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ABSTRACT: Thermoelectric efficiency is determined by the figure of merit
(ZT) with the achievement of high electrical conductivity (o), high Seebeck
coefficient (S), and low thermal conductivity (k) for high performance
thermoelectric devices. Tungsten disulfide (WS,) has been reported to have a
comparably high S (3.5 X 10°~9.5 X 10* yV/K) and low ¢ (107>=10"" S/m),
which leads to a low ZT value (approximately 0). In this study, WS, particles
were hybridized with highly conductive reduced graphene oxide (rGO) particles
(~10° S/m). The inclusion of rGO provides conductive paths for the transfer of
carriers in the composites, and thus, this led to an increase in ¢ (~3 X 10> S/m).
The hybrid material of WS,/rGO, as a function of the weight percentage of rGO,
was fabricated by spark plasma sintering. As a result, the power factor in a WS,/
0.8 wt % rGO (87 uW/mK?*) with enhanced ¢ was 310% greater than that of
WS,. Moreover, two-dimensional structures of the materials contributed to the
induction of phonon scattering and resulted in steady k in spite of enhanced o
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with increased rGO content. Consequently, an optimized ZT value was obtained for the WS,/0.8 wt % rGO sample; this value
was 260% greater (approximately 6.8 X 107*) than that of WS, without rGO (approximately 1.9 X 107%).
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B INTRODUCTION

Thermoelectric power generation devices convert thermal
energy to electrical energy. As the devices are environmentally
friendly and also increase energy efficiency by using waste
thermal energy, they are regarded as new and renewable energy
devices."” These devices are being trialed in various
applications, including in vehicles, in fabrics, and as hybrids
with other energy devices.” > The performance of thermo-
electric power generation is determined by the figure of merit
(ZT) in eq 1, which is dependent upon the Seebeck coefficient
(S), electrical conductivity (o), and thermal conductivity (k).
Optimization of these three factors is important for a high ZT
value but is very complicated to achieve because of
interdependent relationship of the three impact factors with
carrier concentration, mobility, electronic structure, and lattice
structure.” Many studies have tried to optimize the ZT value
and to achieve highly efficient thermoelectric materials through
independent control of each factor.” "'

_ S%6T
k (1)

ZT

Tungsten disulfide (WS,) has recently emerged as a
promising thermoelectric material. WS,, one of the tran-
sition-metal dichalcogenides, is a p-type two-dimensional
semiconductor material. This material has a layered structure
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comprising a lot of nanosheets, which is the preferred method
to confine carriers and to obstruct transport of vibrating
phonons. One of the reported characteristics of this structure is
that it has a high Seebeck coefficient (3.5 X 10*~9.5 X 10* uV/
K) and a low thermal conductivity (6.5 X 107'—6.0 X 10° W/
mK). Despite these advantages as thermoelectric material, WS,
has a low ZT value (10™°—1073 at 300—800 K) because of its
relatively low electrical conductivity (1072—10" S/m)."*~"*
WS, is also nontoxic and stable at high temperatures; this is in
contrast to Bi-based materials, which have typically been
studied as efficient thermoelectric materials in many research
groups. Some research groups have tried to solve this problem
through hybridization with nanocarbon-based materials that
generally have high electrical conductivity.'”” Suh et al.
obtained 1330%-increased ZT value (2.2 X 107') in a
composite of microsized WS, particles and multilayer nano-
tubes (MWNTs) (0.75 wt %) through spark plasma sintering
(sps).'¢

To overcome low electrical conductivity of WS,, WS, was
hybridized with reduced graphene oxide (rGO) as a
conductive material in this study, and their electrical and
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thermal transport behaviors were studied. The hybrid material
of WS,/rGO was fabricated by SPS at 1473 K as a function of
the composition of rGO (wt %). During SPS process, sintering
of WS, particles and reduction of GO were formed. High-
temperature treatment (~1473 K) in vacuum was enough to
reduce GO with high crystalline quality, leading to an effective
restoration of the conductivity with removal of oxygen
functional groups.'’ ™" Accordingly, it was expected that the
rGO provides an effective conductive path for the transport of
charge carriers in WS,/rGO composites, and their thermo-
electric property increases while maintaining a low carrier
concentration of the matrix of WS,. In addition, as the 2D
structure of WS, and rGO effectively provides a large surface
area, hybridization of these materials was expected to induce
phonon scattering at the interface between the two materials in
the composites, resulting in independently low thermal
conductivity to electrical conductivity. As a result, carrier
mobility and concentration were increased by hybridizing with
rGO, resulting in enhanced electrical conductivity in the
composite indicating at least 500 times larger than those of
WS,. Moreover, thermal conductivity remained at the level of
that of WS, without rGO (about 40 W/mK) because of the 2D
structure of the materials in spite of increased rGO content. As
a result of these properties, the optimized ZT value of the
composite was found in WS,/0.8 wt % rGO sample, which was
increased by 260% as compared with that of the WS,.

B RESULTS AND DISCUSSION

Scheme 1 describes the schematics of the overall experimental
process. The filtered powders of WS, and GO were sintered by

Scheme 1. Schematic Diagram of the Experimental
Procedure
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SPS, and the GO nanosheets were reduced thermally
simultaneously. GO, WS,, and their mixed solutions were
highly dispersed, as shown in Figure la. In Figure 1b, atomic
force microscopy (AFM) images show that the GO nanosheets
have a lateral size of approximately above 1 ym and a thickness
of 1.3—1.6 nm. Considering that the thickness of the
monolayer GO is reported to be approximately 6 A, it can
be seen that the GO nanosheets have two or three layers.”
Figure 1c shows WS, particles before mixing with GO. Well-
dispersed WS,/GO hybridized particles are shown in Figure
1d. GO nanosheets were stacked on the WS, particles, thereby
connecting the organic and inorganic compounds. Figure le

and f shows the morphology of WS,/rGO composite after the
SPS process. The dispersion of rGO nanosheets was observed
by energy-dispersive system (EDS) mapping. We found that
carbon elements were spread evenly in the whole area while
the rGO nanosheets were highly dispersed with stacking on
each WS, particle.

Figure 2 shows the diffraction pattern of pristine WS,, SPS-
sintered WS,, and WS,/rGO composites. After SPS processing,
2H-WS, (hexagonal phase) was observed in both WS, and
WS,/1 wt % rGO composites. In the SPS-sintered WS, sample,
significant peaks were observed at 39.45° and 49.60°, which
would indicate a growth of the (103) and (105) planes,
respectively. Growth of these planes, however, was restricted to
the WS,/1 wt % rGO sample because of rGO nanosheets.”"**
In addition, minor peaks were observed for sulfur (S, 18.55°
and 21.35°) and tungsten carbide (WC, 31.45°, 48.25° and
63.95°) in WS,/1 wt % rGO sample, as indicated by the
diamond and circle symbols, respectively. Considering that the
decomposition temperature of WS, is reported to be
1313~1533 K with high thermal stability,z"”24 the high
temperature of the SPS process in this experiment (1473 K)
might have had a slight effect on the decomposition of WS,.
Moreover, it is reported that the nucleation and growth of WC
in the composite was formed during the thermal annealing at
temperatures above 1073 K.>>*° Carbon atoms from GO were
easily diffused into vacancies in WS, particles at high
temperature.”” This may have led to the formation of WC
during SPS. However, when the existence of WC peaks was
checked through Raman spectra, it was not found in the
Raman spectra of WS,/Swt % rGO, despite relatively high rGO
content (Figure 3); the characteristic peaks for WC are
reported to be observed at 267, 716, and 805 cm™ in Raman
spectra.”® So, we found that the formation of WC had a
negligible influence on the formation of the WS,/rGO
composites.

Also, the reduction of the dispersed GO nanosheets after the
SPS process was confirmed by Raman spectra, as shown in
Figure 3. In Figure 3a, strong peaks of E',,(I") and A,(T") at
351.25 and 420.86 cm™! occur from WS,, indicating in-plane
and out-of-plane vibrational mode of sulfur atom in WS, and
observed in both before and after SPS treated samples.””*
Significant change was shown before and after SPS process at
1300—3000 cm ™" regions in which peaks occur from graphene
structures. In the Raman spectra of graphene structure, the G
peak (~1580 cm™") was revealed by sp>-hybridized bonding in
carbon materials, and the D peak (~1350 cm™) was activated
by lattice vibration at defects or edges of the graphene
structures.” ~>® In Figure 3b, the relatively broad G peak
before the SPS treated sample shifted from 1596.4 cm™ to
1575.8 cm™" with sharpening of the peak after SPS process.”***
This means that GO was successfully reduced by thermal
reaction in SPS process at 1473 K. It was also confirmed by the
ratio of the D peak to the G peak (Ip/I;) indicating the degree
of the defect in the graphene structure. I/I; for WS,/S wt %
GO before SPS processing was 1.1, and this ratio was
decreased to 0.57 for WS,/S wt % rGO after SPS process. In
addition, the 2D peak (2854.9 cm™') was activated by x
bonding of crystalline graphitic materials after SPS. These
results indicated that thermally reduced GO in this SPS
process had high crystalline quality of rGO with reducing the
defects by lattice contraction as well as removal of oxide groups
such as carboxyl (—COOH), hydroxyl (—OH), and epoxide
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Figure 1. Morphology of each powder and WS,/rGO composites before and after SPS process: (a) dispersed GO in DIW (1 mg/mL) and WS, in
EtOH (2 mg/mL) (left) and WS,/0.5 wt % GO in cosolvent (EtOH and DIW) (right) and (b) AFM images of deposited GO nanosheets on Si
wafer. SEM images of (c) WS, powder and (d) mixed WS,/GO powder (WS,/0.5 wt % GO). (e, f) SEM images and EDS mapping images of
fabricated WS,/GO composite (WS,/1 wt % rGO) (red, green, and yellow points indicate, respectively, C, W, and S element).
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Figure 2. X-ray diffraction (XRD) of WS,, SPS-sintered WS,, and
WS,/1 wt % rGO composites. For comparison, diffraction patterns for
2H-WS, are shown from the reference (ICDD 00-008-0237). The
diamond and circle symbols indicate WC and S, respectively.

(>0) groups by thermal annealing effect at high temperature
of 1473 K in spite of short duration time of 1 min."”

With reduced GO and sintering of the composites, we
analyzed the behaviors of the majority carriers and the
thermoelectric properties as a function of the rGO content
in the WS,/rGO composites after the SPS process in Figure 4.
Figure 4a shows the behavior of the carrier concentration and
its mobility in WS,/rGO composites. At a low content of rGO
(<04 wt %) in composites, major carrier concentration
increased by adding rGO in composite films: from 1.1 X
10" ecm™ in WS, to approximately 3.4 X 107 cm™ in WS,/
0.4 wt % rGO because of carrier-enriched rGO (10'°~10%
cm™3).%® The increased value was maintained at 5 wt % rGO
content having a relatively constant value (approximately 2 X
10" cm™). Unlike change behavior of carrier concentration,
the mobility was obviously increased by rGO content from 0 to
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Figure 3. Raman spectra of WS,/GO and rGO prepared before and
after SPS process; (a) Elzg(r) and Alg(r) peaks of WS, and (b) D, G,
and 2D peaks of graphene structure at each sample of WS,/5 wt %
GO (blue line) and WS,/S wt % rGO (red line).
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Figure 4. Thermoelectric properties of WS,/rGO composites with various rGO content: (a) majority carrier concentration (inverted triangle) and
mobility (triangle), (b) Seebeck coefficient (S, circle) and electrical conductivity (o, square), and (c) power factor (S*c calculated with Seebeck
coefficient and electrical conductivity from 0 to S wt % rGO content in the composites. The obtained Seebeck coeflicient and electrical conductivity

were the average value of three independent data.
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Figure 5. Thermal conductivity and figure of merit (ZT) of WS,/rGO composites by various rGO content; (a) total thermal conductivity (square),
lattice (inverted triangle), and electrical (triangle) parameter in thermal conductivity and (b) ZT value from 0 to 1 wt % rGO content in the

composites.

5wt % (approximately from 12 to 570 cm?/(V s)) with 4650%
of increase. This means that carrier transport paths were
formed by percolation rGO nanosheets in the composite.'*’

Thermoelectric properties were also changed, reflecting the
behavior of carrier concentration and mobility as a function of
rGO content. The Seebeck coefficient (S) is known to be
inversely proportional to carrier concentration (n) and the
effective mass of charge carrier (m*) such as eq 2 which
increased high and sharp density of state (DOS) near the
Fermi level (Eg) of the materials. Electrical conductivity (o),
however, is proportional to both carrier concentration (1) and
carrier globility (1) (e is the charge of electron, 1.6 X 10" C)
(eq 3).

]
Soxm T|—

In the Seebeck coefficient measurement system, +1 and 3 K
of temperature gradient (AT) was applied to the end of
samples at room temperature (300 K) for measuring difference
of potential (AV) by the temperature gradient. In the plot of
AV/AT (Figure S1), the slope with linear fitting indicated
Seebeck coefficient of the samples having no consideration for
that of probe material (Pt, Spe = —6.9 uv/ K). When the
measured Seebeck coefficient and electrical conductivity of the
WS,/rGO composite with various rGO contents were
compared with each other in Figure 4b, the Seebeck coefficient
decreased from 6.1 X 10* 4V/K in WS, to 1.9 X 10" 4V/K in
the WS,/S wt % rGO sample with an increase of rGO content.
When rGO fraction in the composite was increased, the
properties with rGO band structure as semimetallic material
with broad and low DOS near E; had a higher effect on the
properties of the composite than that of a composite with low

3n @) content of rGO.”® However, electrical conductivity increased

from 6.0 X 10" S/m at WS, to 3.0 X 10* S/m at WS,/5 wt %

6 = neyl (3) rGO, reflecting the increase of carrier mobility. Consequently,
15490 DOI: 10.1021/acssuschemeng.8b03949
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the highest power factor (S’6) was obtained at 0.8 wt % rGO
(8.7 x 10' gW/mK?), as shown in Figure 4c. The value was
310% greater than that of WS, (2.1 X 10' yW/mK?).

As an important factor of thermoelectric properties, thermal
conductivity of the WS,/rGO hybrid materials was analyzed.
Table S1 shows the factors as experimental density (p), specific
heat capacity (c,), and thermal diffusivity (a) of each sample
for calculation of thermal conductivity (eq 4).

k= po )
Interesting behavior is shown in thermal conductivities in
Figure Sa. Thermal conductivity (k) comprises the electric
factor (k,) by transport of carriers and the lattice factor (k;) by
traveling phonons in the lattice structure (eq 5) with
interdependent relationship. The electric factor is determined
by the Widemann—Franz law (eq 6), where L indicates the
Lorenz factor (2.4 X 107 J2 K™! C*7, free electrons).’

k=ke+kl (5)

(6)

As eq 6 indicates that k. is proportional to electrical
conductivity, it was increased with enhanced electrical
conductivity by rGO content. However, the increase of electric
thermal conductive factor had not affected significantly the
total thermal conductivity behavior because the contribution of
k. was negligible in overall thermal conductivities, remaining at
approximately 40 W/mK in all composite samples. On the
other hand, the lattice factor by phonon transport was
dominantly influenced on the total thermal conductivity in
these composites. Lattice thermal conductivity is proportional
to the effective mean free path (I) of phonon transport such as
eq 7 (v: the average velocity of medium, c,: the specific heat
capacity). It is negatively influenced by phonon scattering
(boundary, impurity, phonon—phonon scattering), resulting in
a decline of thermal conductivity.”

k,=LoT

7)

In these composites, the interfaces between rGO nanosheets
and WS, particles having 2D structure with a high surface area
were considered to restrict an increase of thermal conductivity
by inducing phonon scattering at the boundary with low
effective mean free path of phonon transport. As a result, the
figure of merit (ZT value), which express the efficiency of a
thermoelectric material, was optimized to 6.8 X 10™* at 0.8 wt
9% rGO sample, a 260% increase (1.9 X 10™* in WS,), as shown
in Figure Sb. When 1 wt % rGO was contained in the
composite, a decreased Seebeck coefficient resulted in a lower
ZT value than that of the 0.8 wt % rGO sample. These
enhanced ZT values were attributed to increased electrical
conductivity by rGO channel producing electron transport
path in the composites and to the steady thermal conductivity
without further increase by the phonon scattering in 2D
materials.

B CONCLUSIONS

WS,/rGO composites, as a function of the weight percentage
of rGO, were fabricated in order to obtain optimized ZT values
by SPS at 1473 K under vacuum conditions. In the SPS
process, WS, sintering and the reduction of GO occurred
simultaneously. In this composite, reduced GO formed
transport paths for carriers when rGO was contained above

15491

0.4 wt % of rGO in the composites with increased carrier
concentration and mobility. This resulted in increased
electrical conductivity of up to a maximum of approximately
3.0 X 10° (S/m) at S wt % rGO contained sample with
decrease in the Seebeck coefficient to 1.9 x 10" (u#V/K). By
optimizing the electrical conductivity and the Seebeck
coefficient, the highest power factor (8.7 X 10' yW/mK?)
was obtained with 0.8 wt % rGO. This value was 310% greater
than that produced by WS, without rGO. Through these
results, it has been confirmed that rGO provides a conductive
path which can effectively transport charge carriers in WS,/
rGO composites. However, a large surface area of their 2D
structures and a lot of interfaces between WS, particles and
rGO nanosheets induced phonon scattering, and it makes an
effective mean free path for phonon transport to be short,
leading to the restriction of the increase in thermal
conductivity. Thus, a thermal conductivity of WS,/rGO
composites remained around that of WS, without rGO
(about 40 W/mK). With the values obtained for the power
factor and thermal conductivity, an optimized ZT value was
achieved at 0.8 wt % rGO contained sample; this value was
260% higher than that of WS, without rGO.

B MATERIALS AND METHODS

The graphene oxide (GO) was prepared using graphite (SP-1, Bay
Carbon Inc.); sodium nitrate (NaNO;) (>99.0% M, Sigma-Aldrich);
potassium permanganate (KMnO,) (>99.0% M, Sigma-Aldrich);
sulfuric acid (H,SO,) (95% M, Daejung Chemicals and Metals);
hydrogen peroxide (H,0,) (30% M, Daejung Chemicals and Metals);
and hydrochloric acid (HCl) (35% M, Daejung Chemicals and
Metals). WS, (powder, 2 um, 99%, Sigma-Aldrich) was used after
being treated with ultrasonication (560 W) for 10 min.

The GO was obtained using Hummers’ method.*’ First, graphite
(1 g), H,SO, (23 mL), and NaNO; (0.5 g) were stirred for 1 hin a
round-bottom flask with an ice bath. Subsequently, KMnO, was
added to the solution with stirring. The mixed solution was stirred for
1 h and then was maintained at 30 °C for 30 min, followed by dilution
to 46 mg/mL by adding deionized water (DI water) gradually for 15
min. A mixture of H,0 and H,0, (140 and 2.5 mL, respectively) was
then added to the mixture and was stirred for 1 h. During this process,
the color of the solution changed from black to brown. Once the color
of the solution had changed, it was centrifuged repeatedly (at 8000
rpm for 10 min) with the mixture of HCI/H,O (154 mL/385 mL)
and H,O. The sediment was then dried by freeze-drying for 12 h. The
final step was the preparation of the GO suspension, which involved
sonication of the sediment in DI water for 15 min.

WS,/GO powders were obtained by vacuum filtration. To begin
with, WS, particles were dispersed in ethanol (EtOH, 2 mg/mL)
using ultrasonication (560 W, 10 min, VCX-7S0PS (750 watts),
Sonics & Materials). The GO suspension (1 mg/mL) was then stirred
into the WS, solution and was sonicated in a water bath for § min. In
this process, the ratio of WS, and GO was determined by varying the
content of GO (0—5 wt % of the GO sample). Following this, the
mixture was filtered onto a poly(tetrafluoroethylene) (PTFE)
membrane (0.2 pm, 47 mm, Merck Millipore). The filtered powder
was sintered into a coin-shaped pellet from SPS with dimension of 30
mm in diameter and approximately 1 mm in thickness. After the
powder was placed between graphite films in a graphite mold, SPS
was performed under a pressure of 80 MPa in vacuum. Once the
temperature of the mold reached 1473 K with a heating rate of 373
K/min, it was maintained for 1 min. The trace of the graphite films at
the SPS process was removed by polishing from all of the samples.
The naming convention of the samples was determined by the GO or
rGO content (before sintering and reduction of GO: WS,/0.2—5 wt
% of GO sample; after sintering with reduction of GO: WS,/0.2—5 wt
% of rGO sample).
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To perform the morphology analysis of the GO, the GO
suspension was deposited onto a Si wafer by spin-coating (1500
rpm, 30 s) and then was dried at 353 K in air. This Si wafer had been
cleaned by piranha solution for 30 min before the deposition of the
GO suspension. The thickness and size of the prepared GO were then
characterized by atomic force microscopy (AFM, SPA400, SII) in a
noncontact mode, using a Si tip (f = 320 kHz, C = 42 N/m, NCHR).
The morphology of the WS,/rGO composites was analyzed by field-
emission scanning electron microscopy (JSM-7610F, JEOL Ltd.).
WS, powder and mixture of WS, and GO were deposited onto a slide
glass by drop-casting before being dried in the air at 353 K. WS,/rGO
composites, which were fabricated by SPS, were observed at
perpendicular direction after polishing. To differentiate the rGOs in
the composites, EDS mapping was used. The diffraction pattern of
WS, was confirmed by an X-ray diffractometer (Xpert, Philips) with a
Cu Ka radiation source (40 kV/200 mA, measurement range: 10—
80°, step: 0.05°). A Raman spectrometer (high resolution Raman
spectrometer, Renishaw) was used with 632.8 nm of laser source to
confirm a reduction of GO. In this analysis, the composite film was
prepared at a high load of rGO (S wt % rGO sample) because samples
with an amount of rGO smaller than 1 wt % had a very low peak
intensity compared with that of WS,; thus, it was difficult to observe
their peaks. Measurement of the charge-carrier concentration and
mobility was made using the Van der Pauw method. As a requirement
for this method, four probes were placed at the corners of a two-
dimensional isotropic sample (1 X 1 cm*). Moreover, a magnetic field
(0.556 T) and current (1 mA) were applied (Hall effect System,
HMS-3000, Ecopia). The Seebeck coefficient and electrical
conductivity were measured using a thermoelectric property measure-
ment system (TFTEP-800, SEEPEL Co., Ltd., Keithley source-meter
2400, Agilent 34970A, Agilent 34420A). In this system, electrical
conductivity was obtained by using the four-point-probe method, and
the Seebeck coefficient was obtained using the potential difference
(AV) by applied temperature gradient (AT = +1 and 3 K) at room
temperature. The thermal diffusivity of the samples was measured by
laser flash method (LFA 447, NETZCH), and the thermal
conductivity (k) was calculated via the thermal diffusivity (a), specific
heat capacity (CP), and density of materials (p) (K = pcpa). The
specific heat capacity was measured by using DSC 200 F3
(NETZCH).
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