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ABSTRACT: Benzenesulfonate-doped poly(3,4-ethylenedioxythiophene) (PEDOT-Bzs)/graphene thermoelectric (TE) composites with
various graphene filler contents were synthesized in five different kinds of solvents. Dodecylbenzenesulfonic acid (DBSA) was used to
achieve good dispersion of graphene into the PEDOT matrix. Among the synthesized PEDOT materials, the one synthesized in metha-
nol (PEDOT-MeOH) had the highest electrical conductivity. X-ray photoelectron spectroscopy (XPS) analysis showed almost the
same charge carrier concentration for all PEDOT materials. However, the X-ray diffraction (XRD) analysis highlighted the enhance-
ment of PEDOT chain stacking by shorter-chain alcoholic solvents, as a result of which the carrier mobility and electrical conductiv-
ity were increased. The electrical conductivity and the Seebeck coefficient of the PEDOT/graphene composites were significantly
improved with increasing the graphene content, which strongly depended on increased carrier mobility. The thermal conductivity of
the composites exhibited relatively small changes, attributed to phonon scattering effects. The maximum TE efficiency of the PEDOT-
MeOH/graphene composite with 75 wt % graphene showed a substantially improved value of 1.9 X 10~ 2 higher than that of the

other PEDOT/graphene composites. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42107.
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INTRODUCTION

Thermoelectric (TE) solid state heating/cooling devices that
directly convert thermal to electrical energy and vice versa have
great potential for energy harvesting. Previous studies have
mainly involved relatively high efficient inorganic TE materials,
including semiconductors such as Bi,Tes;, Bi-Te alloys, CoSbs,
SiGe, and MgSi, conducting oxides such as NaCo,0, and
CaMnOs, and metal alloys such as BiSb.'™ However, high cost
of the raw materials, potential for heavy metal pollution, and
processing difficulties limit widespread practical applications of
these materials. In this regard, recent studies have focused on
TE composites consisting of an inorganic conductive filler and
an organic polymer matrix, which have become promising alter-
natives to inorganic TE materials.

The dimensionless efficiency of a TE material, ZT, can be calcu-
lated as ZT = (§%¢-T)/x, where S is the Seebeck coefficient, o is
the electrical conductivity, x is the thermal conductivity, and T
is the absolute temperature. In principle, in order to achieve a
high ZT, a TE material requires high electrical conductivity,
high Seebeck coefficient, and low thermal conductivity. The
most important among these properties is the high electrical
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conductivity. Conductive fillers, such as carbon nanotube
(CNT), graphene, and carbon black have been frequently used
to enhance the electrical conductivity. Wang et al. reported a
highly oriented polyaniline (PANI)/CNT composite with a
power factor (§*6) of 0.18 uW/m K2* Du et al. found a a
power factor of 0.96 uW/m K> for a dimethyl sulfoxide
(DMSO)-doped  poly(3,4-ethylenedioxythiophene)poly(styrene-
sulfonate) (PEDOT : PSS) film filled with a conductive carbon
black filler.” Wang et al. prepared a PANI/graphene nanocompo-
site film, which achieved a maximum power factor of 19 uW/m
K>.® Graphene is the best filler material for achieving high elec-
trical conductivity among the carbon-based materials, because
of its sp” hybrid carbon atoms and superior charge carrier
mobility.

However, in addition to a high electrical conductivity of the fil-
ler, a large electrical conductivity of the organic polymer matrix
is also required for achieving high TE efficiency. Many studies
have thus employed conductive polymers, such as PANI,
PEDOT : PSS, and polypyrrole (PPy) as organic polymer
matrix. Mateeva et al. reported that an acid-doped PANI pro-
duced a maximum ZT of 10> at room temperature.” Kim et al.
prepared a ~1 um-thick spin-coated PEDOT : PSS film whose
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ZT value was found to be 0.002.® Wang et al. studied a p-tolue-
nesulfonic acid (TSA)-doped PPy with a power factor of 0.08
uW/m-K2.° Moreover, other studies have explored the effect of
the interaction between solvent molecules and the conductive
polymer chains for further enhancing of the electrical conduc-
tivity of the conductive polymer. Nardes et al. enhanced the
electrical conductivity of PEDOT : PSS thin films by adding
high-boiling solvents like sorbitol to the aqueous dispersion.'®
Kim et al. obtained a high electrical conductivity (~80 S/cm) of
PEDOT : PSS film synthesized with various organic solvents."'
However, not many studies investigating PEDOT as a TE mate-
rial, as well as the manipulation of solvent effects on the con-
ductive PEDOT, have been reported to date.

Recently, Kim et al. reported that ferric benzenesulfonate
(Fe(Bzs)s3) is a better oxidant for achieving higher electrical con-
ductivity in the 3,4-ethylenedioxythiophene (EDOT) polymer-
ization process than the generally used oxidant, ferric para-
methylbenzenesulfonate (Fe(p—Mest)g,).12 Although  the
enhanced electrical conductivity of benzenesulfonate-doped
PEDOT (PEDOT-Bzs) is ~49 S/cm, this value does not meet
the requirements of high performance TE materials. Therefore,
the effect of the interaction between solvent and PEDOT chains
needs to be studied to enhance the electrical conductivity of the
PEDOT-Bzs.

In this article, a promising strategy for enhancing the TE prop-
erties of filler/conductive polymer composites was provided. TE
PEDOT-Bzs/graphene composites were fabricated with various
contents of high-electrical conductive graphene. Five types of
alcoholic solvents were employed during the EDOT polymeriza-
tion process to improve the electrical conductivity of the
PEDOT matrix. The EDOT monomers were polymerized with
Fe(Bzs); in methanol (PEDOT-MeOH), ethanol (PEDOT-
EtOH), I-propanol (PEDOT-PpOH), n-butanol (PEDOT-
BtOH), and 1-hexanol (PEDOT-HxOH) solvents. The alkyl
chains of the different alcoholic solvents affected stacking of the
PEDOT-Bzs chains and led to different charge carrier mobility
and TE performance. Dodecylbenzenesulfonic acid (DBSA) was
used to act simultaneously as a surfactant for forming graphene
micelles and a doping agent to coat the PEDOT layer on the
graphene surface. The individual graphene particles were well
distributed because the coated PEDOT layer has a marked affin-
ity for the PEDOT matrix, achieving a high conductivity
through the electrically connected filler-matrix network. Several
TE properties of the PEDOT/graphene composites were exam-
ined, such as electrical conductivity, Seebeck coefficient, thermal
conductivity, power factor, and figure of merit.

EXPERIMENTAL SECTION

Materials

The 3,4-ethylenedioxythiophene (CqHgO,S, EDOT) monomer
(Clevios M) was purchased from Bayer AG. Graphene nano-
powder was purchased from Graphene Supermarket. DBSA
(C12H,5CH4SO3H), ammonium persulfate ((NH,),S,0s, APS),
and various alcoholic solvents, such as methanol (CH;OH),
ethanol (C,HsOH), 1l-propanol (C;H,OH), n-butanol
(C4HyOH), and 1-hexanol (C¢H;30H), were purchased from
Daejung Chemicals & Metals (Seoul, Korea). Benzene (C4Hg),
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sulfuric acid (H,SO,), and ferric chloride
(FeCl3-6H,0) were purchased from Sigma Aldrich.

hexahydrate

Fabrication of PEDOT Nanocoating on Graphene

Graphene powder (0.1 g) and 0.326 g of DBSA (M, = 326.5)
were added to 50 mL of deionized (DI) water to prepare the
graphene colloidal solution which was stirred at 30°C for 1 h.
After that, 0.472 g of EDOT (M, = 142.18) was added to the
aqueous micellar dispersion and stirred at 30°C for 1 h. Then,
10 mL of DI water and 1.824 g of ammonium persulfate
(My,=228.2) solution were added to the colloidal solution.
This solution was stirred steadily with the temperature main-
tained at 30°C. After 24 h, the resulting mixture was centri-
fuged at 8000 rpm for 30 min. Then, the supernatant was
poured into a bottle and DI water was added to the sediment.
This
mechanical shaking for 1 h. The centrifugation to remove

solution was redispersed via ultra-sonication and
supernatant and the redispersion process were repeated five or
more times to increase the purity of the resulting powder.
Finally, the resulting product was dried in a vacuum oven at

60°C for 24 h.

Synthesis of Fe(Bzs);

Sulfuric acid and benzene were reacted in a round-bottom flask
at 150°C for 1 h for synthesizing benzenesulfonic acid. The
molar ratio between benzene and sulfuric acid was 1 : 1. Then,
the product was collected via recrystallization using a rotary
evaporator. The obtained benzenesulfonic acid was dried in a
vacuum oven at 60°C for 1 h. Afterwards, benzenesulfonic acid
and methanol were dispersed in a round-bottomed 3 neck flask.
The dissolving water of ferric chloride hexahydrate
(FeCl3-6 H,O) was added dropwise to the solution at 230°C
and refluxed for 1 h. The ferric chloride hexahydrate to benze-
nesulfonic acid mole ratio was 1 : 3. The resulting powder was
filtered and refluxed at least five times in an acetonitrile/metha-
nol solvent, after which the filtered product was dried at 60°C
for 24 h in a vacuum oven.

Synthesis of PEDOT-Coated PEDOT/Graphene Composites

It was assumed that the graphene particles had no effect on the
kinetics of the EDOT polymerization. The overall EDOT poly-
merization process in the solvent is described in Figure 1.
EDOT monomer and Fe(Bzs)s;, which acted as both oxidant and
initiator, were combined for the chemical polymerization. Prior
to beginning the experiment, the Fe(Bzs); was dried in a vac-
uum oven at 80°C for 48 h to remove residual moisture.
7.524 g (16 mmol) of Fe(Bzs); with different weight percentages
of the PEDOT coated graphene filler (0, 15, 30, 45, 60, 75, and
90 wt %) were dispersed in 300 mL of methanol at 30°C for
1 h. 2.832 g (20 mmol) of EDOT monomer were added to the
mixture at 65°C for 1 h for creating the polymer chains. After-
wards, the reaction temperature was increased from 65 to
150°C with vigorous stirring for about 20 min to finish the
polymerization. The resulting product was washed with metha-
nol solvent and filtered two or three times to eliminate residual
oxidant and EDOT monomer. Finally, the filtered powder was
dried in a vacuum oven at 60°C for 24 h. The same procedure
was employed to prepare composites with other solvents (etha-
nol, 1-propanol, n-butanol, and 1-hexanol).
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Figure 1. Schematic representation of the ED

Composite Characterization

Fourier transform infrared (FTIR, Bio-rad FTS-1465) spectra of
the composites were obtained using pressed disk-shaped pellets
of the samples mixed with potassium bromide (KBr), perform-
ing an average of 32 scans in the 500-4000 cm ™' radiation
region. The doping level of the PEDOT was calculated by X-ray
photoelectron spectroscopy (XPS, Thermo U. K. K-alpha) with
a monochromated Al Ka X-ray source (1486.6 eV) and a hemi-
spherical analyzer. During curve fitting, the Gaussian peak
widths in each spectrum were found to be constant. The mor-
phology and microstructure of the composites were determined
by field-emission transmission electron microscopy (FE-TEM,
JEM-2100F). The amount of PEDOT coating on the graphene
surface was determined by thermogravimetric analysis (TGA,
TGA-2050, TA instrument). Samples were heated from 25 to
600°C at a heating rate of 10°C/min under a nitrogen atmos-
phere and the thermal degradation of the sample was plotted. A
four-point probe method with disk-shaped compressed pellets
was used to measure the electrical conductivity. The pellets were
made using a press machine at room temperature and 50 MPa
pressure and their thickness was measured with a digital micro-
meter. X-ray diffraction (XRD, New D8-Advance/Bruker-AXS)
at 40 mA, 40 kV, and a scan rate of 1°/s with a 20 range of 5°—
35° with Cu Ko radiation (0.154056 nm) was used to character-
ize the orthorhombic structure of PEDOT materials. A home-
made device containing a pair of thermocouples and voltmeters
was used to measure the Seebeck coefficient, S. The value was
determined from the linear relationship between the thermal
electromotive force (AV) and temperature difference (AT)
between the two ends of the composite pellets (S= AV/AT).
The thermal conductivity of the composite was calculated from
the relation ¥ = «-p-Cp where « is the thermal diffusivity, Cp is
the specific heat, and p is the bulk density of the material. LFA
447 Nanoflash (NETZSCH) was used to measure the thermal
diffusivity. The specific heat was measured using a differential
scanning calorimetry system (DSC 131 evo, Setaram Instrumen-
tation). The DSC measurements described the thermal transi-
tion behavior of the composites, and the samples were heated
from —20 to 120°C at a rate of 10°C/min under a nitrogen
atmosphere.
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Alcoholic solvent
R > PEDOT-MeOH : CH,4
PEDOT-EtOH : C;Hj
PEDOT-PpOH : C;H,
PEDOT-BtOH :C,H,
PEDOT-HXOH :CgH,;

OT polymerization process in various solvents.

RESULT AND DISCUSSION

PEDOT-Coated Graphene Analysis

FTIR analysis was performed to characterize the structure of the
fabricated PEDOT-coated graphene. Figure 2 shows the FTIR
spectra of graphene, PEDOT, and PEDOT-coated graphene fil-
ler. A large peak at about 3400 cm ™' from all samples denotes
the O—H vibrations of adsorbed surface water. Figure 2(a)
shows the typical signals of graphene at 1633 cm™' (aromatic
C=C bond), 1734 cm~ ' (C=O vibrations), and 1052 cm '
(C—O bond stretching).'*™** The IR spectrum of pure PEDOT
prepared by chemical polymerization is shown in Figure 2(b).
The peaks at 1068 and 1234 cm™ ' originate from the C—O
stretching band of ethylenedioxy group in the PEDOT struc-
ture.'® The C—S bond stretching of the thiophene rings of the
PEDOT produces the peaks at 989, 856, and 700 cm '. The
C—C and C=C bonds of the quinone structure of the

Transmittance (%)

3000 2000

Wavenumber (cm™)

Figure 2. FTIR spectra of (a) raw graphene, (b) pure PEDOT, and (c)
PEDOT-coated graphene.
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Figure 3. XPS spectra of (a) raw graphene, PEDOT, and PEDOT-coated graphene (wide scan), (b) PEDOT-coated graphene (S 2p core level).

thiophene ring generate a band at ~1357 cm™'.'” The DBSA
was doped into the PEDOT, which exhibited aliphatic C—H
bond stretching in the range between 2850 and 3000 cm™'.'®
The spectrum of the synthesized PEDOT-coated graphene filler
shown in Figure 2(c) appears to be a combination of peaks
from both raw graphene and pure PEDOT.

XPS analysis provided further information about the PEDOT-
coated graphene filler. Figure 3(a) shows the XPS survey spectra
of graphene, pure PEDOT, and PEDOT-coated graphene. The
graphene spectrum was composed of only two elements, C and
O, while C, O, and S signals emerged in the pure PEDOT spec-
trum. The peaks at the C, O, and S positions were also observed
in the PEDOT-coated graphene spectrum, but the C/O atomic
ratio was higher than that of PEDOT, because graphene mainly
consists of carbon atoms. This result implies that the PEDOT-
coated graphene filler was successfully synthesized in this poly-
merization process, as further confirmed by the FE-TEM analy-
sis discussed below.

Furthermore, investigation of the S 2p core-level spectrum was
also carried out to estimate the doping level of the PEDOT

Graphene

coating on the graphene surface. The PEDOT coating acted as
an electrically connective layer between the PEDOT matrix and
graphene. The doping level is directly related to the electrical
conductivity, because the positions of the dopant in the conduc-
tive polymer chains affect the electron pathways.

S 2p core-level spectra for the DBSA-doped PEDOT on the gra-
phene surface are shown in Figure 3(b). The doping level was
calculated from the measured areas via the deconvolutions of
the XPS signals, based on the different binding energies of sul-
fur atoms in the DBSA and PEDOT. Two large peaks in the rel-
atively low binding energy region were observed at both 163.9
and 165.1 eV, indicating sulfur atom spin-splitting in PEDOT.
The sulfur atoms in the DBSA (R-SO3) doped into the PEDOT
chain exhibited a binding energy of 167.4 eV.'"” The peak of the
sulfur atoms in the oxidized form (SO;~) of undoped DBSA
appeared at a binding energy of 168.8 eV.** The areas corre-
sponding to the R-SO3 of the DBSA-doped PEDOT, divided by
the PEDOT signals, allow a direct estimation of the doping
level. On the basis of the measured areas, the DBSA-doped
PEDOT layer had a 21.7% doping level.

e _T_‘". »
PEDOT fayey

“
A LA

Lattice of
graphene

Figure 4. FE-TEM images of (a) raw graphene, (b) PEDOT-coated graphene (low magnification), and (c¢) PEDOT-coated graphene (high magnification).
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Figure 5. TGA curves of raw graphene, PEDOT-coated graphene, and
pure PEDOT.

The TEM analysis directly confirms the successful synthesis of
the coated PEDOT layer on the graphene surface. Figure 4(a)
shows a TEM image of raw graphene sheet, which is almost
transparent and has a very smooth surface. Figure 4(b) presents
a low-magnification TEM image of the PEDOT-coated gra-
phene, highlighting the presence of the coating layer on the
external graphene surface. The coated PEDOT layer was clearly
revealed in the high-magnification TEM image [Figure 4(c)]. It
was easy to distinguish the PEDOT from the graphene region
due to the distinct lattice pattern of the graphene in the TEM
image, despite the fact that the graphene sheet was coated by
only a thin nanosized PEDOT layer.

Figure 5 shows the TGA thermograms of raw graphene, pure
PEDOT, and PEDOT-coated graphene, which allow us to ana-
lyze the level of PEDOT coating more quantitatively. Raw gra-
phene exhibited outstanding thermal stability with no weight
loss up to a temperature of 600°C. The weight loss between 50
and 100°C may be due to the moisture absorbed from the
PEDOT. The main thermal degradation of the PEDOT was
observed at ~300°C in both pure PEDOT and PEDOT-coated
graphene samples, whose weights at 600°C were 41.1 and 90.1
wt % of the initial weights, respectively. On the basis of these
data, the amount of PEDOT coating on the graphene surface
was estimated as 16.8 wt %.

Electrical Conductive Behavior of PEDOT Matrices

Figure 6 shows the electrical conductivity of five types of
PEDOT materials with different molar ratio of oxidant. Electri-
cal conductivity increased up to 0.8 molar ratio in equivalent
EDOT monomers after which it decreased dramatically for fur-
ther increases in the oxidant ratio. This effect is due to the
increase in undoped oxidants remaining in the PEDOT chains.
When the oxidant ratio increases above 0.8, two types of
oxidants existed in the EDOT polymerization process: ionic oxi-
dants, such as Fe’" in the solvent and benzenesulfonate anions
(Bzs™) doped into the PEDOT main chain, and unionized
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oxidants that remained in the Fe(Bzs); form and thus hampered
electrical conduction.?!

PEDOT-MeOH had the highest electrical conductivity among
the PEDOT materials. The electrical conductivity can be
expressed in the well-known form:

o= n-e-pu (1)

where ¢ is the electrical conductivity, n is the charge carrier
concentration, e is the charge per carrier, and yu is the carrier
mobility. Thus, the electrical conductivity is directly connected
with changes in charge carrier concentration and mobility.

The effect of charge carrier concentration was relatively investi-
gated to the differences in the doping level of the polymer
chains.'” The oxidants were introduced into the conjugated
PEDOT chains and their positions affect the electron pathways.
Therefore, higher doping levels of the PEDOT chains could
exhibit higher charge carrier concentration. The doping ratio dif-
ferences of the PEDOT materials were calculated via XPS analysis.

Figure 7 shows the S 2p core level spectra of five kinds of
PEDOT materials. The double peaks at 163.9 and 165.1 eV
denote the spin-splitting in the sulfur atoms of PEDOT. The
binding energy peaks of the doped oxidants in the PEDOT
chain were observed at 167.6 eV, while the peaks at 169.1 eV
arise from the sulfonic acid group from undoped oxidants."’
The doping level could be estimated from the ratio of the sig-
nals corresponding to doped oxidants and undoped PEDOT.
On the basis of these measured areas, the PEDOT-MeOH had
molecular doping levels of 32.8%, which was approximately the
same level measured for PEDOT-EtOH (32.7%), PEDOT-PpOH
(33%), PEDOT-BtOH (32.5%), and PEDOT-HxOH (32.1%).
This result means that the change of electrical conductivity is
not caused by a different doping level or a different charge car-
rier concentration.

80 T T T T T T T T T T T T T

B —8— PEDOT-MeOH

- 50 - —— PEDOT-EtOH —
£ C —=— PEDOT-PpOH ]
K B —A— PEDOT-BtOH ]
L wfF —v— PEDOT-HXOH
§| L 1
= B ]
© %o .
3 L -
© = -
g L 4
R —_
I C =
L2 - 3
.§10— -
(TR .
0k -
B b beaa b bonaa o loanaliog

02 04 06 08 10 12 14 16 18

Mole ratio (Oxidant / EDOT)

Figure 6. Electrical conductivity of pure PEDOT-MeOH, PEDOT-EtOH,
PEDOT-PpOH, PEDOT-BtOH, and PEDOT-HxOH with different mole
ratio of the oxidants.
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Figure 7. S 2p core level XPS spectra of PEDOT-MeOH, PEDOT-EtOH, PEDOT-PpOH, PEDOT-BtOH, and PEDOT-HxOH.

On the basis of the previous discussion, charge carrier mobility
effects could be the only reason for electrical conductivity
changes, as a result of structural changes of the PEDOT-Bzs
formed in the various solvents. The solvent affects the molecular
ordering of the PEDOT chains in the polymerization process;
stronger interchain interactions could reduce the charge carrier
hopping barrier between PEDOT chains, leading to higher charge
carrier mobility and increasing the electrical conductivity.

The XRD analysis provided evidence for the different conduc-
tivities induced by the different PEDOT chain structures. Figure
8 shows the XRD patterns of PEDOT-MeOH, PEDOT-EtOH,
PEDOT-PpOH, PEDOT-BtOH, and PEDOT-HxOH. As shown
in Figure 8, PEDOT-MeOH exhibits pronounced XRD peaks at
20 =6.8°, 13°, and 26.2°, corresponding to the (1 0 0), (2 0 0),
and (0 2 0) planes of orthorhombic PEDOT, respectively. The
lattice parameters of the PEDOT-Bzs (a=12.99 A, b=6.8 A,
c=3.4 A) were calculated by the Bragg equation:

)

A
2-sinf

2)

where / is the wavelength of the incident wave, d is the spacing
between the planes in the atomic lattice, and 0 is the angle between
the incident ray and the scattering planes. The parameters estimated
for PEDOT-MeOH were in agreement with previously reported val-
ues, indicating the existence of a PEDOT crystalline phase.'?
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Figure 8. XRD patterns of PEDOT-MeOH, PEDOT-EtOH, PEDOT-
PpOH, PEDOT-BtOH, and PEDOT-HxOH.
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All peak angles corresponding to the (1 0 0), (2 0 0), and (0 2 0)
planes of PEDOT-MeOH were shifted to slightly higher values
than those of other PEDOT materials. From the Bragg equation,
higher peak angles reflect a decrease in the distance between
neighboring polymer chains. In case of the (1 0 0) plane,
PEDOT-MeOH had an interchain distance along the a-axis
within the PEDOT chain stack of 12.99 10\, shorter than other
polymerized EDOT materials. The parameter b corresponding to
the (2 0 0) plane, which represents the distance between polymer
chains stacked on top of each other, was calculated as 6.8 A,
which was the shortest value measured for PEDOT materials in
this study. The shift of the (0 2 0) reflection plane to a higher
value reflects a short intrachain distance (3.4 A) of the neighbor-
ing thiophene rings in the conjugated backbone.

This result was attributed to the participation of the alcoholic
solvent in the EDOT polymerization process via the formation
of hydrogen bonds between the OH groups of the solvent and
sulfonate groups of benzenesulfonate anions, because the hydro-
gen bond between the alcoholic solvent and the oxygen atoms
of PEDOT is very weak.””

This structural difference, caused by the shorter chain alcoholic
solvent, enhanced the stacking of the PEDOT-Bzs chains. The
charge carrier hopping barrier was thus reduced by the decrease
of both intra- and interchain stacking distances of the conju-
gated polymer, and as a result the carrier mobility and electrical
conductivity were increased. On the contrary, solvent with lon-
ger chains could prevent efficient packing of the PEDOT chains,
resulting in increase of the carrier hopping barrier and decrease
of the carrier mobility.

Thermoelectric Properties

Figure 9 shows the electrical conductivity of the composites,
which is a crucial factor for defining the TE performance of the
material. The electrical conductivity of the PEDOT/graphene com-
posites exhibited a clear increase upon addition of graphene filler.
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The graphene filler can form a strong electrically conductive
network with the conjugated PEDOT chains. The graphene has
a high intrinsic carrier mobility (200,000 cm®/V s) and facilitate
carrier transfer by means of the m—r interaction with the back-
bone of the conducting PEDOT, which can greatly reduce the
charge carrier hopping barrier, and eventually the charge
carrier mobility is increased.**»** Therefore, as the graphene
filler content was increased, a higher electrical conductivity
was obtained.

Moreover, the rank order of electrical conductivity, according
to the solvent type of the PEDOT matrix, was also determined
as PEDOT-MeOH > PEDOT-EtOH > PEDOT-PpOH > PEDOT-
BtOH > PEDOT-HxOH. This result is attributable to the differ-
ence in polymer chain stacking of the PEDOT matrix induced
by the solvent.

As an another key factor, the Seebeck coefficients for the 0, 15,
30, 45, 60, 75, 90, and 100 wt % graphene fillers with the five
different PEDOT matrices are shown in Figure 10. The Seebeck
coefficient was also markedly improved with the increase of gra-
phene content, and this effect was strongly dependent on the
increase of carrier mobility.”> These dramatic simultaneous
improvements of both electrical conductivity and Seebeck coef-
ficient represent an ideal condition for manipulating the TE
performance of the material.

Furthermore, Figure 10 illustrates the slight ordering of the See-
beck coefficient measured for the different kinds of polymerized
EDOT materials (PEDOT-MeOH > PEDOT-EtOH > PEDOT-
PpOH > PEDOT-BtOH > PEDOT-HxOH), which originated
from the increase in carrier mobility through the solvent effect.

Figure 11 shows the thermal conductivity of the PEDOT/gra-
phene composites in relation to the graphene content. Com-
pared with the net enhancement of electrical conductivity and
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Figure 10. The filler content versus Seebeck coefficient of the PEDOT/gra-
phene composites for PEDOT-MeOH, PEDOT-EtOH, PEDOT-PpOH,
PEDOT-BtOH, and PEDOT-HxOH.
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and

Seebeck coefficient of the composites, the thermal conductivity
was found to be insensitive to the addition of graphene fillers,
which exhibited less than only 0.74 W/m K at the filler content
of 90 wt %. The thermal conductivity of the TE material is
composed of an electronic term from the charge carriers, x,,
and a lattice term from the phonons, k; (k = k, + k). The elec-
tronic contribution, x, can be estimated from the Wiedemann—

1-3,26,27
Franz law:

Ke=L-T-0 (3)
where L is the Lorentz number (L=2.45 X 10~% W Q/K?). The

electronic thermal conductivity (x,) changed from only 0.0003
to 0.14 W/m K because the electrical conductivity is low
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(6 =0.5-195 S/cm). The small contribution from the electronic
term (only about 0.2-23% for the samples) thus entails that the
total thermal conductivity mainly depends on the lattice term
k1. The interfaces between the insulating PEDOT layer and the
graphene particles acted as effective phonon scattering centers,
which hindered thermal transport due both to the thermally
insulating PEDOT barrier and to the graphene acting as impur-
ities in the PEDOT matrix.®

Finally, the TE performance of the composites can be evaluated
by both the power factor (S* o) and the TE figure of merit (>
o T/x). In Figure 12(a), the power factor increased sharply with
increasing graphene filler content, regardless of the solvent. The
ZT values of the PEDOT/graphene composites initially increase
until reaching a maximum value for the sample with a graphene
content of 75 wt % (PEDOT-MeOH, PEDOT-EtOH, and
PEDOT-PpOH), and then they decrease dramatically as the gra-
phene content increases. However, the PEDOT-BtOH/graphene
composites show a maximum ZT value with a graphene content
of 90 wt %. The PEDOT-HxOH/graphene composites show a
low efficiency than pristine graphene filler. This different trend
is because PEDOT-MeOH, PEDOT-EtOH, and PEDOT-PpOH
exhibited high electrical conductivity than PEDOT-BtOH and
PEDOT-HxOH, even though the five kinds of PEDOT/graphene
composites have similar Seebeck coefficient and thermal con-
ductivity values (PEDOT-MeOH > PEDOT-EtOH > PEDOT-
PpOH > PEDOT-BtOH > PEDOT-HxOH). As shown in Figure
12(b), the PEDOT-MeOH with 75 wt % graphene composite
had a maximum ZT of 1.9 X 10 2, higher than that of the
other composite materials.

The PEDOT/graphene composites studied in this work showed
improved TE performance via a simultaneous increase in both
electrical conductivity and Seebeck coefficient, resulting from the
increase in carrier mobility. This was attributed to the decrease in
the charge carrier hopping barrier via the reduction of intra- and
interchain stacking distance caused by a shorter-chain alcoholic
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Figure 12. (a) Power factor and (b) figure of merit (ZT) of the PEDOT/graphene composites with graphene content from 0 to 100 wt %.
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solvent. Moreover, the graphene filler can develop a strong elec-
trically conductive network with the PEDOT chains, and as a
result the charge carrier mobility is increased.

CONCLUSION

TE PEDOT/graphene composites were fabricated in five different
types of solvents (methanol, ethanol, 1-propanol, n-butanol, and
1-hexanol). Fe(Bzs); was chemically synthesized and used as oxi-
dant in the EDOT polymerization process. Before the composite
fabrication, DBSA was employed both as surfactant for formation
of graphene micelles and as doping agent to coat PEDOT on the
graphene surface. Individual graphene fillers were well dispersed
into the PEDOT matrix in the synthetic process of the composite,
because the coated PEDOT nanolayer had a marked affinity for
the PEDOT matrix. XPS analysis showed a 21.7% doping level of
the conjugated chain of the PEDOT coating on the graphene sur-
face. TGA results indicated that the graphene filler contained 16.8
wt % of PEDOT coating. PEDOT-MeOH had the highest electri-
cal conductivity among the PEDOT materials. The charge carrier
concentration did not contribute to the increase in electrical con-
ductivity, because all PEDOT materials prepared in different alco-
holic solvents showed almost the same doping level in the XPS
analysis. The main factor in this context was the change of charge
carrier mobility: in fact, according to the XRD analysis, the
shorter-chain alcoholic solvents enhanced stacking of the
PEDOT-Bzs chains, due to the formation of hydrogen bonds
between solvent OH groups and sulfonate groups of the benzene-
sulfonate anion. The decrease of both intra- and interchain stack-
ing distances of the conjugated polymer thus reduced the charge
carrier hopping barrier, and as a result the carrier mobility and
electrical conductivity were increased. The electrical conductivity
of the PEDOT/graphene composite was significantly improved
with increasing the graphene filler content. The graphene filler
and the conjugated PEDOT chain can form a strong electrically
conductive network that increases electron delocalization, and the
extended chain conformation reduces the charge carrier hopping
barrier, increasing carrier mobility. The Seebeck coefficient of the
composites was also enhanced with increasing graphene content,
which strongly dependent on the increase of carrier mobility. The
thermal conductivity of the composite exhibited relatively small
changes, which was attributed to the effect of phonon scattering
at the interfaces between graphene and thermally insulating
PEDOT layers. This is an ideal result for the improvement of TE
properties, because the electrical conductivity and the Seebeck
coefficient can be enhanced simultaneously without significant
increase in the thermal conductivity. Finally, the maximum ZT of
the PEDOT-MeOH/graphene composite with 75 wt % graphene
filler content at room temperature exhibited a markedly
improved value of 1.9 X 1072 higher than that of other
PEDOT/graphene composites. The use of shorter-chain alcoholic
solvents in the PEDOT synthesis with addition of graphene filler
to fabricate TE composites is thus an efficient and promising
method to enhance TE properties.
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