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ABSTRACT: In this study, we report the fabrication of n-type
flexible thermoelectric fabrics using layered Bi,Se; nanoplate/
polyvinylidene fluoride (PVDF) composites as the thermo-
electric material. These composites exhibit room temperature
Seebeck coeflicient and electrical conductivity values of
—80 uV K™ and 5100 S m™', respectively, resulting in a
power factor approaching 30 W m™'K™% The temperature-
dependent thermoelectric properties reveal that the com-
posites exhibit metallic-like electrical conductivity, whereas the
thermoelectric power is characterized by a heterogeneous
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model. These composites have the potential to be used in atypical applications for thermoelectrics, where lightweight and flexible
materials would be beneficial. Indeed, bending tests revealed excellent durability of the thermoelectric fabrics. We anticipate that
this work may guide the way for fabricating high performance thermoelectric fabrics based on layered V—VI nanoplates.
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1. INTRODUCTION

The growing market of portable/wearable electronic devices
has stimulated research interests in flexible, renewable, and
sustainable energy sources, including solar, thermoelectric, and
piezoelectric.'~* Among them, flexible thermoelectric generators
have attracted tremendous attention because of their potential
for integratation into portable/wearable electronic devices
attributable to their ability to directly generate electricity from
waste heat such as that from the human body."* Recently, much
research has focused on studying flexible thermoelectric-based
materials, including conductive polymers®” and inorganic/
organic composites.”” For example, researchers have reported
that doped poly(3,4-ethylenedioxythiophene) (PEDOT) thin
films possess a high room temperature figure of merit value
over 0.2.%'° Additionally, previous reports have found that
it is possible to improve the thermoelectric performance of
conductive polymer-based thin films by adding inorganic
nanomaterials, such as carbon nanotubes''™'* and Bi,Te,
nanowires.'* However, most conductive polymer-based
materials are p-type semiconductors that only generate positive
thermoelectric power. Therefore, the development of high
performance, flexible n-type thermoelectrics with negative
thermoelectric power is necessary for fabricating thermoelectric
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generators with multiple element modules." The thermoelectric
composites based on n-type inorganic nanomaterials and
nonconducting polymers possess the advantage of using cheap
nonconducting polymers with ultralow thermal conductivity,
such as polyvinylidene fluoride (PVDF), instead of expensive
conductive polymers.”'®

As mentioned above, the efficiency of a thermoelectric
material is usually evaluated by a dimensionless thermoelectric
figure of merit ZT = a*6T/k, where ¢, 6, T, and k are the Seebeck
coeflicient, electrical conductivity, absolute temperature, and
thermal conductivity, respectively. Therefore, to develop high
performance thermoelectric materials, it is essential to decouple
these thermoelectric parameters even though they are usually
interdependent according to the Wiedemann—Franz law."
Recent studies have found that the ZT value could be en-
hanced through nanostructuring of thermoelectric materials
by decreasing x with little change to the other thermoelectric
properties,'”>° which is one promising method for fabricating
high performance thermoelectrics. Among all thermoelectric
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materials, V,VI;-type compounds (especially Bi,Se, Bi, Te;, and
Sb,Te,) are the best-known bulk thermoelectric materials that
exhibit high ZT values.'”*' Recent developments have renewed
the interest in V,VI;-type compounds that show insulating
properties in the bulk phase but robust metal-like surface states
derived from the combination of spin—orbit interactions and
time-reversal symmetry, namely, topological insulators.?>*3
Furthermore, V,VI;-type compounds possess stacked layers of
a laminated structure that are weakly bonded by van der Waals
forces. Each layer is one quintuple layer (QL), and the five atoms
are covalently bonded together along the z axis in the order of
VI-V-VI-V-VL. Therefore, the layered structures allow V,VI; to
be easily fabricated as two-dimensional (2D) nanoplates with
atomic thicknesses.”* Also, the novel surface properties of the
topological insulators could be greatly enhanced in the 2D
structure due to the ultralarge surface-to-volume ratio. It was
previously reported that by virtue of these properties, the
thermoelectric performances of these materials could be strongly
enhanced in their 2D structure.”'®'%?52¢

Here, we explore the idea of fabricating flexible thermoelectric
generators based on heterogeneous thin films composed of
layered V,VI; nanoplates and a nonconductive polymer. In this
work, highly flexible and free-standing thermoelectric fabrics
based on layered Bi,Se; nanoplate/PVDF composites was
fabricated with a simple peel-oft method. The fabricated thermo-
electric fabrics show a high room temperature power factor of
~30 uW m™"K"?, low thermal conductivity of 0.42 W K™' m™’, and
a resulting ZT value of ~0.02. Temperature-dependent thermo-
electric properties and durability of the fabrics were measured.
We anticipate that this work could pave the way for fabricating high
performance flexible thermoelectric generators.

2. EXPERIMENTAL SECTION

Fabrication of Bi,Se; Nanoplates and Composites. To
fabricate the Bi,Se; nanoplates, 1 mmol Bi(NO;); and 1.5 mmol
Na,SeO; were dissolved in 35 mL ethylene glycol with vigorous
stirring followed by refluxing the mixture solution at 240 °C for
S h. After the mixture cooled to room temperature, isopropyl
alcohol was used to precipitate the fabricated Bi,Se; nanoplates,
which were then redissolved by acetone. This process was
repeated three times to remove any unreacted chemicals and
ethylene glycol from the surface. After drying, 270 mg layered
Bi,Se; nanoplates and 135 mg PVDF (2:1 ratio) were dissolved
in S mL dimethylformamide (DMF) and sonicated for 3 h to
ensure mixture uniformity. The solution was then drop-cast on
glass substrates and baked on a hot plate at 80 °C overnight in air.

Characterization. The synthesized Bi,Se; nanoplates were
analyzed by X-ray diffraction (XRD) using Cu Ka radiation
(Bruker D2 Phaser). The morphology and energy dispersive
spectrometry (EDS) were measured by a scanning electron
microscope (SEM, JEOL, JSM-6330F). Transmission electron
microscope (TEM) techniques, including selected area electron
diffraction (SAED) images, were performed using a JEM-2100
electron microscope. Raman measurements were performed on a
Horiba—Jobin—Yvon Lab Raman HR confocal microscope using
the 488 nm excitation line at room temperature.

Thermoelectric Properties. The thermoelectric properties
of the Bi,Se; nanoplate/PVDF composites were measured usin:
a custom built apparatus similar to that reported by Kim et al.”
A typical 4-probe technique was used to measure the electrical
conductivity. The standard correction term was introduced here
due to the finite dimensions of the probes and boundaries of the
sample.”® The Seebeck coefficient was measured by heating one
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copper block and simultaneously measuring the generated AT
and thermoelectric voltage. A schematic and description of the
measurement setup is included in the Supporting Information.
This system was calibrated using a standard constantan sample,
including subtraction of the contribution from gold plated
voltage probes. The thermal conductivity was calculated using
the relationship x = DC,p, where p, D, and C, are the density,
thermal diffusivity, and specific heat, respectively, which were
measured by the laser flash diffusivity apparatus (Netzsch LFA 457)
under an argon atmosphere. The size of the samples to mea-
sure the thermal conductivity is approximately 6 mm X 10 mm X
300 pm in width, length, and thickness, respectively. Here,
because the Bi,Se; nanoplates are randomly dispersed
in the PVDF matrix, only thermal conductivity in the cross-
plane was measured. Three samples were used, and each sample
was tested at least 3 times from different points to ensure the
reproducibility of the results. The average thermal diffusivity,
density, and specific heat are 0.118 mm®s™!, 3.97 g cm™, and
0.897 J g~ ' K, respectively.

B RESULTS AND DISCUSSION

Figure 1(a) shows a representative SEM image of the layered
Bi,Se; nanoplates, which demonstrate a hexagonal structure
with an average planar dimension of ~1 ym. The contours of the
overlap between two nanoplates in the image could be clearly
distinguished. Following previously reported studies,” these
nanoplates should be several QLs. Figure 1(b) and (c) show the
TEM images of the Bi,Se; nanoplates, which reveal the single
crytal structure of the nanoplates. Figure 1(c) is a high resolution
TEM image acquired along the [001] crystal direction of a Bi,Se;
nanoplate, and the inset shows the corresponding properly
indexed selected area electron diffraction (SAED) pattern.
Raman spectra of the layered and bulk Bi,Se; were compared
as shown in Figure 1(d). The three Raman peaks centered at
approximately 70, 130, and 173 cm™" could be assigned to the
out-plane (A}g), in-plane (EZ), and out-plane vibrational mode
(A of Bi,Se;, respectively. * The relative intensity of the A,
vibrational mode in the layered Bi,Se; spectrum is stronger than
that in the bulk Bi,Se; spectrum. These Raman results confirm
the few-layer structure of Bi,Se;. Furthermore, XRD measure-
ments of the Bi,Se; nanoplates were performed (see Figure 1(e)).
The diffraction peaks are in good agreement with those of
standard Bi,Se; (JCPDS No. 89-2008). Additionally, EDS
confirmed the existence of Bi and Se elements with an
approximate atomic ratio of 2:3 in the fabircated sample, as
shown in Figure 1(f).

Figure 2(a) illustrates the fabrication process of free-standing
thermoelectric fabrics based on layered Bi,Se; nanoplate/PVDF
composites. Briefly, the desired amount of layered Bi,Se;
nanoplates and PVDF were ultrasonically dispersed in DMF
solution. The resulting dispersion was directly drop-cast on a
glass substrate followed by overnight annealing at 80 °C in air
atmosphere (Figure 2(a), left image). After drying the solvent,
free-standing fabrics based on layered Bi,Se; nanoplate/PVDF
composites were peeled off of the glass substrate (Figure 2(a),
right image). Figure 2(b) shows an SEM image of a curved fabric.
Figure 2(c) shows the cross section of the thermoelectric fabrics
with a calculated thickness of ~12 ym. It is found that the layered
Bi,Se; nanoplates remained unchanged with plenty of grain
boundaries that might result in reduced thermal conductivity
of the composites. Photographs of the thermoelectric fabric are

shown in Figure 2(d), which illustrates its high flexibility.
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Figure 1. (a) SEM image, (b) TEM image, (c) high-resolution TEM image (inset shows the SAED pattern), (d) Raman spectra, (e) XRD spectrum, and

(f) EDS of the Bi,Se; nanoplates.

Figure 2. (a) Schematic diagram of the fabrication process of layered Bi,Se; nanoplate/PVDF composite-based thermoelectric fabrics. (b) SEM image
of a curved themoelectric fabric. (c) Cross-section of the Bi,Se; nanoplate-based thermoelectric fabric. (d) Photographs of the flexible thermoelectric

fabric, which show its high flexibility.

The temperature-dependent electrical conductivity for the
Bi,Se; nanoplate/PVDF composites is shown in Figure 3(a). The
room temperature value of 5100 S m™" is about one-third that
reported for a single Bi,Se; layer (see Table 1), but lower
conductivity is to be expected. It is known that the electical
conductivity depends significantly on the structures, the size of the
nanoplates, and so forth. Therefore, the reduction in electical
conductivity here is caused by scattering of carriers by the polymer
within the nanoplate—nanoplate junctions. Despite the reduced
conductivity by incorporation of nanoplates in the composite, the
temperature-dependent conductivity exhibits metallic behavior
exemplified by the negative slope with respect to temperature. The
metallic conduction could be seen in high carrier-concentration
small band gap semiconductors.*® Metallic electrical conductivity is
typically described by the Bloch—Griineisen model, which is
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characterized by a near linear negative slope and low temperature
leveling of conductivity due to a defect in the scattering residual
resistivity, which is in accordance with the data shown in Figure 3(a).

The temperature dependence of the Seebeck coefficient for
the nanoplate/polymer composites is shown in Figure 3(c). The
room temperature value of —80 4V K™! indicates a majority of
electron carriers and is slightly less than the single layer value
measured previously (see Table 1). This reduction is due to the
fact that the total Seebeck coeflicient is determined by a thermal
conductivity weighted contribution from each component in the
composite. Because AT is measured across the entire composite,
but only the Bi,Se; nanoplates contribute to the thermoelctric
voltage, the net Seebeck coefficient of the composite is slightly
lower than that of bulk Bi,Se;. Interestingly, despite the
metallic-like temperature-dependent electrical conductivity
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Figure 3. Temperature-dependent (a) electrical conductivity and (b) power factor of the thermoelectric fabrics. (c) Plot of Seebeck coefficient of the
thermoelectric fabrics versus temperature in a linear scale. (d) Plot of Seebeck coefficient versus T2,

Table 1. Comparison of Room Temperature (~300 K) Performance of Reported Bi,Se;-Based Thermoelectrics and the Layered
Bi,Se; Nanoplate/PVDF Composite-Based Thermoelectric Fabrics in This Work”

6 (10*Sm™) a(uVK™")  power factor yWm™'K?) «x(WK'm™) ZT? ref
bulk Bi,Se; 12 —83 82.7 11 0.02 16
Bi,Se; single layer 1.8 -90 145.8 0.42 0.10 16
Bi,Se; nanoplatelet-based composite pellets 4.3 —80 275.2 0.75 0.11 17
Bi,Se; nanoplate/PVDF composite 0.51 —80 326 0.42 0.02 this work

“Some parameters in the reference work are estimated from graphs. YAt room temperature.
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Figure 4. (a) Reliability of a layered Bi,Se; nanoplate/PVDF composite with the inset image demonstrating a bending test. (b) Voltage—current and
(c) AV—AT lines representing the conductivity and Seebeck coefficient, respectively, at different numbers of bends.

behavior, the temperature-dependent Seebeck coeflicient characterized by a linear metallic term plus a modified T'/*
does not indicate complete metallic-like behavior. Typically, exponentially weighted semiconducting term, which arises from
metallic thermoelectric behavior exhibits a linear temperature nanoplate—nanoplate junctions.” ~** The model is given by
dependence, but the Bi,Se; nanoplate/PVDF composites 1/1+d

exhibit a slightly decreasing slope with increasing temperature. a(T) = aT + CTI/ZeXp —(—1)

This behavior is typically described by a heterogeneous model T
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where a and ¢ are constants governing the linear and T"/?
contributions, respectively, T is an energy barrier constant for
hopping from nanoplate to nanoplate, and d is the dimensionality
of the conducting material. In this case, a dimensionality of
2 demonstrates the low space-filling percolation network of
the Bi,Se; nanoplates. The resulting fitting curve is shown in
Figure 3(d).

These electrical conductivity and Seebeck coeflicient values
combine to yield the power factor given by a’c as shown in
Figure 3(b). Table 1 compares the room temperature thermo-
electric performance between reported Bi,Sej-based thermo-
electrics and the layered Bi,Se; nanoplate/PVDF composite-
based thermoelectric fabrics developed in this work. The thermal
conductivity of the fabric at room temperature is 0.42 WK ™' m™,
which is much lower than that of bulk Bi,Se; and the Bi,Se,
nanoplatelet-based composite pellets. The low thermal con-
ductivity should be attributed not only to the use of PVDF in the
heterogeneous structure but also to the grain boundaries in
the platelets (see Figure 2(c)). The resulting ZT value of the
thermoelectric fabric is calculated as 0.02, which is close to that
of bulk Bi,Se;. Figure 4 demonstrates the reliability of the
thermoelectric properties of a Bi,Se; nanoplate/PVDF compo-
site after a bending test. The power factor only decreases by
~15% after 1500 bends, which is the result of slightly decreased
electrical conductivity after many bends as shown in Figure 4 (b).
The reliability of the 2D nanoplate-based thermoelectric fabrics
is much better than that of nanorod-based thermoelectric
fabrics.>* Overall, this demonstrates the feasibility of using these
Bi,Se; nanoplate-based composites in kinetic applications.

3. CONCLUSION

The flexible thermoelectric fabrics based on the layered Bi,Se;
nanoplate/PVDF composites is a typical example showing the
promise of applications for 2D V,VI; compounds, including
Bi,Se;, Bi,Te;, and Sb,Te;. The comparable Seebeck coeflicient
to the single layer value results in favorable voltage outputs,
whereas the reduced electrical conductivity may eventually
be increased by further optimization of the device. These
composites could then have the potential to be used in flexible
and lightweight personal and portable electronics in which waste
heat is available.
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