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We present a method of constructing composites composed of conjugated polyelectrolytes (CPEs) and single-
walled carbon nanotubes (SWCNTs) to obtain a high-performing flexible thermoelectric generator. In this ap-
proach, three kinds of polymers, namely, poly[(1,4-(2,5-didodecyloxybenzene)-alt-2,5-thiophene] (P1), poly[(1,4-(2,5-
bis-sodium butoxysulfonate-phenylene)-alt-2,5-thiophene] (P2), and poly[(1,4-(2,5-bis-acid butoxysulfonic-phenylene)-
alt-2,5-thiophene] (P3) are designed, synthesized and complexed with SWCNTs as thermoelectric composites. The elec-
trical conductivities of the CPEs/SWCNTSs (P2/SWCNTs, and P3/SWCNTSs) nanocomposites are much higher than those
of non-CPEs/SWCNTs (P1/SWCNTs) nanocomposites. Among them, the electrical conductivity of P2/SWCNTs with
a ratio of 1:4 reaches 3686 S-cm~!, which is 12.4 times that of PI/SWCNTSs at the same SWCNT mass ratio. More-
over, CPEs/SWCNTs composites (P2/SWCNTs) display remarkably improved thermoelectric properties with the highest
power factor (PF) of 163 pW-m~'.K~2. In addition, a thermoelectric generator is fabricated with P2/SWCNTSs com-
posite films, and the output power and power density of this generator reach 1.37 uW and 1.4 W-m~2 (cross-section) at
AT =70 K. This result is over three times that of the thermoelectric generator composed of non-CPEs/SWCNTs com-
posite films (P1/SWCNTs, 0.37 uW). The remarkably improved electrical conductivities and thermoelectric properties of
the CPEs/SWCNTs composites (P2/SWCNTs) are attributed to the enhanced interaction. This method for constructing

CPEs/SWCNTs composites can be applied to produce thermoelectric materials and devices.

Keywords: composites, thermoelectric, SWCNTs, conjugated polyelectrolytes

PACS: 81.05.Qk, 72.15.Jf, 81.05.U—, 81.05.Lg

1. Introduction

Many researchers have focused on thermoelectric materi-
als, which are able to implement the conversion between ther-
mal energy and electrical energy based on the Seebeck effect,
due to their critical role in renewable energy utilization and
solving the energy crisis. Thermoelectric materials possess
good application prospects for sustainable technologies.!!-?]
However, they exhibit a major problem in that the thermo-
electric conversion efficiency is low, which hinders their de-
velopment. The thermoelectric material conversion efficiency
can be assessed through the thermoelectric figure ZT, repre-
sented by ZT = TS%oc /& (T is the absolute temperature, S is
the Seebeck coefficient, ¢ is the electrical conductivity, and K
is the thermal conductivity). For most organic materials, the
power factor (PF = $?0) is usually used as a criterion to assess
the thermoelectric properties, because the thermal conductiv-
ity is low.!3] Conductive polymers have many merits, such as
good processability, inexpensiveness, and excellent flexibility,
which are applicable for the formulation of flexible thermo-
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electric devices.*>! However, compared with the power factor
of inorganic thermoelectric materials, that of conducting poly-
mers is much lower.[* A feasible method is used to enhance
the power factor of conducting polymers through the manu-
facturing of conducting polymer/inorganic composites by an
appropriate strategy. ¢!

Single-walled carbon nanotubes (SWCNTs) are outstand-
ing materials for developing flexible thermoelectric materials,
due to their considerable chemical stability, high conductiv-
ity, and mechanical flexibility. Constructing nanocomposites
composed of conducting polymers as the matrix and SWCNTs
as the fillers has become a common method to enhance the

(101 Thus, many re-

thermoelectric performance of materials.
searchers are committed to developing nanocomposites com-
posed of conducting polymers and SWCNTs, which lead to a
high thermoelectric performance and high conductivity.['1-1]

However, there are few reports on CPEs/SWCNTs com-
posite thermoelectric materials. CPEs are described as conju-
gated conducting polymers bearing ionic side chains.!'3] Mai

and Bazan presented some reports about the thermoelectric

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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performance of self-doped CPEs and studied the influence of
different counterions on the thermoelectric performance.!'¥]
They also found that introducing hydrophilic tetracthylene
glycol as side chains can affect the polarization of counteri-
ons, which may promote the carrier concentration, followed
by the conductivity.!'>! In addition, they also proposed that
the SWCNTs could be doped by CPEs selectivity to bring
about p-type or n-type composites by introducing different
pendant ionic functionalities.!'®! Some researchers also found
that CPEs not only provided interactions between the CPEs
and m-framework of the SWCNTs walls but also rendered
the CPEs/SWCNTSs composites compatible in polar solvents
because of the resulting ionic functionalities.!!”) Considering
many advantages of CPEs that are summarized above, we con-
struct composites composed of CPEs and SWCNTs, and study
the influence of the interaction between CPEs and SWCNTs
on the thermoelectric properties of the composite films.
Herein, we synthesize three conjugated polymers:
poly[(1,4-(2,5-didodecyloxybenzene)-alt-2,5-thiophene] (P1),
poly[(1,4-(2,5-bis-sodium butoxysulfonate-phenylene)-
alt-2,5-thiophene] P2), poly[(1,4-(2,5-bis-acid
butoxysulfonic-phenylene)-alt-2,5-thiophene] (P3). Although
their conjugated skeletons are the same, the side chains are
different. Among them, P1 is non-CPEs, P2 and P3 are
CPEs. These three polymers give us a great chance to ex-
plore the interaction between CPEs and SWCNTs and its
impact on a composite film’s thermoelectric performance.

and

Moreover, we combine three polymers with SWCNTSs to pre-
pare the PI/SWCNT, P2/SWCNT and P3/SWCNT composites
with different SWCNT contents.
functionalities of the CPEs on the interaction between the

The influence of the ionic

polymers and SWCNTs and subsequent impact on thermo-

electric performance have been methodically studied. The
Raman spectroscopies and ultraviolet-visible (UV-vis) results
demonstrate that CPEs have a stronger interaction with SWC-
NTs than non-CPEs do. The elevated interaction increases the
power factor of the P2/SWCNTSs hybrid film at a ratio of 1:4 to
163 uW-m~!'-K~2 at room temperature, which is much higher
than that of PI/SWCNTSs hybrid film (112 pW-m~1.K2).

2. Results and discussion
2.1. Materials synthesis

The synthesis routes of P1, P2, and P3 are shown in
Scheme S1(a). PI1 is obtained by the typical Stille coupling
reaction, and P2 is obtained by the Suzuki coupling reac-
tion. The ion exchange of P2 with sulfuric acid provides P3,
as shown in Fig. S9, and sodium ions are successfully par-
tially exchanged. All three polymers are well characterized by
'H NMR spectroscopy (Figs. S3-S5), and P1 and P2 are char-
acterized by gel permeation chromatography (GPC) analysis
(Fig. S6).

2.2. Study of the photophysical and electrochemical prop-
erties of polymers

The absorption spectra of the film and solution states
of the polymers are measured through UV-vis absorbance
spectroscopy, which are applied to assess the m-electronic
structure. The solution and film of P1 are prepared by em-
ploying chlorobenzene as the solvent, and the solutions and
films of P2 and P3 are prepared by employing water. As il-
lustrated in Figs. 1(a)-1(c), these absorption spectra exhibit
a strong absorption band in the wavelength range < 800 nm,
and the absorption peak originates mostly from the 7—7* tran-
sition of the benzene—thiophene backbone. Moreover, the two
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Fig. 1. (a)—(c) UV-vis spectra of P1 in chlorobenzene and P2, and P3 in water solutions and in film states, (d)—(f) CV curves of the polymers.
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polyelectrolytes P2 and P3 in solution show maximum absorp-
tion at 374 nm and 377 nm, respectively, which are blueshifted
relative to P1 (463 nm). Compared to the solution, there is
an evident redshift of the absorption maximum band in the
film state, owing to the conjugated main chain of the polymer
undergoing enforced planarization during the film-forming
process.[!]

The electrochemical properties of P1, P2, and P3 are in-
vestigated through cyclic voltammetry (CV). The CV curves
are displayed in Figs. 1(d)-1(f). In all the polymers’ positive
potential ranges, there are a couple of reversible redox peaks.
The onset oxidation potentials (¢ox) of P1, P2, and P3 are ap-
proximately 1.2V, 1.6 V, and 1.0 V, respectively. The initial
oxidation potential is usually interpreted as the point at which
the current begins to rise from the baseline.!'®! In addition, the
onset reduction potentials (@r.q) of the P1, P2, and P3 poly-
mers are —1.1 V, —0.89 V, and —0.64 V, respectively. The
HOMO energy level represents the ionization energy of a poly-
mer, the P3 polymer shows the shallowest HOMO level among
the three polymers, indicating that P3 can be easily doped by
same dopants. Moreover, the P3 shows a relatively narrower
electrochemical band gap (Table S1).

2.3. Nanocomposite film morphologies

To further study the relationship between the nanostruc-
ture morphology, scanning electron microscopy (SEM) is ap-

5.0kV 8.6mm x10.0k SE(M)

5.0kV 9.2mm x10.0k SE(M)

plied to observe the surface morphology of the three compos-
ites. SEM images of the P2/SWCNTs nanocomposites with
different SWCNT contents are presented in Fig. 2. Moreover,
SEM images of the PI/SWCNTs and P3/SWCNTs nanocom-
posites are shown in Figs. S7 and S8. As presented in Fig. 2(a),
the surface topography of polymer P2 is smooth and closely
packed, while the SEM images of the P2/SWCNT hybrid films
(Figs. 2(b)-2(f)) illustrate that the SWCNTs are evenly dis-
persed in the nanocomposites. Moreover, there is no apparent
cluster phenomenon in the SEM images, indicating that the
SWCNTs are well-connected with the CPEs owing to strong
n—7 interfacial interactions. As a result, a three-dimensional
conductive network is obtained. The diameter of the carbon
nanotubes increases with increasing SWCNTSs content, but
the number of three-dimensional conductive networks also in-
creases. The conductivity of the original polymer is far poorer
than that of the SWCNTSs beam, and the SWCNTSs mixture
can greatly improve the nanocomposites conductivity. Com-
pared to the P2/SWCNTs composite films, PI/SWCNTs ex-
hibits some clustering phenomena and a larger diameter distri-
bution (Fig. S7), which could impede the formation of three-
dimensional conductive networks.!'”] P2/SWCNTs nanocom-
posites exhibit more favourable SWCNTs dispersions than
P1/SWCNTSs nanocomposites, probably because the interac-
tion between the CPEs and SWCNTs is stronger.

Fig. 2. SEM images of the P2/SWCNT nanocomposite films with mass ratios of (a) 1:0, (b) 4:1, (c) 2:1, (d) 1:1, (e) 1:2, and (f) 1:4.

2.4. Analysis of nanocomposite film photophysical proper-
ties

To investigate the interaction between SWCNTs and
polymers, the UV-vis absorption spectra of the original SWC-
NTs and nanocomposite films with different SWCNT con-
tents are measured. As illustrated in Fig. 3, the spectra
of the PI/SWCNT, P2/SWCNT, and P3/SWCNT composite

films show clear absorption bands at 495 nm, 390 nm, and
389 nm, which originate from the feature absorption bands
of P1, P2, and P3 in the nanocomposites. With decreasing
polymer loading, the intensities of these peaks gradually de-
crease, as expected. In addition, pristine SWCNTs show an
absorption peak at approximately 291 nm, which is charac-
teristic of SWCNTs.[2%! The PI/SWCNTs, P2/SWCNTs, and
P3/SWCNTSs nanocomposites with 80 wt% SWCNT loading

028104-3
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show absorptions at 301 nm, 313 nm, and 303 nm, respec-
tively. Compared with the results of the pristine SWCNTSs, a

tions between the SWCNTSs and polymers. Remarkably, the
P2/SWCNTs and P3/SWCNTSs nanocomposite films exhibit a

clear redshift of the characteristic SWCNT band is noticed in
the results of the hybrid films, elaborating the strong interac-

m (C v

' ' P2:SWCNT=4:1 1

' 301 \ 1313 h 303 .

w w : 7 P3:SWCNT=1:4

2291 ' 1291 , 291 .

3(')0 4(')0 5(')0 60'0 7(']0 800 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

larger redshift, indicating that these CPEs have stronger inter-
actions with SWCNTs.

[ . —4:
(% 1 P1:SWCNT=4:1 P3:SWCNT=4:1
d

\ '

P1:SWCNT=2:1 P3:SWCNT=2:1

Intensity
Intensiity
Intensity

Fig. 3. UV-vis absorption spectra of nanocomposite films with different ratios. (a) PI/SWCNT, (b) P2/SWCNT, and (c) P3/SWCNT nanocomposites.

2.5. Raman spectroscopy

To further study the interactions between SWCNTSs and
polymers and the p-doping mechanism of P1, P2, and P3,
SWCNTs and hybrid films are also characterized through Ra-
man spectroscopy. As shown in Fig. 4, the SWCNTSs present
intensive G bands at approximately 1591 cm ™" and 1590 cm™!
originating from the in-plane rotational movement of chemi-
cal bonds from many couples of sp?-hybridized C atoms. ']
However, the D bands at 1340 cm™! are not observed, sug-
gesting that the interaction does not introduce excessive de-
fects in the SWCNTSs. Pristine polymers show characteristic
bands, namely, the C-S stretching vibration on the conjugated
skeleton at 1343 cm™!.
from the C=C symmetrical stretching method of the benzene-
alt-thiophene units.?2! In addition, the G band of SWCNTs
from the polymer/SWCNT nanocomposite films redshifts in

The band at 1438 cm™! originates

comparison to that of pristine SWCNTs. The Raman shift
reflects the charge transfer from the SWCNTSs to the poly-
mers, which coincides with the p-type doping mechanism of
SWCNTs. 2324 Moreover, the P2/SWCNTs and P3/SWCNTs
composite films exhibit a larger shift, which implies an in-
crease in bond energy for sp? hybridized C atoms. This re-
sult is identical to the above mentioned results, which also ex-
plains why the CPEs have strong interaction with SWCNTs.
Moreover, the Raman spectra can be used to observe the inter-
action between polymer and SWCNTs, a detectable blueshift
indicates the strong m—7 interaction between polymer chains
and SWCNTs.[?>! Therefore, P2 and P3 have stronger inter-
action with SWCNT than P1. Since P2 and P3 have similar
segment structure, P2 and P3 have similar blueshift, the Re-
man spectra of the P2/SWCNT composite shift to a little bit
higher wavenumber due to the ionic side chains of P2.

b

P2

w Y P3
| /\__1597.9 ~ _ P2:SWCNT=4:1 1596.9
| N\ 1589 prswontsa| ‘ | \_puswont=a1
> . > 1594.9 > 1595.9
ElL N mmeo evswonraa| = YA A ) = /) \_paiswont=z:1
' [}
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- \ - )
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Fig. 4. Raman spectra of polymers, SWCNTs, and nanocomposite films with different ratios. (a) the P1, SWCNTs and PI/SWCNTs, (b) the P2,

SWCNTs and P2/SWCNTs, and (¢) the P3, SWCNTSs and P3/SWCNTs.

2.6. X-ray photoelectron spectroscopy

To study the changes in the chemical bonding and chem-
ical states of elements, the XPS is employed to characterize
the materials. XPS of P2 and P2/SWCNT with 80 wt% SWC-
NTs is performed. As shown in Fig. 5(a), all the characteristic
peaks (C 1s, O 1s, S 2p and Na 1s) of P2 and the P2/SWCNTs
nanocomposites film are displayed. The Na 1Is peak of P2
and the P2/SWCNTs nanocomposites film indicates the ex-

istence of ionic groups, further confirming that P2 is success-
fully composited with SWCNTs. In Fig. 5(b), the signal at
approximately 285.2 eV can be attributed to C-O, and the
peak at a higher binding energy of approximately 285.9 eV re-
sults from C—S. Moreover, the peak at approximately 284.8 eV
originating from C-S, and the peak deconvolution of the C 1s
of the P2/SWCNTs nanocomposite film (Fig. 5(c)) reveals a

more important assembly at 284.5 eV, originating from the
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C=C bond in the SWCNTs.[!1:26] Regarding the S 2p spec-
trum, the original single S 2p doublet is logically divided into
two doublets, involving S 2p>/2 and S 2p'/2, which is origi-
nate from the S element of the thiophene and sulfonate units,
respectively (Figs. 5(d) and 5(e)). The decomposed S 2p dou-
blet is noticed at binding energies of 164.38 eV and 165.48 eV,
which originate from the S element in the thiophene units. The
other S 2p doublets at 168.53 eV and 169.43 eV can be at-

tributed to the S element in the sulfonate units.[27-28]

(a) Gls 1'01s  ——P2/SWCNT
! —P2
e .

Na 1s
r

Intensity
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Fig. 5. (a) Deconvolution of the high-resolution XPS spectra of P2 and the
P2/SWCNTSs nanocomposite film with a mass ratio of 1:4, (b)—(c) C 1s peak
of P2 and the P2/SWCNTSs nanocomposites, (c)—(d) S 2p peak of P2 and
P2/SWCNT nanocomposite film.

2.7. Thermoelectric properties

Regarding PI/SWCNTs, P2/SWCNTs, and P3/SWCNTs
nanocomposite films, as presented in Figs. 6(a)-6(b), the elec-
tric conductivity and Seebeck coefficient with different mass
ratios are measured at room temperature. The related power
factor trends are summarized in Fig. 6(c). Clearly, the mix-
ture of SWCNTs can greatly elevate the conductivity of P1,
P2, and P3 (Fig. 6(a)). With increasing SWCNTs content,
the conductivity becomes increasingly high because the three-
dimensional conductive networks increase 2>3° Notably, the
conductivities of the P2/SWCNTs and P3/SWCNTs compos-
ites with ionic side chains are higher than those of nonionic
side chain PI/SWCNTSs composites. As follows, the conduc-
tivities of the PI/SWCNTs, P2/SWCNTSs, and P3/SWCNT

nanocomposites with a mass ratio of 1:4 are 297 S-cm™ 1,

3686 S-cm~!, and 3803 S-cm~!, respectively. Clearly, the
electrical conductivities of the P2/SWCNTs and P3/SWCNTs
nanocomposites with ionic side chains are nearly ten times the
electrical conductivity of PI/SWCNTs. One reason for the
improvement in the electrical conductivity owing to the strong
m—7 interaction between P2 and P3 and the SWCNTSs, consis-
tent with the above results, is that the stronger interaction leads
to more three-dimensional conductive networks, and is more
beneficial for carrier transport compared to the results with P1.
Moreover, the orbital energy levels of P2 and P3 are different
from those of P1 due to the ionic side chain, which is also ben-
eficial to carrier transport. Furthermore, p-doping is usually
the phenomenon in which electrons transfer from the highest
occupied molecular orbital (HOMO) of the SWCNTs to the
lowest occupied molecular orbital (LUMO) of the polymer.
As shown above, the experimentally measured LUMO levels
of P1 (—3.84 eV), P2 (—4.05 eV), and P3 (—4.3 eV), and
the Fermi level of SWCNTs (—4.9 eV) reported in the liter-
ature are deeper than those of P1, P2, and P3. B However, the
LUMO levels of P2 and P3 are more negative than that of P1,
which can also promote the charge transport of P2/SWCNTs
and P3/SWCNTs compared to PI/SWCNTs.
are beneficial for improving the electrical conductivity of the
P2/SWCNTs and P3/SWCNTs nanocomposites. Since the
LUMO level of P3 is closest to the HOMO level of SWCNT,
P3/SWCNT has the highest conductivity. The conductivity re-
lationship can also be verified by the carrier mobility and car-

These results

rier concentration shown in Table S2.

The Seebeck coefficients reveal that P1/SWCNTs,
P2/SWCNTs, and P3/SWCNTSs nanocomposites are all p-
The
P1/SWCNTSs nanocomposites have a larger Seebeck coeffi-
cient than P2/SWCNTs and P3/SWCNTSs nanocomposites.
The result can be explained through the relationship of con-

type thermoelectric materials, as shown in Fig. 6(b).

ductivity and the Seebeck coefficient, whose values are all re-

lated to the carrier concentration as follows:

o = neu, ()
2
=(2)'

In the light of Eqgs. (1) and (2), the conductivity and See-
beck coefficient are negatively correlated. In other words, the
P1/SWCNTs nanocomposites have a higher Seebeck coeffi-
cient, meaning a lower conductivity, and vice versa.

The power factor is calculated from the Seebeck co-
efficient and conductivity. Because the conductivity of
P2/SWCNTs and P3/SWCNTs greatly improves and the See-
beck coefficient decreases less, the power factor of the
P2/SWCNTs and P3/SWCNTSs nanocomposites are larger than
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that of PI/SWCNTs nanocomposites (Fig. 6(c)). In addi-
tion, when the SWCNT content increases, the trend of the
power factor curve is similar to that of the electric conduc-
tivity, which also explains why the conductivity dominates the
power factor. At room temperature, at a SWCNT content of
80 wt%, the power factors of P1I/SWCNT, P2/SWCNT, and
P3/SWCNT are 112 uW-m~1-K~2, 163 uW-m~!.K~2, and
151 uW-m~!.K~2, respectively.

To study the thermoelectric properties of the
P1/SWCNTs, P2/SWCNT, and P3/SWCNT nanocompos-
ites with 80 wt% SWCNT content at different tempera-
tures, the conductivity, Seebeck coefficient and power fac-
tor are also tested. As presented in Figs. 6(d)-6(e), with
increasing temperature, the conductivities of P2/SWCNTs
and P3/SWCNTs gradually decrease above room tempera-
ture, which is contributed to a phenomenon of metallic con-
duction and temperature-induced de-doping effect, similar
result has been reported by Li er al.’?! However, the See-
beck coefficients of P2/SWCNTs and P3/SWCNTs increase
with increasing temperature, which can be explained by the
heat-assisted jumping mechanism.333*1 On the other hand,
the Seebeck coefficient has an opposite dependence on the

charge carrier concentration, temperature-induced de-doping
effect will decrease the carrier concentration. As a result,
the Seebeck coefficient of the P2/SWCNT and P3/SWCNT
composites increases with the increasing temperature. How-
ever, the electrical conductivity of the PI/SWCNT compos-
ite has a lower value. At lower temperatures, the carrier
concentration is thermally activated and is in accordance
with Mott’s variable-range-hopping (VRH) model, at higher
temperatures, the carrier concentration is fully activated. !
Therefore, the Seebeck coefficient of the PI/SWCNT com-
posite changes oppositely in comparison with that of the
P2/SWCNT and P3/SWCNT composites. As shown, the
optimized power factors of PI/SWCNTs, P2/SWCNTs, and
P3/SWCNTs are 87 uW-m~ K2, 327 uW-m~!-.K~2, and
280 uW-m~!-K~2, respectively. Overall, at 460 K, the power
factor of the P2/SWCNTs nanocomposites reaches a max-
imum of 327 uW-m~!.K~2, which is higher than that of
P1/SWCNT nanocomposites with a maximum power factor
of 87 uW-m~!-K~2 at 360 K. It is worth mentioning that, the
ionic side chains of CPEs may obviously elevate the inter-
actions between the CPEs and SWCNTs, thus enhancing the
thermoelectric performance of the nanocomposites.
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Fig. 6. Thermoelectric properties of nanocomposite films with different ratios at room temperature: (a) conductivities, (b) Seebeck coefficients, and
(c) power factor. Thermoelectric properties of nanocomposite films with a mass ratio of 1:4 at different temperatures: (d) conductivities, (e) Seebeck

coefficients, and (f) power factor.

2.8. Thermoelectric generator performance

To investigate their thermoelectric generator perfor-
mance, three organic thermoelectric modules are fabricated
using PI/SWCNTs, P2/SWCNTs and P3/SWCNTSs nanocom-

posites with an 80% SWCNT content. Figure 7(a) shows

the model diagram of the thermoelectric generator consist-
ing of ten p-type thermoelectric films. The prepared p-type
nanocomposites are connected to copper glue, and then silver
glue is applied to the joint. The thermocouple is connected
to the hot and cold ends to monitor the temperature difference
AT (AT = Thot — Teo1d)- Figure 7(c) shows the theoretical (Vry)
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and actual (Vac) output voltage curves of the temperature dif-
ference (AT) of the P2/SWCNT nanocomposites. The actual
voltages (Vacs) are tested, and the theoretical voltages (Vrys)
are calculated according to

VTH = nST, (3)

where n is the number of nanocomposite films, and S is the
Seebeck coefficient of the p-type nanocomposite film. As pre-
sented in Fig. 7(c), Vty and V¢ exhibit a very small differ-
ence, which is attributed to the carrier concentration decreased
when thermally excited, because of the scarcity of carrier sup-
plements of the n-type thermoelectric materials, leading to a
small difference between Vg and Vac. Moreover, the Vac lin-
early increases with the temperature difference, at AT =70 K,
the Vac reaches 27.3 mV.

Our thermoelectric modules are composed of P2/SWCNT
composite films, whose total electrical resistance is approxi-
mately 120 Q. As shown in Fig. 7(b), the measured current—
voltage—power curves of the P2/SWCNTs composite films
are presented at different AT values. The device generates
a maximum output power of 1372 nW at AT = 70 K. Fig-
ure S10 shows the current output—voltage output and power
output curves for two other thermoelectric generators com-
posed of PI/SWCNT and P3/SWCNT composite films at sim-
ilar AT =70 K. The maximum output powers are 375 nW and
677 nW, respectively. Additionally, the calculated power den-
sity of thermoelectric modules composed of P2/SWCNT com-
posite films is shown in Fig. 7(d), which gradually increases
as AT increases. The maximum power density is 1.4 W-m~2
(cross-section) at AT = 70 K. The thermoelectric modules
containing ionic side-chain CPEs/SWCNTs nanocomposites
achieve higher thermoelectric conversion efficiency than the
non-CPEs/SWCNTs nanocomposites.

() (

Therm 1 t3130 71600
Voltage ermocouple Voltage >;::
detector detector = 1200
o 20
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Fig. 7. (a) The model diagram of the thermoelectric generator, (b) the out-
put voltage and power output curves from P2/SWCNT composite films at
different AT, (c) the output voltage curves of Vg and Vac at different AT,
and (d) the calculated power density at different AT .

3. Conclusion

We synthesize and characterize three types of polymers
(P1, P2, and P3) with identical conjugated skeletons but bear-
The ionic side chains of CPEs
may obviously elevate the interactions between the CPEs

ing different side chains.

and SWCNTs, thus enhancing the thermoelectric performance
of the nanocomposites. Therefore, the P2/SWCNTs and
P3/SWCNTSs nanocomposites with an 80% SWCNTs content
present high conductivities of 3586 S-cm~! and 3803 S-cm™!,
respectively, which are ten times that of P1/SWCNTs
(297 S-cm™'). Because the conductivity of P2/SWCNTs is
greatly improved and the Seebeck coefficient decreases less,
the power factor of P2/SWCNTs (164 uW-m~!'-K~?) is larger
that of PI/SWCNTs (112 pW-m~!.K~2).
the thermoelectric module containing CPEs composite films
(P2/SWCNTs) achieves a high output voltage of 27.3 mV,
output power of 1.37 uW, and power density of 1.4 W-m~>

Consequently,

(cross-section) at AT = 70 K, which is three times higher than
the thermoelectric generator containing non-CPEs composite
films (P1I/SWCNT 0.37 uW). This method of constructing
CPEs/SWCNTs composites can be applied in the production

of thermoelectric materials and devices.
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