance. The current 

density confirmed that the absence of light appeared to cause a decrease in the 

electrocatalytic activity for both catalysts embedded in Nafion® (however these 

current densities are complicated by the presence of O2 after 1 hour 

electrolysis).
36,37

 This activity correlates to the findings reported by Kaneko and 

Hirai when ZnPc was incorporated into Nafion® and PVP.
21,38 

 

 

Figure 5.23: TOF values obtained by gas analysis after 1 hour potentiostatic 

electrolysis at -1.2 V vs. Ag/AgCl for CoPcF16/Nf, CuPcF16/Nf and ZnPcF16/Nf. 
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) values determined are displayed in Figure 5.23. The largest 

activity exhibited by CoPcF16/Nf in the darkness was indicated by a TOF value of 
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, followed by CuPcF16/Nf of 2.1 x 10
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calculated as 64 %, 54 % and 16 % for CoPcF16/Nf, CuPcF16/Nf and ZnPcF16/Nf 

respectively (see Appendix D, Table D.17). The data displayed for these catalysts 

indicated that these catalysts incorporated in Nafion® can work in both darkness 

and in daylight, with the optimum conditions being in daylight.
39,40,41 

 

5.2.3 Effect of varying the ratio of MPc to Nafion® for the 

electrocatalytic generation of hydrogen 

The purpose of employing Nafion® was to investigate the influence of a polyionic 

support on the electrocatalytic activity of the metallophthalocyanines for the 

generation of hydrogen. Nafion® alone displayed weak catalytic activity for this 

reaction. When each of the catalysts were dispersed into this polymer matrix, the 

resulting activity was found to decrease when compared to the corresponding 

adsorbed catalysts. The experimental results discussed so far are concerned with 

the employment of the catalyst in Nafion® in a volume ratio of 4: 1; a small ratio 

of polymer is employed (see Chapter 2 for description). The experimental results 

discussed in this section will examine the effect on the electrocatalytic activity 

when the ratio of polymer is increased to 1:1 and 1:4 MPc:Nf, denoted 2-MPc:Nf 

and 3-MPc/Nf respectively. The experimental data for varying ratios of  

CoPcF16/Nf and ZnPcF16/Nf are displayed in Appendix D, Tables D.18-D.20 and 

Figures D.10-D.11.  

5.2.3.1  Varying the ratio of CuPcF16:Nafion® 

Phthalocyanine complexes are expected to undergo electron transfer via a 

diffusion mechanism, rather than by a charge-hopping scheme.
42

 Analysis of the 

diffusion properties of the catalysts in Nafion® is possible through use of the 

Randles-Sevcik equation, as a plot of peak current versus square root of scan rate 

for cyclic voltammetry experiments (Figures 5.24 and 5.26) provides a means of 

investigating an apparent diffusion coefficient, Dapp, of the catalysts in the 

modified electrode films.
43

 

Because the dominant mechanism of charge transport is via diffusion, it is 

expected that the diffusion coefficient will be independent of catalyst 
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concentration.  The catalyst concentration in the film would be required in order 

to calculate Dapp.  Since values for C are not able to be determined here, the 

diffusion data may be expressed as Dapp
1/2.

C.  In this way, direct comparisons may 

be made between films cast from 2-CuPcF16:Nf and 3-CuPcF16:Nf solutions.  The 

results for these experiments are shown in Figures 5.25 to 5.27.  The slopes of the 

lines for these plots show that for 2-CuPcF16:Nf, Dapp
1/2.

C is approximately 4 

times larger.  However, the concentration of the catalyst in the 2-CuPcF16:Nf film 

is 4 times greater.  Thus, the diffusion coefficients are equivalent. Assuming a 

nominal catalyst concentration of 1 mM in the Nafion film, Dapp would be 

calculated from the Randles Sevcik equation as approximately 5 x 10
-9

 cm
2
/s.  

This value is in good agreement with Dapp figures reported by Kaneko et al. for 

CoPc in poly(4-vinylpyridine)-co-styrene using chronoamperometry 

experiments.
16

  Additional calculations are shown in Appendix D.  

Figure 5.24: Scan rate dependence of 2-CuPcF16/Nf; (1: 1 Cu: Nf ratio), vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). 
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Figure 5.25: Current density J, as a function of scan rate v, for 2-CuPcF16/Nf (1: 

1 Cu: Nf ratio) in 0.1 M NaH2PO4/H3PO4 (pH 2), vs. Ag/AgCl. 

 

Figure 5.26: Scan rate dependence of 3-CuPcF16/Nf (1: 4 Cu: Nf ratio) in 0.1 M 

NaH2PO4/H3PO4 (pH 2), vs. Ag/AgCl. 

0.12 0.16 0.20 0.24 0.28 0.32
4.0x10

-3

6.0x10
-3

8.0x10
-3

1.0x10
-2

1.2x10
-2

1.4x10
-2

C
u

rr
e
n

t 
D

e
n

s
it

y
 J

 (
m

A
/c

m
2
)

Scan rate 
1/2

2-CuPcF
16

/Nf

y = 4.00E-2x

R
2
 = 0.959

-0.5 -0.4 -0.3 -0.2 -0.1

8.0x10
-7

6.0x10
-7

4.0x10
-7

2.0x10
-7

0.0

-2.0x10
-7

-4.0x10
-7

C
u

rr
e

n
t 

I 
(A

)

Potential E (V)

 0.04 V/s

 0.06 V/s

 0.08 V/s

 0.10 V/s

 0.20 V/s



Chapter Five: Electrocatalytic Hydrogen Generation using modified Metal (II) Perfluorinated 

Phthalocyanine Electrodes dispersed in Nafion® polymer 

 

232 
 

 

Figure 5.27: Current density J, as a function of scan rate v, for 3-CuPcF16/Nf (1: 

4 Cu: Nf ratio) in 0.1 M NaH2PO4/H3PO4 (pH 2), vs. Ag/AgCl. 

The performance indicators for CuPcF16/Nf of varying ratios are displayed in 

Table 5.18. As the ratio of Nafion® to CuPcF16 increased, the charge accumulated 

after a one hour electrolysis increased also. The catalyst 3-CuPcF16/Nf resulted in 

the largest charge of 0.28 C while the lowest charge was observed of 0.19 C when 

a ratio of 4:1 Cu: Nf was used. Examination of the current densities revealed the 

highest (3.9 mA/cm
2
) was obtained when 3-CuPcF16/Nf was employed.  
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CuPcF16:Nafion® 1-
CuPcF16/Nf 

2-
CuPcF16/Nf 

3-
CuPcF16/Nf 

Charge (C)  0.17 0.27 0.28 

Mol of H2 (mol) 3.3 x 10-7 6.7 x 10-7 1.7 x 10-7 

Faradaic Efficiency % 39 48 13 

1Current Density J (mA/cm2) 0.7 1.1 1.1 

2Current Density J (mA/cm2) 3.5 3.8 3.9 

Electroactive CuPcF16/Nf (%) 3.4 2.4 3.7 

 

Table 5.18: Average performance data obtained for CuPcF16/Nf by CV and BE at 

-1.2 V vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying ratios of 

catalyst: Nafion® deposited on the electrodes. 
1
Current density obtained using BE 

data and 
2
current density obtained using the last scan of the CV.  

 

It appeared that 2-CuPcF16/Nf resulted in the largest catalytic activity for proton 

redcution. This is further indicated by the moles of H2 generated of 6.7 x 10
-7

 

mols and TOF (1.1 x 10
6
) in Figure 5.28. Comparing the performance indicators 

at this ratio with those obtained using the adsorbed catalyst CuPcF16, revealed that 

the optimum system was when this perfluorinated copper phthalocyanine (2-

CuPcF16/Nf) was dispersed in Nafion® polymer in a 1:1 ratio respectively.  
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Figure 5.28: Effect of varying the ratios of CuPcF16 and Nafion® on turnover 

frequencies TOF (hr
-1

) for catalysts 1-CuPcF16/Nf, 2-CuPcF16/Nf and 3-

CuPcF16/Nf respectively.  

Although the number of moles of H2 produced by this catalytic system was the 

largest, it is difficult to directly compare all three systems. Comparing the systems 

1-CuPcF16/Nf and 2-CuPcF16/Nf is straighforward, as the difference in these 

systems lies in the amount of catalyst in the film. However, for 3-CuPcF16/Nf, the 

film morphology is expected to change considering there is more Nafion® per 

unit volume of the solution. Therefore this modified electrode is unlike the ones 

modified with 1-CuPcF16/Nf and 2-CuPcF16/Nf.  

5.2.3.2 Varying the ratio of Catalyst:Nafion® using KCl as the electrolyte 

The effect of varying the catalyst/polymer ratio while using 0.1 M HCl/KCl as the 

electrolyte for the electrocatalytic generation of hydrogen is shown in Table 5.19. 
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MPc: Nafion® 1-
CoPcF16/Nf 

2-
CoPcF16/Nf 

3-
CoPcF16/Nf 

Charge (C) 0.28 0.23 0.24 

Moles of H2 (mol) 1.4 x 10-6 1.1 x 10-6 1.1 x 10-6 

Faradaic Efficiency % 97 93 88 

1Current Density (mA/cm2) 1.1 0.9 1.0 

2Current Density (mA/cm2) 11.3 10.5 11.9 

% Electroactive catalyst 6.2 0.8 1.1 

 

Table 5.19: Average performance data obtained for CoPcF16/Nf by CV and BE 

(at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M HCl/KCl (pH 1.8) at 20°C with 

varying ratios of catalyst: Nafion®. 
1
Current density obtained using BE data and 

2
current density obtained using the last scan of the CV.  

 

The performance values in Table 5.19 above indicates that varying the ratio of 

catalyst to Nafion® polymer did not significantly alter the electrocatalytic activity 

for the generation of hydrogen. The lowest current density (obtained by BE) and 

charge was obtained when 1-CoPcF16/Nf was employed; 0.9 mA/cm
2 

and 0.23 C 

respectively. When 2-CoPcF16/Nf was used, the largest current density was 

obtained of 1.1 mA/cm
2 

, yet the largest charge of 0.28 C was obtained when 1-

CoPcF16/Nf was used. However, the differences in these performance indicators 

are small, thus it appears that the Co catalyst can exhibit catalytic activity when a 

different electrolyte is used and with varying ratios of Nafion® polymer.  As 

discussed previously in chapter 4 (4.2.2.8), the affect of O2 reduction decreases 

when KCl/HCl is employed as a buffer. This is observed by the larger amounts of 

H2 produced; 1.4 x 10
-6

 mols compared to when the acidic phosphate buffer is 

used 7 x 10
-7

 mols respectively. 
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Figure 5.29: Turnover frequencies TOF (hr
-1

) as a function of varying ratios of 

Nafion® polymer for CoPcF16/Nf in 0.1 M HCl/KCl.  

Similar to the behaviour exhibited by the performance parameters in Table 5.20 

above, the TOF values obtained by gas chromatography are comparable. The TOF 

values determined using 1-CoPcF16/Nf  and 2-CoPcF16/Nf were 6.9 x 10
5
 and 8.7 

x 10
5
 respectively. The corresponding Faradaic efficiencies for these systems were 

calculated as 94 % and 93 % respectively. The largest TOF values determined for 

3-CoPcF16/Nf were significantly larger compared to the TOF values for the other 

ratios. The Faradaic efficiency calculated for this system was 88 %, however these 

large TOF values are attributed to the lowest percentage of electroactive catalyst 

in the polymer of the modifying layer. (see Appendix D, Table D.21). 
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5.3 Concluding Remarks 

The parameters and operating conditions which affect the activity of MPcF16 

(where M is Co, Cu or Zn dispersed in Nafion®) to electrocatalytically generate 

hydrogen from water have been investigated including temperature, applied 

potentiostatic electrolysis, pH and varying the ratio of polymer matrix to catalyst. 

The potentials at which the redox processes of the metallophthalocyanines are 

observed are shifted slightly in comparison with the adsorbed catalysts to -0.43 V, 

-0.32 V and -0.25 V vs. Ag/AgCl for CoPcF16/Nf, CuPcF16/Nf and ZnPcF16/Nf 

respectively. Similarly the onset potentials for which the catalytic currents are 

observed also experience a small shift to more negative potentials occurring at -

0.98 V, -0.90 V and -1.0 V vs. Ag/AgCl for CoPcF16/Nf, CuPcF16/Nf and 

ZnPcF16/Nf respectively.  

At least a 200 mV decrease in overpotential with respect to a bare glassy carbon 

electrode and a Nafion-coated GCE in identical conditions exists, indicating their 

promise as electrocatalysts for the hydrogen evolution reaction in aqueous 

solutions.  It was found that the best overall performance at pH 2 (phosphate 

buffer) and at 20
o
C was provided by CoPcF16/Nf (largest TOF of 4.4 x 10

5
 and 

current density (4.5 mA/cm
2
 at 20°C). Larger values were obtained when a 

solution of 0.1 M KCl/HCl was employed using 3-CoPcF16/Nf; (5.5 x 10
6
 TOF hr

-

1 
and 11.9 mA/cm

2
). 

Importantly, the TOF (hr
-1

) values obtained by gas chromatography are 

significantly less than the TOF values determined when the adsorbed catalysts are 

employed, where the highest TOF is 2.1 x 10
5
 (for CoPcF16/Nf) compared to 3.5 x 

10
6
 (for adsorbed CuPcF16 described in Chapter 4). Although the TOF values 

calculated are low, their corresponding Faradaic efficiencies are large, typically 

70 %.  

Although turnover frequency (TOF) values are an indication of hydrogen 

produced per catalyst, evaluating the catalytic activities of these 

metallophthalocyanines in Nafion® is not only based on TOF values but also 

other performance indicators, such as charge (accumulated after 1 hour 

potentiostatic electrolysis) and current density.  



Chapter Five: Electrocatalytic Hydrogen Generation using modified Metal (II) Perfluorinated 

Phthalocyanine Electrodes dispersed in Nafion® polymer 

 

238 
 

When the temperature is varied, the three catalysts each reveal a decrease in 

electrocatalytic activity at 0°C, a possible indication of a sluggish electron transfer 

which is reflected in the current densities obtained at this temperature. Increasing 

the temperature to 40°C reveals a increase in the kinetics of the reaction as 

suggested by the rise in current densities for all three catalysts.  The solubility of 

hydrogen in water with increasing temperature is taken into consideration in the 

discussion of these electrocatalytic results 

When the pH of the electrolyte solution is increased to basic conditions, the 

potential at which the redox couple and the onset potential for the electrocatalytic 

reaction is observed shifts to lower potentials. Comparing the number of moles of 

hydrogen produced is difficult as the change on pH of the electrolyte and the 

overpotential required should be taken into consideration. However the catalyst 

which acts the most efficiently at all pH, reflected by the overpotentials, charge 

and current densities is CoPcF16/Nf.  Altering the ionic strength of the electrolyte 

solution to 0.01 M results in a decrease in catalytic activity for CoPcF16/Nf, , 

however it is plausible that an increase in solution resistance gives rise to this 

performance.   

Varying the concentration of the catalysts cast into the electrode reveals the 

highest current density and moles of evolved hydrogen for CoPcF16/Nf when the 

most concentrated catalyst is applied, 1.7 x 10
-5

 M, however the largest TOF 

values are obtained when the least concentrated solution of catalyst is cast, 5.6 x 

10
-6

 M, which is due to the low number of electroactive moles in the modifying 

layer at this concentration.   

Similar to the results observed by the adsorbed catalyst, the stability of the layers 

was investigated.  After 24 hours, a plateau or a decrease in charge would be 

expected if the modifying layer deactivated or decomposed on the electrode. 

However this was not observed, indicated by the large charge and TON obtained 

after 24 hours of electrolysis, reaching 30.5 C and 2.9 x 10
6 

respectively. It is 

suggested that the presence of O2 complicates the current as the duration of 

electrolysis increases, as O2 can drift towards the cathode and contribute to the 

performance measured.   
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Lastly, the effect of the absence of light was investigated using all three catalysts 

which displayed similar behaviour. When these electrocatalytic experiments were 

performed in the dark, remarkably the activity fell for all three 

metallophthalocyanines as indicated by a decrease in the current density, charge, 

TOF and percentage electroactive in the layer. The largest difference was 

observed using ZnPcF16/Nf; the TOF obtained in the dark 25 % less than the TOF 

obtained in the daylight.  Thus, it appears that light plays a role in the 

electrocatalytic generation of hydrogen. 
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Chapter Six 

Electrocatalytic Hydrogen Generation using 

modified Metal (II) Perfluorinated Phthalocyanine 

Electrodes on Nano-porous Graphite Material 

 

 

In addition to the electrocatalytic studies conducted using GCEs modified with 

metallophthalocyanines, the use of graphitized carbon monolith material as a 

modified electrode and as a storage material has been investigated.  

An increase in electroactive catalyst performance is evident when dispersed onto 

the porous carbon material; the formation of a modified layer, close to the 

magnitude of a monolayer, is observed. Varying the ratio of catalyst dispersed in 

the carbon material reveals a current density of 2.5 mA/cm
2
 for the 

electrocatalytic reaction of hydrogen evolution when a catalytic system consisting 

of 1:4 CM:CoPcF16 is employed. Increasing the temperature of the 

electrochemical cell results in a further rise in current density to 3.7 mA/cm
2
 

using a chloride-based electrolyte by BE. 

Investigation of a carbon monolith rod modified with CoPcF16 reveals a large 

increase in current density relative to the values obtained for the same catalyst 

mixed with the carbon material and then drop-cast onto a glassy carbon 

electrode. The storage capabilities of this material are also examined.  
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6.1 Introduction 

The quest for finding alternatives to non-renewable energy sources we have come 

to depend on remains a crucial issue. Hydrogen is an attractive solution and is 

considered a green technology because its combustion produces no CO2, unlike 

other fuels.
1

 The production of hydrogen by renewable means has been 

investigated for many years now, however the task of storing hydrogen remains a 

challenge, therefore exploring new means of storing hydrogen is also quite 

important. Currently, hydrogen is stored by either compression or liquefaction of 

the gas into pressurised tanks allowing for large volumes of hydrogen to be stored. 

However the low volumetric density of hydrogen relies on the use of low 

temperatures and high pressures for storing hydrogen in such ways, resulting in 

the hydrogen storage and transportation techniques being costly and 

inconvenient.
2,3

 Thus a hydrogen economy is on the horizon, only if suitable and 

safe means of storage is developed.
4
  

Storing hydrogen by sorption methods using porous material is an alternative 

strategy to the costly methods mentioned above. Solid state storage of hydrogen 

can be desirable due to high energy efficiencies and fast adsorption/desorption 

kinetics.
5

 Nano-porous polymers have been reported as materials which are 

capable for H2 storage
6
.  Porous materials have now become the materials of 

choice due to their enhanced adsorption properties towards gaseous molecules.
7
 

Such nano-structured carbon materials can be created with high specific areas that 

make them good candidates for hydrogen storage.
8,9 ,10 ,11 ,12

 Activated carbons 

which have a nano/microporous carbon structure have also been realised as good 

gas adsorbents. The nano-pores enhance adsorption of gaseous molecules while 

the micro-pores increase the transportation of hydrogen to the bulk of the 

materials.
13

 

Such porous carbon materials have thus gained a great deal of attention in 

electrode modification. Their properties of high surface area, electronic 

conductivity and chemical inertness, make them attractive for the construction of 

modified electrodes.
14

 Electrodes modified with such carbon material have been 

previously reported in the application of electrocatalytic reactions,
15

 fuel cells,
16

 

sensors
17

 and other energy storage devices such as batteries.
18
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For the electrocatalytic reactions discussed in this chapter, hydrogen generated by 

the modified electrode consisting of a MPcF16 catalyst (where M denotes Co, Cu 

or Zn) can adsorb to the graphite nano-structure surface as previously 

reported.
19,20

 However it is important to note that the forces which govern the 

adsorption to the carbon depends the surface chemistry, adsorbate structure and 

poresizes.
14

  

6.2 Results and Discussion 
 

6.2.1 Carbon monoliths as electrode material for the enhanced 

electrocatalytic activity of CoPcF16   

6.2.1.1 Preparation of monolith material as modified electrodes 

Two methods are employed to investigate the activity of the perfluorinated cobalt 

phthalocyanine incorporated in these carbon monoliths as modified electrodes. 

The first method is described in the experimental section in Chapter 2 and is 

termed the adsorbed method, denoted MCM (modified carbon monolith).
21

 The 

carbon monolith (in the form of a rod), consisting of a smooth homogenous 

surface (Figure 6.1a), was placed in a stirring solution containing CoPcF16 (2.8 x 

10
-5

 M) for 72 hours. After this time, the rod was dried and was analysed using 

scanning electron microscopy (SEM) and UV-Vis spectroscopy. SEM images for 

this chemically treated rod were collected to study the adsorption of the catalyst 

onto the carbon monolith material. The SEM images obtained of the cross section 

of the rod using a low magnification (x 5 k) revealed a defined 3-D structure, 

Figure 6.1b, containing the catalyst. The carbon monolith skeleton exhibited 

mesopores  using a higher magnification, the pore sizes were estimated as 

approximately 5-6 nm, Figure 6.1c.  
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Figure 6.1: (a) Carbon monolith rod,(b) SEM images of carbon monolith 

fragments with CoPc16 (MCM) using low (×5 k) magnification, (c) SEM images of 

carbon monolith fragments with CoPc16 (MCM) with high (×70 k) magnification. 

The adsorption of catalyst into the nano-porous material was confirmed by 

comparing the absorbance spectra of the solution of CoPcF16 in DMF prior to 

placing the rod in the catalyst solution and after the 72 hour period of adsorption, 

(c) 

(b) 

(a) 
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Figure 6.2.  UV-visible spectroscopy shows the presence of a Q band for CoPcF16 

in DMF in the region of 675 nm which is characteristic of 

metallophthalocyanines. Following adsorption by the rod, the absence of this Q 

band confirmed that the CoPcF16 had been adsorbed on the nano-porous material. 

Visual inspection of the DMF solution confirmed this as the deep blue-green 

colour of this solution had faded to a weak, less intense colour when the rod was 

removed from the CoPcF16 solution. From the absorbance spectra, it was 

estimated that 89 % of the catalyst had been taken up by the porous rod. 

 

Figure 6.2: Absorbance spectra of CoPcF16 in DMF prior to placing the nano-

porous rod in this solution (grey line) and solution after the 72 hour period (black 

line).  

The MCM rod was cut into half, where one part of the rod was retained for 

construction of a working electrode, described in section 6.2.7. The second part of 

the rod was crushed into a fine powder and a suspension of this modified carbon 

monolith was prepared using a surfactant, DDAB, allowing for facile drop casting 

of this carbon monolith-CoPcF16 material onto a GCE. DDAB has been shown to 

be a good surfactant for immobilising analytes on the GCE.
22,23,24
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method of electrode fabrication involved  CoPcF16 being dispersed onto a carbon 

monolith-DDAB mixture in a variety of volume compositions (called 

CM/CoPcF16; 1:1 CM:CoPcF16, 1:2 CM:CoPcF16, 1:3 CM:CoPcF16 and 1:4 

CM:CoPcF16). A suspension of the bare carbon monolith material (i.e. no 

incorporation of a catalyst) denoted CM was also prepared for comparisons.  

 

6.2.2 Characterisation of CoPcF16/CM by cyclic voltammetry  

The characterisation of CoPcF16 employed for the work described in Chapters 4 

and 5 has been previously discussed. The results for experiments where the 

catalysts were incorporated into the carbon monolith material (using the 

adsorption method described above) is shown in Figure 6.3.  A shift in the redox 

potential of the metal centre reduction to lower potentials is observed relative to 

both the adsorbed CoPcF16 (Chapter 4) and when incorporated into Nafion®, 

CoPcF16/Nf (Chapter 5).  

Figure 6.3: Cyclic voltammogram of the carbon monolith powder consisting of 

adsorbed CoPcF16 (MCM) in vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2).  

Scan rate = 100 mV/s. 
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The half-wave potential for the Co(II)/Co(I) process was observed at -0.59 V vs. 

Ag/AgCl. The subsequent Pc ring reduction was not observed in this potential 

window. A cathodic shift of 160 mV and 150 mV was experienced by the catalyst 

relative to CoPcF16 and CoPcF16/Nf, respectively. When the catalyst was 

incorporated in this material by a mixture of a volume ratio 1:1 and 1:2 of CM: 

CoPcF16 respectively, a negative shift is also observed in the cyclic 

voltammogram in Figure 6.4.  For 1:1 and 1:2 CM:CoPcF16 powder materials, the 

appearance of this wave was observed to depend on the catalyst loading 

 

Figure 6.4: Cyclic voltammograms of CoPcF16 dispersed in a bare carbon 

monolith powder in a 1:1 and 1:2 CM:CoPcF16 ratio (grey and black lines) 

respectively vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. 

When the ratio of the CM:CoPcF16 catalyst increased from 1:1 to 1:2, a shift to 

more positive potentials was observed. E½ for 1:1 and 1:2 CM:CoPcF16 are -0.58 

V and -0.53 V vs. Ag/AgCl, respectively. An oxidation peak was also observed 

near -0.22V.  The absence of this process in the cyclic voltammogram obtained 

for the bare carbon monolith material (Appendix E, Figure E1) and for MCM in 

Figure 6.3 suggests that this process may be the result of a following chemical 
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reaction involving the nano-porous material following the electrochemical 

reaction of the metal centre. As the ratio of CoPcF16 increased further, this process 

grew in magnitude.   

As the quantity of CoPcF16 in the CM:CoPcF16 materials increases, the  

magnitude of the current also increases. The area under the Co(II)/Co(I) process 

can be used to calculate the number of electroactive moles, as described earlier. 

The number of moles of CoPcF16 increases from 5.7 x 10
-12

 mols to 4.0 x 10
-11

 

moles for 1:1 and 1:2 CM:CoPcF16 respectively.  

Figure 6.5: Cyclic voltammograms of CoPcF16 dispersed in a bare carbon 

monolith powder in a 1:3 and 1:4 CM:CoPcF16 ratio (black and grey lines) 

respectively vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. 

For 1:3 and 1:4 CM:CoPcF16, two reduction processes are evident; however, the 

appearance of a second reduction process changed; difficulty in assigning these 

processes is compounded by the fact that the use of spectroelectrochemistry was 

not possible using these electrode materials. As the ratio of CoPcF16 increased, a 

shift was observed in the redox potential assigned to Co(II)/ Co(I) to more 

positive potentials. Thus considering this trend and the literature, the first 
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reversible process is assigned as the 1 electron reduction of Co(II) to Co(I) at -

0.47 V while the second process at -0.53 V is postulated as the reduction of the 

phthalocyanine ring.  

6.2.2.1 Characterisation of immobilised CuPcF16/CM and ZnPcF16/CM by 

cyclic voltammetry  

The effect of incorporating these catalysts into the carbon monolith material using 

the adsorbed method described above is observed in the cyclic voltammogram in 

Figure 6.6.  The half wave potentials determined for each of these catalysts 

dispersed in the carbon material are similar to the potentials observed when they 

were embedded in the Nafion® polymer film (Chapter 5).   

 

Figure 6.6: Cyclic voltammograms of CuPcF16 and ZnPcF16 dispersed in a bare 

carbon monolith powder in a 1:1 volume ratio (grey and black lines) respectively 

vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. 

As discussed previously in Chapter 3, Zn and Cu phthalocyanines are complexes 

which do not display a metal centred reduction due to the positioning of the 

HOMO and LUMO of the metal and ring, therefore these one electron reduction 
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processes were assigned to the Pc ring.  In Figure 6.6 the half wave potentials, E½ 

are observed at -0.33 V and -0.28 V vs. Ag/AgCl for 1:1 CM:CuPcF16 and 1:1 

CM:ZnPcF16 respectively. The appearance of the irreversible process observed for 

CM:CoPcF16 (Epa = -0.22 V) was not observed for these materials.  

6.2.3 Onset Potential 

The cyclic voltammograms displayed in Figure 6.7 represent GCEs modified with 

DDAB/CM:CoPcF16 (1:1, 1:2, 1:3 and 1:4 mixtures) as well as an  adsorbed 

MCM electrode (SEM images obtained for this electrode). For comparison 

purposes, a bare DDAB/CM coated electrode (containing no catalyst) and a GCE 

coated only with 1.5 μL of 10 mM DDAB solution were employed in acidic 

phosphate (0.1 M NaH2PO4/H3PO4) electrolyte at pH 2 measured under argon. 

 

Figure 6.7: Comparison of cyclic voltammograms of a bare DDAB/CM/GCE, one 

coated with surfactant DDAB/GCE, a DDAB/MCM carbon monolith and CoPcF16 

dispersed in carbon monolith powder in a 1:1, 1:2, 1:3 and 1:4 CM:CoPcF16 

ratio respectively vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 

mV/s. 
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A typical system for H2 production is shown in Figure 6.7 where the least 

negative onset potential was noted at approximately – 0.86 V for the electrodes 

modified with CM:CoPcF16 in 1:2, 1:3 and 1:4 ratios.  In the absence of a catalyst 

(“DDAB” and “bare carbon monolith” in Figure 6.7), the onset potential was 

observed near -1.05 V.  The cathodic current at -1.2 V was found for both these 

electrodes to be less than 20% of the current for the 1:2, 1:3 and 1:4 CM:CoPcF16  

mixtures.  Clearly, the overpotential for H2 evolution is lowered by the catalyst in 

these experiments.  

Modified Electrode    Onset Potential (V) 

MCM -0.92 

1:1 CM:CoPcF16 -0.92 

1:2 CM:CoPcF16 -0.86 

1:3 CM:CoPcF16 -0.86 

1:4 CM:CoPcF16 -0.87 

DDAB -1.03 

Bare CM      -1.05 

 

Table 6.1: Onset potentials (V) at which the catalytic currents are produced vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) at 20°C for a range of modified 

electrodes of carbon monolith material. 

 

The largest current in these experiments was 5.5 x 10
-4

 A for CoPcF16 dispersed in 

the carbon monolith powder in ratios of 1:3 and 1:4 CM:CoPcF16.  Similarly, 

catalytic currents of approximately 3 x 10
-4

 A are observed with corresponding 

onset potentials of -0.92 V and -0.95 V when CM:CuPcF16 and CM:ZnPcF16 in a 

1:1 ratio are used respectively in these experiments (See appendix- Figure E2).  

The onset potential for the bare carbon material occurs at potentials more negative 

than -1.05 V vs. Ag/AgCl.  Therefore the overpotential for the production of 
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hydrogen from aqueous solutions is reduced by at least 100 mV with respect to 

the bare carbon monolith electrode in the same operating conditions. 

 

6.2.4 Electrochemical surface behaviour  

For the catalysts described in this section, the expected linear relationship between 

the peak current ip, (or current density j) and scan rate, v was observed (Figures 

6.8 and 6.9).  

Figure 6.8: Scan rate dependence (vs. Ag/AgCl) of the adsorbed CoPcF16 catalyst 

in adsorbed in MCM in 0.1 M NaH2PO4/H3PO4 (pH 2). 

The cyclic voltammograms of the CoPcF16 adsorbed into the carbon monolith are 

shown in Figure 6.8.  As the sweep rate was increased, a reversible redox process 

at -0.59 V vs. Ag/AgCl was observed.  The peak potentials for this process did not 

shift, indicating reversible behaviour. The resulting current density as a function 

of scan rate was investigated in Figure 6.9. 
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Figure 6.9: Current density as a function of scan rate when CoPcF16 is adsorbed 

in a carbon monolith powder at 20°C (taken from Figure 6.8).  

The cyclic voltammograms for 1:2 CM:CoPcF16 with increasing scan rates are 

displayed in Figure 6.9. 

 

Figure 6.10: Scan rate dependence of CM:CoPcF16 in a 1:2 ratio vs. Ag/AgCl in 

0.1 M NaH2PO4/H3PO4 (pH 2). 
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The reversible redox process at -0.53 V vs. Ag/AgCl was assigned as the 

reduction of the metal centre, Co(II) to Co(I). The peak potentials do not appear to 

vary significantly with increasing scan rates, indicating reversibility. As the 

volume ratio of CM:CoPcF16 was altered, the electrochemical surface behaviour 

remains unchanged, Figure 6.11.   

Figure 6.11: Current density J, as a function of scan rate v, for CM:CoPcF16 in a 

ratio of 1:1, 1:2, 1:3 and 1:4 respectively.   

The percentage of electroactive catalyst in the modified layer is shown to increase 

significantly with respect to the catalyst in the absence of the carbon material. As 

the surface of the modified layer is now rougher than compared to a glassy carbon 

electrode due to the nanoporous carbon material, a higher percentage of catalyst 

can become electroactive.   
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6.2.5 Parameters affecting electrocatalytic hydrogen production 

The factors and conditions which affect the catalytic activity of these 

metallophthalocyanines have been investigated and are discussed in Chapters 4 

and 5.  In this chapter using the carbon monolith material the effect of varying the 

ratio of CM:CoPcF16; the effect of increasing the temperature on the optimum 

ratio of CM:CoPcF16 and the stability of the modifying layer are examined.  

6.2.5.1 Electrocatalytic activity of MCM and effect of varying the ratio of 

CM:CoPcF16 

The electrocatalytic experiments were conducted in the same manner as described 

in Chapters 4 and 5. A larger volume (5 μL) was deposited onto the working 

electrode compared to previous chapters.  The electrolysis potential was -1.2 V vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) electrolyte at 20°C and the duration of 

the reaction was 1 hour. The moles of hydrogen and other performance indicators 

obtained for CoPcF16 when adsorbed within the carbon monolith (MCM-method 

1) and when the catalyst is dispersed in the carbon monolith powder (method 2) 

are shown in Figure 6.12 and Table 6.2, respectively. (see Appendix E, Table E1). 

 

Figure 6.12: Moles of hydrogen produced by the various modified electrodes 

consisting of CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2). 
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It is difficult to directly compare the catalytic performance of these systems based 

on TOF, however comparing the number of moles of hydrogen along with charge 

and current density can further aid the determination of which 

metallophthalocyanine displays the optimum performance for the electrocatalytic 

generation of hydrogen.  The moles of hydrogen shown in Figure 6.12 indicate 

that the catalyst system which produced the largest moles of hydrogen from water 

is when the catalyst was dispersed in a ratio of 1:4 CM:CoPcF16. This catalyst 

system (1:4 CM:CoPcF16 ) also corresponds to the highest Faradaic efficiency of 

63 %. 

Modified Electrode MCM 1:1 1:2 1:3 1:4 

Charge (C) 0.29 0.42 0.54 0.45 0.63 

Moles H2 (mol) 3.8 x10
-7

 7.2 x10
-7

 9.0 x10
-7

 7.0 x10
-7

 2.1 x10
-6

 

Faradaic Efficiency % 25 32 33 33 63 

1Current Density J  

(mA/cm2) 

1.2 1.6 2.1 1.7 2.5 

2Current Density J  

(mA/cm2) 

3.0 4.1 8.1 7.9 7.8 

(%) Electroactive 

CoPcF16  

2.5 9.0 12.5 14.6 29.2 

 

Table 6.2: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour for CoPcF16 adsorbed in carbon monolith fragments MCM, and from DDAB 

supported catalysts on carbon using ratios of CM:CoPcF16 in 0.1 M 

NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using BE data and 

2
current 

density obtained using the last scan of the CV.  
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The performance indicators shown in Table 6.2 reflect the catalytic activity of the 

catalyst MCM and immobilised DDAB/CM:CoPcF16 mixtures with increasing 

ratios of Co. Comparing all the performance indicators, the adsorbed modified 

carbon monolith MCM reveals the lowest catalytic activity as indicated by the 

charge (0.29 C) and current density (3.0 mA/cm
2
) and moles of hydrogen (3.8 x 

10
-7

 mols, see Figure 6.12) respectively. 

It is evident that the presence of the nano-porous material significantly enhanced 

the percentage of electroactive catalyst, demonstrated in Table 6.2. When CoPcF16 

was employed as a catalyst and adsorbed onto a GCE (see Chapter 4), the largest 

percentage of electroactive species was determined at 6.3 %. This is almost 5 

times less than compared to when the catalyst was embedded in the material in a 

ratio of 1:4 CM:CoPcF16. 

The catalytic activity of CuPcF16 and ZnPcF16 dispersed in the graphitized carbon 

monolith powder was also investigated where a 1:1 ratio of each component was 

mixed and drop cast onto a GCE in DDAB solution. The operating conditions 

were identical to those employed for CoPcF16, in Chapter 4. The performance 

indicators for these catalysts are displayed in Table 6.3. 
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Modified Electrode CuPcF16 ZnPcF16 

Charge (C) 0.44 0.46 

Moles H2 (mol) 8.2 x 10-7 7.2 x 10-7 

Faradaic Efficiency % 36 32 

1Current Density J (mA/cm2) 1.7 1.8 

2Current Density J (mA/cm2) 4.9 3.9 

Electroactive M(II)PcF16  (%) 4.2 7.6 

Table 6.3: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour for CuPcF16 and ZnPcF16 dispersed in carbon monolith fragments in a ratio 

of 1:1 in 0.1 M NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using BE data 

and 
2
current density obtained using the last scan of the CV.  

 

Comparing these values to those obtained using a 1:1 CM:CoPcF16, the charge 

which passed after an hour potentiostatic electrolysis was similar, 0.44 C and 0.46 

C for 1:1 CM:CuPcF16 and 1:1 CM:ZnPcF16 respectively. The current densities 

however were lower than CoPcF16, reaching 0.6 and 1.0 mA/cm
2
 for 1:1 

CM:CuPcF16 and 1:1 CM:ZnPcF16 respectively compared  to 1.3 mA/cm
2
.  

Examination of the hydrogen evolved revealed the lowest mols of hydrogen were 

obtained when 1:1 CM:CuPcF16 was employed. The highest Faradaic efficiency 

calculated for was 36 %, exhibited by 1:1 CM:CuPcF16 (See Appendix E- Table 

E2). 



Chapter Six: Electrocatalytic Hydrogen Generation using modified Metal (II) Perfluorinated 

Phthalocyanine Electrodes on Nano-porous Graphite Material 

 

261 
 

 

Figure 6.13: Moles of hydrogen for 1:1 of CM:CoPcF16, CM:CuPcF16, 

CM:ZnPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2). 

The catalytic activity of these systems can be compared to catalysts ZnPcF16 and 

CoPcF16/Nf identified previously in chapter 4 and 5 which display the best 

catalytic activity in terms of current density (obtained by BE data); 1.8 mA/cm
2
 

and 1.1 mA/cm
2
 respectively. However, O2 reduction contributes to this value, as 

discussed in Chapter 4.  It is suggested that the nano-pores in the material offer an 

increase in surface area and as a result more catalyst is present at the modified 

electrode surface and  can participate in the catalytic reaction thus leading to a the 

higher current density. 

6.2.5.2 Effect of Temperature 

The effect of increasing the temperature of the electrocatalytic cell from 20°C to 

40°C was investigated. When CoPcF16 was employed as a catalyst for the 

electrocatalytic generation of hydrogen at 40°C, an increase in charge, current 

density and TOF values were observed (previously discussed in chapter 4). 

Investigating the effect on increasing the operating temperature to 40°C was 

expected to yield a similar trend for both the adsorbed MCM and the CM:CoPcF16 

modified electrodes.  Investigating the effect of increasing the temperature was 

7.6x10
-7

7.7x10
-7

7.8x10
-7

7.9x10
-7

8.0x10
-7

8.1x10
-7

CuZnCo

M
o

le
s
 o

f 
H

2
 (

m
o

l)

1:1 CM:MPcF
16



Chapter Six: Electrocatalytic Hydrogen Generation using modified Metal (II) Perfluorinated 

Phthalocyanine Electrodes on Nano-porous Graphite Material 

 

262 
 

carried out; the sweep rate was increased and the resulting current was measured. 

The electrochemical responses of this catalyst at both 20°C and 40°C are shown in 

Figure 6.14.  

 

Figure 6.14: Current density J (mA/cm
2
) as a function of scan rate when CoPcF16 

is adsorbed in a carbon monolith powder (MCM) at 20°C represented by the 

black line and 40°C depicted by the grey line. 
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ME Ratio 1:1 1:2 1:3 1:4 

Charge (C) 0.44 0.95 0.52 0.66 

1Current Density J 

(mA/cm2) 

1.7 3.8 2.1 2.6 

Moles H2 (mols) 8.9 x 10-7 2.3 x 10-6 1.5 x 10-6 1.7x 10-6 

Faradaic Efficiency % 39 47 55 61 

Electroactive CoPcF16 (%) 7.4 26.0 14.7 24.0 

 

Table 6.4: Average performance data obtained by CV and BE vs. Ag/AgCl for 1 

hour for CoPcF16 adsorbed in carbon monolith fragments MCM, and varying 

ratios of CM:CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2) at 40°C. Current density 

obtained by 
1
BE. 

 

Examination of the data obtained for CM:CoPcF16 at varying ratios when the 

temperature was increased from 20°C to 40°C in Table 6.4 revealed an increase in 

performance indicators with this increase in temperature. The largest current 

density and moles of hydrogen were determined when 1:2 CM:CoPcF16 was 

employed, reaching 6.1 mA/cm
2
 and 2.3 x 10

-6
 mols respectively. 

The charge which passes in these experiments almost doubles from 0.54 C to 0.95 

C when a 20°C increase in temperature occurs for 1:2 CM:CoPcF16, however this 

large increase in charge was not exhibited by the other ratios of electrodes 

modified with CM:CoPcF16 (see Appendix E-Table E3). 

Two important aspects are considered to account for the enhanced activity of 

catalysts for electrocatalytic reactions when the temperature is increased. Firstly, 

the solubility of hydrogen in water at 40°C is reduced,
25

 hence there is an increase 

in concentration of hydrogen gas in the headspace of the cell.  

                   Equation 6.1 
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The next point involves the rate of the reaction. The Arrhenius equation is often 

used to investigate effect of the rate constant k when a change in temperature 

occurs. In Equation 6.1, the activation barrier, EA, can also be understood as a 

change in the internal energy to the transition state. Thus, when the temperature of 

the cell rises to 40°C, the rate constant k for the electrolysis reaction also 

increases, as indicated in the equation above.       

Modified Electrode CuPcF16 ZnPcF16 

Charge (C) 0.51 0.56 

Moles of H2 (mol)  1.1 x 10-6 1.2 x 10-6 

Faradaic Efficiency % 43 45 

1Current Density J (mA/cm2) 2.0 2.2 

2Current Density J (mA/cm2) 2.7 3.1 

Electroactive M(II)PcF16 (%) 3.4 20.5 

 

Table 6.5: Average performance data obtained for CuPcF16 and ZnPcF16 

respectively in a 1:1 mix of carbon monolith (method 2) at 40°C in 0.1 M 

NaH2PO4/H3PO4 (pH 2). 
1
Current density obtained using BE data and 

2
current 

density obtained using the last scan of the CV.  

 

The performance indicators are displayed in Table 6.5, revealing an increase in 

charge and current density as a result of increasing temperature. The large TOF 

value obtained for CuPcF16 was attributed to the smaller percentage of 

electroactive species in the modifying layer (3.4 %) in comparison to the ZnPcF16 

catalyst which exhibits over 20 % activity. The Faradaic efficiencies calculated 

for both of these catalyst systems are similarly 43 % and 45 % respectively. (See 

Appendix E, Table E4). 
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6.2.6 Electrocatalytic activity using a chloride electrolyte at 40°C  

 

As discussed in chapter 4, it is postulated that formation of oxygen at the anode 

can drift towards the modified cathode and subsequently contribute to the charge 

and current density measured. Thus, in an effort to minimise this effect, a chloride 

based electrolyte was employed. The experimental results discussed in chapter 4 

revealed an increase in the electrocatalytic activity efficiency which is expected to 

be a result of the decrease in oxygen in the cell.  In order to achieve the highest 

catalytic performance, the operating conditions which yielded high catalytic 

activity (as shown in the previous chapters) were applied an increase in 

temperature to 40°C and using 0.1 M HCl/KCl as the electrolyte. The effect of 

both these conditions were carried out using the catalysts in a 1:1 ratio 

CM:MPcF16. The performance indicators obtained under these conditions are 

shown in Table 6.6 for each of the catalyst systems investigated.  

 

 CoPcF16 CuPcF16 ZnPcF16 

Charge (C)  0.95 0.55 0.52 

Moles of H2 (mol) 4 x 10-6 1.8 x 10-6 2.1 x 10-6 

Faradaic Efficiency (%) 82 62 79 

1Current Density J (mA/cm2) 11.3 9.0 6.0 

Electroactive catalyst (%) 27.5 5.5 16.6 

 

Table 6.6: Average performance indicators for CoPcF16, CuPcF16 and ZnPcF16 in 

carbon monolith in a ratio of 1:1 mix MPc:CM at 40°C using 0.1 M HCl/KCl 

(~pH 1). 
1
Current density obtained by CV. 
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An increase in catalytic activity, as expected was observed for each of the 

catalysts employed in the carbon monolith material. In the absence of the nano-

porous material, the charge and current density of 0.55 C and 9.0 mA/cm
2
 

respectively was obtained at 40°C using the chloride based electrolyte for 

CuPcF16. These performance indicators were less than those determined using 

CoPcF16 dispersed in the graphitized carbon material which reached a charge and 

current density of 0.95 C and 11.3 mA/cm
2
 respectively, (see Appendix E, Table 

E5). 

 

Figure 6.15: Current density (obtained by BE) as a function of each catalyst 

system dispersed in the carbon monolith material in a ratio of 1:1 MPc:CM at 

40°C using 0.1 M HCl/KCl. 

An increase in the moles of H2 produced when this porous material was used, 

compared to the adsorbed catalysts in Chapter 4 was suggested to be a result of 

the decrease in oxygen produced at the anode as chloride can also undergo 

oxidation to form Cl2 when HCl/KCl was employed as an electrolyte. Water 

oxidation at the counter electrode which produces O2 appears to limit the rate of 

hydrogen production at the modified electrode. 
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6.2.7 Carbon monolith rod as a working electrode for the 

electrocatalytic generation of hydrogen using CoPcF16   

In the preparation of the modified carbon monolith material where CoPcF16 was 

adsorbed into the graphitized nano-porous material (method 1), a section of this 

modified carbon monolith rod (MCMR), was kept intact as a rod in an effort to 

construct a modified working electrode. The rod itself was used as a direct 

electrode material without the need for a GC electrode.  

The construction of the working electrode involved the attachment of the 

modified carbon monolith rod MCMR to a small piece of glass by using a non-

conductive glue (Superglue liquid, Loctite). This was done to provide extra 

support to the fragile carbon rod. The rod was covered in this glue and both ends 

of the rod were carefully cut. This was done in order to provide one side in which 

an active area was exposed and could act as a working electrode while the other 

end of the rod allowed for a connection to be made with a copper wire using a 

conducting glue (Conduct epoxy CW2400, ITW Chemtronics). The area at which 

the connection to the wire was made was re-coated with the non-conducting glue 

so the entire material could be placed in an air-tight cell for further analysis. 

Figure 6.16 shows a schematic of this carbon rod.   

 

   

Figure 6.16: (A) Carbon rod modified with CoPcF16 (MCM) attached to a piece 

of glass (1), where two cross-sections are exposed, one for a connection (2), and 

the other side (3) as the exposed area for the site of the electrocatalytic 

production of H2. (B) Image of experimental set up for the potentiostatic 

 (1) 

(2) 

(3) 

(A) (B) 
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electrolysis of the MCMR. The build up of hydrogen gas bubbles can be clearly 

seen on the rod. 

The experiment was conducted in the same manner as described for the 

electrocatalytic experiments performed throughout these experimental chapters. 

The rod was placed in one arm of the electrochemical cell and the electrolyte 

solution was filled to just enough to cover the rod. Although the geometrical 

surface area was a factor of ten less than compared to a glassy carbon electrode, 

the graphitized carbon material which consists of mesopores was expected to 

facilitate the electrocatalytic reaction.  The performance indicators are displayed 

in Table 6.7. 

 Carbon Rod (MCMR) 

Charge (C)  0.66 

Moles of H2 (mol) 1.9 x 10-6 

Faradaic Efficiency % 56 

1Current Density J (mA/cm2) 8.3 

2Current Density J (mA/cm2) 22.5 

Moles of Electroactive catalyst (mol) 2.8 x 10-12 

 

Figure 6.7: Average performance indicators of MCMR in 0.1 M NaH2PO4/H3PO4 

(pH 2) at 20°C. 
1
Current density obtained using the last scan of the CV and by 

2
bulk electrolysis.  

 

The average current density obtained over 1 hour potentiostatic electrolysis was 

8.3 mA/cm
2
. (This is based on an approximate size of the diameter 1 mm, thus the 

geometrical area of the circular carbon rod was estimated as 7.9 x 10
-3

 cm
2
). This 

current density was significantly larger than the current densities obtained when 
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the monolith was crushed and used as a powder (method 2). The number of moles 

of CoPcF16 which were electroactive was 2.8 x 10
-12

 mols; no increase in the 

number of electroactive moles was observed when the modified rod was 

employed.  

Figure 6.17: Cyclic voltammogram of MCMR vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2). The black line represents the CV before electrolysis at -

1.2 V while the grey line shows the CV after one hour potentiostatic electrolysis.  

Examination of the catalytic currents produced prior to and after the bulk 

electrolysis step indicate the stability of this new catalytic system for hydrogen 

generation, Figure 6.17.  It is believed that the lower than expected activity of the 

MCMR is due to only a small cross-section of the rod exposed. An enhanced 

catalytic activity could be attained for this rod by improving the 

design/construction of the working electrode. However part of the hydrogen may 

also remain in the rod as outlined below. 
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6.2.8 Storage properties of carbon monolith material 

Nano-porous carbon based materials have recently become the focus as storage 

material for hydrogen.6
,26,27,28,29,30 

The storage of gaseous hydrogen is regarded as 

a challenging task, as high pressures and low temperatures are normally required 

to store hydrogen.2 However, it appears that in order to avoid such extreme 

conditions, storing hydrogen in the solid form and in the adsorbed state could be a 

less energy consuming solution to this problem.  The graphitized carbon material 

(in the form of the rod) which was employed in these studies was allowed to stand 

in the electrocatalytic cell after a 1 hour electrolysis period (at -1.2 V) where 

injections of the gaseous product in the headspace of the cell were performed over 

time.  

In order to see if this material could act as a storage material for H2, an identical 

experiment was carried out simultaneously, however the graphitized carbon 

monolith rod was replaced with a modified (CoPcF16) glassy carbon electrode for 

a comparison purposes. The corresponding amounts of hydrogen obtained in the 

headspace when the rod was used as a function of the amount of time passed after 

the electrolysis are displayed in Table 6.8. 
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Table 6.8: Moles of hydrogen (mol) over a 24 hour time-frame for the modified 

rod, MCMR and modified GCE. n/d = not detected  

Although the moles of hydrogen evolved decreased as the period of time 

increased, it demonstrates that after a 24 hour period, some of this diffusive gas 

remains adsorbed when the MCMR is used. This is not observed when the GCE 

coated with a catalyst, in the absence of this nano-porous material is used. The 

 MCMR Modified GCE 

Time 
(mins) 

Moles of H2 

(mol) 

Moles of H2 

(mol) 

60 1.9 x 10-6 1.2 x 10-6 

68 1.6 x 10-6 1.1 x 10-6 

86 1.45 x 10-6 9.0 x 10-7 

108 1.3 x 10-6 7.4 x 10-7 

186 7.8 x 10-7 4.1 x 10-7 

225 7.7 x 10-7 2.7 x 10-7 

242 6.4 x 10-7 1.3 x 10-7 

335 5.0 x 10-7 8.9 x 10-8 

490 4.6 x 10-7 4.2 x 10-8 

1440 2.6 x 10-7 n/d 
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moles of hydrogen present in the cell cannot be determined by gas 

chromatography (below LOD) following a 24 hour period left to stand, thus the 

nano-porous graphite carbon monolith material can act as a storage material.1a
 It 

has been shown that hydrogen adsorption onto porous sorbents at atmospheric 

pressure is a function of surface area.6 Thus it is postulated that developing a 

porous carbon material with a higher surface area may lead to an increase in 

hydrogen adsorption. 
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6.3 Concluding Remarks 

Graphitized carbon monolith material was used as an alternative way for the 

modification of carbon electrodes. In this chapter the conditions identified from 

the previous experimental chapters were applied. 

Dispersing the metallophthalocyanines into a graphitized carbon monolith 

material by adsorption, and by crushing the rod into a fine powder which was cast 

onto an electrode in a solution containing a volume ratio of catalyst was shown to 

increase the number of moles which are electroactive, which was assumed to be a 

result of an increase in surface area due to the nano-pores. As a result of the 

increase in electroactive material, the TOF (hr
-1

) values were lower than the 

values obtained in the absence of the meso-porous material.  

Increasing the ratio of catalyst to carbon monolith (CoPcF16:CM), the highest 

productivity was identified at 1:4 CM:CoPcF16. An increase in temperature to 

40°C resulted in only a slightly enhanced activity for this catalyst system, 

however when the phosphate electrolyte was replaced with a chloride electrolyte, 

a considerable increase in current density and Faradaic efficiency was observed 

(11.3 mA/cm
2
 and 82 % respectively) at 40°C. Although the reason for this 

enhanced activity is not fully understood at this time, it is assumed to be due to 

sacrificial oxidation of the chloride electrolyte in lieu of water oxidation at the 

counter electrode, lowering the amount of O2 reduction that would otherwise 

occur at the cathode. 

Rather than evaluating the catalytic activity by the TOF values, comparing the 

moles of hydrogen was a better way of assessing the activity. Comparing the 

moles generated by the adsorbed catalysts (Chapter 4) to those obtained when the 

catalysts were embedded in this nano-porous material (1.2 x 10
-6 

mol), a larger 

number of moles of H2 was produced (2.1 x 10
-6

 mol) when in the catalyst was 

dispersed in this material in a 1:4 CM:CoPcF16 volume ratio. No significant 

enhancement was observed when 1:1 CM:CuPcF16 and CM:ZnPcF16 catalysts 

were used. Employment of the chloride based electrolyte at 40°C revealed a larger 

activity; 2.5 x 10
-6

 moles of H2 for adsorbed CoPcF16 catalyst (Chapter 4) 

compared to the catalyst dispersed in the nano-porous carbon material of 4 x 10
-6
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moles. These results indicate that at higher temperatures, the carbon monolith 

material can enhance the activity of the CoPcF16 catalyst for the electrocatalytic 

generation of hydrogen.  

Construction of a working electrode using the carbon rod fragment yielded no 

significant enhanced activity. It is plausible that this smaller than expected activity 

was due to the physical construction of the electrode; only a cross section was 

exposed at which the catalytic reaction could take place.  

The H2 storage capabilities of this material were also investigated. Analysis of the 

gas in the headspace over a 24 hour period revealed that after this time, a 

percentage of hydrogen gas had remained in the nano-porous rod, which is not 

observed by catalysts systems in the absence of this nano-porous material. 

Therefore carbon monolith material can act as a storage material through 

adsorption interactions for this gas. 
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7.1 Concluding remarks and future work 

Characterisation of the metallophthalocyanines employed as catalysts has been 

carried out using UV-Vis spectroscopy and cyclic voltammetry (Chapter 3). 

Under both solution-phase and surface confined conditions, a single reversible 

metal centred reduction is observed for CoPcF16 at potentials more negative than 

those for catalysts CuPcF16 and ZnPcF16. The addition of an electron takes place 

on the Pc ring for these two catalysts. Future work with these 

metallophthalocyanines includes spectroelectrochemistry (to further identify the 

locations of the reductions).  

Chapters 3 to 6 describe the catalytic activity of the metallophthalocyanines for 

electrocatalytic generation of hydrogen as adsorbed species, embedded in a 

polymer framework (Nafion®) and dispersed in a nano-porous material 

respectively. The electrochemical behaviour of CoPcF16 adsorbed on a glassy 

carbon electrode in aqueous acidic conditions reveals a sharp cathodic current at 

negative potentials (-1.2 V) indicative of proton reduction. It is suggested that 

proton reduction can occur following the reduction of the protonated reduced 

species [Co(I)Pc(-3)
.
H

+
]H

+
 to yield molecular hydrogen. Electrodes modified with 

CuPcF16 and ZnPcF16 are expected to follow in the same pathway with the first 

reduction occurring on the Pc ring.  

The catalytic activity exhibited by these metallophthalocyanines was evaluated by 

a number of performance indicators; TOF (hr
-1

), moles of hydrogen produced and 

current density and applied electrolysis potential. While all 3 displayed catalytic 

activity for proton reduction in acidic (pH 2) conditions, the catalyst which 

performed the best when adsorbed on a glassy carbon electrode was ZnPcF16 as it 

required 100 mV less of an overpotential to generate the same amount of 

hydrogen (1.2 x 10
-6 

mol at -1.1 V mol) compared to CoPcF16 (1.2 x 10
-6 

mol at -

1.2 V). The stability of the catalysts in a variety of conditions such as electrolysis 

time (1 hour to 24 hours), electrolyte and temperature were indicated in Chapters 

4 and 5. The appearance of a catalytic current of similar or larger magnitude was 

observed.  
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When these catalysts were incorporated in Nafion® in a volume ratio of 4:1 

MPc:Nafion®, the catalytic activity, in terms of TOF and current density was 

shown to decrease. This behaviour was unexpected as Nafion® contains a region 

of high proton concentration, thus facile proton reduction was anticipated.  TOF 

values obtained for these catalysts were an order of magnitude lower than those 

observed for the adsorbed catalyst, in the absence of a 3-D framework. The use of 

nano-porous carbon monolith material in Chapter 6 was investigated in addition to 

the electrocatalytic studies presented in Chapters 4 and 5. The increased surface 

area allowed for a larger percentage of electroactive species at the electrode 

surface. When this material was crushed into a powder and (prepared in a cationic 

surfactant) dispersed with MPcF16 in a volume ratio of 1:4 CM:CoPcF16, the 

catalytic activity was evaluated by the number of moles of hydrogen produced and 

current density. Although the percentage of electroactive species increased, the 

TOF, moles and current density did not significantly rise in comparison with the 

adsorbed catalysts/ catalysts in Nafion®. The hydrogen storage properties of these 

nano-porous materials were shown as the gas remained in the electrocatalytic cell 

containing the modified electrode when allowed to stand over a 24 hour period (as 

analysed by gas chromatography).  

The percentage of catalyst which was electroactive in the layer for these catalysts 

is low, which is considered a result of possible aggregation of the 

metallophthalocyanines in the modified layer. This would impede the ability of 

the catalyst to form conductive films. As a low percentage of active catalyst (1 %) 

was observed for CuPcF16 compared to a larger percentage (6 % for CoPcF16), this 

led to difficulty in directly comparing the modified electrodes; hence a 

comparison of moles of hydrogen formed was more useful.  Due to this small 

percentage of active catalyst adsorbed on GCE’s as modified electrodes, the use of 

nano-porous carbon material yielded an increase in electroactive catalyst. 

Improvements in measuring the active catalyst could be considered for future 

work, such as a different approach to film formation.  

It is evident from the studies carried out in this thesis that there are many variables 

which influence the catalytic activity of these metallophthalocyanines for the 

electrocatalytic generation of hydrogen, thus it was difficult to control so many of 

these parameters. The biggest parameter which affects the generation of hydrogen 
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evolution is O2 production at the anode. When this is produced at the counter 

electrode, the gas can drift towards the cathode and contributes to the charge and 

current measured at this electrode, thus TOF values obtained by electrochemistry 

are not solely due to proton reduction. Hence, analysis of the headspace gas 

(determination of TOF) is crucial to evaluate the catalyst’s performance. Future 

work would include the development of the cell design. The use of a separator or 

a two compartment cell would be useful; one which would physically stop the O2 

gas from drifting towards the cathode but allowing for the passage of current in 

the circuit. The use of a chloride based electrolyte in Chapters 4 and 5 resulted in 

an increase in catalytic activity, current density and moles of hydrogen produced. 

It is suggested that the reduction of chloride to chlorine at the electrode is more 

favourable than water oxidation. Future work may involve investigating 

alternative electrolyte solutions for these systems.  

The formation of H2 gas bubbles on the surface of the electrode can hinder the rate 

of which charge is passed through the system. Thus, developing a technique 

which offsets the bubbles at the electrode surface is important. This may be done 

by stirring or tapping the cell in order to encourage the bubbles to escape from the 

surface. However, stirring over a period of time would also lead to an increase in 

O2 gas, which would also experience the force from stirring with a magnet; 

therefore the two cell compartment would be essential here. Another possible 

solution to this would be to employ a rotating disk working electrode in an effort 

to mitigate the problem of bubble formation at the surface for long periods of 

time.  

It is important to note that the TOF (hr
-1

) for H2 produced by these systems is a 

lower limit as hydrogen is also soluble in the aqueous solution (1.6 x 10
-3

 g/L at 

20°C) in which the catalytic reaction is carried out in. Future work would include 

an investigation of the determination of soluble H2 in the cell, which would 

indicate a more accurate Faradaic efficiency for these systems. Also, the 

calculation TOF of H2 assumes the cell pressure is at 1 atm. Although the moles 

of hydrogen produced (and subsequent pressure) are small (~ x 10
-6

 mols, ~700 

Pa) it would be useful to quantify the pressure correctly by using a pressure metre.  
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The purpose of employing Nafion® as a polymer was to investigate whether the 

polymeric framework would lead to an enhanced catalytic activity. The results 

obtained in chapter 5 revealed a decrease in activity, relative to the neat adsorbed 

catalysts. Investigating other polymers, such as PVP (reported by Kaneko) or co-

polymers such as PVP: PMMA to create a 3-D modified electrode would be 

advantageous as CoPcF16 has shown to work as an efficient catalyst for hydrogen 

production, therefore using the polymers in with these catalysts would be 

expected to yield an enhanced activity. Using nano-porous material, as shown in 

Chapter 6 led to an increase in electroactive species at the electrode surface. 

However, this does not result in an increase in catalytic activity, indicated by TOF 

and current density. Future work may include investigating other material for 

these studies, such as the use of a carbon cloth.  

Finally, the significance of light on the electrocatalytic activity has been shown in 

Chapters 4 and 5. Although the significance was not realised until the late stages 

of this project, the effect of light plays a crucial role, thus future work would see 

further investigations being carried out, including the angle of electrode with 

respect to the light source, the time of day in which the electrocatalytic 

experiments are conducted, and the photochemical properties of the catalysts.  
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a  b  s  t  r  a  c  t

The  electrocatalytic  properties  of transition  metal  complexes  with  respect  to the  formation  of H2 and  the
reduction  of  CO2 are  discussed.  The  compounds  are  immobilized  on  electrode  surfaces  and  the  efficiency
of  the  modified  electrodes  is  considered  as  a  function  of  the nature  of  the  metal  complex,  the  electrolytes
used,  the  potential  applied  and  the  method  used  to immobilize  the  compounds  on  the  electrode  surfaces.
Where  available,  turnover  numbers  are  reported.  For  CO2 reduction  systems  the  nature  of the  products
eywords:
ydrogen
O2

lectrocatalysis
odified electrodes

obtained  is also  considered.
© 2012 Elsevier B.V. All rights reserved.
ransition metal complexes

. Introduction

The rapid expansion of human populations and its energy

emands seriously tax our ability to live in a sustainable manner.

t has been suggested that the world’s largest energy source, oil,
ay  be exhausted by the middle of the 21st century [1,2]. Our
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010-8545/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ccr.2012.05.002
dependence on fossil fuels for energy sources has created a second,
far-reaching problem, which is climate change. In a recent review
by Roy et al. the environmental impact of expected turn-of-the-
century CO2 levels was  discussed, with a 6 ◦C increase in global
temperature being predicted by that time with serious, accompa-
nying environmental consequences, including greatly diminished
arable lands and the disappearance of the polar ice cap [3].  It is

alarming that trends in both population growth and fossil fuel
energy consumption continue, seemingly unabated. There is, there-
fore, an urgent need for the development of novel approaches
for obtaining energy, which should be carbon-neutral and will
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herefore not exacerbate atmospheric CO2 levels. At the same time,
ew energy technologies should be efficient and cheap enough to
eplace present fossil fuel-based energy sources. Wind and solar
nergy are possible solutions. Wind energy is, at present, a well-
eveloped science, but problems exist concerning locations of wind
urbines and the irregular strength of winds, which leads to a
ariable energy output. Solar energy is widely considered to be
ne of the most promising avenues for energy in future times,
ecause of the virtually unlimited amount of solar energy that

s available. In the last number of years considerable improve-
ents have been made in the efficiency and price for both classical

ilicon-based photovoltaic cells and the more recently developed
rätzel cell [4] while the artificial photosynthesis approach has
lso been discussed [5]. However, solar energy, like wind, is an
ntermittent energy source, and both of these technologies may
roduce excess electricity that must be stored. Batteries can only
tore a small fraction of the energy by weight or volume that liq-
id hydrocarbon fuels can, and other means of storing electricity
e.g. supercapacitors) are not yet developed to the point that they
an be considered for large-scale use [6].  This fact, coupled with
n already well-established fossil fuel-based energy infrastructure
akes displacing fossil fuels as a primary energy source for the
orld a daunting task. A study of global energy consumption for

010 conducted by BP revealed that at present, renewable energy
ources (solar, wind, tidal, hydro and geothermal energy) consti-
ute only 1% of the world’s energy consumption; oil and gas remain
he leading non-renewable sources of energy, accounting for 37%
nd 23% of global energy usage figures, respectively [7].

Against this background to fully develop the potential of renew-
ble energy sources, novel technologies where energy is stored as
uels or chemical feed stocks need to be developed [8].  One of the

ost studied options in this area is the development of photocat-
lytic methods for the generation of solar fuels. These methods are
ased on photoinduced inter- or intramolecular electron transfer
rocesses [9].  Areas studied include light-driven hydrogen genera-
ion [10] and the transformation of CO2 into fuels or chemical feed
tocks [11]. So far these studies have been carried out in solution
nd require sacrificial agents. The presence of sacrificial agents cre-
tes side reactions such as decomposition of the photocatalysts or
purious results by their interaction with solvents [12]. The pres-
nce of these sacrificial agents does not allow for the development
f environmentally friendly and sustainable energy sources. The
mmobilization of such photocatalysts on active surfaces promises
o be the way forward, since sacrificial agents are not needed in this
ase. For the same reasons the immobilization of electrocatalysts
s an attractive way of storing energy as fuels and research in this
rea has been carried out for many years.

The electrocatalytic formation of hydrogen and the transforma-
ion of CO2 into useful chemical products are of great interest in
his endeavor. If renewable energy sources are used to generate
uels from cheap and widely available materials, this goal might be
ccomplished. Because of the sheer scale that would be involved
n supplying the world’s billions with energy, water has often been
onsidered as a possible starting material for the synthesis of H2. It
s present in large quantities on the earth’s surface and hydrogen
roduced from aqueous solutions can be combusted to produce
nergy, yielding no carbon footprint. Even though the processes by
hich hydrogen is obtained from water are endergonic, when cou-
led with renewable energies, they would yield net energy gains.
ydrogen is an ideal fuel in this regard, but currently, its gener-
tion is mostly carried out using fossil fuels. Hydrogen has a low
ensity, and thus its storage and transportation is not only incon-

enient but also requires high pressures (at an extra energy cost);
owever, on-board generation for immediate use in vehicles could
elp to partly alleviate this drawback. For the generation of hydro-
en, water electrolysis is a well-established process but it requires
 Reviews 256 (2012) 2571– 2600

expensive electrode materials and this transformation is carried
out at high temperatures, reducing energy gains [13]. Therefore
a more environmentally friendly H2 production method based on
abundant metals and at ambient temperatures is of interest [14].

CO2 is another widely available material that might be consid-
ered for energy storage purposes. Because it is the by-product of
most industrial operations and because of the problems that are
associated with its build-up in the atmosphere CO2 would have
a zero-to-negative cost figure, and thus would be a very cheap
starting material. Importantly, CO2 may  be hydrogenated to form a
range of products – including liquid hydrocarbons – that might be
used in tandem with existing energy-delivery infrastructure [15].

Electrochemical energy storage routes have been explored as
early as 1800, with the first report of water electrolysis by Nichol-
son and the first battery by Volta appearing in the same year
[16]. Starting from the 1980s there has been an interest in devel-
oping electrocatalytic methods for hydrogen production and the
transformation of CO2 into useful chemicals. Studies of electro-
chemical H2 evolution and CO2 reduction are well-known, and
are typically carried out with the use of catalysts. The reduction
of acidic solutions on platinized platinum surfaces, which is the
basis for the standard hydrogen electrode (SHE) (aH2 = aH+ = 1;
T = 25 ◦C), and is considered as the standard redox potential for pro-
ton reduction to molecular hydrogen. The reduction of H+ on other
surfaces and using different conditions requires a greater energy
investment, observed experimentally in the form of an overpo-
tential. Because of the costs associated with platinum, obtaining
hydrogen in this manner on a large scale is not feasible. There-
fore much time has been devoted toward the discovery of more
abundant and cheaper materials for electrochemical H+ reduc-
tion at minimal overpotentials, concerning electrode materials that
span metal surfaces, alloys, semiconductors (photoelectrocatal-
ysis), molecular catalysts dissolved in electrolyte solutions, and
surfaces that incorporate immobilized catalyst centers (chemically
modified electrodes, CMEs), to name a few. This review concerns
CMEs that consist of coordination complexes in surface-confined
arrangements for electrochemical H2 evolution and CO2 reduction.
Coordination complexes are advantageous for this work in that
they provide reactive catalyst centers whose electronics may  be
influenced by the nature of the coordination sphere. These sys-
tems are sometimes active at lower overpotentials than metallic
catalysts, and may  present “open” coordination sites for catalytic
transformations in the form of easily substituted ligands [17].

When electrocatalysts are introduced as insoluble films on elec-
trode surfaces, several important advantages over solution-phase
experiments may  be realized. First, a high effective concentration
of the catalyst exists in the zone of the electrochemical reaction.
This factor may  create the possibility for cooperative effects (e.g.
delivery of multiple redox equivalents to substrates due to the
close proximity of catalyst centers to each other). Furthermore,
because the electrode is coated with a thin layer of the catalyst,
the approach uses minimal quantities of catalyst materials. Impor-
tantly, removal of the electrocatalyst following the reaction is facile,
bypassing product-catalyst separation steps.

A variety of techniques have been published which concern
the immobilization of catalysts onto electrode surfaces [18].
Two techniques that are frequently encountered in the literature
are drop-casting of catalyst solutions and the use of chemical/
electrochemical reactions that generate new covalent bonds
between the electrocatalyst and the electrode surface. For example,
glassy carbon electrode surfaces may  be derivatized with chelating
ligands such as phenanthrolines through the reduction of aryl dia-

zonium salts, followed by coordination of catalyst centers to these
units to produce catalytically active monolayers [19]. Simple drop-
casting of catalyst solutions may  be used for the creation of modi-
fied electrode surfaces via a less labor-intensive route (spin-casting
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nd dip-casting techniques are related alternatives) [20]. Provided
he complex is not appreciably soluble in the electrolysis solvent
in the catalytically active oxidation states), this method is a
onvenient route to the creation of modified electrode surfaces.

A popular method for the immobilization of electrocatalysts on
lectrodes is dispersing them in polymer matrices. In certain cases,
lectroactive polymers may  be used, which facilitate the regenera-
ion of the active forms of the electrocatalysts [21]. Other supports
ike carbon nanotubes may  serve similar purposes, while exposing

 high reaction surface area [22]. Commercially available polymers
ike Nafion® and poly(4-vinyl)pyridine (PVP) enable drop-casting
f catalyst–polymer mixtures onto electrodes. These polymers may
eadily permit passage of both H+ ions and solvent. At the same
ime, trapped catalyst molecules can undergo electron transfer
ith the electrode either through slow diffusion or charge-hopping

echanisms, depending on the interactions of the electrocatalyst
ith the polymer support [23,24]. Such layers have been used for

he design of electrochemical and glucose sensors [25].
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Another strategy for the incorporation of catalyst centers
in polymeric matrices is to utilize ligands which may  undergo
in situ electrochemical polymerization [26]. A disadvantage of this
approach is the extra time and effort that must be invested in the
chemical reactions that accompany the attachment of polymer-
izable groups to catalysts, but this need not be a major concern,
since polymerizable ligands like 4-vinylpyridine are commercially
available. One of the main advantages of this approach is that
processibility issues which often accompany high molar mass
materials are not a major concern, since the insoluble polymer is
produced at the electrode surface. Examples may be found in the
literature where metal complexes have been co-polymerized with
molecules like bithiophene; however, use of polymerizable catalyst
complexes ensures the incorporation of a high quantity of catalyst
centers into the polymer coating [27–29].
The use of vinyl-substituted ligands to obtain polymer-
supported complexes yields metallopolymers that have saturated
organic backbones, and in these materials, catalyst regeneration
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s accomplished by an outer-sphere electron-hopping mechanism.
uperior electron transport is possible in systems that involve con-
ugated organic backbones (conjugated metallopolymers). These

aterials have been targeted for use in electrocatalysis since their
iscovery in the mid  1990s, because their fast electron transport
roperties will greatly enhance the regeneration of electrocata-

yst centers during catalytic oxidation/reduction cycles [30]. For
hese materials, a fast superexchange mechanism operates, which
rovides electron transfer at rates up to two orders of magnitude
reater than those reported for comparable vinylpyridine-based
etallopolymers [31]. The direct coordination of metal centers to

he conjugated �-system of the polymer backbone in a conjugated
etallopolymer also yields materials which possess interesting

ombinations of redox and spectral properties. Unfortunately, pre-
ynthesized ligands that yield conjugated metallopolymers are not
et generally available from commercial vendors, and thus inves-
igative work with these materials requires additional synthetic
ffort. Still, the attachment of groups that enable in situ oxidative or
eductive electropolymerization (e.g. thiophenes, pyrroles) may  be
chieved through well-established carbon–carbon bond formation
eactions in reasonably good yields [32].

A major drawback of CO2 electrocatalytic approaches is that
O2 is only sparingly soluble in aqueous solutions, necessitat-

ng the use of low temperatures to enhance gas solubility and
ong CO2 bubbling times. For experiments involving gaseous sub-
tances, improved performance can be achieved through the use
f gas-diffusion electrodes. In a gas-diffusion electrode, CO2 is
ntroduced directly into the catalyst layer for conversion. The
lectrodes provide a high surface area for the electrochemical
eaction in the form of a highly gas-permeable, porous environ-
ent upon which catalysts may  be supported. A three-component

lectrode/gas/electrolyte interface is produced, which permits gen-
ration of much higher currents in electrochemical reactions than
n planar electrodes and generally better overall performance.

This review gives an overview of the work carried out over the
ast 30 years using electrode surfaces modified with a range of coor-
ination complexes mostly based on first row transition metals. The
rst section deals with a discussion of methods developed for the
lectrocatalytic generation of hydrogen, while in the second part
he electrocatalytic transformation of CO2 is discussed. The struc-
ures of the electrocatalysts employed in these studies are shown
n Fig. 1. Note that compounds M-1–M-38 are hydrogen produc-
ng catalysts while the compounds M-39–M-84  are used for CO2
eduction. Where compounds are used in both processes they are
ntroduced first in the hydrogen section and listed in the first set

f compounds as outlined above. The experimental conditions as
ell as the current efficiency of the methods utilized for hydro-

en generation are listed in Table 1. The data reported for CO2
ransformation are shown in Table 2.
inued ).

2. Electrocatalytic systems for hydrogen generation

When hydrogen is used as an energy source, it generates no
emissions other than water. The emergence of an environmentally
friendly hydrogen economy has been advocated for some time.
However, at present most hydrogen is produced from fossil fuels,
a method that is clearly neither sustainable, nor environmentally
sound. A smaller amount (about 4%) is obtained from the electroly-
sis of water. Although attractive in principle, the direct electrolysis
of water has several drawbacks. This process mainly uses platinum
working electrode surfaces, and to enhance the efficiency of the
process, high pressures and high temperatures (up to 850 ◦C) are
frequently used. Since heat losses are considerable, overall effi-
ciency is normally in the 50–70% range. Therefore, there is an
urgent need for the development of cheap and low-temperature
production methods for hydrogen. The challenge for today’s sci-
entists is to develop sustainable techniques to produce hydrogen
economically. Because the use of Pt catalysts for meeting global
energy (hydrogen) needs is not a realistic idea, molecular cata-
lysts using first row transition metals have been investigated for
their potential in electrocatalytic hydrogen generation reactions.
Against this backdrop, the first part of this review discusses electro-
catalytic hydrogen production methods at ambient temperatures,
using electrodes modified with mostly first row transition metal
complexes. In Section 2.1 below a brief discussion of some impor-
tant issues, such as charge transport, immobilization techniques
and the importance of the matrix associated with modified elec-
trodes will be discussed first, using phthalocyanine based materials
as electrocatalysts.

2.1. Metal phthalocyanine-modified electrodes

Metallophthalocyanines (MPc’s) have attracted much attention
over the years, as they have found applications in many different
areas, ranging from commercial uses as dyes in the paper and
textile industry [33], environmental and chemical sensors used
for the detection of heavy metals [34,35] and in pharmacology,
for use as therapeutic agents [36]. The properties of MPc’s include
a rich redox chemistry that is associated with an 18�-electron
ring arrangement. They offer chemical and thermal stabilities,
varied coordination properties, absorbance in the visible spectrum
and highly efficient intermolecular electron transfer processes
[37]. These properties are attractive for their use as catalysts for
hydrogen evolution. A considerable amount of research has shown
that in solution, MPc’s can catalyze photoinduced proton reduc-

tion reactions to generate molecular hydrogen in the presence of
sacrificial donors [38,39]. Although such studies are worthwhile,
the need for sacrificial donors (which, as the name suggests, are
consumed during the reaction process) will not directly lead to a
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Table 1
Comparison of reported experimental details and hydrogen generation TON’s for the electrocatalysts discussed.

Electrode Potential (V) vs. Ag/AgCl Solvent system TON Ref.

[Co-1] P(VP-St)a/BPGb −0.9c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 2 × 105 h−1 [50]
[Co-2] P(VP-St)a/BPGb −0.9c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 5 × 104 h−1 [50]
[Co-3] P(VP-St)a/BPGb −0.9c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 ∼1.2 × 103 h−1 [50]
[Cu-1]  Nfd/GCEe −1.22f pH 2.7, 7.3, 10.4, 0.1 M aq. NaH2PO4

g [55]
[Cu-4]  GCEe −0.84f pH 9.2, 0.1 M aq. NaH2PO4

g [59]
[Co-4]  GCEe −1.04f pH 9.2, 0.1 M aq. NaH2PO4

g [59]
[Zn-1]  P(VP-St)a/BPGb −0.9c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 2.92 × 104 h−1 [47]
[Zn-1] Nfd/BPGb −0.9c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 4.33 × 104 h−1 [47]
[Co-5] GCEe/epcc,h −0.98f pH 2.4, 0.1 M aq. NaH2PO4/H3PO4

g [57]
[Co-5] GCEe/dco g pH 2.4, 0.1 M aq. NaH2PO4/H3PO4

g [57]
[Co-5]  GCEe/scp g pH 2.4, 0.1 M aq. NaH2PO4/H3PO4

g [57]
[Ti-6a]  Nfd/GCEe g pH 3.4, 5.6, 10, 0.1 M aq. NaH2PO4

g [61]
[Co-7]  Nfd/ITOi −0.45f pH 1.4, 0.1 M aq. NaCl/NaH2PO4/H3PO4 20.1j [39]
[Co-7] Nfd/ITOi −0.50f pH 2.2, 0.1 M aq. NaCl/NaH2PO4/H3PO4 39.9j [39]
[Co-7]  Nfd/ITOi −0.54f pH 4.0, 0.1 M aq. NaCl/NaH2PO4/H3PO4 31.5j [39]
[Co-7] Nfd/ITOi −0.58f pH 7.2, 0.1 M aq. NaCl/NaH2PO4 6.18j [39]
[Co-7]  Nfd/ITOi −0.60f pH 10.3, 0.1 M aq. NaCl/NaH2PO4 34.2j [39]
[Co-8] Nfd/Pt −0.3c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 2.3 × 102 h−1 [67]
[Co-8]  Nfd/BPGb −0.7c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 70 h−1 [67]
[Mn-8] Nfd/Pt −0.8c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4

g [66]
[Fe-8]  Nfd/Pt −0.8c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4

g [66]
[M-8]  Nfd/BPGb −0.8c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 5 × 102 h−1 [66]
[Zn-8]  PVPk/Pt −0.4l pH 4.4, 0.1 M aq. NaH2PO4/H3PO4

g [68a]
[Zn-8]  Nfd/Pt −0.25c pH 1.01, 0.1 M aq. NaH2PO4/H3PO4

g [68b]
[Fe-8] Gold  disk −1.56f DMF, 0.1 M Et4NClO4

g [63a]
[Rh-8]  Gold disk −1.56c,f DMSO, 0.1 M Et4NClO4, 20 mM CF3CO2H g [68b]
[Fe-36] Pt  −0.8c pH 1.35, 0.05 M aq. KCl 67 h−1 [87]
[Co-9]  Nfd/BPGb −1.1c pH 2.9, DMA:H2O, 1 mM NaClO4 13.9 h−1 [76]
[Co-9]  Nfd/BPGb −1.45c pH 7.0, DMA:H2O, 1 mM NaClO4 20.7 h−1 [76]
[Co-12] Nfd/GCEe −0.61f 0–20 mM HClO4, 0.1 M TBAP/ACN g [82]
[Co-13]  Nfd/GCEe g g g [82]
[Ni-12] Nfd/GCEe −0.76f 0–20 mM HClO4, 0.1 M TBAP/DMF g [82]
[Ni-13]  Nfd/GCEe −0.46f 0–20 mM HClO4, 0.1 M TBAP/DMF g [82]
[Co-14,15] GCEe −0.51f 0.1 M [nBu4N][ClO4], CH3CN, TsOH·H2O g [83]
[Co-14,15]  GCEe −0.16f 0.1 M [nBu4N][ClO4], CH3CN, TsOH·H2O [83]
[Co-16] g g g g [83]
[Co-34,35] GCEe −1.0c pH 2–7, 0.1 M aq. NaH2PO4/Na2HPO4

g [86]
[Co-17]  GCEe −0.55c 0.1 M Bu4NClO4 ACN, TsOH·H2O g [84]
[Co-17–26]  ITOi g 0.1 M Bu4NClO4, TsOH·H2O, ACN g [84]
[Co-27]  Graphite rodn −0.78n 50 mM p-CN(C6H4)NH3(BF)4, 0.1 M Bu4NClO4 ACN 40/(3 h) [85]
[Co-28]  Graphite rodn g g g [85]
[Co-29]  Graphite rodn −0.82m 50 mM p-CN(C6H4)NH3(BF)4, 0.1 M Bu4NClO4 ACN 20/(3 h) [85]
[Co-30]  Graphite rodn −0.92m 50 mM p-CN(C6H4)NH3(BF)4, 0.1 M Bu4NClO4 ACN 50/(3 h) [85]
[Ni-31] Graphite rodn −1.54m 50 mM Et3NHCl, 0.1 M Bu4NClO4 ACN 7/(3 h) [85]
[Ni-32]  Graphite rodn −1.1m 50 mM p-CN(C6H4)NH3(BF)4, 0.1 M Bu4NClO4 ACN 20/(3 h) [85]
[Ni-33] Graphite rodn −0.95m 50 mM p-CN(C6H4)NH3(BF)4, 0.1 M Bu4NClO4 ACN 4/(3 h) [85]
[37]  BPGb −0.8c pH 1.5, 0.1 M aq. NaH2PO4/H3PO4 5.1 × 10−2 h−1 [88]
[37]  BPGb −0.8c pH 1.5, 0.1 M aq. NaCl/HCl 2.1 × 10−3 h−1 [88]
[38]  BPGb −0.6c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 1.8 × 102 h−1 [89]
[Pt-10]  Nfd/ITOi −0.6c pH 1.0, 0.1 M aq. NaH2PO4/H3PO4 6.0 × 103 h−1 [80]
[Pt-10]  ITOi/Nfd −0.95c pH 5.9, 0.1 M aq. NaH2PO4/H3PO4 238.3 h−1 [81]
[Pt-11]  ITOi/Nfd −0.95c pH 5.9, 0.1 M aq. NaH2PO4/H3PO4 55.2 h−1 [81]

a P(VP-St) = poly(4-vinylpyridine-co-styrene).
b Basal pyrolytic graphite.
c Potentiostatic electrolysis
d Nafion® .
e Glassy carbon electrode.
f Calculated from published data vs. SCE.
g Not given.
h Electropolymerization technique.
i Indium titanium oxide.
j Calculated by subtracting the amount of hydrogen evolved on an ITO/Nf® electrode to the amount evolved on ITO/Nf®/CoPc, no indication of length of time TON has been

calculated for.
k Poly(4-vinylpyridine).
l Potential at which photocurrent is observed.

m Calculated from published data vs. Ferrocene Fc+/Fc0.
n Graphite rod electrode.
o Dip cast.
p Spin coat.
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Table 2
Comparison of reported experimental details and hydrogen generation TON’s for the electrocatalysts discussed.

Comp. no. Electrode/Ea Potential (V)
vs. Ag/AgClb

Solvent system Major CO2 reduction products (% efficiency) Selectivity vs. H2
c TONd (time, where

indicated)
Ref.

[Co-1] BPG −1.06 0.1 M aqueous phosphate buffer (pH 2.3) CO (29.6%) 0.42 6.01 × 104 (2 h) [20]
[Co-1]  PVP/BPG −1.06 0.1 M aqueous phosphate buffer (pH 2.3) CO (49.5%) 0.98 1.31 × 106 (2 h) [20]
[Co-1]  BPG −1.16 0.1 M aqueous phosphate buffer (pH 4.4) CO (50.7%) 2.29 1.27 × 104 (2 h) [20]
[Co-1]  PVP/BPG −1.16 0.1 M aqueous phosphate buffer (pH 4.4) CO (71.6%) 3.41 2.94 × 105 (2 h) [20]
[Co-1]  BPG −1.26 0.1 M aqueous phosphate buffer (pH 6.8) CO (55.3%) 2.28 3.07 × 104 (2 h) [20]
[Co-1]  PVP/BPG −1.26 0.1 M aqueous phosphate buffer (pH 6.8) CO (77.2%) 4.65 3.66 × 105 (2 h) [20]
[Co-1]  Carbon cloth −1.11 0.05 M aqueous citrate buffer pH 5 CO 52%f 1.5 3.7 × 105 [103]
[Co-2]  BPG −1.20 0.1 M aqueous phosphate buffer (pH 9.3) 9.5 6.0 × 104 (1 h) [102]
[Co-2]  BPG −1.15 0.1 M aqueous phosphate buffer (pH 4.4) 5.5 [102]
[Co-2]  PVP/BPG −1.15 0.1 M aqueous phosphate buffer (pH 4.4) 0.75 [102]
[Co-39]  BPG −1.30 Aqueous buffer pH 4.4 4.20 1.1 × 106 (1 h) [101]
[Co-39]  PVP/BPG −1.30 Aqueous buffer pH 4.4 0.49 1 × 105 (1 h) [101]
[Co-1]  Graphite −1.16 to −1.36 0.1 M KHCO3 HCOO− (60%); CH3OH (5% at pH 3) [104]
[Cu-40]  Graphite −1.80 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (1%); CH4 (17.5%); HCOOCH3 (37.5%)g [106]
[Cu-40]  Graphite −2.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (1%); CH4 (27%); HCOOCH3 (35%)g [106]
[Lu-(1)2] Graphite −1.20 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (12.5%); HCOOCH3 (36%)g [106]
[Lu-(1)2] Graphite −2.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (9%); CH4 (1%); HCOOCH3 (47.5%)g [106]
[Dy-(1)2] Graphite −2.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (9%); CH4 (1.4%); HCOOCH3 (47.5%)g [106]
[Lu-(1)] Graphite −2.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (9%); CH4 (4%); HCOOCH3 (42.5%)g [106]
[Lu-(42)2] Graphite −2.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (5%); CH4 (2%); HCOOCH3 (27.5%)g [106]
[Cu-41]  Graphite −1.60 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (2.5%); CH4 (0.3%); HCOOCH3 (40%)g [106]
[Cu-41] Graphite −2.10 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (7%); CH4 (0.3%); HCOOCH3 (35%)g [106]
Poly[Cu-41]  Graphite −1.10 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (4%); HCOOCH3 (55%)g [106]
Poly[Cu-41]  Graphite −1.50 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (59%); CH4 (1.5%); HCOOCH3 (27.5%)g [106]
Poly[Cu-41]  Graphite −2.00 0.1% KHCO3, 0.1 M Bu4NBF4/MeOH CO (31%); CH4 (3%); HCOOCH3 (22.5%)g [106]
[Co-1]  PTFE GDE −1.46 Na2SO4 in aqueous H2SO4 (pH 2) CO 100%h 7.1 [107]
[Mn-1]  PTFE GDE −1.96 Na2SO4 in aqueous H2SO4 (pH 2) HCOOH 26%; [107]
[Cu-1]  PTFE GDE Not indicated Na2SO4 in aqueous H2SO4 (pH 2) HCOOH 13–38% [107]
[Zn-1]  PTFE GDE Not indicated Na2SO4 in aqueous H2SO4 (pH 2) HCOOH 5% [107]
[Co-1]  GDE/ACF −1.41 0.5 M aqueous KHCO3 CO (72%) [108]
[Cu-1]  GDE/ACF −1.36 0.5 M aqueous KHCO3 CO (66%) [108]
[Co-40]  GDE/ACF −1.36 0.5 M aqueous KHCO3 CO (39%) [108]
[Cu-40]  GDE/ACF −1.36 0.5 M aqueous KHCO3 CO (35%) [108]
[Co-43]  GDE/ACF −1.35 0.5 M aqueous KHCO3 CO (70%) [108]
[Cu-40]  GDE/AC Not indicated 0.5 M aqueous KHCO3 CO (82%) [108]
[Co-43]  GDE/AC Not indicated 0.5 M aqueous KHCO3 CO (79%) [108]
[Co-1]  GDE −2.14 0.5 M aqueous KHCO3 (pH 7.6) CO (95%) [110]
[Ni-1]  GDE −2.14 0.5 M aqueous KHCO3 (pH 7.6) CO (93%) [110]
[Sn-1]  GDE −2.24 0.5 M aqueous KHCO3 (pH 7.6) CO (5%); HCOOH (70%) [110]
[In-1]  GDE −2.64 0.5 M aqueous KHCO3 (pH 7.6) CO (10%); HCOOH (25%) [110]
[Pb-1]  GDE −2.28 0.5 M aqueous KHCO3 (pH 7.6) CO (5%); HCOOH (65%) [110]
[Cu-1]  GDE −2.24 0.5 M aqueous KHCO3 (pH 7.6) CO (15%); CH4 (30%) [110]
[Ga-1] GDE −3.24  0.5 M aqueous KHCO3 (pH 7.6) CO (5%); CH4 (40%) [110]
[Ti-1]  GDE −2.64 0.5 M aqueous KHCO3 (pH 7.6) CO (20%); CH4 (30%) [110]
[Pd-1]  GDE −2.14 0.5 M aqueous KHCO3 (pH 7.6) CO (80%) [110]
[Fe-1]  GDE −1.84 0.5 M aqueous KHCO3 (pH 7.6) CO (50%) [110]
[Zn-1]  GDE −2.54 0.5 M aqueous KHCO3 (pH 7.6) CO (15%) [110]
[Al-1]  GDE −2.44 0.5 M aqueous KHCO3 (pH 7.6) CO (5%); HCOOH (15%) [110]
Poly-[Co-45]  GC −1.00 Aqueous HCOOH 7.9 × 104 (4 h) [112]
[Co-1]  GC −1.26 0.1 M aqueous phosphate buffer (pH 6.3) CO (31%) [113]
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Table 2 (Continued)

Comp. no. Electrode/Ea Potential (V)
vs. Ag/AgClb

Solvent system Major CO2 reduction products (% efficiency) Selectivity vs. H2
c TONd (time, where

indicated)
Ref.

[Co-46] GC −1.26 0.1 M aqueous phosphate buffer (pH 6.3) CO (25%) [113]
[Co-8] GC −1.26 0.1 M aqueous phosphate buffer (pH 6.3) CO (47%) [113]
[Co-43]  GC −1.26 0.1 M aqueous phosphate buffer (pH 6.3) CO (39%) [113]
[Co-48] GC −1.26  0.1 M aqueous phosphate buffer (pH 6.3) CO (38%) [113]
[Co-49]  GC −1.26 0.1 M aqueous phosphate buffer (pH 6.3) CO (33%) [113]
[Co-8] GC/4-NHCO-py- −1.06 Aqueous phosphate buffer (pH 6) CO 92% 1.1 × 107 [115]
[Co-8] GC/4-NH2-py −1.16 Aqueous phosphate buffer (pH 6.86) CO > 50% 1 × 105 (4 h)j [118]
[Co-8] GC/4-NH2-py −1.06 Aqueous phosphate buffer (pH 6.3) CO 59% [119]
[Co-8] GC/4-NH2-C2H4-py −1.26 Aqueous phosphate buffer (pH 6.3) CO 63% [119]
[Co-8]  GC/im −1.06 Aqueous phosphate buffer (pH 6.3) CO 53% [119]
[Co-8] GDE −0.96e 0.5 M aqueous KHCO3 CO (97.3/75%); HCOOH (0.1/1.0%)i [120]
[Ni-8]  GDE Not indicated 0.5 M aqueous KHCO3 CO (12.0/0.9%); HCOOH (6.1/0%)i [120]
[Fe-8] GDE −1.01e 0.5 M aqueous KHCO3 CO (80.9/42%); HCOOH (3.7/0%)i [120]
[Zn-8] GDE  −1.24e 0.5 M aqueous KHCO3 CO (62.4/27.5%); HCOOH (3.4/0.7%)i [120]
[Cu-8] GDE −1.34e 0.5 M aqueous KHCO3 CO (27.1/8.9%); HCOOH (22.0/10.4%)i [120]
[Mg-8]  GDE Not indicated 0.5 M aqueous KHCO3 CO (0/0%); HCOOH (1.6/0%)i [120]
[Mn-8] GDE Not indicated 0.5 M aqueous KHCO3 CO (0/0%); HCOOH (0.8/0%)i [120]
[8] GDE  Not indicated 0.5 M aqueous KHCO3 CO (0/0%); HCOOH (3.2/0%)i [120]
[Co-9] BPG/Nf −1.06 Phosphate bufffer (pH ∼ 7) HCOOH (51.4%) 4 11 [122]
Poly-[Co-52]  GC −1.10 0.1 M NaClO4 HCHO (39%) 1.1 × 104 [124]
Poly-[Fe-52]  GC −1.08 0.1 M NaClO4 HCHO (27%) 1.5 × 104 [124]
Poly-[Cr-52] GC  −1.10 0.1 M NaClO4 HCHO (87%) 6.1 × 103 [124]
Poly-[Rh-54] Carbon  felt −1.26 5% H2O/CH3CN/0.1 M Bu4NClO4 CO (5%); HCOO− (22%) [127]
[Re-56] BPG/Nf  −1.26 Phosphate bufffer (pH ∼ 7) CO (16.5%); HCOOH (48.0%) 1.65 CO: 34; HCOOH: 98

(4.3 h)
[128]

[Re-57]  BPG/Nf −1.56 Phosphate bufffer (pH ∼ 7) CO (trace); HCOOH (14.5%) 0.22 401 (3.2 h) [128]
Poly-[Re-58] Pt  or GC −1.51 CH3CN/Bu4NPF6 CO (92.3%) 516 (1.3 h) [129]
RuO2 Pt/Nf, TiO2 NT −0.76 0.5 M NaHCO3 CH3OH (60.5%) [132]
RuO2 Pt/Nf, TiO2 NP −0.76 0.5 M NaHCO3 CH3OH (40.2%) [132]
Poly-[Re-60] Pt  −1.51 CH3CN/0.1 M Bu4NClO4 CO (50%); CO3

2− (50%) [134]
Poly[Re-61]  Pt −1.51 CH3CN/0.1 M Bu4NClO4 CO (46%); CO3

2− (54%) [134]
Poly[Re-62]  Pt −1.51 CH3CN/0.1 M Bu4NClO4 CO (50%); CO3

2− (50%) [134]
[Ru-65]  Carbon felt −1.21 5% H2O/CH3CN/0.1 M Bu4NClO4 CO (100%) [136]
[Ru-65] Carbon  felt −1.21 0.1 M LiClO4 CO (97%) [136]
[Ru-69]  Carbon felt −1.25 5% H2O/CH3CN/0.1 M Bu4NClO4 CO (90%) [136]
[Ru-69]  Carbon felt −1.31 0.1 M LiClO4 CO (80%) [136]
[Ru-65]  Pt or VC −1.17 Phosphate buffer + 0.1 M Na2SO4 (pH 9) CO (94%); HCOO− (5%) [137]
[Ru-68] Pt  or VC −1.17 Phosphate buffer + 0.1 M Na2SO4 (pH 12) CO (8%); HCOO− (90%) [137]
ppy-[Ru-69]  Pt or VC −1.17 Phosphate buffer + 0.1 M Na2SO4 (pH 12) CO (90%); HCOO− (10%) [137]
ppy-[Ru-71]  Pt or VC −0.75 0.1 M NaHCO3 + 0.5 M K2SO4 HCOO− (99%) [137]
[Os-65] Carbon  felt −1.18 0.1 M LiClO4 CO (60%); HCOO− (10%) [138]
[Fe-83]  Pt|PAn|PB dual film −0.76 0.5 M KCl (pH 3) Lactic acid (87.5%) [147]
[Co-84]  Pt|PAn|PB dual film −0.56 0.5 M KCl (pH 2) Lactic acid (1.8%); C2H5OH (1.2%) [148]

a BPG: basal plane pyrolitic graphite; PVP: polyvinylpyridine; GC: glassy carbon; PTFE: polytetrafluoroethylene; GDE: gas-diffusion electrode; ACF: activated carbon fiber; AC: activated carbon; Nf: Nafion®; PAn: polyaniline;
PB:  Prussian Blue; NT: nanotubes; NP: nanoparticles; VC: vitreous carbon.

b Electrolysis potentials. All potentials quoted relative to Ag/AgCl (sat’d KCl).
c Moles of reduced CO2 products divided by moles of H2.
d Time of electrolysis indicated in brackets, where provided by reference.
e Galvanostatic experiment.
f Calculated from the % efficiency figure for all gaseous products and selectivity figure, assuming only CO and H2 are produced.
g Efficiencies were reported as ranges of values. Efficiencies indicated in table are average values.
h Total current efficiency reported was greater than 100%.
i Data for 20 atm CO2/1 atm CO2.
j Overall turnover number.
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ustainable hydrogen production technology. As outlined above
hese modified electrodes do not need sacrificial donors, since the
atalytically active states are regenerated by electron transfer at the
lectrode–film interface. In this area of research, MPc’s have been
nvestigated for many years employing different metal centers and
arious substituents on the Pc ring. The electronic/steric nature of
he substituents can affect the redox chemistry of the Pc ring, which
an influence the electrocatalytic activities of complexes involv-
ng these structures. Electron-withdrawing substituents tend to
acilitate reduction of the complex (shift the reduction potential
f MPc’s to more positive values) while electron-donating groups
enerally lower the ease of their reduction [40]. The catalytic
ctivity of these MPc’s has been ascribed to the relative energy of
he metal as metal d orbital energies may  be positioned between
he HOMO and the LUMO of the Pc ring [37,41–46].  This suggests
he presence of possibly two different types of redox behavior. It is
ndeed observed in that while the first oxidation and first reduction
rocesses occur at the central metal ion for MPc’s where M denotes
n,  Fe and Co [46], Chebotareva reported that for MPc’s containing
i, Zn and Cu as the central metal ion, no redox processes take place
t the inactive metal center [46]. Therefore, there is much interest
n the modification of MPc’s which considers the effects of various
ubstituents and central metal ions on their electrochemical prop-
rties, as will be discussed in the present section and electrodes
ased on the materials will be used to introduce some important
spects of modified electrodes in general. The performance char-
cteristics for all compounds discussed in this section are given
n Table 1, including details on the electrolysis potentials applied
nd reaction conditions utilized for electrochemical hydrogen
volution, as well as TON (turnover number), when available.

Many different approaches have been used to prepare modi-
ed electrodes and many different immobilization techniques have
een utilized in these studies. Importantly the catalytic perfor-
ance figures will depend on the mode of immobilization, since

lectron transfer between the electrocatalysts and the substrate,
nd between the electrode and the electrocatalyst, will be depen-
ent on the matrix used.

A number of studies have appeared concerning catalytically
ctive systems that are incorporated in polymer matrices such
s Nafion® (an anionic polymer) or cationic polymers like poly-
inylpyridine co-styrene P(VP-St) [47]. Nafion® is a super-acid,

 thermally stable and chemically inert polymer consisting of
ydrophilic sulphonate groups and strongly hydrophobic fluo-
ocarbons. Nafion® thus consists of distinct hydrophobic and
ydrophilic regions [48]. P(VP-St) is a cationic polymer at low pH
pH < 2.5), is stable, and has hydrophobic properties. The presence
f pyridine groups affords the possibility of axial coordination of
he catalysts so transition metal complexes incorporated in this
olymer are bound by stronger interactions than those found in a
afion® matrix. Consequently, electron transfer is a slower process

n this polymer [20]. It is thus expected that the electrochemical and
lectrocatalytic properties of MPc’s may  be affected by this binding.

The current efficiency of the electrocatalytic materials when
mmobilized in polymer layers on electrode surfaces will be dic-
ated by electron transfer between the substrate and the underlying
lectrode surface and is mediated by the catalytic centers. There
re three mechanisms by which electron transport in the poly-
er  layer may  be controlled. Depending on the experimental

onditions and the nature of the polymer matrix used, the rate-
etermining step may  be dictated by: (1) polymer movement
in cases where the catalytic centers are strongly bound to the
olymer chain) or diffusion of the catalysts within the polymer

when interactions are not strong); (2) diffusion of the substrate
nd/or counter ions, or; (3) electron hopping [49]. Diffusion of
he electrocatalysts in these polymer matrices is proposed to be
aster than electron hopping and, therefore, is the most likely
 Reviews 256 (2012) 2571– 2600 2585

mechanism for the electrocatalytic processes [47,50,51].  This is
due to the weak interaction of the polymer matrix and the com-
plex. This type of electron transport mechanism is observed for
Co(III)TPP/Co(II)TPP (TPP = tetraphenylporphyrin) incorporated in
P(VP-St) and Nafion® [51] and also for MV2+/MV+ in Nafion®

(MV2+ = methyl viologen) [52]. Electron hopping is expected to be
dominant for [Ru(bpy)3]3+/[Ru(bpy)3]2+ in Nafion® [53].

When reduction occurs within a polymer film, the charge on the
reduced complex will be compensated. This may  happen by one of
two pathways: (1) by cation migration from the electrolyte solution
into the polymer film or (2) by anion migration from the polymer
matrix to the solution. This charge compensation also influences
electron transport rate. In Nafion® the sulphonate anions are immo-
bilized in the polymer and so charge migration takes place from the
bulk electrolyte into the Nafion® film. In aqueous media, charge
migration in the form of protons from the bulk solution balances
the negative charge associated with the reduced catalytic species
at the electrode surface, as protons have a higher mobility than any
other cations in the film. Charge compensation in P(VP-St) occurs
via proton migration from the bulk solution into the layer, a pro-
cess that is more likely than the migration of bulky anions such
as H2PO4

− from the polymer layer to the bulk solution. However,
positively charged ions may  be prevented from moving into the
polymer matrix by the protonated pyridines of the P(VP-St) matrix,
resulting in a lower electron transfer rate [47].

Charge-transfer through a polymer film can be described by the
apparent diffusion coefficient, Dapp, assuming semi-infinite diffu-
sion behavior, as defined by Cottrell’s equation [54],

j =
nFC

(
Dapp

)1/2

(�t)1/2

where j is the current density (A cm−2), n is the electron sto-
ichiometry, F is Faraday’s constant (96,485 C mol−1), C is the
catalyst concentration (mol cm−3), and t is time (s). Dapp values
were obtained following a potential step from 0 V to −0.6 V vs.
Ag/AgCl for an electrode modified with [Zn-1] embedded in a
P(VP-St) matrix, denoted [Zn-1]/P(VP-St) and [Zn-1] incorporated
in a Nafion® matrix, denoted [Zn-1]/Nafion® adsorbed on a BPG
(basal plane pyrolytic graphite electrode). The Dapp values cal-
culated were almost independent of the concentration of MPc
complex in the matrix, at low catalyst concentrations (<20 mM)
[47]. Reported Dapp values for [Zn-1]/Nafion® (∼1.9 × 10−8 cm2 s−1)
were almost four times higher than those observed for [Zn-
1]/P(VP-St) (∼5.5 × 10−9 cm2 s−1) due to the interaction of the
redox complex with the polymer matrix and counterion migra-
tion. This behavior was also observed for [Co-1], [Co-2] and [Co-3]
complexes incorporated in P(VP-St) [50]. The Dapp values (calcu-
lated in a potential step from 0 V to −0.6 V vs. Ag/AgCl) were
almost independent of complex concentration in the polymer
matrix for [Co-1] and [Co-2], where concentrations ranged from
2.5 mM to 10 mM produced Dapp from ∼21 × 10−9 cm2 s−1 to
∼6.6 × 10−9 cm2 s−1 respectively. However, for [Co-3], Dapp values
decreased with an increase of the complex concentration in the
polymer matrix. The electron transfer rate is highly dependent
upon the interaction between complex and matrix, with physical
diffusion of the complexes ascribed as the mechanism of electron
transfer for each of the three complexes. These Dapp values which
illustrate the rates of charge transport in through the catalytic layer
highlight the importance of the choice of appropriate matrix for the
electrochemical processes [50].

The electronic properties of ring substituents play a key role

in the catalytic activity of the MPc  towards hydrogen evolution.
Many researchers have explored this idea, varying both the nature
of the metal and the structure of the phthalocyanine ring. Kaneko
et al. have reported the electrocatalytic properties of a series of
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o(II) phthalocyanines. [Co-1], [Co-2] and [Co-3] were incorpo-
ated in P(VP-St) polymer and adsorbed onto a BPG electrode.
ll three displayed electrocatalytic activity for hydrogen forma-

ion [50]. A commonly reported performance indicator that is used
o describe catalyst activity is turnover number (TON), which, in
hese studies, reports the number of moles of product generated
er mole of immobilized, electrochemically active catalyst over the
uration of the experiment. TON figures suffer from several draw-
acks. First, the amount of product is dependent on the electrolysis
ime. This may  be offset by reporting the turnover frequency (TOF,
r TON per unit time). However, non-linear product formation
as been observed over time. For [Co-1] embedded in a P(VP-St)
olymer matrix, a TON as high as 2 × 105 in 1 h for H2 genera-
ion was observed under constant potential electrolyses at −0.9 V
s. Ag/AgCl in acidic phosphate buffer. This TON value is one of
he highest values reported when compared with other molec-
lar based catalysts. Upon substitution of [Co-1] with cyano- or
ulphato- groups, the catalytic efficiency and Dapp decreased in
he order [Co-1] > [Co-2] > [Co-3]. This decrease in efficiency is also
bserved by the TON calculated for [Co-2] and [Co-3] as 5 × 104 h−1

nd ∼1.2 × 103 h−1 under the same conditions as used for [Co-
]. This trend suggests that catalytic efficiency is dependent upon
he rate of electron transfer within the matrix as discussed above.
nother important factor to consider is the redox state that is
esponsible for proton reduction. For [Co-1] and [Co-3], it has been
roposed that the second reduction wave catalyzes hydrogen for-
ation, while for [Co-2] the third reduction is most likely involved,

ven though this complex displays the most positive Co(II)/(I)
eduction of the three complexes. Clearly the nature of the func-
ional groups on the Pc ring strongly affects catalytic efficiency
hich is reflected in the mechanism as discussed above and also in

edox potentials observed for the compounds [50]. It is also worth-
hile pointing out that for the [Zn-1] CMEs discussed above the

edox process that catalyzes hydrogen formation is based on the
ing and is not metal centered, as further discussed below.

It was initially assumed that redox-active metals are required
o catalyze hydrogen evolution, however, ring-based mediation
as been observed [43,47,55–59]. This shift in the nature of the
edox state is related to the d-orbitals of the central metal ion. If
he central metal has no available d orbital levels that lie between
he HOMO and LUMO energy gap of Pc, the metal center is not
nvolved when the complex is either oxidized or reduced implying
hat electrocatalytic steps are mediated by the phthalocyanine ring.
i(II), Zn(II), Pb(II), Pd(II), and Cu(II) are metals which display this

ype of electrochemical behavior [41,43–45,47,55] while Mn(II),
e(II) and Co(II) can experience metal-based reductions as well as
igand-based reductions [39,41,43–45,50,57,58,60].  In general, the

ore polarizing the central metal ion, the easier the reduction (i.e.,
ess negative reduction potentials, thus less energy required) [43].
oca investigated a range of copper complexes adsorbed on a GC
orking electrode. [Cu-1] exhibited ligand-based redox processes

hat efficiently catalyzed proton reduction to H2 [55]. Koca reported
hat in acidic phosphate buffer for [Cu-1], a decrease in overpoten-
ial for H+/H2 was observed when compared against experiments
sing a bare GC electrode. (Catalyst concentration on the GC elec-
rode was calculated as 2.5 × 10−9 mol  per electrode surface.) This
ndicates that [Cu-1]  physically adsorbed on an electrode surface
an work as a catalyst for proton reduction. For a [Cu-1]/Nafion®

odified GC electrode, a decrease in overpotential for H+/H2 was
bserved compared to the adsorbed catalyst (i.e. without a poly-
er) by almost 600 mV  in phosphate buffer solution at pH 10.4.
o TON was reported for this catalyst. When [Cu-1] was substi-
uted with fluorophenoxy functional groups ([Cu-4]) and adsorbed
nto a GC electrode (catalyst concentration 2.5 × 10−9 mol), higher
lectrocatalytic activity for proton reduction was observed than for
he cobalt analogue, [Co-4]. While electrocatalytic activity begins
 Reviews 256 (2012) 2571– 2600

at −1.27 V vs. Ag/AgCl for a bare GC electrode in aqueous phosphate
buffer at pH 9.2, the onset potentials for the catalytic reduction of
H+ to H2 (as indicated by the appearance of a sharp cathodic pro-
cess) were −0.84 V and −1.04 V for [Cu-4]  and [Co-4],  respectively;
however, no TON data were reported for these compounds [59].

Zhao et al. examined [Zn-1] embedded in Nafion® and [P(VP-St)]
matrices adsorbed on BPG electrodes, which displayed ring-based
redox processes that catalyzed hydrogen formation [47]. TON
values reached 4.3 × 104 and 2.9 × 104 for [Zn-1]/Nafion® and
[Zn-1]/P(VP-St), respectively, after a 1 h electrolysis at −0.9 V vs.
Ag/AgCl with a catalyst/polymer concentration on the electrode
surface calculated as 5 × 10−8 mol  per electrode surface.

The Nernst equation for these processes reveals that the pH of
the electrolyte solution plays an important role in the potential
required for hydrogen evolution. For [Co-1], the electrocatalytic
activity of the complex varies with increasing pH due to the dif-
ferent mechanistic pathways for interaction between protons and
[Co-1] coated onto the surface of a GC electrode [50]. Formation
of a proposed metal–hydride intermediate occurs after the first
reduction of the complex which is dependent upon electron trans-
fer rate and pH of the electrolyte. The effect of pH on the catalytic
proton reduction for MPc’s was investigated. Osmanbaş et al. have
reported that in acidic media for [Co-5]  adsorbed on a GC electrode,
the electrocatalytic activity increases while in neutral conditions,
the least electrocatalytic activity is observed [57]. The mechanism
proposed suggests that in acidic media, the first step is the reduc-
tion of [Co(II)Pc(−2)] to [Co(I)Pc(−2)]−, which is protonated to form
a stable hydride complex [Co(I)Pc(−2)H]. Proton reduction occurs
following a second protonation of the protonated, reduced species,
[Co(I)Pc(−2)H], to yield molecular H2 [57]. Thus in acidic condi-
tions, [Co-5]  can bind a proton firmly so electrocatalytic activity
increases.

The pathway for [Co-5],  described above, agrees with work
carried out using titanyl phthalocyanines, as reported by Koca
et al. for films on GC electrodes. At low pH, [Ti-6a-c] com-
plexes are reduced to anionic forms, followed by protonation
to form stable hydrides, which yield H2 through a 1 proton,
1 e− sequence (ECCE mechanism overall) [61]. By increasing
the pH to neutral conditions, the electrocatalytic activity of the
complexes decreases. When the pH is made more basic for
[Ti-6b-c], the potential difference between the reduced species
[M(II)Pc(−2)]/[M(I)Pc(−2)]− and the proton reduction process
increases. It is suggested that this difference may  cause depro-
tonation of the hydride before its reduction can occur to evolve
hydrogen. As a result, there is a decrease in electrocatalytic activity.
For [Ti-6a]  however, electrocatalytic activity increases in basic
media. This increase may  arise from the axially bound ligand. Upon
reduction of [Ti-6a]  to form [Ti-6a]−, protonation occurs to yield
the hydride. This is followed by a second reduction and then suc-
cessive protonation and reduction steps (ECECE overall), leading to
the increase in catalytic activity. Hence at different pH’s, the dif-
ference in electrocatalytic activity is due to the ability to (1) bind a
proton and (2) form a stable metal–hydride intermediate.

Incorporation of [Ti-6a-c] in a Nafion® matrix adsorbed on a
glassy carbon electrode surface yields an enhancement in electro-
catalytic activity for [Ti-6a]  and [Ti-6b]  in neutral and acidic media.
This observation suggests that the nature of the ring substituents
along with the axial ligands for [Ti-6a-c] can affect the ability of
the polymer/catalyst to bind a proton, and that the polymer matrix
plays an important role in the electrocatalytic activity over a range
of pHs.

For certain MPc  complexes, different mechanisms to that

described above have been reported. Koca et al. noted the effect
of changing pH of the electrolyte buffer, for cobalt(II) tetratricar-
boxyethyl phthalocyanine, [Co-7],  incorporated in a Nafion® film
absorbed on the surface of an ITO working electrode. In acidic
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onditions, the reduction potential of the Co(II)/Co(I) process is
H dependent until the electrolyte solution reaches a neutral pH.
ONs reported for [Co-7]  embedded in a Nafion® matrix were 20.1,
9.9 and 31.5 at pH 1.4, 2.2 and 4.0, respectively. (As these elec-
rocatalytic experiments were carried out on an ITO electrode,
he concentration of catalyst immobilized on the surface was  not
iven.) At neutral pH (7.2), [Co-7]  displayed poor activity for bind-
ng protons, reflected by the TON of 6.18. The reduction potential
or [Co-7] is shifted negatively in basic media, yielding an increase
n the electrocatalytic activity for proton reduction. At pH 10.3, a
ON of 34.2 was reported for H2 formation. The central metal ion
nfluences electrocatalytic activity over a range of pH’s with the for-

ation of metal–hydride intermediates; however, it appears that
roton reduction is also reliant upon the nature of the substituents

n both acidic and basic conditions [39].

.2. Metalloporphyrin-modified electrodes

Macrocyclic metalloporphyrin complexes are used for various
pplications such as phototherapeutic agents for treatment of can-
er (PDT) [62] and as catalysts for the reduction of H+ to H2 in
olution [63–65]. Research carried out by Kaneko et al. reported
he electrocatalytic properties of various metal porphyrins [66–68].
ubstitution of the porphyrin ring with a range of functional groups
nd using different central metal ions have revealed diverse elec-
rocatalytic activities for the hydrogen evolution reaction. The
atures of the substituent and central metal ion are crucial for this
eaction to proceed.

[Co-8] incorporated in a Nafion® membrane and absorbed on a
t working electrode was examined for hydrogen evolution [67].
his assembly acts as a catalyst in acidic conditions at poten-
ials close to the theoretical redox potential of H+/H2 (−0.25 V vs.
g/AgCl). [Co-8] immobilized in a Nafion® membrane displayed
igher catalytic activity compared to [Co-8] immobilized directly
n the bare Pt electrode (i.e. without the aid of polymer matrix).
ydrogen evolution occurred at potentials more positive than the
are Pt electrode in these studies. After a 1 h potentiostatic electrol-
sis at −0.3 V at pH 1, the TON reached 2.3 × 102. (The catalyst con-
entration on electrode surface was estimated to be 2 × 10−9 mol.)
owever, the values obtained were lower than those for [Co-1]

TON: 2 × 105; catalyst concentration: 1.25 × 10−8 mol  per elec-
rode surface) incorporated in P(VP-St) after 1 h [50]. The relatively
igh electrocatalytic activity of [Co-8]/Nafion® was  assigned to the
trongly acidic properties of Nafion®, where a high concentration
f protons in the Nafion® membrane at pH 1 favors H2 production
69]. As previously discussed for metal phthalocyanines, diffusion
ased electron transfer occurs for this system due to a weak inter-
ction between the redox couple and the polymer matrix and as

 result, electron transfer occurs faster than the electron-hopping
echanism [50]. For this complex, it is suggested that a bimolecular

atalysis mechanism is responsible for the reduction of Co(II)-TPP
o catalyze H2. The formation of two intermediates was proposed;
1) metal–hydride formation (M–H) and (2) a phenyl group of
he TPP substituents acts as an active site to form a protonated
ntermediate-complex due to cation (H+)–� interaction.

[Mn-8] and [Fe-8] [66] complexes embedded in a Nafion® poly-
er  and adsorbed onto a Pt working electrode are also active as

atalysts, although they are less effective than [Co-1]  [50]. Similar
o the findings for [Co-8], proton reduction was  observed for these
omplexes at more positive potentials (approx. 50 mV)  than for the
are Pt electrode. A comparison of the amounts of H2 produced after
he potentiostatic electrolysis step for each of [M-8] incorporated

nto Nafion® and [M-8] films adsorbed directly onto the Pt electrode
urface showed that the molecular based system embedded in
afion® exhibited the highest electrocatalytic activity, 23.6 �L and
4.7 �L for [Mn-8] and [Fe-8] respectively. Thus the [M-8]/Nafion®
 Reviews 256 (2012) 2571– 2600 2587

system works as an efficient electrocatalyst for proton reduction.
The TON reported for [M-8] was 5.0 × 102 h−1 at −0.8 V in pH 1
buffer solution with a catalyst concentration on the electrode sur-
face of 1 × 10−8 mol  cm−2. For this complex, a bimolecular catalysis
mechanism for electron transfer was considered, which involves
a one-electron reduced catalyst species with the possible forma-
tion of two  intermediates; (1) metal–hydride formation (M–H) and
(2) formation of �–H+ complex of a phenyl group of the TPP sub-
stituent. Importantly, Buttry and Anson reported the presence of
Co-TPP in the hydrophobic region of the Nafion® [48] and this may
suggest formation of the second intermediate. Choi et al. reported
similar behavior for the [Fe-8] and [Mn-8] complexes [70].

Abe et al. investigated the effect of using light to enhance the
electrocatalytic activity of [Zn-8] immobilized in a matrix and
adsorbed on a Pt electrode. This modified electrode showed a
photocurrent at a potential window below −0.4 V vs. Ag/AgCl
when PVP as a polymer was employed at pH 4.4 [68a]. The coated
amount of catalyst embedded in the PVP matrix on the Pt elec-
trode was  determined to be 1 × 10−7 mol  cm−2. [Zn-8] works as
a photosensitizer in the visible region for photoinduced electron
transfer [71–74]. These findings suggest that quenching of the
singlet [Zn-8]* species to [Zn-8]− occurred by reduction of the Pt
electrode. This reduced [Zn-8]− species was  expected to mediate
proton reduction to H2. Nafion® was  also used as a polymer for
these electrocatalytic experiments using light [68b]. Potentiostatic
electrolyses were carried out at −0.25 V vs. Ag/AgCl for 1 h in
pH 1.01 aqueous solution. It was observed that photoinduced H2
formation takes place efficiently for this system. The concentration
of [Zn-8]  incorporated in a Nafion® polymer was  determined to
be 1 × 10−8 mol  cm−2. Although no TON was reported, 19.6 �L of
H2 was  obtained on electrolysis. Thus, these systems [Zn-8],  when
either PVP or Nafion® were employed as polymers, displayed pho-
toelectrochemical H2 production without employing an electron
relay, while [Zn-8] acts as the sensitizer in the polymer membrane.

Electrocatalytic hydrogen generation in non-aqueous solvents
displayed by metalloporphyrins will be briefly discussed. Collman
et al. report the potential application of Ru and Os metallopor-
phyrins for electrocatalytic hydrogen evolution in solution [75].
Following the reduction of the metal center to form a metal
hydride complex, these species formed octahedral complexes
where an axially bound ligand resulted in a trans-binding to the
hydride. Taguchi et al. propose a similar bimolecular catalysis
mechanism for these Ru and Os-metalloporphyrins, compared
to the [M-8] compound discussed above [66,67]. Cobalt hydrides
have been suggested as intermediates in the catalysis of proton
reduction to H2, with hydrogen production proposed to occur via
two parallel pathways. One route is the bimolecular reductive
elimination of dihydrogen from two metal–hydrides. The second
route involves protonation of a metal hydride resulting in elimina-
tion of molecular H2 [75]. These pathways are in agreement with
Kaneko’s proposed routes for a bimolecular catalysis mechanism.
Savéant reported metalloporphyrins in solution capable of reduc-
ing protons to H2 following the reduction of the metal center. The
reduction of Fe(II) porphyrin to Fe(0) [63a] in acidic solution is the
species responsible for the catalytic H+ reduction for [Fe-8], while
Rh(III) hydrides in solution [63b] [Rh-8] at negative potentials
allow for the electrocatalytic activity for hydrogen evolution in
acidic conditions. It is proposed that hydride transfer from Rh(II)H−

to acid produces H2. Similar to metal phthalocyanines, the nature
of the substituents varies the properties of the porphyrins. Savéant
reported that the absence/presence of axial ligands played a key
role in the stability of the catalyst and the hydrogen evolution

process. The reactivity of the Rh(II) hydride is dependent on the
nature of the axial ligand and can be explained in terms of the elec-
tron density distribution of the rhodium metal and the hydrogen
atoms bound to it. The nature of the axial ligand also affects the
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tability of the Rh(II) porphyrin, which is attributed to the changes
f electron density distribution within the porphyrin ring [63b].

.3. Modified electrodes incorporating complexes having
olypyridine-ligands

The incorporation of a bis(2,2′:6′2′′-terpyridine) cobalt(II) com-
lex [Co-9] in a Nafion® membrane adsorbed on a BPG yielded a
odified electrode which showed catalytic activity towards the

ydrogen evolution reaction [76]. In solution, cyclic voltamme-
ry revealed a sharp growth of a catalytic current below −1.5 V
s. Ag/AgCl in 4:1 DMA:H2O, indicative of proton reduction. In the
bsence of H2O, the reversible redox couple Co(I)/Co(0) occurs at
1.51 V, thus it was postulated that electrocatalytic H+ reduction

an occur upon formation of the zero-valent Co(0) species. When
Co-9]/Nafion® is adsorbed to the surface of a BPG electrode, the
ehavior of these films displayed a dependence on the pH of the
lectrolyte solution employed. TON obtained after 1 h potentio-
tatic electrolysis at −1.0 V vs. Ag/AgCl in acidic conditions was
3.9. However, in more basic conditions, TON reached 20.7 after

 h at −1.45 V vs. Ag/AgCl indicating a slight improvement in cat-
lytic activity at higher pH. The average concentration of catalyst
n the membrane was calculated as 1.3 × 10−8 mol  per electrode
urface. As the formal potential for H+/H2 at pH 3 is −0.37 V vs.
g/AgCl, acidic conditions will in general produce reduced overpo-

entials for the formation of H2. Under these conditions, catalytic H+

eduction occurs after the reduction of Co(II)/Co(I)-hydride, as this
etal–hydride acts as a reducing agent. When Co(II) was reduced

o the Co(I) species at higher pH, Co(I) did not catalyze the reduc-
ion of H+, as it was further reduced to Co(0). This intermediate
orms a metal–hydride Co(0)–H, followed by the reduction of H+ to

olecular H2 [76].
Platinum complexes have been investigated for their catalytic

ehavior. Polypyridyl Pt complexes have been used in photo-
hemical proton reduction experiments with organic/inorganic
emiconductors or sensitizers [77–79].  A range of polypyridyl Pt
omplexes has been studied for electrocatalytic proton reduc-
ion. Bis(2,2′-bipyridine) platinum (II) nitrate [Pt-10]  incorporated
n a Nafion® membrane adsorbed on a BPG electrode exhibited
ctivity at potentials below −0.4 V vs. Ag/AgCl compared to that
f a bare BPG under the same conditions [80]. Proton reduction
ccurred after the formation of a zero-valent Pt species, as indi-
ated by XPS (X-ray photoelectron spectroscopy). Potentiostatic
lectrolysis was performed at −0.6 V vs. Ag/AgCl using this Pt-
omplex/polymer absorbed on an ITO electrode. The TON reported
or [Pt(bpy)2]2+/Nafion® after 1 h was 6 × 103 in pH = 1.0 aqueous
olution. The catalyst amount on the electrode surface was deter-
ined to be 4.6 × 10−9 mol  per electrode surface.
Chloro(2,2′:6′,2′′terpyridine)platinum(II) chloride [Pt-11]

mbedded in a Nafion® membrane has been examined as an elec-
rocatalyst [81] and showed a TON of 55.2 h−1 when potentiostatic
lectrolysis was applied at −0.95 V vs. Ag/AgCl in pH 5.9 phosphate
olution. However, these results are lower than observed for
Pt(bpy)2]2+ under the same conditions, which exhibited a TOF
or H2 evolution of 238.3 h−1. The amount of catalyst employed
or the electrolysis experiments were given as 0.31 M and 0.52 M
or [Pt-11]  and [Pt(bpy)2]2+ ([Pt-10]) respectively. The mechanism
or catalytic H+ reduction by this complex was proposed to be
he reduced state of Pt-complex (zero-valent) which generates a
atalytically active form.

.4. Modified electrodes incorporating glyoxime-type complexes
Pantini et al. describe a study involving the glyoximes [Co-12,13]
nd [Ni-12,13] dispersed onto carbon black, which are plated to the
urface of GC electrodes incorporated in a Nafion® film [82]. These
 Reviews 256 (2012) 2571– 2600

were used as electrodes for the electrocatalytic proton reduction
in aqueous acidic solution but no TONs are reported to indicate H2
evolution performance. For these metal glyoximes proton reduc-
tion takes place as indicated by cyclic voltammetry, on the second
reduction process assigned to Co(II)/Co(I) for Co-glyoxime [Co-12]
at −0.61 V vs. Ag/AgCl in acetonitrile. The addition of increasing
amounts of HClO4 resulted in the appearance of larger currents at
the redox potential of Co(II)/Co(I). For the Ni(II) complexes catalytic
activity begins with the addition of increasing amounts of HClO4,
at the first Ni(II)/Ni(I) based reduction at −0.76 V and −0.46 V for
[Ni-12] and [Ni-13], respectively in DMF. Concentrations of these
metal glyoximes used for these experiments were given as 2 mM.
To improve the catalytic activity of this system, Pantini suggests
that modification of the ligands can result in a shift of the redox
potential of the compound to more positive values.

Hu et al. report Co-macrocyclic diglyoximes [Co-
14–16] which are electrocatalytically active in solution
(TsOH·H2O/acetonitrile/DMF) at −0.51 V vs. Ag/AgCl requiring
a low overpotential for H+ to H2 [83]. The concentrations of
catalyst used in solution were 0.3 mM and 0.6 mM for [Co-14] and
[Co-15] respectively. The catalytic activity was observed upon the
addition of TsOH·H2O, close to the reduction of the redox couple
Co(II)/Co(I), indicating that the metal center is involved in the
reaction. Formation of a Co-hydride intermediate is thought to
assist the catalytic activity for hydrogen evolution reaction. The
potential for electrocatalytic formation of H2 from the reduction
of protons is close to the formal potential of the reduction of
TsOH·H2O in acetonitrile solution, E◦′ −0.19 V vs. Ag/AgCl.

Peters et al. also report a series of Co-tetraamines ([Co-17,18],
Co-[19–22], and [Co-23-26]) as catalysts which show electro-
catalytic activity for hydrogen evolution while adsorbed on ITO
(chemisorbed for [Co-25]) and GC electrodes as modified surface
electrodes [84]. These tetramine complexes (typical concentration
of catalyst adsorbed on the electrode surface 1 × 10−9 mol cm−2

as calculated from the area under the cathodic peak by cyclic
voltammetry), modified with carboxylic acid functionalities and
BF2 substituents, are active for hydrogen evolution reaction in
aqueous solution at pH <4.5 with low overpotentials required.
When the pH was lowered to 2 for [Co-17], the onset of the catalytic
current occurred at −0.56 V vs. Ag/AgCl with an overpotential of
240 mV.  Jacques et al. describe a series of cobalt dioxime complexes
[Co-27–30] and nickel diimine complexes [Ni-31–33] which are
electrocatalytically active in acidic non-aqueous solutions for H2
production requiring low overpotentials [85]. Potentiostatic elec-
trolysis was  carried out using a graphite rod as a working electrode
in a 0.1 M TBABF4 acetonitrile solution containing 50 mM of [M-
27–33] and 50 mM acid (see Table 1). Although TON reported after
3 h electrolysis was low (maximum TON for H2 reached 50 for [Co-
30]), Faradaic yields calculated were very efficient; 100% efficiency
for H2 evolution for [Co-29] and [Co-30]. Lower efficiencies were
noted for Ni-based electrocatalysts (70–30%). Bernhardt and Jones
have also employed metal–macrocyclic complexes for electrocat-
alytic proton reduction, using macrocyclic Co(III)-hexaamines [86].
These complexes, [Co-34] (trans) and [Co-35] (cis) electrocatalyti-
cally reduce H+ to H2 while reducing the overpotential for hydrogen
evolution in aqueous phosphate solution. During the reaction, the
reduced protons involve the re-oxidation of Co(II) to Co(III) at neu-
tral pH, however the stability of such complexes is dependent upon
pH and the coordination properties of the supporting electrolyte.
No TON was reported for these complexes.

2.5. Modified electrodes incorporating miscellaneous transition

metal complexes

Abe et al. report Prussian White [87] K4FeII
4[FeII(CN)6]3 [Fe-36],

a polynuclear iron–cyanide complex immobilized on a Pt working
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lectrode as an active catalyst for H+ reduction. Prussian white
roduced a larger current compared to a bare Pt electrode at the
heoretical potential of H+/H2 at −0.274 V vs. Ag/AgCl in pH 1.35
queous solution. The amount of H2 produced for [Fe-36] was also
reater than that produced by a bare Pt electrode; 6.35 �L and
.23 �L, respectively. Thus, a TOF reaching 67 h−1 at −0.8 V vs.
g/AgCl in acidic solution (pH 1.35) was achieved with a catalyst
mount of 1.8 × 10−8 mol  per electrode surface, as determined from
yclic voltammetry. It has been suggested that cyanide ions work
s the active sites for proton reduction by coordinating protons,
hich are reduced to H2. Abe et al. have investigated ruthenium
urple denoted RP [Ru-37] (ferric ruthenocyanide) for use as an
lectrocatalyst adsorbed on a basal pyrolytic graphite (BPG) elec-
rode [88]. Under acidic conditions (pH 1.5) using NaH2PO4 as an
lectrolyte, electrocatalytic H+ reduction to H2 was  found to occur
or a potentiostatic electrolysis carried out at −0.8 V vs. Ag/AgCl.

 very low TON value was reported after 1 h (For this study, the
mount of catalyst on the electrode surface was reported to be
bout the magnitude of a monolayer; 3.6 × 10−10 mol  per electrode
urface). As the redox potential of Fe(III)/Fe(II) occurs at +0.2 V vs.
g/AgCl, this potential is more positive than that for redox poten-

ial of H+/H2 couple, thus RP must be reduced to allow for proton
eduction to take place. It was observed that the electrocatalytic
ctivity depended upon the nature of the electrolyte. This depen-
ency is reflected by the TON, reaching only 2.1 × 10−3 after 1 h
lectrolysis at −0.8 V vs. Ag/AgCl when a solution of 0.1 M NaCl in
Cl is employed as the electrolyte. A monolayer of 7.3 × 10−10 mol
f catalyst was present on the electrode. It was concluded from
hese results that the sodium counter ion plays a key role in the
lectrocatalytic reduction of H+ to H2 as higher TON are achieved
sing sodium dihydrogen phosphate as an electrolyte solution.

Ruthenium Red ([(NH3)5RuIII-O-RuIV(NH3)4-O-RuIII(NH3)5]Cl6)
Ru-38] incorporated in a Nafion® matrix adsorbed on a BPG elec-
rode displayed catalytic activity for hydrogen evolution in pH 1
onditions with TON reaching 1.8 × 102 h−1 at −0.6 V potentio-
tatic electrolysis [89]. The amount of catalyst on the electrode
urface was determined to be 6.3 × 10−9 mol  per electrode surface.
atalysis of H+ to H2 was  observed following the formation of a cat-
lytically active species from [Ru-38] within a polymer matrix. Abe
t al. postulate that this active species is formed after an irreversible
econd electrochemical reduction of the reduced complex (either
RuIII(NH3)5(H2O)]3+ or [RuIII(NH3)4(H2O)2]3+) resulting in a zero-
alent Ru(0) complex which facilitates the catalytic reduction.

Paunović et al. reported a series of nanostructured Co-based
atalytic phases such as non-stoichiometric TiO2 (Magneli or
bonex®), Vulcan XC72, TiO2 (anatase) and MWCNT (multi-walled
arbon nanotubes) designed as new electrode material for hydro-
en evolution [90–92].  The main criteria for these nanostructured
atalytic phases are; (1) a surface area with excellent dispersion of
hese nanoscaled particles, (2) allow efficient electron transfer to
ons involved in an electrochemical reaction by having a high elec-
ric conductivity, (3) desirable mechanical properties, (4) chemical
tability and (5) improved intrinsic catalytic activity.

Magneli phases meet the criteria outlined above as they offer
hemical stability and high electric conductivity, and thus are
onsidered as attractive support material. The interaction of the
o-based catalyst within the support phases allows for an enhance-
ent in the intrinsic catalytic activity. However, the low surface

rea of the Magneli phases is a disadvantage. It was  shown that
echanical treating of these phases can lead to an improved cat-

lytic surface area. Studies revealed that the optimum duration for
his treatment was between 16 h and 20 h [92]. Shorter treatment

esulted in larger phase sizes, leading to a decrease in catalytic
ctivity. Although these nanostructured catalytic phases display
atalytic activity, the activity is smaller compared to Co-based cat-
lysts deposited on other support materials such as Vulcan XC72
 Reviews 256 (2012) 2571– 2600 2589

[90], TiO2 (anatase) and MWCNT (multi-walled carbon nanotubes)
[91]. This activity can be related in terms of the overpotential
required for H2 evolution to occur. The Co-Magneli phase exhibits
an overpotential of 365 mV  at a current density of 60 mA/cm2. This
is the largest overpotential reported for these Co-based electrocat-
alysts incorporated in this range of support materials.

Co-based catalysts embedded within support materials as men-
tioned above were also investigated in conjunction with a second
metal, Pt in a 4:1 weight ratio (Co:Pt) which was deposited on
MWCNT with TiO2 (anatase) as a substrate [91]. Paunović found
that the addition of the Pt to the Co-based electrocatalysts affects
the particle size of Pt, reducing it by almost three times from 11 nm
to 4 nm.  Efficiency of the system is enhanced with the addition of
Pt. The overpotential required for a Co:Pt (4:1 ratio) based catalyst
deposited on MWCNT with TiO2 (anatase) with a current density
of 60 mA/cm2 is 135 mV.  This potential is only 20 mV more nega-
tive than that for the Pt only based phase of 125 mV. Remarkably a
reduction in the ratio to equal amounts (1:1) Co:Pt ratio displayed
the lowest overpotential required of 115 mV.  The aim of employ-
ing Co-based metal electrocatalysts is to replace Pt as an electrode
material and this work shows that Pt use can at least be mini-
mized. Thus, Co-based nanostructured catalysts embedded within
the support materials can work as catalysts for hydrogen formation
as indicated above. TONs were not reported here as a performance
indicator for any of these nanostructured Co-based catalytic phases
for hydrogen evolution.

Another metal-based nanostructure electrocatalyst was
reported by Raoof et al. entailing a bimetallic Cu–Pt nanoparticle
incorporated into a poly(8-hydroxyquinoline) matrix [93]. The
preparation of the chemically modified electrode (CME) was  carried
out by electropolymerization of 8-hydroxyquinoline on a glassy
carbon electrode (GC). The incorporation of the copper nanoparti-
cles was carried out by immersion of the poly(8-hydroxyquinoline)
modified electrode into a concentrated solution of copper (II) ions,
followed by electrochemical reduction step at −0.9 V vs. SCE in
order to obtain the desired electrocatalyst, denoted Cu/P(8-HQ)/M.
The Cu/P(8-HQ)/M modified electrode showed a catalytic current
in 0.1 M H2SO4 at approximately −0.7 V vs. SCE. Replacement of Cu
nanoparticles occurs by an irreversible and spontaneous redox pro-
cess in which Cu is oxidatively dissolved by a noble metal ion, Pt(IV)
which is simultaneously reduced and deposited on the P(8-HQ)/M
modified electrode, denoted Cu/Pt-P(8-HQ)/M. The catalytic active
Cu/Pt-P(8-HQ)/M produced a large cathodic current at −0.23 V vs.
SCE indicating the reduction of H+ to H2. (The Pt catalyst amount
on the modified electrode surface was  calculated as 1.5 × 10−9 mol
per electrode surface). The potential at which this catalytic current
occurred was at a more positive potential compared to both the
bare GC electrode and the Cu/P(8-HQ)/M in 0.1 M H2SO4. These
results indicate that this bimetallic Cu/Pt nanoparticle can be used
as a convenient conducting substrate for the electrocatalysis of
H+ to H2. This method for preparation may  be applicable to other
bimetallic nanoparticles based on Cu as catalyst.

3. Electrocatalytic reduction of CO2

Carbon dioxide is a major contributor to climate change, and
quantities of CO2 in the earth’s atmosphere have increased steadily
since the industrial revolution by over 40% [94]. Despite a general
awareness of this issue, and international political initiatives aimed
at curbing the production of greenhouse gases, the major source
of energy for industry continues to be fossil fuels. Furthermore,
because emerging economic “superpowers” in Asia and India – two

of the world’s most populated regions – expect to rely heavily on
petroleum and coal to meet their energy demands, it is conceivable
that the problem will worsen significantly within the timeframe of
the next generation.
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Co(II)Pc(-2) e-

[Co(I)Pc(-2)]-

CO2/HCO 3-, e -CO

e, H- +

e-

[Co-1]

or

CO2/HCO 3-, e -CO

[Co(0)Pc(-2)]2-

[Co-2]
[Co(I)Pc(-3)]2-

[Co(I)Pc(-3)(H)]-

Fig. 2. Mechanisms for CO2 reduction for [Co-1] (bottom) and [Co-2] (top). The label,
“r.d.s.” means rate-determining step for the catalytic cycle.
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The possibility of utilizing CO2 as a feedstock for carbon-based
uels is very appealing [95,96]. Since CO2 is one of the products of
ydrocarbon combustion, ostensibly, there is an inexhaustible sup-
ly of this substance that would be available for reactions which
ould generate other, more useful carbon-containing compounds.
hotosynthesis permits conversion of CO2 and water to carbohy-
rates and O2, with energy from sunlight. In combustion reactions,
nergy is obtained by virtue of the high bond enthalpies of the prod-
cts. Because CO2 is a very stable molecule, approaches aimed at the
onversion of CO2 to other chemical forms are faced with significant
hallenges.

The one-electron reduction potential for CO2 reflects the high
tability of this oxide:

O2 + e− → CO2
−E◦ = −1.9 Vvs.NHE

Depending on the solvent/electrolyte system, this value can be
s low as −2.5 V. Proton-coupled electrochemical reactions, how-
ver, are possible at much less negative potentials (E◦ vs. SHE, pH
):

O2 + 2H+ + 2e− → CO + H2OE◦ = −0.52 V

O2 + 2H+ + 2e− → HCO2HE◦ = −0.61 V

O2 + 4H+ + 4e− → HCHO + H2OE◦ = −0.48 V

O2 + 6H+ + 6e− → CH3OH + H2OE◦ = −0.38 V

O2 + 8H+ + 8e− → CH4 + 2H2OE◦ = −0.24 V

Thus reduction of CO2 to either CH3OH or CH4 is significantly
ore feasible, thermodynamically, than reduction of CO2 to CO2

−

97,98].  Methanol and methane are desirable targets in these reac-
ions, since they can be directly utilized in existing technologies
s high energy density fuels. However, the lower oxidation states
f carbon in these substances are achieved through kinetically
nfavorable pathways, as they require the transfer of six and
ight electrons to each carbon center, respectively, along with
hemical steps involving proton transfers. A further complication
oncerns competitive reduction of H+ to H2, which often occurs
ear the potentials required for CO2 reduction. However, the use
f non-aqueous, aprotic solvents for CO2 reduction can suppress
ompetitive H2 formation (particularly in solvents like DMF  or
H3CN) and CO2-solublity in these solvents is significantly higher
han in water. The development of electrocatalysts which facilitate
he transfer of multiple electrons (and protons) to CO2 with mini-

um  energy investments during selective transformations is thus
 major goal in this area. A great variety of molecular electrocata-
ysts for CO2 reduction have been reported, incorporating various

etal centers and coordination spheres. For an extensive account of
hese homogeneous solution-based systems the reader is directed
o Kubiak’s recent review article [99].

.1. Metal phthalocyanine-modified electrodes

Modified electrodes incorporating metal phthalocyanines have
een studied by a number of research groups. Phthalocyanines
ay  be deposited from solutions onto electrodes, forming aggre-

ated systems which exhibit very low solubility in water. The most
eactive metal phthalocyanines for CO2 reduction are [Co-1] and
ts derivatives [20,100–102]. These systems have produced high
urnover numbers for CO in electrocatalytic experiments under

onstant applied potentials. Because H+ reduction is competitive
ith CO2 reduction at the potentials studied, the pH was  varied to

nfluence the selectivity of CO/H2, with better selectivities for CO
eing obtained (See Table 2) at higher solution pH (ca. 2:1 at pH
Adapted from ref. [102].

6.8 at an electrolysis potential of −1.16 V vs. Ag/AgCl), as expected,
considering the Nernst equations that describe these reactions [20].
The mechanism proposed by Kaneko for CO2 reduction for [Co-1],
elucidated through the use of in situ potential step chronoam-
perospectroscopy (PSCAS) experiments, is believed to involve an
intermediate, protonated form, [Co(I)Pc(−3)H]− (see Fig. 2). This
complex is formed after one-electron reduction of Co(II)Pc(−2) to
yield [Co(I)Pc(−2)]−, followed by ring protonation and a second,
one-electron reduction to yield [Co(I)Pc(−3)H]−. The last species
is nucleophilic enough to bind CO2 in a catalytic cycle. After bind-
ing of CO2 to the catalyst, another reduction (3rd reduction step)
of this intermediate produces CO, regenerating the 1e− reduced
[Co(I)Pc(−2)]− species through an overall 2e− reduction of CO2
by the reduced intermediate. Although CO2-reduction should be
mediated by the metal center according to this scheme, proton
reduction was suggested to occur at the protonated ring struc-
ture instead. A report by Lewis and Lieber concerning [Co-1] cited
turnover numbers as high as 3.7 × 105 for CO in pH 5 solution at
−1.11 V (vs. Ag/AgCl) for films of [Co-1] adsorbed on carbon cloth
[103]. Additionally, trace quantities of HCOO− and C2O4

2− were
detected. Results obtained in the course of this work also implied
that electrode-supported catalysts possessed greater stability dur-
ing catalytic cycles than the homogeneous form.

The cobalt octacyanophthalocyanine compound [Co-2], was
also investigated and showed less negative electrolysis potentials,
higher selectivity and improved Faradaic efficiency for CO for-
mation compared to [Co-1] [102]. The positive shift in potentials
required for CO2 reduction for this complex can be attributed to
the inductive effects of the electron-withdrawing CN groups. The
CO/H2 selectivity for adsorbed films of [Co-2] was  around 9.5 at
−1.20 V vs. Ag/AgCl in solutions with a pH of 9.3. At more negative
potentials, H2 evolution was favored and CO formation was  sup-
pressed, presumably because electrons are used for H+ reduction at
bare BPG surface positions, rather than for regenerating the catalyt-
ically active form of the complex. PSCAS experiments revealed that
the rate-determining step for CO2 reduction for this complex was
different than that for unsubstituted [Co-1] and its octasubstituted
derivative, [Co-39]. For [Co-2], the formation of the intermediate

(CO2-bound) complex was  rate-determining, not the reduction of
the [Co(I)Pc(−2)]− species, as was  found for [Co-1] and [Co-39]. The
expected mechanism of CO2 reduction for [Co-2] is shown in Fig. 2.
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Further work in this area was carried out on cobalt(II)
ctabutoxyphthalocyanine, [Co-39], a complex which possesses
lectron-donating n-butoxy substituents on the phthalocyanine
ing structure [101]. For this complex, as expected, a more nega-
ive potential was required for the electrocatalytic reduction of CO2
ompared to the unsubstituted form, [Co-1]. However, turnover
umbers of 106 were obtained at pH 4.4, with a CO/H2 selectiv-

ty of ca. 4.2. The butoxy-substituents push the potential for the
lectrocatalytic reduction reaction to lower values and enhance the
lectron density at the cobalt center, thus improving the ability of
Co-39] to coordinate CO2 relative to [Co-1] and [Co-2]. As above,
t was found that more negative potentials favored H2 evolution;
owever, [Co-39]  remained more active for CO2 reduction than [Co-
] at lower potentials. The authors proposed that the more basic
Co-39] was better at reducing CO2 at these potentials due to the
etter donor properties of this complex.

Studies of [Co-1] supported in PVP matrices describe the effect of
he polymer environment on CO2 coordination and CO/H2 selectiv-
ty [20,100–102]. PVP should serve as an electron-donor through its
yridine groups, acting as an axial ligand which enhances the elec-
ron density at the catalyst centers to facilitate CO2 coordination.
lso, because of the polymer’s weakly basic properties, it should
ct as an H+ supply line, provided the solution pH is comparable
o/below the pKa of PVP. Furthermore, CO2 should exhibit a greater
olubility in this material than in water through Lewis acid–base
nteractions. Thus, it should be possible to achieve better perfor-

ance figures for CO2 reduction with PVP-encapsulated catalysts.
Co-1] exhibited superior CO/H2 selectivity and significantly higher
urnover numbers in PVP films compared to adsorb films at similar
H values. At low pH, the selectivity was not as good, presumably
ecause H2 evolution occurred at faster rates than CO2 reduction.
or example, the maximum CO/H2 selectivity for [Co-1] in PVP at
H 2.3 in CO2-saturated phosphate buffer was ca. 1 (at −1.06 V vs.
g/AgCl), while at pH 6.8 the maximum selectivity was almost 4.7

at −1.26 V vs. Ag/AgCl). At pH 4.4, the maximum selectivity for
he immobilized catalyst was ca. 3.4 at −1.16 V vs. Ag/AgCl. These
esults are impressive, considering the lower effective concentra-
ion of [Co-1] near the electrode surface (due to its dispersion in
he polymer film) relative to neat films.

Hackerman et al. immobilized [Co-1] and [Ni-1] on carbon rod
lectrodes and used the resulting CMEs in CO2 reduction exper-
ments in aqueous solutions. HCOO− was found to be the major
roduct for [Co-1] in solutions having a pH between 3 and 7 [104].
ethanol was  produced with low efficiencies at films of [Co-1] in

olutions having pH <4 (CH3OH was produced with a 5% current
fficiency at pH 3) which suggests that HCOOH is produced first
nder these conditions. When electrolyses were conducted for an
xtended period (72 h) at a current density of 1 mA/cm2 in 0.1 M
aHCO3, HCOO− was produced with 60% current efficiency. There

s a lack of information concerning the electrolysis experiments and
roduct analyses of this report which makes it difficult to gauge
xactly how the % efficiency figures cited were determined.

A variety of metal phthalocyanines ([M-1], M = Co, Ni, Mn,  Pd,
u, and Fe) were studied in aqueous solutions of 0.1 M tetraalky-

ammonium salts as adsorbed films on graphite rods by Meshituka
t al. [105]. For [Co-1] and [Ni-1], oxalic acid and glycolic acid were
etected, but not HCOOH. [Mn-1] and [Pd-1] complexes were inac-
ive, while [Cu-1] and [Fe-1] complexes displayed weak activity.
n this work, the authors call attention to the fact that the dou-
ly reduced forms of [Co-1] and [Ni-1] possess occupied d2

z orbitals
nd an excess of ligand �-electrons, while [Mn-1] and [Fe-1] (which
isplayed poor activity) do not, perhaps shedding light on the CO2

oordination mode during catalytic reactions.

Magdesieva et al. utilized metal phthalocyanine-coated graphite
ods to study the electrocatalytic reduction of CO2, employing [Cu-
0], [Cu-41] (monomeric and polymeric), [Lu-(1)-OAc], and the
 Reviews 256 (2012) 2571– 2600 2591

dimers, [Lu-(1)2], [Dy-(1)2], and [Lu-(42)2] (Fig. 1) in order to study
the effects of dimeric and polymer structures on CO2 reduction
[106]. The main product of the electrolyses, carried out in 0.1 M
LiClO4/CH3OH, was HCOOCH3; however, [Cu-40] produced CH4 in
significant quantities (32%). In stark contrast to [Cu-40], monomeric
[Cu-41] and poly[Cu-41] did not produce significant quantities of
CH4. Instead, they produced HCOOCH3 as a major product. Poly[Cu-
41]  produced CO in high yields at low potentials (−1.5 V and lower),
and produced HCOOCH3 at up to 60% efficiency at −1.1 V. Based on
a comparison of the Cu complexes, it is clear that the phthalocya-
nine ring plays a major role in the reduction reaction. The t-butyl
substituents of [Cu-40] make the reduced form of this complex a
strong reducing agent. The complex can reduce CO2 to its radical
form, which can either be transformed to HCOOCH3 or undergo fur-
ther reaction to form CO. CO is strongly bound by the Cu center in
this complex, making CO yields low, but enabling further reduc-
tion to CH4. In the tetra-amino complex, [Cu-41], the strong donor
substituents enhance both ring and metal-center electron density,
thereby increasing the d2

z orbital energy high enough that its inter-
action with CO is no longer efficient. Because CO is not as strongly
bound as for [Cu-41], it does not participate in further reductions
and is released as CO. For the case of [Lu-(42)2], the d-orbitals of the
rare earth metal are low in energy and do not participate in bonding
interactions. The catalytic process involves the phthalocyanine ring
in this case, and produces HCOOCH3 as a main product. The dimeric
complexes impede interactions between CO2 and the metal center.
For these complexes, HCOOCH3 was  again the major electrolysis
product.

Gas-diffusion electrodes were modified by metal phthalocya-
nines in order to exploit the microporous structure of these
materials, generating substantial current densities in CO2 reduction
reactions. Mahmwood et al. modified PTFE-bonded gas-diffusion
electrodes by coating them with carbon which had been impreg-
nated with metal phthalocyanines, and used them for the reduction
of CO2 [107]. The products of these reactions were CO and H2 or
HCOOH and H2, depending on the metal center. For the [Co-1]
system, CO was  obtained with good selectivity at a potential of
−1.46 V vs. Ag/AgCl and a partial current density of 22 mA/cm2 (H2
at 3 mA/cm2) in aqueous Na2SO4 at pH 2. At more negative poten-
tials, higher current densities were achieved at the cost of lower
CO selectivity. The high current densities reported in this work are
a reflection of the high active surface areas of the electrodes. In
some experiments, total current densities of ca. 140 mA/cm2 were
noted. For [Mn-1] phthalocyanine, HCOOH was produced at 26%
efficiency at a potential of −1.96 V vs. Ag/AgCl (H2: ca. 74%; no CO
was produced). For [Cu-1] and [Zn-1], HCOOH was produced, along
with the major product, H2. The results indicate that the products
of the electrolyses are highly dependent on the nature of the metal
center in these complexes, and are not as dependent on the elec-
tronic properties of the ligand. For Mn,  Cu, and Zn complexes, CO2 is
expected to be reduced through a reduced phthalocyanine radical
anion. It is worth noting that the authors estimated partial cur-
rent densities to calculate % efficiency figures for each experiment,
and cite inaccuracies in the determination of these current densi-
ties to explain variations in the data. For example, a total current
efficiency of 114% was  reported in one case (see Table 2). Unfortu-
nately, no experimental data were presented that show how these
partial current densities were determined.

Magdesieva et al. modified gas-diffusion electrodes using [Co-
1], [Cu-1], [Co-40], [Cu-40], and the cobalt porphyrin, [Co-43]  [108].
The ligands were selected to study interactions with activated
carbon fiber (ACF) gas-diffusion electrodes. This support is advan-

tageous for CO2 reduction studies because CO2 exhibits strong
adsorption tendencies in the nanospaces of ACF fibers, producing
effective CO2 pressures of over 20 mPa  [109]. All catalysts were
effective for CO2 to CO reduction, with current efficiencies of higher
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han 70% being observed. Curiously, it was found that the optimal
ange for CO production was similar for all complexes, regardless
f ligand structure or metal center. The authors suggested that
he benefits of the nanospace environment might be ineffective
or these complexes because they are too bulky to adsorb within
he pores of the ACF material. Generally, performance data for the
ulky (t-Bu substituted) complexes was inferior to that found for
he smaller complexes in the ACF supports. However, on activated
arbon (AC), the performance of the bulkier, t-Bu-substituted com-
lexes was good (ca. 80% efficiency for CO formation for [Cu-40]).
or the smaller [M-1] complexes, the CO selectivity appeared to be
elatively unaffected by the nature of the ligands and metal centers
n the ACF environment.

Furuya and Matsui prepared [M-1]-impregnated gas-diffusion
lectrodes using 17 different transition metallophthalocyanine
omplexes [110]. The results showed that [Co-1] and [Ni-1] com-
lexes displayed the highest activity for CO2, generating CO as a
roduct with near 100% current efficiency in each case. Other metal
hthalocyanines were not as active. Sn, Pb, or In phthalocyanines
group IIIB or IVB metals) mainly yielded HCOOH and H2, with the
est current efficiency being ca. 70% for [Sn-1]. For Cu, Ga, and Ti
hthalocyanines, CH4 was a significant product, with current effi-
iencies of ca. 30–40% being observed; the main products were
O and H2. For [Ga-1] and [Ti-1], significantly low potentials were
equired to reduce CO2 (ca. −2 V or lower). Zn, Fe and Pd phthalo-
yanines yielded CO as a main product, but with low yields relative
o Co and Ni forms. Mg,  V, Pt, and Mn  phthalocyanines yielded only
2 in significant quantities.

Zhang et al. prepared rotating ring-disk modified electrodes
nvolving the cationic phthalocyanine structure, [Co-44], coated
y Nafion® films [111]. In this research, a Pt ring-edged pyrolytic
raphite disk assembly provided a means of assessing the perfor-
ance of the CO2-to-CO reduction pathway. CO was detected as

n adsorbed species on the Pt ring which could be stripped during
cans to higher potentials (ca. +0.45 V vs. Ag/AgCl). The amount of
dsorbed CO depended on the CO2 concentration in the electrolysis
olution, indicating that this approach can be used for the quan-
ification of CO formation. CO2 was studied in this manner over a
oncentration range of 1 × 10−4 M to 3.2 × 10−2 M.

Isaacs et al. polymerized [M-45]  (M = Co, Ni, Fe) to obtain mod-
fied electrode surfaces that incorporated reactive phthalocyanine
nits [112]. The electrolysis products in these experiments were
ependent on the identity of the metal center. For the poly-
eric Co system studied, HCOOH was produced exclusively at

n applied potential of −0.96 V vs. Ag/AgCl (with no H2), with a
ON of 7.9 × 104 during the 1.5 h−1 electrolysis. No change in the
lectrochemical behavior was seen over a 10-day period for this
ystem. The Ni polymer produced both HCOOH and HCHO in an
pproximate ratio of 2:1, while films incorporating Fe centers pro-
uced HCHO and H2. Metal-free polymer films produced only H2.
pectroelectrochemical experiments showed that for poly-[Co-45],
eduction of CO2 required both reduced metal centers and reduced
igands, while for poly-[Ni-45], CO2 was reduced at potentials that
orresponded to ligand reduction, offering an explanation for the
ifferent products obtained in electrolyses for these two metal-

opolymers.

.2. Metalloporphyrin-modified electrodes

Glassy carbon electrode surfaces were modified with various
obalt macrocycles, including the phthalocyanines [Co-1] and [Co-
6], the porphyrins [Co-8] and [Co-43], the oxamide [Co-47], and

wo varieties of vitamin B12, [Co-48]  and [Co-49], using CONH-
5H4N tethers (C5H4N = 4-pyridyl) [113]. The pyridyl tethers were
oordinated to the cobalt centers so as to anchor the complexes at
he electrode surface. The modified electrodes were then used for
 Reviews 256 (2012) 2571– 2600

electrocatalytic reduction of CO2 in 0.1 M phosphate buffer (pH 6.3).
In all cases except [Co-47] (which yielded only H2), the reduction
product was  CO. [Co-1] and [Co-46] yielded the highest current den-
sities, while the porphyrin systems exhibited the highest current
efficiencies. The porphyrin complexes were predicted to undergo
slow H2 evolution reactions from a hydride intermediate, relative
to competing steps that produced CO.

Ramirez et al. tethered the cobalt(II) tetrabenzoporphyrin, [Co-
50], to electrode surfaces through coordination of the macrocycle to
electrodes derivatized by 4-aminopyridine [114]. This produced an
electrocatalyst for which the fifth cobalt coordination site was  occu-
pied by a pyridine ligand. This arrangement is quite interesting:
acting as an electron-donor, the tether facilitates CO2 coordina-
tion to cobalt through the trans-effect. The modified electrodes
generated in this way  were then boiled in DMF to encourage the
formation of axially bonded macrocycles. Although no performance
data were given, the electrochemical response of the catalyst in the
presence of CO2 indicated high catalytic activity with long-term
stability.

[Co-8] was chemically bound to glassy carbon electrodes
by 4-(pyridyl)-NH-CO-, 4-(pyridyl)-CH2-NH-CO-, and 4-
(piperidyl)-CH2-NH-CO- groups and to SnO2 electrodes with
4-(pyridyl)ethylsiloxane groups to catalyze the electroreduction
of CO2 in aqueous solutions [115–117].  Fixation of the complexes
to the electrode surface was accomplished by coordination of the
cobalt centers through chemically tethered pyridines (Fig. 3). The
first of these modified electrodes produced CO with 92% current
efficiency at −1.11 V vs. Ag/AgCl, and a TON = 107 (CO2 reduction
to CO); at lower potentials, H2 evolution was the dominant process
(assuming only 2e− reduction processes) [115]. These electrodes
were very stable, exhibiting negligible loss of electroactivity after 3
days when stored in CO2-saturated phosphate buffer solutions. The
binding group exerted an influence on the CO2 reduction behavior,
attributable to the basic properties of the links, with the more basic
4-(pyridyl)-CH2-NH-CO- and 4-(piperidyl)-CH2-NH-CO- groups
pushing the CO-producing potentials to lower values where H2
evolution is more competitive (and thus % efficiency for CO is
less) [116]. For a siloxane-tethered Co(II)TPP complex, no CO2
reduction was  noted at potentials as low as −1.06 V, although
significant changes in the cyclic voltammograms collected for this
CME  seemed to indicate axial bonding of CO2 to the cobalt center,
suggesting that CO2 is too stable to undergo reduction once coordi-
nated [117]. A mechanism for CO2 reduction was  proposed (Fig. 4).

In two  other reports, Aramata et al. described electrode sur-
faces that were modified in a manner similar to that described
above. In the first case, [Co-8] CMEs were made by immobilization
of the metalloporphyrin onto chemically bound pyridine substitu-
tents [118]. Electrochemical reduction of CO2 was  believed to occur
through a reduced form of [Co-8], since the CO2 reduction wave
coincided with the Co(II/I) process. Constant potential electrolyses
at −1.16 V vs. Ag/AgCl yielded CO with 50% current efficiency (the
balance of the current corresponding to H2 evolution). Turnover
numbers of 105 were obtained in 4 h, with no detectable decrease
in the reduction current over that timeframe. Subsequent work
concerned aminopyridyl radical cation bridged-[Co-8] catalysts,
which were generated by the oxidation of aminopyridines (4-
aminopyridine, 4-aminoethylpyridine, or imidazole) [119]. These
electrodes catalyzed the reduction of CO2 in an aqueous buffer
(pH 6.3). Coordination of [Co-8] to the pyridine-modified surfaces
resulted in a 120 mV  negative shift of the Co(II/I) potential, in
accordance with the higher electron density for this Co(II) cen-
ter, following axial coordination of the pyridine substituent. Cyclic

voltammograms collected for these films in the absence of CO2 sug-
gested the presence of a stacked [Co-8] motif, in which layers of
the metalloporphyrin were piled upon the pyridine-bonded [Co-
8]. Only the surface-bound complexes were capable of reducing
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GC
surface

1) anod ic
oxida tion

2) chlorination 3) amidization
(with 4-aminop yridine)

4) [ Co-8] f ixation

Fig. 3. Scheme for the derivatization of electrode surfaces through covalent tethers. Step 1, involves the oxidation of GC surface by holding the electrode at 2.5 V for 10 min;
step  2, oxidized electrode surfaces were refluxed in SOCl2 for 1 h; step 3, surface amidization was carried out by immersing the electrodes in an aminopyridine-saturated
benzene solution at room temperature for 2 h (the electrodes were subsequently washed
4:1  benzene/CH2Cl2 for 1 h and subsequently washed with water before use.

Adapted from ref. [115].
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O2, which occurred through a hydride species [Co(II)-8](H). Only
O and H2 were produced by the [Co-8] films.

Gas-diffusion electrodes impregnated with [M-8] (M = Co, Fe,
n, Cu, Ni, and Mg)  and H2-tetraphenylporphyrin (H2P) were com-
ared in galvanostatic CO2 reduction experiments under CO2 at
tmospheric pressure and 20 atm. At 1 atm, [Co-8] exhibited good
O selectivity in electrocatalytic reduction reactions, while [Fe-8]
nd [Zn-8] displayed moderate performance numbers [120]. The
emaining metal porphyrins and H2P (the metal-free macrocycle)
isplayed poor performance for CO production. At 20 atm, how-
ver, both [Co-8] and [Fe-8] displayed good selectivity (97% and
1%, respectively, for CO) while [Zn-8] also showed reasonably
ood performance (62% for CO). [Cu-8] showed modest CO selec-
ivity, but also produced HCOOH (27% and 22%, respectively). CO2

eduction potentials were observed to shift to less negative values
nder high CO2 pressure. For [Co-8] and [Fe-8] complexes, the CO2
ave in cyclic voltammetry experiments shifted to a potential that

oincided with the M(I/0) process. For [Cu-8] and [Zn-8], this shift
 with benzene); step 4, derivatized electrodes were refluxed with 0.3 mM [Co-8] in

coincided with ligand-based reductions. It was  thus inferred that
[Co-8] and [Fe-8] reduced CO2 at a [M(I)-8] center, while for [Cu-8]
and [Zn-8], CO2 reduction was expected to be mediated by reduced
tetraphenylpyrrole ligands.

Riquelme et al. polymerized [Co-51] on glassy carbon electrodes
and used the resulting modified surfaces as CO2 reduction elec-
trocatalysts in aqueous 0.1 M LiClO4 [121]. The polymer-modified
films produced CO and H2 as major products, with small quantities
of HCOOH also detected. The authors postulated that the rate-
limiting step in the electrolysis was  the Co(II/I) electron transfer
process.

3.3. Modified electrodes incorporating complexes having
polypyridine-ligands

[Co-9] immobilized in Nafion® exhibited good selectivity for
HCOOH over H2 in aqueous solutions at a potential of −1.06 V vs.
Ag/AgCl (ca. 51% Faradaic efficiency, selectivity for CO2/H+ reduc-
tion = 4.0), as reported by Yoshida et al. [122]. HCOOH/H2 selectivity
was highly dependent on the applied potential, with H+ reduc-
tion dominating at lower potentials. At a potential of −1.51 V vs.
Ag/AgCl, H2 was  produced with 87% efficiency, while HCOOH was
formed with only 4% efficiency at the same potential.

Abruña et al. electropolymerized [M-9, M-52 and M-53]  com-
plexes of a range of transition metal centers (M = Cr, Fe, Co, Ni,
Ru, and Os) yielding metallopolymer-coated glassy carbon elec-
trodes that were used to reduce CO2 in aqueous NaClO4 [123–126].
The octahedral polymeric complexes present in these films con-
tained two terdentate ligands, and partial de-coordination may
have occurred during the reduction process to create a vacant
site at the metal center. The metallopolymers produced HCHO,
while no HCOO− or CO was detected [124]. Turnover numbers
for the modified electrodes were high (up to 15,000, for poly-
[Fe-52]). Poly-[Cr-52] exhibited the highest selectivity for HCHO,
at 87%. Film thickness influenced reaction rates, with thinner
films generally exhibiting faster reduction rates. It is likely that
charge propagation through thicker films limits the rate of CO2
reduction. Correlations were also drawn between catalyst activity
and reduction potentials observed for the complexes under inert
nitrogen atmospheres. Where there was  good agreement between
metal-based reduction waves and the potentials required for the

complexes to reduce CO2, high catalytic activity was observed, since
reduced metal centers interact more favorably with Lewis acidic
CO2 (Fig. 5). Although the potential for the CO2 reduction pro-
cess mediated by poly-[Fe-52] does not coincide with the Fe-based
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[Re-56] and [Re-57] electrocatalysts for reduction of CO2 in aqueous
solutions [128]. Films of [Re-56]/Nafion® that were cast on basal
plane pyrolytic graphite produced CO and HCOOH, with H2 pro-
duced as a by-product. At −1.26 V vs. Ag/AgCl CO2 reduction was
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ig. 5. Electrochemical reduction of CO2 on electrodes modified with films of poly-
.10  M NaClO4.

dapted from ref. [124].

edox process, the activity for this CME  is still high. However, for
oly-[Fe-52], a ligand-based reduction coincides with the poten-
ial of the CO2 process. It was postulated that interaction between
he �* ligand orbitals and eg metal orbitals might also yield favor-
ble interactions with CO2. Complexes within the Fe, Ru, and Os
rouping demonstrated the effect of row number on catalyst per-
ormance. The onset of CO2 reduction occurred at more negative
otentials along this series, reflecting of the relative stabilities
f the complexes. Comparisons of [M-52]  and [M-53]  polymers
uggested that the latter system exhibits better CO2 reduction
ctivity. The steric constraints introduced in polymers incorpo-
ating the 6-vinylpyridine substituent appeared to facilitate the
reation of open coordination sites for CO2 in poly-[Ru-53]  com-
ared to poly-[Ru-52],  as evidenced by less negative reduction
otentials under CO2 atmosphere. Comparisons between thin-film
ehavior and solution-phase behavior were not direct, since the
eduction product in DMF  was mainly HCOO− (2e− product) rather
han HCHO (4e− product).

In a separate study, Arana et al. polymerized complexes of
he [M-52]-type (M = Fe, Ni, Co) and compared their perfor-

ance in CO2 reduction experiments in DMF/Bu4NClO4 with
on-polymerized analogues [M-9] complexes in solution [123]. In
eneral, it was observed that electrodes modified with the poly-
erized complexes demonstrated much higher activity in CO2

eduction than the same catalysts in solution-phase experiments,
s determined by the relative enhancements in the magnitudes of
he reduction currents in the presence of CO2 vs. those observed
nder a N2 atmosphere. For poly-[Fe-52] and poly-[Co-52],  a sig-
ificant shift of the CO2 reduction potential to less negative values
as observed (700 mV  shift for the Fe complex and ca. 1 V shift

or the Co and Cr complexes relative to CO2 reduction on a GC
lectrode). The superior performance exhibited by the modified
lectrodes was expected to be a result of the high concentration of
atalyst centers in the film (e.g. cooperativity effects), and the data
howed that the electrocatalytic behavior of the immobilized com-
lexes (potentials for CO2 reduction and the number of electrons
ransferred, gauged from complimentary work on O2 reduction)
as largely metal-center dependent.
Caix et al. also utilized this approach to form Ir(III) and
h(III) polymer-supported catalysts for CO2 reduction, using

unctionalized polypyrrole films on vitreous carbon electrodes
127]. For [Rh-54]  (solution and polymer) the active species is a
], M = Co (a), Cr (b), Fe (c) under N2 (curve “A”) and CO2 (curve “B”) atmospheres in

hydridocomplex, and studies of the effect of water concentration
in this work showed that at about 20% H2O/CH3CN and at −1.36 V
vs. Ag/AgCl, HCOO− was  produced at close to 50% current effi-
ciency in solution-phase experiments for [Rh-54]. (CO was formed
at ca. 1% and H2 at ca. 15% under these conditions.) The proposed
mechanism for this catalyst is shown in Fig. 6. A 2e− reduction
of the chloro complex yields a hydrido form, which then under-
goes 1e− reduction and CO2-insertion steps. This process competes
with H2 evolution (see Fig. 4). For these polymer films, both CO
and H2 were produced at higher efficiencies than in solution,
under comparable conditions. The highest reported HCOO− effi-
ciency was  for a 5% H2O/CH3CN solution: HCOO− (22%); H2 (60%);
and CO (5%) at an applied potential of −1.26 V. The data obtained
in constant potential electrolyses suggested that CO2-insertion
into Rh–hydride bonds in the polymer was  hindered relative to
solution-phase reactions. For the films of [Ir-55],  HCOO− formation
occurred to a lesser extent, at a maximum current efficiency of 5%.

Work by Yoshida et al. in this area involved Nafion®-supported
[( -Me5C5)Rh(III)( L )(OCOH)]

Fig. 6. Mechanism for CO2 reduction by [(�5-Me5C5)Rh(III)(L)Cl](BF4), [Rh-54], in
poly-[Rh-54]  film.

Adapted from ref. [127].
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Fig. 7. Cyclic voltammograms in 0.1 M LiClO4 for [Ru-65]  under N2 (curve “1”) and
J.L. Inglis et al. / Coordination Che

avored to H2 evolution, but at lower potentials, H+ reduction was
ore prominent. HCOOH was produced with 48% current efficiency

t −1.26 V, while an efficiency of 28.5% for CO was found at −1.36 V.
Re-56] was more selective for HCOOH than CO at −1.26 V, but at
ower potentials CO was favored. At a potential of −1.56 V, turnover
umbers for HCOOH and CO were 401 and 0, respectively, in ca.
.2 h for [Re-57].

O’Toole et al. were among the first to report on films of
lectropolymerized complexes of the [Re(bpy)(CO)3Cl]-type com-
ounds [129]. Films of poly-[Re-58]  catalyzed CO2 reduction to
O with ca. 92% efficiency; in an 80 min  interval, a turnover num-
er of 516 was recorded for this polymer, compared to 20–30 for

 solution-phase experiment involving the non-polymerized ana-
ogue, over the same timeframe. However, the stability of the films
n these experiments was not good. In subsequent work, modified
lectrodes involving complexes of this type were generated by co-
olymerization with [Ru-59] [130]. Kinetic studies revealed that
he rate-determining step depended strongly on film thickness.
inetic data for thinner films exhibited a reliance on the rate of the
eaction between reduced poly-[Re-58]  and CO2, while electrolysis
ates for thicker films appeared to depend more on the rate of elec-
ron transport from the electrode, through the films, to the reaction
ites. Thus catalyst performance was superior for thinner films. It
as also observed that co-polymers exhibited better catalyst per-

ormance data, possibly due to a more open environment in the
lms created by the presence of dicationic ruthenium complexes
nd their counter ions.

Later, Cecchet et al. produced polymers of [Re-58]  in meso-
orous TiO2 on a SnO2 substrate, so as to enhance the accessible
eaction surface sites and improve CO yields from electrochemical
eduction of CO2 [131]. Qu et al. accomplished a similar goal, using
iO2 nanotubes and nanoparticles to load RuO2 for support on Pt
lectrodes [132,133].  The performance of RuO2 loaded on nano-
ubes/nanoparticles was  superior to RuOx on Pt, a consequence of
he higher number of accessible reaction sites in the nanostructured

aterials. On TiO2 nanotube structures, the Faradaic efficiency for
H3OH production was 60.5%, roughly double what was  reported

or RuOx on Pt [132].
Cosnier et al. used an alternative approach to polymerization

f [Re(bpy)(CO)3Cl]-type complexes, in which pyrrole-containing
ipyridine ligands (rather than vinyl-substituted ones) were used
134]. With this polymerizable group, a series of complexes, [Re-
0–64], were obtained via anodic deposition, producing conjugated
olypyrrole linkages that joined the catalysts sites together. In this
tudy, all complexes underwent electropolymerization; however,
nly poly-[Re-60–62]  catalyzed the electrochemical reduction of
O2. [Re-63] and [Re-64]  both possess ester linkers rather than
liphatic ones present in [Re-60]  and [Re-61], which connect the
ipyridine chelating unit to the polymerizable pyrrole ring. The
tability of the polymers was investigated with cyclic voltammetry
xperiments and the results indicate that poly-[Re-63]  and poly-
Re-64] were most stable. This is most likely due to the presence of
hese ester groups, since the first reduction waves for these com-
lexes appeared at potentials that were ca. 400 mV  less negative
han those of poly-[Re-60–62].  This potential shift might lower the
rbital energies of the reduced forms of these complexes to the
xtent that they become poor matches for binding CO2, as was
utlined for Abruña’s bis-terpyridine complexes (vide supra). Film
hickness studies for poly-[Re-60–62]  revealed an optimum thick-
ess, beyond which no gains in CO2 reduction performance were
ealized, and the reduction products for each of these films was a
:1 mixture of CO and CO3

2−.

Another interesting group of complexes containing

olypyridine-ligands that are active for CO2 reduction are
olymeric [M(bpy)(CO)2]n systems. These polymers can be pro-
uced by reduction of the parent complex to yield axially linked,
CO2 atmospheres (curve “2”).

Adapted from ref. [136].

metal–metal bonded chains which consist of metal complex units
that possess bipyridine and CO ligands (see Fig. 1). For trans-
(Cl)-[Ru(bpy)(CO)2Cl2], polymerization is brought about through
constant potential electrolysis in CH3CN solution at −1.32 V vs.
Ag/AgCl [135]. For the resulting polymer, [Ru-65], desorption
and subsequent dissolution are accomplished during successive
processes at potentials of ca. +0.34 V and +1.44 V vs. Ag/AgCl.
Reductions of the polymer are bpy-localized, and two reversible
reduction waves for this system were reported at −0.56 V and
−1.21 V. In CH3CN, films of this polymer proceeded to reduce CO2
via a hydride intermediate, yielding CO and HCOO− in 58% and 2%
yields, respectively. In 5% H2O/CH3CN under a CO2 atmosphere the
behavior was quite different: a very large cathodic wave (Fig. 7)
corresponding to catalytic CO2 reduction was observed, beginning
at −0.76 V [136]. Constant potential electrolyses at −1.21 V in this
solvent system yielded CO with 100% current efficiency, while in
aqueous LiClO4, the reduction was observed to begin at ca. −0.8 V;
electrolyses at −1.16 V vs. Ag/AgCl produced CO with 97% effi-
ciency. For a [Ru-69]  system, anodic polymerization first yielded a
polypyrrole metallopolymer, which was subsequently reduced to
form Ru–Ru bonds within the existing polymer (Fig. 8). Electrocat-
alytic reduction of CO2 with this polymer in either CH3CN/5% H2O
or aqueous solution yielded CO with high efficiency (90% and 80%,
respectively).

Deronzier reported the electrocatalytic activity of polymers syn-
thesized by the electropolymerization of trans-Cl-[Ru(L)(CO)2Cl2]
complexes, where L consisted of a range of bipyridine-type ligands.
In this work, the complexes were electropolymerized reductively,
producing the polymers [Ru-65–71] on electrode surfaces [137].
The electrolysis products in this work were highly dependent on
the electron-donating or withdrawing nature of the bipyridine-
type ligand. The electrolyses yielded CO with very high efficiencies

′
when the bidentate ligand was  either 2,2 -bipyridine (65) or other
electron-donating ligands (66, 67,  70). The maximum efficiency
for [Ru-65] at −0.86 V vs. Ag/AgCl was  found in pH 9 buffer: 94%
for CO formation; however, selectivity for this polymer depended
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trongly on the pH of the medium. At pH 7, CO was produced
ith only ca. 54% efficiency, while HCOO− was produced at 33%

fficiency. Selectivity in CO2 reduction reactions exhibited a depen-
ence on the electronics of the bipyridine ligand. For [Ru-68], a case
here electron-withdrawing substituents are present, HCOO− was

btained as the major product in solutions having pH >5. At −0.86 V
n pH 12 solution, HCOO− was obtained with ca. 90% current effi-
iency. The mechanism of CO2 reduction for [Ru-65–67,69,70] is
hown in Fig. 9. An initial 1e− reduction of the complex produces

 reduced form where the reduction is localized at the bipyridine
igand. This structure is proposed to lose a CO ligand to create a
entacoordinate complex that can bind CO2. Following protona-
ion of bound CO2 to COOH, a second protonation liberates H2O
nd leaves a bound CO ligand in its wake. Films of these complexes
ere also generated by anodic polymerization of complexes that
ossessed pyrrole-substituted ligands (Fig. 8), since films grown
y reductive polymerization are unstable at potentials that oxi-
ize the films. In the case of polypyrrole-[Ru-71],  polymer films
roduced HCOO− in 99% Faradaic yields in the presence of 0.5 M

a2SO4 + 0.1 M NaHCO3, at only −0.75 V vs. Ag/AgCl. The osmium
olymer, [Os-65] was synthesized by electropolymerization of
rans-(Cl)-[Os(bpy)(CO)2Cl2] and investigated for its potential to
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ig. 9. Mechanism for CO2 reduction in films of poly-[Ru-65–67] and poly-[Ru-
9,70].

dapted from ref. [137].
ropolymerization and subsequently subjected to potentials that effect the formation

reduce CO2 electrochemically [138]. Under a CO2 atmosphere, films
of this polymer on carbon felt electrodes were active at a potential
of −0.96 V vs. Ag/AgCl in 10% H2O/acetonitrile. In aqueous LiClO4,
HCOO− and CO were produced with 10% and 60% current efficien-
cies, respectively.

3.4. Modified electrodes incorporating cyclam-type complexes

Nickel complexes of tetraazacyclodecane and related ligands
display structural features similar to porphyrin systems, and nickel
and cobalt complexes incorporating these ligands exhibit catalytic
activity toward CO2 reduction in solution [139]. Langmuir–Blodgett
films of nickel tetraazacyclodecanes were used to modify glassy
carbon surfaces by Fujihira et al. [140,141].  The N-substituted
complexes [Ni-72,73]  were synthesized and used in CO2 reduc-
tion experiments in work directed towards the construction of
interfaces for artificial photosynthesis. Films of [Ni-72]  underwent
reduction at less negative potentials than the same complex did
in solution, and were active for CO2 reduction at a potential of
−1.38 V vs. SCE [140]. Comparable studies of the adsorption of
N-methyl-substituted tetraazacyclodecanes were carried out by
Bilewicz et al. on mercury electrodes [142,143].  Although these
kinds of complexes are photochemically active towards CO2 reduc-
tion, this pathway demonstrates poor efficiencies [144]. On the
other hand, the electrocatalytic reduction of CO2 by Ni tetraaza-
cyclodecanes proceeds with high efficiency and selectivity [145].
Bilewicz et al. attempted to effect changes in the catalytic activ-
ity of Ni(II) macrocycles toward CO2 reduction through systematic
structural changes in the tetraazacyclodecane skeleton. Increas-
ing the degree of N-methyl substitution in these complexes was
expected to decrease the ligands’ �-donor abilities and yield com-
plexes with less negative reduction potentials; however, it also
affects their stability in the reduced, Ni(I)(ads) state. Ni(II) com-
plexes of this type become weakly adsorbed at mercury surfaces
(see Fig. 10)  and the degree of this adsorption increases with N-
substitution. Before undergoing electrochemical reduction to the
catalytically active Ni(I)(ads) state, a reorganization from the trans-
III (or RRSS) form to the trans-I (or RSRS) form occurs [142]. The
results obtained in this study showed that increasing the degree of
N-substitution in the ligands yielded the more strongly adsorbed

trans-I complex species on mercury. Presumably, the �-donor prop-
erties of highly N-substituted macrocycles are reduced relative
to the cyclams present in [Ni-74], enabling Hg to act as a strong
donor at a fifth coordination site for those cases. For the most
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Fig. 10. Mechanism for adsorption of Ni–cyclam complexes. The reorganization step
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dapted from ref. [142].

ighly substituted systems, [Ni-77,78],  the interactions between
he Ni(II) RSRS-form and mercury were so strong that very negative
otentials were required to reduce the complex, and instead of the
atalytically active, Ni(I) species, Ni(0) was produced. Since binding
f CO2 requires the catalyst to be in the adsorbed Ni(I) RSRS-form,
O2 reduction for films incorporating [Ni-77,78]  was  not observed.

A comparison of the catalytic properties of this family of com-
lexes in three different surface-confined forms was  carried out

n a study involving films that were deposited using either a
afion® support phase, by anchoring monolayers to the elec-

rode surface with pyridyl and anthracyl side-chains, or by the
angmuir–Blodgett (monolayer) technique [143]. Complexes sup-
orted in Nafion® films exhibited stable electrochemical behavior
ut showed low catalytic activity compared to monolayer CMEs,
robably because the polymer matrix hindered adsorption of
he complex to the electrode surface. Modified electrodes pre-
ared by the Langmuir–Blodgett technique for [Ni-73]  and [Ni-79]
xhibited substantially higher currents in the presence of CO2
ompared to Ar-purged solutions at hydrophobic substrates (e.g.
hin-film mercury electrodes and glassy carbon surfaces), but not
ydrophilic substrates (e.g. indium–tin oxide). Complexes incorpo-
ating pyridyl and anthracyl side-chains, [Ni-80]  and [Ni-81] were
lso active for CO2 reduction but were not stable for long periods
f time, probably because of poisoning of catalyst sites by carbonyl
ompounds formed during catalytic cycles.

.5. Modified electrodes incorporating miscellaneous transition
etal complexes

Losada et al. polymerized [Co-82] to create modified electrode
urfaces that were active for both O2 and CO2 reductions [146].
O2 was reduced by this system at potentials beginning at −0.96 V
s. Ag/AgCl. The study also shows the importance of film prepara-
ion on catalyst performance. Films grown by potential cycling to a
ess positive potential limit (+0.90 V) had less compact morpholo-
ies, as determined by SEM. These films exhibited catalytic currents
t potentials ca. 150 mV  less negative than for films prepared by
otential cycling between 0.04 V and +1.04 V.

A study employing a dual-film assembly was reported by Ogura
t al. in which [Fe-83]  was immobilized in a polyaniline|Prussian
lue modified electrode. This arrangement produced lactic acid
ith a selectivity of 88% at −0.8 V vs. SCE in 0.5 M KCl, along
ith small amounts of CH3OH, C2H5OH, CH3COH, (CH3)2CO,

nd CH4 [147]. The modified electrodes consisted of a Pt |film
|film two-setup, where film 1 (Prussian Blue) served to gen-
rate hydride species at the film 1–film 2 interface, and film 2
onsisted of the electrocatalyst supported in polyaniline. Signif-
cantly, the onset of CO2 reduction was observed at potentials
s high as −0.3 V, close to the thermodynamic potentials for

ormation of some of the products found. In a similar study, 2-
ydroxy-1-nitrosonaphthalene-3,6-disulfonatocobalt(II) [Co-84]
as employed in a dual-film assembly (Prussian Blue|polyaniline),
 Reviews 256 (2012) 2571– 2600 2597

producing lactic acid, CH3OH, C2H5OH, and (CH3)2CO at −0.6 V vs.
SCE, all with low current efficiencies [148].

4. Concluding remarks and future challenges

The present review reports on recent developments of the
potential application of electrode surfaces modified with molecu-
lar electrocatalysts for the generation of hydrogen from water and
the transformation of CO2 into fuels and/or chemical feed stocks.
In the 1980s and 1990s this area of research attracted consider-
able interest and as a result of reducing oil prices, interest declined
rapidly. However, since the realization that fossil fuels are running
out and because of the ever-worsening problem of climate change,
its relevance to energy and environmental issues has placed this
issue center stage.

The results presented in this review cover the electrocatalytic
behavior of a wide variety of coordination complex types, most of
them based on abundant (and cheap) first row transition metals.
The approach used in these studies involves the immobilization of
molecular electrocatalysts on a conducting electrode surface such
as carbon. The electrocatalysts used are often identified from ear-
lier, homogenous, solution-based studies. As is often the case with
catalytic systems, the immobilization of a catalyst on an active
surface can yield considerable dividends. Only small amounts of
catalysts are needed, they can easily be separated from the reac-
tion mixture and fast, heterogeneous electron transfer rates can
often be obtained. The most direct means of such immobilization
is the physical or chemical adsorption of electrocatalytic species as
monolayers on electrode surfaces. This method, although widely
used, has some problems such as the observation that only very
small amounts of active materials are effectively bound to the sur-
face, mostly in the order of a monolayer or less. A small amount
of immobilized of electrocatalytic centers will hinder the develop-
ment electrocatalytic electrodes with high current densities.

Therefore, alternative methods need to be developed, for exam-
ple, ones that incorporate electrodes with high surfaces areas, such
as nanocrystalline surfaces [149] or more traditional, porous elec-
trodes. An alternative is the development of 3-D catalytic layers
within an immobilizing polymer matrix. Such a layering might lead
to higher concentrations of electrocatalytic species at the electrode
surface and give better control of the electrochemical processes
and/or higher product yields. For example, polymerized [M-52]
complexes exhibited much higher activity toward CO2 reduction
than the same complexes in homogeneous, solution-phase experi-
ments [124]. A dramatic ∼1 V shift of the reduction potential for CO2
observed at poly-[Co-52]  and poly-[Cr-52]-coated surfaces com-
pared to what was  found for CO2 reduction at a bare GC surface
might be attributed in those cases to a combination of cooperativ-
ity effects (created by the close proximity of many active catalyst
centers) as well as enhanced availability of open coordination sites
for fixation of CO2 in the reduced, Co(I) form of the polymeric
complexes. It has also been shown that certain polymers such
as polyvinyl pyridines and Nafion® can be used to concentrate
electrocatalysts on electrode surfaces in high (up to molar concen-
trations) and can also used to control the proton concentration in
the modifying layer. This again may  provide higher reaction rates.
Furthermore, immobilization within a polymer layer also offers the
opportunity to tailor the orbital energies of metallic catalyst cen-
ters through binding to the polymer backbone. In certain metal
complexes such as metallophthalocyanines and polypyridine com-
in a catalytically active form and store more redox equivalents that
might be transferred to the substrate during catalytic cycles. This is
an important point where CO2 reduction is concerned, since higher
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arget products like CH3OH or CH4 are obtained electrochemically
hrough multi-electron and multi-proton transfers.

A problem that may  arise with polymer matrices, however, is
hat the electron and ion percolations to the underlying electrode
urface have to be efficient and fast. It has been shown, for example,
hat the charge transport properties of electrode-immobilized
smium containing poly(4-vinylpyridine) electrocatalysts depend
trongly on the layer thickness, the nature and concentration of the
ontacting electrolyte, the pH and the temperature [49,150]. Care-
ul control of the reaction conditions is therefore needed to obtain
ptimum efficiency. Importantly, studies with polymer-modified
lectrodes have shown excellent film stability over many days.

Another point that needs to be considered is that film morphol-
gy will exert a major influence on the diffusion of substrates and
ons through the film. During scale-up, reproducibility of film con-
itions might not be trivial. The development of new materials (e.g.
olymers with better electrical conductivity, enhanced robustness,
tc.) can be expected to give way to better catalytic electrodes. The
ssues outlined above are important for hydrogen generating sys-
ems as well as electrocatalytic assemblies for the transformation
f CO2. There are, however, a number of differences in approach
eeded to achieve successful devices in both cases. The electrolysis
f water for the production of hydrogen is well understood. Most of
he hydrogen produced on an industrial scale is at present obtained
rom fossil fuels but electrolysis is also utilized. However, in these
rocesses expensive electrode materials, high pressures and tem-
eratures are needed. There is therefore considerable interest in
roducing novel cells that are cost effective, showing high effi-
iencies and stability at room temperature using abundant, stable
nd cheap electrocatalysts. In the development of such systems the
verpotential that has to be applied to achieve high turnover num-
ers is a very important factor. This is evident from the many dif-
erent compounds discussed in this review where the introduction
f substituents in, for example, metal-based porphyrins and metal-
ophthalocyanines is aimed at lowering this overpotential. There-
ore the energy cost for any catalyst to be utilized on a large-scale
rocess is one of the most important factors that determine the
easibility of its use. This is reflected in the compounds discussed
n this review. Although a small part of the studies presented in
his review pertain to precious metal centers, the majority involve
on-precious metals like cobalt, iron, nickel, copper, and zinc.

For CO2-transforming devices, such efficiency and commercial
riteria are critically important. For future development of electro-
atalytic devices in this area, rhenium-based electrocatalysts are
uch less sustainable than devices based on cobalt or nickel and

esearch should clearly develop in this direction. There are how-
ver a number of other problems to be considered. Firstly, there is
urrently much less information available about the mechanisms
nvolved in these transformations than there needs to be, particu-
arly where non-precious metal complexes are concerned. A deeper
nderstanding of such catalytic cycles is required before embarking
n device development steps. Then, there is the limited solubil-
ty of CO2 in water and the range of products obtained in these
tudies, such as CO, H2, CH3OH, CH4 and HCOOH. A related prob-
em is the difficulty in the isolation of the products formed in the
lectrolysis solution. As mentioned, organic solvents can be used
o increase the solubility of CO2. More research into this aspect
f CO2 electrolysis (solvents/conditions that improve CO2 solubil-
ty) may  yield higher current densities and inherently better device
fficiencies. Gas-diffusion electrodes may  offer improvements over
olymer films deposited on solid electrodes. The very high surface
reas of these electrodes and the improved accessibility to CO2 that

hey offer are both critical for obtaining high current densities in
O2 reductions. If electrochemical techniques assume a larger role
or energy storage in the future, these materials will probably find
requent use.
 Reviews 256 (2012) 2571– 2600

So  while H+ reduction in aqueous solutions yields H2 only, prod-
uct selectivity in CO2 reductions is of ultimate importance and to
obtain such selectivity is, at the moment, highly problematic. Many
of the electrocatalysts discussed in this review reduce CO2 to either
CO or HCOOH. In some cases, the Faradaic efficiencies reported for
these reductions are quite high, and the range of products in these
cases can be narrow. High Faradaic efficiency also implies high
catalyst stability, since the current in the electrolysis is used for
substrate reduction and not some other process that involves the
complex (e.g. decomposition). In certain cases cited here, catalyst
stability has been evaluated on the basis of changes in electrochem-
ical behavior over time. This is an important aspect of electrocata-
lyst performance that really needs to be explored for any catalyst
that appears to be a promising candidate for larger-scale use.

In conclusion, even though electrocatalytic H2 evolution and
CO2 reduction using cheap materials at ambient temperatures dis-
play considerable promise, there is an urgent need to conduct
more structured investigations of these materials (for example, the
systematic investigations of catalyst structures and polymer films
carried out by Kaneko). As already noted by Savéant in a recent
review [151], a considerable amount of work has been conducted
in this area, but an understanding beyond an empirical level needs
to be achieved in order to provide better knowledge of the fun-
damental, underlying processes. It can be expected that as further
investigations are made into understanding reaction pathways, by
concentrating where the effects of electrode materials, solvents,
electrolytes, immobilization techniques and suitable substrates on
device output used are considered in detail, a viable, cost effective
electrochemical alternative to the use of fossil fuels for sustainable
energy production will be developed.
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[42] M.N. Yarasir, M.  Kandaz, A. Koca, B. Salih, Polyhedron 26 (2007) 1139.
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The synthesis and characterisation of two terpyridine based ruthenium/palladium heteronuclear
compounds are presented. The photocatalytic behaviour of the Ru/Pd complex containing the linear
2,2′:5′,2′′-terpyridine bridge (1a) and its analogue the non-linear 2,2′:6′,2′′-terpyridine bridge (2a) are
compared together with the respective mononuclear complexes 1 and 2. Irradiation of 1a with visible
light (e.g., 470 nm) results in the photocatalytic generation of dihydrogen gas. Photocatalysis was not
observed with complex 2a by contrast. A comparison with the photocatalytic behaviour of the precursors
1 and 2 indicates, that while for 1a the photocatalysis is an intramolecular process, for the mononuclear
precursors it is intermolecular. The photophysical and electrochemical properties of the mono- and
heterobinuclear compounds are compared. Raman spectroscopy and DFT calculations indicate that there
are substantial differences in the nature of the lowest energy 3MLCT states of 1a and 2a, from which the
contrasting photocatalytic activities of the complexes can be understood.

Introduction

Hydrogen is widely perceived to be one of the primary fuels of
the future, in particular for the transport sector because of its
exceptionally high energy-density/mass ratio. One of the most
promising approaches towards the generation of hydrogen in an
environmentally friendly and sustainable manner is the use of
molecular photocatalysts that utilise visible light to drive proton
reduction. Such systems are comprised of a light-harvesting
antenna that can donate electrons to a catalytically active centre
via a bridging ligand. Due to their exceptional photophysical and
redox properties Ru(II) polypyridyl complexes are an excellent
choice as the light harvesting centre1 while Pd(II) or Pt(II) are
often the metal of choice for the catalytically active centres.2

Alternative combinations already reported are the combinations

of Re/Co, Ru/Pd, Ru/Pt, Os/Rh, Ru/Rh, Pt/Co and Ir/Rh.3 The
perception that intramolecular electron transfer from the light
harvesting centre to the catalytic centre via the bridging ligand
has stimulated the search for suitable bridging ligands. However,
changes to the peripheral ligand can influence the catalytic prop-
erties of the assemblies also.2b,4

In this contribution two new Ru(II)/Pd(II) heterobinuclear
metal complexes 1a and 2a (Fig. 1) and their photocatalytic
properties with regard to hydrogen production are reported. The
complexes are based on terpyridine bridging ligands with the
linear 2,2′:5′,2′′-terpyridine bridge (2,5-bpp) used in 1a and the
angular 2,2′:6′,2′′-terpyridine bridging moiety (2,6-bpp) in 2a.
We show here that 1a (with the linear 2,5-bpp ligand) can cata-
lyse the production of hydrogen while 2a does not. In addition
preliminary wavelength dependent studies on the catalytic

Fig. 1 Structure of complexes [Ru(bipy)2(2,5-bpp)Pd(CH3CN)Cl]-
(PF6)2 (1a) and [Ru(bipy)2(2,6-bpp)Pd(CH3CN)Cl](PF6)2 (2a). The
mononuclear precursor Ru(II)-complexes are denoted 1 and 2.
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efficiency suggest that the highest efficiency may be obtained
when the lowest energy 3MLCT states are localised on the brid-
ging ligand.

Results and discussion

Synthesis

The linear 2,2′:5′,2′′-terpyridine ligand was prepared through a
Negishi coupling of 2,5-dibromopyridine with 2-pyridylzinc
bromide using modified published procedures5 and obtained
with moderate yields. Complexes 1 and 2 were obtained in excel-
lent yields from [Ru(bipy)2Cl2]·2H2O. Heating 1 and 2 in alco-
holic solution at reflux with (NH4)2[PdCl4] for several days
afforded the heterodinuclear complexes 1a and 2a in good yield.

A key issue is the actual molecular structure of the active com-
pounds. In Fig. 1 the Pd centre is coordinated to the bridging
bpp ligand, as well as to a chlorido and an acetonitrile ligand,
and elemental analysis supports this structure. However, a tetra-
nuclear structure such as in Fig. 2 is also possible, whereby the
acetonitrile is not bound to the Pd(II) centre but is solvent of
crystallisation.

The 1H NMR spectrum of 1a is shown in Fig. S2a, ESI.‡ The
resonance at 2.06 ppm, when compared with related Pd(II) com-
plexes, can be assigned to coordinated acetonitrile.6 A similar
assignment can be made for 2a (Fig. S2b, ESI‡). Hence, in solu-
tion the structure is most likely to be that shown in Fig. 1. It is
worth noting that the products obtained from the reaction
between 1 (or 2) and the Pd(II) precursor are insoluble in a range
of solvents except upon addition of acetonitrile (e.g., to acetone)
when dissolution occurs. This suggests that the product obtained
from this reaction may have the structure as shown in Fig. 2, but
that upon addition of acetonitrile the solvent adduct is formed.
For the photocatalytic and electrochemical experiments it is
assumed that the molecular structure of the compounds is that
shown in Fig. 1.

Steric interactions between the 2,6-bpp ligand and the bipy
ligands results in the pyridine ring not coordinated to the Ru(II)
centre sitting out of the plane of the other two pyridine rings
(vide infra). 1H NMR spectroscopy shows that for 1, which con-
tains the sterically constrained 2,5-bpp ligand (Fig. S1, ESI‡),

and for 1a four sets of bipyridine multiplets (8.64–8.54,
8.15–8.07, 7.95–7.78, 7.48–7.38 ppm) were observed due to the
similar chemical environment of all bipyridine ligands. In con-
trast, up to twelve resolved sets of signals were observed for the
bipyridine ligands of 2 and 2a, indicating the different chemical
environments that these ligands are in (Fig. S2, ESI‡). The
chemical shifts of the bridging ligands are similar for all com-
plexes. Assignment of the signals observed was facilitated by
deuteriation7 of the bipy ligands (see Fig. S1 and S2, ESI‡) and
by the use of 1H COSY NMR spectroscopy.

UV/Vis spectroscopic and redox properties

The spectroscopic and electrochemical properties of the com-
pounds are shown in Table 1 and Fig. 3. The absorption and
emission maxima show only minor changes upon addition of the
Pd(II) centre; however, a considerable decrease in emission life-
time is observed e.g., from 442 ns for 1 to 105 ns for 1a. The
decrease in emission lifetime, however, is not accompanied by a
corresponding decrease in emission quantum yield, which
suggests that the coordination of the palladium centre increases
the rate of radiative relaxation possible through increased spin
orbit coupling effects. A similar observation was made by Sakai
and co-workers.8 This also suggests that the lowest excited states
are bipy based for both mono- and heterodinuclear complexes in
agreement with transient Raman studies. The DFT calculations
suggest however that other excited states with similar energy
which are bridge based are also present (vide infra).

The electrochemical properties of the complexes were investi-
gated using both CV (cyclic voltammetry) and DPV (differential
pulse voltammetry) in DMF (Fig. S3, ESI‡). In acetonitrile very
similar results were obtained. 1 and 2 show well-defined oxi-
dation waves {Ru(II)/Ru(III)} and reductions assigned to ligand
based reductions.

Interpretation of the cyclic voltammetry of the heterodinuclear
complexes is, in contrast, not straightforward due to the obser-
vation of a number of irreversible processes (Fig. S3, ESI‡). The
data obtained for 1a and 2a were compared with those obtained
for 1, 2 and [(2-phenylpyridine)Pd(μ-Cl)]2 (3). Compounds 1a
and 2a show three oxidative processes, the second wave at ca.
0.84 V for 1a and at 0.78 V for 2a is quasi reversible, while the
first and third are irreversible. The irreversible processes are
assigned to Pd based oxidations by comparison with 3 (Table 1).
It is worth noting that the Ru(II)/(III) redox potential does not
change significantly upon the coordination of Pd(II). This
suggests that the energy of the ground state is largely unaffected.
A number of ill-defined processes are observed at negative
potentials for both 1a and 2a, and assignment of individual
redox couples is therefore not possible. Previous studies of
related ruthenium complexes have shown that a 2,5-bpp based
reduction generally occurs at more positive potentials than for
bipy based reductions.9

Of particular interest at negative potentials are the Pd(II) based
reduction waves. Again a definitive assignment cannot be made,
however the least negative processes at −1.67 V (1a) and −1.92 V
(2a) are most likely ligand centred reductions. In compounds
1 and 2 a wave is observed at similar potentials, however assum-
ing that this reduction is bpp based, it can be expected that thisFig. 2 Possible structure for RuPd photocatalyst 1a in the solid state.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13050–13059 | 13051
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wave will be at more negative potentials when the ligand is
cyclo-metallated.

These UV/Vis spectroscopic and electrochemical data overall
indicate that coordination of Pd(II) to 1 (and 2) has only a
modest effect and the photophysical properties of the ruthenium
centre remain largely unchanged, albeit with a red-shift in the
ππ* absorption bands of the bpp ligands to ca. 350 nm. The
absence of a substantial change in the absorption and emission
maxima and the indication from electrochemical data that the
Ru(II) centred HOMO orbitals are unchanged in terms of energy
suggest that the primary effect of complexation of the Pd(II)
centre is to reduce the radiative lifetimes and to introduce an
additional excited state deactivation channel (e.g., energy or elec-
tron transfer to the palladium centre).

Photocatalysis

The photocatalytic properties of 1a and 2a were investigated in
acetonitrile with the sacrificial reductant triethylamine (TEA)
and compared with solutions containing the mononuclear com-
plexes 1 or 2 and [Pd(CH3CN)2Cl2]. As anticipated no photo-
catalytic water-splitting, was observed in the absence of water,
however when solutions contained 5 or 10 vol% water H2 was
generated with turnover numbers shown in Table 2. The turnover
numbers (TONs) for H2 production obtained after irradiation at
470 nm for 18 h are given in Table 2. TONs of up to 130
(16 μmol after 18 h) were obtained for 1a. The time dependence
of H2 evolution by 1a, and 1 with [Pd(CH3CN)2Cl2], expressed

as TON over an 8 h period is shown in Fig. 4. Remarkably, H2

production was not observed with 2a.
Photocatalytic hydrogen production was also observed when

the catalyst was prepared by mixing 1 with [Pd(CH3CN)2Cl2] or
(NH4)2[PdCl4] in situ; however lower TONs were obtained than
for 1a under the same conditions. Furthermore the lack of
activity of the in situ prepared catalyst over the first 4 h of the
reaction and the absence of conversion when [Pd(CH3CN)2Cl2]
was used alone support the conclusion that the H2 evolution
originates from an intramolecular process in the heterodinuclear
complex. Furthermore, it is clear from Fig. 4 that the activity is
highest in the early stages of the reaction (t < 4 h). Control

Fig. 3 UV-Vis absorption spectra of 1 (black) and 1a (blue). Wave-
lengths used to record Raman spectra are indicated.

Table 2 Turnover numbers (TON) for hydrogen generation

Compounds
TON as function of water contenta (v/v)

Water content 0% 5% 10%

1a 0 108 130
2a 0 0 0
1 + (NH4)2[PdCl4]

b — 50 48
1 + [Pd(CH3CN)2Cl2]

b — 79 70
2 + (NH4)2[PdCl4]

b — 0 0
2 + [Pd(CH3CN)2Cl2]

b — 0 0

aDetermined by GC after irradiation for 18 h. b The reaction mixture
contains an equimolar mix of the mononuclear complex and Pd species
3.0 × 10−5 M, [TEA] = 2.30 M.

Fig. 4 Time-dependence of the TON achieved for H2 evolution in the
presence of 10% water for 1a (blue) and 1 with [Pd(CH3CN)2Cl2] (red).

Table 1 UV/Vis spectroscopic and electrochemical properties of 1, 1a, 2 and 2a

Abs./nm {ε 104 M−1 cm−1} Em./nm {τa/ns} ΦEm Eox
b (V) Ered

b (V)

1 455 {1.18} 630 {442} 0.047 0.83 −1.64, −1.95, −2.16, −2.53
1a 463 {1.33} 635 {105} 0.032 0.73c, 0.84, 1.02c −1.43c, −1.67, −1.88, −2.10, −2.37d,c, −2.55d
2 449 {1.88} 627 {33} 0.003 0.77 −1.77, −1.97, −2.27
2a 449 {1.72} 635 {e } 0.001 0.66c, 0.78, 0.93c −1.76c, −1.92, −2.10, −2.31, −2.27, −2.37d
3 0.70c, 1.03c −2.31c, −2.45c, −2.49
aBy TCSPC at 293 K in de-aerated acetonitrile solution. bCyclic voltammetry in DMF with 0.1 M TBAPF6 vs. Fc/Fc

+ couple. Data were obtained at
263.15 K for 1a and 2a. c Peak potentials for irreversible processes. dDetermined using differential pulse voltammetry. e lifetime less than instrument
response (<1 ns).

13052 | Dalton Trans., 2012, 41, 13050–13059 This journal is © The Royal Society of Chemistry 2012
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experiments with the mononuclear precursors 1 and 2 without
Pd species present or by mixing 2a with [Pd(CH3CN)2Cl2] did
not show evidence of H2 production.

The formation of colloids for H2 generation has been dis-
cussed by several authors.10 Since both complexes have compar-
able binding properties for Pd it seems unlikely that one should
act as a precursor for catalytically active colloids while the other
does not. Indeed given the greater steric demands that the coordi-
nation of palladium places on complex 2a, it would be expected
to be this complex that releases palladium more rapidly. This is
not the case, however. The formation of a black precipitate is
observed for 1/[Pd(CH3CN)2Cl2] and for 1a under catalytic con-
ditions and suggests dissociation of the palladium. By contrast
precipitates were not observed for 2a under the same conditions.
It should be noted that the standard mercury test,11 used to ident-
ify the presence of Pd nanoparticles, has previously been found
to be inappropriate for these types of complexes.4

The wavelength dependence of H2 production by 1a was
examined (Fig. 5). A maximum TON of 130 with 10% water
was obtained close to the maximum absorption (463 nm, ε =
1.33 × 104 M−1 cm−1) when irradiated at 470 nm (ε = 1.28 ×
104 M−1 cm−1) for 18 h (Table 2). For other excitation wave-
lengths the TON decreased according to the absorption spec-
trum; at 520 nm (ε = 0.21 × 104 M−1 cm−1), TON = 51; at
590 nm (ε = 0.03 × 104 M−1 cm−1), TON = 5; and at 630 nm
(ε = 0 M−1 cm−1), TON = 0. When differences in molar absorp-
tivity are taken into account, the efficiency is higher when

excitation is at longer wavelengths, i.e. efficiency is not constant
over the visible spectrum.

For heterogeneous photocatalytic hydrogen production with
graphitic C3N4 (g-C3N4) the catalytic activity follows the absorp-
tion spectrum strictly.12,13 However, Rau and co-workers, have
observed wavelength dependence for the efficiency of the
complex [Ru(tbbpy)2(tpphz)PdCl2](PF6)2 where the catalytic
activity did not follow the absorption spectrum strictly.14 The
origin of this effect could lie in the involvement of a one electron
reduced intermediate state; i.e. excitation of 1a is followed either
by relaxation to 1a or reduction of the excited complex by TEA
to yield 1a−. The absorption spectrum of this species would be
expected to be substantially different and hence the second exci-
tation, if rate limiting, will depend not on the spectrum of 1a but
on the one electron reduced 1a−. Alternatively, recent studies on
related iridium compounds3j indicate that the efficiency of hydro-
gen formation may depend on the nature of the excited state
populated as also suggested in ref. 14. These latter investigations
on a tpphz based photocatalyst utilised laser excitation sources
with a constant photon flux. This is technically not easily accom-
plished with LED excitations. More detailed studies into these
observations are necessary especially with more accurate exci-
tation sources in order to obtain more detailed information.

Raman spectroscopy

Resonance Raman spectroscopy has proven to be a powerful tool
in the association of electronic absorption bands with individual
ligands, in particular metal to ligand change transfer bands in
Ru(II) polypyridyl complexes.15 In addition the use of nanose-
cond pulsed lasers can provide information regarding the nature
of the lowest electronically excited states.16 This technique was
therefore used to further investigate the electronic properties of
the hydrogen producing compound 1a and its precursor 1. The
excitation wavelengths used to record these spectra are shown in
Fig. 3. The (non-resonant) Raman spectra of 1 and 1a are shown
in Fig. 6. For both compounds Raman bands typical of 2,2-
bipyridyl ligands are present at 1604, 1556, 1487, 1317, 1274,
1173, 1108, 1039, 1028, 766, 662 and 646 cm−1,17 however, in
each case additional bands were observed that can be ascribed to
the 2,5-bpp and orthometallated 2,5-bpp− ligands, respectively.
For 1, bands assignable to the 2,5-bpp ligand are evident at
1604, 1590, 1505, 1474, 1435, 1377, 1324(sh), 1302, 1234,
1030, 991, 805, 678 and 649 cm−1. For 1a the bands are shifted

Fig. 5 (a) Wavelength dependence of photocatalytic hydrogen gener-
ation and (b) the efficiency spectrum Φ(λ) for complex 1a. For con-
ditions see the Experimental section.

Fig. 6 (Non-resonant) Raman spectra of 1 and 1a (photocatalyst) in
the solid state (λexc 785 nm).

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13050–13059 | 13053
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compared with 1 as expected due to the deprotonation of the
2,5-bpp ligand and are at 1599, 1581, 1499, 1466, 1312, 1283,
1250, 1109, 1027 and 1016 and 647 cm−1. Of particular interest,
with regard to the discussion of the resonance Raman data
below, are the bands at around 1490 cm−1, as the bands of the
2,5-bpp and (−H)2,5-bpp− ligands are of comparable intensity
to that of the bipy ligands. Importantly, however, it is clear from
the non-resonant Raman spectra that vibrational modes of the
2,5-bpp ligand can easily be distinguished from those of the
bipy ligands and that the vibrational modes of the bpp ligand
change considerably upon orthometallation by the palladium.

The electronic absorption bands observed in 1 and 1a at
355 nm are absent in [Ru(bipy)3]

2+ and are therefore tentatively
assigned as 2,5-bpp and 2.5-bpp− π–π* transitions, respectively.
This assignment is confirmed by the resonance Raman spectra

recorded at 355 nm (Fig. 7 and 8) in which bands assignable to
the 2,5-bpp and 2,5-bpp− ligands are observed and the well-
known bipy modes are completely absent.

Of particular interest in the present study is the nature and
localisation of the 1MLCT transitions present in the visible
region since they are expected to be heavily involved in the
photocatalytic process. Although the relatively strong emission
observed for both 1 and 1a precludes acquisition of spectra at
the longest wavelength absorption available (e.g., 532 nm), good
quality resonance enhanced Raman spectra could be obtained at
450 and 473 nm, which represent the maximum and red shoulder
of the 1MLCT absorption manifolds. For 1, bands assignable to
a bipy based (1MLCTbipy ← GS) (where GS is ground state)
absorption could be observed at 1605, 1560, 1490 cm−1 with no
significant resonant enhancement of the 2,5-bpp modes. This
suggests that for this compound the red side of the MLCT mani-
fold is dominated by bipy based transitions. In stark contrast, for
1a excitation at both 450 and 473 nm showed strong contri-
butions from modes originating from both the bipy ligands and
the 2,5-bpp− ligand, with the 2,5-bpp− modes dominating the
Raman spectrum when excitation was at the red edge of the
absorption manifold (i.e. 473 nm), Fig. 8. This indicates that for

Fig. 7 Resonance Raman spectra of 1 in CH3CN (solvent subtracted)
at 355, 450 and 473 nm.

Fig. 8 Resonance Raman spectra of 1a in CH3CN (solvent subtracted)
at 355, 450 and 473 nm.

Fig. 9 Resonance Raman spectra of 1a in CH3CN (solvent subtracted)
at 355 nm with (blue) continuous wave (CW) and (red) pulsed exci-
tation. The characteristic modes of the bipy anion radical are observed at
1282 and 1210 cm−1.

Fig. 10 Resonance Raman spectra of 1 in CH3CN (solvent subtracted)
at 355 nm with (blue) CW and (red) pulsed excitation. The characteristic
modes of the bipy anion radical are observed at 1282 and 1210 cm−1.

13054 | Dalton Trans., 2012, 41, 13050–13059 This journal is © The Royal Society of Chemistry 2012
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1a, 1MLCTbpp− ← GS transitions are generally lower or equal in
energy to the 1MLCTbipy ← GS transitions.

Resonance Raman spectra obtained with pulsed rather than
continuous wave excitation at 355 nm can potentially provide
further information as to the nature of the lowest 3MLCT excited
state as shown in Fig. 9 and 10. For 1 and 1a the strong reson-
ance enhancement of Raman scattering from the 2,5-bpp ligand
(vide supra) means that the spectra obtained with pulsed exci-
tation are dominated by ground state modes. Nevertheless, com-
parison of spectra obtained at 355 nm using CW and pulsed
excitation shows the appearance of bands characteristic of the
bipy anion radical17 and hence although significant population
of a 2,5-bpp based 3MLCT excited cannot be excluded, it is
clear that the lowest 3MLCT manifold also involves bipy based
3MLCT states.

Computational studies

The data described above confirm that the Ru/Pd complexes 1a
and 2a have different catalytic behaviours. High level DFT cal-
culations were carried out to further investigate the electronic
properties of the complexes. The geometries of complexes 1, 1a,
2 and 2a were calculated as minimum structures and the
IEF-PCM formalism was used to model the influence of the
solvent acetonitrile (for details see Experimental part). Although
the singlet states of Ru(II) polypyridyl complexes can be reason-
ably well described by the popular B3LYP functional (20%
Hartree–Fock exchange) it failed for the calculation of the lowest
energy triplet states. We thus tested three τ-dependent functionals
with varying Hartree–Fock contributions, namely, M06-L (0%),
M06 (27%) and M06-HF (100%).18 M06-L and M06 were suc-
cessfully applied for the modelling of the lowest energy triplet
state of 1a and 2a but M06-HF failed. M06 was then chosen for
the re-calculation of the singlet states and also for the modelling
of the singly reduced doublet states, since the M06 results give a
more delocalised picture. It is worth noting that the calculations
are sensitive to the chosen functional and hence great care must
be taken. A comparison of selected calculated and experimental
bond lengths is given in Table 3 and the structures of the calcu-
lated complexes are given in Fig. 11. The differences due to the
metallation and the different structures of the bridging ligands
were studied by comparing the calculated geometric parameters
of the dinuclear complexes 1a and 2a with each other as well as
with their mononuclear counterparts. In agreement with the UV/
Vis absorption data, the 2,5-bpp ligand of 1a can be considered
as a pyridyl substituted bipyridine with electronic

communication between the two parts. In contrast the 2,6-bpp
ligand can be viewed as a bipyridine in which there is little com-
munication with its pyridyl substituent. This is due to the geo-
metric distortions discussed above and is apparent in the results
of the calculations (Fig. 11). Delocalisation of bridge based mole-
cular orbitals is not hindered by the metallation of the central
pyridine ring. Comparison of the M06 geometries of 1 and 1a as
well as 2 and 2a revealed no induced alteration of the bridging
ligand bond lengths on addition of palladium. Analysis of the
charges on each atom also shows that the presence of palladium
does not result in changes except for the metallated carbon atom
having a more negative value. In summary, the charge of the
cyclo-metallated carbon is localised and the electronic properties
of the bridge remain mainly unchanged. The only exception is
the metallation induced planarity of the 2,5-bpp-bridge of 1a that
allows for greater delocalisation of bridge-based orbitals and
hence a red shift of transitions that have significant contributions
from the bpp ligand. The geometric distortion of the 2,6-bpp-
bridge remains in the metallated complex 2a and hence prevents
substantial delocalisation of bridge based orbitals. The out of
plane nature of the 2,6-bpp bridge leads to larger Ru–N bond
lengths varying between 220 pm for the Ru–N(ring-A) and 206
pm Ru–N(bipy).

The spatial localisation of the molecular orbitals was calcu-
lated through a population analysis. Their localisation on a
certain part of the molecule is expressed as per cent contribution
and given in Tables S1–S6, ESI.‡ The calculations indicate that
the localisation of the SOMOs in the triplet states of 1a and 2a
differ from the localisation of the LUMO of their singlet states.
However, the LUMO of the singlet state and the SOMO of the
mono-reduced doublet state have a similar spatial localisation.

Analysis of the frontier orbitals of the singlet ground state of
11a and 12a shows the expected electronic configuration. The
three highest energy occupied orbitals (HOMO-2–HOMO) are
localised on the Ru(II) centre (Fig. 12 and Tables S1–S6, ESI‡).
The LUMO is a bridge based orbital while L+1 and L+2 are
localised on the bipy ligands. This is in agreement with reson-
ance Raman results that show electronic transitions to the bpp
ligand at lower energy than the electronic transitions to the bipy

Fig. 11 Presentation of the optimised structures of (a) singlet-1a and
(b) singlet-2a.

Table 3 Comparison of experimental values with the M06 geometries
of singlet-1a and singlet-2a

Bond lengths [pm] 1a (M06) 2a (M06) Exp Ref.

Ru–N 208a 211a 205a 19
Pd–Cl 235 235 236 20
Pd–N 208 207 202 20
Pd–ACN 214 214 214 20
Pd–C 198 198 199 20

The angular nature of the 2,6-bpp bridge leads to larger Ru–N(py) bond
lengths.aAverage values.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13050–13059 | 13055
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ligands. The lowest energy triplet states are assumed to be the
emissive state and were calculated as fully relaxed minimum
structures, thus the energy difference between the triplet and the
singlet state should match the E0–0 emission energy. Indeed, the
M06 SCF energy difference (ΔSCF = SCF (Triplet) − SCF
(Singlet)) for 1a is 15 481 cm−1 (646 nm), which is only a
slightly longer wavelength than the actual emission maximum,
λem = 15 748 cm−1 (635 nm). The M06 ΔSCF energy of 2a is
10 633 cm−1, which is much lower than the experimentally
determined emission (Table 1), which precludes a detailed com-
parison between theory and experiment in this case.

Analysis of the localisation of the two unpaired electrons of
31a and 32a reveals several interesting differences. The highest
energy singly occupied molecular orbital (SOMO) of 31a is
located on the bridge while for 32a it is localised on the ruthe-
nium centre (Fig. 12 and ESI‡). The SOMO-1 of 31a and 32a
are both delocalised on the Pd centre and the bridging ligand.
These results are surprising as it would be expected that the
triplet state SOMO (of highest energy) would resemble the
singlet state LUMO. It is furthermore surprising that the ruthe-
nium centre of 1a makes only negligible contributions to the
SOMOs. The one electron reduced complexes are possible can-
didates for the resting state during the catalysis and may be
formed via excitation followed by reduction from the sacrificial
donor or direct one electron reduction in an electrochemical
experiment. We modelled the minimum structure of the species
21a and 22a having a net charge of +1 and a multiplicity of
2. Both, 21a and 22a were calculated with the M06 functional
showing a delocalisation of the unpaired electron over the whole
bridge for 21a and a delocalisation over the central pyridine ring
and the Pd-bound pyridine ring for 22a (Tables S5 and S6,
ESI‡). This suggests that the first reduction is indeed a bridge
based process as discussed above.

Conclusions

In the present contribution, the importance of the structure of the
bridging ligand to the effectiveness of heterodinuclear Ru/Pd
complexes is demonstrated as is the potential of a system in
which an intramolecular approach is taken with regard to

combining a light harvesting component and a catalyst within
the same molecule. This approach contrasts with the more
widely used approach where these functions are carried out by
distinct components.

In the present study the photocatalytic ability of two structu-
rally and electronically similar complexes are shown to be very
different and that the activity of 1a is not due to the formation of
nanoparticles or other palladium species. However, the nature of
the actual catalytically active species remains elusive. The origin
of the differences in catalytic ability of 1a and 2a may be related
to the localisation of the LUMO since the first step in the cataly-
tic cycle involves the formation of a one electron reduced
complex. In 1a the LUMO is mainly based on the bridge accord-
ing to DFT calculations and furthermore the triplet excited state
is based on the bridging ligand with only a minor contribution
on the Ru centre. By contrast for 32a this orbital is mostly based
on the bipy ligands and the Ru centre. This latter arrangement is
not as favourable for electron transfer as that observed for 1a.
Although excited state lifetimes do not correlate with hydrogen
production the short excited state lifetime of 2a may also be a
possible reason for the absence of catalytic activity.3g

Future studies will focus on the preparation of less labile com-
plexes, the use of less corrosive sacrificial agents or ultimately
their elimination by the developing surface bound assemblies.

Experimental

Reagents for synthesis were purchased as reagent grade and were
used without further purification. 2,2′:6′,2′′-terpyridine (2,6-bpp)
was obtained commercially and used as received.

Synthesis and characterisation

2,2′:5′,2′′-terpyridine (2,5-bpp) was synthesised using the pro-
cedure of Kozhevnikov et al. with modifications.5 Pd(PPh3)4
(0.3 g, 0.26 mmol) and 2,5-dibromopyridine (1 g, 4.22 mmol)
were added under a nitrogen atmosphere to a dried two neck
round bottom flask. The mixture was cooled to 0 °C in an ice
bath and a 0.5 M solution of 2-pyridylzinc bromide in tetra-
hydrofuran (19.5 cm3, 9.75 mmol) was added via syringe. The
temperature was kept constant at 0 °C during addition. Sub-
sequently the reaction mixture was stirred for 12 h at room temp-
erature under a nitrogen atmosphere and a white precipitate
formed. The reaction mixture was poured onto 200 cm3 of a
saturated aqueous solution of EDTA and Na2CO3 and stirred
until the precipitate dissolved and a yellow precipitate formed.
The aqueous solution and the precipitate were extracted with
dichloromethane and the combined organic phase was dried over
MgSO4. Removal of the solvent in vacuo yielded the crude
product which was purified by column chromatography (neutral
alumina, hexane–ethyl acetate (9.5 : 0.5 v/v), TLC: Rf = 0.15).
Yield: 0.5 g (51%). 1H-NMR (DMSO-d6, 400 MHz): δ = 9.40
(d, J = 2.4 Hz, 1H, H6), 8.74 (m, 2H, H6′, H6′′), 8.62 (dd, J =
8.4 Hz, J = 2.0 Hz, 1H, H4), 8.52 (d, J = 8.4 Hz, 1H, H3), 8.47
(d, J = 7.8 Hz, 1H, H3′′), 8.15 (d, J = 8.1 Hz, 1H, H3′), 7.98 (m,
2H, H4′, H4′′), 7.48 (m, 2H, H5′, H5′′).

[Ru(bipy)2(2,5-bpp)](PF6)2·0.5(CH3)2CO (1): [Ru(bipy)2Cl2]·
2H2O (0.339 g, 0.65 mmol) dissolved in 5 cm3 of ethanol was

Fig. 12 Presentation of selected frontier orbitals. (a) 11a HOMO and
LUMO and (b) 12a HOMO and LUMO.

13056 | Dalton Trans., 2012, 41, 13050–13059 This journal is © The Royal Society of Chemistry 2012
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added drop-wise to a solution of 2,2′:5′,2′′-terpyridine (0.152 g,
0.65 mmol) in 10 cm3 of ethanol–water (3 : 1 v/v). The reaction
mixture was heated at reflux for 8 h. Subsequently, the mixture
was allowed to cool to room temperature and the solvent was
removed in vacuo. The residue was precipitated in saturated
aqueous solution of NH4PF6 followed by filtration of the
product, which was then washed with 10 cm3 of diethyl ether.
Recrystallisation from acetone–water (3 : 1 v/v) afforded a red
solid. Yield: 0.576 g, 92%. Anal. Calcd for
C35H27F12N7P2Ru·0.5 (CH3)2CO (965.67): C, 45.39; H, 3.13;
N, 10.15%. Found: C, 45.06; H, 2.95; N, 9.88%. 1H-NMR
(acetonitrile-d3, 400 MHz): δ = 8.64–8.54 (m, 4H, bipy H3a),
8.60–8.58 (m, 2H, H3, H4), 8.54–8.52 (m, 2H, H3′′, H6′), 8.30 (s,
1H, H6), 8.15–8.07 (m, 4H, bipy H4a), 8.07 (t, 1H, J = 8.0 Hz,
H4′′), 7.95–7.78 (m, 4H, bipy H6a), 7.83 (t, 1H, J = 7.8 Hz, H4′),
7.75 (d, 1H, J = 5.6 Hz, H6′′), 7.67 (d, 1H, J = 7.6 Hz, H3′),
7.48–7.38 (m, 4H, bipy H5a), 7.41 (m, 1H, H5′′), 7.36 (m, 1H, H5′).

[Ru(bipy)2(2,5-bpp)Pd(CH3CN)Cl](PF6)2 (1a): [Ru(bipy)2-
(2,5-bpp)](PF6)2 (0.100 mg, 0.11 mmol) was dissolved in 5 cm3

of methanol and added drop wise to a solution of (NH4)2PdCl4
(0.027 g, 0.10 mmol) in 10 cm3 of methanol. The reaction
mixture was heated at reflux for 48 h. Subsequently the mixture
was allowed to cool to room temperature. The product was preci-
pitated by addition of 20 cm3 of n-hexane. After filtration and
washing with 10 ml of diethyl ether the red solid was recrystal-
lised from acetone–acetonitrile (1 : 1 v/v). Yield: 0.100 g, 84%.
Anal. Calcd for C37H29ClF12N8P2PdRu·(1118.55): C, 39.73; H,
2.61; N, 10.02%. Found: C, 39.49; H, 2.82; N, 10.04%.
1H-NMR (acetonitrile-d3, 400 MHz): δ = 9.51 (d, J = 6.0 Hz,
1H, H6′), 9.13 (s, 1H, H3), 8.64–8.54 (m, 4H, bipy H3a), 8.45 (d,
J = 8.4 Hz, 1H, H3′′), 8.15–8.07 (m, 4H, bipy H4a), 8.01 (m, 1H,
H4′′), 7.95–7.78 (m, 4H, bipy H6a), 7.86 (m, 1H, H4′), 7.67 (d, J
= 5.6 Hz, 1H, H6′′), 7.46 (s, 1H, H6), 7.48–7.38 (m, 4H, bipy
H5a), 7.39 (m, 1H, H5′), 7.34 (m, 1H, H5′′), 7.18 (d, J = 7.6 Hz,
H3′), 2.06 (s, 3H, CH3CN).

[Ru(bipy)2(2,6-bpp)](PF6)2·2H2O (2): [Ru(bipy)2Cl2]·2H2O
(0.500 g, 0.96 mmol) dissolved in 6 cm3 ethanol was added
drop-wise to a solution of 2,2′;6′,2′′-terpyridine (0.224 g,
0.96 mmol) in 40 cm3 ethanol–water (3 : 1). The reaction
mixture was heated at reflux for 6 h. Subsequently, the mixture
was allowed to cool to room temperature and the solvent was
removed in vacuo. The residue was precipitated in saturated
aqueous solution of NH4PF6 followed by filtration of the
product, which was then washed with 10 cm3 of diethyl ether.
Recrystallisation from acetone–water (3 : 1 v/v) afforded a red
solid. Yield: 0.510 g, 54%. Anal. Calcd for
C35H27F12N7P2Ru·2H2O: C, 43.22; H, 3.21; N, 10.08%. Found:
C, 43.15; H, 2.82; N, 9.99% 1H-NMR (acetonitrile-d3,
400 MHz): δ = 8.75 (br s, 1H, bipy H3a), 8.63 (m, 2H, H5, H3′′),
8.48 (d, 1H, J = 7.5 Hz, bipy H3a), 8.42–8.39 (m, 2H, bipy H3a),
8.17–8.07 (m, 6H, H4, H4′′, H3′, bipy H4a (3H)), 7.96 (t, 1H, J =
7.8 Hz, bipy H4a), 7.67 (d, 1H, J = 6.0 Hz, bipy H6a), 7.62 (t,
1H, J = 7.5 Hz, bipy H5a), 7.58–7.53 (m, 2H, H6′′, bpy H6a

(1H)), 7.41–7.28 (m, 5H, H3, H5′′, H5′, bipy H6a (1H), bipy H5a

(1H)), 7.21 (t, 1H, J = 7.6 Hz, bipy H5a), 6.99 (t, 1H, J =
7.5 Hz, H4′), 6.88 (d, 1H, J = 7.6 Hz, bipy H6a), 6.85–6.76 (m,
2H, H6′, bipy H5a (1H)).

[Ru(bipy)2(2,6-bpp)Pd(CH3CN)Cl](PF6)2H2O (2a): [Ru-
(bipy)2(2,6-bpp)](PF6)2 (0.102 g, 0.11 mmol) dissolved in 5 cm3

of methanol was added drop-wise to a solution of (NH4)2[PdCl4]
(0.029 g, 0.11 mmol) in 10 cm3 of methanol. The reaction
mixture was heated at reflux for 72 h. Subsequently the mixture
was allowed to cool to room temperature. The product was preci-
pitated by addition of 20 cm3 of n-hexane. After filtration and
washing with 10 cm3 of diethyl ether a red solid was recrystal-
lised from acetone–acetonitrile (1 : 1 v/v). Yield: 0.058 g, 50%.
Anal. Calcd for C37H29ClF12N8P2PdRu·H2O: (1136.55): C,
39.10; H, 2.75; N, 9.86%. Found: C, 38.96; H, 2.49; N, 9.84%.
1H-NMR (acetonitrile-d3, 400 MHz): δ = 9.12 (br s, 1H, H6′),
9.01 (br s, 1H, bipy H3a), 8.75 (d, 1H, J = 7.5 Hz, bipy H3a),
8.66 (d, 1H, J = 7.5 Hz, bipy H3a), 8.42 (d, 1H, J = 7.8 Hz,
H3′′), 8.40 (d, 1H, J = 7.5 Hz, bipy H3a), 8.24 (ddd, 1H, J =
7.5 Hz, J = 1.5 Hz, bipy H4a), 8.12–8.00 (m, 4H, H4′′, bipy H4a),
7.93 (d, 1H, J = 7.5 Hz, H4), 7.88 (d, 1H, J = 7.6 Hz, bipy H6a),
7.80 (d, 1H, J = 7.7 Hz, H3′), 7.70 (d, 1H, J = 7.5 Hz, H3),
7.69–7.59 (m, 3H, bipy H6a), 7.55 (d, 1H, J = 7.5 Hz, bipy H5a),
7.50 (t, 1H, J = 7.8 Hz, H4′), 7.46 (d, 1H, J = 7.8 Hz, H6′′), 7.29
(t, 1H, J = 7.5 Hz, bipy H5a), 7.27 (t, 1H, J = 7.8 Hz, H5′′), 7.18
(t, 1H, J = 7.5 Hz, bipy H5a), 7.09 (t, 1H, J = 7.4 Hz, bipy H5a),
7.02 (t, 1H, J = 7.8 Hz, H5′), 2.07 (s, 3H, CH3CN).

NMR spectra were recorded on a Bruker Advance 400 spec-
trometer and referenced to the solvent signal. Elemental analysis
was carried out on an Exador Analytical CE440 by the Micro-
analytical Department of the University College Dublin. UV/Vis
absorption spectra were recorded on Varian Cary 50 spectropho-
tometer at 20 ± 1 °C in a 1 cm pathlength quartz cuvette. Aceto-
nitrile for spectrophotometric measurements was purchased from
Aldrich in spectrophotometric grade and used as received. Electro-
chemical data were obtained by cyclic voltammetry and differen-
tial pulse voltammetry using a either a two-neck, V-shaped cell
or a three-neck cell equipped with a Luggin capillary. Data were
collected using a Ag wire quasi-reference electrode with ferro-
cene added as an internal reference at the end of each experiment
(Eo′

Fc/Fc+ = 0.652 V); a Pt wire served as counter electrode.
Potentials were corrected with iR compensation during data col-
lection. Complexes were dissolved and de-aerated with UHP-
grade argon in anhydrous DMF/0.1 M Bu4NPF6.

Emission and excitation spectra were obtained on a Perkin
Elmer LS 50B at 20 ± 1 °C. Quantum yields were obtained from
de-aerated acetonitrile solutions with [ruthenium(II)-tris(2,2′-
bipyridine)] dichloride in water as a standard. Excited-state life-
times were measured by time-correlated single photon counting
on an Edinburgh Analytical Instruments TCSPC instrument (at
293 K) in de-aerated acetonitrile solution (freeze–pump–thaw
triple sequence). Samples were excited with a LED at 360 nm.
Raman spectra at 785 nm excitation were recorded using a
Perkin Elmer Raman station. Continuous wave Raman Spectra at
355 nm (10 mW, Cobolt lasers), 450 nm (50 mW, Power technol-
ogy) and 473 nm (75 mW, Cobolt lasers) were recorded using a
180° backscattering arrangement as described previously.21

Raman scattering was focused into a Shamrock 303i spectro-
graph and dispersed with either a 500 nm blaze 1800 l mm−1 or
400 blaze 2400 l mm−1 grating onto an iDus-BU2 CCD camera
(Andor technology) cooled at −60 °C. Transient Raman spectra
were recorded using the same system as for CW Raman studies
except that a frequency tripled Nd-YAG laser (355 nm, 6 ns
FWHM, between 0.5 and 4 mJ per pulse, operating at 10 Hz,
Innolas Spitlight 200). UV/Vis absorption spectra of samples

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13050–13059 | 13057
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before and after measurements were recorded to verify that
photo-decomposition did not occur during the recording of
Raman spectra.

Calculations

All calculations were carried out with the Gaussian 09 program
suite.22 The compounds 1, 1a, 2 and 2a were optimized using
the M06 functional. The MWB2823 basis with an effective core
potential was used for the heavy Ru and Pd atoms while 6-31G
(d) was used for the remainder. Tight convergence criteria were
applied for the geometry optimization process and local minima
were confirmed by a frequency calculation. All calculations were
carried out in the presence of a solvent sphere, which was mod-
elled by the IEF-PCM24 method in acetonitrile (ε = 35.688000).
Orbital contributions were calculated by a Mulliken population
analysis and evaluated using GaussSum.25

Photocatalysis

All manipulations were carried out under strictly anaerobic inert
conditions. Acetonitrile was dried over calcium hydride and tri-
ethylamine over sodium according to common procedures and
freshly distilled under nitrogen prior to use. Photocatalytic
hydrogen production experiments were carried out using a
home-built air-cooled apparatus (at 22 °C) under constant
irradiation (LED 470 nm) of the sample. For the photocatalysis
experiments 2 cm3 of the sample solution were added to GC
vials (total volume 5 cm3, diameter 13 mm, 3 cm3 headspace) in
the dark and under a stream of nitrogen. The vials were closed
with gas-tight septum caps. A typical sample solution was pre-
pared by mixing 0.65 cm3 of a 1.8 × 10−4 M Ru/Pd complex in
acetonitrile, 0.6 ml of triethylamine, 0.0–0.2 ml (0–10 vol%) of
thoroughly degassed water and 0.55–0.75 ml of anhydrous
acetonitrile. Subsequently, the GC vials were irradiated at
470 nm using an LED for 18 h. After irradiation, 20 μl samples
were drawn from the headspace with a gas tight syringe (50 μl,
SGE Analytical Science) and determined by GC, a Varian
CP3800 chromatograph, with a thermal conductivity detector
and a CP7536 Plot Fused Silica 25 MX 0.32 MMID column
(length 25 m, layer thickness 30 μm) with nitrogen carrier gas
(purity 99.999%). The GC was calibrated using 100% hydrogen
gas. The obtained signal (retention time for H2 = 1.58 min) was
plotted against the calibration curve and multiplied accordingly
to determine the total amount of hydrogen in the headspace. The
LED-torch consists of a stick-shaped printed board (19 × 1 cm)
with 30 blue LEDs (Kingbright, type L-7113PBC-G, 470 ±
20 nm) with a luminous efficiency of 2000 mcd per LED. LEDs
are soldered closely on front and backside in a range of 9 cm.
The torch was then placed within the home built reactor. The uti-
lised LED excitation sources have comparable but different light
intensities measured in candela, however the candela unit is not
linear but has to be referenced to the CIE eye sensitivity func-
tion, V(λ). This sensitivity function has a nearly Gaussian distri-
bution with maximum sensitivity at 555 nm and steep tails to
approximately 370 nm and 760 nm. As a consequence the
photon flux of a 470 nm LED and a 520 nm LED with similar
candela strength is different [International Commission on

Illumination (usually abbreviated CIE for its French name, Com-
mission Internationale de l’éclairage), 1978]. For wavelength
dependent catalysis the GC vials containing the catalytic solution
were irradiated with High Power LEDs with a diameter of
10 mm and constantly cooled to room temperature as described
above. The manufacturer’s data of the LEDs used are as follows:
470 nm LED: I = 5 lumen, 20 000 mcd; 520 nm LED: I = 15
lumen, 50 000 mcd; 590 nm LED: I = 8 lumen, 32 000 mcd;
630 nm LED: I = 9 lumen, 20 000 mcd. Analysis of the catalytic
activity by GC was performed as described above.

Acknowledgements

This research is supported by the EPA grant 2008-ET-MS-3-S2
and the SFI under Grants No. 07/SRC/B1160 and 08/RFP/
CHE1349, the Netherlands Organisation for Scientific Research
through a VIDI grant (WRB) and the German Research Associ-
ation (DFG SFB 583, SR and GRK 1626; MPG).

References

1 (a) P. Chen and T. J. Meyer, Chem. Rev., 1998, 98, 1439;
(b) B. S. Brunschwig, C. Creutz and N. Sutin, Chem. Soc. Rev., 2002, 31,
168; (c) K. D. Demadis, C. M. Hartshorn and T. J. Meyer, Chem. Rev.,
2001, 101, 2655; (d) W. R. Browne, R. Hage and J. G. Vos, Coord.
Chem. Rev., 2006, 250, 1653; (e) J. G. Vos and J. M. Kelly, Dalton
Trans., 2006, 4869; (f ) W. R. Browne, N. M. O’Boyle, J. J. McGarvey
and J. G. Vos, Chem. Soc. Rev., 2005, 34, 641.

2 (a) S. Rau, B. Schäfer, D. Gleich, E. Anders, M. Rudolph, M. Friedrich,
H. Görls, W. Henry and J. G. Vos, Angew. Chem., Int. Ed., 2006, 45,
6215; (b) S. Rau, D. Walther and J. G. Vos, Dalton Trans., 2007, 915;
(c) H. Ozawa and K. Sakai, Chem. Commun., 2011, 47, 2227.

3 (a) H. Ozawa, Y. Yokoyama, M. Haga and K. Sakai, Dalton Trans., 2007,
1197; (b) S. A. Arachchige, J. Brown and K. J. Brewer, J. Photochem.
Photobiol., A, 2008, 197, 13; (c) E. D. Cline, S. E. Adamson and
S. Bernhard, Inorg. Chem., 2008, 47, 10378; (d) P. W. Du, K. Knowles
and R. Eisenberg, J. Am. Chem. Soc., 2008, 130, 12576; (e) A. Fihri,
V. Artero, M. Razavet, C. Baffert, W. Leibl and M. Fontecave, Angew.
Chem., Int. Ed., 2008, 47, 564; (f ) C. Li, M. Wang, J. X. Pan, P. Zhang,
R. Zhang and L. C. Sun, J. Organomet. Chem., 2009, 694, 2814;
(g) Y. Miyake, K. Nakajima, K. Sasaki, R. Saito, H. Nakanishi and
Y. Nishibayashi, Organometallics, 2009, 28, 5240; (h) B. Probst,
C. Kolano, P. Hamm and R. Alberto, Inorg. Chem., 2009, 48, 1836;
(i) M. Schulz, M. Karnahl, M. Schwalbe and J. G. Vos, Coord. Chem.
Rev., 2012, 256, 1682; ( j) S. Soman, G. Singh Bindra, A. Paul,
R. Groarke, J. C. Manton, F. M. Connaughton, M. Schultz, D. Dini,
C. Long, M. T. Pryce and J. G. Vos, Dalton Trans., 2012, DOI: 10.1039/
c2dt32028b.

4 G. Singh Bindra, M. Schulz, A. Paul, S. Soman, R. Groarke, J. Inglis,
M. T. Pryce, W. R. Browne, S. Rau, B. J. Maclean and J. G. Vos, Dalton
Trans., 2011, 40, 10812.

5 (a) V. N. Kozhevnikov, D. N. Kozhevnikov, O. V. Shabunina,
V. L. Rusinov and O. N. Chupakhin, Tetrahedron Lett., 2005, 46, 1791;
(b) V. N. Kozhevnikov, O. V. Shabunina, D. S. Kopchuk,
M. M. Ustinova, B. König and D. N. Kozhevnikov, Tetrahedron, 2008,
64, 8963.

6 C. J. Mathews, P. J. Smith and T. Welton, J. Mol. Catal. A: Chem., 2004,
214, 27.

7 W. R. Browne, C. M. O’Connor, J. S. Killeen, A. L. Guckian, M. Burke,
P. James, M. Burke and J. G. Vos, Inorg. Chem., 2002, 41, 4245.

8 K. Sakai, H. Ozawa, H. Yamada, T. Tsubomura, M. Hara, A. Higuchi and
M. Haga, Dalton Trans., 2006, 3300–3305.

9 (a) L. Cassidy, S. Horn, L. Cleary, Y. Halpin, W. R. Browne and
J. G. Vos, Dalton Trans., 2009, 3923; (b) Y. Halpin, L. Cleary,
L. Cassidy, S. Horne, D. Dini, W. R. Browne and J. G. Vos, Dalton
Trans., 2009, 4146.

10 (a) P. Du, J. Schneider, L. Fan, W. Zhao, U. Patel, F. N. Castellano and
R. Eisenberg, J. Am. Chem. Soc., 2008, 130, 5056; (b) P. Lei,

13058 | Dalton Trans., 2012, 41, 13050–13059 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 D

ub
lin

 C
ity

 U
ni

ve
rs

ity
 o

n 
21

 N
ov

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

8 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
30

94
8C

View Article Online

http://dx.doi.org/10.1039/c2dt30948c


M. Hedlund, R. Lomoth, H. Rensmo, O. Johansson and
L. Hammarström, J. Am. Chem. Soc., 2008, 130, 26.

11 (a) R. Baba, S. Nakabayashi, A. Fujishima and K. Honda, J. Phys.
Chem., 1985, 89, 1902; (b) D. R. Anton and R. H. Crabtree, Organo-
metallics, 1983, 2, 855.

12 H. Ozawa, M. Haga and K. Sakai, J. Am. Chem. Soc., 2006, 128, 4926.
13 X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. Carlsson,

K. Domen and M. Antonietti, Nat. Mater., 2009, 8, 76.
14 S. Tschierlei, M. Karnahl, M. Presselt, B. Dietzek, J. Guthmüller,

L. Gonzalez, M. Schmitt, S. Rau and J. Popp, Angew. Chem., Int. Ed.,
2010, 49, 3981.

15 (a) J. R. Ferraro and K. Nakamoto, Introductory Raman Spectroscopy,
Academic Press Limited, London, 1994; (b) D. F. Morris and
W. H. Woodruff, in Spectroscopy of Inorganic Based Materials, ed.
R. J. H. Clark and R. E. Hester, John Wiley & Sons, New York, 1987;
(c) D. P. Strommen and K. Nakamoto, J. Chem. Educ., 1977, 54, 474;
(d) W. R. Browne, N. M. O’Boyle, J. J. McGarvey and J. G. Vos, Chem.
Soc. Rev., 2005, 34, 641.

16 (a) P. J. Carroll and L. E. Brus, J. Am. Chem. Soc., 1987, 109, 7613;
(b) C. Kumar, J. Barton, I. Gould, N. Turro and J. van Houten, Inorg.
Chem., 1988, 27, 648; (c) C. Kumar, J. Barton, I. Gould and N. Turro,
Inorg. Chem., 1987, 26, 1455; (d) S. E. J. Bell, Analyst, 1996, 121,
107R; (e) J. J. McGarvey, P. Callaghan, C. G. Coates, J. R. Schoonover,
J. M. Kelly, L. Jacquet and K. C. Gordon, J. Phys. Chem. B, 1998, 102,
5941; (f ) C. G. Coates, T. E. Keyes, H. P. Hughes, P. M. Jayaweera,
J. J. McGarvey and J. G. Vos, J. Phys. Chem. A, 1998, 102, 5013.

17 (a) D. P. Strommen, P. K. Mallick, G. D. Danzer, R. S. Lumpkin and
J. R. Kincaid, J. Phys. Chem., 1990, 94, 1357; (b) R. F. Dallinger and
W. H. Woodruff, J. Am. Chem. Soc., 1979, 101, 4391.

18 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215.

19 M. Biner, H. B. Buergi, A. Ludi and C. Roehr, J. Am. Chem. Soc., 1992,
114, 5197.

20 J. E. Bercaw, A. C. Durrell, H. B. Gray, J. C. Green, N. Hazari,
J. A. Labinger and J. R. Winkler, Inorg. Chem., 2010, 49, 1801.

21 A. Draksharapu, Q. Li, H. Logtenberg, T. A. van den Berg, A. Meetsma,
J. S. Killeen, B. L. Feringa, R. Hage, G. Roelfes and W. R. Browne,
Inorg. Chem., 2012, 51, 900.

22 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov,
J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas,
J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox, GAUSSIAN 09
(Revision A.2), Gaussian, Inc., Wallingford, CT, 2009.

23 (a) X. Cao, THEOCHEM, 2002, 581, 139; (b) T. H. Dunning Jr. and
P. J. Hay, in Modern Theoretical Chemistry, ed. H. F. Schaefer III,
Plenum, New York, 1976, vol. 3, pp. 1–28; (c) D. Andrae,
U. Haussermann, M. Dolg, H. Stoll and H. Preuss, Theor. Chim. Acta,
1990, 77, 123.

24 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005, 105, 2999.
25 N. M. O’Boyle, A. L. Tenderholt and K. M. Langner, J. Comput. Chem.,

2008, 29, 839.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13050–13059 | 13059

D
ow

nl
oa

de
d 

by
 D

ub
lin

 C
ity

 U
ni

ve
rs

ity
 o

n 
21

 N
ov

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

8 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
30

94
8C

View Article Online

http://dx.doi.org/10.1039/c2dt30948c


This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys.

Cite this: DOI: 10.1039/c2cp42938a

Resonance-Raman microspectroscopy for quality assurance

of dye-sensitized NiOx films with respect to dye desorption
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Resonance Raman microspectroscopy is used to investigate dye-sensitized NiOx nanoparticle films

to be used as photocathodes in tandem dye-sensitized solar cells. It is shown that rR

microspectroscopy has potential for applications in quality assurance in such systems and also in

integrated dye-sensitized solar cell modules. Here, ruthenium dye-sensitized NiOx nanoparticle

layers were produced both as single and double NiOx films using a one or two-step deposition

process, respectively. The distribution of the sensitizer on the surfaces was investigated by rR

microspectroscopy. The chemical images obtained from rR microspectroscopy yield

complementary information to bright field microscope pictures and provide detailed insight into

the sensitization pattern e.g. in the vicinity of surface vacancies and other inhomogeneities.

Furthermore, based on the mapping results the dye desorption kinetics upon addition of water

has been analysed. Desorption on the single NiOx film is faster and more efficient than on the

double film. These changes are attributed to binding sites on the NiOx surface that are passivated

with regard to water penetration. This passivation is introduced by the second synthesis step in

building the second film of NiOx on the glass substrate. Both findings highlight the potential of

rR microspectroscopy for quality assurance of dye-sensitized solar cell electrodes.

Introduction

Recent forecasts reveal a growth of the world energy consumption

by up to 53% from 2008 to 2035.1 In order to reduce the carbon

emission while generating this vast amount of energy, renewable

energy sources are the only alternative to fossil fuels. Especially,

solar energy has a large potential and paramount importance since

the amount of solar energy striking the earth per year is much

larger than the world’s annual energy consumption.2–4 Therefore,

a variety of solar cell concepts are developed in particular with

respect to an increased efficiency and lifetime and production lines

are optimized to enable mass production and to reduce the

production costs. The huge number of solar cell concepts investi-

gated5 includes dye-sensitized solar cells (DSC). This promising

concept was introduced in 1991 and was awarded the Millennium

Technology Prize in 2010.6–8

Various DSCs have been built using a variety of dyes and

different semiconductor substrates.9 A state-of-the-art DSC

consists of a Ru–polypyridine dye-sensitized TiO2 photoanode

and a passive Pt cathode.10 In order to activate the photo-

cathode and to thereby increase the light-conversion efficiency,

so-called tandem solar cells are currently investigated, which

raise the theoretical efficiency limit from 30% for single

junction DSCs to 43% in tandem DSCs. These tandem cells

consist of the well established dye-sensitized TiO2 photoanode

and a dye-sensitized p-type semiconductor photocathode;

mainly NiOx is used for this purpose.9 Both TiO2 photoanodes

and NiOx photocathodes were realized with different dyes, e.g.

purely organic dyes such as coumarin 34311 and P112,13 or Ru

dyes.14,15 One central challenge in the development of tandem

DSCs is to increase their long-term stability, which – amongst

other factors – is determined by their limited stability against

humidity. Degradation of the photocathode performance is

caused by water-induced desorption of the dyes from the

semiconductor surface.9 Several approaches had been pursued

to increase the long-term stability of cells by decreasing the

sensitivity of the cells to water by e.g. modifying the dyes

utilizing hydrophobic groups16 or their anchor groups.17
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Alternative approaches focus on the modification of the

semiconductor with NAFION polymeric films (TiO2) to protect

an adsorbed layer of Ru dye on TiO2 against desorption.18

Further attempts focused on the development of water-based

DSCs. However, their light-conversion efficiency is low under

these conditions.19 In the context of these recent developments a

systematic microspectroscopic study of the desorption process is

needed to understand this process on the surface in more detail in

order to support further development of novel semiconductor

based assemblies and to increase the photocathode stability.

This paper aims at a detailed analysis of the desorption of the

ruthenium dye [Ru(4,40-(COOCH2CH3)2-2,2
0-bipyridine)3]

2+,

Ru1, from a NiOx surface utilizing resonance-Raman (rR) micro-

spectroscopy. Ruthenium–polypyridine dyes are commonly used

for the fabrication of dye-sensitized solar cells due to their

stability, their broad absorption spectra in the visible part of

the spectrum, and their favourable photovoltaic properties.13 Ru1

in particular has been chosen for this study as its parent complex

[Ru(bpy)3]
2+ is one of the best studied complexes. In order to

ensure binding to the surface Ru1 carries esterificated carboxyl

anchor groups.14,20,21 The obvious advantage of rR micro-

spectroscopy is the combination of surface mapping capability with

high spatial resolution and chemical fingerprint information of the

dyes adsorbed to the surface. As will be shown below that rR

imaging can be utilized to investigate the quality of photocathode

assemblies regarding the integrity of the dye, its concentration on

the NiOx surface and to map the distribution of the dye on the

surface. In addition when used in combination with bright field

spectroscopy, detailed information concerning the presence of

defects on the metal oxide NiOx surface can also be obtained.

The integrity of the dye-semiconductor junction is of great

importance for the performance of solar cells that are based on

these electrodes since the initial electron dynamics after excitation

(excited state decay, electron injection, electron transport

through the mesoporous oxide film) take place here.9

Resonance-Raman spectroscopy was already used to investigate

several aspects relevant for the design and function of DSCs.5 For

example, the mechanisms of ligand-exchange reactions between

the redox couple 3I�/I3
� and of the thiocyanato ligands of

ruthenium complex N3 were studied.22 Furthermore – as solvents

largely impact the efficiency and function of the solar cells – rR

spectroscopy has been used to screen widely used solvents

propylene carbonate, methoxypropionitrile, g-butyrolactone
for effects on the photoelectrode/electrolyte interface.23

The surface interactions of substituted bipyridyl complexes

of ruthenium(II) on TiO2 were studied using time-resolved rR

spectroscopy.24

In this paper in contrast to the aforementioned studies, rR

spectroscopy and imaging techniques25 are combined to create

a powerful new approach to determine the quality of the

NiOx-based photocathodes and to thoroughly investigate

dye-desorption kinetics.

Experimental

Sample preparation

The synthesis of the NiOx surfaces was performed with minor

alterations of the protocol described in the literature.13,26

The polymer–NiCl2 solution was spin coated onto the glass

substrate. As the polymer–NiCl2 solution is highly viscose the

surface of the glass substrate was completely covered with the

mixture and the subsequent spinning of the glass slide led to

very homogeneous polymer–NiCl2 films. The burning tem-

perature of these films was set to 420 1C. Double NiOx films

were produced by a subsequent analogue second spin-coating/

burning step.13 After cleaning the NiOx surface with deionized

water (MilliQ) the films were soaked in ACN–dye solution

(10�3 M) for 24 h to sensitize the NiOx nanoparticles.

The ruthenium dye Ru1 = [Ru(4,40-(COOCH2CH3)2-2,2
0-

bipyridine)3]
2+ has been immobilized on the NiOx nanoparticle

films. The dye Ru2 = [Ru(4,40-(COOH)2-2,2
0-bipyridine)(2,20-

bipyridine)2]
2+ was included in the spectroscopic studies. The

relevant data are listed in the ESI.w

Experimental setup and data processing

For the rR microspectroscopy measurements, a conventional

micro-Raman setup (Labram HR, Horiba Jobin Yvon) was

used. The spectrometer was equipped with 600 lines per

millimeter grating and combined with an Olympus microscope

(BX 41). The excitation wavelengths were delivered by a

krypton-ion laser (Model Coherent Innova 301C, l = 413

and 476 nm) and a frequency-doubled Nd:YAG laser (l =

532 nm). For the measurements, the laser was focused onto the

dye-sensitized NiOx surface using an Olympus 40 � UPlan

FLN microscope objective. Incident laser powers of about

2.5 mW were applied to the sample during the measurements

with a spot size of about 1 mm. The spectra were recorded with

an integration time of 2 s per spectrum. Repeated measure-

ments at the same position were performed in order to test the

decomposition of the dye. No decrease in signal intensity is

observed during the first two minutes. Thus, the method is

non-destructive within the range of parameters, i.e. focussing

conditions, laser power, pixel dwell time etc., used. All spectra

presented in this paper are mean spectra of a quadratic map

(66 mm edge length, 10 � 10 spectra) which builds a profound

and statistically reliable basis for the comparison of rR

intensities. For iterated measurements that were performed

to detail the effect of individual washing steps with water, the

exact position on the surface was marked with a crosshair

carved into the NiOx surface. All measurements were taken in

the first quadrant of the crosshair. The mean spectra were

processed by the statistics-sensitive non-linear iterative peak-

clipping (SNIP) algorithm27 for background correction using

Gnu R28 and the library ‘‘Peaks’’ with 30 iterations.

UV-vis measurements were carried out on a Jasco V-530

spectrometer. Absorption spectra of NiOx films were taken in

transmission mode.

Results and discussion

The most widely used method to investigate the composition

and integrity of DSC modules and the respective photo-

electrodes is UV-vis spectroscopy. It will be shown that UV-vis

absorption spectroscopy reveals the amount of dye bound to the

surface, which depends on the solvent used for cleaning the surface

after sensitization. In addition, the choice of solvent – especially
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when water is used – might influence the long-term stability of

the solar cell due to desorption of the Ru dye.

Fig. 1 shows the impact of several cleaning solvents on the

UV-vis absorption of Ru1-sensitized NiOx films. The 3MLCT

band29 at about 460 nm is the dominant feature and is

characteristic of the presence of dye on the NiOx film. As

can be deduced from Fig. 1 the largest amount of dye remains

on the surface when washing with acetone. Upon further

cleaning with ACN a small fraction of the dye is removed as

can be seen by the slightly reduced contribution of the 3MLCT

absorption to the UV-vis spectra. This amount is attributed to

physisorbed dye on the surface, while acetone just removes

excess unbound dye. The differences observed between the two

solvents are most likely due to the solubility of the dye in these

solvents. For example, acetone is used for recrystallization of

Ru dyes due to the limited solubility.30 Similar results are

obtained when investigating Ru2 as shown in the ESI.w A

subsequent second cleaning step with ACN basically leaves the

composition of the surface unaffected. Finally, washing of the

module with water almost completely removes the 3MLCT

band in the UV-vis spectrum indicating an almost complete

loss of the dye. The 4 step cleaning protocol, i.e. (i) acetone, (ii)

ACN, (iii) ACN, and (iv) water, reduces the dye absorbance

compared to cleaning with acetone alone by about (0.24–0.20)/

(0.24–0.19) = 80%. In order to detail this effect rR micro-

spectroscopic investigations have been carried out. With rR

microspectroscopy the effect of wide-area inhomogeneities of

the surface can be ruled out as all measurements are carried

out at the same position on the surface. These inhomogeneities

that will be detailed later might influence the UV-vis measurements

when placing the surface at a slightly different position in the

beam-line of the UV-vis spectrometer after the respective

washing steps. Furthermore, rR microspectroscopy has the

advantage of solely detecting the dye that is bound to the NiOx

surface since the UV-vis measurements only provide informa-

tion on the transmission of the functionalized surface, i.e.

contributions from both the dye and the NiOx are overlapping.

Furthermore, not only absorption but also scattering contri-

butes to the recorded spectra in Fig. 1, which are recorded in

transmission mode.

To overcome these limitations, rR investigations were

performed using excitation at 413, 476, and 532 nm (see Fig. 1).

A comparison of the rR spectra at these wavelengths is depicted

in Fig. 2: Strong rR enhancement is observed at 476 nm excitation

but is poor at 532 nm. Consequently, a low signal-to-noise ratio is

recorded. This finding correlates with the absorption spectra as

shown in Fig. 1: while 476 nm excitation matches the resonance

condition (maximum MLCT absorption of Ru1), 532 nm falls

outside the range of the MLCT band and is therefore off

resonance. When comparing 476 and 413 nm excitation, the

strong background of NiOx in the UV-vis spectrum at 413 nm

has to be taken into account. Despite a comparable absorbance at

413 and 476 nm, the dye’s contribution to the UV-vis spectrum at

413 nm is smaller because of reduced extinction coefficients,

leading to a less intense rR signal. The rR spectra of Ru1 attached

to the NiOx surfaces exhibit the typical Ru–bipyridine band

pattern as can be seen from the comparison with the rR spectrum

of [Ru(bis-tert-butyl-bpy)3]
2+, which is shown for reference. The

Ru1 rR band pattern is dominated by the triplet of (ring)

stretching vibrations of the bipyridine ligand at 1476 (n-CC),
1550 (nsym-ring), and 1615 cm�1 (nsym-ring).31 Further prominent

bands can be found in the spectra of Ru1 on the NiOx surface

and the spectra of the reference dye at 1318 (n-C2–C2
0), 1269

(n-ring, d-CH), and 1025 cm�1 (ring breathing).32 The spectra

of Ru1 on NiOx exhibit all features of the solution spectra of

[Ru(4,40–(COOCH3)2–2,2
0-bipyridine)3]

2+.33

As excitation at 476 nm leads to the best rR enhancement,

all further measurements were carried out with this excitation

wavelength. The potential of rR microspectroscopy for

detailing inhomogeneous regions on the NiOx surface was

tested by measuring at different positions on the sensitized

semiconductor film. Furthermore, comparison of dye-sensitized

NiOx film and the glass substrate was performed as shown in

Fig. 3.

Fig. 1 UV-vis spectra of a Ru1 dye-sensitized NiOx surface after the 4

washing steps: first step – (i) acetone (red), second step – (ii) ACN

(green), third step – (iii) ACN (blue), fourth step – (iv) water (black).

In addition, the spectra of the bare NiOx surface (brown) and Ru1 in

ACN (violet) are given. Coloured bars indicate wavelengths used for

rR measurements (413, 476 and 532 nm). The inset shows the UV-vis

absorbance at 455 nm after the series of washing procedures.

Fig. 2 rR spectra of Ru1 on NiOx excited at 413 nm (violet), 476 nm

(blue) and 532 nm (green) without background correction. Due to

the low quality of the spectrum at 532 nm (green), this spectrum has

been multiplied by factor 10 to detail the vibrational modes (grey).

The ACN solution spectra of Ru1 at 476 nm excitation (red) and

[Ru(bis-tert-butyl-bpy)3]
2+ at 458 nm excitation (black) are added for

comparison (solvent bands at 1374 and 919 cm�1).
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The background in the rR spectra of the dye-sensitized

NiOx films originates from the glass substrate, is relatively

low compared to the fluorescence background of the dye in

ACN (see Fig. 2) and does not hamper quality assurance of the

sensitized film by rR microspectroscopy. During measurements

different areas on the surface were investigated. As evidenced in

Fig. 3 rR bands ofRu1 appear to be twice as strong in the centre

of the NiOx surface as compared to the edges. This effect can be

attributed to the fact that the quality of the surface decreases

from the centre to the edges due to the fabrication process of the

surface, i.e. the spin coating during synthesis. This leads to a

decreased Ru-dye loading at the edges of the surface.

The quality of the rR spectra is very high and spatial

variations of the rR intensity on the dye-sensitizes NiOx films

are visible as shown above. Hence, in combination with a

scanning microscope it is possible to detail the distribution of the

ruthenium dye on the surface, which presents an indispensable

step towards an exhaustive quality assurance of the tandem-DSC

modules. In order to map the distribution of the sensitizer on the

surface, the prominent rR region from 1400 to 1700 cm�1 with its

bipyridine (ring) stretching vibrations was spectrally integrated

after SNIP background correction (see Experimental section)

and used for mapping various areas of interest. Regions of

interest were chosen based on bright field images of the sensitized

NiOx films that contain either inhomogeneities or vacancies at

the surface.

Fig. 4A shows a bright field white light microscopic image of

a Ru1-functionalized NiOx film. In the centre of the bright field

image is a rectangular inhomogeneity in the film. Notably, the rR

map (B) does not reveal the same pattern as the white light image

(A) but the shapes of the inhomogeneity as seen in the different

spectroscopic modalities differ strongly. While the white light

image shows a close-to-square defect in the centre of the image,

the rRmap reveals an elongated structure in the upper part of the

map with reduced rR intensities. This difference can be rationa-

lized when considering that the bright field picture originates

from absorption and scattering of both dye and NiOx surface

while the rR mapping only depends on the rR signal intensity of

the dye. Therefore, both imaging modalities yield complementary

results. But rR mapping is not only able to map those wide-area

defects but also smaller vacancies. Such vacancies are exemplarily

depicted in Fig. 4C and D. Here, a circular vacancy on the

NiOx surface can be seen on the bottom of the bright field

picture (C). This appears to be an artefact of the synthesis

probably caused by an impurity or an inhomogeneous tempera-

ture distribution in the furnace. Using rRmicro-spectroscopy it is

relatively easy to visualize the decreased dye loading (a reduced

rR signal of Ru1) in the corona of this vacancy (D). This might

be attributed to a lower quality of the NiOx surface in the vicinity

of the vacancy. The second vacancy at the top of image C cannot

be unequivocally detected by rR microspectroscopy since the

changes in Ru1 dye concentration appear to be small. As the

comparison of bright field and rR mapping evidence, rR micro-

spectroscopy is capable of investigating local inhomogeneities in

the dye loading on the surface. Thus, rR microspectroscopy –

due to its high chemical specificity – is a powerful tool for the

quality assurance of photoelectrodes and in perspective DSC

modules.

Furthermore, this high chemical specificity allows for tracking

of changes of the dye’s concentration on the surface, which e.g.

occurs as a result of desorption upon addition of water. As

mentioned before, water causes rapid desorption of sensitizers

from the NiOx surface. Therefore, water and humidity influence

the performance of DSC, and hence, a robust technique for the

analysis is desirable. Dye-desorption kinetics were followed by

rR microspectroscopy and the results are shown in Fig. 5. In

particular its capability to monitor the dye concentration with

high spatial resolution over large areas, allows the technique to

achieve statistically reliable results for the desorption kinetics.

The spatial resolution in combination with the spectral

component yields multidimensional data that contain much

more information than most other techniques such as UV-vis

spectroscopy or bright field microscopy.

Fig. 3 rR spectra at 476 nm excitation of Ru1 on NiOx: at the centre

of the surface (red) and at the edge of the NiOx surface in close vicinity

to the blank glass slide (blue). The rR spectrum of the clean glass

substrate (grey) is added for comparison.

Fig. 4 Ru1-sensitized NiOx surface: comparison of bright field micro-

scope picture (A and C) versus mapping of an integrated rR signal in

the region of 1400 to 1700 cm�1 (B and D). A and B: area with an

inhomogeneity. Red rectangles indicate the approximate shape of the

inhomogeneity. C and D: vacancy on the surface. The blue rectangle

indicates the zoom from C to D.
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As can be seen in the scheme in Fig. 5, the surface was initially

measured without any washing step. Then the dye-sensitized NiOx

surface was dipped in water for certain time periods as shown in the

figure. Subsequently rR measurements were performed. These two

steps were repeated several times to yield the desorption kinetics of

the dye in water as can be seen in the graph in Fig. 5. Three

statements can be deduced from the kinetics shown there. First, the

double film can bind more sensitizer, i.e. without washing the rR

signal and thus the amount of dye on the surface of the double

NiOx film is twice as high as on the single film. The initial value of

the dye’s rR signal on the single film is 0.51 as compared to 1 on the

double film. This behaviour is the expected as a second NiOx

deposition step should providemore binding sites for the sensitizer.8

Second, the double film binds the sensitizers more strongly, i.e. the

ratio of the dye remaining on the surfaces after the cleaning

procedure, which is determined from the long-time offset in the

integrated rR signal (at 1200 s), increases from 0.04 (single film) to

0.22 (double film). Thus, the quotient of the rR signal of the double

film to the single film in dependence on the water exposure shifts

from 1.9 (1 : 0.51 – initial value) to 5.5 (0.22 : 0.04 – long term

offset). This can be interpreted in terms of vaults in the double

NiOx film that are small and passivated upon chemisorption of the

dye. Ru1might increase the number of carboxylic groups bound to

NiOx when the dye penetrates these vaults. As a consequence,

water cannot penetrate these binding sites and the dye does not

desorb effectively. Apparently such ‘‘vault’’ structures are – to a

significant extent – introduced upon fabrication of the secondNiOx

layer. Finally, desorption of the sensitizers slowed in the double

NiOx film structure as can be deduced from the minimum–

maximum normalized washing kinetics as plotted in the inset of

Fig. 5. Again, this might be due to the passivated surface when

depositing a second NiOx layer. Thus, statements (3) and (2) are

strongly related to each other. This work shows that the sensitized

double film structure is significantly more stable against water

exposure. This finding might influence further synthesis of NiOx

nanoparticle layers for the use in tandem-DSCs.

Conclusion

The potential of resonance Raman (rR) microspectroscopy

for assuring the quality of NiOx based photocathodes has

been demonstrated. The combination of rR spectroscopy and

the microscopic spatial resolution allows us to map both wide

areas and small vacancies with chemical sensitivity. Thereby,

the spatial distribution of e.g. Ru-bipyridine dyes, which are

sorbed to the surface, can be unambiguously identified with

chemical specificity. The quality of the rR spectra is very high

and spatial variations of the rR intensity on the dye-sensitizes

NiOx layers are visible. Hence, in combination with a scanning

microscope it is possible to detail the distribution of the

ruthenium dye on the surface. It is shown that bright field

microscope pictures and rR images are complimentary in

nature, i.e. shapes of inhomogeneous regions on the surface

appear to be different when evaluating on a molecular level

with rR imaging. Thus, the distribution of dye on the NiOx

surface might not correlate with the bright field microscope

picture. Furthermore, rR microspectroscopy has been used to

detailed analysis of the dye-desorption kinetics upon addition

of water on single film and double NiOx film substrates. As a

result, the intensity of Ru dye concentration without any

washing step on the double film is twice as high as on the

single film. Furthermore, after several washing steps relatively

more Ru dye remains bound to the double NiOx film as

compared to the single layer. This observation is additionally

accompanied by a slower desorption of the sensitizers from the

NiOx surfaces in the case of the double film structure. This can

be interpreted in terms of a passivated surface that is introduced

upon sintering and the second synthetic step during the double

film production. This paper has successfully investigated Ru-dye-

sensitized NiOx nanoparticle surfaces with rR microspectroscopy

and particularly detailed the dye-desorption kinetics upon addition

of water, which will – partially – influences the long-term stability

of DSC modules constructed from such materials. Here, it is

shown that deposition of a second NiOx layer increases the

stability of the surface against desorption of the dye. The ability

to exclusively detect the dye’s distribution on the surface is the key

feature of the rR microspectroscopy and makes it applicable to

most systems that consist of (some) Raman-active components.

Thus, rR microspectroscopy – due to its high chemical specificity –

is a powerful tool for the quality assurance of photoelectrodes and

in perspective DSC modules.
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A pyrazine bridged ruthenium/palladium bimetallic photo-
catalyst with peripheral 4,4¢-dicarboxyethyl-2,2¢-bipyridine
ligands, EtOOC-RuPd, is reported, together with its 2,2¢-
bipyridine analogue. Upon irradiation with visible light,
EtOOC-RuPd catalyses the production of hydrogen gas
whereas the complex RuPd does not.

Hydrogen is widely perceived to be one of the primary replacement
fuels, in particular for transport, due to its exceptionally high
energy density/mass ratio. The photocatalytic production of
hydrogen is therefore a major challenge in converting solar energy
directly to chemical energy. One of the most promising approaches
towards this goal is the use of molecular photocatalysts that
utilise visible light to drive proton reduction and it can be
envisaged that such systems comprise of a light-harvesting antenna
(photosensitiser) that can donate electrons to a catalytically active
centre to which it is connected via a bridging ligand.

Due to their exceptional photophysical and redox properties
Ru(II) polypyridyl complexes are an excellent choice as the light
harvesting centre while Pd(II) or Pt(II) are the metal of choice for
the catalytically active centres.1 Alternative combinations already
reported are Re/Co, Ru/Pd, Ru/Pt, Os/Rh, Ru/Rh, Pt/Co,
Ir/Rh.2–10 The intramolecular approach in which a bridging ligand
facilitates photoinduced electron transfer from the light harvesting
centre to the hydrogen forming centre requires vectorial electron
transfer to be mediated by the bridging ligand. This realisation has
led to the application of bridging ligands that are more electron
deficient than the peripheral ligands. However, recently Rau et al.
have proposed that in addition to the final (lowest lying) excited
state, higher lying excited (Franck–Condon) states can also play an
important role, as seen from the excitation wavelength dependency
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of turnover numbers (TONs).11 However, other factors such as
lifetime of the charge separated states and secondary processes
during the multiple electron transfer steps may influence catalytic
activity.

Here we report direct evidence of the importance of the pe-
ripheral 2,2¢-bipyridyl (bpy) ligands in the photocatalytic process.
The photocatalytic activity of the Ru(II)/Pd(II) complex based
on the non-substituted 2,2¢-bipyridyl (bpy) ligand (RuPd) is
contrasted with that of the analogous heterobimetallic complex in
which the more electron deficient 4,4¢-di(carboxyethyl)bipyridine
ligand replaces bipy (i.e. EtOOC-RuPd). The structures of both
complexes are shown in Fig. 1. The bridging ligand is 2,5-
di(pyridin-2-yl)pyrazine (2,5-dpp).

Fig. 1 Structure of complexes described in the text.

In agreement with the earlier report by Sakai and Ozawa,12

the complex RuPd was found to show no photocatalytic activity
towards hydrogen production. In stark contrast we found that
the dinuclear catalyst EtOOC-RuPd could achieve TONs for H2

production of up to 400 (32 mmol after 18 h).
Photocatalytic reactions were performed by irradiation of the

reaction mixtures at 470 nm using triethylamine (TEA) as the
terminal reductant to regenerate the Ru(II) complex. The presence
of water was found to be a key factor for photocatalytic hydrogen
production,‡ with hydrogen formation not observed in its absence.
The role played by water in the catalysis is however manifold:
(1) as a source of protons, and hence an increase in water
content accelerates to a certain point the reaction, (2) to facilitate

10812 | Dalton Trans., 2011, 40, 10812–10814 This journal is © The Royal Society of Chemistry 2011
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proton-transfer and (3) to increase solvent polarity thereby stabi-
lizing polar intermediates. Control experiments with the mononu-
clear precursor compounds Ru and EtOOC-Ru confirmed the
necessity of the presence of the Pd(II) centre. The time-dependence
of dihydrogen formation is shown in Fig. S2 (ESI†). Different
behaviour is observed for the preformed complex EtOOC-RuPd
and the in situ formed complex (i.e. EtOOC-Ru + Pd(CH3CN)2Cl2,
1 : 1 molar ratio). Both graphs show a sigmoidal time profile
eventually reaching a plateau that indicates deactivation of the
catalyst. An induction period was observed with dihydrogen
production reaching a maximum after ca. 3.5 h for EtOOC-
RuPd and ca. 5.5 h for EtOOC-Ru + Pd(CH3CN)2Cl2. The
longer induction period for the in situ formed binuclear complex
supports the conclusion that the active catalyst is a binuclear
EtOOC-Ru/Pd complex. For further details on the photocatalytic
reactions see the ESI.†

Colloid formation has been discussed as a possible process in
catalysis with Ru/Pd complexes13,14 and although this behaviour
cannot be excluded in the present system it is important to note
that the formation of a precipitate was not observed during the
photocatalysis with either RuPd or EtOOC-RuPd.§

Previous investigations have shown that the 2,5-dpp bridge en-
ables relatively strong coupling between the metal centres and that
the emissive state for the [(bpy)2Ru-(2,5-dpp)]2+ and [(bpy)2Ru-
(2,5-dpp)-Ru(bpy)2]4+ compounds is dpp-based.15–23 Absorption
spectroscopy shows that RuPd and EtOOC-RuPd have similar
features with the intraligand and metal-to-bpy charge transfer
bands being shifted towards lower energy by ca. 15–40 nm.
However, the lowest energy MLCT of EtOOC-RuPd is shifted
by 10 nm to higher energy compared with the RuPd complex
(Table 1). Similarly the emission spectrum of EtOOC-RuPd is
shifted by 30 nm to the blue compared to RuPd. Due to the
lower p* energy of the EtOOC-bpy ligands they are better p-
acceptors which leads to a stabilisation of the ground state and is
manifested in a red shift of 40 nm in the 1MLCT ← GS transition
involving the peripheral bpy/(EtOOC)2bpy ligands. This is in
agreement with the higher oxidation potential of EtOOC-RuPd
with respect to RuPd. These data suggest as expected that the
p*-energy levels for the carboxyethyl ligands are lower in energy
than those of the bpy ligands. The UV/Vis absorption spectrum
of the complex undergoes several changes already when TEA
is added, as indicated by absorption and emission spectroscopy.
Similar changes are observed when following the photocatalysis
by absorption spectroscopy, assigned tentatively to exchange of
the chloride ligands.

Table 1 Photophysical and electrochemical properties of the dinuclear
complexes RuPd, EtOOC-RuPd and their mononuclear precursors Ru,
EtOOC-Ru

Compounds Abs. (log e)/nm Em./nm ta/ns Oxidationb/mV

RuPd 539 (4.00) 807 < 0.5 +1.56
EtOOC-RuPd 526 (4.20) 778 < 0.5 +1.75
Ru 483 (3.98) 685 266 +1.33
EtOOC-Ru 467 (4.25) 630 564 +1.68

a Determined by time correlated single photon counting at 293 K in aerated
acetonitrile solution. b From cyclic voltammetry in acetonitrile (0.1 M
TBAPF6) vs. Ag/AgCl. All data were acquired at 293 K.

The dramatic differences in the photocatalytic activities towards
H2 production between the polypyridyl-Ru/Pd complexes RuPd
and EtOOC-RuPd, i.e. with the former inactive and the latter
highly active (TONs of 400), is surprising. Both heterobimetallic
complexes exhibit very short excited state lifetimes, indicating
efficient interaction between the two metal centres (electron
transfer quenching). The observations indicate the importance
of the peripheral ligand for photoinduced electron transfer as
proposed earlier by Rau et al.11 It is also important to note
that hydrogen formation is not directly linked to the formation
of precipitates as is observed for other systems.14

Further investigations concerning the nature of the electron
transfer and additional factors governing the overall catalytic
activity of intramolecular photocatalysts such as the nature and
location of the involved electronic states are in progress.

This research is supported by the EPA grant 2008-ET-MS-3-S2,
the SFI under Grants No. 07/SRC/B1160, 08/RFP/CHE1349,
the Netherlands Organisation for Scientific Research through a
VIDI grant (WRB) and the German Research Association (DFG
SFB 583, GRK 1626; SR).

Notes and references

‡ TONs were determined by gas chromatography after irradiation of the
reaction mixture for 18 h. Reaction mixture: c(cat.) = 4.08 ¥ 10-5 M,
c(TEA) = 2.15 M, 5 vol% of water in acetonitrile. The mixture was
irradiated with an LED torch at 470 nm. The TON is the average of
three independent measurements.
§ The addition of mercury has been proposed as a method to identify the
involvement of colloids (by quenching their activity). In the present system
however addition of mercury leads to decomposition of the complexes even
in the absence of light and hence this standard test is not applicable here. It
should be noted that the coordination of PdCl2 to both Ru and EtCOO-Ru
would be essentially the same and hence dissociation to form Pd-colloids
would be expected from both complexes if it occurred. The absence of H2

evolution in the case of RuPd suggests that Pd dissociation to yield an
active colloid does not occur in the present system.
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3.2.1 UV Absorbance Spectra 

 

Figure B.1: Absorbance spectrum of CuPcF16 in DMF solution.  

 

Figure B.2: Absorbance spectrum of ZnPcF16 in DMF solution.  
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Figure B.3: Scan rate dependence of the first reduction process of ZnPcF16 

modified electrode in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. Ag/AgCl.   

 

Figure B.4: Scan rate dependence of the first reduction process of CuPcF16 

modified electrode in 0.1 M NaH2PO4/H3PO4 (pH 2) vs. Ag/AgCl.   
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4.2.2.1 Applied Potential 

Table C.1: CoPcF16 with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

1.9 x 105 1.1 x 106 2.3 x 106 3.2 x 106 4.7 x 106 

TOF (hr-1) 

(GC) 

- 3 x105 7.3 x105 1.8 x106 3.5 x106 

Faradaic Efficiency (%) - 25 32 56 74 

Table C.2: CuPcF16 with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

5 x 103 1.4 x 105 1.9 x 106 3.2 x 106 2.0 x 106 

TOF (hr-1) 

(GC) 

- - 1.4 x106 1.7 x106 8.0 x105 

Faradaic Efficiency (%) - - 68 54 40 

Table C.3: ZnPcF16 with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

 

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

9.2 x103 3.1 x104 7.7 x105 1.4 x106 1.9 x106 

TOF (hr-1) 

(GC) 

2.5 x 103 1.2 x 104 1.1 x 105 2.2 x 105 1.4 x 106 

Faradaic Efficiency (%) 27 39 15 16 74 
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4.2.2.2 Effect of temperature 

Temperature T (°C) 3°C 20°C 40°C 

TOF (hr-1) 

(Electrochemical) 

7.4 x 105 1.9 x 106 3.8 x 106 

TOF (hr-1) 

(GC) 

3.3 x105 1.4 x106 1.9 x106 

Faradaic Efficiency (%) 46 74 50 

Table C.4: CoPcF16 with temperature in 0.1 M NaH2PO4/H3PO4 (pH 2).  

 

Temperature T (°C) 3°C 20°C 40°C 

TOF (hr-1) 

(Electrochemical) 

1.1 x 106 4.7 x 106 8.5 x 106 

TOF (hr-1) 

(GC) 

1.5 x 105 3.5 x 106  3.9 x 106 

Faradaic Efficiency (%) 15 74 46 

Table C.5: CuPcF16 with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

 

Temperature T (°C) 3°C 20°C 40°C 

TOF (hr-1) 

(Electrochemical) 

7.6 x 105 3.2 x 106  3.8 x 106 

TOF (hr-1) 

(GC) 

2.7 x 105 1.7 x 106 3.4 x 106 

Faradaic Efficiency (%) 36 54 89 

Table C.6: ZnPcF16 with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  
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Figure C.1: Cyclic voltammogram of CuPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 100 mV/s where the red, green and black lines 

represent the catalytic currents at 0°C, 20°C and 40°C respectively. 

 

Figure C.2: Cyclic voltammogram of ZnPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) at 100 mV/s where the black, red and green lines 

represent the catalytic currents at 0°C, 20°C and 30°C respectively. 
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4.2.2.3 Effect of using ethyl acetate for preparation of catalyst solutions 

No. of layers drop cast 1 2 5 

TOF (hr-1) 

(Electrochemical) 

7.9 x 105 4.6 x 105 2.4 x 106 

TOF (hr-1) 

(GC) 

4.8 x 105 2.6 x 105 1.3 x 106 

Faradaic Efficiency (%) 60 56 56 

Table C.7:  CoPcF16 (prepared in ethyl acetate), effect of additional layers in 0.1 

M NaH2PO4/H3PO4 (pH 2).  

 

4.2.2.4 Casting additional layers using DMF catalyst solution 

 

 

 

 

 

 

 

Table C.8: Varying the number of layers of catalyst deposited (from a catalyst 

solution prepared in DMF) for CoPcF16 in 0.1 M NaH2PO4/H3PO4 (pH 2).   

 

 

 

 

 

 

Catalyst CoPcF16 

No. of layers cast 1 2 

TOF (hr-1) 

(Electrochemical) 

1.9 x 106 9.6 x 105 

TOF (hr-1) 

(GC) 

1.4 x 106 4.1 x 105 

Faradaic Efficiency % 74 43 
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Table C.9: Performance data obtained for CuPcF16 and ZnPcF16 by CV and BE 

vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying the number of layers 

of catalyst deposited on the electrode. 

4.2.2.5 Effect of varying the pH and ionic strength of electrolyte 

 

Applied Potential (V)  -1.2 

(pH 2) 

-1.4 

(pH 4) 

-1.8 

(pH 7) 

-1.8 

(pH 9) 

TOF Electrochemistry (hr-1) 1.9 x 106 9.1 x 105 2.7 x 106 2.6 x 106 

TOF GC (hr-1) 1.4 x 106 5.5 x 105 2.2 x 106 2.0 x 106 

Faradaic Efficiency % 74 60 82 77 

 

Table C.10: Effect of pH of electrolyte on the performance indicators for 

CoPcF16 obtained by CV and BE (using varying applied potentials). 

 

Catalyst CuPcF16 ZnPcF16 

No. of layers cast 1 2 1 2 

Average Charge (C hr-1)  0.23 0.12 0.44 0.24 

TOF (GC hr-1) 2.1 x 

106 

1.9  x 

106 

1.9  x 

106 

1.1 x 106 

1Current Density J 

(mA/cm2) 

0.9 0.7 1.8 1.0 

Electroactive MPcF16 % 1.0 0.4 0.1 0.1 
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Figure C.3: Typical currents observed for CuPcF16 in 0.1 M NaH2PO4 at various 

pH. Scan rate = 100 mV/s. 

pH 2 4 7 9 

Applied Potential (V) -1.2 -1.7 -2.0 -2.0 

Average Charge (C hr-1) 0.23 0.35 0.70 0.51 

Electroactive CuPcF16  (%) 1.0 0.4 0.3 1.8 

TOF Electrochemistry (hr-1) 4.7 x 106 6.6 x 106 3.9 x 107 9.2 x 106 

TOF GC (hr-1) 3.5 x 106 3.0 x 106 1.4 x 107 7.5 x 106 

Faradaic Efficiency % 74 45 36 82 

 

Table C.11: Effect of pH of electrolyte on the performance indicators for 

CuPcF16 obtained by CV and BE (using varying applied potentials). 
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Figure C.4: Typical currents observed for ZnPcF16 in 0.1 M NaH2PO4 at various 

pH. Scan rate = 100 mV/s. 

pH 2 4 7 9 

Applied Potential (V) -1.1 -1.5 -1.9 -2.0 

Average Charge (C hr-1) 0.4 0.3 0.6 0.7 

Electroactive ZnPcF16  (%) 0.1 0.03 0.5 0.3 

TOF Electrochemistry (hr-1) 3.2 x 106  6.6 x 106 1.4 x 106 2.1 x 106 

TOF GC (hr-1) 1.7 x 106 3.5 x 106 1.2 x 106 1.9 x 106 

Faradaic Efficiency % 54 53 86 91 

 

Table C.12: Effect of pH of electrolyte on the performance indicators for ZnPcF16 

obtained by CV and BE (using varying applied potentials). 
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4.2.2.6 Varying the catalyst concentration in coating solutions 

Catalyst Concentration 

(x 10-5 M) 

 

0.7 

 

1.4  

 

2.1  

Moles of electroactive catalyst 

(mol) 

6.6 x10-13 1.4 x10-12 1.4 x10-12 

TOF (hr-1) 

(Electrochemical) 

1.3 x 106 1.1 x 106 9.0 x 105 

TOF (hr-1) 

(GC) 

5.9 x 105 4.3 x 105 4.1 x 105 

Faradaic Efficiency (%) 46 39 45 

 

Table C.13: Performance data obtained for CoPcF16 by CV and BE (at -1.2 V for 

1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying catalyst 

concentration. 

4.2.2.8 Using Chloride as an electrolyte 

Temperature (°C) 0 20 40 

TOF (hr-1) 

(Electrochemical) 

5.3 x 105 6.8 x 105 8.2 x 105 

TOF (hr-1) 

(GC) 

3.4 x 105 6.1 x 105 7.3 x 105 

Faradaic Efficiency (%) 64 89 89 

    

Table C.14: Performance data obtained for CoPcF16 by CV and BE (at -1.2 V for 

1 hour) vs. Ag/AgCl in 0.1 M HCl/KCl (pH 1.8) with varying temperature. 
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4.2.2.9 Stability 

 

Figure C.5: Cyclic voltammograms of CoPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s.  

 

Figure C.6: Cyclic voltammograms of CuPcF16 vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  Scan rate = 100 mV/s.  
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Figure C.7: Cyclic voltammograms of ZnPcF16 vs. Ag/AgCl in 0.1 M NaH2PO4 

(pH 2). Scan rate = 100 mV/s.  

 

4.2.2.10 Duration of Electrolysis  

Time (hr) 1 5 11 24 

TON (hr-1) 

(Electrochemical) 

1.9 x 106 2.7 x 106 6.6 x 106 4 x 107 

TON (hr-1) 

(GC) 

1.4 x 106 1.9 x 106 3.8 x 106 7.9 x 106 

Faradaic Efficiency (%) 74 70 58 20 

 

Table C.15: Turnover numbers (TON) obtained for CoPcF16 over 1 to 24 hours. 
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4.2.2.11 Repeated Use of ME 

 First Use Second Use 

TOF (hr-1) 

(Electrochemical) 

1.2 x 106 1.3 x 106 

TOF (hr-1) 

(GC) 

5.8 x 105 2.4 x 105 

Faradaic Efficiency (%) 49 19 

Table C.16: Turnover frequencies obtained for CoPcF16 for the first and second 

use of the modified electrode.  

4.2.2.12 Photo- electrocatalytic generation of hydrogen 

 Co Cu Zn 

TOF (hr-1) 

(Electrochemical) 

1.1  x 106 8.8 x 105 1.5 x 105 

TOF (hr-1) 

(GC) 

6.7 x 105 6.6 x 104 3.5 x 104 

Faradaic Efficiency (%) 63 8 31 

 

Table C.17: Performance data obtained in the dark for CoPcF16/ CuPcF16/ 

ZnPcF16 by CV and BE (at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2)  
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Figure C.8: Electrochemical and gas chromatography TOF values obtained for 

each of the three catalysts where 2 layers were deposited on the working 

electrode.  

 

Figure C.9: Electrochemical and gas chromatography TOF values obtained for 

each of the three catalysts where 2 layers were deposited on the working 

electrode.  
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Figure C.10: Cyclic voltammetry of a bare Pt electrode (geometrical area = 

0.03cm
2
) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. 

Figure C.11: Cyclic voltammetry of a modified electrode coated with CoPcF16 vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. Catalytic 

currents produced with increasing degassing times. 
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5.2.1.2 Electrochemical reactivity of M(II)PcF16 embedded in Nafion® 

 

Figure D.0: Additional data concerning surface coverage. 

5.2.2.1 Applied Electrolysis 

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

2.2 x104 8.4 x104
 1.9 x105

 2.2 x105
 6.2 x105 

TOF (hr-1) 

(GC) 

1.5 x104
 2.0 x104 

7.8 x104
 9.2 x104

 4.4 x105
 

Faradaic Efficiency (%) 68 25 41 42 71 

Table D.1: CoPcF16/Nf with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

9.1 x 104 1.5 x 105 5.4 x 105 5.2 x 105 6.0 x 105 

TOF (hr-1) 

(GC) 

1.8 x 104 2.6 x 104 1.3 x 105 1.5 x 105 2.3 x 105 

Faradaic Efficiency (%) 19 18 25 29 39 
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Table D.2: CuPcF16/Nf with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

Applied Potential (V) -0.8 -0.9 -1.0 -1.1 -1.2 

TOF (hr-1) 

(Electrochemical) 

8.5 x 103 6.3 x 103 7.7 x 103 7.9 x 104 2.7 x 105 

TOF (hr-1) 

(GC) 

- - - 1.9 x 104 5.8 x 104 

Faradaic Efficiency (%) - - - 25 22 

Table D.3: ZnPcF16/Nf with varying electrolysis potentials in 0.1 M 

NaH2PO4/H3PO4 (pH 2).  

5.2.2.2 Effect of Temperature 

Temperature (°C) 0 20 40 

TOF (hr-1) 

(Electrochemical) 

2.0 x 105 6.2 x 105 1.1 x 106 

TOF (hr-1) 

(GC) 

1.3 x 105 4.4 x 105 8.1 x 105 

Faradaic Efficiency (%) 66 71 77 

Table D.4: CoPcF16/Nf with varying temperature in 0.1 M NaH2PO4/H3PO4 (pH 

2).  

Temperature (°C) 0 20 40 

TOF (hr-1) 

(Electrochemical) 

1.3 x 105 6 x 105 1.1 x 106 

TOF (hr-1) 

(GC) 

5 x 104 2.3 x 105 8.1 x 105 

Faradaic Efficiency (%) 39 39 74 
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Table D.5: CuPcF16/Nf with varying temperature in 0.1 M NaH2PO4/H3PO4 (pH 

2).  

Temperature (°C) 0 20 40 

TOF (hr-1) 

(Electrochemical) 

5.4 x 104 2.4 x 105 4.3 x 105 

TOF (hr-1) 

(GC) 

1.4 x 104 5.8 x 104 3.0 x 105 

Faradaic Efficiency (%) 25 24 70 

Table D.6: ZnPcF16/Nf with varying temperature in 0.1 M NaH2PO4/H3PO4 (pH 

2).  

 

5.2.2.3 Effect of pH and Ionic Strength 

pH 2 4 7 9 

TOF (hr-1) 

(Electrochemical) 

6.2 x 105 2.0 x105 4.3 x106 - 

TOF (hr-1) 

(GC) 

4.4 x 105 1.1 x105 1.5 x106 - 

Faradaic Efficiency (%) 71 55 35 - 

Table D.7: CoPcF16/Nf with varying pH in 0.1 M NaH2PO4.  
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Figure D.1: Comparison of redox potentials of CoPcF16/Nf in 0.1 M NaH2PO4 vs. 

Ag/AgCl, ranging in pH 2-7. Scan rate = 20 mV/s 

 

Figure D.2: Comparison of redox potentials of CuPcF16/Nf in 0.1 M NaH2PO4 vs. 

Ag/AgCl, ranging in pH 2-9. Scan rate = 20 mV/s 
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Figure D.3: Typical currents observed for CuPcF16/ in 0.1 M NaH2PO4 vs. 

Ag/AgCl, ranging in pH 2-9. Scan rate = 20 mV/s 

pH E ½ Potential (V) Epc – Epa (V) Onset Potential 

(V) 

2 -0.32 0.04 -0.87 

4 -0.46 0.06 -1.33 

7 -0.65 0.50 -1.55 

9 -0.73 0.11 -1.70 

 

Table D.8: Reduction potentials of CuPcF16/Nf in 0.1 M NaH2PO4 electrolyte 

over a range of pH. 
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Applied Potential (V) -1.2 

(pH 2) 

-1.7 

(pH 4) 

-1.8 

(pH 7) 

-2.0 

(pH 9) 

Average Charge (C hr-1) 0.17 0.28 1.78 1.02 

Electroactive CuPcF16/Nf 

(%) 

3.4 3.2 1.0 3.2 

TOF (hr-1) 

(Electrochemical) 

6.0 x 

105 

7.6 x 

105 

3.8 x 

106 

2.2 x 

106 

TOF (hr-1) 

(GC) 

2.3 x 

105 

2.9 x 

105 

3.5 x 

106 

1.6 x 

106 

Faradaic Efficiency (%) 39 38 92 73 

 

Table D.9: Effect of pH of electrolyte on the performance indicators for 

CuPcF16/Nf (using varying applied potentials). 

 

Figure D.4: Comparison of redox potentials of ZnPcF16/Nf in 0.1 M NaH2PO4 vs. 

Ag/AgCl, ranging in pH 2-9. Scan rate = 20 mV/s 
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Figure D.5: Typical currents observed for ZnPcF16/Nf in 0.1 M NaH2PO4 vs. 

Ag/AgCl, ranging in pH 2-9. Scan rate = 20 mV/s 

pH E ½ Potential (V) Epc – Epa (V) Onset Potential (V) 

2 -0.25 0.08 -1.00 

4 -0.35 0.09 -1.04 

7 -0.53 0.10 -1.53 

9 -0.66 0.10 -1.74 

 

Table D.10: Reduction potentials of ZnPcF16/Nf in 0.1 M NaH2PO4 electrolyte 

over a range of pH. 

Applied Potential (V) -1.2 

(pH 2) 

-1.4 

(pH 4) 

-2.0 

(pH 7) 

-2.0 

(pH 9) 

Average Charge (C hr-1) 0.24 0.05 0.72 0.25 

Electroactive ZnPcF16/Nf  

(%) 

0.7 1.1 1.1 0.8 
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TOF (hr-1) 

(Electrochemical) 

2.4 x 105 5.4 x 104 7.6 x 105 3.7 x 105 

TOF (hr-1) 

(GC) 

5.8 x 104 - 2.0 x 105 7.1 x 104 

Faradaic Efficiency (%) 24 - 26 21 

 

Table D.11: Effect of pH of electrolyte on the performance indicators for 

ZnPcF16/Nf obtained using varying applied potentials. 

5.2.2.3 Ionic Strength 

Electrolyte at pH 2 0.01 M 

NaH2PO4/H3PO4 

0.1 M 

NaH2PO4/H3PO4 

TOF (hr-1) 

(Electrochemical) 

2.7 x 104 1.9 x 105 

TOF (hr-1) 

(GC) 

- 7.8  x104 

Faradaic Efficiency % - 41 

 

Table D.12: Performance data obtained for CoPcF16 vs. Ag/AgCl using both 0.01 

M and 0.1 M NaH2PO4/H3PO4 (pH 2). 

 

5.2.2.4 Using Chloride as an electrolyte 

Temperature (°C) 0 20 40 

TOF (hr-1) 

(Electrochemical) 

1.5 x 105 5.1 x 105 1.1 x 106 

TOF (hr-1) 

(GC) 

9.2 x 104 3.5 x 105 8.1 x 105 

Faradaic Efficieny % 63 69 77 
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Table D.13: Performance data obtained for CoPcF16/Nf  (at -1.2 V for 1 hour) vs. 

Ag/AgCl in 0.1 M HCl/KCl (pH 1.8) with varying temperature. 

5.2.2.5 Varying the catalyst concentration in coating solution 

Catalyst Concentration 

(x 10-5 M) 

 

0.6 

 

1.1 

 

1.7 

TOF (hr-1) 

(Electrochemical) 

3.3 x 105 2.2 x 105 1.5 x 105 

TOF (hr-1) 

(GC) 

2.9 x 105 2.0 x 105 1.2 x 105  

Faradaic Efficiency (%) 90 89 74 

 

Table D.14: CoPcF16/Nf vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with 

varying catalyst concentration. 

 

5.2.2.7 Casting additional layers using DMF catalyst solution 

Layers Co/Nf  

2 layers 

Zn/Nf  

2 layer 

Cu/Nf  

2 layers 

TOF (hr-1) 

(Electrochemical) 

1.2 x 105 4.7 x 104 1.7 x 105 

TOF (hr-1) 

(GC) 

7.8 x 104 2.1 x 104 6.6 x 104 

Faradaic Efficiency (%) 65 45 39 

 

Table D.15: CoPcF16/Nf, ZnPcF16/Nf and CuPcF16/Nf vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2) with additional layers cast. 
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5.2.2.8 Stability  

 

Figure D.6: Cyclic voltammograms of CoPcF16/Nf vs. Ag/AgCl in 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s.  

 

Figure D.7: Cyclic voltammograms of CuPcF16/Nf vs. Ag/AgCl in 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s.  
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Figure D.8: Cyclic voltammograms of ZnPcF16/Nf vs. Ag/AgCl in 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s.  

 

Figure D.9: Cyclic voltammograms of Nafion vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s.  
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5.2.2.9 Duration of Electrolysis 

Time (hr) 1 6 24 

TOF (hr-1) 

(Electrochemical) 

6.2 x 106 2.1 x 106 1.7 x 107 

TOF (hr-1) 

(GC) 

4.4 x 105 1.1 x 106 2.9 x 106 

Faradaic Efficiency 

(%) 

71 52 17 

 

Table D.16: CoPcF16/Nf (at -1.2 V) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) 

as a function of time.  

 

5.2.2.10 Photo- electrocatalytic generation of hydrogen 

Variable Co/Nf 

Dark 

Cu/Nf 

Dark 

Zn/Nf 

Dark 

TOF (hr-1) 

(Electrochemical) 

5.9 x 105 3.9 x 105 2.7 x 105 

TOF (hr-1) 

(GC) 

3.8 x 105 2.1 x 105 4.3 x 104 

Faradaic Efficiency (%) 64 54 16 

 

Table D.17: CoPcF16/Nf,  CuPcF16/Nf,  and ZnPcF16/Nf (at -1.2 V for 1 hour) vs. 

Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) in darkness.  
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5.2.3 Effect of varying ratio of MPc to Nafion®- Additional calculations 

Calculations in w/v % for catalyst systems 1-CuPcF16/Nf, 2-CuPcF16/Nf and 3-

CuPcF16/Nf 

1-CuPcF16/Nf (1 ml of 5 % w/w Nafion + 4 ml of CuPcF16/DMF): 

1 ml of 5 % w/w Nafion = 50 mg/ml 

Cu = 0.039 mg/ml 

1300 times less Cu in 1-CuPcF16/Nf 

 

2-CuPcF16/Nf (1 ml of 5 % w/w Nafion + 1 ml of CuPcF16/DMF): 

1 ml of 5 % w/w Nafion = 50 mg/ml 

Cu = 0.025 mg/ml 

2000 times less Cu in 2-CuPcF16/Nf 

 

3-CuPcF16/Nf (4 ml of 5 % w/w Nafion + 1 ml of CuPcF16/DMF): 

4 ml of 5 % w/w Nafion = 200 mg/ml 

Cu = 0.01 mg/ml 

20000 times less Cu in 3-CuPcF16/Nf 

 

Calculation of the diffusion coefficient. 
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5.2.3.1 Varying the ratio of CuPcF16: Nafion® 

Ratio of CuPcF16:Nafion® 4:1 1:1 1:4 

TOF (hr-1) 

(Electrochemical) 

6 x 105 2.3 x 106 1.7 x 106 

TOF (hr-1) 

(GC) 

2.3 x 105 1.1 x 106 2.1 x105 

Faradaic Efficiency (%) 39 48 13 

Table D.18: CuPcF16/Nf vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with 

varying ratios of catalyst: Nafion® deposited on the electrodes.  

 

Varying the ratio of CoPcF16: Nafion® 

Ratio of CoPcF16:Nafion® 4:1 1:1 1:4 

Average Charge (C hr-1) 0.19 0.18 0.24 

1Current Density J 
(mA/cm2) 

1.1 0.9 1.4 

2Current Density J 
(mA/cm2) 

4.5 4.6 5.6 

(%) Electroactive 
CoPcF16/Nf 

10.5 5.9 9.0 

TOF (hr-1) 

(Electrochemical) 

6.2 x 105 8.3 x 105 6.3 x 105 

TOF (hr-1) 

(GC) 

4.4 x 105 7.7 x 105 5.5 x 106 

Faradaic Efficiency (%) 71 93 88 

 

Table D.19: Performance data obtained for CoPcF16/Nf by CV and BE (at -1.2 V 

for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying ratios of 
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catalyst: Nafion® deposited on the electrodes. Current densities obtained by 
1
BE 

and 
2
CV. 

  

 

Figure D.10: Effect of varying the ratios of CoPcF16 and Nafion® on turnover 

frequencies TOF (hr
-1

) for ratios of  4:1, 1:4 and 1:1 CoPcF16/Nf respectively.  
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Varying the ratio of ZnPcF16: Nafion® 

Ratio of ZnPcF16:Nafion® 4:1 1:1 1:4 

Average Charge (C hr-1)  0.24 0.12 0.40 

1Current Density J (mA/cm2) 0.7 0.5 1.6 

2Current Density J (mA/cm2) 1.4 1.3 2.1 

Electroactive ZnPcF16/Nf (%) 1.2 0.5 0.5 

TOF (hr-1) 

(Electrochemical) 

2.4  x 105 1.4 x 105 5.5 x 105 

TOF (hr-1) 

(GC) 

5.8 x 104 2.7 x 104 1.3 x 105 

Faradaic Efficiency (%) 24 20 24 

 

Table D.20: Performance data obtained for ZnPcF16/Nf by CV and BE (at -1.2 V 

for 1 hour) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2) with varying ratios of 

catalyst: Nafion® deposited on the electrodes. Current densities obtained by 
1
BE 

and 
2
CV. 
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Figure D.11: Effect of varying the ratios of ZnPcF16 and Nafion® on turnover 

frequencies for ratios of  4:1, 1:1 and 1: 4 ZnPcF16/Nf respectively.  

 

5.2.3.2 Varying the ratio of Catalyst:Nafion® using KCl as the electrolyte 

MPc: Nafion® 4:1 1:1 1:4 

TOF (hr-1) 

(Electrochemical) 

7.3 x 105 9.4 x 105 6.3 x 106 

TOF (hr-1) 

(GC) 

6.9 x 105 8.7 x 105 5.5 x 106 

Faradaic Efficiency % 94 93 88 

 

Table D.21: CoPcF16/Nf (at -1.2 V for 1 hour) vs. Ag/AgCl in 0.1 M HCl/KCl (pH 

1.8) at 20°C with varying ratios of catalyst: Nafion®.  
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Figure E.1: Cyclic voltammogram of bare CM/DDAB vs. Ag/AgCl in 0.1 M 

NaH2PO4/H3PO4 (pH 2). Scan rate = 100 mV/s. 

 

Figure E.2: Cyclic voltammogram of 1:1 CM:CuPcF16 (black line) and 1:1 

CM:ZnPcF16 (red line) vs. Ag/AgCl in 0.1 M NaH2PO4/H3PO4 (pH 2). Scan rate = 

100 mV/s. 
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Modified Electrode MCM 1:1 1:2 1:3 1:4 

TOF (hr-1) 

Electrochemical 

2.4 x 106 2.3 x 105 8.2 x 104 9.3 x 104 6.2 x 104 

TOF (hr-1) GC 5.9 x 105 7.5 x 104 2.7 x 104 3.2 x 104 3.9 x 104 

Faradaic Efficiency 

% 

25 32 33 33 63 

 

Table E.1: Performance data obtained by CV and BE vs. Ag/AgCl for 1 hour for 

CoPcF16 adsorbed in carbon monolith fragments MCM, and from DDAB 

supported catalysts on carbon using ratios of CM:CoPcF16 in 0.1 M 

NaH2PO4/H3PO4 (pH 2). Current densities obtained by 
1
BE and 

2
CV data. 

 

Modified Electrode CuPcF16 ZnPcF16 

TOF (hr-1) Electrochemical 1.4x 106 1.1x 105 

TOF (hr-1) GC 5.0 x 105 3.5 x 104 

Faradaic Efficiency % 36 32 

Table E.2: CuPcF16 and ZnPcF16 dispersed in carbon monolith fragments in a 

ratio of 1:1 in 0.1 M NaH2PO4/H3PO4 (pH 2).  
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ME Ratio 1:1 1:2 1:3 1:4 

TOF (hr-1) 

Electrochemical 

7.4 x 105 1.0 x 105 8.8 x 104 6.4 x 104 

TOF (hr-1) GC 2.9 x 105 4.7 x 104 4.8 x 104 3.9 x 104 

Faradaic Efficiency % 39 47 55 61 

 

Table E.3: Performance data obtained for varying ratios of CM:CoPcF16 in 0.1 

M NaH2PO4/H3PO4 (pH 2) at 40°C.  

Modified Electrode CuPcF16 ZnPcF16 

TOF (hr-1) Electrochemical 2.0 x 106 1.3 x 105 

TOF (hr-1) GC 8.6 x 105 6.0 x 104 

Faradaic Efficiency % 43 46 

 

Table E.4: Performance data obtained for CuPcF16 and ZnPcF16 respectively in a 

1:1 mix of carbon monolith at 40°C in 0.1 M NaH2PO4/H3PO4 (pH 2). 

 

 CoPcF16 CuPcF16 ZnPcF16 

TOF (hr-1) Electrochemical 1.5 x 106 1.4 x 106 4.7 x 105 

TOF (hr-1) GC 1.3 x 105  8.7 x 105 3.7 x 105 

Faradaic Efficiency (%) 82 62 79 

 

Table E.5: Performance indicators for CoPcF16, CuPcF16 and ZnPcF16 in carbon 

monolith in a ratio of 4:1 mix MPc:CM at 40°C using 0.1 M HCl/KCl (pH 1.8). 
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