
 
 

 

 
 

Construction of a cement–rebar nanoarchitecture for a solution-processed and flexible film of
a Bi2Te3/CNT hybrid toward low thermal conductivity and high thermoelectric performance

Chen, Zhijun; Lv, Haicai; Zhang, Qichun; Wang, Hanfu; Chen, Guangming

Published in:
Carbon Energy

Published: 01/01/2022

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1002/cey2.161

Publication details:
Chen, Z., Lv, H., Zhang, Q., Wang, H., & Chen, G. (2022). Construction of a cement–rebar nanoarchitecture for
a solution-processed and flexible film of a Bi2Te3/CNT hybrid toward low thermal conductivity and high
thermoelectric performance. Carbon Energy, 4(1), 115-128. https://doi.org/10.1002/cey2.161

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 26/03/2023

https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://doi.org/10.1002/cey2.161
https://scholars.cityu.edu.hk/en/persons/qichun-zhang(447f437a-11fb-4224-a484-0992bfbf9c19).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/publications/construction-of-a-cementrebar-nanoarchitecture-for-a-solutionprocessed-and-flexible-film-of-a-bi2te3cnt-hybrid-toward-low-thermal-conductivity-and-high-thermoelectric-performance(6c99c766-5167-4eda-acb2-b770eb542b7d).html
https://scholars.cityu.edu.hk/en/journals/carbon-energy(eb6f2f82-9c62-4489-86ed-831953d014b0)/publications.html
https://doi.org/10.1002/cey2.161


Received: 5 August 2021 | Revised: 20 August 2021 | Accepted: 17 September 2021

DOI: 10.1002/cey2.161

R E S E A R C H A R T I C L E

Construction of a cement–rebar nanoarchitecture
for a solution‐processed and flexible film of a Bi2Te3/CNT
hybrid toward low thermal conductivity and high
thermoelectric performance

Zhijun Chen1,2 | Haicai Lv1,2 | Qichun Zhang3,4 | Hanfu Wang5 |

Guangming Chen1

1College of Materials Science and
Engineering, Shenzhen University,
Shenzhen, China
2College of Physics and Optoelectronic
Engineering, Shenzhen University,
Shenzhen, China
3Department of Materials Science and
Engineering, City University of Hong
Kong, Hong Kong, China
4Center of Super‐Diamond and Advanced
Films (COSDAF), City University of
Hong Kong, Hong Kong, China
5National Center for Nanoscience and
Technology, Beijing, China

Correspondence
Qichun Zhang, Department of Materials
Science and Engineering, City University
of Hong Kong, Hong Kong, China.
Email: qiczhang@cityu.edu.hk

Hanfu Wang, National Center for
Nanoscience and Technology,
100190 Beijing, China.
Email: wanghf@nanoctr.cn

Guangming Chen, College of Materials
Science and Engineering, Shenzhen
University, 518055 Shenzhen, China.
Email: chengm@szu.edu.cn

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 51973122

Abstract

Solution processability and flexibility still remain major challenges for many

thermoelectric (TE) materials, including bismuth telluride (Bi2Te3), a typical

and commercially available TE material. Here, we report a new solution‐
processed method to prepare a flexible film of a Bi2Te3/single‐walled carbon

nanotube (SWCNT) hybrid, where the dissolved Bi2Te3 ion precursors are

mixed with dispersed SWCNTs in solution and recrystallized on the SWCNT

surfaces to form a “cement–rebar”‐like architecture. The hybrid

film shows an n‐type characteristic, with a stable Seebeck coefficient of

−100.00 ± 1.69 μV K−1 in air. Furthermore, an extremely low in‐plane thermal

conductivity of ∼0.33 W m−1 K−1 is achieved at 300 K, and the figure of merit

(ZT) reaches 0.47 ± 0.02. In addition, the TE performance is independent of

mechanical bending. The unique “cement–rebar”‐like architecture is believed

to be responsible for the excellent TE performances and the high flexibility.

The results provide a new avenue for the fabrication of solution‐processable

and flexible TE hybrid films and will speed up the applications of flexible

electronics and energy conversion.

K E Y W O R D S

Bi2Te3, carbon nanotube, hybrid, solution‐processed, thermoelectrics

Carbon Energy. 2022;4:115–128. wileyonlinelibrary.com/journal/cey2 | 115

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Carbon Energy published by Wenzhou University and John Wiley & Sons Australia, Ltd.

http://orcid.org/0000-0002-9848-9101
mailto:qiczhang@cityu.edu.hk
mailto:wanghf@nanoctr.cn
mailto:chengm@szu.edu.cn
https://onlinelibrary.wiley.com/journal/26379368
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcey2.161&domain=pdf&date_stamp=2021-12-03








rhombohedral unit cell (Figure S1A) was confirmed by
the powder X‐ray diffraction (XRD) pattern (Figure S1B).
Additionally, the absence of impurity peaks demon-
strates the high purity of the product. In Figure S1C
and D, FESEM and TEM images clearly reveal the hex-
agonal morphology of the Bi2Te3 nanocrystals. The lat-
tice distance is measured to be 0.22 nm from the high‐
resolution TEM (HRTEM) image (Figure S1E). Figure S2
reveals the TEM‐EDS results. The presence of Bi and Te
elements and the atom ratio of Bi to Te (∼2/3), agreeing
with the molecular formula of Bi2Te3, confirm the suc-
cessful preparation of good‐quality Bi2Te3 nanocrystals
through the hydrothermal process.

The ink of the Bi2Te3 ion precursor was obtained by
dissolving the Bi2Te3 nanocrystals in the cosolvent of amine
and thiol. Evidently, a red‐brown solution can be observed
in Figure S3A, containing the mercaptan anions of Bi and
Te as well as the cation of ethanediamine (Figure 1A).
After homogeneous mixing with ethylenediamine‐treated
SWCNT dispersion under ultrasonication, a colloidal ink of
the Bi2Te3 precursor/SWCNT (2 wt%) complex with a dark
brown color achieved (Figure S3B). In the present study,
colloidal ink with a concentration of 25 g L−1 was used to
fabricate the hybrid film, as higher and lower concentra-
tions are detrimental to film formation. Then, the complex
solid‐state film was obtained by solution casting of the
colloidal ink, followed by heating. After that, the film was
soaked into an EG solution. The dried film was peeled off
and annealed at 380°C for 1 h. Finally, the flexible free‐
standing film of the Bi2Te3/SWCNT hybrid was obtained
after cooling to room temperature, where the Bi2Te3 na-
noplates are uniformly connected by SWCNTs. As shown in
Figure 1B, the free‐standing film with a size of 1.5 × 1.5 cm2

can be easily bent and can be used for further assembly of
flexible TE devices.

During the preparation, the solution‐processable
ink, composed of a Bi2Te3 ion–complex precursor and
ethylenediamine‐treated SWCNTs, is of high novelty
and a major advance. As some inorganic compounds
are soluble in a thiol–amine solvent without a redox
reaction,30,31 the ionic precursor solution of the Bi2Te3

soluble complex can be used to prepare composites via
the solution mixing method. On the contrary, before
mixing with the n‐type Bi2Te3 ion–complex precursor,
ethanediamine is used to treat the SWCNTs and switch
their p‐type characteristics to n‐type characteristics.
Note that the ethanediamine‐treated SWCNT film is
unstable in air, showing the reduced electrical con-
ductivity and Seebeck coefficient with time upon ex-
posure to air (Figure S4). Hence, the preparation
process should be completed in a glovebox in an argon
atmosphere. The underlying mechanism of the p‐ to
n‐type transition involves the donation of a lot of

electrons from the amine groups of ethanediamine to
the SWCNT (Figure S4). Consequently, a lot of posi-
tively charged ammonium cations are formed on
SWCNT surfaces, and the negatively organic anions
containing bismuth and tellurium coat the SWCNT due
to electrostatic interaction. Finally, many Bi2Te3 nano-
crystals are attached to the surfaces of the SWCNTs
after annealing.

3.2 | Structure and morphology
analyses of a hybrid film

The structure of the Bi2Te3/SWCNT hybrid was studied
by XRD, Raman spectroscopy, and XPS techniques,
while the morphology was directly observed by FESEM
and TEM. In Figure 2A, the rhombohedral Bi2Te3 phase
obtained by hydrothermal synthesis shows a series of
sharp diffraction peaks, corresponding to the standard
PDF#15‐0863 very well. This demonstrates that Bi2Te3

crystals with high purity and crystallinity have been
synthesized. In contrast, the film of the Bi2Te3 pre-
cursor/SWCNT complex solid film annealed at 120°C
shows poor crystallinity, with a relatively wide diffrac-
tion peak at 2� ≈ 4.3°. The strong peaks marked by stars
can be ascribed to tellurium (Figure S5) when the hy-
brid film is tested in air (RSTe− � RS− + Te).32 For-
tunately, the sharp peaks, which are characteristic of
high‐crystallinity Bi2Te3, occur again in the XRD pat-
tern of the Bi2Te3/SWCNT (2 wt%) hybrid annealed at
380°C, confirming the success of the hybrid preparation.
Furthermore, the average crystal domain size and the
orientation factors (Fx) of the Bi2Te3 nanocrystals in the
hybrid are calculated using the Scherrer equation and
Lotgering's method, respectively (Figure S6 and
Table S1). The average crystal domain size is about
622 nm. The Fx[006] and Fx[015] are 0.08 and −0.17, re-
spectively, indicating that the Bi2Te3 crystals adopt a
preferred orientation rather than random dispersion in
the hybrid film. Additionally, due to the low content of
the SWCNTs (2 wt%), there is no obvious diffraction
peak characteristic of the SWCNTs for the Bi2Te3/
SWCNT hybrid film in Figure 2A.

As shown in Figure 2B, the FESEM image and the
corresponding EDS mappings of the hybrid film reveal the
uniform distribution of the nanoplates and the elements
C, Bi, and Te in the film. Further investigation of the
morphology of the complexes after heating at 120°C is
essential. In Figure 2C, film wrinkles are prevalent, and
the high contents of sulfur element together with C, Bi,
and Te are uniformly distributed, confirmed by SEM–EDS
mappings of the complex‐film shown in Figure S7.
Figure 2D,E shows the top‐view and the cross‐sectional
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F IG U R E 2 Characterizations of the Bi2Te3/SWCNT (2 wt%) hybrid film. (A) X‐ray diffraction patterns of Bi2Te3, the Bi2Te3 precursor/
SWCNT hybrid film annealed at 120°C, and the Bi2Te3/SWCNT (2 wt%) hybrid annealed at 380°C. (B) FESEM image and the corresponding
energy‐dispersive spectroscopy mappings of the hybrid film annealed at 380°C, revealing the uniform distribution of C, Bi, and Te elements.
(C) FESEM image of the complex solid film annealed at 120°C. (D) Top‐view and (E) cross‐sectional FESEM images of the hybrid film after
annealing at 380°C. (F) Bi2Te3 crystals adhered to a bundle of SWCNTs. Inset: high‐angle annular dark field image. (G) Selected area
electron diffraction pattern. (H) High‐resolution TEM images of the Bi2Te3 lattice with a distance of 0.22 nm, corresponding to the (110)
plane. Bi2Te3, bismuth telluride; FESEM, field‐emission scanning electron microscopy; SWCNT, single‐walled carbon nanotube; TEM,
transmission electron microscopy
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FESEM images of the Bi2Te3/SWCNT (2 wt%) hybrid film
after annealing at 380°C. Figure 2D shows that the Bi2Te3

nanocrystals randomly grow around the dispersed
SWCNTs. Also, the cross‐sectional SEM image (Figure 2E)
demonstrates that the one‐dimensional (1D) SWCNTs ef-
fectively connect the Bi2Te3 crystals both vertically and
horizontally, to form the network of the “rebar–cement”
architecture. Thanks to this interlaced “rebar–cement”
network structure, the Bi2Te3/SWCNT hybrid film shows
both stable n‐type TE performance and good flexibility. In
addition, both the SEM image and the height test
(Figure S8) show that the free‐standing flexible hybrid film
has a micrometer scale (∼6 μm in Figure S8). Further-
more, as shown in Figure 2F, besides large Bi2Te3 nano-
crystals adhering tightly to the 1D SWCNTs, some smaller
nanocrystals are present on the surfaces of the SWCNTs.
The TEM image, as well as the corresponding selected
area electron diffraction pattern with a hexagonal pattern
(Figure 2G), further confirms the hexagonal nanocrystals
and 2D long‐range order within the ab planes of Bi2Te3.
Meanwhile, from the HRTEM image, the lattice distance
of the single nanocrystals was calculated to be ∼0.22 nm
(Figures 2H and S9), which is consistent with the (110)
spacing of Bi2Te3.

Assuming that the Bi2Te3 precursor ions may have a
strong chemical or physical interaction with the SWCNTs
after the volatile solvents are removed by heating, Raman
spectra and XPS measurements were conducted. In
Figure S10, the Raman peaks at 1334.8 and 1591.4 cm−1

are characteristic of the D and G bands of the SWCNTs,
respectively, while the Bi2Te3 nanocrystals are almost
featureless in the range between 900 and 2000 cm−1.
Moreover, the D and G bands correspond to the sp3‐ (i.e.,
defect structures) and sp2‐hybridized C atoms, respectively.
Compared with the neat SWCNTs, Figure S10B shows that
the Bi2Te3/SWCNT hybrid shows an increased intensity
and an obviously broadened shape of the D band. These
results suggest that interactions occur between SWCNTs
and Bi2Te3 nanocrystals, and the Bi2Te3 nanocrystals ad-
here tightly to the SWCNT surfaces.33 To further study the
chemical environment of element valence, we carried out
XPS measurements of the SWCNTs, Bi2Te3, and the hybrid
film (Figure S11). The full spectra are shown in
Figure S11A, and the enlarged regions characteristic of the
C 1s, Te 3d, and Bi 4f are shown in Figures S11B, S11C,
and S11D, respectively. In Figure S11B, the shift from 283.5
to 285.1 eV indicates the sp2 to sp3 transition of the Bi2Te3/
SWCNT hybrid relative to the neat SWCNTs, also de-
monstrating the interfacial interactions between SWCNTs
and Bi2Te3 nanocrystals.34,35 Besides, a comparison of the
Te 3d (Figure S11C) and Bi 4f (Figure S11D) regions sug-
gests that the hybrid film has fewer oxides, possibly due to
the surface protection of the adjacent SWCNTs.

3.3 | TE performance

Figure 3A shows the TE properties of the Bi2Te3/SWCNT
(2 wt%) hybrid films measured at 300 K. The SWCNT
content varies in the range of 1–4 wt% because the SWCNTs
will dominate the hybrid performance at a high content in
the hybrid. A homogeneous film of the pure Bi2Te3 shows a
low conductivity of about 79.22 ± 2.85 S cm−1 and an n‐type
Seebeck coefficient of −118.91 ± 2.80 μV K−1. With in-
creasing SWCNT content, the hybrid electrical conductivity
increases abruptly. However, the Seebeck coefficient re-
duces monotonically with increased SWCNT loading. As a
result, the power factor increases first until 2% SWCNT and
then reduces with the increased SWCNT content. Note that
the SWCNT film treated with ethylenediamine shows a
high electrical conductivity of 968.56 ± 16.78 S cm−1 and a
Seebeck coefficient of −49.44 ± 1.27 μV K−1. Hence, the
treated SWCNTs reveal a distinct n‐type characteristic with
high electrical conductivity. Due to the unique 1D nanos-
tructure, the dispersed SWCNTs may form electrically
conductive networks and pathways, which significantly
improve the hybrid electrical conductivity. At the optimized
SWCNT content of 2 wt%, the hybrid shows a maximum
power factor of 517.20 ± 26.21 μW m−1 K−2 at 300 K, which
is among the highest values for organic and composite TE
materials. The corresponding electrical conductivity and the
Seebeck coefficient are 517.20 ± 10.30 S cm−1 and −100.00
± 1.69 μV K−1, respectively.

To evaluate the long‐term stability, the Bi2Te3/SWCNT
(2 wt%) hybrid film was exposed to air at 300 K for 30 days.
Figure 3B shows that both the electrical conductivity and
the Seebeck coefficient are nearly constant. In other
words, the hybrid is very stable in air. Note that the
pristine SWCNTs without ethylenediamine treatment
show p‐type TE properties due to their oxygen sensitivity.
After the treatment, the majority of carriers transform
from holes into electrons, that is, a transition from p‐ to
n‐type characteristics takes place. The underlying
mechanism is schematically shown in Figure S4, being
consistent with electron‐rich organic molecules.16–18 On
the surfaces of the SWCNTs, a large number of Bi2Te3

nanocrystals are coated and protect the SWCNTs from
contact with air (Figure S12). Thus, the excellent air sta-
bility of the hybrid film results from the surface wrapping
of SWCNTs by Bi2Te3 nanocrystals, that is, the Bi2Te3

cement–SWCNT rebar architecture.
Here, we prepare a freestanding and flexible hybrid

film composed of prominent Bi2Te3 nanocrystals and a
small amount of SWCNTs by solution processing,
yielding outstanding and stable n‐type TE properties in
air. To elucidate the carrier transport mechanism,
the temperature‐dependent TE performances of the
Bi2Te3/SWCNT (2 wt%) hybrid, including the electrical
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where n is the carrier concentration. The above Hall
measurements well explain the result in Figure 3C.
Concomitantly, the carrier mobilities of the Bi2Te3 and
Bi2Te3/SWCNT (2 wt%) hybrids were measured to be 3.1
and 2.8 cm2 V−1 s−1, respectively. The slightly decreased
mobility of the hybrid may be due to the interfacial in-
teraction between Bi2Te3 nanocrystals and SWCNTS as
well as the reduced crystallinity of Bi2Te3 in the hybrid
film (Figures S10 and S11).

Thermal conductivity is an important parameter for
TE performance. Here, a parallel thermal conductance
method (schematically shown in Figure S13) was applied
to measure the in‐plane thermal conductivity of the hybrid
film. Figure 3D shows that with increasing SWCNT con-
tent, the thermal conductivity decreases first and then
increases. At the SWCNT loading of 2 wt.%, the Bi2Te3/
SWCNT hybrid film shows a minimum thermal con-
ductivity of 0.33 W m−1 K−1 at 300 K. Note that this is
among the minimum thermal conductivities in Bi2Te3‐
related materials and comparable to organic materials.36,37

Furthermore, the enhancement in the electrical con-
ductivity and the decrease in the thermal conductivity of
the Bi2Te3/SWCNT (2 wt%) hybrid film result in a high ZT
of 0.47 ± 0.02 at 300 K. Figure 3E presents the comparison
of the thermal conductivity and ZT of the present study

with those in previous publications.6,16,25,38–48 Distinctly,
organic TE materials have low thermal conductivities, but
the ZT values are relatively low. Although some inorganic
TEs show high ZT values, their thermal conductivities are
high. For the present study, the Bi2Te3/SWCNT hybrid
with a special “cement–rebar” architecture reveals an ex-
tremely low thermal conductivity of 0.33 W m−1 K−1 and a
high ZT of 0.47 ± 0.02 at 300 K. More importantly, the
performance tests have good repeatability. The TE per-
formance reported here is among the highest for n‐type
free‐standing and flexible hybrid films.

Thermal conductivity is a sum of electrical (�e) and
lattice (�lattice), that is, �total = �e + �lattice. The electronic
thermal conductivity (�e) follows the Wiedemann–
Frantz–Lorenz law, �e = L�T, where L and T are the
Lorenz constant and the Kelvin temperature, respec-
tively. Here, L is determined to be 1.5 × 10−8 V2 K−2, used
for nondegenerate semiconductors.6,49,50 Hence, �e is
proportional to the electrical conductivity. Figure 4A
shows that the values of �e and �lattice which indicate the
thermal conductivity of the hybrid film, are about
0.23 W m−1 K−1, corresponding to an extremely low
�lattice (∼0.1 W m−1 K−1). First, the contribution of elec-
trons to the thermal conductivity is low, due to the low
�e. In the whole range of SWCNT content (0−4 wt%), the

F IG U R E 4 (A) In‐plane thermal conductivity of the Bi2Te3/SWCNT hybrid film as a function of the SWCNT content. (B) Schematic of
discrete and packed models in a simple cubic pattern. (C) Unit cell of discrete type. (D) Unit cell of compact type, the maximum and
minimum heat transfer model, where the blue arrows show the direction of hear transfer. (E) Detailed diagram of the compact–contact
interface. T1 > T2. The hexagons and the black curves stand for the Bi2Te3 nanoplatelets and the SWCNTs, respectively. Bi2Te3, bismuth
telluride; SWCNT, single‐walled carbon nanotube
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high crystallinity with fewer defects (Figures S10
and S11), which may lead to weak phonon scattering
and high �lattice values.

3.4 | Film‐bending flexibility

Figure 1B clearly shows that the Bi2Te3/SWCNT hybrid
film, which was prepared by solution processing in a
glovebox with Ar gas, shows distinct metallic luster and
excellent flexibility.57–59 The free‐standing hybrid film
can be bent easily without any breakage or damage.
Furthermore, the bending tests were performed to
quantitatively investigate the mechanical flexibility and
robustness of the free‐standing hybrid film. The mea-
surement procedures are shown in Figure S15. The re-
sistance (R) of the Bi2Te3/SWCNT (2 wt%) hybrid film at
different bending radii was measured and normalized
using the original resistance (R0) as the reference. In

Figure 5A, the normalized resistances (R/R0) are near‐
unity, suggesting that the electrical conductivities remain
intact after bending with different radii. Even at a low
bending radius of 2.5 mm, no obvious deterioration in the
electrical conductivity occurs. Besides the dependence of
the normalized resistance on the bending radius, the
effect of bending cycles on the normalized resistance was
investigated at a small bending radius of 2.5 mm
(Figure 5B). After 200 bending cycles, the resistance of
the Bi2Te3/SWCNT (2 wt%) hybrid film remains nearly
unchanged. These experimental results further demon-
strate the high flexibility of the Bi2Te3/SWCNT hybrid
film reported herein. The reasons for the film's high
flexibility may include strong interactions between
SWCNTs and Bi2Te3 nanocrystals of various sizes, the
unique “cement–rebar” architecture, and the compact‐
packing film prepared by solution processing. In addi-
tion, mechanical tensile tests were conducted for the
Bi2Te3/SWCNT (2 wt%) hybrid film, and the stress–strain
curves (Figure S16) reveal that the film is stretchable.

4 | CONCLUSIONS

We present a novel preparation strategy for obtaining a
free‐standing flexible Bi2Te3/SWCNT hybrid film with
excellent TE performance by solution processing.
The method reported here can be expanded to other
systems for the fabrication of flexible films of TE com-
posites. The hybrid reveals a “cement‐rebar” archi-
tecture, where the Bi2Te3 nanocrystals and the SWCNTs
serve as the cement and the rebar, respectively. Im-
portantly, the Bi2Te3/SWCNT hybrid films show a
stable Seebeck coefficient of −100.00 ± 1.69 μV K−1,
even after being exposed to air for 30 days. At the
SWCNT content of 2 wt%, the hybrid shows the highest
power factor of 517.20 ± 26.21 μW m−1 K−2 and the
lowest thermal conductivity of 0.33 W m−1 K−1 at 300 K.
Consequently, the ZT of the hybrid film reaches as high
as 0.47 ± 0.02 at 300 K, being one of the highest n‐type
TE properties among flexible hybrid materials reported
so far. Besides, the hybrid film with only 2 wt%
SWCNTs as binders shows good flexibility with a
bending radius of 2.5 mm and stable TE performance
against mechanical bending. The findings reported
herein will greatly benefit the fabrication of novel high‐
performance TE composites and facilitate the applica-
tions of flexible TE devices.
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