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ABSTRACT: Here, we fabricated a highly conduct ive poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) nanofilm via
vacuum filtration with enhanced thermoelectric power factor by doping of liquid
exfoliated graphene (GE) and hydrazine treatment. The effect of GE exfoliated in
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) on the electrical
conductivity and thermopower of PEDOT:PSS was investigated. Although electrical
conductivity decreased with increasing GE, thermoelectric power factors of
PEDOT:PSS nanofilms were improved with 3 wt % GE in DMF (38.6 μW m−1

K−2) and in NMP (28.0 μW m−1 K−2) compared to pure PEDOT:PSS (11.5 μW
m−1 K−2). The mechanism of improvement was proposed to be the removal of PSS
and the good interaction between PEDOT and GE. With hydrazine treatment, 3 wt
% GE-doped PEDOT:PSS nanofilm (PG3) showed a further enhanced power factor
of 53.3 μW m−1 K−2 (∼5 times higher than that of pristine PEDOT:PSS nanofilm).
The effects of hydrazine containing concentration, treatment time, and temperature
on the electrical conductivity and Seebeck coefficient of PG3 were investigated systematically. An estimated thermoelectric figure
of merit (ZT) is 0.05 with the optimized power factor at room temperature.
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1. INTRODUCTION

The field of organic materials has been intensively investigated
in the past decade because of its potential thermoelectric (TE)
property.1,2 The TE property is generally determined by a
dimensionless figure of merit, ZT = σS2T/κ, where σ, S, κ, and
T are the electrical conductivity, the Seebeck coefficient, the
thermal conductivity, and the absolute temperature, respec-
tively. A good TE material requires a large power factor (P =
σS2) and a low thermal conductivity. Compared to inorganic
materials, organic materials possess several advantages as TE
materials, such as low thermal conductivity, cost-effectiveness,
mass production, facile synthesis, and wide area processing.3,4

However, a main challenge for organic TE materials is to
achieve simultaneously a high electrical conductivity and a large
Seebeck coefficient. High TE power factors of organic materials
are expected due to their intrinsic advantages.5,6

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) is one of the most excellent conducting
polymers due to its water solubility, mechanical flexibility,
low cost, and commercial availability.7−9 Furthermore,
PEDOT:PSS is a promising candidate as an organic TE
material because of its high electrical conductivity through
secondary treatment. In conventional semiconductors, increas-
ing electrical conductivity, if induced by an increasing carrier
concentration, usually results in a decrease of Seebeck

coefficient, which restrains the improvement of the power
factor.10 Surprisingly, the enhanced electrical conductivity does
not lead to a decreasing Seebeck coefficient of PEODT:PSS.11

Kim et al. obtained a high electrical conductivity (900−1000 S
cm−1) of PEDOT:PSS by ethylene glycol (EG) and dimethyl
sulfoxide (DMSO) posttreatment.1 Xia et al. reported that the
electrical conductivity of PEDOT:PSS can be enhanced to over
3000 S cm−1 by sulfuric acid treatment.12 Nevertheless, highly
conductive PEDOT:PSS suffers from a low Seebeck coefficient,
which is generally measured in the 14−18 μV K−1 range.13,14

Polymer−inorganic nanocomposites provide a promising way
to improve the TE property. Most recently, PEDOT:PSS/
inorganic TE materials have been reported by several groups in
order to improve the Seebeck coefficient. Zhang et al. fabricated
PEDOT:PSS/Bi2Te3 layer composite films by dropping
PEDOT:PSS on top of a Bi2Te3 layer with a Seebeck
coefficient of 110 μV K−1.15 Park et al. prepared
PEDOT:PSS/Ge composite films by drop-casting with an
optimized Seebeck coefficient of 58.9 μV K−1.16 Presently, the
TE property of organic composites focus on PEDOT:PSS/
carbon nanotubes17−20 and PEDOT:PSS/graphene.21−23
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Graphene, a monolayer of graphite, has attracted intensive
interest as a promising TE material in recent years due to its
unique two-dimensional (2D) structure, high electrical
conductivity (160 S cm−1),24 and high carrier mobility
(200000 cm2 V−1 s−1).25 Moreover, graphene is simple in
preparation method. Exfoliation is one of the most common
methods, which can be achieved by overcoming the attractive
van der Waals interactions between layers in graphite with the
assistance of organic solvents, surfactants, polymers, and so
on.26−29 For the thermoelectric performance, Ni et al. obtained
a maximum Seebeck coefficient of 600 μV K−1 and ZT of 5.8
for graphene strips by using density functional theory
calculations combined with nonequilibrium Green’s function
method.30 Moreover, previous experimental results showed that
exfoliated single-layer and bilayer graphene showed a high
Seebeck coefficient of 50−100 μV K−1.31−33 However, the
exceedingly high thermal conductivity of graphene (2500−5300
W m−1 K−1)34,35 makes it a poor contestant for TE property.
An effective method is to combine a low thermal conductivity
material with high electrical conductivity.19

The combination of PEDOT:PSS and graphene has been
demonstrated to be a good choice for improving the electrical
and thermal properties.21 PEDOT:PSS/graphene (PG) nano-
composite materials have previously been studied as the basis of
such as electrocatalyst, sensors, batteries, and supercapacitors
and begun attracting considerable attention as TE materials
recently.36,37 The strong interaction between PEDOT:PSS and
graphene with a rich conjugated system can effectively improve
the electron transport property and the stability of materials.38

Recently, most effort for the TE property of PEDOT:PSS/
graphene has been concentrated in the combination of
PEDOT:PSS and reduced oxide graphene (rGO). Kim et al.
prepared PEDOT:PSS/rGO composite nanofilms through
direct mixing of PEDOT:PSS and graphene by solution spin
coating method and obtained a maximum power factor of 11.09
μW m−1 K−2 from a sample with 2 wt % rGO.21 Li et al.
fabricated a PEDOT:PSS/rGO composite using a simple wet-
chemical route and exhibited a maximum power factor of 32.6
μW m−1 K−2.22 Yoo et al. prepared PEDOT:PSS/rGO
composite films via an in situ polymerization method and
exhibited enhanced TE property at room temperature (RT)
with a power factor of 45.7 μW m−1 K−2.23 Nevertheless, the
preceding research studies do not full synergistically combine

the advantages of PEDOT:PSS and graphene because of the
structural defects of rGO. Compared to rGO, exfoliated
graphene has less structure defect and a higher electrical
conductivity.39,40 However, there are few reports on utilizing
exfoliated graphene in TE materials as a composite additive.
In this work, we fabricated liquid exfoliated graphene doped

PEDOT:PSS nanofilms by vacuum filtration and investigated
their TE properties. The liquid exfoliated graphene showed a
positive effect on the TE power factor of PEDOT:PSS.
Considering the positive effect of solvents on the electrical
conductivity of PEDOT:PSS,41 the NMP and DMF were
chosen as the dispersed solution of graphene. Hydrazine
treatment for PG nanofilms was used to improve the TE power
factor further. The effect of concentration, treatment time, and
temperature of hydrazine on the electrical conductivity and
Seebeck of PG was investigated. An improved TE power factor
was found for PG nanofilm with hydrazine treatment
optimization.

2. EXPERIMENTAL SECTION
2.1. Materials. PEDOT:PSS aqueous solution (Clevios PH 1000)

was purchased from HC Stark (Munich, Germany). Graphite powder,
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and
hydrazine (HZ, 80 wt % aqueous solution) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). All chemicals
were directly used without further purification.

2.2. Fabrication of PG Composite Nanofilms. A set of identical
graphene dispersions was prepared by liquid exfoliation according to a
previous report.42 In brief, a certain amount of powder was added to
100 mL of DMF or NMP. After sonication in a sonic bath (20 kHz)
for 5 h, the dispersions were centrifuged at 3000 rpm for 30 min. The
upper dispersion was carefully transferred for further usage. The
concentrations of liquid exfoliation graphene dispersions in DMF and
NMP are estimated to be 0.08 and 0.1 mg mL−1, respectively. A 200
μL aliquot of PEDOT:PSS aqueous solution was added into the
preceding graphene dispersions with a designed ratio, and the resulting
mixture was sonicated for 1 h. Finally, the PG nanofilms were prepared
by the vacuum filtration of the mixture dispersions onto porous PVDF
membrane (0.22 μm). The as-prepared nanofilms were then dried in a
vacuum oven at 60 °C for 10 h. For comparison, the pure
PEDOT:PSS and graphene nanofilms were fabricated by the same
procedure. The PG composite were labeled as PGx (x = 1, 3, 5, 10, 20,
30, 40, 50, 70, and 90) according to the graphene mass percentages in
the dried nanofilms.

2.3. Hydrazine Treatment of PG Nanofilms. The HZ-treatment
based on the PG3 nanofilm was performed via immersing the nanofilm

Figure 1. (a) Schematic illustration showing the preparation and HZ-treatment process of the PG nanofilm. (b) Photographs of a dispersion of
PEDOT:PSS, graphene, and PG in DMF after sonication. (c) Photographs of PEDOT:PSS, graphene, and PG films.
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in an HZ bath by controlling the HZ concentration, treatment time,
and temperature in HZ solution to induce a desired amount of
chemical dedoping. Then the dedoped PEDOT:PSS and PG3
nanofilms were rinsed with ethanol and deionized water followed by
drying for 5 h at 60 °C under vacuum. The as-prepared PEDOT:PSS
and PG3 nanofilms were named PEDOT:PSS-HZ and PG3-HZ,
respectively.
2.4. Characterization and Measurement. The surface images

and structure of as-prepared nanofilms were obtained by using JEM-
2100F (JEOL) high-resolution transmission electron microscopy
(TEM) and an atomic force microscope (AFM, Veeco Multimode,
Plainview, NY, USA). The thickness of the nanofilms was determined
by scanning electron microscopy (SEM) with a dual-beam focused ion
beam (FIB, Helios 450S, FEI, Hillsboro, OR, USA) technique. The
Raman spectra of the films were collected using a RM2000 (Renishaw,
Wotton-under-Edge, U.K.) microscopic confocal Raman spectrometer
with argon-ion laser at the excitation wavelength of 514 nm. The
surface composition changes of the samples were analyzed using X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi, Thermo
Scientific, Waltham, MA, USA). UV−vis−near-IR spectra of the
samples were taken by using a SPECORD PLUS UV−vis
spectrophotometer (Analytik Jena, Jena, Germany). The electrical
conductivities of the nanofilms were measured using a standard four-
point-probe technique with a Keithley 2700 (Keithley, Cleveland, OH,
USA) after four metal lines were patterned with silver paint. The
Seebeck coefficient measurements were determined by using Keithley
2700 and 4200 systems (Keithley). The Seebeck coefficient is defined
as S = ΔV/ΔT, where ΔV and ΔT are the voltage drop across the
material and the temperature gradient along the voltage. A
temperature gradient (5.0 K) was built at ends of films with an
ohmic resistance and a Keithley 4200. The ΔV and ΔT were obtained
by depositing two Pt100 thermocouples with silver paste on the
surface of the films.

3. RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram illustrating the formation
process of flexible PG composite nanofilms with use of a
vacuum filter method and with HZ posttreatment. As shown in
Figure 1b, PEDOT:PSS, PG, and graphene were well-dispersed
in DMF. These as-prepared smooth films (Figure 1c) show
good flexibility and can be cut to any shape. These properties
are superior to those of conventional inorganic TE materials
and make the films possible to be applied in flexed or curved
energy converters. Figure 2a shows a TEM image of graphene
film. The interlayer distance of 0.339 nm (Figure 2b)
correspond to the interplanar spacing of the (002) planes of
graphene in the insets, which is in good agreement with the
previously reported result.43 The thicknesses of the PE-
DOT:PSS, PG3, and PG3-HZ nanofilms are 460 ± 42, 575
± 9.5, and 516 ± 13 nm in Supporting Information Figure S1,
respectively.

Figure 3 shows TE properties of PG composite nanofilms as
a function of graphene content. The electrical conductivity of

the pure PEDOT:PSS and graphene films prepared in DMF are
1349.4 and 9.2 S cm−1 at RT (Figure 3a). As observed, the σ
value for the PG nanofilms decreased from 1250 to 85.5 S cm−1

with the increasing graphene composition from 1 to 90 wt %.
The S value for PG nanofilms increased from 14.6 to 32.3 μV
K−1 with increasing graphene content up to 100%. Although
the increase of the Seebeck coefficient is usually accompanied
by the decrease in electrical conductivity,44 the increase in the
Seebeck coefficient is more than the decrease in the electrical
conductivity, resulting in an optimized power factor (38.6 μW
m−1 K−2) for PG nanofilms with 3 wt % graphene prepared in
DMF. This behavior could be attributed to two mechanisms:
(i) graphene has a higher Seebeck coefficient due to its zero
bandgap and a low density of states at the Fermi level;45 (ii) the
strong π−π interaction between the graphene and conductive
PEDOT.21 When the graphene content is 3 wt %, graphene can

Figure 2. TEM (a) and HRTEM (b) images of graphene films.

Figure 3. Electrical conductivity, Seebeck coefficient, and power factor
of PG composite nanofilms with different contents of graphene in (a)
DMF and (b) NMP.
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therefore be wrapped by the homogeneous and conductive
PEDOT chains leading to a better carrier transport. With the
further increase of graphene, the decreasing conductive
PEDOT chains are maybe unable to effectively connect to
the graphene and decrease the Seebeck coefficient adversely.
The PG nanofilms prepared in NMP show similar trends of
electrical conductivity and Seebeck coefficient as a function of
graphene content (Figure 3b). Moreover, a maximum power
factor value (28.0 μW m−1 K−2) for PG nanofilms prepared in
NMP is also achieved at 3 wt % graphene. This behavior is
similar to the PG nanofilms prepared in DMF. In contrast, the
PG nanofilms prepared in NMP have a larger Seebeck
coefficient but possess a lower electrical conductivity, leading
to a lower power factor. This phenomenon may be attributed to
DMF, with higher dielectric constants than NMP, inducing a
stronger screening effect between counterions and charge
carriers, which again reduces the Coulomb interaction between
positively charged PEDOT and negatively charged PSS
dopants.46 Therefore, the nanofilms prepared in DMF were
used in the subsequent studies.
On the other hand, electrical conductivity is given by47

σ μ= ne (1)

where n is the carrier concentration, e is electron charge, and μ
is carrier mobility. The measured electrical conductivities (σm)
of PEDOT:PSS and PG nanofilms are in good agreement with
the calculated values (σc) based on eq 1 and recorded in Table
1. Such high electrical conductivity of PEDOT:PSS nanofilm
(1394.4 S cm−1) is attributed to a large carrier concentration of
pure PEDOT:PSS (9.57 × 1022 cm−3). The PG3 nanofilm has a
larger μ value but possesses a lower n value, resulting in a
slightly decreased σ value (1283.5 S cm−1) in comparison with
that of the PEDOT:PSS nanofilm. Surprisingly, the PG3
nanofilm has a larger power factor (38.6 μW m−1 K−2) than the
pure PEDOT:PSS nanofilm (28.3 μW m−1 K−2) and the
previously reported PEDOT:PSS/rGO composite film (11.09
μW m−1 K−2).21 It can be attributed to the following two
reasons: (1) the conjugated electron systems of the PEDOT
and graphene will interact with each other to provide a channel
for carriers transport;38 (2) exfoliated graphene has much fewer
defect sites than rGO, leading to a larger carrier concentration
for the PG3 nanofilm.21 This power factor is lower than that of

PEDOT:PSS/SWCNT according to Grunlan et al.17,18 but
higher than that of the reported PEDOT:PSS/SWCNT layered
composite films (21.1 μW m−1 K−2)20 and PEDOT:PSS/
Bi2Te3 based alloy nanosheet composite films (32.26 μW m−1

K−2).47

Further, the PG3 nanofilms were immersed in HZ with
different concentrations, treatment times and temperatures.
Figure 4a presents the TE properties of the PG3-HZ nanofilms
as a function of HZ-treatment concentration for 0.05 min at
RT. It can be seen that the electrical conductivity of PG3-HZ
nanofilms continuously decreases from 1298 to 783 S cm−1 as
the HZ concentration increases from 0 to 2.0 M. It is attributed
to the fact that dedoping with a high HZ concentration leads to
neutral PEDOT with a low concentration of PEDOT. This
result is also consistent with the σc value as a consequence of eq
1. The Seebeck coefficient of PG3-HZ nanofilms first increased
from 17.3 to 23.1 μV K−1 with increasing HZ concentration
from 0 to 0.1 M and then was almost constant as HZ increased
in concentration to 2.0 M. It is well-know that the Seebeck
coefficient is correlated to the n value.44 The decrease of
electrical conductivity and the increase of Seebeck coefficient
can be rationalized by the decrease of the n value for PG3 by
HZ-treatment (Table 1), which is in good agreement with the
previous report.48 We obtained a maximum power factor of
53.3 μW m−1 K−2 at 5 × 10−3 M, which is 1.9 times larger than
that of the pure PEDOT:PSS nanofilm (28.3 μW m−1 K−2).
The effects of HZ (5 × 10−3 M) treatment time on the σ and

S of PG3-HZ nanofilms were investigated in Figure 4b. It can
be seen that the electrical conductivity of the PG3-HZ
nanofilms decreases dramatically from 1283.5 to 641 S cm−1

as the treatment time delays, while Seebeck coefficient reached
the highest value (22.5 μV K−1) at 0.05 min and then fluctuated
within a small range, resulting in a peak power factor value
(53.3 μW m−1 K−2) after treatment for 0.05 min. Figure 4c
shows the TE properties of the PG3-HZ nanofilms as a
function of HZ-treatment (5 × 10−3 M) temperature. With
increasing HZ-treatment temperature from RT to 100 °C, the
electrical conductivity for PG3-HZ nanofilms decreased
dramatically from 1067 to 647 S cm−1. When the treatment
temperature is higher than 60 °C, the Seebeck coefficient
remains generally stable at ∼23 μV K−1 for PG3-HZ nanofilms.
Hence, the power factor for PG3-HZ nanofilms decreased with

Table 1. Carrier Concentration (n), Mobility (μ), Calculated Electrical Conductivity (σc), and Measured Electrical Conductivity
(σm) of PEDOT:PSS, Graphene, PG, and PG-HZ Films

samples graphene content (wt %) HZ concn (×10−3 M) n (×1022 cm−3) μ (cm2 V−1 s−1) σc
a (S cm−1) σm

b (S cm−1)

PEDOT:PSS 0 9.57 0.10 1536 1349
graphene 100 0.04 0.37 24 9.2
PG1 1 7.16 0.11 1260 1250
PG3 3 7.3 0.11 1285 1284
PG10 10 7.0 0.1 1120 998
PG30 30 4.8 0.11 845 752
PG50 50 0.8 0.25 320 355
PG90 90 0.6 0.09 86 86
PG3-HZ-1 3 1 6.0 0.11 1056 1087
PG3-HZ-2 3 5 3.4 0.18 979 1067
PG3-HZ-3 3 20 4.1 0.13 853 928
PG3-HZ-4 3 100 4.6 0.11 810 915
PG3-HZ-5 3 200 4.5 0.11 761 814
PG3-HZ-6 3 400 4.6 0.1 736 800
PG3-HZ-7 3 2000 4.9 0.09 706 735

aThe calculated electrical conductivity (σc) based on σ =neμ;
bThe measured electrical conductivity (σm) with a standard four-point-probe technique.
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increasing temperature of HZ-treatment, thus resulting in a
maximum value of 53.3 μW m−1 K−2 at RT. This was mainly
due to the considerably decreased electrical conductivity and
little variation for the Seebeck coefficient. According to the
reported thermal conductivity in the through-plane of 3 wt %
rGO in PEDOT:PSS (0.3 W m−1 K−1),21 an estimated
maximum ZT value of 0.05 can be achieved with 5 × 10−3 M
HZ-treatment for 0.05 min at RT.
The electrical conductivity is investigated from 300 down to

200 K for as-prepared nanofilms to understand the conduction
mechanism. As shown in Figure 5a, the electrical conductivity
increases with the increasing temperature, suggesting that these
samples are semiconductor materials. The relationship between
electrical conductivity and temperature can be fitted by the one-
dimensional variable range-hopping (VRH) mechanism10,46

σ σ= ⎜ ⎟
⎡
⎣
⎢⎢
⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥T

T
T

( ) exp0
0

1/2

(2)

where σ0 is a constant and T0 is the energy barrier between
localized states. The T0 values of the PEDOT:PSS, PG3,

PEDOT:PSS-HZ, and PG3-HZ nanofilms are estimated to be
39.1, 46.8, 51.3, and 55.4 K based on Figure 5b, respectively. It
is noted that the increasing T0 can be found for nanofilms after
HZ-treatment, indicating the increasing carrier hopping barrier.
Thus, HZ-treatment can enhance the energy barrier for the
interchain and interdomain charge hopping, leading to a
decreasing electrical conductivity. Additionally, the Seebeck
coefficient of as-prepared nanofilms also decreased with the
decreasing temperature (Figure 5c), and the same behavior was
observed for the electrical conductivity.
To explore the effects of the surface chemical compositions

of as-prepared films on electrical conductivity and Seebeck
coefficient, the X-ray photoelectron spectroscopy (XPS) survey
spectra were analyzed, as shown in Figure 6. The S2p peaks at
166 and 172 eV originate from the sulfur atoms of PSS, and the

Figure 4. TE properties of PG3-HZ nanofilms as a function of (a) HZ
concentration dipping for 0.05 min at RT, (b) HZ (5 × 10−3 M)
treatment time at RT, and (c) HZ (5 × 10−3 M) treatment
temperature dipping for 0.05 min. Figure 5. (a) Temperature dependences of the normalized electrical

conductivity of PEDOT:PSS and PG3 before and after HZ-treatment.
(b) Analyses of the temperature dependences of the electrical
conductivity with the 1D VRH model. (c) Temperature dependences
of the Seebeck coefficient of PEDOT:PSS and PG3 before and after
HZ-treatment. The electrical conductivities are normalized to those of
the corresponding samples at 300 K (i.e., σ0 is the electrical
conductivity at 300 K).
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two XPS bands with the binding energies between 162 and 166
eV being due to the sulfur atoms of PEDOT in Figure 6a.8,49

Compared to PEDOT:PSS-casting film (pristine PEDOT:PSS
film prepared by casting is henceforth denoted as PEDOT:PSS-
casting), the S2p XPS intensity ratio of PEDOT to PSS
increases for the nanofilms prepared by vacuum filtration. In
addition, there was no significant change for the S2p peak
intensity ratio of PEDOT to PSS among these nanofilms of
vacuum filtration. These results suggest that some PSS chains in
DMF were away from the surface region of the PEDOT:PSS
film during the film-forming process, which can lead a
conformational change between PEDOT and PSS chains.41,50

Therefore, a thin layer of high electrical conductivity with high
PEDOT concentration is formed on the surface of the film.51 In
comparison with PEDOT:PSS and PG3, the peaks of PG3-HZ
for PSS are shifted to slightly lower binding energy, indicating
that the sulfonic acid groups (-SO3

−H+) interacted with HZ to
form the complex (-SO3

−N2H5
+). A similar low-energy shift of

PG3 after a HZ-treatment in PEDOT is also observed,
suggesting that the electrostatic interaction between the
PEDOT and PSS units might be weaker due to the presence
of HZ between PEDOT and PSS.52 The main peak in the C1s
spectra of graphene film is fitted with two peaks at 284.35 and
286.67 eV, which are associated with C−C and C−O,
respectively (Figure 6b). Typical carbon bonds in the
PEDOT:PSS were observed at ∼284.64 (C−C/C−H),
∼285.44 (C−S), ∼286.64 (CC−O), and ∼287.79 eV (C−
O−C), respectively, which is in good agreement with the
previous report.23,53 The PG3 peaks are shifted about 0.05 eV
toward higher binding energy levels compared to PEDOT:PSS,
due to the electron donation of PEDOT:PSS through the
strong π−π interaction between PEDOT:PSS and the graphene

surface.54 A similar energy shift to a higher level of the C1s

spectra after the HZ-treatment for the PG3 nanofilm has also
been observed, which implies that the additional electrons
brought by HZ lead to a blue shift in the Fermi level.55 These
results suggest that the loss of PSS from PEDOT:PSS after
vacuum filtration and a channel for carrier transport can be
provided after composite and HZ-treatment, resulting in a
decreasing σ value and an increasing S value for PG3-HZ
nanofilms.
Figure 7 gives the Raman spectra of graphene, PEDOT:PSS-

casting, PEDOT:PSS, PG3, and PG3-HZ films. Figure 7a shows
the typical Raman spectra of exfoliated graphene. The band
between 1400 and 1500 cm−1 is due to CC symmetric
stretching vibration (Figure 7b). The peak at 1429.17 cm−1 for
the PEDOT:PSS-casting film is red-shifted to 1410.40 cm−1

compared to the PEDOT:PSS nanofilm due to the effects of
size-induced phonon confinement and surface relaxation.56

Moreover, the bands at 1570 cm−1 correspond to the CC
antisymmetric stretching, at 1365 cm−1 to the single C−C
stretching, at 1262 cm−1 to the C−C interring stretching, and at
990 cm−1 to the deformations of oxyethylene ring.57,58

Compared to the spectrum of PEDOT:PSS, the peaks of
PG3 at 1410.1 cm−1 are slightly shifted to a higher wavenumber
of 1412.3 cm−1, indicting strong π−π interaction of aromatic
structures of PEDOT:PSS and electron-rich graphene.21,23

Additionally, the HZ-treatment leads to a slight red shift of C
C from 1412.3 to 1409.4 cm−1, suggesting the decrease in the
doping level from bipolaron to polaron or neutral invar-
iably.48,53 This result is consistent with the UV−vis−near-IR
absorption spectra (Supporting Information Figure S2) and the
measured carrier concentration value in Table 1.

Figure 6. X-ray photoelectron spectroscopy (XPS) analysis of PEDOT:PSS-casting, PEDOT:PSS, graphene, PG3, and PG3-HZ films: (a) S2p spectra
and (b) C1s spectra.

Figure 7. Raman spectra of (a) graphene and (b) PEDOT:PSS-casting, PEDOT:PSS, PG3, and PG3-HZ films.
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Figure 8 presents the AFM images of PEDOT:PSS, PG3, and
PG3-HZ nanofilms to investigate possible changes in the
surface morphology. In the phase image for PEDOT:PSS
nanofilm (Figure 8c), the bright (positive) and dark (negative)
phase shifts correspond to PEDOT-rich grains and PSS-rich
grains, respectively, which shows better phase separation
between PEDOT and PSS chains with more fiber such as
interconnected conductive PEDOT chains.59,60 The PG3
nanofilm has a rougher surface compared to the PEDOT:PSS
nanofilm, and the graphene can be seen clearly in the
PEDOT:PSS matrix (Figure 8f). Note that the aggregated
nanoparticles on PG3-HZ are more visible compared with PG3,
suggesting that a large portion of the PSS-rich regions was
removed after the HZ-treatment (Figure 8l). Furthermore, the
height images and profiles show that the average roughness
(Ra) is 1.60, 2.38, and 3.26 nm for PEDOT:PSS, PG3, and
PG3-HZ nanofilms, respectively. This morphologic change
suggests the conformational change between PEDOT and PSS
chains after HZ-treatment, and the PG3-HZ nanofilms have a
much longer polymer chain than PEDOT:PSS and PG3
nanofilms.

4. CONCLUSIONS
In summary, we have successfully fabricated flexible PG
composite nanofilms with liquid exfoliated graphene and
PEDOT:PSS solution by a direct vacuum filtration. The PG
nanofilm achieved a larger TE power factor of 38.6 μW m−1

K−2 with 3 wt % graphene than that of pure PEDOT:PSS
nanofilm due to the high electrical conductivity (1283.5 S
cm−1) and the enhanced Seebeck coefficient (22.0 μV K−1).
The most important contribution of graphene is to improve the
Seebeck coefficient of pristine PEDOT:PSS. This behavior is
attributed to the fact that the conjugated electron systems of
the graphene can interact with PEDOT:PSS to provide a

channel for carrier transport. Further, we found that HZ-
treatment has a positive effect on the improvement of the
Seebeck coefficient for PG3 nanofilm despite a decreasing
electrical conductivity. An optimized power factor of 53.3 μW
m−1 K−2 is achieved for PG3 nanofilm by adjusting hydrazine
concentration, treatment time, and temperature. Assuming a
thermal conductivity of 0.3 W m−1 K−1 in a through-plane
direction, the corresponding ZT is estimated to be 0.05 at room
temperature, which are higher than previous reports of
PEDOT:PSS/rGO films.
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