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Herein we determine the Seebeck coefficients, electric conductivities, and thermoelectric power factors

of a range of unreduced graphene oxide (GO)/single-wall carbon nanotube (CNT) membranes incor-
porating different GO/CNT ratios as well as of a series of reduced graphene oxide (rGO) membranes
for which reduction had occurred at different temperatures. The considerable thermoelectric power
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materials opens the door to improved performance and efficiency, with
stretchable, and/or wearable materials being the outcome.

rsc.li/materials-advances

1. Introduction

The thermoelectric phenomenon is considered as a green tech-
nique to produce electrical energy using the thermal electro-
motive force induced due to a temperature difference between
two ends of a thermoelectric material, where charge carriers
diffuse across the temperature gradient. This results in a build-up
of charge and thus creates a potential difference."™ Thermo-
electric devices are all-solid-state devices with no moving parts
and thus can be employed without generating noise or other
pollution. Even though the energy efficiency from thermoelectric
process is quite small, the widespread use of low-temperature
driven thermoelectric energy conversion devices could be useful
for producing electricity anywhere by utilizing the heat from
sunlight, the waste heat from different systems or even from
the human body. So far, the best thermoelectric materials are
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factor of 5.33 x 1072 uW mK~2 generated from unreduced GO/CNT (1: 2 ratio) is in agreement with its
suitability for application as a flexible thermoelectric material. Moreover, compared to the conventional
architectures of traditional thermoelectric materials, the inherent flexibility of GO-based thermoelectric

lightweight, scalable,

inorganic compounds (such as Bi,Te;) that have relatively low
earth abundance and are fabricated through highly complex
vacuum processing routes that limit their full potential for
widespread use. Consequentially, the development of alterna-
tive efficient, cheap, and abundant thermoelectric materials
represents the key to the future advancement and large scale
commercialization of thermoelectric devices.*” The suitability
of a thermoelectric material is determined by the device effi-
ciency which is related to the thermoelectric figure of merit z7,
given by zT = 6S>T/k where ¢ S, T, and k represent the material’s
electrical conductivity, Seebeck coefficient, temperature, and
thermal conductivity, respectively. The term ¢S> corresponding
to the power factor of a thermoelectric material, plays a
significant role in determining its efficiency.®

Compared to 3D bulk materials, decreasing the dimension
of a thermoelectric compound towards a 2D structure is
expected to result in better thermoelectric properties, including
higher electrical conductivity coupled with lower thermal con-
ductivity as a consequence of the discretization of the electric
state density, the construction of interfaces between the layered
compound, and the quantum confinement effect.'*™* In addition,
compared to the conventional bulky 3D geometrical architectures
of traditional thermoelectric materials, the flexibility in the design
of such 2D materials open the possibility for improving perfor-
mance and giving rise to lightweight, scalable, stretchable, and
wearable properties.">™"” The unique properties of graphene oxide
(GO) sheets along with the uniform layered stacking arrangement
with sufficient mechanical strength to act as a free-standing
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membrane is a distinctive advantage making GO attractive for
thermoelectric application. Unlike graphene with its high thermal
conductivity which limits its suitability for practical thermoelectric
applications (despite a considerable Seebeck coefficient and high
electrical conductivity), density functional theory (DFT) results
indicate that adding oxygen into the graphene lattice (ie., to
produce GO) significantly reduces its thermal conductivity due to
the phonon scattering effect resulting from both acoustic mis-
match and reduced symmetry in the graphene structure; hence GO
appears a promising candidate for constructing thermoelectric
materials.'®" Nevertheless, pristine GO is associated with low
electric conductivity and this is identified as the key concern for
its practical use in GO-based thermoelectric materials. Previous
studies on GO-based thermoelectric materials have focused on
reduced graphene oxide (rGO) for improving the electrical
conductivity while the restoration of some sp® hybridized C
atoms has been shown to be responsible for improved electrical
conductivity.?°>* Unfortunately, the Seebeck coefficient is shar-
ply decreased with a high degree of rGO reduction, with the
expectation that thermal conductivity will increase due to the
graphene-like structure of rGO. Even though, the GO-based
hybrid prepared by adding carbon nanotubes (CNT) to the GO
has been reported to increase in thermal conductivity which
was attributed to the formation of 3D heat conduction paths by
the addition of MWCNTs.>* However, the thermal conductivity
of GO/CNT is expected to the less than that of pristine CNT or
rGO and might be facilitated the thermoelectric properties of
GO/CNT hybrid.

Thus, in the present work we consider the prospect of
employing unreduced GO for use in thermoelectric materials.
The electrical conductivity of unreduced GO membrane was
increased by the introduction of single wall CNT in different
ratios while keeping the functional groups of the GO intact. In
addition, we also investigated the effect of the temperature
used for the reduction of GO (annealed at different tempera-
tures ranging from 100 to 400 °C) on the corresponding
thermoelectric behaviour. The Seebeck coefficients and electri-
cal conductivities have been measured and the corresponding
thermoelectric power factors (¢5°) calculated. The maximum
thermoelectric potential and Seebeck coefficient were observed
for rGO whose reduction occurred at 100 °C. However, the
highest electric conductivity and thermoelectric power factor
were obtained from the sample composed of a 1:2 ratio of
GO/CNT.

2. Experimental

GO dispersion in water was purchased from Nippon Shokubai
Co., Ltd. CNT was obtained from Sigma Aldrich. The GO film
was prepared from the GO dispersion (1 mg/5 mL) employing a
membrane filter with a pore size of 0.4 pm, followed by drying
the product film under ambient conditions. Thermal annealing
at the desired temperature was employed to prepare the rGO
samples. The products from reduction at 100, 120, 140, 160,
300, 400 °C were designated as rGO@100-rGO@400, respectively.
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Unreduced GO and CNT dispersion were mixed in the ratios
(by weight) 1:0.5, 1:1 and 1:2 and denoted as GO/CNT(1:0.5),
GO/CNT(1:1), and GO/CNT(1 : 2), respectively. The mixed suspen-
sions were each filtered through a membrane using reduced
pressure to obtain freestanding GO/CNT membranes.

The structure and morphology of the samples were char-
acterized by field emission scanning electron microscopy
(FE-SEM, JSM-7600F, JEOL), Fourier transform infrared spectro-
scopy (FT-IR, Spectrum Two, PerkinElmer) and X-ray diffraction
spectroscopy. Seebeck coefficients for the respective samples
involved measuring the temperature differences between
opposing ends of individual samples. The dimension including
length, width and thickness of each sample were 1.8 cm, 0.5 cm
and ~30 um, respectively. One end is contacted with a peltier
element connected to a power supply (hot end) while the
opposite end was maintained at ambient temperature (cold
end) to create a temperature difference between these ends as
shown in Fig. S1 (ESIt). The temperature difference was main-
tained at 36 K. The thermo-voltage generated between the two
ends was measured using a PC510 digital multimeter by
attaching silver-pasted thin copper wire probes in contact with
each end.

3. Results and discussion

The SEM images (Fig. 1la and b) show the cross-sectional
morphology of the GO and GO/CNTs (1:2) membranes,
respectively. Clearly, GO shows a characteristic layer by layer
membrane morphology. For the GO/CNT membrane, the CNT
is found to be well dispersed in a compact arrangement in the
resulting freestanding membrane.

The SEM images of GO/CNT (1:0.5) and GO/CNT (1:1) are
given in Fig. S2 (ESIf). Upon reduction of GO membrane at
higher temperatures (100 to 400 °C), the interlayer distance for
GO is decreased and this was also confirmed by PXRD. The
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Fig.1 Cross sectional SEM images. (a) GO and (b) GO/CNT with 1:2
weight ratio. (c) PXRD patterns for GO and rGO at 100 to 180 °C; (d) FTIR
spectra for GO and rGO at 100 to 180 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PXPD patterns for GO and rGO measured after reduction at
temperatures ranging from 100 to 160 °C are presented in
Fig. 1c. The characteristic PXRD peak for GO (002) at 26 =
10.48° shifts to the higher angles of 11.15° 11.94°, 22.50° and
22.90° for rGO@100, rGO@120, rGO@140, and rGO@160,
respectively. The calculated interlayer distances for GO,
rGO@100, rGO@120, rGO@140, rGO@160 are 8.44 A, 7.94 A,
7.41 A, 3.95 A, and 3.88 A, respectively. The decrease in the
interlayer distances can be attributed to both the removal of
the adsorbed water as well as to decomposition of some of the
oxygen functional groups.

The XRD patterns for rGO@300 and rGO@400 are shown in
Fig. S3 (ESIt). The respective broad peaks at 24.04° and 24.58°,
indicate that the (002) plane has shifted towards higher angles,
with the corresponding interlayer distances being 3.70 A and
3.62 A, respectively. The interlayer distance is drastically
decreased from rGO@120 (7.41 A) to rGO@140 (3.95 A) indicat-
ing that a large number of oxygen-containing functional groups
in GO were removed at 140 °C. The FT-IR spectra of rGO@100,
rGO@120, rGO@140, rGO@160 as well as of GO were obtained
(Fig. 1d). Compared to the peaks associated with the epoxy
groups (c. 1080 cm ™ ') and hydroxyl groups (c. 3400 cm™ ") in the
spectrum of rGO@120, the change in these peak intensities
observed for rGO@140 is in accord with a reduction of the
epoxy and hydroxyl groups present having occurred in the
latter case.

The thermo-voltages measured across the opposite ends of
the different “weight ratio” samples (temperature difference
36 K) are presented in Fig. S4 (ESIt). The maximum voltage
(of 1.76 mV) was observed for rtGO@100, with the magnitude of
voltage decreasing sharply with increase in reduction tempera-
ture. The thermo-voltages obtained for GO/CNT (1:0.5),
GO/CNT (1:1), and GO/CNT (1:2), are 0.0332, 0.0445, and
0.0326 mV, respectively. The corresponding Seebeck coeffi-
cients are presented in Fig. 2a and Table 1. An exceptionally
high Seebeck coefficient of 1350 pvV K ' was obtained for
rGO@100. However, the reduction of GO at elevated tempera-
ture significantly decreases the Seebeck coefficient value.
For example, the Seebeck coefficient for rGO@400 is only
6.7 BV K * while, on the other hand, the value for GO/CNT
(1:1) is 44.5 pv K~ ". Lower and higher ratios of GO : CNT were
both observed to result in somewhat lower Seebeck coefficients.
For example, the values for GO/CNT (1:0.5) and GO/CNT (1:2)
are 32.0 and 28.6 uV K, respectively.

The electrical conductivities of the samples measured
under their respective ‘‘temperature-difference” conditions
are presented in Fig. 2b and Table 1. The electric conductivities
of GO and rGO®@100 are both very low but the values increase
significantly for the other (higher-temperature reduction)
samples. The electrical conductivities increase from 5.98 X
107% S em™* for GO to 3.44 x 1072 S ecm™ ' for rGO@400.
Interestingly the electric conductivity of GO/CNT is much
higher than even rGO@400. Moreover, the value increases with
an increasing proportion of CNT in the GO/CNT sample. The
highest electric conductivity of 6.52 x 107" S ecm " was
achieved for GO/CNT (1:2).

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

(@) 104

;\ ? -@ Temperature dependent rGO

S 103 | A Unreduced GO/CNT (1:0.5)

= Unreduced GO/CNT (1:1)

- i Unreduced GO/CNT (1:2)

IE 102 !- nreduce

g |a

5 10|

= 3

B 1 3

) E

@ i

(2] 10-1 1 1 1

0 100 200 300 400
(b) Reduction temperature (°C)
10° yaY 10

N PRI L
~ - ectrical conauctiviy

a 107 A 2 1104 E
_<? 10'2 - A ,‘OO ______ 0_4 %
'a% 10'3 — "' .................. :
17} O -5

S q0¢f - 10 §
s 105 @) 10° <
o B -O-[-®- Temperature dependent rGO| 7 g
8 10°p A'/A Unreduced GO/ONT (1:0.5) [110 5
= 7L / Unreduced GO/CNT (1:1) |440-8

8 10 A | A Unreduced GO/CNT (1:2)

w 108 : ! 10-°

0 100 200 300 400

Reduction temperature ( °C)

Fig. 2 Thermoelectric properties of GO-hybrids. (a) Seebeck coefficients
for GO, rGO(100-400 °C) and GO/CNT (1:0.5,1:1, and 1: 2 weight ratios);
(b) electrical conductivities and thermoelectric power factors for GO, rGO
(100-400 °C), and GO/CNT (1:0.5,1:1, and 1:2).

Table 1 Thermoelectric properties of the prepared GO-based hybrid
membranes

Electrical
Seebeck coefficient conductivity =~ Power factor
Sample name conductivity(uv K')  (Sem ™) (LW mK ?)
GO/CNT (1:0.5)  32.0 9.85E-03 1.01E-03
GO/CNT (1:1)  44.5 2.23E-02 4.41E-03
GO/CNT (1:2) 28.6 6.52E-01 5.33E-02
GO 432 5.96E-08 1.11E-06
rGO@100 1350 1.77E-06 3.22E-04
rGO@120 34.4 1.26E-03 1.49E-04
rGO@140 1.25 7.33E-03 1.14E-06
rGO@160 4.07 1.44E-02 2.23E-05
rGO@300 5.8 1.35E-02 5.55E-05
rGO@400 6.7 3.44E-02 1.57E-04

Finally, the power factors for all membrane samples were
calculated using power factor = ¢ x S> and are presented in
Fig. 2b and Table 1.

The maximum power factor obtained for the samples pre-
pared is 5.33 x 107> uW mK 2 for the GO/CNT (1:2) product.
The power factors for GO/CNT (1:0.5) and GO/CNT (1:1) are
1.01 x 102 and 4.41 x 10~% pyW mK 2, respectively. Pristine
GO shows a very low power factor of 1.11 x 10~ uW mK 2. For
the rGO samples, rGO@100 shows the maximum power factor
of 3.22 x 10~* yW mK > (Table 1).

Mater. Adv, 2021, 2, 5645-5649 | 5647
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Fig. 3 Thermoelectric response of rGO@100 membrane with tempera-
ture difference employed form body heat (temperature difference 12 K).

As an extension of the above, we have employed body heat
(finger contact) as the heat source to exploit the Seebeck effect
in a rGO@100 film. In this case a temperature difference of
12 K (versus ambient) was achieved. The excellent reversible
behaviour following alternate finger contact/non-contact against
time is shown In Fig. 3.

In general, the Seebeck coefficient and the electrical con-
ductivity of materials depend on the charge carrier concen-
tration; with an inverse relationship existing between them.>
Thus, semiconductors/insulators have large Seebeck coeffi-
cients and hence low electrical conductivities. GO and
GO@100 have very low carrier concentrations, reflecting the
presence of the oxygen-containing functional groups, and
hence high Seebeck coefficients and very low electronic con-
ductivity. Compared to the pristine GO, the rGO@100 showed
the higher Seebeck coefficient value which might be attributed
to the removal of the water molecules. In principle, the
adsorbed water molecules are removed from the GO during
calcination at 100 °C.*°® Upon reduction at elevated tempera-
tures, the oxygen-functionalized groups are decomposed
(Fig. 1c and d) leading to the restoration of sp*-carbons in the
membrane structure and resulting in higher carrier concentra-
tions with a concomitant increase in the electrical conductivity
(and accompanied by a decrease in the Seebeck coefficient).>®

The required properties of an ideal thermoelectric material
include (i) an adequate Seebeck coefficient (ii) high electrical
conductivity, and (iii) low thermal conductivity. As for gra-
phene, the thermoelectric properties of pristine CNT are limited
due to its high thermal conductivity.”” In the current study, the
synergism arising from employing both these to produce hybrid
unreduced GO/CNT membranes has resulted in enhanced
thermoelectric properties where CNT contributes to the high
electrical conductivity while GO contributes the presence of an
adequate Seebeck coefficient. As a consequence, the unreduced
GO/CNT (1:2) membrane showed a high thermoelectric power
factor of 5.33 x 102 pyW mK 2. Previously there have some
reports on rGO and rGO based composites as efficient thermo-
electric materials.*®*>' For example, Mehmood et al. reported the
thermoelectric power factor of 2.21 x 107> W K> m™" for flat
rGO film.”® The power factor of ~0.93 yW K> m™ " for rGO films
obtained from 4 h hydrothermal reactions and deposited on a
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glass substrate.”® In another study, the power factor value of
~0.43 uW K> m~ " was reported for rGO with PANI composite
material obtained by spark plasma sintering (rGO:PANI as
30:70).>° In addition, the value of pure rGO paper were
calculated as ~3.0 x 10~> uW K2 m™~! which then increase
to 1.2 W mK > using rGO + 50%CNT paper.>' However, the
current work is the first report for free-standing unreduced GO/
CNT as thermoelectric materials with a comparable power
factor of 5.22 x 107> uW K > m™'. Unfortunately, the estima-
tion of the thermal conductivity of our GO/CNT membrane is
beyond our current scope. However, some recent studies report
the much lower thermal conduction (more than 90%) of graphene
oxide compared to graphene.'®'® The oxygen-containing
functional groups reduce the efficiency of phonon transport in
graphene oxide and adversely affect the thermal performance due
to the mean free path of phonons being limited mainly by interior
defects resulting from both acoustic mismatch and reduced
symmetry in the graphene structure.'®'® Arising from this, the
resulting unreduced GO/CNT composite is expected to exhibit
low thermal conductivity and hence shows much promise for low-
temperature driven thermoelectric devices in the future.

4. Conclusions

In conclusion, we have successfully prepared freestanding
hybrid membranes using unreduced GO and CNT in different
ratios which show enhanced thermoelectric properties.
In particular, the GO/CNT (1:2) membrane exhibited a signifi-
cant enhancement in terms of the Seebeck coefficient, electric
conductivity, and thermoelectric power factor with values of
28.6 WV K™%, 6.52 x 107 S em™ %, and 5.33 x 1072 pW mK 2,
respectively. On the other hand, despite rGO@100 showing a
very high Seebeck coefficient, the low electric conductivity
reduces its thermoelectric power factor and, consequently, also
its suitability for practical application. In addition, at higher
reduction temperatures (i.e., that employed to obtain
rGO@400), the Seebeck coefficient was sharply reduced resulting
in a low power factor. The current study signifies that pristine GO
or rGO appear less than ideal for use as thermoelectric materials
for practical application. Instead, unreduced GO with electron
conductive additives (in the present study CNT) appears a promising
pathway towards efficient thermoelectric materials. We propose that
the results from the current study will provide a basis for important
future developments in the area.
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