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hermoelectric systems are very ef-

fective in harvesting electricity from

waste heat or heat sources with low
temperature gradients relative to the envi-
ronmental temperature.'? Low temperature
gradients are inadequate for power genera-
tion using conventional systems but are of-
ten present in the environment (e.g., solar
and geothermal energy) or generated from
various power generating or consuming
systems. The simple leg-type structures,
without moving parts, have significant ad-
vantages over conventional turbines, en-
gines, and compressors. In addition, their
high energy density (per unit weight and
volume) is ideal for mobile power sources
and distribution systems. This high power
density and simple structure have attracted
intense research effort toward improving
thermoelectric efficiency. Despite signifi-
cant efforts, there has been only marginal
improvement in thermoelectric efficiency
since the discovery of bismuth telluride al-
loys in 1960s.2 Typical thermoelectric semi-
conductor materials are expensive and rela-
tively difficult to process,* impeding their
widespread use for energy conversion. As a
result, it is very timely and necessary to in-
vestigate high power-density (or light-
weight) and relatively economical thermo-
electric materials.

In this regard, polymer nanocomposites
are very attractive as they are light and gen-
erally require relatively simple manufactur-
ing processes compared to semiconductor-
based thermoelectrics. The poor thermal
conductivity intrinsic to typical polymers is
ideal for thermoelectrics because the ther-
moelectric figure of merit (Z7), which is a
measure of thermoelectric energy conver-
sion efficiency, is defined as
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ABSTRACT The thermoelectric properties of carbon nanotube (CNT)-filled polymer composites can be
enhanced by modifying junctions between CNTs using poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS), yielding high electrical conductivities (up to ~40000 S/m) without significantly altering
thermopower (or Seebeck coefficient). This is because PEDOT:PSS particles are decorated on the surface of CNTs,
electrically connecting junctions between CNTs. On the other hand, thermal transport remains comparable to
typical polymeric materials due to the dissimilar bonding and vibrational spectra between CNT and PEDOT:PSS.
This behavior is very different from that of typical semiconductors whose thermoelectric properties are strongly
correlated. The decoupled thermoelectric properties, which is ideal for developing better thermoelectric materials,
are believed to be due to thermally disconnected and electrically connected contact junctions between CNTs.
Carrier transport at the junction is found to be strongly dependent on the type and concentration of stabilizers.
The crucial role of stabilizers was revealed by characterizing transport characteristics of composites synthesized by
electrically conducting PEDOT:PSS and insulating gum Arabic (GA) with 1:1—1:4 weight ratios of CNT to stabilizers.
The influence of composite synthesis temperature and CNT-type and concentration on thermoelectric properties
has also been studied. Single-walled (SW) CNT-filled composites dried at room temperature followed by 80 °C
exhibited the best thermoelectric performance in this study. The highest thermoelectric figure of merit (Z7) in
this study is estimated to be ~0.02 at room temperature, which is at least one order of magnitude higher than
most polymers and higher than that of bulk Si. Further studies with various polymers and nanoparticles with high

thermoelectric performance may result in economical, lightweight, and efficient polymer thermoelectric materials.
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where S, o, k, and T are thermopower (or
Seebeck coefficient), electrical conductivity,
thermal conductivity, and absolute temper-
ature, respectively.® Nevertheless, low elec-
trical conductivity and thermopower have
excluded polymers as feasible candidates in
the past. With the addition of electrically
conductive particles, the electrical conduc-
tivity of polymers can be brought into
degenerate-semiconductor or metallic re-
gimes. This conversion can be accom-
plished with a relatively low concentration
of nanoparticles when a segregated
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network is employed.5~° These networks can be cre-
ated with a polymer emulsion, whose particles create
excluded volume and essentially push particles into the
interstitial space between them. This situation dramati-
cally reduces the space available for the conductive par-
ticles to form networks, resulting in a significant en-
hancement of electrical conduction with a relatively
small concentration of particles.5'°

In typical bulk semiconductors, thermoelectric prop-
erties are strongly correlated, making ZT enhancement
very difficult. For example, an increase of electrical con-
ductivity often accompanies a decrease of ther-
mopower and an increase of thermal conductivity. De-
spite these trends in typical solids, our previous study
with carbon nanotubes (CNTs) and poly(vinyl acetate)
(PVAC) latex showed that it is possible to increase elec-
trical conductivity and keep thermopower and thermal
conductivity relatively constant.® This behavior is gov-
erned by electrically connected but thermally discon-
nected junctions between CNTs. A small energy barrier
for electron transport at the junctions plays an impor-
tant role in deterring low energy electron transport,
making thermopower insensitive to the increase of
electrical conductivity. The barrier for energy carrier
transport across the junctions can be significantly al-
tered by changing stabilizers that are necessary for dis-
persing and exfoliating CNTs,'"'? which naturally form
bundles due to van der Waals force between them.
Highly entangled nanotubes are difficult to disperse in
organic solvent or water without a stabilizer, resulting in
disconnected or less-branched networks. Electron
transport across junctions is influenced by interparticle
distance, electronic states of CNTs, contact potential
barriers, and electrostatic charges of CNTs and
matrices,'>' which can be altered with stabilizing
agents. There are several types of stabilizers that have
been used to disperse nanotubes in polymers such as
surfactants,’ '8 polymers,'®~?? biomolecules,?*?* and
inorganic nanoparticles.?>? Most dispersants are elec-
trical insulators that hinder electron transport across the
junctions. Recently, it was shown that an intrinsically
conductive polymer, poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS), can effectively sta-
bilize and disperse nanotubes in water,'* thereby en-
hancing electrical conductivity by preventing settling
and aggregation of CNTs. PEDOT:PSS has been widely
used as an antistatic coating material, electrodes for ca-
pacitors or photodiodes, transparent electrodes for so-
lar cells, and a hole transport layer for organic
LED.2"?7-30 |ts electrical conductivity can be greatly en-
hanced with solvent doping such as dimethyl sulfoxide
(DMS0).7731

In the present work, PEDOT:PSS, doped with DMSO,
was used to disperse CNTs in water. Additionally, trans-
port properties with electrically insulating gum arabic
(GA) were also studied for comparison. The electrical
conductivity of composites with PEDOT:PSS is much
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higher than that of GA composites, and increases with
higher CNT concentration or more PEDOT:PSS with re-
spect to CNT wt %. Drying at an elevated temperature
also results in an increase of electrical conductivity, but
thermopower is relatively insensitive to the change. Re-
placing XM-grade CNTs (XM-CNTs) with purified single-
walled carbon nanotubes (SWCNTs) shows two or three
time increases in electrical conductivity with similar
thermopowers. With high SWCNT concentration (35 wt
%), the electrical conductivity was measured to be
~40000 S/m, which is more than 100 times higher
than those of typical polymer composites'3233 contain-
ing high nanotubes concentration (>10 wt %). The
large enhancement in electrical properties did not sig-
nificantly alter thermal conductivity from those of typi-
cal polymers (0.2—0.4 W/(m - K)). The following sections
describe preparation, microstructures, and thermoelec-
tric properties of CNT-polymer composites. The influ-
ence of type and concentration of stabilizers and dry-
ing condition on thermoelectric properties has been
systematically studied. Finally, these experimental re-
sults would provide a pathway for improving the ther-
moelectric figure of merit of polymer nanocomposites.

RESULTS AND DISCUSSION

Figure 1 panels a and b show schematics of CNTs
dispersed by GA and PEDOT:PSS. Both dispersants exfo-
liate CNTs and modify their surfaces, making CNTs hy-
drophilic and thereby stabilized in water. Figure 1 pan-
els c and d illustrate the formation of a segregated
network during the drying of water-based polymer
emulsions that occurs after addition of stabilized CNTs.
Initially, the nanotubes and polymer particles are uni-
formly dispersed in water (left). During drying (water
evaporation), the polymer particles push the nanotubes
into interstitial spaces to form a segregated network
(right). Table 1 summarizes six different sets (samples
A—F) of polymer composites prepared for this study.
The composite matrix is a copolymer latex containing
vinyl acetate and ethylene. Because of the low glass
transition temperature (T) of this polymer emulsion
(=15 °C), it is more flexible than the poly(vinyl acetate)
homopolymer (Ty = 35 °C) that was used to make com-
posites reported earlier.> XM-CNTs (Carbon Nanotech-
nologies, Inc.), which are a mixture of metallic and semi-
conducting single-, double-, and triple-walled CNTs,
were used as a low cost alternative to SWCNTs. Higher-
quality SWCNTSs were also used to achieve enhanced
thermoelectric performance with the best recipe for
XM-CNT filled composites.

For the first set of samples (A1—A6), six different XM-
CNT concentrations, 2.1, 4.4, 6.9, 9.8, 12.5, and 15 wt %
(with a fixed 1:4 weight ratio between CNTs and PEDOT:
PSS) were used to study the influence of the filler con-
centration. The second set of samples (B1—B4) were
synthesized to compare thermoelectric properties of
composites made with electrically conducting PEDOT:
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Figure 1. CNTs form a three-dimensional network along the surface of spherical emulsion particles. Panels a and b show
schematics of CNTs dispersed by GA and PEDOT:PSS, respectively. Panels c and d show schematic illustrations of segregated-
network formation before (left) and after (right) the drying of water-based polymer emulsions.

PSS and insulating GA stabilizers. The third set (C1—C4)
uses four different weight ratios of CNTs to PEDOT:PSS
(1:1, 1:2, 1:3, and 1:4). PEDOT:PSS concentration affects
CNT dispersion and transport behavior at tube—tube
junctions. Excessive PEDOT:PSS could also form a segre-
gated network by itself. For the fourth set of samples
(D1—D4), an elevated drying temperature (80 °C) was
used. The high temperature removes excess dopant
(DMSO) as well as strengthens the segregated network.
The fifth and sixth sets of composites (E1—E3 and
F1—F3) were dried at room temperature, followed by
further drying at 80 °C. Samples E1—E3 show the influ-
ence of the mixed drying condition and PEDOT:PSS con-
centration at a high (20 wt %) CNT concentration. Sub-
stituting SWCNTSs for XM-CNTs (samples F1—F3) further
raises electrical conductivity, as discussed below.
Scanning electron micrographs (SEMs) shown in Fig-
ure 2 are the freeze-fractured cross sections of compos-
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ites with different CNT concentrations (samples A2, A3,
A5, and A6). PEDOT:PSS particles and CNTs are shown as
bright dots and curved lines, respectively, in these im-
ages. The PEDOT:PSS particles are observed along the
CNTs, which provides evidence for the affinity between
these materials. At a concentration of 4.4 wt %, most
CNTs are embedded within the polymer matrix, show-
ing that the interaction between CNTs and the polymer
matrix is strong. As the concentration increases up to
15 wt %, the network becomes thicker and many CNTs
are pulled out from the matrix. An increase in porosity is
also observed with higher CNT concentration. Micro-
voids start to form when the polymer emulsion can no
longer envelop fillers due to high filler concentration.
CNTs form networks upon drying, which are believed to
serve as a barrier for emulsions to fully coalesce and fill
these voids. These images, however, demonstrate that
this low Ty composite is more homogeneous and able
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TABLE 1. CNT Concentration and Type, Stabilizer, Weight Ratio between CNT and Stabilizer, and Drying Temperature of
the Samples Used for This Study

sample number CNT concentration (wt %) CNT type® stabilizer (NT/stabilizer weight ratio drying temperature

A1 2.1 XM PEDOT:PSS 1:4 room temp

A2 44 XM PEDOT:PSS 1:4 room temp

A3 6.9 XM PEDOT:PSS 1:4 room temp

A4 9.8 M PEDOT:PSS 1:4 room temp

AS 12.5 XM PEDOT:PSS 1:4 room temp

A6 15 XM PEDOT:PSS 1:4 room temp

B1 2 XM GA 1:4 room temp

B2 4 M GA 1:4 room temp

B3 6 XM GA 1:4 room temp

B4 8 XM GA 1:4 room temp

Qa 9.8 XM PEDOT:PSS 11 room temp

Q 9.8 M PEDOT:PSS 12 room temp

(€] 9.8 XM PEDOT:PSS 13 room temp

4 9.8 XM PEDOT:PSS 1:4 room temp

D1 9.8 M PEDOT:PSS 11 80°C

D2 9.8 M PEDOT:PSS 12 80 °C

D3 9.8 M PEDOT:PSS 13 80°C

D4 9.8 M PEDOT:PSS 1:4 80°C

E1 9.8 XM PEDOT:PSS 1:4 room temp and 80 °C
E2 20 M PEDOT:PSS 11 room temp and 80 °C
E3 20 XM PEDOT:PSS 1:2 room temp and 80 °C
F1 20 SW PEDOT:PSS 11 room temp and 80 °C
F2 20 SW PEDOT:PSS 1:2 room temp and 80 °C
F3 35 SW PEDOT:PSS 11 room temp and 80 °C

XM and SW stand for XM-grade CNTs and SWCNTSs, respectively.

Figure 2. (a) Cross-section of a 4.4 wt % CNT composite (sample A2) after being freeze-fractured. Cross sections of 6.9, 12.5,
and 15 wt % CNT composites (samples A3, A5, and A6, respectively) are shown in panels b, ¢, and d, respectively. The weight
ratio of CNT to PEDOT is 1:4. All scale bars indicate 1 um. CNTs are spaghetti-like slender objects and PEDOT:PSS particles
are protuberant spherical-shape objects (small dots) in the figures.
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Figure 3. Freeze-fractured cross sections of 9.8 wt % CNT composites dried at room temperature with (a) 1:2 (sample C2) and

(b) 1:4 (sample C4) ratio of CNT:(PEDOT:PSS). Cross sections of composites dried at 80 °C with a (c) 1:2 (sample D2) and (d) 1:4
(sample D4) ratio, and (e) dried at room temperature and subsequently 80 °C with 1:4 ratio (sample E1). All scale bars indicate
1 mm. CNTs are spaghetti-like slender objects and PEDOT:PSS particles are protuberant spherical-shape objects (small dots) in
the figures.

to incorporate more filler than composites made previ-
ously with a more rigid matrix.>°

Figure 3 panels a and b (samples C2 and C4) show
microstructures of room-temperature dried compos-
ites containing 9.8 wt % CNT with 1:2 and 1:4 weight ra-
tios of CNT to PEDOT:PSS. According to these micro-
graphs, it is not obvious how the amount of PEDOT:
PSS affects the CNT dispersion because the images only
show the surface of the samples. Nevertheless, the 1:4
composite clearly exhibits heavier aggregation of
PEDOT:PSS particles with a higher level of porosity.

www.acsnano.org

The aggregated and relatively rigid PEDOT:PSS is re-
sponsible for creating such voids.” Composites were
also dried at an elevated temperature (80 °C) to exam-
ine the effect of drying temperature. The higher drying
temperature resulted in a smoother surface and stron-
ger interaction between CNTs and the matrix, especially
for the 1:4 composite, as shown in Figure 3c,d (samples
D2 and D4). Most of the CNTs are embedded in the
polymer matrix without voids when the composites
were dried at 80 °C. This improved structure is largely
due to a decreased modulus of the emulsion particles
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Figure 4. (a) Electrical conductivities of 2.1, 4.4, 6.9, 9.8, 12.5, or 15
wt % CNT composites (samples A1—A6, respectively) at room tem-
perature. To compare the role of the stabilizer, electrical conductiv-
ity of samples B1—B4 (GA stabilizer, hollow circles) is plotted in
the linear—log scale inset with those of samples A1—A6 (PEDOT:
PSS stabilizer, filled circles). (b) Electrical conductivities of the com-
posites with 1:1, 1:2, 1:3, or 1:4 ratio between CNT and PEDOT:PSS
(samples C1—C4, D1—D4, and E1) at room temperature. CNT con-
centration is fixed to 9.8 wt %. (c) Electrical conductivities of the
composites with XM-CNT (20 wt %) or SWCNT (20 or 35 wt %) and
1:1 or 1:2 ratio between CNT and PEDOT:PSS (samples E2, E3, and
F1—F3) at room temperature.

at an elevated temperature. With reduced modulus,
the emulsion particles can more effectively deform and
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fill the gaps between CNTs. For the mixed drying tem-
perature (samples E and F), composites were allowed to
dry at room temperature typically for ~36 h, and then
heated to 80 °C for around 6 additional hours. As shown
in Figure 3e for sample E1, the microstructure of the
composite dried at this mixed temperature is similar to
that of the composites dried at only 80 °C.

Figure 4a shows the electrical conductivity of 2.2,
44,6.9,9.8,12.5, and 15 wt % CNT filled composites
with 1:4 weight ratio of CNTs to PEDOT:PSS dried at
room temperature (samples A1—A6). As the CNT con-
centration increases, the electrical conductivity is dra-
matically enhanced. A conductivity of ~11700 S/m at
15 wt % CNT loading (CNT: (PEDOT:PSS)=1:4) is compa-
rable to that of the composite (sample E2, ~12400
S/m) prepared with 20 wt % CNT concentration and
1:2 ratio of CNT to PEDOT:PSS. Note that electrical con-
ductivities of 1072—10" S/m are typically observed in
traditional nanotube-filled polymer composites with
similar concentrations.’3233 On the other hand, when
the composite was stabilized with GA (samples B1—B4),
electrical conductivity was lowered by a factor of 10*
or more, as indicated in the linear—log scale inset of
Figure 4a. PEDOT:PSS is believed to create better elec-
trically connected bridges between tubes than those of
insulating GA. This is a strong indication that elec-
tronic properties can be manipulated by altering junc-
tions between nanoparticles. For better thermoelectric
energy conversion, it is necessary to pass as many elec-
trons as possible across the junctions for high electri-
cal conductivity, while low energy electron transport is
deterred at the junctions for a large thermopower.

To study the role of PEDOT:PSS, the concentration of
PEDOT:PSS was varied with fixed CNT concentrations
(9.8 and 20 wt %). Furthermore, the influence of the dry-
ing condition and filler type on transport properties
was investigated. Figure 4b shows the electrical con-
ductivities of composites with 1:1, 1:2, 1:3, or 1:4 weight
ratio of 9.8 wt % XM-CNTs to PEDOT:PSS. These com-
posites were dried at room temperature, 80 °C, or com-
bination of room temperature and 80 °C, as described
earlier. As the PEDOT:PSS ratio is increased, electrical
conductivity is consistently enhanced irrespective of
the drying condition. PEDOT:PSS is electrically conduc-
tive, resulting in electrically less resistive tube—tube
junctions and self-made electron pathways. Increasing
the PEDOT:PSS loading results in a large number of
electrically bridged junctions until the conductivity be-
comes similar to that of completely covered tubes. The
electrical conductivity of the sample dried at 80 °C was
increased as much as 1.5—2 times compared to the
sample dried at room temperature because this el-
evated temperature often tightens nanoparticle net-
works.3* In addition, the composites dried at room tem-
perature show a significant level of porosity due to
intertube gaps. These pores can be eliminated when
the drying temperature is raised to 80 °C because the

www.acsnano.org



emulsion particles effectively deform around CNTs and
fill the gaps between them. The enhancement in electri-
cal conductivity from the mixed drying condition comes
from a slow drying process (e.g., more time for segrega-
tion) during the initial stage of the segregated network
formation. Additionally, 20 wt % CNT dispersed by 40
wt % PEDOT:PSS (total electrically conductive solids are
60 wt %) was synthesized with the mixed drying condi-
tion. Electrical conductivity was increased to a value
similar to sample A6 whose CNT concentration and
electrically conductive solid content were 15 and 75
wt %, respectively (Figure 4c). When the XM-CNT (20
wt %) was replaced by SWCNT, electrical conductivity
increased approximately three times, as shown in Fig-
ure 4c. At 35 wt % CNT loading, the composite reaches
~40000 S/m, which is among the highest electrical con-
ductivities ever reported for carbon-based composites.

Despite the large increase in electrical conductivity
by raising CNT loading, thermopower remains more or
less the same, ranging from 15 to 30 wV/K for samples
A1—A6, as shown in Figure 5a. These thermopower val-
ues are smaller than those in our earlier report (40—60
uV/K®) due to the high loading of PEDOT:PSS that has a
small thermopower (~10 V/K?*3%). Thermopower of a
PEDOT:PSS composite without CNTs (30 wt % PEDOT:PSS
and 70 wt % Airflex) was measured to be 17 wV/K with
electrical conductivity of 1050 S/m, which is close to the
lower bound of the thermopower of the 1:4 ratio compos-
ites (samples A2—A5). The low thermopower of PEDOT:
PSS appears to be largely responsible for the decrease
when more PEDOT:PSS was added, as shown in Figure
5b. Composites dried at 80 °C (samples D1—D4) exhib-
ited thermopowers lower than those of room-
temperature dried samples (samples C1—C4). Interest-
ingly, the thermopower of Sample E1, dried at room tem-
perature and subsequently 80 °C, was not considerably di-
minished, despite a large increase in its electrical
conductivity. This seeming contradiction is believed to
be due to the combination of a better segregated net-
work and improved DMSO doping. In general, emulsion
particles that are more rigid at lower temperature tend to
segregate CNTs better than ones that become soft at an
elevated temperature, while DMSO dopes more effec-
tively at a temperature higher than room temperature.
Larger electrical conductivity and thermopower from 20
wt % XM-CNT (sample E3) than those of sample E2 are
likely to be from better dispersion with larger PEDOT:PSS
concentration upon relatively high CNT concentration
(Figures 4c and 5c). Thermopowers of the samples made
of SWCNTs (samples F1—F3) are more or less the same as
those of XM-CNT despite high electrical conductivity.
Power factors (S%) of these composites are plotted in Fig-
ure 6. Figure 6a suggests that the power factor can be ex-
ponentially increased by incorporating more CNTs into
the matrix. According to the results in Figure 6b, at a fixed
9.8 wt % CNT concentration, higher PEDOT:PSS loading
is better due to higher electrical conductivity. For the
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Figure 5. (a) Thermopowers of 2.1, 4.4, 6.9, 9.8, 12.5, or 15 wt
% CNT composites (samples A1—A6, respectively) at room
temperature. (b) Thermopowers of the composites with 1:1,
1:2, 1:3, or 1:4 ratio between CNT and PEDOT:PSS (samples
C1—C4,D1—D4, and E1) at room temperature. (c) Thermopow-
ers of the composites with XM-CNT (20 wt %) or SWCNT (20
or 35 wt %) and 1:1 or 1:2 ratio between CNT and PEDOT:PSS
(samples E2, E3, and F1—F3) at room temperature.

SWCNT composites (samples F1—F3), a decrease in ther-
mopower from higher PEDOT:PSS loading resulted in
lower power factor. The highest power factor in the
present work was measured to be ~25 pW/(m - K)? from
35 wt % SWCNT and PEDOT:PSS with the mixed drying
temperature.
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Figure 6. (a) Power factors (S%¢) of 2.1, 4.4, 6.9, 9.8, 12.5, or

15 wt % CNT composites (samples A1—A6, respectively) at
room temperature. (b) S?c of the composites with 1:1, 1:2, 1:3,
or 1:4 ratio between CNT and PEDOT:PSS composites with the
fixed 9.8 wt % CNT concentration (samples C1—C4, D1—D4,
and E1) at room temperature. S*c of the composites with XM-
CNT (20 wt %) or SWCNT (20 or 35 wt %) and 1:1 or 1:2 ratio be-
tween CNT and PEDOT:PSS (samples E2, E3, and F1—F3) at
room temperature are also shown in panel b.

Unlike electrical conductivity, thermal conductivity is
relatively insensitive to CNT and PEDOT:PSS concentra-
tions. A small quantity of CNTs may act as impurities in the
polymer matrix and suppress thermal conductivity, but
the relatively small increase in thermal conductivity, even
at high CNT concentration (15 wt %), is different from
the behavior of typical bulks. Figure 7(a) shows that ther-
mal conductivity increases about 50% as the CNT concen-
tration is raised from 2 to 15 wt % with 1:4 ratio of CNT
to PEDOT:PSS. Conversely, thermal conductivity de-
creases about 13% when PEDOT:PSS concentration is in-
creased with respect to the fixed 9.8 wt % CNT concentra-
tion, as shown in Figure 7b. Thermal conductivity (k) of a
composite can be described by a parallel thermal resistor
model as

k =k, + KV, 2)

where k,, and kf are thermal conductivities of a matrix
and a filler, and V; represents the volume “fraction” of the
indexed (i) material, m (matrix), and f (filler) (i.e., the vol-
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Figure 7. (a) Thermal conductivities of 2.1, 4.4, 6.9, 9.8, 12.5,
or 15 wt % CNT composites (samples A1—A6, respectively) at
room temperature. (b) Thermal conductivities of the com-
posites with 1:1, 1:2, 1:3, or 1:4 ratio between CNT and PE-
DOT:PSS (samples C1—C4) at room temperature. CNT con-
centration is fixed to 9.8 wt %.

ume of the indexed material divided by total volume).
Note that the weight percent is close to the volume per-
cent in this study (densities of the polymer matrix, CNT,
and PEDOT:PSS are similar, ~1.2, ~1.3, and 1 g/cm?,
respectively).>”3! The thermal conductivity of the matrix
(km) is lower than that of CNT (kf), yielding an increase of
composite thermal conductivity upon higher CNT load-
ing. The measured thermal conductivity of the compos-
ite, however, is much smaller than an estimated value,
considering thermal conductivities of a typical polymer
(km) and CNT (k{) are ~0.2 and ~1000 W/(m - K),636738 re-
spectively. For instance, at 15 wt % CNT, thermal conduc-
tivity is predicted to be ~170 W/(m - K), as compared to
an actual value of ~0.36 W/(m - K). This would be due to
thermally poor tube—tube connections, making k¢ differ-
ent from the intrinsic thermal conductivity (k) of CNTs.3940
In other words, kf is much smaller than k; in these com-
posites (ki << kg). The suppression in thermal conductiv-
ity at higher PEDOT:PSS loadings would suggest that
many of tube—tube junctions are connected by PEDOT:
PSS, making less favorable paths for thermal energy trans-
port. Polymers like PEDOT:PSS have different vibrational
spectra from those of CNTs, impeding phonon transport
across CNT—(PEDOT:PSS)—CNT interfaces. As a result, the
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higher loading of PEDOT:PSS interferes with the phonon
transport. Additionally, particle-like PEDOT:PSS embed-
ded in the composite may act as scattering centers for
phonons. For the 35 wt % SWCNT composite (sample F3),
ZT is calculated to be ~0.02 at 300 K, with an estimated
thermal conductivity of ~0.4 W/(m - K). This ZT is at least
1 order of magnitude greater than those of the previous
studies with polymer composites®>#' 4> and higher than
typical values of bulk semiconductor materials such as sili-
con (ZT ~ 0.01%).

CONCLUSIONS

A series of segregated-network CNT-polymer com-
posites were prepared, and their thermoelectric proper-
ties (electrical conductivity, thermopower, and thermal
conductivity) and microstructure were characterized.
Composites were made with two different nanotubes
(XM-CNT and SWCNT) and stabilizers (PEDOT:PSS and
GA) and four different ratios of CNT to PEDOT:PSS, dried
at room temperature or/and 80 °C. This study revealed
the influence of the most important composite
parameters—CNT type and concentration, stabilizer,
and drying temperature—on thermoelectric properties.
PEDOT:PSS attaches to CNTs and presumably bridges
tube—tube junctions. This electrically conducting PE-

METHODS

Materials. A vinyl acetate—ethylene copolymer emulsion (Air-
flex 401 made by Air Products, Inc.) served as a matrix material
of the composite for this study. This latex contains 55.2 wt % sol-
ids in water and exhibits a Ty of —15 °C when dried into a film.
Prior to drying, the Airflex emulsion exists as an aqueous suspen-
sion of polydispersed polymer particles that are 0.14—3.5 pm
in diameter (an average diameter of ~650 nm). XM-grade CNTs
(XM-CNTs) and purified single-wall carbon nanotubes (SWCNTs)
were purchased from Carbon Nanotechnologies. XM-CNTs are a
mixture of metallic and semiconducting single-, double-, and
triple-walled CNTs. Gum arabic (GA) purchased from Sigma-
Aldrich was used as a stabilizer for the nanotubes in water. The
other stabilizer, poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS), was purchased from H. C.
Starck (CLEVIOS P for samples A, B, C, D, and E1 or CLEVIOS PH
500 for samples E2 and F). PEDOT:PSS exists as a suspension con-
taining 1.3 wt % solids (0.5 wt % PEDOT and 0.8 wt % PSS) in
water.

Composite Preparation. To increase electrical conductivity, PE-
DOT:PSS was mixed with DMSO (Sigma-Aldrich, Co.) for 2 h at
room temperature. Next, CNTs were combined with either the
PEDOT:PSS suspension or 2 wt % GA in water by sonication with
a VirTis Virsonic 100 ultrasonic cell disrupter (SP industries, Inc.)
for ~15 min at ~50 W. The Airflex emulsion and deionized wa-
ter were then added to the CNT/stabilizer mixtures to obtain an
aqueous precomposite mixture of 2.5 wt % total solids (except
for the composites with 20 and 35 wt % CNT concentrations,
whose total solids were ~1.5 wt % or less to reduce viscosity) fol-
lowed by several minute sonication. Total solid weight includ-
ing water is typically 20 g. The pH value of the composite mix-
tures were then adjusted to 2—2.9 because carbon nanotubes
are well dispersed at this pH level.*’ All sample concentrations
are based upon the total dry weight of the composite, which in-
cludes CNTs, emulsion solids, GA, and PEDOT:PSS. Solid compos-
ites were made by drying aqueous mixtures in a 26 cm? plastic
mold for ~5 days under ambient conditions and then for 24 h in
a vacuum desiccator prior to testing to completely remove re-
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DOT:PSS helps electrons (i.e., holes) to travel more effi-
ciently in the composites, resulting in high electrical
conductivity. Thermal transport across the tube—tube
junctions, however, is impeded due to mismatches in
vibrational spectra between CNT and PEDOT:PSS. This
behavior is ideal for developing better thermoelectric
materials. Thermal conductivities of various composites,
with 2—15 wt % CNT concentration and 1:1—1:4 ratios
of CNT to PEDOT:PSS, were within those of typical poly-
meric materials (0.2—0.4 W/(m - K)). On the other hand,
with 35 wt % CNT, electrical conductivity was raised to
~40000 S/m, while thermopower and thermal conduc-
tivity remained relatively constant. This electrical con-
ductivity is much greater than those of typical polymer
composites containing CNTs. Unlike bulk materials,
these composites have thermally disconnected, but
electrically connected junctions between conducting
particles. The best composites in the present work con-
tains 35 wt % SWCNT and 35 wt % PEDOT:PSS, dried at
room temperature and subsequently at 80 °C. This
recipe achieved a ZT of ~0.02, but may be further in-
creased by using an intrinsically conductive polymer
matrix, adding filler materials with high thermopower
and electrical conductivity, and varying filler
concentrations.

sidual water. Samples D1~D4 were dried for ~6 h in 80 °C and

then for 24 h in a vacuum desiccator at room temperature. In the
case of combination drying (samples E and F), composites were
dried for ~36 h under ambient conditions and then for ~6 h in
80 °C and then for 24 h in a vacuum desiccator at room temper-
ature. The thicknesses of the tested composites were 0.07—0.13
mm.

Composite Characterization. Electrical conductivity and ther-
mopower were measured with a homemade shielded four-
point probe apparatus with a Keithley 2000 Multimeter (Cleve-
land, OH) and a GW PPS-3635 power supply (Good Will
Instrument Co., LTD) in conjunction with Labview (National In-
struments, Austin, TX). Composite microstructures were imaged
with an FEI Quanta 600 field-emission scanning electron micro-
scope (Hillsboro, OR). Films were soaked in liquid nitrogen and
fractured by hand and the surfaces were sputter-coated with 4
nm of platinum prior to SEM imaging. For electrical conductiv-
ity and thermopower measurements, samples were cut into
pieces of a rectangular shape (typically ca. 30 mm X 7 mm) and
suspended by using a thermal paste between two thermoelec-
tric devices (typically ~15 mm apart) used for creating tempera-
ture difference. Electrical conductance was measured by using
a current—voltage (/—V) sweeping measurement technique with
four-point probes after four metal lines were patterned with a sil-
ver paint. For the thermopower measurement, temperature gra-
dients along the long edge of the sample were measured by two
T-type thermocouples. The thermoelectric voltages were mea-
sured while the temperature gradient was altered. Thermal con-
ductivity was measured along the film thickness direction with
a homemade ASTM D5470 standard setup.
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