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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 μVK−1 in air. Furthermore, an extremely low in‐plane thermal

conductivity of ∼0.33Wm−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.
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1 | INTRODUCTION

With the urgent demand for sustainable energy and the
rapid development of flexible microdevices, solution‐
processable, free‐standing, and flexible films of two‐
dimensional (2D) semiconductors for thermoelectric
(TE) conversion are receiving considerable attention at
present.1–4 TE is a green technology to directly achieve
the energy interconversion between heat and electricity,
where its physics is governed by three thermodynamic
effects including the Seebeck, Peltier, and Thomson
effects. The conversion efficiency is determined by the
dimensionless figure of merit (ZT):

S σT

κ

PF
TZT = =

κ
,

2

where S is the Seebeck coefficient or thermopower, σ is
the electrical conductivity, T is the absolute temperature,
κ is the thermal conductivity, and PF is the power factor
(PF= S2σ).5 High‐efficiency and commercially viable TE
techniques will revolutionize heat management, reduce
the greenhouse effect, benefit the environment, and
so forth. Most TE materials are narrow‐bandgap
chalcogenide‐based semiconductors, among which Bi2Te3
shows the highest room‐temperature ZT for n‐type
bulk nanostructured pellets of a monocomponent.6,7

Unfortunately, the poor processability of inorganic TE
materials severely limits their practical applications for
large‐sized and free‐standing films. Moreover, low flex-
ibility is also a limitation for Bi2Te3‐based TE materials
due to their inherent rigidity, considering that close con-
tact with heat source surfaces of arbitrary geometries is
usually required to reduce heat loss and optimize TE
conversion efficiency. Therefore, solution‐processable and
flexible Bi2Te3 films are highly desirable for practical TE
applications.

In recent decades, there have been many achievements
in organic conductive polymers and their composites as TE
materials since these materials have many advantages
including abundance in natural resources, low‐cost synth-
esis, lightweight, mechanical flexibility, and solution pro-
cess, compared with their inorganic TE counterparts.8–12

Engineering composites of inorganic and organic
constituents is an effective strategy to develop high‐
performance solution‐processable, free‐standing, and flex-
ible films.13–15 Compared with p‐type ones, n‐type TE ma-
terials are more difficult to achieve high TE performances
and excellent air stability, hence receiving particular at-
tention. Carbon nanotubes (CNTs), particularly single‐
walled CNTs (SWCNTs), have become an important con-
stituent to fabricate flexible films of TE composites.16–19 The
extreme oxygen sensitivity of CNTs leads to the p‐type

characteristic in air20,21; fortunately, their n‐type char-
acteristics can be realized by treatment with amino‐
substituted rylene dimides,22 diethylenetriamine doping,
and subsequent CaH2 treatment,23 or cationic surfactants,24

and so forth. To date, a few publications of n‐type Bi2Te3/
CNT hybrids have been reported using the magnetron
sputtering technique or the hot‐press method.25–27 For
example, in 2019, Jin et al.25 reported flexible films prepared
by anchoring layer‐structured highly ordered Bi2Te3 nano-
crystals on a CNT scaffold, which showed both n‐type high
TE performance (ZT up to 0.89 at room temperature) and
good flexibility. Later, they sequentially found that by de-
coupling phonon and carrier scattering at SWCNTs/Bi2Te3
interfaces, the TE performance could be improved, and they
further fabricated a flexible TE device based on the Bi2Te3/
CNT hybrid.26 In addition, Liu et al.27 reported flexible
TE materials and devices based on a Bi2Te3/CNT hybrid
fabricated using a magnetron sputtering technique. Never-
theless, no large‐area flexible films with convenient pro-
cessing are available, and the major problem is the poor
solution processability of the hybrids. Considering the above
factors, novel preparation strategies are required to fabricate
solution‐processable and flexible films of n‐type Bi2Te3/CNT
hybrids with significantly enhanced TE performance.

Inspired by building structures made of industrialized
rebar and cement, here, we propose a judicious strategy
for the fabrication of a flexible film of a Bi2Te3/SWCNT
hybrid. The SWCNTs act as connection wires (rebars) or
binders to make the Bi2Te3 nanolayers (cement) dissoluble
or dispersible in solution. Hence, free‐standing and flex-
ible films of n‐type Bi2Te3/SWCNT hybrids are achieved
using the conventional solution‐casting route (in which
the ink of a mixture of SWCNTs and Bi2Te3 is used). The
prepared hybrid film shows a high ZT of ∼0.47, with an
extremely low thermal conductivity of ∼0.33Wm−1 K−1 at
300 K. Moreover, the hybrid film shows excellent flex-
ibility and high stability against repeated bending cycles,
showing promising potential for versatile applications,
especially flexible and wearable electronics.

2 | EXPERIMENTAL METHODS

Materials and chemicals: Polyvinylpyrrolidone (PVP),
Bi2O3, TeO2, NaOH, and ethylene glycol (EG) were
purchased from Acros Company. Ethylenediamine (en),
1, 2‐ethanedithiol (edt), ethanol, and isopropyl alcohol
were bought from J&K. Single‐walled carbon nanotubes
(SWCNTs, with purity higher than 85 wt% and a dia-
meter of 1−3 nm) were provided by Shenzhen Nanotech
port Co. Ltd, China. All the chemicals were used as re-
ceived without any further purification or treatment, and
deionized water was used in all the experiments.
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Synthesis of Bi2Te3 nanocrystals: Bi2Te3 nanoplates were
synthesized using the solvothermal method. In a typical
process, PVP (0.3 g), Bi2O3 (0.5mmol), TeO2 (1.5mmol),
and 2mL of NaOH solution (5mol/L) were first added in
ethylene glycol (18mL). The resulting suspension was then
transferred to an autoclave and kept at 210°C for 4 h. After
cooling to room temperature, the products were collected
by centrifugation and washed several times with deionized
water, absolute ethanol, and isopropyl alcohol.

Preparation of free‐standing and flexible films of n‐type
Bi2Te3/SWCNT hybrids: The preparation route of Bi2Te3/
SWCNT hybrid films is shown in Figure 1B. A typical
preparation of the colloidal Bi2Te3 precursor/SWCNT dis-
persion is as follows: the colloidal Bi2Te3–precursor was
prepared by dispersing 100mg of Bi2Te3 powder in 2mL of
en and 0.4mL of edt under stirring for 1.5 h. The SWCNT
dispersion was obtained by adding 2mg of SWCNT to
2mL of en, and then ultrasonicated for about 2 h. The
above two dispersions were mixed for 1 h to afford liquid‐
like 25mg/mL Bi2Te3 precursor/SWCNT (2wt%) solution.
Note that the whole operation took place in an argon gas
glovebox. Then, the Bi2Te3 precursor/SWCNT dispersion
(∼400 µL, 25mg/mL) was first dropped into a removable
square mold and heated overnight on a hot plate at 60°C,
resulting in the formation of a continuous film. After
heating at 120°C for about 2 h, the film was peeled off from
the mold and placed in an ethylene glycol solution for 3 h.
Next, the hybrid film was transferred onto glass substrates,
heated to 380°C, and annealed for 1 h maintaining 380°C.
After slowly cooling down to room temperature, the free‐
standing and flexible hybrid films were obtained.

2.1 | Characterizations

Field‐emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) observations: The
morphological images were recorded using a FESEM
(Zeiss Sigma) with an acceleration voltage of 5 kV. The
samples were obtained by transferring the dried disper-
sions or films to conductive substrates and then evapor-
ating a thin layer of platinum with a thickness of several
nanometers. The TEM images were obtained using a
JOEL 200F TEM at an accelerated voltage of 120 KV.
SEM‐energy‐dispersive spectroscopy (EDS) and TEM‐
EDS were performed in the corresponding instruments,
respectively.

Raman spectra and X‐ray photoelectron spectroscopy
(XPS) characterizations: The Raman spectra were
recorded on a Raman spectrometer (LabRAM HR
Evolution) equipped with a laser diode for irradiation at
an excitation wavelength of 532 nm. The XPS measure-
ments were performed using Thermo Fisher Scientific

with an ultrahigh vacuum photoemission spectroscopy
system. A monochromatic magnesium Ka source
(1253.8 eV) was used for the measurements.

Hall effects tests: The carrier concentration and carrier
mobility were measured on an Ecopia HMS‐3000 Hall
effect measurement system. For the tests, the hybrid
films were cut into 0.8 × 0.8 cm2.

X‐ray diffraction (XRD) characterizations: XRD mea-
surements were carried out on a Smartlab Pro X‐ray
diffractometer. The measurements were performed on a
Bruker D8 Advance instrument with a Cu Kα source
(λ= 1.5406 Å).

TE properties tests: The electrical conductivity and the
Seebeck coefficient were measured using a commercial
Thin‐Film Thermoelectric Parameter Test System (MRS‐
3RT; Wuhan Joule Yacht Science & Technology Co., Ltd.)
in the temperature range between 300 and 400 K using a
quasi‐steady‐state method. To perform the tests, the hybrid
films were cut into a rectangular shape, with a dimension
of 15mm length, 5mm width, and 5–10 μm thickness
(calculated by KLA D‐300). The bending electrical con-
ductivity at room temperature was measured directly using
a KEITHLEY 2000 multimeter via the typical four‐probe
method.

For the measurements of thermal conductivities, the
parallel thermal conductance method was proposed by
Zawilski et al.28 for measuring small bulk samples at
the millimeter scale. Here, it was adopted to test the
in‐plane thermal conductivity of the hybrid films. A
sample holder was used to mount the flexible samples,
which is mainly composed of three parts: a heater (hot
end), heat sink (cool end), and a support post made of a
plastic film with low thermal conductivity (Figure S11).
The temperatures of the heater and heat sink were
monitored using two pairs of thermocouples. The mea-
surement was carried out in a high‐vacuum system. The
thermal conductance of the bare sample holder (known
as “baseline” thermal conductance, Cbase) was tested
first, accounting for the background heat losses through
the thermocouple wires, lead wires of the heater, and
surface radiation. The dissipated heating power P and the
measured temperature difference ΔT between the heater
and the heat sink follow a linear relation:

P I R C T= = Δ .2
base

By linearly fitting the ΔT–P data, the “baseline”
thermal conductance Cbase can be extracted. Then, the
sample was attached to the holder, and the total thermal
conductance Ctotal of the whole assembly was calculated
using the following equation:

P I R C T= = Δ .2
total
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The thermal conductivity κ was determined using the
following equation:

κ C C L A= ( − ) / ,total base

where A and L are the cross‐section area and the length
of the sample, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of a Bi2Te3/SWCNT
hybrid film

Figure 1 shows the schematic illustration of (A) the
formation mechanism and (B) the preparation procedure

of flexible films of Bi2Te3/SWCNT hybrids by the fabri-
cation of a Bi2Te3 ion precursor/SWCNT complex ink,
and subsequent drying, soaking, and annealing pro-
cesses. The experimental details are described in the
Supporting Information. Figure 1A shows that in the
Bi2Te3 precursor/SWCNT ink, an ionized Bi2Te3 pre-
cursor and dispersed SWCNT are formed. After drying, a
complex solid film is obtained. Finally, the heating re-
sults in the in situ Bi2Te3 crystallization closely attached
to the SWCNT surfaces and the formation of a
rebar–cement structure. The corresponding detailed
preparation process is shown in Figure 1B.

To obtain the ionized precursor, Bi2Te3 nanocrystals
were first prepared by hydrothermal synthesis,29 whose
structure and component analyses are shown in
Figures S1 and S2. The crystal structure with a

FIGURE 1 Illustration of the schematic diagram of preparation of a free‐standing and flexible thin film of a Bi2Te3/SWCNT hybrid.
(A) Proposed formation mechanism of the rebar–cement structure including preparation of ion inks of Bi2Te3 precursor/SWCNT dispersion,
drying to afford a solid film, and subsequent Bi2Te3 crystallization. (B) Detailed preparation route of the Bi2Te3/SWCNT hybrid film. Bi2Te3,
bismuth telluride; SWCNT, single‐walled carbon nanotube
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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 (2wt%) 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 2θ ≈ 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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(A) (B)

(C) (D) (E)

(F) (G) (H)

FIGURE 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

120 | CHEN ET AL.



FESEM images of the Bi2Te3/SWCNT (2wt%) 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
(2wt%) hybrid films measured at 300 K. The SWCNT
content varies in the range of 1–4wt% 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 μVK−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 μVK−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 2wt%, the hybrid shows a maximum
power factor of 517.20± 26.21 μWm−1 K−2 at 300K, 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 μVK−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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conductivity, the Seebeck coefficient, and the power
factor, were measured in the temperature range of
300–400 K. As shown in Figure 3C, the electrical
conductivity increases monotonically from 515.43 ±
13.03 S cm−1 at 300 K to 621.93 ± 15.92 S cm−1 at 400 K,
showing typical semiconductive characteristics. On the
contrary, the Seebeck coefficient decreases slightly with
temperature. Hence, the power factor of about
516.51 ± 27.13 μWm−1 K−2 remains almost unchanged.

Furthermore, the Hall effect measurements show that
the carrier concentrations of the neat Bi2Te3 and Bi2Te3/
SWCNT (2 wt%) hybrid film at 300 K are 2.16 × 1019 and
1.79 × 1020 cm−3, respectively. Theoretically, the increase
in the carrier concentration leads to an increase in the
electrical conductivity (σ neμ= ) and a reduction of the
Seebeck coefficient:

(A) (B)

(C)

(E)

(D)

FIGURE 3 Thermoelectric (TE) properties of the Bi2Te3/SWCNT (2 wt.%) hybrid film. (A) Electrical conductivity, Seebeck coefficient,
and power factor measured at 300 K. (B) Electrical conductivity and Seebeck coefficients of the Bi2Te3/SWCNTs (2 wt.%) hybrid film in air.
(C) Electrical conductivity, Seebeck coefficient, and power factor of Bi2Te3/SWCNT (2 wt.%) as a function of temperature (300–400 K).
(D) Effect of the SWCNT content on the in‐plane thermal conductivity and the corresponding figure of merit, ZT, for the hybrid. (E) Low
thermal conductivities and ZT values of typical TE materials, including organic, organic/inorganic composites, and inorganic materials.
Bi2Te3, bismuth telluride; SWCNT, single‐walled carbon nanotube
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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 0.33Wm−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 (2wt%) 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 0.33Wm−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 (κe) and
lattice (κlattice), that is, κtotal = κe + κlattice. The electronic
thermal conductivity (κe) follows the Wiedemann–
Frantz–Lorenz law, κe = LσT, 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, κe is
proportional to the electrical conductivity. Figure 4A
shows that the values of κe and κlattice which indicate the
thermal conductivity of the hybrid film, are about
0.23Wm−1 K−1, corresponding to an extremely low
κlattice (∼0.1Wm−1 K−1). First, the contribution of elec-
trons to the thermal conductivity is low, due to the low
κe. In the whole range of SWCNT content (0−4 wt%), the

FIGURE 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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largest κe is lower than 0.3Wm−1 K−1. In addition, with
an increase in SWCNT loading, both κe and the electrical
conductivity (Figure 3A) improve, which agrees with the
Wiedemann–Frantz–Lorenz law very well. Considering
the low κe, the contribution by κlattice is important to
defining the hybrid total thermal conductivity. In
Figure 4A, the value of κlattice reduces first and subse-
quently increases with an increase in the SWCNT con-
tent. At 2 wt%, κlattice shows its minimum value of
0.1Wm−1 K−1.

The underlying mechanism of the κlattice is compli-
cated and will be discussed in detail in the following
section. The unique “cement–rebar” architecture
characteristic may be one main reason. The presence of
a lot of Bi2Te3 nanocrystals of various sizes and the
interfaces between Bi2Te3 and SWCNTs results in
lattice phonon dissipation as well as hot scattering. As
shown in Figure S14, along with the electron transport,
strong phonon scatterings through multiscale mean
free paths (MFPs) including long, medium, and short
wavelengths take place. These suppress the thermal
transport and decrease the value of κlattice. Multiscale
defects (such as Te vacancies/Te‐Bi antisites,51 dis-
locations, interfaces of Bi2Te3/SWCNT, stacking faults,
nano‐microscale grain/twin boundaries, disordered and
porous network of nanowires,52 incomplete hexagonal
crystals, and irregular shapes53) and the integrity, and
inhomogeneity of the Bi2Te3 nanocrystal grains sub-
stantially affect the κlattice.

An ideal model to explain the thermal conductivity
of the Bi2Te3/SWCNT hybrid film is proposed in
Figure 4B−E, ignoring the defects inside the Bi2Te3
crystals, the amorphous structure, and the size de-
viance. Here, we mainly discuss the thermal con-
ductivity of the grain boundary, which is one main
factor. Figure 4B shows hexagonal Bi2Te3 nanoplates
with an SWCNT‐binder arranged in a simple cubic
pattern.54 The composite packing style along the in‐
plane direction can be essentially divided into discrete
and compact types. A unit cell of the former periodic
structure is shown in Figure 4C. In this case, the value
of κlattice is contributed by the hexagonal Bi2Te3 nano-
plates (κBi2Te3) and the gases among the adjacent na-
noplatelets (κgas). Meanwhile, the primary heat transfer
model is the compact model, and the unit cell is shown
in Figure 4D. Considering the complex and versatile
contact modes in the compact stacking model, two
typical contacts are presented here. In Figure 4D,
depending on two extreme conditions with the largest
contact and smallest areas between adjacent nanocrys-
tals, the maximum and minimum are shown on the left
and the right (θmax ∼ 30°), respectively, where θ is the
phonon direction. Two paths of heat transfer via

the gas and the interface are available, as indicated
by the blue‐colored arrows. Taking the right
compact–contact mode in Figure 4D as an example, the
heat transfer mechanism is further discussed in
Figure 4E. When the half‐length of a side for the
hexagon (a) is significantly larger than the MFP of
phonons (l), that is, ≫a l, the construction resistance
(Λc) is modeled using the formula of Maxwell,

C kaΛ = /c (C is constant). The other limit of ≪a l,
phonon transport through the construction, is described
as ballistic.55,56 The corresponding heat transfer, Q, in
the ballistic limit is described as
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where cω is the frequency‐dependent heat capacity per
unit volume. Thermal conductivity is proportional to
1/Λb, and the low thermal conductivity mainly results
from lower A and τ . Consequently, a high thermal re-
sistance occurs because of much ballistic constriction
resistance, meaning the extremely low thermal con-
ductivity in Bi2Te3/SWCNT hybrid film. The SWCNT
rebars will lead to the separation of the Bi2Te3 nano-
crystals, which hence reduces the interface area and
increases the defect. Besides, the hollow 1D SWCNT
nanowire has a framed 3D network in the hybrid film,
resulting in large numbers of vacancies. In other
words, the presence of the SWCNTs or the
cement–rebar architecture facilitates the transition
from the maximum (the left) to the minimum (the
right) heat transfer mode in Figure 4D. The hybrid
film, composed of compact Bi2Te3 nanoplates and dis-
persed SWCNTs, has discrete and compact nanoplate‐
stacking types. In contrast, the pure Bi2Te3 film shows
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high crystallinity with fewer defects (Figures S10
and S11), which may lead to weak phonon scattering
and high κlattice 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 μWm−1 K−2 and the
lowest thermal conductivity of 0.33 Wm−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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CHEN ET AL. | 125



Instrumental Analysis Center of Shenzhen University
(Lihu Campus).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID
Guangming Chen http://orcid.org/0000-0002-
9848-9101

REFERENCES
1. Lin Z, Liu Y, Halim U, et al. Solution‐processable 2D semi-

conductors for high‐performance large‐area electronics.
Nature. 2018;562(7726):254‐258.

2. Kim F, Kwon B, Eom Y, et al. 3D printing of shape‐
conformable thermoelectric materials using all‐inorganic
Bi2Te3‐based inks. Nat Energy. 2018;3(4):301‐309.

3. Chen G, Li Y, Bick M, Chen J. Smart textiles for electricity
generation. Chem Rev. 2020;120(8):3668‐3720.

4. Shi X‐L, Zou J, Chen Z‐G. Advanced thermoelectric design:
from materials and structures to devices. Chem Rev. 2020;
120(15):7399‐7515.

5. Deng L, Zhang Y, Wei S, Lv H, Chen G. Highly foldable and
flexible films of PEDOT:PSS/Xuan paper composites for ther-
moelectric applications. J Mater Chem A. 2021;9(13):8317‐8324.

6. Mehta RJ, Zhang Y, Karthik C, et al. A new class of doped
nanobulk high‐figure‐of‐merit thermoelectrics by scalable
bottom‐up assembly. Nat Mater. 2012;11(3):233‐240.

7. Jia Y, Shen L, Liu J, et al. An efficient PEDOT‐coated textile
for wearable thermoelectric generators and strain sensors.
J Mater Chem C. 2019;7(12):3496‐3502.

8. Lan X, Wang T, Liu C, et al. A high‐performance all‐organic
thermoelectric fiber generator towards promising wearable
electron. Compos Sci Technol. 2019;182:107767.

9. Huewe F, Steeger A, Kostova K, et al. Low‐cost and sustain-
able organic thermoelectrics based on low‐dimensional mo-
lecular metals. Adv Mater. 2017;29(13):1605682.

10. Yin S, Lu W, Wu R, Fan W, Guo C‐Y, Chen G. Poly(3,4‐
ethylenedioxythiophene)/Te/single‐walled carbon nanotube
composites with high thermoelectric performance promoted
by electropolymerization. ACS Appl Mater Interfaces. 2020;
12(3):3547‐3553.

11. Wu J, Sun Y, Pei W‐B, Huang L, Xu W, Zhang Q. Polypyrrole
nanotube film for flexible thermoelectric application. Synth
Met. 2014;196:173‐177.

12. Xu S, Shi X‐L, Dargusch M, Di C, Zou J, Chen Z‐G. Con-
ducting polymer‐based flexible thermoelectric materials and
devices: from mechanisms to applications. Prog Mater Sci.
2021;121:100860.

13. Wang Y, Hong M, Liu W‐D, et al. Bi0.5Sb1.5Te3/PEDOT:PSS‐
based flexible thermoelectric film and device. Chem Eng J.
2020;397:125360.

14. Deng L, Chen G. Recent progress in tuning polymer‐oriented
microstructures for enhanced thermoelectric performance.
Nano Energy. 2021;80:105448.

15. Liu W‐D, Yu Y, Dargusch M, Liu Q, Chen Z‐G. Carbon allo-
trope hybrids advance thermoelectric development and

applications. Renewable Sustainable Energy Rev. 2021;141:
110800.

16. Sun Y, Sheng P, Di C, et al. Organic thermoelectric materials
and devices based on p‐ and n‐type poly(metal 1,1,2,2‐
ethenetetrathiolate)s. Adv Mater. 2012;24(7):932‐937.

17. Fan J, Huang X, Liu F, Deng L, Chen G. Feasibility of using
chemically exfoliated SnSe nanobelts in constructing flexible
SWCNTs‐based composite films for high‐performance ther-
moelectric applications. Compos Commun. 2021;24:100612.

18. Liang L, Chen G, Guo C‐Y. Enhanced thermoelectric perfor-
mance by self‐assembled layered morphology of polypyrrole
nanowire/single‐walled carbon nanotube composites. Compos
Sci Technol. 2016;129:130‐136.

19. Liang L, Gao C, Chen G, Guo C‐Y. Large‐area, stretchable, super
flexible and mechanically stable thermoelectric films of polymer/
carbon nanotube composites. J Mater Chem C. 2016;4(3):526‐532.

20. Hu Q, Lu Z, Wang Y, et al. Double doping approach for
unusually stable and large n‐type thermoelectric voltage from
p‐type multi‐walled carbon nanotube mats. J Mater Chem A.
2020;8(26):13095‐13105.

21. Kang D, Park N, Ko J‐H, Bae E, Park, W. Oxygen‐induced
p‐type doping of a long individual single‐walled carbon
nanotube. Nanotechnology. 2005;16(8):1048‐1052.

22. Wu G, Zhang ZG, Li Y, Gao C, Wang X, Chen G. Exploring
high‐performance n‐Type thermoelectric composites using
amino‐substituted rylene dimides and carbon nanotubes. ACS
Nano. 2017;11(6):5746‐5752.

23. Wu G, Gao C, Chen G, Wang X, Wang H. High‐performance
organic thermoelectric modules based on flexible films of a
novel n‐type single‐walled carbon nanotube. J Mater Chem A.
2016;4(37):14187‐14193.

24. Cheng X, Wang X, Chen G. A convenient and highly tunable
way to n‐type carbon nanotube thermoelectric composite film
using common alkylammonium cationic surfactant. J Mater
Chem A. 2018;6(39):19030‐19037.

25. Jin Q, Jiang S, Y, et al. Flexible layer‐structured Bi2Te3 ther-
moelectric on a carbon nanotube scaffold. Nat Mater. 2019;
18(1):62‐68.

26. Zhao Y, Li Y, Qiao J, et al. Decoupling phonon and carrier
scattering at carbon nanotube/Bi2Te3 interfaces for improved
thermoelectric performance. Carbon. 2020;170:191‐198.

27. Li Y, Qiao J, Zhao Y, et al. A flexible thermoelectric device
based on a Bi2Te3‐carbon nanotube hybrid. J Mater Sci
Technol. 2020;58:80‐85.

28. Zawilski BM, Littleton RT, Tritt TM. Description of the par-
allel thermal conductance technique for the measurement of
the thermal conductivity of small diameter samples. Rev Sci
Instrum. 2001;72(3):1770.

29. Son JS, Choi MK, Han MK, et al. n‐Type nanostructured
thermoelectric materials prepared from chemically synthesized
ultrathin Bi2Te3 nanoplates. Nano Lett. 2012;12(2):640‐647.

30. Webber DH, Brutchey RL. Alkahest for V2VI3 chalcogenides:
dissolution of nine bulk semiconductors in a diamine‐dithiol
solvent mixture. J Am Chem Soc. 2013;135(42):15722‐15725.

31. Zhao X, Deshmukh SD, Rokke DJ, et al. Investigating chem-
istry of metal dissolution in amine–thiol mixtures and
exploiting it toward benign ink formulation for metal chal-
cogenide thin films. Chem Mater. 2019;31(15):5674‐5682.

126 | CHEN ET AL.

http://orcid.org/0000-0002-9848-9101
http://orcid.org/0000-0002-9848-9101


32. Dresselhaus GDMS, Jorio A, Souza Filho AG, Saitof R. Raman
spectroscopy on isolated single wall carbon nanotubes.
Carbon. 2002;40:2043‐2061.

33. Zhang B, Sun J, Katz HE, Fang F, Opila RL. Promising ther-
moelectric properties of commercial PEDOT:PSS materials
and their Bi2Te3 powder composites. ACS Appl Mater
Interfaces. 2010;2(11):3170‐3178.

34. Zhang Y, Zhang Q, Chen G. Carbon and carbon composites for
thermoelectric applications. Carbon Energy. 2020;2(3):408‐436.

35. Deshmukh SD, Easterling LF, Manheim JM, et al. Analyzing
and tuning the chalcogen–amine–thiol complexes for tailoring
of chalcogenide syntheses. Inorg Chem. 2020;59(12):8240‐8250.

36. Qi X, Wang Y, Li K, et al. Enhanced electrical properties and
restrained thermal transport in p‐ and n‐type thermoelectric
metal‐organic framework hybrids. J Mater Chem A. 2021;9(1):
310‐319.

37. Patel SN, AMG, Peterson KA, et al. Morphology controls the
thermoelectric power factor of a doped semiconducting poly-
mer. Sci Adv. 2017;3(6):1700434.

38. Sun L, Liao B, Sheberla D, et al. A microporous and naturally
nanostructured thermoelectric metal‐organic framework with
ultralow thermal conductivity. Joule. 2017;1(1):168‐177.

39. Liu J, van der Zee B, Alessandri R, et al. N‐type organic
thermoelectrics: demonstration of ZT > 0.3. Nat Commun.
2020;11:5694.

40. Huang X, Qiu Y, Wang Y, et al. Highly conducting organic‐
inorganic hybrid copper sulfides CuxC6S6 (X= 4 or 5.5):
Ligand‐based oxidation induced chemical and electronic
structure modulation. Angew Chem Int Ed. 2020;59(50):
22602‐22609.

41. Kim GH, Shao L, Zhang K, Pipe KP. Engineered doping of
organic semiconductors for enhanced thermoelectric effi-
ciency. Nat Mater. 2013;12(8):719‐723.

42. Wang L, Zhang Z, Liu Y, et al. Exceptional thermoelectric
properties of flexible organic‐inorganic hybrids with mono-
dispersed and periodic nanophase. Nat Commun. 2018;9:3817.

43. Wang L, Zhang Z, Geng L, et al. Solution‐printable fullerene/
TiS2 organic/inorganic hybrids for high‐performance flexible
n‐type thermoelectrics. Energy Environ Sci. 2018;11(5):
1307‐1317.

44. Wan C, Gu X, Dang F, et al. Flexible n‐type thermoelectric
materials by organic intercalation of layered transition metal
dichalcogenide TiS2. Nat Mater. 2015;14(6):622‐627.

45. Cai S, Hao S, Luo Y, et al. Ultralow thermal conductivity and
thermoelectric properties of Rb2Bi8Se13. Chem Mater. 2020;
32(8):3561‐3569.

46. Xu B, Feng T, Agne MT, et al. Highly porous thermoelectric
nanocomposites with low thermal conductivity and high fig-
ure of merit from large‐scale solution‐synthesized Bi2Te2.5Se0.5
hollow nanostructures. Angew Chem Int Ed. 2017;56(13):
3546‐3551.

47. Wang Y, Liu WD, Gao H, et al. High porosity in nanostructured
n‐Type Bi2Te3 obtaining ultralow lattice thermal conductivity.
ACS Appl Mater Interfaces. 2019;11(34):31237‐31244.

48. Yang L, Chen Z‐G, Hong M, Han G, Zou J. Enhanced ther-
moelectric performance of nanostructured Bi2Te3 through

significant phonon scattering. ACS Appl Mater Interfaces.
2015;7(42):23694‐23699.

49. Zhao XB, Ji XH, Zhang YH, Zhu TJ, Tu JP, Zhang XB. Bismuth
telluride nanotubes and the effects on the thermoelectric prop-
erties of nanotube‐containing nanocomposites. Appl Phys Lett.
2005;86(6):062111.

50. Rama Venkatasubramanian ES, Colpitts T, O'Quinn B. Thin‐
film thermoelectric devices with high room‐temperature
figures of merit. Nature. 2001;413(6856):597‐602.

51. Zhang Y, Day T, Snedaker ML, et al. A mesoporous aniso-
tropic n‐type Bi2Te3 monolith with low thermal conductivity
as an efficient thermoelectric material. Adv Mater. 2012;
24(37):5065‐5070.

52. Erickson KJ, Léonard F, Stavila V, et al. Thin‐film thermo-
electric metal‐organic framework with high Seebeck coeffi-
cient and low thermal conductivity. Adv Mater. 2015;27(22):
3453‐3459.

53. Tan G, Shi F, Sun H, et al. SnTe–AgBiTe2 as an efficient
thermoelectric material with low thermal conductivity.
J Mater Chem A. 2014;2(48):20849‐20854.

54. Buonanno G, Carotenuto A, Giovinco G, Massarotti N. Ex-
perimental and theoretical modeling of the effective thermal
conductivity of rough steel spheroid packed beds. J Heat
Trans. 2003;125(4):693‐702.

55. Prasher R. Ultralow thermal conductivity of a packed bed of
crystalline nanoparticles: a theoretical study. Phys Rev B. 2006;
74(16):165413.

56. Yacoby A, Imry Y. Adiabatic mode selection and the accuracy
of the quantization of the conductance of ballistic point con-
tacts. Europhys Lett. 1990;11(7):663‐667.

57. Liu S, Li H, He C. Simultaneous enhancement of electrical
conductivity and Seebeck coefficient in organic thermo-
electric SWNT/PEDOT:PSS nanocomposites. Carbon. 2019;
149:25‐32.

58. Wang Y, Lu Z, Hu Q, et al. Mass‐produced metallic multi-
walled carbon nanotube hybrids exhibiting high N‐type
thermoelectric performances. J Mater Chem A. 2021;9(6):
3341‐3352.

59. Liu Y, Zhang S, Zhou Y, et al. Advanced wearable thermocells
for body heat harvesting. Adv Energy Mater. 2020;10(48):2002539.

AUTHOR BIOGRAPHIES

Zhijun Chen received his bachelor
degree from Shanghai University (SHU)
in 2014. Later, he received his PhD
degree from the Organic Solids Labora-
tory in Institute of Chemistry, Chinese
Academy of Sciences (ICCAS) in 2020.

He subsequently joined College of Materials Science
and Engineering, Shenzhen University (SZU) and
worked with Prof. G. Chen as a postdoctoral
researcher. His research interests include design,
synthesis and transport properties of semiconductors.

CHEN ET AL. | 127



Haicai Lv received his bachelor degree
in 2012 from Harbin Engineering Uni-
versity (HEU). Later, he received his
PhD degree from Xi'an Jiaotong Univer-
sity (XJTU) in 2018. He subsequently
joined College of Materials Science and

Engineering, Shenzhen University (SZU) and worked
with Prof. G. Chen as a postdoctoral researcher. His
research mainly focuses on the development of
thermal heat transfer model and flexible thermo-
electric devices.

Qichun Zhang obtained his PhD degree
at University of California Riverside in
2007. Then, he joined Prof. Kanatzidis'
group at Northwestern University as a
Postdoctoral Fellow. Between 2009 and
2020, he worked at Nanyang Technolo-

gical University. Since September 2020, he works as a
full professor at City University of Hong Kong. His
research interests include rich‐carbon conjugated
materials and their applications.

Hanfu Wang obtained his PhD degree
from the University of Minnesota at
Minneapolis, USA in 2001 and pursued
his postdoctoral work at Pacific North-
west National Laboratory, USA from
2001 to 2004. He joined the National

Center for Nanoscience and Technology, China as an

associate professor in 2004. His major research
interest is thermoelectric materials and devices.

Guangming Chen received his bachelor
degree in 1994 at Beijing Institute of
Technology (BIT), master degree in 1997
and PhD degree in 2000 at Institute of
Chemistry, Chinese Academy of Sciences
(ICCAS). He did a postdoctoral research

as STA Fellow in 2000‐2002 at the National Institute
for Materials Science (NIMS), Japan. He worked at
ICCAS in 2002‐2018. Then, he joined Shenzhen
University as a Distinguished Professor. His recent
research interests focus on organic/inorganic thermo-
electric composites and their flexible devices.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Chen Z, Lv H, Zhang Q,
Wang H, Chen G. 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. 2022;4:115‐128.
doi:10.1002/cey2.161

128 | CHEN ET AL.

https://doi.org/10.1002/cey2.161



