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Abstract

Conducting polymer PEDOT:PSS was mixed with Silver nanoparticles synthesised using green method. Nanocomposites
were prepared through chemical deposition method, and their potential in optoelectronic and charge storage applications is
explored. Structural properties of the nanocomposite were investigated using SEM and XRD. Electrodes made with AgNPs-
PEDOT:PSS nanocomposite was investigated to analyse the specific capacitance, constant phase element, electrical, and
ionic conductivity by EIS. Capacitive properties were further explored by Cyclic voltammetry where a sudden increase
in specific capacitance was observed with the increasing amount of Silver nanoparticles into the matrix of PEDOT:PSS.
Capacitance for AgNPs-deposited pellets increases especially for AgNPs-PEDOT:PSS 15% which illustrates the formation

of the metal-polymer layer that stores the charges.

Introduction

Conducting polymers have a very special place in the class
of polymers thanks to their properties to conduct electric-
ity. Their conductivity falls in between the conductivity of
metals and semiconductors. Poly(pyrrole) [1], polyanilines
(PANI) [2], and Poly(3,4-ethylenedioxythiophene):Poly(st
yrene sulfonate) PEDOT: PSS [3], are some of the better
known conducting polymers. Combination of (PEDOT:PSS)
is a widely used polymer that is used as an electrolyte solu-
tion as well as a flexible electrode in a variety of electri-
cal applications, particularly optoelectronic devices, such
as solar cells and light-emitting diodes (LED) [4]. In solar
cells, it acts as a “hole transfer layer” and in LEDs, it acts
as a “hole junction layer”. In organic solar cells, it works
as the “hole transferring layer” between the active organic
layer and the anode. PEDOT:PSS is a much less expensive
option in comparison with other conducting polymers, like
PANI (Polyaniline). Similarly silver nitrate is much more
cost-friendly than the precursor used to make gold nanopar-
ticles; Aurochloric acid and silicon which is normally used
for these photovoltaic purposes, making this procedure very
cost effective and reproducible.
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Nanoparticles exhibit surface plasmon resonance in a
near-visible region. Particles that show the property of sur-
face plasmon resonance are called surface plasmons. Surface
plasmons produce waves by coupling between incident elec-
tromagnetic radiation and electrons from the metal’s conduc-
tion band when the frequency of the incident radiation is
equal to the frequency of surface plasmon resonance. This
effect leads to a major electromagnetic field around nanopar-
ticles, which makes the absorption of light grow higher. It
can also improve the light scattering potential of the photo-
active layer, enhancing its ability to trap light. Since all these
special properties of silver nanoparticles depend on localised
surface plasmon resonance (LSPR) and LSPR depends upon
the size of nanoparticles, these properties become tunable
with the size of the Silver nanoparticles (AgNPs). These
optical properties can be controlled by tuning the size of
nanoparticles which can be valuable for building a well-
operational photovoltaic device.

Thin films of PEDOT:PSS are typically created by dis-
persing PEDOT in water and forming a non-stoichiometric
combination with PSS. Even though PEDOT by itself has
excellent conductivity, the complexation with PSS tends to
weaken that conductivity. Silver nanoparticles are therefore
introduced to the conducting polymer (PEDOT:PSS) to
improve its conductivity. The PEDOT:PSS polymer’s con-
ductivity is improved by the addition of silver nanoparticles,
yet the processability of the resulting nanocomposites is also
maintained.
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In this paper, we present an ex situ technique for prepar-
ing silver nanoparticle polymer by dispersing nanoparticles
in a water bath as in chemical solution deposition method
and then mixing this composite with PEDOT: PSS solution.
Due to the low cost, stability and adjustable conductivity of
PEDOT:PSS and the easy to fabricate procedure of green-
synthesised silver nanoparticles there is a significant pros-
pect for the scaling up of the sample [5]. Even though there
has been literature on the effect of silver nanoparticles on a
conducting polymer like PEDOT:PSS, an extensive electro-
chemical and optical study of these nanocomposites is yet to
be explored. In this work, we explain how the incorporation
of AgNPs modifies the dielectric constant and the conductiv-
ity of PEDOT: PSS and report that these composites show
electronic double-layer behaviour more extensively than the
pure PDS pellets. We study how different concentrations of
AgNPs affect the optical band gap of these films and the
structure of nanocomposites, exploring new horizons in their
optoelectronic applications.

Experimental methodology

Silver nanoparticles have been synthesised using clove
extract using the Green method, which we reported in our
previous work [6]. Afterwards, 0.15 g of 4% PEDOT:PSS
(PDS) solution is added with 0.076-g AgNPs solution to
make the 5% AgNPs-PDS solution. Moreover, 10% solution
was prepared by adding 0.118-g AgNPs were mixed with
0.2308-g PEDOT:PSS. And finally 0.383-g PEDOT:PSS is
mixed with 0.084-g AgNPs to make 15% AgNPs-PDS solu-
tion. 1 ml of each concentration was placed on a magnetic
stirrer at 500 rpm at a temperature of 50 °C for 3 h. In the
end, Pure PEDOT:PSS sample was prepared with 0.767 g of
PEDOT:PSS. These mixtures of nanocomposites were stored
at 4 °C for further characterisation. To prepare electrodes
using nanocomposites, solution was dried by heating in a
vacuum oven for 6 h at 70 °C; moreover, the dried sample
was beaten into a fine powder using a mortar pestle.

For Cyclic voltammetry, slurry of nanocomposites in DI
water was prepared which was coated on a steel sheet of
2cm? to make an electrode using a fine brush. Afterwards,
the steel sheet electrode was annealed at 80 °C for 15 min.
Finally, for (EIS) Electrochemical Impedance Spectroscopy,
pellets of 1 cm diameter were prepared. To prepare these
pellets Silver nanoparticles with PEDOT:PSS nanocompos-
ites were ground well in a mortar pestle and then their pel-
lets of 0.5 mm thickness were prepared under the hydraulic
press for 5 min at 500 kg/cm?. In the end, those pellets were
annealed at 70 °C for 20 min and then a coating of Silver
paste was applied on each surface of the pellets for the EIS
characterization.
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Results and discussion
SEM (scanning electron microscopy)

A careful look at the SEM images reveals that the synthe-
sised nanocomposites are oblate, tetragons, and ellipsoidal
in shape as shown in Fig. 1. This figure shows the as-
prepared nanocomposites at the magnification of 1 pm to
500 nm where nanocomposites with sub-100 nm size are
visible in these images. Coagulation of nanocomposites
of around 2-7-pm agglomerates is detected in Fig. 1b, c,
and d.

Presence of metallic Silver from Silver nanoparticles,
Sulphur, and Carbon from PEDOT:PSS was confirmed
through Energy-dispersive X-ray spectroscopy (EDX)
analysis [7] and their concentration is displayed in Fig. 1
given in supplemental material.

XRD

X-ray diffraction characterisation was done to obtain the
comparative structural results of pure PDS (PEDOT:PSS)
with AgNPs at various proportions. It gives us the struc-
ture and phase purity of our sample. In the graph, we can
see the amorphous nature of the polymer PEDOT:PSS,
whereas the involvement of Silver nanoparticles increases
the extent of crystallinity of the graphs. Characteristic
peak at 38° for FCC (111) planes of Ag is observed which
signifies the presence of AgNPs in all the composite sam-
ples (JCPDS 04-0783). We can see that as the amount
of Silver nanoparticles is increased the number of Ag
peaks visible in the graph has also increased. In the case
of AgNPs-PEDOT:PSS 15% peaks for 260 =44°, 68°, and
77° are also visible that correspond to the plane (200),
(220), and (311), respectively, as shown in Fig. 2a.

The size of crystallite is calculated using the Scherrer’s
Equation [8]

_ K2
~ B Cosb’ 1)

where 4 is the wavelength of the X-ray used in the char-

acterisation, K=0.9, f is the FWHM (Full Width at Half
Maxima) of the sharp diffraction peak, and 0 is the angle of
diffraction. This equation is used to obtain the average size
of the crystallite.

Since the graph of Pure PEDOT:PSS does not show
any crystallinity; hence, the crystallite size of the pure
sample could not be calculated. The crystallite size
of nanocomposites ranged from approximately 34 nm
through 43.5 nm to 45.5 nm for AgNPs-PEDOT:PSS 5%,
AgNPs-PEDOT:PSS 10%, and AgNPs-PEDOT:PSS 15%,
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Ag 47 L-series 59.14 84.19 46.83 2.09
S 16 K-series 5.80 8.26 15.46 0.27
C 6 K-series 5+30 7.55 37.71 0.91

Fig.1 SEM images of Silver PEDOT:PSS nanocomposites with magnifications at a 1 pm, b 5 pm, and ¢, d 500 nm and e EDX mapping of the
PEDOT:PSS-AgNPs nanocomposites
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Fig.2 a XRD graphs of Pure PDS, PDS 5%, PDS 10%, and PDS 15%
showing characteristic peaks for Ag in mixed samples. b UV-Vis for
Pure PDS, PEDOT:PSS-AgNPs 5%, PEDOT:PSS-AgNPs 10%, and

respectively [9]. D-spacing calculated for the sharpest
peak of all the samples at 20 is calculated at 0.47 nm.

d-spacing between the planes of the crystal is calculated
using Bragg’s equation.

2dSiné = n4,

where d is the spacing between the planes, n is the order
of refraction, in this case, it is taken as 1, @ is the angle of
incidence, and 4 is the wavelength of X-ray. Microstrain is
also calculated for the given crystallites at 6.93 x 10~ using
the equation.
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4tan@’

4 Springer

PEDOT:PSS-AgNPs 15%. ¢ Urbach plot for the as-prepared samples
of Silver nanoparticles and PEDOT:PSS

where f is the FWHM (Full Width at Half Maximum), ¢ is
the microstrain, and 6 is the glancing angle.

uv

Figure 2b shows the UV plot for the pure PEDOT:PSS,
PEDOT:PSS-AgNPs 5%, PEDOT:PSS-AgNPs 10%, and
PEDOT:PSS-AgNPs 15%. A little peak at 290 nm was
observed for PEDOT:PSS, whereas for Silver nanoparticles
mediated PEDOT:PSS also shows similar curves. Absorp-
tion for all the samples has been shifted towards higher
wavelengths. Peaks for surface plasmon resonance have not
been observed which could be due to the convolution of
Silver nanoparticles into the matrix of PEDOT:PSS. Absorp-
tion of the curves could be traced to the composition spectra
from increased n—= interaction amongst styrene components
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of the sample. Such n—x interactions cause the delocalisation
of electrons which results in the conduction of electrons in
nanocomposites [10].

The relation between the absorption coefficient and band
edge energy of photon is given by

a = ayexp (hv/E,),

where o is a constant, h is the Planck’s constant, v is the
frequency of the photon and the E is the width of localised
states which is also known as Urbach energy. The Urbach
energy for our nanocomposites has been calculated by tak-
ing the reciprocal of the intercept to the curve between In
and hv (Fig. 2c) [11]. Urbach energy calculated for the Pure
PDS was 205meV; moreover, for PEDOT:PSS-AgNPs 5%,
PEDOT:PSS-AgNPs 10%, PEDOT:PSS-AgNPs 15% were
calculated 256, 288, and 353meV, respectively [12]. Increase
in the Urbach energy with the rise in the concentration of

AgNPs (Silver nanoparticles) which further indicates an
increase in defects in samples after the addition of AgNPs
Silver nanoparticles. We could not calculate the Tauc plot
energy for our results since they did not comply with the
reported work.

cv

To examine the electrochemical properties of PEDOT: PSS
and its nanocomposites, CV (Cyclic voltammetry) was car-
ried out for working electrodes made of these nanocompos-
ites coated on steel sheet with platinum counter electrode
and Ag/AgCl reference electrode in 50-ml electrolyte of
1-M H,SO, in the interval —0.3 V to 0.7Vat the scan rate
of 50mV/s. Cyclic voltammograms of Pure PEDOT:PSS,
AgNPs-PEDOT:PSS 5%, AgNPs-PEDOT:PSS 10%, and
AgNPs-PEDOT:PSS 15% are displayed in Fig. 3. Given
voltammograms reveal a bulky curve for pure PEDOT:PSS
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Fig.3 Cyclic Voltammogram of Pure PDS, PDS-AgNPs 10%, PDS-AgNPs 5%, and PDS-AgNPs 15% at the scan rate of 50 mV/s
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and thin wiry cycles for the doped samples revealing quasi-
reversible redox voltammograms with partial symmetry
showing inequitable cathode potential and anodic potential.
Asymmetry of the curves can be attributed to the capaci-
tance issues that may have arisen due to the IR drop of the
large surface area of the electrode. From these graphs, spe-
cific capacitance is calculated using the following relation
[13].

/; " Idy

V!l

C - =
¥ vm(Vb - Va)

where C, is the specific capacitance of the electrode, I is
the current, m is the mass of the sample (0.5 mg), V, and
V, are the potential limits of the voltage sweep, and v is the
scan rate.

Electrochemical reaction of PEDOT:PSS is as follows
[14]:

H,SO, + PSS™ — HSO, + PSSH*.
Reaction of Ag in H,SO, is given as follows :
Ag’ & Agt+ e

Now the Cg, calculated using the above equation comes to
be 51.08,230.8, 57.1, and 49.79 F/g for AgNPs-PEDOT:PSS
5%, AgNPs-PEDOT:PSS 15%, AgNPs-PEDOT:PSS 10%,
and Pure PEDOT:PSS, respectively, as observed in Fig. 3.
It represents the improvement in the results discussed by
Volkov et al. which could be ascribed to the porous struc-
ture of PEDOT:PSS electrode [15]. Similar results have
been reported in literature for Ag-PEDOT:PSS composites
[16]. An increase in specific capacitance is observed with
the increase in concentration of AgNPs in PEDOT:PSS.
Origin of capacitance in PEDOT:PSS can be explained by
the stacking of ion-conducting PSS grains with the hole-
conducting PEDOT chain. Layers are formed between
electronically conducting PEDOT and the ionically con-
ducting PSS to enable charge storage. AgNPs-PDS 15%
showed improved specific capacitance because of syner-
gism between AgNPs and PEDOT:PSS. This result when
compared with results for other composites proved advanta-
geous over the PEDOT-PSS:EG/rGO composite [17] which
showed the specific capacitance of 174 F/g, whereas the spe-
cific capacitance of PEDOT:PSS/MWCNTs was reported
1314 F/g [5] which is much higher than the specific capaci-
tance calculated in this study. Better specific capacitance of
PEDOT:PSS/MWCNTs could be due to its excellent dis-
charge properties.

Electron transfer in AgNPs-PEDOT:PSS may well be due
to the movement of charges through metallic silver to the
polymer PEDOT:PSS. z conjugation between PEDOT:PSS
and AgNPs is increased and it leads to the structural disorder
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Fig.4 a Nyquist plot measured between 50 Hz for Pure PEDOT:PSS, »
AgNPs-PEDOT:PSS 5%, AgNPs-PEDOT:PSS 10%, and AgNPs-

PEDOT:PSS 15%. b Bode plot for the EIS spectra for pure

PEDOT:PSS, PEDOT:PSS-AgNPs 5%, PEDOT:PSS-AgNPs 10%,

and PEDOT:PSS-AgNPs 15%

in PEDOT:PSS. AgNPs provide excess charge carriers to
the surface of PEDOT:PSS thus providing a least resistance
path for electrons.

EIS

Electrochemical Impedance spectroscopy (EIS) was used to
study the electrochemical properties of AgNPs-PEDOT:PSS
pellets. EIS was performed to obtain information about
the interfacial electroactive species transfer kinetics. Fig-
ure 4a and b represents the Nyquist Plot and Bode plot
for the observed values of the Pure PEDOT:PSS, AgNPs-
PEDOT:PSS 5%, AgNPs-PEDOT:PSS 10%, and AgNPs-
PEDOT:PSS 15%. Nyquist curves were fitted with an appro-
priate equivalent circuit that was analysed by Randall circuit
model [18]. Figure 4c (exhibited in supplemental mate-
rial) exhibits the high-frequency region for these Nyquist
plots with very small semicircles that are the contributions
from the bulk properties or grain boundaries in polymer
PEDOT:PSS. Subsequent tail to the semicircle approach-
ing the phase angle 45° could be attributed to the Warburg
Phase element impedance at the lower end of the frequency
signifying the formation of electron double layer [19].

All the samples studied in Nyquist plot have exhibited
symmetric curves where we observed the drop in imagi-
nary impedance Z” with decreasing amount of AgNPs in
PEDOT:PSS polymer and fitted them with the circuit given
below that contains Constant Phase element (CPE) Q,, Q,,
and Q; with Bulk Resistance R, R,, and R;. Constant phase
elements are used instead of Pure Capacitance in real sys-
tems because the actual capacitors do not give a pure semi-
circular pattern [20]. Hence, capacitance of the system in
terms of impedance is given by

1

Zcpe (w)*Q’

where Zpp is the capacitance, j is the complex number, w
is the angular frequency at the maximum of the imaginary
point of Z" in Nyquist plot, and Q is the parameter of Con-
stant Phase Element (CPE) and is an empirical constant
which is associated with the deviation of the plot from the
vertical axis [21].

Spike at the lower end of the frequency signifies the forma-
tion of an electric double layer owing to the charge agglom-
eration at the electrode—electrolyte interface [22]. Real part
of Impedance for curves of AgNPs-PEDOT:PSS 5% and
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Fig.4 (continued)

Table 1 Electrical parameters obtained with the help of circuit fitting of the Nyquist and Bode plot

2

X QIQ Ql () Q2(Q Q2 () Q3(Q Q3 () R1(Q) R2(Q) R3(Q) Ionic Conductiv-
(S/Q) x (S/Q) (S/Q) x 10712 ity (Mho/metre)
10712 x 10712
Pure PDS 0.194845 7.03 0.93474 1440 0.7648 10,600 0.5 1681.42 45613.5 41177 1.46 x 107°
Ag-PDS5 0.244363 10 0.97082 2370 0.6078 103 0947 0.01 14480.1 44559 4.6x107°
Ag-PDS 10 0.29627 129 0.91666 1220 0.5 209 0.9091 416591 19014.5 0.01 3.5x 107°
PDS 15 0.491039 118 0.76656 4360 0.8572 42700 0.1780 2610.27 28705.3 994097 232 %107
x=Chi value

Q1 =1st Circuit Phase element

Q2 =2nd Circuit Phase element
Q3 =3rd Circuit Phase element
Q(a)=Corresponding Phase

AgNPs-PEDOT:PSS 10% do not vary significantly and hence
their curves seem comparatively shorter. It indicates that these
systems do not show significant activity at lower frequencies,
whereas all the curves show satisfactory responses at higher
wavelengths. Parameters fitted with the suitable circuit using
the Aftermath software are given in Table 1 where Equivalent
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circuit of the model can be described as a parallel combina-
tion of Phase element Q, and Bulk resistance R| in series with
another parallel combination of O, with Resistance R; and
Phase element Q5 in series with one another [23].

It is noticed that the values of resistances R, R,, and R;
increase with the increasing addition of Silver nanoparticles.
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The value of R, suddenly increases for the AgNPs-
PEDOT:PSS 15%. It can also be attributed to the blocking of
the electron transfer layer by excessive AgNPs. Circuit phase
element for AgNPs-deposited pellets increases especially for
AgNPs-PEDOT:PSS 15% which illustrates the formation of
the metal-polymer layer that stores the charges. There is also
an improvement in the speed of interfacial charge transfer of
each electrode with the introduction of AgNPs in the polymer
PEDOT:PSS [17].

Conclusion

Electrical effect of the incorporation of Silver nanoparticles
in the Conducting polymer PEDOT:PSS has been studied.
Various characterisations have been employed to meas-
ure the impact of AgNPs in the structural, electrical, and
optical properties of the as-prepared AgNPs-PEDOT:PSS
nanocomposites. Silver nanoparticles synthesised via green
synthesis were incorporated in PEDOT:PSS with crystallite
sizes ranging from 45 nm to 34 nm. Electrical properties
were studied via CV and EIS spectroscopy. EIS was used
to precisely characterise capacitance at small amplitudes
and CV results agreed with results at the same amplitudes.
Nyquist and Bode plots showed the electronic and ionic con-
tribution towards the electrochemical activity of the sam-
ple. Calculated values of constant phase element and ionic
conductivity showed significant rise with increasing silver
nanoparticles content in PEDOT: PSS.

Moreover, other optical properties like Urbach energy
and optical band gap were calculated using UV-Vis spec-
troscopy and Photoluminescence. The optical band gap
was reduced with the introduction of Silver nanoparticles.
Finally, this study shows that the incorporation of metallic
nanoparticles in conducting polymers may prove fruitful in
electrical storage and optoelectronic devices, e.g. Organic
Batteries, Supercapacitors, and Organic Solar cells, owing to
finer electronic and optical properties. For future, we would
like to study the impact of PEDOT: PSS and other conduct-
ing polymers in this field by measuring the conductivity of
the device made using these materials. Furthermore, incor-
poration of other metal nanoparticles like copper and gold
and metal oxides could prove to be an intriguing work in
this field.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-024-00879-0.
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