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Abstract

Structure, morphology and electrical behaviors of poly(3.,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) or PEDOT:PSS thin films are
investigated in the presence of protein-mediated green chemically synthesized
positively charged gold and silver nanoparticles. The pure and PEDOT:PSS nano-
composite thin films are prepared by spin coating method. The presence of both
nanoparticle and polymer is confirmed from X-ray diffraction, whereas composite
formation is confirmed from Raman and FTIR spectroscopy. Atomic force micros-
copy (AFM) images show the surface morphologies of both pure and composite
films, whereas average film thicknesses are obtained from AFM and X-ray reflectiv-
ity analysis. The presence of electrostatic interaction between the positively charged
metallic nanoparticles and negatively charged PSS chains leads to the electrostatic
shielding between cationic PEDOT and anionic PSS, which favors better charge
transfer through PEDOT-PEDOT conducting paths. The increase in electrical con-
ductivity is visualized from the current—voltage (I-V) curves, which show that the
conductivity is relatively higher in the presence of silver than gold nanoparticles in
the composite thin films. The conductivity of nanocomposite films is approximately
five to six times enhanced in comparison with the pristine PEDOT:PSS thin films.
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Introduction

Since its discovery in 1978, conducting polymer has become one of the major stud-
ied polymeric materials in different fields of science and engineering [1, 2]. It is
found that they are very much useful in numerous fields like flexible electronic
devices, i.e., electronic circuits mounting on mechanically flexible substrates,
organic electrodes, etc. [3]. Among the large numbers of conducting polymers
available commercially, some well-studied conducting polymers are poly(aniline),
poly(acetylene), poly(phenylenevinylene), poly(vinylpyrrolidone) or PVP, poly(3-
hexylthiophene) or P3HT, poly(3,4-ethylenedioxythiophene):poly(4-styrenesul-
fonate) or PEDOT:PSS, poly(p-phenylene sulfide), polyfuran, etc. [4—6]. From the
solubility point of view, some conducting polymers are soluble in polar solvents and
some are in nonpolar solvents. The polymers those are soluble in water are most
popular and largely attractive because of their easy processibility. PEDOT:PSS is
easily soluble in water and therefore comparatively easier to work with this polymer.
In addition, PEDOT:PSS has some additional benefits like excellent transparency
in the optically visible range, better mechanical flexibility, very good thermal per-
formance, low cost, etc. [7-12]. Because of the serious shortage of indium on earth
and high cost, PEDOT:PSS may become a relevant candidate instead of ITO, which
is generally used for designing optoelectronic devices [8]. However, the electrical
conductivity of PEDOT:PSS thin films is quite low and this low conductivity is the
major problem for using PEDOT:PSS in different practical applications [13].

The electrical conductivity of PEDOT:PSS thin films can be improved by various
treatments. Treatment on PEDOT:PSS films can be made after film preparation by
using organic solvents having high boiling points like ethylene glycol, diethylene
glycol, 2-nitroethanal, etc. [12, 14, 15] or by using surfactants like dimethyl sulfox-
ide (DMSO) [16, 17]. Conductivity can also be increased by using organic acid solu-
tions [18], metallic nanoparticles [19-21], cations, anions and zwitterions [2, 22-24],
or by using polyelectrolytes [25], etc. PEDOT:PSS is composed of two parts: one
is water-insoluble poly(3,4-ethylenedioxythiophene) or PEDOT part and the other
is water-soluble polyanionic poly(4-styrenesulfonate) or PSS part. The PSS part is
insulating in nature which causes the low conductivity of the pristine PEDOT:PSS.
To enhance the conductivity of the PEDOT:PSS films, it is required to reduce the
columbic interaction between the positively charged PEDOT polycations and nega-
tively charged PSS polyanions so that there will a better connectivity between the
PEDOT-PEDOT chains and hence the better transfer of electrical charges. There are
some reports where after specific treatment/process of the PEDOT:PSS films, some
loosely bound or excess PSS chains get rid of the PEDOT:PSS structure to enhance
the conductivity of PEDOT:PSS [2, 22, 26]. In the presence of different additives,
conformational changes in the PEDOT:PSS structure also take place that enhance
the electrical conductivity [25]. The better electrical performances are also obtained
through metallic nanoparticles introduction into the PEDOT:PSS matrix using dif-
ferent methods [27-29]. However, more studies are necessary for better understand-
ing of such composite systems for exploring their structural and morphological
modifications and the corresponding electrical behaviors.
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In this work, we have studied the surface morphology, optical and electrical prop-
erties of PEDOT:PSS thin films in the presence of positively charged gold and silver
nanoparticles (AuNPs and AgNPs). X-ray diffraction is used to indicate the com-
posite nature of the PEDOT:PSS nanocomposite thin films. Atomic force micros-
copy (AFM) studies show the surface morphologies of both pure and composite
films, whereas average film thicknesses are obtained from AFM and X-ray reflectiv-
ity analysis. UV—Vis absorption and steady-state fluorescence are used to identify
the modifications in the optical properties of PEDOT:PSS which occur because of
the conformational changes of PEDOT and PSS chains. Fourier transform infrared
(FTIR) and Raman spectroscopy studies strongly indicate the occurrence of confor-
mational changes in PEDOT:PSS thin films in the molecular level where we found
some shifts of vibrational band positions. Electrical measurements are done by using
four-probe method which shows nearly five to six times enhancement of conduc-
tivity in the presence of AuNPs and AgNPs, i.e., for PEDOT:PSS nanocomposite
films. It is also observed that the conductivity is relatively higher in the presence of
AgNPs than AuNPs. A mechanism is proposed for improved electrical conductivity
of metal nanoparticle-modified polymer films.

Experimental details
Materials

Lysozyme extracted from chicken egg white (Cat. No. 62971, Belgium) was pur-
chased from Sigma-Aldrich and was used as received. Gold (III) chloride trihy-
drate (HAuCl,-3H,0) (Cat. No. 520918), PEDOT:PSS aqueous solution (Cat.
No. 655201, 1.011 g/cm3, 3-4% in H,0) and silver paste (Cat. No. 735825) were
purchased from Sigma, and silver nitrate (AgNO;, 99% purity) was bought from
Merck and was used as received. For optical measurements, films were deposited
on quartz substrates and for other measurements deposited on glass substrates hav-
ing dimension of 2.5 cmX2.5 cm by spin coating technique using a spin coater
(spinNXG-P2 APEX). Before coating, all substrates were processed with a mixed
solution of NH,OH (30%), H,0,, (30%) and Milli-Q water at a ratio of 2:1:1 (V/V)
for 5-10 min at boiling point of water at normal atmospheric pressure. In the next
step, all the substrates were properly cleaned with Milli-Q water and dried under air
condition.

Preparation of thin films

For the preparation of pristine PEDOT:PSS film on both quartz and glass substrates,
450 pL solution of 1.3 wt% was spin coated over substrates at 1000 rpm approxi-
mately for 1 min. On the other hand, for the preparation of AuNPs- and AgNPs-treated
PEDOT:PSS composite thin films, nanoparticle concentrations were set as 5, 10, 15,
20 and 30 wt%, respectively. For the accurate measurement of nanoparticles concentra-
tion, the prepared nanoparticles colloidal solutions were lyophilized to remove water
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content and redispersed to get appropriate concentration. Before preparation of the
organic—inorganic composite films, each mixed solution containing colloidal nanoparti-
cles and PEDOT:PSS solution was sonicated for short interval of time to get a homog-
enous mixture and then the composite solution was spin coated over the different sub-
strates for further characterizations.

Characterization and measurements

UV-Vis spectra were recorded by using Shimadzu spectrophotometer (UV-1800), and
the photoluminescence emission spectra were collected from fluorescence spectrometer
(Cary eclipse). For the FTIR measurement in ATR-mode, NICOLET 6700 (Thermo
Fisher) spectroscopy was used within the wave number range of 4000-500 cm™' at
4 cm™! resolution. Raman scattering experiments were performed by using Horiba
Jobin Yvon, (Model LabRam), with 514 nm laser source for 10 s duration having scan-
ning power of 20 mW. Thermal stability of the pristine PEDOT:PSS and composite
systems was measured by using thermogravimetric analyzer (PerkinElmer TGA 4000).
X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements were carried out
using a D8 Advanced, Bruker, AXS (XRD) setup. The diffractometer consists of a Cu
source (sealed tube) followed by a Gobel mirror to select and enhance Cu Ko radiation
A=1.54 A). The scattered beam was detected using Nal scintillation (point) detector.
XRR data were taken in specular condition; i.e., the incident angle (8) was kept equal to
the reflected angle (6) such that both lie in the same scattering plane. Under the specu-
lar condition, a nonvanishing wave-vector component, g,, exists which takes the form
(4n/2) sinf. Analysis of XRR data was done using Parratt’s formalism [30] where the
film is considered as a stack of multiple homogeneous layers having surface and inter-
facial roughnesses [31, 32]. XRR data effectively provide electron density variation
from which out-of-plane structures of the films can be obtained. The surface morphol-
ogy of the prepared films with and without nanoparticles was well investigated with the
help of NTEGRA Prima, NT-MDT Technology, atomic force microscope (AFM) in
semi-contact mode with silicon cantilever (spring constant~ 11.3 N/m). The scanning
was done on several portions of each film to get more accurate information. Thick-
nesses of the pure and composite films were obtained after careful scratching of the
thin films using a needle using AFM. The Malvern Zetasizer Nano series, nano ZS90
was used to estimate the average hydrodynamic size and zeta potential value of the pre-
pared AuNPs and AgNPs. The TEM analysis was carried out by using a JEOL JEM-
2100 electron microscope. All the conductivity measurements were carried out with
the help of Keithley 2635B source meter, and all the electrical connections were done
with copper wires. The connections were done at four sides of the PEDOT:PSS films
by using silver paste.
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Results and discussion
Preparation of silver and gold nanoparticles and their characterization

AuNPs and AgNPs are synthesized using lysozyme protein as lysozyme acts as a
reducing cum capping agent. This is a green approach for the synthesis of nano-
materials because various toxic chemicals are not required as reducing and cap-
ping agents. Nanoparticles prepared by this particular method have some advan-
tages as such particles are biocompatible in nature and environment friendly. In
addition, after nanoparticles formation, proteins cover the nanoparticles, and due
to that, nanoparticles possess surface charge which makes them useful for differ-
ent applications. For particle preparation, the final concentration of lysozyme was
15 mg/mL, whereas the final concentration of gold/silver salt was 1.2 mM. For
nanoparticle synthesis, lysozyme solution was taken in a beaker and the salt solu-
tion of particular concentration was slowly poured into the protein solution by using
a micropipette so that the total volume becomes 20 mL and then the final mixed
solution was under constant stirring at=250 rpm. The color change indicates the
completion of the reaction and formation of desired metallic nanoparticles. The time
taken for the AuNPs synthesis was= 3 h, and the final color of the solution became
moderate pink. However, for AgNPs, the synthesis of nanoparticles took=~2 h and
the final color was deep brown. Actually, proteins are very well known for the syn-
thesis of nanoparticles [33-35]. Lysozyme is a small water-soluble globular protein
with a molecular weight of ~ 14,300 Da and with 129 amino acid residues. The pH
of the prepared lysozyme solution was=5.5. Isoelectric point of lysozyme protein
is~11.2, and hence the average surface charge of lysozyme protein molecule was
positive at the working pH. The presence of different amino acid residues like tyros-
ine, tryptophan, lysine, arginine, etc., reduces gold and silver ions and finally forms
lysozyme-coated AuNPs and AgNPs [36, 37]. Figure 1a, b shows the UV-Vis spec-
tra of prepared AuNPs and AgNPs. The absorption peaks for gold and silver nano-
particles are observed at~ 550 and 390 nm, respectively, which are the characteristic
surface plasmon resonance peaks of gold and silver nanoparticles along with a peak
at=273 nm, which is due to the absorption by lysozyme molecules attached on the
surface of nanoparticles. Figure 1c, g shows the size distributions of AuNPs and
AgNPs, which are found to bex7.01+0.80 nm and 22.06 + 1.88 nm, respectively.
The particle size distributions are shown in Fig. le, i. We have calculated the lattice
spacing of AuNPs and AgNPs from HRTEM images, which are shown in Fig. 1f,
J, respectively. For AuNPs, lattice spacing of 0.19 nm for (200) planes [38] and for
AgNPs, lattice spacing of 0.21 nm corresponding to (111) planes are obtained [39].

Figure 2a, b shows the average particle size distribution (hydrodynamic size
distribution) of AuNPs and AgNPs obtained from the dynamic light scatter-
ing (DLS) technique. The average hydrodynamic size of composite AuNPs and
AgNPs is found as~ 160d nm and 150d nm, respectively. We have also obtained
the zeta potential of prepared nanoparticles (shown in Fig. 2c, d) with the help
of zeta analyzer, which is~+25.2 mV for AuNPs and~+31.4 mV for AgNPs,
respectively.
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Fig.1 UV-Vis absorption spectra of lysozyme-coated a AuNPs and b AgNPs. Insets are the zoomed
images of SPR peaks of AuNPs and AgNPs, respectively. ¢ TEM image of AuNPs with 5 nm scale bar, d
zoomed image of AuNPs with 5 nm scale bar, e particle size distribution of AuNPs, f arrangement of lat-
tice planes of AuNP crystal. g TEM image of AgNPs with 20 nm scale bar, h HRTEM image of AgNPs
with scale bar of 2 nm, i particle size distribution of AgNPs and j arrangement of lattice planes of AgNP
crystal

UV-Vis spectroscopy

UV-Vis absorption spectra of PEDOT:PSS thin films in the presence and absence
of AuNPs and AgNPs at three different concentrations, i.e., lower (5 wt%), moderate
(15 wt%) and higher (30 wt%) concentrations, are shown in Fig. 3a, b, respectively.
From the figures, it is clear that the two peaks are present at=205 and 278 nm,
respectively, and both the peaks are assigned due to the presence of aromatic ring
in PSS [40, 41]. The peak present at~205 nm is due to the bonding to antibond-
ing, i.e., 7—x*, transition, whereas the peak at~278 nm is due to the bonding to
nonbonding, i.e., 7—n, transition of the aromatic rings [42—44]. From the figure, it
is clear that the absorptions of the PSS peaks are higher at the lowest concentra-
tion of the nanoparticles; however, the absorption decreases with the increasing
nanoparticle concentration. Probably the effective number of aromatic rings of PSS
chains toward UV-Vis exposure is reduced as the AuNPs/AgNPs concentration is
increased, and as a result, the optical absorption value gradually decreases with the
increasing particle concentration.
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Fig.2 Average hydrodynamic size distributions of a AuNPs and b AgNPs. Zeta potential curves for ¢
AuNPs and d AgNPs
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Photoluminescence spectroscopy

PEDOT:PSS can be used as transparent electrode, and to serve this purpose, it is
very important to understand its optical responses in the visible region [45]. We
have investigated the photoluminescence property of PEDOT:PSS with and with-
out AuNPS and AgNPs at different concentrations. Fluorescence emission spectra of
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PEDOT:PSS are shown in Fig. 4a, b in the presence of AuNPs and AgNPs, respec-
tively, against the excitation wavelength of 278 nm. For both the nanoparticles,
emission peaks are observed at~ 372 and 430 nm, which is due to the emission from
PSS chains [46]. The emission behavior is mostly independent of the nanoparticle
concentrations; however, slight intensity variation is there. In addition, there is a sig-
nature of weak shoulder emission peak at~460 nm (marked as dotted line) which
is also probably from the PSS chains in the presence of PEDOT/nanoparticles. Our
results thus imply that the basic feature of emission is nearly the same for both the
pristine and composite films and is nearly independent of the types of nanoparti-
cles and their concentrations; however, slight intensity variation in emissions exists
depending upon the nanoparticle concentrations.

Atomic force microscopy

AFM is a very much useful technique to investigate the surface morphology of
thin films [16]. Surface morphology and the corresponding phase images of the
prepared polymer nanocomposite thin films in the presence of AuNPs and AgNPs
are shown in Figs. 5 and 6, respectively. Surface morphology and the correspond-
ing phase images from the pristine PEDOT:PSS film are also exposed for compar-
ison. The average surface roughness obtained from the pristine PEDOT:PSS thin
film is~3.4 nm; however, after mixed with the nanoparticles, little modification
is observed on the surface roughness of the films, and the roughness varies from
2.3 to 4.5 nm for the composite films. It is observed from both the topographic and

Fig.4 Fluorescence emission F(a) Aunps —— PEDOT:PSS
spectra of pristine PEDOT:PSS ——— PEDOT:PSS+5wt%
thin films and PEDOT:PSS ’ PEDOT:PSS+15wt%
composite films in the presence — PEDOT:PSS+30wt%
of a AuNPs and b AgNPs

at lower (5 wt%), moderate
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concentrations of nanoparticles,
respectively. Dotted lines indi-
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~
=

<

G

2 N

37 (b) AgNPs ——PEDOT:PSS

8 06} —— PEDOT:PSS+5wt%
8

RS

330 360 390 420 450
Wavelength (nm)

@ Springer



Polymer Bulletin (2019) 76:5233-5251 5241

05101520 pm f
. “

WA V2 Rt )
nm SO00mn X
.“"."6)‘ —— )

Fig.5 Surface morphology (a, c, e, g, i) and phase (b, d, f, h, j) images of pristine PEDOT:PSS and
nanocomposite films. a, b Pristine PEDOT:PSS. PEDOT:PSS in the presence of AuNPs of ¢, d 5 wt%, e,
f10 wt%, g, h 15 wt% and i, j 20 wt%

phase images that with AuNPs and AgNPs, globule-like or agglomerated structures
formed on the surface of the polymer thin films, although such globule-like struc-
ture is observed from pristine polymer film also. Highest amount of agglomerated
structures are noticed for the 30 wt% of AuNPs and AgNPs, which are observed
from both the morphology and phase images. Nanoparticles embedded in the
PEDOT:PSS thin films are visible from the phase images, as the dark and bright
portions in the phase images are generally responsible for the presence of two differ-
ent kinds of materials having different mechanical properties, like hardness, viscoe-
lasticity, etc. [47, 48]. The presence of dark and bright portions in the phase images,
which are shown in Figs. 5 and 6, clearly signifies the existence of both nanopar-
ticles and PEDOT:PSS in the films, which is much more prominent at the higher
nanoparticle concentration.

AFM is one of the promising techniques for the film thickness measurement
from the topographic images [49]. A careful analysis of images has been made after
scratching of the films using a needle for the film thickness measurements. Figure 7
shows the topographic images around the scratching region of the films, i.e., for (a)
pristine PEDOT:PSS, (b) PEDOT:PSS +5 wt% AuNPs, (¢) PEDOT:PSS + 30 wt%
AuNPs, (d) PEDOT:PSS+5 wt% AgNPs and (e) PEDOT:PSS+30 wt% AgNPs,
respectively. Film thicknesses are measured form the corresponding line pro-
files, which are shown in Fig. 7f—j, respectively. Actual thickness of each film is
obtained after measuring the height little far from the edge portion, which is shown
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nanocomposite films. a, b Pristine PEDOT:PSS. PEDOT:PSS in the presence of AgNPs of ¢, d 5 wt%, e,
f 10 wt%, g, h 15 wt% and i, j 20 wt%
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Fig.7 AFM images for film thickness measurement of a pristine PEDOT:PSS, b, ¢ PEDOT:PSS in the
presence of 5 and 30 wt% AuNPs and d, e PEDOT:PSS in the presence of 5 and 30 wt% AgNPs. £, j Cor-
responding line profiles. Vertical arrow indicates the film thickness. Scan area: 5 pmX 5 pm

by the straight vertical arrow in each line profile as accumulation of more materials
occurs nearly at the edge portion of each scratch as shown in Fig. 7f—j. The pristine
PEDOT:PSS thin film shows thickness of ~ 109 nm, whereas~ 118, 122, 130, 133
and 140 nm thicknesses are obtained from the PEDOT:PSS-AuNPs composite films
in the presence of 5, 10, 15, 20 and 30 wt% of AuNPs, respectively. On the other
hand, for the PEDOT:PSS-AgNPs composite films, thicknesses of ~ 121, 126, 134,
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139 and 145 nm are obtained in the presence of 5, 10, 15, 20 and 30 wt% of AgNPs,
respectively (all data for film thickness are not shown).

Raman and Fourier transform infrared (FTIR) spectroscopy

Raman spectroscopy is a very useful technique to investigate the conformational
changes of polymer and polymer nanocomposites. Conformational changes in
the polymer coils affect the vibrational bands of molecules or specific functional
groups, which may change the vibrational band positions; i.e., peak shift occurs
which gives information about the molecular structure. As shown in Fig. 8a in the
case of pristine PEDOT:PSS films, three major bands are identified at~ 1137 cm™
(0O-S stretchlng belongs to PSS), 1370 cm™! (C C inter-ring bonds in PEDOT)
and 1440 cm™ (C =Cp, symmetric stretching Vlbratlon of PEDOT) [50-53], respec-
tively, and after the 1ntroduct10n of AuNPs, the band positions are shifted to 1133,
1367 and 1435 cm™! for 5 wt%; however, for 30 wt% AuNPs, the band positions are
shifted to 1127, 1365 and 1432 cm™!, respectively. Similarly, Fig. 8b describes the
band positions of PEDOT:PSS thin films for 5 wt% of AgNPs at= 1130, 1365.5 and
1432 cm™!, respectively, and for 30 wt% of AgNPs, the band positions are observed
at 1128, 1365 and 1431 cm™, respectively. The strongest peak found at~ 1440 cm™
in Raman spectra is due to the C,=Cj symmetric stretching vibration of PEDOT,
which is associated with the benzoid structure. After nanoparticle treatment, this
major peak (observed at~ 1440 cm™!) of PEDOT is shifted to 1432 and 1431 cm™!

F|g.§ Raman spectra of a 900 F | peporess ; ()
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AuNPs composite thin films 500 PEDOT:PSSFAuNPs 30 w%
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for 30 wt% AuNPs and AgNPs, respectively, which corresponds to the formation
of quinoid-like structure. The benzoid and quinoid structures are the coil confor-
mation and the expanded-coil or linear conformation, respectively. Therefore, from
the study of Raman spectra, it is identified that conformation of PEDOT changes
from benzoid to quinoid structure [54]. The conformational changes of PEDOT:PSS
thin films with different concentrations of AuNPs and AgNPs are also well studied
by using FTIR spectroscopy and are compared with the pristine PEDOT:PSS. FTIR
spectroscopy is a very useful technique to get information in the molecular level;
i.e., it can show the changes in the PEDOT:PSS backbone that occurs for the exist-
ence of charged nanoparticles in its surroundings. In Fig. 8c, FTIR data are shown
for the pristine polymer and polymer in the presence of nanoparticles. In pristine
PEDOT:PSS, the vibrational band due to S=0O vibration from PSS part is found at
1082 cm™" and after the addition of nanoparticles, the band position is shifted to
1080 cm™! (for 30 wt% AuNPs) and 1079 cm™" (for 30 wt% AgNPs), respectively,
whereas for lower concentration of additives (5 wt% AuNPs and AgNPs), vibration
of S=0 band is obtained nearly at the same position of the pristine polymer. In a
similar way, for the pristine PEDOT:PSS film, the initial FTIR band belonging to
0-S-0 band of PSS is found at 1035 cm™! [55-58] and after the nanoparticles intro-
duction, the band is shifted to 1034 and 1032 cm™! for 5 wt% AuNPs and AgNPs,
respectively, and to 1026 and 1028 cm™! for 30 wt% AuNPs and AgNPs, respec-
tively. In addition, PEDOT shows bands at~ 1240 and 1070 cm~! due to C-O-C
stretching vibrations [55-58] and the peak positions of the bands are slightly shifted
in the presence of nanoparticles. Effectively no new FTIR peaks are found but the
existing peaks of the pristine PEDOT:PSS are shifted by small amounts due to the
presence of both nanoparticles as conformational changes occur in both PEDOT and
PSS chains. Thus, in the presence of AuNPs and AgNPs, electrostatic interaction
between oppositely charged nanoparticles and PSS takes place and as a result inter-
action between PEDOT and PSS reduces and conformational modifications occur
for both PEDOT and PSS chains. Both Raman and FTIR results confirm the con-
formational changes of PEDOT and PSS chains in the presence AuNPs and AgNPs
and favor the better PEDOT-PEDOT connectivity, which is found through electrical
measurements as discussed in the Electrical measurements section.

X-ray scattering and TGA measurements

In Fig. 9a, XRD data are obtained from the glass substrate, pristine PEDOT:PSS
and nanoparticles-mixed PEDOT:PSS composite thin films. It is clear from the
data that glass substrate shows a broad diffraction peak at~23.2°, whereas pristine
PEDOT:PSS and PEDOT:PSS in the presence of both AuNPs and AgNPs show a
broad peak atx21.5°. This implies that very weak crystallinity exists among the
polymer chains as the peak is relatively broader and the polymer follows mostly the
amorphous nature [59, 60]. The existence of both types of nanoparticles has been
confirmed from the presence of sharp peak atx38.2° which is because of the dif-
fraction of X-rays from the (111) plane of gold and silver nanocrystals having fcc
structure [61]. Dotted line indicates the XRD peak as obtained from the both AuNPs
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Fig.9 a X-ray diffraction data
obtained from glass substrate,
pristine PEDOT:PSS and
PEDOT:PSS nanocomposite
thin films in the presence of
AuNPs and AgNPs, respec-
tively (bottom to up direction).
b X-ray reflectivity data (open
circle) and the corresponding
fitted curve (solid line) from the
PEDOT:PSS thin film. Inset:
electron density profile, i.e.,
variation of electron density as
a function of height (z). ¢ TGA
curves of pure PEDOT:PSS,
PEDOT:PSS-AuNPs and
PEDOT:PSS-AgNPs, respec-
tively
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and AgNPs. In Fig. 9b, XRR data collected from the pristine PEDOT:PSS thin film
and the corresponding fitted curve show the film thickness. The result obtained from
the data fitting shows that the prepared pristine PEDOT:PSS film has thickness of
the order of % 125.0 nm, which is obtained from the electron density profile (i.e.,
in-plane average electron density as a function of depth) as shown in the inset of
Fig. 9b. The thickness obtained from the XRR analysis is little higher than the value
obtained from the AFM measurement. However, after nanoparticles incorporation,
interfacial roughness is enhanced and the XRR data become less informative. There-
fore, the thicknesses of the polymer nanocomposite thin films are obtained from the
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AFM analysis. The thermal stability of pristine PEDOT:PSS, PEDOT:PSS-AuNPs
and PEDOT:PSS-AgNPs composite systems is shown in Fig. 9c. From the ther-
mogravimetric analysis (TGA) curves, it is clear that pristine PEDOT:PSS shows
weight loss of 8% at~70 °C due to water evaporation; however, only slight varia-
tion is observed for composite films. Weight loss of #20% at~ 130 °C is seen for
pure PEDOT:PSS, whereas in the presence of nanoparticles, similar weight loss
occurs at~250 °C due to the thermal degradation of PSS chains [62]. This indi-
cates that the thermal stability of the PEDOT:PSS is enhanced in the presence of
nanoparticles.

Electrical measurements

For I-V measurements, films are prepared on glass substrates and all the electrical
connections are made with the help of thin copper wires. The copper wires are con-
nected on the films at four corners with silver paste. All the connections are carried
out according to the four-probe van der Pauw method. The in-plane conductivity of
the prepared films is estimated by using the following equation:

o=12(1) (1)
xd \V /)’

where o is the film sample conductivity, d is the film thickness of nearly 125.0 nm,
1 is the current through the film and V is the voltage across the film sample [63, 64].
In Fig. 10a, b, current—voltage (I-V) responses of PEDOT:PSS films are shown in
the presence of AuNPs and AgNPs, respectively. I-V curves clearly indicate that for
a particular voltage range, the films conductivity, i.e., flow of current, increases with
more and more nanoparticle concentrations. Probably due to the electrostatic inter-
action between PSS chains and charged nanoparticles, electrostatic screening effect
takes place that reduces the interaction between PEDOT and PSS and indirectly
helps to have better connection between PEDOT chains and as a result conduction
electrons move freely throughout the PEDOT chains which gives better electrical
conductivity. For the conductivity measurement, values of the film thicknesses were
obtained from the AFM analysis. For the pristine PEDOT:PSS thin film (~ 109 nm),
the conductivity of #9.76 S/cm is obtained using Eq. (1), and after the inclusion of
AuNPs, the conductivity values are become = 13.08, 13.67, 24.04, 34.46 and 46.73
S/cm for 5, 10, 15, 20 and 30 wt% of AuNPs, respectively. Similarly, in the presence
of AgNPs, the conductivity values become = 10.56, 26.88, 29.14, 47.70 and 55.67 S/
cm for 5, 10, 15, 20 and 30 wt% of AgNPs, respectively. Hence, the conductivity
values are slightly higher for PEDOT:PSS-AgNPs composite thin films except in the
presence of 5 wt% AgNPs, which is shown in Fig. 10c. The conductivity increases
nearly five to six times after mixing with the AuNPs and AgNPs, respectively,
than the pristine PEDOT:PSS thin film. This relatively higher electrical conductiv-
ity in the presence of AgNPs can be understood from the results obtained from the
zeta potential measurements. The surface zeta potential value is higher for AgNPs
(~+31.4 mV) in comparison with the AuNPs (= +25.2 mV), which gives relatively
stronger electrostatic interaction between the oppositely charged PSS chains and
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Fig. 10 -V characteristic curves ——PEDOT:PSS PEDOT:PSS+5wt%
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AgNPs than the PSS chains and AuNPs and therefore helps to have better electrical
connectivity through PEDOT chains.

Mechanism of conductivity enhancement

Our study shows that the conductivity of the PEDOT:PSS thin film is enhanced in
the presence of both positively charged AuNPs and AgNPs. The presence of positive
charge on the surface of the nanoparticles is confirmed from the zeta potential meas-
urements. Such positively charged nanoparticles attract the negatively charged PSS
parts, and due to this electrostatic interaction, PEDOT:PSS chains come closer to
nanoparticles, and interconnected conducting paths are generated through PEDOT
chains that enhance the electrical conductivity. Enhancement of electrical conduct-
ing path through PEDOT chains in the presence of nanoparticles is illustrated in
Fig. 11. Moreover, due to the presence of such positively charged nanoparticles,
electrostatic screening takes place which weakens the interactions between the
PEDOT and PSS chains. As a result, the PEDOT chains become relaxed and take
relatively more elongated structural conformation and finally a improved electrical
connectivity is achieved between the PEDOT chains in the presence of nanoparticles
which enhances the electrical conductivity.
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Lysozyme coated Au/Ag
Nanopartilces

Pristine PEDOT:PSS film Nanoparticles/PEDOT:PSS film

Fig. 11 Schematic illustration of the mechanism of conductivity enhancement of pristine PEDOT:PSS
films after incorporation of lysozyme-coated AuNPs and AgNPs. The globule-like morphology of pris-
tine PEDOT:PSS film takes agglomerated structure due to the electrostatic attraction between PSS and
positively charged nanoparticles and leads to better connected PEDOT chains and favors better electron
movement

Conclusions

The enhancement of electrical behavior of PEDOT:PSS film is established by incor-
porating positively charged gold and silver nanoparticles. It is found that the pres-
ence of positively charged gold and silver nanoparticles modifies the electrostatic
interaction between the oppositely charged PEDOT and PSS and a better electri-
cal connectivity is developed between the conducting PEDOT chains which offers a
improved conducting path inside the PEDOT:PSS thin films. Raman and FTIR spec-
troscopy shows such conformational modification of PEDOT and PSS chains after
composite formation. Surface morphology, film thickness, composite nature and
optical emission of the pristine and composite films are also explored from AFM,
XRR, XRD and photoluminescence spectroscopy, respectively. Results obtained
from this study clearly confirm that after AuNPs and AgNPs introduction, the elec-
trical response of the composite films is enhanced about approximately five to six
times more in comparison with the pristine PEDOT:PSS thin film.
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