
Nano-Structures & Nano-Objects 29 (2022) 100841

R
D
a

E
b

c

d

y
t
c
d
s
s
t
o
e
g
c
r
T
a

h
2

Contents lists available at ScienceDirect

Nano-Structures &Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

Silver nanocolloid generation using dynamic Laser Ablation Synthesis
in Solution system and drop-casting
Éanna McCarthy a, Sithara Pavithran Sreenilayam a,∗, Oskar Ronan b, Hasan Ayub a,
onan McCann a,c,d, Lorcan McKeon b, Karsten Fleischer a, Valeria Nicolosi b,
ermot Brabazon a,c,d

I-Form, Advanced Manufacturing Research Centre, & Advanced Processing Technology Research Centre, School of Mechanical and Manufacturing
ngineering, Dublin City University, Glasnevin, Dublin-9, Ireland
I-Form and AMBER Research Centers, School of Chemistry, Trinity College Dublin, Dublin 2, Ireland
National Centre for Plasma Science and Technology, Dublin City University, Glasnevin, Dublin 9, Ireland
National Center for Sensor Research (NCSR), Dublin City University, Glasnevin, Dublin 9, Ireland

a r t i c l e i n f o

Article history:
Received 7 August 2021
Received in revised form 21 December 2021
Accepted 17 January 2022

Keywords:
Silver nanoparticle
Laser ablation
Nanocolloid
Drop-casting TEM
FESEM

a b s t r a c t

Conductive inks allow for low cost and scalable deposition of conductive tracks and patterns for printed
electronics. Metal nanoparticle colloids are a novel form for producing conductive inks. Laser Ablation
Synthesis in Solution (LASiS) is a ‘‘green’’ method for the production of metal nanoparticle colloids
without the need for environmentally hazardous chemicals, however the method has typically been
limited by its low production rates. This study reports on the generation of an additive free silver
nanocolloid with maximized productivity using a flow-based LASiS system and its characterization
using dynamic light scattering, UV–VIS, transmission electron microscopy and field emission scanning
electron microscopy. The productivity of the LASiS silver nanoparticle (size ∼34 ± 5 nm) was
∼0.9 mg mL−1. While the flow-based system achieves high laser ablation rates in the mass of
nanomaterial generated per unit time, the volume of liquid required for the flow leads to relatively
low concentrations. Therefore, in this work, LASiS concentrated ink was formulated via a centrifugal
method, which was then drop-cast and heat treated to produce a conductive silver layer. Centrifuging
to concentrate the ink was shown to be a necessary step to achieve good results, with the lowest
resistance across the drop-cast material of 60.2 Ω after annealing.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Conductive inks have been extensively investigated in recent
ears due to their popularity in flexible electronics and printing
echnologies [1]. There has been a growing demand for highly
onductive printable tracks in various fields, including flexible
isplays, wearable devices, smart packaging, thin-film transistors,
mart textiles and solar cells [1,2]. Printed electronics (PEs) offer
everal attractive characteristics, including lower costs, optical
ransparency, light weight and increased production of devices
n different flexible substrates, including polymers, paper, glass
tc., at large scales [1]. Due to their application in flexible PEs, the
lobal market for conductive inks has grown significantly in re-
ent years. Estimates predict that the conductive ink market will
each 3.7 billion USD by 2025, up from 3.0 billion USD in 2020 [3].
he main element of conductive inks are the functional materi-
ls, for example, metal nanoparticles (NPs) [4], organic/metallic
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compounds [5], carbon [6], conductive polymers [7], and metal
precursors [8]. Metal NPs (e.g., copper (Cu) [9], gold (Au) [10] and
silver (Ag) [11–13]) are most commonly used in conductive inks
since their resistivity is comparable to that of the bulk material.
These conductive particles are suspended in a liquid medium,
allowing them to act as an ink, being a liquid at room tempera-
ture. This provides ease of handling and printing compared with
molten metal, and the inks can form conductive patterns when
deposited and dried.

Chemical and physical methods are commonly used to gen-
erate NPs. Evaporation condensation and laser ablation are two
important physical processes that are implemented. Laser Ab-
lation Synthesis in Solution (LASiS) is a physical technique that
synthesizes NPs in liquid media [15–22] using laser energy, un-
like wet-chemical synthesis methods which use environmentally
harmful reducing agents. The process involves a pulsed laser
focused on the surface of a solid target in a liquid environment,
ablating material from the target and producing ligand free NPs.
In 1987, Patil et al. first explored material synthesis at a solid–
liquid interface using a pulsed laser (ruby laser with a pulse
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Fig. 1. (a) Laser Ablation Synthesis in Solution (LASiS) set-up for the production of Ag NPs in DI water: recirculation production mode. [14] (b) Laser irradiation
(wavelength, λ = 1064 nm) of Ag bulk target inside a 3D printed flow-cell. (c) Ag NPs produced via LASiS technique in 20 ml DI water. (d) schematic of centrifuged
Ag NP ink drop-cast on a glass slide.
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width of 30 ns) by generating metastable iron oxide from an iron
substrate in water [23]. Later in 1993, Neddersen et al. reported
the generation of organic solvent and water based stable colloids,
without any ionic or organic species, from metal targets such as
Cu, Pt, Pd, Au and Ag via laser ablation [24]. The LASiS technique
has been used for the generation of highly pure nanostructures in
aqueous solutions at room temperature and normal pressure con-
ditions since 2000 [14,25–28] and several NP colloids of metals
(e.g., Ag [29], Cu [29,30] and Au [31]), polymers [32], semiconduc-
tors (e.g., silicon carbide (SiC) [33], silicon (Si) [34] and zinc oxide
(ZnO) [35]) and carbon (C) [36] have been synthesized using this
method.

NP-based inks enable the development of novel applications
due to the different possible material combinations and prop-
erties. Among the conductive inks, Ag NP based ink is widely
used in various applications owing to its high thermal conduc-
tivity and printability. This material conducts well in both its
oxide and metallic states, so the technological risk associated
with its use is low. Due to the high conductivity of the ink,
lower volumes of ink will be needed to produce good quality
PE devices. During the past few decades, LASiS has been widely
investigated for nanomaterial production in liquid, with a view
to enabling cost-effective PE conductive ink formulation. In this
simple method, several experimental parameters, including laser
energy, repetition rate, laser wavelength, solvent, etc. can easily
be adjusted to determine size of the NPs, their stability in liquids
and the productivity of the NPs [37]. The properties of colloidal
solutions have a strong influence on the size, shape, production
rate and polydispersity of NPs [38]. In PEs, the NP productivity
plays a crucial role, since the NP concentration and size in the
colloids heavily influence the conductivity of the printed track
and thereby the quality of the device. Although the commonly
used static LASiS technique is simple, its low productivity hinders
acceptance of this method within manufacturing industries [39].
In this study, the use of a high production rate, dynamic flow-
based LASiS system to produce Ag NP colloids for conductive
inks and their drop-cast pattern characterization is reported. The
resistance properties of the functional inks were studied with the
drop-cast technique prior to using them in inkjet or aerosol jet
printing applications. The volume of liquids required for flow-
based production may lead to low concentrations, despite the
2

high production rates. After the production of the Ag nanocolloids
via LASiS, they were centrifuged to increase their concentration,
as ink conductivity is highly dependent on the ink concentration.
The as-produced and centrifuged Ag nanocolloids were deposited
on glass slides by drop-casting and the resistance was measured
in-situ during heating, in order to determine the as-deposited
resistance, the temperature required for heat-treatment and the
reduced resistance achievable after heating. This achieves the
objective of establishing the suitability of the LASiS method for
ink production for PE application, whether concentration and the
correct parameters and effect for annealing are necessary.

2. Experimental details

2.1. Materials

Ag discs (99.99+% metals basis, sourced from Goodfellow Cam-
bridge Ltd) were used as the target material in the LASiS process.
The DI water for nanocolloid formation was purchased from
Merck (LC-MS Grade LiChrosolv).

2.2. Method: Laser ablation synthesis in solution and Ag NP genera-
tion

A schematic of the experimental LASiS dynamic flow based
set-up used for the generation of Ag NPs is shown in Fig. 1a [14].
The laser ablation of the Ag target (8 mm diameter) was carried
out using a micro-machining low-power picosecond Nd: YAG
laser (WEDGE HF 1064, BrightSolutions, Italy), with a wavelength
(λ) of 1064 nm. The laser beam was focused on the Ag target to
spot diameter of 100 µm and scanned over the target surface
sing a 2D scanning galvanometer (Raylase SS-12) at a scan speed
f 2.6 mm/s in an Archimedean spiral pattern (see Fig. 2a). Prior to
he laser ablation, the Ag target was mechanically polished using
ilicon carbide paper up to 1200 grit, cleaned in an ultrasonic bath
or 20 min and then thoroughly rinsed with DI water.

The pulse repetition frequency of the laser was 20 kHz and
he duration of the laser ablation was 30 min. The Ag target
as mounted within the centre of a 3D-printed custom-designed

lowcell (Fig. 1b) kept on a 1D-nanopositioning stage (M-404 4PD,
I, Germany) and a 2 mm ID PTFE piping network was used to
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Fig. 2. (a) Scanning electron microscopy (SEM) and (b) 3D optical profilometer images of the bulk Ag target after 30 min laser ablation.
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circulate 20 ml DI water. The flow of the DI water through the
piping network was controlled by a peristaltic pump (Isamatic
MCPV510, Millipore Ltd.) which can control the liquid flow rate at
10–400 mL min−1. In this work, the DI water flow rate was kept at
100 mL min−1. The top and bottom parts of the 3D printed flow-
cell was made up of photopolymers, VeroWhitePlus (RGD835)
and TangoBlack (FLX973), and fabricated using a Stratasys Object
260 Connex1 3D printer (Fig. 1b) [14] which uses the Polyjet 3D
printing technology. This printer allows printing of 3D models as
large as 255 × 252 × 200 mm (build area). The machine has a
6-micron layer accuracy and 14 photopolymers to simulate a
ange of material characteristics and create 3D models. The use
f flow-cell limits occluding of the surface from the beam by the
blated material (due to the produced particles being moved by
he flow) [16,17,40]. The process parameters of the laser power,
tage height, laser beam scan speed, raster pattern and laser
epetition rate were controlled using the National Instruments
abVIEW programme. After 30 min of ablation using a 2.6 mm
ec−1 laser beam scan speed in an Archimedean spiral pattern, the
arget surface was examined using both Zeiss EVO LS15 scanning
lectron microscopy (SEM) (Fig. 2a) and a 3D optical microscope
rom Keyence 2000 (Fig. 2b). The silver target sample used for
ost ablation microscopic characterization was ultrasonicated for
0 min to clean the surface well. The depth of the spiral on the
g target is 61 µm from the initial Ag target surface after 30 min

of laser ablation (Fig. 2b).
An optical absorption spectrum of the LASiS Ag colloid was

recorded in a quartz cuvette (10 mm path length, Helma) with
a Varian Cary 50 UV–VIS spectrophotometer (scan range 200–
1200 nm with a scan rate of 600 nm min−1). The optical spectrum
as corrected for DI water absorption by subtracting the DI water
ontribution from the recorded UV–VIS spectrum. This analytical
echnique measures the amount of discrete wavelengths of visible
r UV light that are transmitted through or absorbed by a sample
n comparison to a reference sample. The size distribution and
hape of the as produced Ag NPs were analysed using dynamic
ight scattering (DLS, NANO-flex

®
180◦ DLS Size, Microtrac Ltd.)

nd a transmission electron microscope (TEM, FEI Titan (S)TEM
FEI, USA) with beam energy of 300 keV). DLS is a commonly used
stablished method enabling nanoparticle analysis and character-
zation in solution in a size range 0.3 nm - 10 µm. Light scattering
ccurs in all directions when it hits smaller particles having a
ize below 250 nm. In the DLS technique, the scattering intensity
f the laser beam in a colloid fluctuates over time due to the
rownian motion of the particles. This undergoes either destruc-
ive or constructive interference by the surrounding particles. The
rownian movement of the particle in a colloid is modelled by the
tokes–Einstein Eq. as:

h =
kBT (1)
3πηDt

3

where Dh is the hydrodynamic diameter of the nanoparticles, η is
the dynamic viscosity, Dt is the translational diffusion coefficient,
kB is Boltzmann’s constant and T is the thermodynamic tempera-
ture. The Ag colloidal sample for TEM was prepared by depositing
a drop of Ag suspension on a lacey carbon 400 mesh copper
(Cu) grid (01896-F, TED PELLA Inc.). The centrifuged-concentrated
Ag NP colloid was characterized using a field emission scanning
electron microscope (FESEM, Hitachi S5500 Field Emission SEM).
This instrument is capable of imaging in scanning transmission
electron microscopy (STEM) and is commonly used for nanopar-
ticle imaging. The dark field and bright field Duo-STEM detector
allows simultaneous observation of dark field and bright field
STEM images. The FE-SEM characterization of the centrifuge con-
centrated LASiS silver colloid was carried out by depositing a drop
of the colloidal sample on a polished silicon substrate and drying
it in air.

The productivity of the Ag NPs in the LASiS system was ∼0.9
g mL−1 for the parameters 20 kHz pulse repetition frequency,
.6 mm s−1 scan speed and 30 min process duration (Fig. 1c).
t was calculated manually by measuring the Ag target weight
efore and after the laser ablation process.

.3. Method: centrifuging ink

20 ml of Ag nanocolloid produced via LASiS in the recirculation
roduction mode (Fig. 1b) was centrifuged in a Hettich Lab Tech-
ology™ Universal 320 Benchtop Centrifuge for 10 min at 10000
pm. After centrifuging, 15 ml of the supernate was removed,
nd the remaining solution was ultrasonicated for one hour and
0 min to re-suspend the settled Ag NPs.

.4. Method: dropcasting and heat-treatment

The inks were drop-cast onto glass slides as shown in the
chematic Fig. 1d by depositing 0.5 mL of ink from a pipette and
llowing it to spread naturally and dry in air (inset figures of
igs. 6 and 7). This was performed three times consecutively on
he same spot to produce the deposited layers. The liquid was
llowed to spread naturally, forming elliptical or circular layers
f ∼1520 mm diameter, with an estimated liquid layer thickness
f roughly 1.6–2.8 mm. For the 0.9 mg mL−1 concentration as-
roduced LASiS silver colloid, there would be a total of 1.35
g of Ag NPs deposited in the drop-casting procedure. Treating

he layer as a cylindrical disc, a dried layer thickness of roughly
.4–0.8 µm would be estimated. For the centrifuge concentrated
nk, where 75% of the supernate was removed, the concentration
hould be 4 times that of the as-produced sample, 3.6 mg mL−1,
hich would give about 5.4 mg total deposited mass of Ag NPs
fter the drop-casting procedure. This would give an estimated
ried layer thickness of roughly 1.6–2.9 µm. Ag liquid conductive
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Fig. 3. (a) UV–VIS absorbance as a function of wavelength and (b) average particle size distribution from the DLS technique for the Ag NP colloids generated in the
dynamic LASiS system with 100 mL min−1 liquid flow rate.
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aint (sourced from Radionics, RS Pro Conductive Paint) was
pplied on either side of the drop-casted layer, as shown in
igs. 6 and 7a, to make contacts to which a multimeter could
e applied without damaging the deposited silver layers. The
lass slides were placed on a resistive heater in a sealed chamber
ith a nitrogen flow and the temperature set-up was ramped up
nd down in stages while measuring the resistance in situ. The
emperature ranges were 45–90, 65–110, 85–130, 105–150, 125–
70, 145–190, 165–210, 185–230 and 205–250 ◦C (see Figs. 6 and
). By observing the hysteresis in each stage, the temperature
t which the resistance begins to permanently change could be
bserved. After heat treatment, the samples were allowed to cool
n the nitrogen flow, then the first three heating stages (45–90,
5–110 and 85–130 ◦C (see Fig. 7b)) were repeated to observe
he permanently changed resistance behaviour.

. Results and discussions

.1. Ag nanocolloid characterization

The UV–VIS absorption spectrum of the as-produced LASiS Ag
olloid (Fig. 3a) shows the presence of an absorption peak in the
400 nm wavelength region, confirming the Ag NP formation in
I water. The optical characteristics of the Ag NPs are strongly
nfluenced by their diameter, i.e. with an increase in the NP
ize, the absorption peak will move towards a higher wavelength
egion. For larger particles, particularly above 80 nm in size, a
econdary absorption peak appears at a lower wavelength region
s a result of quadrupole resonance in addition to the primary
ipole resonance [41]. When the Ag NPs destabilize, the intensity
f the original absorption will decrease due to the depletion of
table NPs, broadening the peak or leading to the formation of
nother secondary absorption peak at a longer wavelength due to
ggregation of the NPs. As the optical characteristics are greatly
ffected by NP aggregation, this UV–VIS technique can be used
o monitor Ag NP colloidal stability over time. The stability of
onductive inks is of great concern when they are used in PE
pplications.
The DLS Ag NP size distribution plot is shown in Fig. 3b,

hich is determined by calculating the random fluctuations in
he monochromatic polarized laser light intensity that is scattered
y the Ag colloidal solution. The as-produced LASiS Ag colloidal
olution exhibits a singular peak distribution with an average
article size diameter of 34 ± 5 nm.
The particle size distribution and the morphology of the Ag

Ps produced by LASiS were further confirmed by TEM. Fig. 4
4

shows the TEM images of Ag NPs generated via LASiS in 20 mL
DI water. The LASiS Ag NPs deposited on the lacey carbon grid
were single or in clusters. It was found that the diameter of
the individual Ag NPs was ∼30 nm in the test colloidal solution
(Fig. 4).

The size and morphology of the Ag NPs in the centrifuge-
concentrated colloid (Fig. 5a) were characterized using FESEM
(Fig. 5b, c). The FESEM sample was prepared by depositing a drop
of solution on a polished silicon substrate and drying it in air. SEM
images of the Ag NPs in the concentrated colloid recorded using
a secondary electron (SE) detector (Fig. 5b) and a Brightfield (BF)
detector (Fig. 5c) show that the Ag NPs are mostly spherical in
shape and appear both as single particles as well as in the form
of aggregates.

3.2. Drop-casting and characterization

Drop-casting is a commonly used convenient and fast coating
technique for the generation of small area films [42]. In this
cost-effective method, droplets containing the particles (e.g., NPs,
nanotubes, etc.) of interest are directly deposited using a capillary
tube on the selected substrate or electrode surface, followed by
evaporation of the solvent. A fast initial study of functional ink
conductivity properties can be done with this technique prior
to using the functional ink in inkjet or aerosol jet printing ap-
plications. In drop-cast patterns, the conductivity is related to
the NP distribution, in addition to the properties of the NPs
themselves. Inset pictures of Figs. 6 and 7 show the drop-cast
patterns on glass plates made using the as-produced (Fig. 6 inset)
and centrifuge-concentrated (Fig. 7a inset) LASiS Ag colloids. The
drop-cast pattern formed by the Ag colloids is in the shape of
an ellipse, while the centrifuge-concentrated colloid produces
patterns that are almost circular in shape. The momentum of the
droplet influences how the ink spreads on the chosen substrate.
Droplet jetting and spreading on the substrate is usually de-
scribed in terms of dimensionless physical constants, such as the
Weber number,We, (which represents the ratio between the drop
nertial forces and surface tension forces) and Reynolds number,
e, (which represents the ratio between the drop inertial forces
nd viscous forces) [43]. Thus, droplet spreading is controlled
y ink density, viscosity, surface tension, impinging velocity and
roplet size via We and Re numbers, as well as substrate surface
etting characteristics.
The resistance vs. temperature plot measured in situ for the

s-produced Ag ink is presented in Fig. 6. The initial resistance for
his sample was out of the multimeter’s measurement range. The
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Fig. 4. Bright field transmission electron microscopic (TEM) images of Ag NPs obtained from the bulk Ag target in DI water via the LASiS technique.
Fig. 5. (a) As-produced and centrifuge concentrated LASiS Ag colloids. (b) SE image and (c) Bright Field-STEM image of the centrifuged Ag colloid recorded using
E-SEM.
ayer exhibited semiconductor like behaviour, with the resistance
ecoming measurable at high temperature and remaining in the
Ω range. The lack of significant hysteresis on increasing and
ecreasing the temperature in the heat-treatment stages suggests
hat the resistance is not improved via heat treatment.

The drop-cast layer produced with the centrifuge-concentrated
g NP colloid (Fig. 7a inset) gave an initial room temperature
esistance of 20 kΩ . The in-situ resistance measured during heat
reatment is presented in Fig. 7a. The layer exhibits a
emiconductor-like behaviour with the resistance decreasing as
he temperature increases. This indicates the metallic NPs may
ave a shell of oxide or sulphide, which forms the interface
etween the particles, leading to domination of semiconductor
ehaviour. However, the concentration has improved the resis-
ance compared to the as-produced ink, with the same volume
f ink containing greater amounts of nanomaterial and reduced
preading, creating a more robust conductive path on the surface.
ignificant hysteresis begins in the 105–150 ◦C range, indicating
he commencement of a permanent change in the conductivity.
he initial resistance of 15.8 kΩ at 40 ◦C reached the lowest value

of 60.2 Ω , reduced by over 99% of the initial resistance.
After heat treatment, the samples were allowed to cool in the

nitrogen flow, then the first three heating stages (45–90, 65–
110 and 85–130 ◦C) were repeated to observe any permanently
changed resistance behaviour. Fig. 7b compares the first three
stages (45–90, 65–110 and 85-130 ◦C) from Fig. 7a and the post-
anneal repetition of these stages. The three plots in the lower half
5

of Fig. 7b show the behaviour after annealing in the nitrogen flow.
This illustrates the change in resistance has been permanent. The
behaviour of the layer is now dominated by a slightly metallic
behaviour – resistance increasing with temperature – indicating
the heat treatment has promoted the formation of metal–metal
connections between the NPs. However, the resistance is highly
stable with temperature, ranging from 58.7 to 60.2 Ω over the
temperature range 45–130 ◦C. The results indicate that by im-
proving the concentration of colloid and annealing heat treatment
of print structures, LASiS ink can be used for printed electronic
application. The improvement in the resistance values of the
centrifuge concentrated LASiS colloid may due to the reduced
surface area of the agglomerated large particle that avoids un-
wanted oxidation when printing and the thicker layers that can
be produced with the same ink volume.

4. Conclusions

Conductive inks are a low-cost way of applying conductive
tracks and layers, and drop casting allows for simple characteriz-
ation of the inks and their behaviour. In this work, the gen-
eration of Ag NP colloids using a dynamic flow based LASiS
system capable of high production rates and the heat-treatment
behaviour of drop-cast layers of concentrated Ag NP based ink are
reported. Metallic Ag NP colloids were successfully produced with
a concentration of ∼0.9 mg mL−1 and an average particle size
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Fig. 6. In-situ resistance vs. temperature during heat-treatment for the drop-cast as-produced ink. Inset picture shows the as-produced silver ink drop-casting on a
glass substrate.
Fig. 7. (a) In-situ resistance vs. temperature during heat-treatment of the centrifuged ink drop-cast layer and (b) in-situ resistance vs. temperature during first three
tages of the initial heat treatment and a repetition of these stages after the completed heat treatment.
F
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f ∼34 ± 5 nm. The colloids were concentrated by centrifuging,
emoving a portion of the supernate and sonicating to re-suspend
he particles. Simple drop-cast layers of the as-produced and
oncentrated LASiS Ag ink were heat-treated under a nitrogen
low while monitoring the resistance in-situ to characterize the
g drop cast layer performance. The layers were found to give a
igh initial resistance with semiconductor-like behaviour, likely
ue to oxide formation during the drop-cast and drying process in
ir. Annealing the concentrated ink samples under a nitrogen flow
as found to significantly improve the conductivity, beginning in
he temperature range 105–150 ◦C. The heat-treatment allows
he formation of more metal–metal conduction across the NP
ayer, leading to dominant metallic behaviour afterwards and
ignificantly lowered resistance (from 20 to 60 Ω), as shown in
ig. 7b.
Inert gases to achieve good conductivity may negatively im-

act the ease-of-use for industrial applications. These results
 W

6

indicate good suitability for application in conductive inks, how-
ever there is a need for further study to investigate how different
processing environments, including ambient conditions, affect the
resulting conductivity and other physical properties.
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