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ABSTRACT: Electrical conductivity and thermopower of
isotropic materials typically have inversely proportional
correlation because both are strongly affected in the opposite
way by the electronic carrier concentration. This behavior has
been one of the major hurdles in developing high-performance
thermoelectrics whose figure-of-merit enhances with large
thermopower and high electrical conductivity. Here we report
a promising method of simultaneously improving both
properties with polyaniline (PANI) composites filled by
carbon nanotubes (CNTs). With addition of double-wall
CNTs (DWCNTs), the electronic mobility of PANI doped with camphorsulfonic acid (PANI-CSA) was raised from ∼0.15 to
∼7.3 cm2/(V s) (∼50 time improvement) while the carrier concentration was decreased from ∼2.1 × 1021 to ∼5.6 × 1020 cm−3

(∼4 time reduction). The larger increase of mobility increased electrical conductivity despite the carrier concentration reduction
that enlarges thermopower. The improvement in the carrier mobility could be attributed to the band alignment that attracts hole
carriers to CNTs whose mobility is much higher than that of PANI-CSA. The electrical conductivity of the PANI-CSA
composites with 30-wt % DWCNTs was measured to be ∼610 S/cm with a thermopower value of ∼61 μV/K at room
temperature, resulting in a power factor value of ∼220 μW/(m K2), which is more than two orders higher than that of PANI-
CSA as well as the highest among those of the previously reported PANI composites. Further study may result in high
performance thermoelectric organic composites uniquely offering mechanical flexibility, light weight, low toxicity, and easy
manufacturing. unlike conventional inorganic semiconductors.
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1. INTRODUCTION

Thermoelectric cooling and energy harvesting are suited to the
applications that require small dimensions and silence without
moving parts and working fluids,1 which often make thermo-
electric devices unique solutions (e.g., optoelectronics cooling
and mobile systems). While conventional thermoelectric
materials such as tellurium, lead, and bismuth are heavy, brittle,
toxic, and expensive, diminishing the benefit of thermoelectric
devices, organic thermoelectric materials could be flexible,
nontoxic, and inexpensive options for operations near room
temperature. However, organic materials typically have
relatively poor electrical conductivity (σ) and thermopower
(or the Seebeck coefficient) (S), which make up the
thermoelectric power factor (S2σ) that indicates the capability
of power generation and cooling. For example, polyaniline
(PANI) has recently been studied for thermoelectric
applications but thermoelectric power factors of PANI only
films are very small, which are typically in the range of 0.001−1
μW/(m K)2.2−7

To overcome the drawbacks, there have been efforts to make
composites with conducting fillers in host polymer matrices.
For example, electrically conducting inorganic materials or
conventional thermoelectric materials such as Bi2Te3, PbTe,

and Au nanoparticles were embedded in polymers.8−14

Although there has been progress, the power factor is still
small, 0.01−50 μW/(m K2). Moreover, the inorganic fillers are
likely to negate the major benefit of organic materials such as
mechanical flexibility, lightweight, and nontoxicity.
On the other hand, carbon-based materials such as CNTs,

graphene, and graphite were also studied as fillers owing to
their high electrical conductivity and flexibility.15−18 In
particular, one-dimensional CNTs are excellent candidates
because it is possible to improve the electrical conductivity of
composites with a small concentration of CNTs due to a low
critical volume fraction at percolation.19,20 It was demonstrated
that the thermoelectric properties of CNTs can be controlled to
have higher power factor21−24 or/and both n-type and p-type
behaviors.25−27 Recent papers have also shown that addition of
conductive fillers to polymers can improve the power factor by
increasing electrical conductivity with relatively constant
thermopower.20,28−31 While composites made of poly(3,4-
ethylenedioxythiophene) (PEDOT) and CNTs show relatively
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high power factors,28−31 most of PANI/CNT composites have
orders of lower power factors (<50 μW/(m K2)).15,32,33 A large
improvement for PANI/CNT composites was reported in a
very recent paper (176 μW/(m K2)),34 but this is still inferior
to those of PEDOT/CNT composites.
In this paper, we report simultaneous improvement of both

electrical conductivity and thermopower, which resulted in a
large enhancement in the power factor. The highest power
factor was measured to be ∼220 μW/(m K2), which is the
highest among those of the previously reported PANI
composites.2,4,9,15−18,32−43 This large improvement could be
attributed to the increase of electronic carrier mobility for
higher electrical conductivity and the reduction of the
electronic carrier concentration for larger thermopower. The
following describe synthesis and characterization of the
composites and their electronic properties.

2. MATERIALS AND METHODS
2.1. Materials. We used PANI emeraldine base (PANIeb) or

PANI doped with camphorsulfonic acid (PANI-CSA) (99%, Alfa
Aesar) together with single/double-wall CNTs (S/DWCNTs) (99 wt
%, Cheaptubes) or DWCNTs (99.9 wt %, Continental Carbon
Nanotechnology). PANIeb ([(C6H4NH)2(C6H4N)2]n) with 99.9%
purity and a molecular weight of ∼50 000 (Sigma-Aldrich), and CSA
(99%, Alfa Aesar) and m-cresol (99%, Alfa Aesar) were used for
synthesizing PANIeb and CSA-doped PANI composites.
2.2. Sample Preparation. An m-cresol solution containing 1 wt %

PANIeb was prepared with 0.5 g of PANIeb and 34 mL of m-cresol by
using a pen-type sonicator (Misonix Microson XL2000, 10 W for 30
min). Another 1.4-wt % PANI-CSA solution was prepared by mixing
0.5 g of PANIeb and 0.64 g of CSA in 35 mL of m-cresol with the pen-
type sonicator (20 W) for 30 min. Undissolved particles (less than ∼1
wt % of PANIeb powders) in the PANIeb and PANI-CSA solutions
were removed by using polytetrafluoroethylene filters (pore size is 0.45
μm). CNT solutions were prepared by sonicating 20-mg S/DWCNTs
or DWCNTs in 34 mL of m-cresol with the pen-type sonicator (10
W) for 30 min. Subsequently, these solutions were homogenized by an
additional 20 h sonication in a bath-type sonicator (Branson 1510).
The CNT solutions were mixed with the PANIeb or PANI-CSA

solution with different ratios to have 18 different variations of the solid
contents in the composites for this study (Table 1 and Figure 1a, b).
The mixture was homogenized in the ultrasonic bath for additional 20

h. The solution was dropped on glass substrates and dried at 40 °C on
a hot plate until the solution was fully dried (typically ∼20 h) in an
ambient condition. The film thickness was measured to be 3.5−19 μm
with 1 mL of the solution on 2 × 2 cm2 glass substrates, depending on
the solid contents in the solution. The dried films were then annealed
at 100 °C for 2 h in a vacuum (∼0.1 Torr) for densification. PANI
composite films are black and flexible like Figure 1c.

S/DWCNT-only and DWCNT-only samples were also prepared by
drop-casting solutions containing S/DWCNT (0.1 wt %) and sodium
dodecylbenzenesulfonate (SDBS) (0.5 wt %) in 1−1.5 mL of m-cresol.
Prior to the drop casting process, the solution was homogenized by
using the bath-type sonicator for 24 h. The obtained film was dried at
40−50 °C on a hot plate in an ambient condition until the solution
was fully dried (typically for ∼20 h). The dried films were then
annealed at 100 °C for 2 h in vacuum (∼0.1 Torr) to improve
electrical conductivity. The film thickness was measured to be ∼1 μm
with 1 mL of the solution on 2 × 2 cm2 glass substrates.

2.3. Characterization. Scanning electron micrographs (SEMs) of
composite were taken with an FEI Quanta 600 FE-SEM. To obtain the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), we carried out cyclic
voltammetry (CV) experiments (CHI 600 workstation) with a Pt
wire as a counter electrode and a silver wire as a pseudoreference
electrode in a standard one-compartment and three-electrode cell.
Spin-coated samples on a glassy carbon electrode were used as a
working electrode. An anhydrous acetonitrile solution (99.8%, Sigma-
Aldrich) containing 0.1-M Bu4NPF6 (98%, Sigma-Aldrich) and 0.01-M
AgNO3 (99.9%, Alfa Aesar) was used as an electrolyte. Before testing,
the solution was bubbled with Ar for 20 min to remove oxygen.
HOMO and LUMO were determined from the onset potentials of
oxidation and reduction by assuming the energy level of ferrocene/
ferrocenium (Fc/Fc+) is −4.8 eV.27 The half wave potential of Fc/Fc+

was measure to be 0.0 V against Ag/Ag+ in the electrolyte used for all
experiments. The Fermi level or work function (WF) of the samples
was determined by the Kelvin probe method with an atomic force
microscope (AFM) (Dimension Icon, Bruker) and a Pt-coated tip
(OSCM-PT model, Bruker). After the contact potential difference
(CPD) between the AFM tip and the samples was measured, WF was
calculated with following equation:27 WFsample = WFtip − CPD. Before
measurement, the WF of the tip was calibrated with a pure gold foil
(99.95%, 0.05 mm in thickness, Alfar Aesar), whose work function was
assumed to be 5.1 eV.

Electrical conductivity and thermopower of the composites were
measured at room temperature along the in-plane direction of the
films with a multimeter (Keithley 2000) and a data acquisition system
programmed by Labview (National Instruments). A four-probe
current−voltage measurement method was employed to accurately
determine the electrical conductivity. Current from 0 to ±1 mA was
passed to the sample to acquire a slope from a linear current−voltage
curve. For thermopower measurements, voltage values across a sample
were measured at 6 different temperature gradients between −3 and
+3 K. Thermopower was obtained from the slope of a linear
temperature−voltage curve. The coefficient of determination for
finding the slope in the measurement was greater than 0.99. For each
data point, four or more samples were tested to obtain the standard
deviation (std), which was calculated by using the following relations.
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where Xi and n are experimental data and the number of samples,
respectively. Hall measurements were performed according to ASTM
F76−08 to obtain the electronic carrier mobility and concentration.
With the van der Pauw geometry with 1 cm × 1 cm square samples,
sheet resistances and Hall voltages were measured under 1 T.

3. RESULTS AND DISCUSSION

SEMs in Figure 2 show Sample 1 containing PANIeb with 50-
wt % S/DWCNTs has rough surfaces with nanoscale pinholes

Table 1. List of Samples Containing Different Types of
PANI and CNT with Various CNT Concentrations

sample no. PANI type CNT type CNT concentration (wt %)

1 PANIeb S/DWCNT 50
2 PANIeb S/DWCNT 75
3 PANIeb S/DWCNT 83.3
4 PANI-CSA S/DWCNT 9.1
5 PANI-CSA S/DWCNT 16.7
6 PANI-CSA S/DWCNT 28.6
7 PANI-CSA S/DWCNT 50
8 PANI-CSA S/DWCNT 66.7
9 PANIeb DWCNT 5
10 PANIeb DWCNT 10
11 PANIeb DWCNT 20
12 PANIeb DWCNT 30
13 PANI-CSA DWCNT 0.1
14 PANI-CSA DWCNT 1
15 PANI-CSA DWCNT 5
16 PANI-CSA DWCNT 10
17 PANI-CSA DWCNT 20
18 PANI-CSA DWCNT 30

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01149
ACS Appl. Mater. Interfaces 2015, 7, 9589−9597

9590

http://dx.doi.org/10.1021/acsami.5b01149


(Figure 2a), compared to Sample 7 (PANI-CSA with 50-wt %
S/DWCNTs) whose surface is smooth (Figure 2b). Their cold-

fractured cross sections (Figure 2c,d) indicate that more and
longer CNTs were pulled out from the surface of the PANIeb
composite compared to PANI-CSA. This implies that adhesion
between the CNTs and PANIeb is inferior to that of the PANI-
CSA composites presumably because of the rigid structure of
PANIeb compared to PANI-CSA. In fact, when PANIeb
composites were synthesized with a lower concentration of S/
DWCNTs, the composites easily cracked despite the enhanced
mechanical property by CNTs. This is why the CNT
concentrations in PANIeb composites are high compared to
PANI-CSA composites (see Table 1). We believe the rigid
structure made the composites brittle, and cracks were caused
by shrinkage during the drying process.
The irregularly fractured surface from the PANIeb composite

is also another indication of poor and nonuniform adhesion
between the CNTs and PANIeb. It appears that the CSA
doping has a plasticizing effect, which might be due to a lower
crystallinity caused by the CSA molecules attached to the
backbone. Similar differences were observed from Sample 12
(Figure 2e) and Sample 18 (Figure 2f) containing 30 wt %
DWCNTs. DWCNTs contain less impurity particles compared
to S/DWCNTs,22 which may result in a higher packing density
as well as better adhesion between DWCNTs and PANI. We
believe this allowed us to synthesize composites with much
lower DWCNT concentrations.
The electrical conductivity, thermopower, and power factor

of Sample 1−3 (PANIeb with S/DWCNT) and Sample 4−8
(PANI-CSA with S/DWCNT) are depicted in Figure 3a and
3b, respectively. The electrical conductivity of the PANIeb
composite with 50-wt % S/DWCNTs was measured to be only
4.7 S/cm, which is much lower than that of PANI-CSA
composites with 50-wt % S/DWCNTs. We believe this is
because electronic transport across the junctions between
CNTs is deterred by the electrically resistive PANIeb, as
conceptually illustrated in the inset of Figure 3b. The electrical
conductivity of the PANIeb composite was improved by raising
the S/DWCNT concentration while thermopower was sup-
pressed. This opposite behavior is typical in bulk semi-

Figure 1. Four different sets of composites were synthesized by drop-casting mixture solutions of CNT and PANI. (a) S/DWCNT composites with
PANIeb or PANI-CSA. (b) DWCNT composites with PANIeb or PANI-CSA. (c) Composite containing 30 wt % DWCNTs with PANI-CSA
(deposited on a plastic film), demonstrating its flexibility.

Figure 2. Top surface of (a) a PANIeb film (Sample 1) and (b) a
PANI-CSA film (Sample 7) containing 50-wt % S/DWCNTs. The
fractured cross-sections along the out-of-plane direction of (c) Sample
1 and (d) Sample 7, and those of (e) a PANIeb film (Sample 11) and
(f) a PANI-CSA film (Sample 17) containing 30-wt % DWCNTs. All
scale bars indicate 1 μm.
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conductors when the electronic carrier concentration is
increased, but here we increased the CNT concentration.
The electrical conductivity of the S/DWCNT only films (0 wt
% PANI) was measured to be ∼35 S/cm, which is much lower
than the values of previously reported CNT only films. For
example, when CNT films were prepared with different
dispersants (N-methyl-2-pyrrolidone or SDBS with water),
the electrical conductivity of the films with similar CNTs
(synthesized by a chemical vapor deposition method) was
measured to be ∼200 S/cm.22

The relatively low electrical conductivity of the S/DWCNT
only films may come from inferior CNT dispersions in m-cresol
as well as electrically insulating m-cresol leftovers and/or SDBS
in the sample. It should be noted that the nanotube dispersion
can dramatically alter electrical conductivity22 because it affects
the energy barrier and the number of tube−tube junctions for
charge transport. Another reason for the lower electrical
conductivity of the S/DWCNT only film might be the low
density of nanotube networks because it was prepared by using
a drop-casting method compared to a vacuum filtering
method22,26,27 used for the sample with the higher conductivity.
With 50 wt % S/DWCNTs, the composite had a relatively

high thermopower value of ∼131 μV/K. When the
concentration of S/DWCNTs was increased to 83.3 wt %,
the thermopower dropped to ∼54 μV/K, which is similar to
that of the S/DWCNT only sample. This decreasing
thermopower values for Sample 1−3 (Figure 3a) as a function
of CNT concentration could be qualitatively understood as
follows. Assuming that the composite is made of two parallel
PANIeb and S/DWCNT resistors, the thermopower of the
composite can be described as
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where RPANIeb, RCNT, SPANIeb, and SCNT are the electrical
resistances and thermopowers of PANIeb and S/DWCNTs,
respectively. When the concentration of S/DWCNTs is raised,
RCNT decreases and RPANIeb increases (i.e., 1 + RPANIeb/RCNT >
1, RCNT/RPANIeb + 1 ≈ 1), resulting in a larger contribution
from SCNT and making Scomposite gradually approach SCNT.
Because the relative magnitude of thermopower is SPANIeb >
Scomposite > SCNT, the decreasing thermopower was observed
with higher CNT concentrations. Note that the thermopower
of a PANIeb only sample was not measured due to its large
electrical resistance in our experiments, but it was estimated to
be on the order of hundreds μV/K.2,44 When RCNT ≪ RPANIeb,
Scomposite ≈ SCNT. Therefore, the thermopower of the PANIeb
composite with 83.3-wt % S/DWCNTs is almost equal to that
of the S/DWCNTs only sample.
When we used electrically more conducting CSA-doped

PANI, the electrical conductivity of the PANI-CSA composite
containing 50-wt % S/DWCNTs was measured to be ∼40 S/
cm (Figure 3c), which is approximately 1 order of magnitude
higher than that of the PANIeb composite. We believe that the
higher conductivity comes from the improved charge transport
at the junctions between CNTs, as illustrated in the inset of
Figure 3d. The electrical conductivity of PANI-CSA and
PANIeb composites with 50 wt % S/DWCNTs could be
estimated by using a parallel resistor model

σ σ σ= +V Vcomposite PANI PANI CNT CNT (2)

where σ and V are electrical conductivity and volume fraction of
the indexed material, respectively. Assuming PANI-CSA and

Figure 3. Electrical conductivity and thermopower of (a) PANIeb composites (Sample 1−3) and (c) PANI-CSA composites (Sample 4−8)
containing various amounts of S/DWCNTs. An S/DWCNT-only sample was also displayed for comparison. The corresponding power factors for
(b) PANIeb composites and (d) PANI-CSA composites. The insets illustrate that CNTs are connected by electrically resistive (b) PANIeb deterring
charge transport and (d) PANI-CSA serving as electrically conducting glue to facilitate charge transport at the junctions between CNTs.
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PANIeb has the same mass density45 of 1.3 g/cm3, and CNT
has a mass density46 of 1.6 g/cm3, the volume fractions of
polymers and CNT are 0.55 and 0.45, respectively. With the
electrical conductivities of individual materials, PANI-CSA
(∼57 S/cm), PANIeb (∼1 × 10−8 S/cm),2 and CNTs (∼35 S/
cm), the electrical conductivity of the PANI-CSA composite is
calculated to be ∼47 S/cm, which is close to the experimental
value (∼40 S/cm). However, according to eq 2, the PANIeb
composite has much larger electrical conductivity (∼16 S/cm)
than the experimental value (∼4.7 S/cm). The matching
theoretical and experimental values from the PANI-CSA
composite indicate good charge transport at the junctions
between CNTs. This may also be due to the higher packing
density of the PANI-CSA composite compared to the PANIeb
composite, as shown in Figure 2a, b.
As the concentration of S/DWCNTs was raised from 9.1 to

66.7 wt %, the electrical conductivity was increased from ∼21
to ∼49 S/cm. Interestingly, the electrical conductivity of PANI-
CSA (i.e., 0-wt % S/DWCNT; see Figure 3c) was measured to
be 57 S/cm, which is higher than those of CNT-containing
composites. This could be attributed to the lower conductivity
(∼35 S/cm) of the CNT only sample (see Figure 3a),
compared to PANI-CSA. In the PANI-CSA composities, we
believe the electrical contact resistance between the nanotubes
was lowered by introducing the conducting polymer. In CNT-
only samples, cylindrical CNTs make either point-to-point or
line-to-line contacts, resulting in small contact areas and leaving
voids in the samples.22 In contrast, it is hard to see voids in the
PANI composites (particularly PANI-CSA composites, as
shown in Figure 2) The polymer can lower contact resistance
by enlarging the contact surface area. The conducting polymer
can also bind the nanotubes stronger and thereby increase the
packing density. In addition, PANI may alleviate the
interference from electrically insulating SDBS and m-cresol in
the composite.
On the other hand, the thermopower of Sample 8 (PANI-

CSA with 66.7-wt % S/DWCNTs) was higher than those of the
CNT only and PANI-CSA only samples, resulting in an

improved power factor (Figure 3d). The typical thermopower
behaviors were reversed for the PANI-CSA composites,
showing larger thermopower with higher electrical conductivity
(Sample 4−8 in Figure 3c). When the concentration of S/
DWCNTs is 9.1 wt % (Sample 4), the thermopower is ∼26
μV/K with ∼21 S/cm. With a higher 66.7-wt % S/DWCNT
concentration, the thermopower of the composite reached ∼85
μV/K with a higher electrical conductivity, ∼47 S/cm. It is
interesting to see that this thermopower is larger than those of
individual components (∼54 μV/K for S/DWCNTs and ∼18
μV/K for PANI-CSA2). Steep increases of the power factor
from the PANI-CSA composites were observed due to the
simultaneous improvement in both electrical conductivity and
thermopower, resulting in ∼34 μW/(m K2) with 66.7 wt % of
S/DWCNTs from ∼1.5 μW/(m K2) with 9.1 wt % of S/
DWCNTs.
We also tested electrically more conductive DWCNTs22

instead of S/DWCNTs to further improve the power factor
(Figure 4). This CNT replacement indeed significantly raised
the electrical conductivity of the PANI-CSA composites up to
∼610 S/cm with 30 wt % DWCNTs (Sample 18), as shown in
Figure 4b. The PANIeb counterpart (Sample 12), on the other
hand, resulted in ∼133 S/cm (Figure 4a), which is lower than
that of the PANI-CSA composite, presumably due to the low
electrical conductivity of PANIeb. Both thermopower and
electrical conductivity of the PANI-CSA composites with
DWCNTs (Sample 13−18) increased with higher CNT
concentrations, which is opposite to the behaviors of the
PANIeb composites (Sample 9−12). The power factor of the
PANI-CSA composites containing DWCNTs reached ∼220
μW/(m K2) at room temperature, which is more than 2 orders
of magnitude higher compared to PANI-CSA as well as the
highest among previously reported PANI composites. This
value is 1 order of magnitude higher than a PANI-CNT
composite (20 μW/(m K2)) with a higher CNT concentration
(41 wt %),33 and higher than a highly ordered PANI-CNT
composite (176 μW/(m K2)) with an even higher CNT
concentration (∼71 wt %).34

Figure 4. Electrical conductivity and thermopower of (a) PANIeb composites (Sample 9−12) and (c) PANI-CSA composites (Sample 13−18)
containing various amounts of DWCNTs. The corresponding power factors for (b) PANIeb composites and (d) PANI-CSA composites.
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The simultaneous increase of electrical conductivity and
thermopower has been further investigated by carrying out the
Hall measurements to obtain the electronic carrier mobility and
concentration. As shown in Figure 5, when DWCNTs were

added to PANI-CSA, the carrier mobility was significantly
increased to ∼7.3 cm2/(V s) from ∼0.15 cm2/(V s) of PANI-
CSA and the carrier concentration was reduced. The relatively
larger increase in the mobility (μ) compared to the reduction in
the carrier concentration (n) can be attributed to the increasing
electrical conductivity with addition of DWCNTs since
electrical conductivity (σ) has the following relation, σ = μne,
where n and e stand for electronic carrier concentration and
electron charge. The different trends of the PANI-CSA/
DWCNTs and PANIeb/DWCNTs composites could be
attributed to changes in the carrier mobility and concentration
as a function of CNT concentration. For PANI-CSA, the
addition of DWCNTs remarkably raised the carrier mobility

from ∼0.15 to ∼7.3 cm2/(V s) (∼50 time improvement) and
decreased the carrier concentration from ∼2.1 × 1021 to ∼5.6 ×
1020 cm−3 (∼4 time reduction). We believe that the larger
improvement in mobility compared to the reduction of the
carrier concentration increased electrical conductivity while the
reduced carrier concentration played a role in enlarging
thermopower. On the other hand, the carrier concentration
of the PANIeb composites increases with addition of DWCNTs
since the carrier concentration of PANIeb is much lower (≲1 ×
1017 cm−3)2 than that of DWCNTs (∼5 × 1020 cm−3, see the
texts below), suppressing thermopower.
The improved mobility with DWCNTs was further studied

by finding the locations of the Fermi level as well as HOMO
and LUMO. The Fermi levels of the DWCNT only and PANI-
CSA only samples were found to be 5.01 and 4.81 eV,
respectively (Figure 6b). With the addition of DWCNTs, the
Fermi level of the PANI-CSA “composites” approached that of
DWCNTs. For individual PANI-CSA and DWCNTs (before
they were made into composites), the electronic band diagrams
are shown in Figure 6c. In PANI-CSA composites, PANI-CSA
and DWCNTs were brought into contact, and then we
speculate that band bending in the HOMO and LUMO of
PANI-CSA occurs to equilibrate the Fermi levels, as shown in
Figure 6d. In this band alignment, the hole carriers in PANI-
CSA are likely to be attracted to the Fermi level of DWCNT
whose electronic mobility is much higher than that of the
PANI-CSA only sample. The mobility of DWCNTs can be
estimated from μ = σ/(ne). Electrical conductivity of the same
DWCNTs (the same production batch) without intense doping
processes is ∼1 × 105 S/m,22 and the carrier concentration is
expected to be ∼5 × 1020 cm−3 from Figure 5. Therefore, the
mobility of DWCNTs can be estimated to be on the order of

Figure 5. Hole carrier mobility and carrier concentration of PANI-
CSA composites at different DWCNT wt %.

Figure 6. (a) Cyclic voltammogram of PANI-CSA composites, showing the oxidation and reduction onset potentials with respect to Ag/Ag+. (b)
Work function of PANI-CSA composites at different DWCNT concentrations and a DWCNT only sample. (c) Fermi level of DWCNT only and
PANI-CSA only samples, and HOMO and LUMO of the PANI-CSA only sample. (d) Fermi level, HOMO, and LUMO when DWCNTs and PANI-
CSA were made into composites. It should be noted that c represents electronic bands of the individual materials before they were brought into
contact, whereas d represents those after contact in composites.
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10 cm2/(V s), which is close to the projected mobility value
with 100-wt % DWCNTs in Figure 5.
The increasing thermopower behavior could be explained on

the basis of the following relation that one can derive from the
general thermopower (S) expression23 for degenerate semi-
conductors or metals when energy (E) is proportional to Er and
parabolic electronic bands are assumed.
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where kB, m*, T, and r are the Boltzmann constant, effective
electron mass, absolute temperature, and scattering parameter,
respectively. For a given temperature and a fixed scattering
parameter, thermopower is a sole function of n−2/3, and
therefore the reduction in the carrier concentration is expected
to increase thermopower because of the inversely proportional
relation. To fully characterize the thermoelectric figure-of-merit,
the thermal conductivity of the samples needs to be measured
but it is difficult to accurately measure the thermal conductivity
of our thin samples along the in-plane direction. Note that all
the electrical properties were measured along the in-plane
direction.
We noticed that recent papers33,34 used out-of-plane thermal

conductivities (along the thickness direction) of PANI
composites to calculate thermoelectric figure-of-merit (ZT)
although the electrical properties were measured along the in-
plane direction. Oddly, the thermal conductivity of a PANI
composite containing 71 wt % CNT (0.43 W/(m K)) was
reported to be lower than that of a 41 wt % composite (1.5 W/
(m K)). According to recent studies,47,48 the out-of-plane
thermal conductivity of conducting polymers is significantly
lower than that of the in-plane thermal conductivity. This is
mainly because electrical conduction along the in-plane
direction is better than the out-of-plane. In fact, electronic
thermal conductivity based on the Wiedemann−Franz law is
calculated to be 0.51 W/(m K) from 700 S/cm of the 71 wt %
CNT sample, which is higher than their measured value (0.43
W/(m K)) that includes both electronic and lattice thermal
conductivity.34

Here our samples are not thick enough to characterize
thermal conductivity in the in-plane direction. Therefore, we
theoretically estimated the thermal conductivity of the
composite composed of PANI and 30% CNT using a parallel
resistor model:31

= + +k V k V k kcomposite CNT CNT PANI PANI electron (4)

where k and V respectively indicate thermal conductivity and
volume fraction of the indexed material. The densities of CNT
and PANI were assumed to be 1.6 and 1.3 g/cm3,
respectively.45,46 Here we used VCNT = 0.26, VPANI = 0.74,
kPANI = 0.2 W/m-K,49 and ke = 0.45 W/m-K based on the
Wiedemann−Franz law. kCNT was calculated based on a 3D
model derived by numerical calculation combined with analytic
expression.31,50 The average length and diameter of individual
CNT were determined to be 1.25 μm and 3 nm,
respectively.22,30 It should be noted that the model assumes
the infinite thermal conductivity for individual CNT because it
is well-known that the thermal contact resistance at CNT-CNT
junctions governs macroscopic thermal conduction in CNT
composites rather than the intrinsic thermal conductivity of
individual CNTs.20,31,51

Figure 7 shows the thermal conductivity of PANI-CSA with
30-wt % DWCNTs as a function of thermal contact

conductance between CNTs. We assumed that the maximum
thermal contact conductance is 10 pW/K, which corresponds
to direct CNT-to-CNT contact without any molecules in
between.52−55 The upper bound of the thermal conductivity is
estimated to be 15 Wm-K and the lower bound is 0.7 W/(m K)
with the minimum thermal contact conductance of 0.1 pW/K
in the case of CNT junctions intervened by polymers.31

Therefore, we estimated that the highest ZT value from our
samples is ∼0.1 at room temperature.

4. CONCLUSION
In summary, PANI-CNT composites were synthesized by
combining either PANIeb or PANI-CSA with either S/
DWCNTs or DWCNTs. CNT concentrations were varied
and electrical conductivity and thermopower were measured.
Composites with PANI-CSA and DWCNT had higher
electrical conductivities compared to composites with PANIeb
and S/DWCNT, and, with increasing CNT concentrations in
PANI-CSA composites, both electrical conductivity and
thermopower were simutaneously increased, showing extra-
ordinary electronic transport behaviors. The electrical con-
ductivity of PANI-CSA composites containing 30 wt %
DWCNTs was measured to be ∼610 S/cm with a thermo-
power value, ∼61 μV/K at room temperature, resulting in more
than 2 orders of magnitude higher power factor, ∼220 μW/(m
K2) compared to ∼1.8 μW/(m K2) of PANI-CSA. This value is
also the highest among those of the previously reported PANI
composites. We believe that the simultaneous improvement in
electrical conductivity and thermopower could be attributed to
the increase of the electronic carrier mobility and the reduction
of the carrier concentration. This study identified a promising
method of achieving high-performance fully organic thermo-
electric composites with unique characteristics such as flexibility
and low density that are not easily achievable with inorganic
thermoelectric materials.
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