CHINESE
CHEMICAL
SOCIETY

INORGANIC CHEMISTRY
FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Sacrificial ligand route to hybrid polythiophene-—
silver nanoparticles for sinter-free conductive
inks¥

Cite this: /norg. Chem. Front., 2023,
10, 1552

a,c

2 Alberto Escudero, (2 *@° | ola Gonzalez-Garcia and

*a,d

Juraj Drzic,
Tobias Kraus

We report the synthesis of AQNP@PEDOT:PSS hybrid conductive particles with silver cores and polythio-
phene shells that can be used to formulate sinter-free inks for printing electronics. First, Ag nanocrystals
capped with the weakly bound ligand aminohexanoic acid (e-Ahx) are prepared. The ligand shell is
exchanged by reacting the dispersion with the polymer ionomer mixture poly(3,4-ethylene dioxythio-
phene):polystyrene sulfonate (PEDOT:PSS). The particles are characterized by electron microscopy,
dynamic light scattering, Z potential, and Raman spectroscopy, confirming the replacement of the ligands
on the metal particle surface. The resulting dispersion is colloidally stable as confirmed by DLS. Inks with
a solid content of the hybrid particles of 300 mg mL™ were prepared and deposited on different sub-
strates. The new particles are components for hybrid inks that become electrically conductive without
any chemical or thermal post-deposition treatment. We show that silver-based hybrid inks can be de-
posited on different substrates and possess an average conductivity after 24 h of drying at room tempera-
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1. Introduction

Functional printing is an alternative material deposition strat-
egy to build components in electronics. Printed devices
include flexible and bendable displays,' touch panels,* light-
emitting diodes and photovoltaic cells,* memory devices,” bio-
sensors,’ among others. Functional inks that yield electronic
layers often contain colloidal metal nanoparticles (NPs). The
resulting metal layers have higher conductivities than conduc-
tive polymers.”®

Synthetic routes often yield metal NPs with bulky organic
ligands that are electrically insulating and form tunnelling bar-
riers between metal particles after drying.'®'" Post-deposition
treatments are used to remove them and improve electron
transport between particles. Thermal sintering can remove the
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shell and connect the metallic cores, but its temperature
requirements limit the choice of the substrate. Elevated temp-
eratures and ligand removal can cause volume shrinkage,
leading to cracks in printed structures.'

Hybrid NPs consisting of a gold core and a conductive
organic shell avoid such problems. We have shown that the
conductive polymers poly(3,4-ethylenedioxythiophene):poly-
styrene sulfonate (PEDOT:PSS) and poly[2-(3-thienyl)-ethyloxy-
4-butylsulfonate] (PTEBS) simultaneously function as ligands
that lend stability to gold-polymer hybrid nanoparticles and
yield electrically conductive interfaces, thus obviating post-
treatment.’® Gold as core material provides high electronic
conductivity and chemical stability. It has affinity for sulphur,
making it possible to replace initial ligands with thiol bearing
conductive polymers. The conductive polymers bind to the
gold surface both via thiol and sulphonate groups of PTEBS.
Commercial PEDOT:PSS (a mixture of conjugated polythio-
phene and sulfonated polystyrene) is an economically favour-
able alternative, and PEDOT:PSS covered gold NPs have shown
higher electrical conductivities than those with PTEBS."*

Silver is a cheaper alternative to gold as core material with a
bulk conductivity that surpasses that of gold. Here, we investi-
gate the synthesis and properties of AgNPs@PEDOT:PSS
hybrid particles. We therefore synthesized silver nanocrystals
using a “sacrificial” ligand that binds strong enough to
provide good morphological control but can be replaced by the
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functional ligand in a subsequent step, following a strategy
previously realized for AUNPS@PEDOT:PSS.'*"?

Silver nanoparticle syntheses have been described exten-
sively in literature.'® Common aqueous routes starting from
precursors such as silver nitrate use sodium citrate’” and poly-
vinylpyrrolidone (PVP)'®'° as reducing and capping agents,
which can also be combined.*® Neither is suitable as sacrificial
ligand for hybrid AgNP@PEDOT:PSS, however. Citrate ligands
are easy to replace with thiol/sulphur-bearing ligands,*' but
the particle concentration is too low for functional inks. The
low solubility of silver citrate implies typical Ag(i) concen-
trations around 0.25 mM to avoid silver citrate precipitation.'”
This results in few mg of AgNPs per laboratory-scale synthesis,
while printing electronic applications require high NP concen-
tration (typically several mL of 20-25 wt% dispersions for
inkjet printing).> PVP allows higher silver precursor concen-
trations and usually yields stable dispersions, but the strong
interaction between PVP and the silver surface through the
nitrogen atom and carbonyl group on the pyrrolidine ring?*~>°
restricts their exchange.”**®

Here, we show that aminohexanoic acid (e-Ahx) is a suitable
“sacrificial” capping ligand that can coordinate silver through
its -NH, and ~COOH functional groups.?” It has been used as
ligand for metal oxides and sulphides®®*° and provides
control of the NP morphology. We developed and optimized a
polyol-based route®® to homogeneous, hydrophilic, and col-
loidally stable AgNP@e-Ahx with a mean core diameter of 82 +
39 nm. Amounts around 1 g of AgNPs@e-Ahx were obtained
for a reaction volume of 200 mL. The conductive polymer
PEDOT:PSS replaced e-Ahx, as indicated by Raman measure-
ments, and yielded AgNP@PEDOT:PSS that can be dispersed
in water. Complete replacement of ligands was confirmed with
Raman spectroscopy. The presence of PEDOT:PSS provided the
hybrid NPs with good colloidal stability in water and good elec-
tron transport in a dry state. Finally, we show how these sus-
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pensions can be deposited onto different surfaces such as
glass, PET, and Si wafer, yielding conductive structures just
after drying at room temperature.

2. Experimental
2.1 Materials

All materials were used without further purification. Silver
nitrate (AgNO3, >99%), 6-aminohexanoic acid (e-Ahx, >98.5%),
sodium bromide (NaBr, >99%), and ethylene glycol (EG,
99.8%) were purchased from Sigma-Aldrich (Steinheim,
Germany). Poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS, Clevios™ P) (aqueous dispersion) was pur-
chased from Heraeus Deutschland GmbH & Co. KG
(Leverkusen, Germany). Ultrapure water (ie. water purified
with a Millipore unit, p = 18.2 MQ cm at 25 °C) was used for all
syntheses, during ligand exchange, and in the cleaning steps.
Components (Sylgard™ 184 Elastomer Base and Curing Agent)
for preparing polymethylsiloxane (PDMS) molds were pur-
chased from Dow Europe (Wiesbaden Germany). Silver paste
(G3692) was purchased from Plano GmbH (Wetzlar, Germany).

2.2 Synthesis of hybrid AgNP@PEDOT:PSS

2.2.1 Synthesis of AgNP@e-Ahx. Aminohexanoic-capped Ag
NPs were synthesised by aging solutions of silver nitrate in EG
at 80 °C in presence of e-Ahx, H,O and NaBr. We performed a
systematic study to obtain homogeneous and colloidally stable
AgNP@e-Ahx. To do so, we varied the following synthetic para-
meters: e-Ahx concentration, EG : H,O ratio, and NaBr concen-
tration, and studied their effect on the particle size and hom-
ogeneity as well as on their colloidal stability. The synthesis is
described below for sample Ag11, which showed the smallest
core size and better homogeneity and colloidal stability; the
conditions for all samples are summarized in Table 1.

Table 1 Experimental conditions for different AgNP@e-Ahx syntheses. All particles formed at a concentration of 88 mM AgNOs (15 mg mL™%,
88 mM) in sealed tubes at 80 °C during 5 h. Particle sizes observed by DLS, and SEM are also given

EG H,0 [e-Ahx] 128 mM NaBr (pL)/Br : Ag Hydrodynamic Z-Average Core size
Sample name (mL) (mL; total vol%) (mg mL™) molar ratio diameter (nm) (nm) (SEM) (x + 6, nm)
Ag1 10.00 0.0 0.0 0 n.a. n.a. n.a.
Ag2 10.00 0.0 111 0 396 246 130 £ 97
Ag3 10.00 0.0 22.2 0 342 350 237 £159
Ag4 10.00 0.0 27.8 0 615 718 209 + 139
Ag5 9.00 1; 10% 111 0 295 241 250 =208
Agb6 9.50 0.5; 5% 111 0 295 222 239 + 127
Ag7 9.75 0.25;2.5% 11.1 0 220 187 146 £ 67
Ag8 9.90 0.1; 1% 11.1 0 220 231 168 + 96
Ag9 9.75 0.236; 2.5% 11.1 14/0.002 190 146 92 + 47
Ag10 9.75 0.215; 2.5% 11.1 64.5/0.005 220 162 138 +73
Agll 9.75 0.181; 2.5% 11.1 69/0.01 142 114 85 +33
Ag12 9.75 0.112; 2.5% 11.1 138/0.02 190 149 106 + 67
Ag13 195 3.62;2.5% 11.1 138/0.01 142 121 82 +39
Ag13 LE Ligand exchange of Ag13 with PEDOT:PSS 190 191 100 + 44
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Aminohexanoic acid (e-Ahx) (111 mg) was dissolved in a
mixture of EG:H,0 (9.75 mL:0.181 mL) at 50 °C under stir-
ring. The solution was cooled to room temperature, and 69 uL
of a 128 mM NaBr solution (total added H,O 0.250 mL, 2.5
vol%) and solid AgNO; (150 mg) were added under stirring.
The final AgNO; concentration was thus 15 mg mL™" or
88 mM. After complete dissolution of the reactants, the reac-
tion mixture was transferred to sealed tubes (culture vials with
screw cap DURAN® glass, DWK Life Sciences) and placed in
an oven at 80 °C for 5 h. The tubes were removed, left to cool
to room temperature, and the resulting suspensions were cen-
trifuged (7450 rcf, 45 min) to sediment the dispersed particles.
The supernatants were removed, the centrifuge tubes were
refilled with ethanol, and the suspension was sonicated in a
bath for 20-30 min. This process was repeated three times
using ultrapure water as a solvent. The particles were finally
dispersed in ~5 mL of ultrapure water.

This synthesis protocol for sample Ag11 was scaled up to a
reaction volume of at 200 mL at unchanged reagent concen-
trations, which yielded approximately 1 g of AgNP@e-Ahx. In
particular, sample Ag13, was prepared in a glass reagent bottle
(Simax, Kavalierglass, CZ) equipped with a screw cap at 50 °C
under stirring by dissolving 2.22 g of aminohexanoic acid (e-
Ahx) in a mixture consisting of 195 mL of EG and 3.62 mL of
ultrapure H,O. After complete dissolution and cooling down at
room temperature, 1.38 mL of 128 mM NaBr and 3 g of solid
AgNO; were added and dissolved under stirring, and the
closed bottle was placed in the oven at 80 °C for 5 h. After syn-
thesis, the obtained suspensions were centrifuged as described
previously, and the final obtained particles were dispersed in
around 40 mL of ultrapure water (approx. 30 mg mL™" solid
content).

2.2.2 Ligand exchange with PEDOT:PSS to obtain hybrid
AgNP@PEDOT:PSS. The ligand exchange was performed on
the Ag13 sample, which consisted of AgNP@e-Ahx dispersed in
around 40 mL of ultrapure water with a solid concentration of
30 mg mL ", The sacrificial ligand was replaced by incubating
the AgNP@e-Ahx with PEDOT:PSS dispersion for 48 h at room
temperature. A 1:1 wt% NP: polymer ratio was achieved by
adding 93 mL of Clevios P solution (1.3 wt% PEDOT:PSS) to
the Ag13 sample. The total volume was thus 133 mL at an NP
concentration of approximately 9 mg mL™". After 48 h under
stirring, the dispersion was centrifuged (7450 rcf, 45 min), as
much as possible of the supernatant was removed, and the
sediment was washed once with ethanol and four times with
ultrapure water (see Section 2.2.1). The aqueous dispersion
was finally concentrated by centrifugation (7450 ref, 45 min) to
obtain 3 mL at a final concentration of 300 mg mL ™", resulting
in sample Ag13LE. The total yield in terms of silver mass after
core synthesis, ligand exchange, and all centrifugation steps
was approximately 80%.

2.3 Nanoparticle characterization

2.3.1 Dynamic light scattering. Distributions of the hydro-
dynamic diameter of suspensions of AgNP@e-Ahx and
AgNP@PEDOT:PSS in water were determined using dynamic
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light scattering (DLS) with a Malvern Nano ZSP Zetasizer with
a laser wavelength of 632.8 nm. Dispersions were measured in
disposable poly(methyl methacrylate) (PMMA) cuvettes at a
constant silver particle concentration of 1 mg mL™" in 1.5 mL
sample volume. All measurements were performed at 25 °C.
Hydrodynamic diameters were calculated from DLS autocorre-
lations using the instrument software, and the z-average dia-
meters were obtained using a cumulant analysis. The { poten-
tials of NP suspensions in water at pH 6.5 were measured in
the same setup using the built-ion Doppler-based electrophor-
esis analysis.

2.3.2 Inductively coupled plasma atomic emission spec-
troscopy. The silver concentrations of the resulting suspen-
sions were assessed by concentration measurements via induc-
tively couples plasma atomic emission spectroscopy (ICP-AES)
using an ICP Horiba Jobin Yvon ULTIMA2 spectrometer. The
silver NPs were first dissolved at room temperature in the
minimum possible amount of HNO;.

2.3.3 Electron microscopy. Scanning electron microscopy
(SEM) micrographs of drop cast samples of AgNP@e-Ahx and
AgNP@PEDOT:PSS particles on a silicon wafer were recorded
with a Quanta 400 ESEM (FEI, Germany) at 10 kV acceleration
voltage using a secondary electron detector. Particle size and
size distributions were obtained from the SEM micrographs by
measuring the diameters of the smallest inscribing circle for
each particle, and calculated their mean and standard devi-
ations. To do so, we counted approximately one hundred par-
ticles. Transmission electron microscopy (TEM) measurements
were performed using a JEM-2100 transmission electron
microscope from JEOL (Germany) with an acceleration voltage
of 200 kv. EDX analysis was performed using Noran System 7
X-ray Microanalysis System (Thermo Scientific). For TEM
sample preparation, 2 pL of a diluted particle suspension were
dried on a carbon-coated copper grid.

2.3.4 Raman spectroscopy. Samples were prepared by
depositing aqueous AgNP@e-Ahx and AgNP@PEDOT:PSS dis-
persions onto steel substrates. The dried films were analysed
using a confocal Raman microscope inVia (Renishaw, United
Kingdom). The excitation wavelength of the used laser was
633 nm for both AgNP@e-Ahx and AgNP@PEDOT:PSS
samples.

2.3.5 X-ray diffractometry. A Bruker AXS (Karlsruhe,
Germany) D8 Advance X-ray diffractometer equipped with a
Lynxeye detector and Cu Ko spectral line source was used in
theta/2theta geometry to collect the X-ray reflections. The data
was analysed using Topas analysis software (Bruker AXS,
Karlsruhe, Germany).

2.4 Electrical characterization

Deposition was tested and electrical properties were measured
using AgNP@PEDOT:PSS particles from sample Ag13LE,
which was the upscaled sample obtained from Ag cores
showing the smallest size, narrow size distribution, and
minimal degree of aggregation. The solid content was 300 mg
mL ™", Well-defined lines were drop-cast on glass with the aid
of PDMS moulds that had an opening of 0.1 cm. Ink was de-
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posited 5 times and dried at room temperature for 15 min
after each step. This resulted in rectangular films that were 0.9
+ 0.03 cm long and 0.09 + 0.02 cm wide. The exact lateral
dimensions of the deposited films were determined using an
Olympus microscope SZX16 (Olympus, Japan). The thickness
was determined using a 3D confocal microscope MarSurf CM
explorer (Mahr, Germany). Their topography was converted to
histograms and fitted by Gaussian functions to obtain the
mean thickness of 5.3 + 0.5 pm. The ends of the deposited
lines were coated with silver paste, which served as robust elec-
trical contacts with low resistance that were connected to a
2450 Sourcemeter (Keithley Instruments, Ohio, USA) using a
2-point probe setup. The current at voltages between —25 mV
and 25 mV was measured for a total of 10 samples. The
material resistivity was calculated according to eqn (1):

p=R-t ? (1)
in equation, p is resistivity, R is resistance in Q, ¢, w and [ are
thickness, width, and film length, respectively. Additional
layers were prepared by using a fountain pen that was loaded
with AgNP@PEDOT:PSS ink (300 mg mL™") on glossy paper as
substrate. A light-emitting diode (LED) and batteries were con-
nected to the circuit with silver paste as shown in Fig. 5C.

3. Results and discussion

Silver nanocrystals with defined morphology and the sacrificial
ligand e-Ahx were prepared and the ligand was replaced with
the conductive polymer PEDOT:PSS. Section 3.1 discusses the
preparation of homogenous and colloidally stable AgNP@e-
Ahx. Section 3.2 focuses on the ligand exchange towards
AgNP@PEDOT:PSS. The colloidal stability of the hybrid par-
ticles is described in Section 3.3, and the deposition of the
hybrid particles and the electrical characterization of their
films is covered in Section 3.4.

3.1 AgNP@e-Ahx synthesis

In general terms, the smaller size and uniform dispersion of
silver nanoparticles in inks make them suitable for printing,
with typical nanoparticle sizes below 200 nm.** We modified a
polyol route to synthesize AgNP@e-Ahx with this suitable size,
morphology, and colloidal stability that could be later con-
verted in conductive AgNP@PEDOT:PSS. The original polyol
strategy for the synthesis of AgNP consists of reducing the
metal precursor by a polyol, which also acts as a solvent, in the
presence of an appropriate capping agent, usually polyvinylpyr-
rolidone (PVP), at moderated temperatures (80-150 °C).*"*?
Given that PVP shows a high affinity toward the AgNP
surface,*® it is unsuitable for subsequent ligand exchange. We
retained ethylene glycol as reducing solvent but used amino-
hexanoic acid (e-Ahx), a derivative of the amino acid lysine, as
a “sacrificial” and morphology-directing ligand, and optimized
the ligand concentration, solvent composition, ionic strength,
and other variables to obtain small and homogeneous par-

This journal is © the Partner Organisations 2023
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ticles. All syntheses were performed at 88 mM (15 mg mL™")
AgNO; in 10 mL synthesis volumes. A summary of the per-
formed variations in synthesis conditions is shown in Table 1.

First, we investigated the effect of e-Ahx ligand concen-
tration on particle synthesis. Aging solutions of AgNO; in pure
EG at 80 °C in the absence of e-Ahx produced large (>1 um)
and polydisperse particles (sample Ag1, Fig. 1A). Addition of e-
Ahx at 11.1 mg mL™" yielded smaller, less aggregated, and less
polydisperse particles with a mean core diameter of 130 *
97 nm and a mean hydrodynamic diameter of 396 nm, as
determined from scanning electron microscopy (SEM) images
and dynamic light scattering (DLS) analyses, respectively
(sample Ag2, Fig. 1B). Increasing the e-Ahx concentration to
22.1 and 27.7 mg mL™" (samples Ag3 and Ag4, respectively)
produced larger and more polydisperse particles with core dia-
meters of 237 + 159 nm and 209 + 139 nm (Fig. S1C and D).
The large difference in between hydrodynamic diameters of
the particles and their core size determined from SEM indi-
cated particle aggregation in water. The smallest and most
homogeneous particles were obtained at a e-Ahx concentration
of 11.1 mg mL™"; they exhibited some agglomeration
(sample Ag2).

We further modified the synthesis based on sample Ag2
and added small amounts of water to narrow the particle size
dispersion and improve their colloidal stability (i.e., reduce the

Effect of the e-Ahx concentration

Agz
1.1 mg L oA

Ag1
0mg mL AN

Intensity

Ag7
25 vol% H,0

Intensity

00
d (nm)

Effect of the Br:Ag ratio

Agi1

Age
00023 BrAg 0.018rAg

Intensity

g

Fig.1 SEM images and DLS data of the resulting silver particles
obtained after a systematic variation of the synthesis conditions. (A)
AgNP prepared in EG in the absence of e-Ahx (sample Agl); (B) AgNP@e-
Ahx prepared in EG in the presence of e-Ahx, concentration 11.1 mg
mL™! (sample Ag2); (C) AgNP@e-Ahx, prepared in EG/H,0 (5 vol% H,0)
in the presence of e-Ahx, concentration 11.1 mg mL™* (sample Ag6); (D)
AgNP@e-Ahx, prepared in EG/H,O (2.5 vol% H,0) in the presence of e-
Ahx, concentration 11.1 mg mL™* (sample Ag7); (E) AgNP@e-Ahx, pre-
pared in EG/H,0O (2.5 vol% H,0) in the presence of e-Ahx (11.1 mg mL™Y)
and NaBr (Br:Ag, 0.0023, sample Ag9); (F) AgNP@e-Ahx, prepared in
EG/H,0O (2.5 vol% H;0) in the presence of e-Ahx (11.1 mg mL™Y) and
NaBr (Br:Ag, 0.01, sample Agll). Optimizing of the e-Ahx, and water
and NaBr amounts yielded smaller, more homogeneous, and more col-
loidally stable AgNP@e-Ahx.
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level of particle aggregation). For many polyol syntheses, this
strategy has been reported to introduce a change in viscosity
and dielectric constant and a change in reaction kinetics.>*
The effect of water is associated with reduced viscosity and
dielectric constant of the reaction media that affects reaction
kinetic and colloidal stability.***” The addition of >5 vol% of
water (samples Ag5 and Agé6) did not affect the core particle
size and did not reduce polydispersity (Fig. 1C for sample Ag6,
and Fig. S2A and Bf). However, it did reduce the level of aggre-
gation, as indicated by the hydrodynamic diameters being
more similar to the core sizes determined from their SEM
images. The addition of 2.5 vol% of H,O (sample Ag7) reduced
the core diameter to 146 + 67 nm (Fig. 1D) and the hydrodyn-
amic diameter to 220 nm (Z average size 187 nm). The
addition of 1 vol% water (sample Ag8, Fig. S2D) resulted in a
similar value for the hydrodynamic diameter and in a slightly
larger core size.

We added small amounts of NaBr solutions to the protocol
used in the sample Ag7. It is known that oxidative etching
plays a significant part in regulating the crystallinity and geo-
metry of many metal nanocrystals. This strategy alters the
types and distributions of products produced during the
nucleation and growth processes by oxidizing zerovalent metal
species to their ionic state.’® The presence of air and halides
like CI” and Br~ during polyol synthesis of silver particles
induces partial dissolution of the particles initially formed. As
a result, the nucleation and growth are delayed, and particle
size and morphology change.**™*?

The syntheses of samples Ag9-Ag12 (Fig. 1E for sample
Ag9, and Fig. S3t1) were performed while varying the Br:Ag
ratio from 0.0023 to 0.02. The shape of the resulting AgNP@e-
Ahx was unchanged according to SEM, but core diameters and
hydrodynamic diameters in aqueous dispersions were
reduced. In particular, sample Ag11 (Fig. 1F) had a core dia-
meter of 85 + 33 nm, a mean hydrodynamic diameter of
142 nm (Z average size 114 nm) indicating slight aggregation,
and a {-potential of —16 mV.

Among all the synthesized AgNP@e-Ahx, sample Ag11, syn-
thesized in the presence of 11.1 mg mL™' e-Ahx, 2.5 vol%
water, and a 0.01 Br: Ag molar ratio, provided the optimal par-
ticle size with a narrower size distribution and minimal degree
of aggregation and was most suitable for inkjet inks. We
scaled the protocol to create AgNP@e-Ahx in larger volumes up
to 200 mL (sample Ag13) and found that the same parameters
yielded very similar particles as at 10 mL (Table 1).

3.2 Surface modification by ligand exchange with PEDOT:PSS

The e-Ahx shell of the particles in sample Ag13 was replaced by
the conductive polymer PEDOT:PSS to obtain hybrid
AgNP@PEDOT:PSS (sample Ag13LE). The original dispersion
was incubated with an aqueous PEDOT:PSS dispersion at
1:1 mass ratio polymer :silver in a total reaction volume of
133 mL. The conditions were similar to those reported for
AuUNP@PEDOT:PSS by ligand exchange from AuNP@CTAB."*
The total loss of silver during synthesis and purification was
approximately 20%.
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The presence of aminohexanoic acid on the surface of the
particles in sample Agl13 was confirmed by Raman spec-
troscopy (Fig. 2B). The strongest peak at 1418 cm™' was
assigned to the symmetrical stretching mode of carboxylate
groups (vs COO™). This observation indicates that the carboxyl
group of e-Ahx is ionized and interacts with the metal surface.”
The strong peak at 1606 cm™" was assigned to the deformation of
the amino group (-NH,). This peak is very weak in the Raman
spectrum of pristine e-Ahx (Fig. 2A) but it is enhanced and
shifted towards higher wavelengths (1625 cm™) due to surface
enhanced Raman scattering in presence of silver."*** The
observed changes in peak intensity and shift indicate a possible
bonding between the metal and the amino end group side.
Finally, bands at 2800-2900 cm™" were assigned to the frequency
of NH, stretching and the vibrational modes of -OH from water,
and the peak at 1442 cm™" was assigned to the bending vibrations
of CH, groups.**

The Raman spectrum of the particles after ligand exchange
(Ag13LE sample) in Fig. 2D shows the characteristic bands of
pure PEDOT:PSS (compare Fig. 2C). Peaks appearing at 1363,
1424, 1533, and 1566 cm™" were assigned to the vibrational
stretching modes of the thiophene ring, and the peak at
1258 cm™' was assigned to the stretching of the bonds
between two thiophene rings.*>'® Peaks in the region
400-1000 cm™" corresponded to the deformation of the ethyle-
nedioxy and thiophene rings.”” The vibrational modes of the
thiophene ring stretching were enhanced in the spectrum of
the AgNP@PEDOT:PSS (Fig. 2D), and the strongest peak
appeared at 1538 cm™'. Enhancement of peaks in the
950-1150 cm™" region likely is a result of desulfonation of PSS
and/or oxidative addition to the sulphur atom, and is consist-
ent with previous studies on PEDOT:PSS in the presence of
silver.”>*® This, and the absence of the prominent e-Ahx peaks
assigned to carboxylate group (1418 cm™") and amino group
(1606 cm™") (Fig. 2B), confirms the presence of PEDOT:PSS on
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Fig. 2 Raman spectra of (A) pristine e-Ahx; (B) AgNP@e-Ahx, sample
Ag11; (C) pristine PEDOT:PSS and (D) AgNP@PEDQOT:PSS nanoparticles.
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the AgNP surface and the replacement of the original “sacrifi-
cial” ligand by PEDOT:PSS.

We observed no morphological changes in particles after
the ligand exchange, as shown in Fig. 3A and B (before and
after ligand exchange). The particles kept a similar particle
size and size distribution and retained their quasi-spherical
shape. The {-potential decreased from —16 to —35 mV after
ligand exchange. Nanoparticles with {-potential greater than
+30 mV and —30 mV are often considered “stable”.** The
mean hydrodynamic diameter increased from 142 to 190 nm
(Fig. 3D), probably due the presence of a PEDOT:PSS shell
around the silver core.

Silver particles tend to oxidize at their surface. The presence
of an oxide layer may change optical and electrical properties, lim-
iting their applicability. In particular, when the aim is to produce
sinter-free inks for printed electronics, oxidation of metal can
lower overall electrical conductivity of the material. We investi-
gated the oxidation state of the particles after ligand exchange.
The XRD of sample AgNP@PEDOT:PSS (Fig. 3E) shows the
expected signals of crystalline silver (JCPDS file no. 04-0783) and
no signs of silver oxide (Ag,0). The EDX spectrum (Fig. 3F) only
shows Ag and Br, but no oxygen. The limit of detection for oxygen
is approximately 0.5 at%; oxidation during synthesis and ligand
exchange was thus limited. Transmission electron microscopy did
not indicate lower density-shells around the particles that may
indicate oxidation (Fig. 3C).

3.3 Colloidal stability and sedimentation of AgNP@PEDOT:PSS

The colloidal stability of AgNP@PEDOT:PSS was studied by
monitoring the hydrodynamic diameter over time. Samples
were diluted with ultrapure water to 1 mg mL™" and stored at
room temperature in gas-tight vessels. After five days, the
mean hydrodynamic diameter of 190 nm had not changed
(Fig. 4A). Sedimentation occurred as expected (Fig. 4B), but the
particles could be successfully redispersed and were success-
fully deposited to form conductive layer almost 2 years post
synthesis.

Intensity

) LM [ }L

1000 20 40 60 80 5 10 15
26 (°) keV

100
d (nm)

Fig. 3 (A) SEM micrograph of sample Agl3 (AgNP@e-Ahx); (B and C)
SEM and TEM images of sample Ag13LE (AgNP@PEDOT:PSS); (D) DLS
spectra of sample Agl3 (AgNP@e-Ahx, red dotted line) and Agl3LE
(AgNP@PEDOT:PSS, blue line); (E) XRD spectra of sample Agl3LE
(AgNP@PEDOQT:PSS); (F) EDX spectra of sample Agl3LE (AgNP@PEDOT:
PSS).
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Fig. 4 (A) Hydrodynamic diameter of AQNP@PEDOT:PSS determined by
DLS, showing stability for 5 days; (B) visible sedimentation of redispersed
diluted AQNP@PEDOT:PSS dispersions.

3.4 Deposition and electrical characterization of conductive
AgNP@PEDOT:PSS

The concentrated aqueous dispersion of the hybrid
AgNP@PEDOT:PSS (300 mg mL™"', sample Ag13LE, Section
2.2.2) was deposited on glass with a stencil mask (see Section
2.4 in Experimental section) to create conductive films. The
films became conductive after drying at room temperature.
Reference films prepared from AgNP@e-Ahx particles in the
same way had no measurable conductivity after drying. Typical
I-V curves of AgNP@PEDOT:PSS films one hour after depo-
sition are shown in Fig. 5A. A specific conductivity of 3 x 10* =
6 x 10° S m~" was calculated using eqn (1) at a thickness of
5.5 + 0.5 pm (see Experimental section). This conductivity is
three orders of magnitude below that reported for AgNP-based
inkjet inks after sintering at 100-400 °C for at least 30 min to
two hours®*™® but above that reported for dry PEDOT:PSS
films (0.02-0.2 S m™'°°). Resistance measurements were
repeated 24 h after deposition and calculated average conduc-
tivity was 1.7 x 10° S m™ + 0.3 x 10° S m™". The silver-based
material is half as conductive as hybrid gold nanorod ink with
the same ligand (AUNR@PEDOT:PSS)"* reported previously.
The silver-based hybrid particles are applicable for the for-
mulation of water-based, low-viscosity inks for functional
printing. Printed layers are mechanically flexible. A basic dem-
onstration of the applicability on standard substrates is shown
in Fig. 5. We used a simple pen in which our concentrated
aqueous dispersion of AgNP@PEDOT:PSS (sample Ag13LE)

3 | [——AgNP@PEDOT:PSS A B
1.5x10 Ink'e‘ /ﬂn‘ed
1.0x10°
__50x10*
<
g 0.0
5
o
-5.0x10
-1.0x10%
Equation y=a+b*%
Intercept ~ 5.64146E-9 + 3.56312E-12
-1.5x10° Slope 0.00141 + 1.07598E-7
1.0 0.5 0.0 0.5 1.0
Voltage (V)
Fig. 5 (A) Voltage—current curve measured on deposited

AgNP@PEDOT:PSS; (B) image of AQNP@PEDOT:PSS deposited on bend-
able substrate (PET); (C) image of deposited AgNP@PEDOT:PSS on
paper and connected into a circuit with LEDs and power source.
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was used as an ink to deposit lines PET foils (Fig. 5B) and
photopaper (Fig. 5C).

4. Conclusions

We have developed a two-step protocol to synthesize stable,
hybrid conductive particles consisting of a silver core and a
conductive PEDOT:PSS shell. The strategy comprised synthe-
sizing morphology-controlled homogenous AgNP@e-Ahx fol-
lowed by ligand exchange with the electrically conductive
polymer PEDOT:PSS. The synthesis was performed in ethylene
glycol, and the procedure was optimized to obtain hom-
ogenous AgNP@e-Ahx with a mean hydrodynamic diameter of
142 nm by adding small amounts of water and NaBr. In a
second step, ligand exchange was performed in water with
PEDOT:PSS and confirmed by Raman spectroscopy, yielding a
stable hybrid AgNP@PEDOT:PSS. Finally, concentrated disper-
sions of such hybrid NPs were deposited on the glass substrate
to form conductive structures upon drying at room tempera-
ture without additional post-deposition treatments.
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