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SPECIAL TOPIC — Organic and hybrid thermoelectrics

Thermoelectric characteristics of flexible reduced graphene
oxide/silver selenide nanowire composites prepared by a facile
vacuum filtration process

Zuo Xiao(F4 %), Yong Du(kt:7k)f, Qiufeng Meng(FFKX)*, and Lei Wang(F %)

School of Materials Science and Engineering, Shanghai Institute of Technology, Shanghai 201418, China

(Received 11 October 2021; revised manuscript received 1 December 2021; accepted manuscript online 18 December 2021)

The reduced graphene oxide/silver selenide nanowire (rGO/Ag,;Se NW) composite powders were fabricated via a wet
chemical approach, and then flexible rtGO/AgySe NW composite film was prepared by a facile vacuum filtration method
combined with cold-pressing treatment. A highest power factor of 228.88 pW-m~!-K~2 was obtained at 331 K for the
cold-pressed rGO/Ag,Se NW composite film with 0.01 wt% rGO. The rGO/Ag,;Se NW composite film revealed superior
flexibility as the power factor retained 94.62% after bending for 500 times with a bending radius of 4 mm, which might be
due to the interwoven network structures of Ag,Se NWs and pliability of rGO as well as nylon membrane. These results
demonstrated that the GO/Ag,Se NW composite film has a potential for preparation of flexible thermoelectric devices.

Keywords: thermoelectric, silver selenide, reduced graphene oxide, flexibility

PACS: 81.07.Gf, 81.05.ue

1. Introduction

Thermoelectric (TE) generators can be used to convert
thermal energy into electric energy and have great potentials
to meet the future energy demands, due to their advantages of
safety, high reliability, small size, no pollution, etc.[12! Gen-
erally, the energy conversion efficiencies of TE generators are
related to TE properties of materials. For a material, its TE
properties are limited by the unitless figure-of-merit at their
application temperatures (ZT = 6S°T /), where S, &, k and
T are the Seebeck coefficient, electrical conductivity, thermal
conductivity and temperature in Kelvin, respectively.’] The
052 is called as the power factor (PF), which is often used
to evaluate the TE properties of polymer-based materials.[]
TE materials mainly include conducting polymers, inorganic
materials and organic-inorganic composite materials.>~71 Al-
though great advances have been made, it is still a big chal-
lenge to acquire a high ZT value since the PF and k should be
carefully optimized.!3-1%!

For the purpose of sufficing the needs of newly emerging
technologies (i.e., wearable electronics), flexible TE material
has been a hot topic due to its distinct features of lightweight,
fine pliability and good wearability.!'!l More and more re-
searchers have focused their attention on improving TE prop-
erties of flexible materials near room temperature.[!>~13]

Most recently, many literatures have been reported on
flexible n-type TE materials in which silver selenide (AgySe)
was employed as the active material.['!”1 For instance,
Ding e al.''®) fabricated Ag>Se nanowires (NWs) through
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a wet chemical template method, and then vacuum fil-
tered the AgrSe NWs on nylon substrate to prepare flexible
Ag,Se films. After the hot-pressing treatment, a PF of ~
987.4 uW-m~!-K~2 was obtained for the Ag,Se film at 300 K.
Lu et al.!'7] fabricated flexible Ag,Se/Ag/CuAgSe composite
film via a similar approach, and a PF of 1593.9 uW-m~!1.K~2
at 300 K was acquired. Park et al.’°! prepared flexible
Ag,Se/polyvinylidene fluoride (PVDF) composite film by a
drop casting approach, and the composite film obtained a PF
of ~ 180.6 pW-m~!.K~2 at 400 K.

Carbon materials (such as graphene and single-walled
carbon nanotubes) are always used as the fillers for
the preparation of TE composites,?!! due to their high
[22] For example, flexible BirTes
fabricated
a wet chemical method along with a sintering pro-

electrical conductivity.
NWr/graphene composite film was through
cess, and a PF of ~ 480 uW~m_1~K_2 was acquired
for the BiyTesNW/graphene composite film (the con-
tent of graphene was 80 wt%) at room temperature.!>]

Liu et al®® prepared flexible graphene/poly(3,4-
(PE-

DOT:PSS, PP) composite film by a vacuum filtration ap-

ethylenedioxithiophene):poly(styrenesulfonate)

proach, and a PF of 29.3 uW-m~!-K~2? was acquired for the
composite film with 2 wt% graphene at 380 K. However, as
far as we know, few research on fabrication and TE char-
acteristics of flexible reduced graphene oxide (rGO)/Ag,Se
NW composite films has been reported. Herein, rGO/Ag,Se
NW composite powders were synthesized via a wet chem-
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ical process, and flexible rGO/Ag;Se NW composite films
were prepared by a vacuum filtration method combined with a
cold-pressing treatment. The morphologies, compositions, TE
properties, and pliability of the rGO/Ag,Se NW composite
film were investigated.

2. Experiments and methods
2.1. Chemicals and materials

Graphene oxide (GO) flakes were purchased from Nan-
jing/Jiangsu XFNANO Materials Tech. Co., Ltd. L-ascorbic
acid (LAA, CgHgOg, 99%), B-cyclodextrin (8-CD, 99%-),
selenium dioxide (SeO;, 99%+), silver nitrate (AgNO3, 99%),
absolute ethanol (AR, 99.5%+), and ethylene glycol (EG, AR,
99.7%+-) were provided by Shanghai Titanchem Co., Ltd. Ny-
lon membrane (0.22 wm) was obtained from Millipore Co.,
Ltd.

2.2. Fabrication of rGO/Ag;Se NW composites

Firstly, rGO/Se NW composites were synthesized by a
wet chemical method. Typically, 1 g SeO, powders (Se
source) and 1 g B-CD powders were successively added into
deionized water (200 mL) with stirring for 0.5 h to form solu-
tion A. A certain amount of GO powders were added in deion-
ized water with sonicating for 2 h to obtain solution B. Af-
terwards, the solution B was added in solution A with agitat-
ing for 0.5 h (solution C). 4 g LAA powers were dissolved
in deionized water (200 mL) with stirring to form a uniform
solution D. Then solution C was added dropwise into solu-
tion D with continuously agitating for 4 h to synthesize the
rGO/amorphous Se nanoparticle (rGO/Se NP) composite pow-
ders. After the reaction, the obtained precipitates were cen-
trifuged (4000 rpm for 3 min), and successively washed with
deionized water as well as absolute ethanol for 2—3 times. The

rGO/Se NP composites were dispersed in an appropriate vol-
ume of absolute ethanol with sonication for 0.5 h, followed by
staying for 24 h at ambient temperature. Then the precipitates
were centrifuged at 4000 rpm for 3 min, and redispersed in an
appropriate amount of EG accompanying with sonication for
0.5 h, resulting in a uniform rGO/Se NW composite disper-
sion.

The Ag source was prepared by adding a certain weight
of AgNOs in deionized water (40 mL) and agitating until the
powders were completely dissolved (solution E). Then solu-
tion E was added dropwise to the above rGO/Se NW com-
posite dispersion (the nominal molar ratio of Se source to
Ag source was 1:2) with vigorously stirring. The mixed sus-
pension was heated up to 40 °C and maintained at the tem-
perature for 2 h with continuously stirring. After naturally
cooled down to ambient temperature, the precipitates were
centrifuged at 4000 rpm for 3 min, and alternately washed with
deionized water and absolute ethanol for 2-3 times to acquire
rGO/AgrSe NW composite powders. In the composite pow-
ders, the content of rGO was 0.01 wt%.

2.3. Preparation of flexible rGO/Ag,Se NW composite film

To prepared flexible GO/Ag;Se NW composite film, the
rGO/AgrSe NW composite powders were dispersed in abso-
lute ethanol with sonication for 0.5 h to form a homogeneous
dispersion, and then the flexible rGO/Ag,Se NW composite
film was prepared by a vacuum filtration method on the nylon
membrane. The rGO/Ag,Se NW composite films were dried
at 60 °C under vacuum for 12 h. Finally, the obtained samples
were undergone a cold-pressing treatment for 2 min at 30 MPa.
Figure 1 presents the schematic illustration of preparation and
cold-pressing treatment of flexible rGO/Ag,Se NW composite
films.

30 MPa, 2 min

Flexible rGO/Ag,Se

NW composite film Pressure

%0
0%
SeO, powders >
Stirring, 0.5 h h.i
0 % = »
]
- Solution A ~—~ >
B CD powders Stirring, 0.5 h E Dropwise in Solution D 2 Sonication for 0.5 h E
aind -l C
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-_—
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Fig. 1. Tllustration of fabrication and cold-pressing treatment of flexible rGO/Ag;Se NW composite films.
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2.4. Measurements and characterizations

The compositions and morphological observations of the
rGO/Ag;Se NW composite film were conducted using x-ray
diffraction (XRD, D/max 2200PC, Japan) and field emis-
sion scanning electron microscopy (FESEM, Hitachi S-4800,
Japan). The thickness of the composite film was determined
via the above mentioned FESEM observation. The elemen-
tal analysis of the rGO/AgxSe NW composite film was carried
out via the SEM equipped with an energy dispersive spectrom-
eter (EDS) (FEI Quanta 200 FEG, Netherlands). The measure-
ments of S and ¢ were carried out by an MRS-3 thin film TE
testing facility (Wuhan Giant Instrument Technology Co., Ltd,
China) from 297 K to 386 K.

3. Results and discussion

Figures 2(a) and 2(b) are the digital photographs of the
pristine and the cold-pressed rGO/Ag,Se NW composite films
on nylon membrane under bending state, respectively. It can
be seen that both the composite films show good flexibility,
which can be bent and tailored into the desired shapes, and
therefore the as-prepared films have the great potentials to be
used for the applications of flexible TE devices.

Figure 2(c) is the top-view SEM image of the cold-
pressed rGO/Ag;Se NW composite film. The rGO with flake
structure and AgySe NWs with one-dimensional structure can
be clearly observed. Moreover, the microstructure of the

rGO/Ag,Se NW

/ composite film

rGO/Ag,>Se NW composite films is relatively compact, mainly
due to the external pressure applied. Figure 2(d) presents the
cross-sectional SEM morphology of the rGO/AgySe NW com-
posite film. The average thickness of the rGO/Ag,Se NW
composite film is 5.16 pm. Figure 3(a) shows the selected
region of SEM image of the tGO/AgySe NW composite film.
The elemental-mapping using the SEM-EDS analysis is dis-
played in Figs. 3(b)-3(f). The Ag, Se and C elements can be
clearly observed in the composite film, where the Ag & Se,
and C were attributed to AgrSe NWs and rGO, respectively.
Figure 4(a) shows the temperature dependence of the
TE performance of the cold-pressed rGO/Ag;Se NW com-
posite film. The Seebeck coefficient is negative, indicating
that the rGO/Ag,Se NW composite film is an n-type semi-
conductor. As the temperature increasing from 297 K to
386 K, the absolute value of Seebeck coefficient (|S|) tends
to first enhance and then minish; at 331 K, the |S| obtains a
maximal value of 111.72 uV-K~!'. The change trend of &
is opposite to that of |S|, i.e., as the measured temperature
rising from 297 K to 331 K, the o slightly decreases from
188.19 S-cm™~! to 183.37 S-cm™!. As the temperature further
rising to 386 K, the o enhances to 192.71 S-cm™!. As aresult,
the PF of the cold-pressed rGO/Ag;Se NW composite film
tends to first enhance and then decrease, leading to a highest
PF value of 228.88 uV-m~!-K~2 at 331 K (see Fig. 4(b)).
This value is higher than those of the Ag,Se/PVDF compos-
ite film (189.02 uW-m~!.K~2 at 300 K[?*!), the graphene/PP

Y Cold-pressed
5 rGO/Ag,Se NW

composite film

4 = a :
$4800 5.0kV 7.3mm x6.00k SE(M)

SI OIO um

Fig. 2. (a) Digital photo of the rGO/Ag;Se NW composite film. (b) Digital photo of the cold-pressed rtGO/Ag;Se NW composite film. (c)—(d) SEM

images of the cold-pressed rGO/Ag,Se NW composite film.
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Fig. 3. (a) The selected region of SEM image of cold-pressed rGO/Ag,Se NW composite film for mapping. SEM-EDS mapping of (b) all element,

(c) Ag, (d) Se, (e) C, and (f) O.
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Fig. 4. Temperature dependence of TE properties of cold-pressed rGO/Ag,Se NW composite film: (a) o and S; (b) PF.

composite film (29.3 uW-m~'-K=2 at 380 K),[?”) as well
as the PP film (224 uW-m~!-K~2 at room temperature),”]
while lower than those of the Ag,Se film (1578 uW-m~!.K—2
at 400 K[>1) and the Ag,Se/Ag/CuAgSe composite film
(1593.9 uW-m~!-K~2 at 300 K),!'”! which might because hot-
pressing process was applied in Refs. [17,25]. Table 1 com-
pares TE properties of the cold-pressed rGO/Ag,Se NW com-
posite film with previously reported flexible TE films.

For investigating  pliability, the  cold-pressed
rGO/Ag>,SeNW composite film was bent with different bend-
ing radii and bending times. Figure 5(a) shows the electrical
conductivity changes of the composite film after being bent
for 100 cycles around diverse bending radii. It is seen that
as the radius decreases from 12.5 mm to 4 mm, the retention

rate of electrical conductivity only reduces from 98.82% to
96.94%. Figures 5(b) and 5(c) present the TE performance
changes of the cold-pressed rGO/Ag,Se NW composite film
as a function of bending cycles when the bending radius is
4 mm. After bending for 500 times, the electrical conductivity
reduces to 90%, while the Seebeck coefficient is almost un-
changed (Fig. 5(b)). As a result, the PF retains 94.62% after
being bent for 500 cycles, demonstrating fine pliability of the
rGO/Agy;Se NW composite film (Fig. 5(c)). The reasons for
the good reliability are deduced to be as below: 1) the interwo-
ven networks constructed by the AgrSe NWs were formed in
the composite film (see Fig. 2(c)); 2) the rGO filler and nylon
substrate had good flexibility.

Table 1. TE properties of the cold-pressed rGO/AgySe NW composite film and previously reported flexible TE films (some
parameters were calculated from the graphs and tables in the references).

Materials o (S/em)  S(uVK™') PF(uW-m 1.K~2) Temperature (K) Ref.

PP film 1975 334 224 room temperature [15]

Graphene/PP composite film ~976.4 ~17.3 29.3 380 [22]

Ag>Se/PVDF composite film 205.52 —95.9 189.02 300 [24]

Ag,Se/Ag/CuAgSe composite film 7699 —45.5 1593.9 300 [17]

Ag;Se film ~ 1050 ~—122.6 1578 400 [25]
rGO/Ag,Se NW composite film 183.37 —111.72 228.88 331 this work
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Fig. 5. (a) Electrical conductivity changes of the cold-pressed rGO/Ag,Se NW composite film vs. diverse bending radii after being bent for

100 cycles. TE performance changes of the cold-pressed rGO/Ag,Se NW composite film as a function of bending cycles when the bending radius

was 4 mm: (b) |S| and o; (¢) PF. The inset in (a) presents the schematic diagram of the bending measurement.

4. Conclusion

In summary, rGO/Ag;Se NW composite powders were
synthesized through a wet chemical method, and flex-
ible rGO/Agr,Se NW composite films were fabricated
The cold-

pressed rGO/Ag;Se NW composite film possessed good

through a facile vacuum filtration approach.

thermoelectric properties, and a maximum power factor of
228.88 pLW~m’1'K’2 was obtained at 331 K. Moreover, the
rGO/AgrSe NW composite film presented favorable flexibil-
ity as the power factor retained 94.62% after bending for 500
cycles with a radius of 4 mm, due to both the interwoven net-
works of Ag,Se NWs and good flexibility of rGO filler as well
as the nylon substrate.
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