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Zn0O/rGO composites are prepared by the conventional solid-state reaction method. Structural
properties of prepared compounds were studied using XRD technique and it is observed that all the
samples are crystallized in wurtzite structure. Electrical resistivity measurements were carried out using
four probe method employing a closed cycle refrigerator. With addition of rGO, colossal reduction in the
resistivity is observed which is about three orders of magnitude smaller than that of the pure sample of
Zn0O. Room temperature Hall measurements were performed to estimate the bulk concentration and
results show that addition of rGO into ZnO matrix enhances the number of charge carriers. Thermopower
measurements were carried out using differential dc method and a large reduction in Seebeck coefficient is

observed.
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1. INTRODUCTION

The energy requirement to lead a better life is
increasing during last few decades. The available fossil
fuels like petrol, diesel and compressed natural gas are
depleting and their enormous utilization is a cause for
environmental pollution and global warming [1].
Renewable energy sources are good candidates for an
almost pollution free energy sources. To produce large
amount of renewable energy is the need of the hour. In the
last few decades thermoelectric (TE) devices have
attracted the scientific community as these are
ecofriendly, have ability to work over wide range of
temperature and have long lasting life [2]. The efficiency
of TE materials is calculated by a dimensionless quantity
represented by ZT which is given by [3, 4],

2
zr =5 M

k
where, S 1s Seebeck coefficient, o 1is electrical

conductivity, k is thermal conductivity and 7T 1is
temperature in Kelvin.

Among various TE materials, oxide TE materials are
found to be of great importance due to their nontoxic
nature, easy availability, and high stability over wide
range of temperatures [5]. ZnO is one among various
oxides which have been studied and results show that it
is a promising material which can be used for thermo
electric devices.

Pure ZnO is an n type semiconductor with band gap
in the range 3.2-3.5 eV [6]. Several attempts have been
made to enhance TE properties of ZnO with the addition
of different dopants and composites. Michitaka Ohtaki
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et al. synthesized Al doped ZnO and reported about
three orders of magnitude increment in the electrical
conductivity [7]. Kiryl V. et al. studied high temperature
TE properties of Zirconium and Aluminum co-doped
ZnO and reported 2.3 fold increase in figure of merit [8].
Priyanka Jood et al. doped heavy elements Bi and In in
ZnO and observed ultra-low thermal conductivity and
high powerfactor [9]. Composites of ZnO with other
compounds also exhibit promising TE properties. Ning
et al. fabricated composites of ZnO/Cu2SnSes and the
sample with 2.4 vol % of ZnO has exhibited ZT value 1.3
times more than that of pure Cu2SnSes matrix [10].
Zhiwei Zhou et al. studied thermoelectric properties of
SnTe/ZnO composites and obtained highest ZT of 0.9 at
873 K for the sample with x=0.8 wt % of ZnO which
was 112 % higher than that of the pure compound [11].
Most of the studies carried out in ZnO system are in
high temperature regime. This motivated as to
undertake low temperature studies on ZnO system.
Here in this work, we have studied low temperature
properties of ZnO/rGO composites synthesized through
cost effective solid-state reaction method.

2. EXPERIMENTAL PROCEDURE

The process for synthesis of graphene oxide (GO) is
as follows. A 9:1 mixture of concentrated H2SO4-H3PO4
(360:40 mL) was added to a mixture of graphite flakes
(3.0 g, 1 wt. equiv.,, SP-I Bay carbon) and KMnO4
(18.0 g, 6 wt. equiv.). The reactants were then heated to
50 °C and stirred for 12 h. The reactants were cooled to
room temperature and poured onto ice with 30 % H20s
(3 mL). 200 mL of water, 200 mL of 30 % HCI and
200 mL of ethanol (twice). The resultant suspensions
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were filtered. The filtered GO was dried under oven at
90 °C, which resulted in yellowish brown powder [12].

This was followed by synthesis of reduced graphene
oxide (rGO). For preparing the rGO, 0.1 g GO was
dispersed in 100 mL DI water for 90 min. Then, 1 mL
hydrazine hydrate was added to the prepared
dispersion, and the mixture was heated to 95 °C in an
oil bath with a magnetic stirring for 24 h and finally,
centrifuged and dried at 25 °C [13].

ZnO/x wt % rGO (x=0, 5 and 10) composites were
prepared using the process as under. Pure ZnO powder
(Merck, > 99 % pure) was preheated in a Muffle furnace at
700 °C for 12 hours to remove moisture, if any. After
naturally cooling, the powder was finely grinded for an
hour and transferred to alumina boat to anneal at 1100 °C
for 24 hours to enhance the crystallinity. The annealed
7Zn0O powder and rGO prepared by (improved synthesis
method) were weighed in stoichiometric ratio and mixed
in an agate mortar and pestle to get homogeneity. The
mixture was cold pressed into pellets and sintered in a
furnace at 200 °C for 24 hours. This process was repeated
twice to get homogeneous samples.

The prepared samples were characterized by various
techniques. Powder XRD method was adopted to confirm
the crystal structure of the prepared compounds with
Rigaku X-ray diffractometer using Cu-Ko« radiation. The
resistivity of prepared samples was measured in a closed
cycle refrigerator equipped with Keithley source meters
using standard dc four probe method [14]. The four wire
contacts were made on the rectangular sample with the
help of adhesive silver paste. Room temperature Hall
effect measurement was performed using Ecopia HMS-
5500 with 0.57 magnetic field to estimate the room
temperature carrier concentration and mobility [15].
Thermopower is measured by adopting differential dc
method [16].

3. RESULTS AND DISCUSSIONS
3.1 Structural Studies (X-ray Diffraction)

The powder XRD (X-ray diffraction) of the prepared
samples was carried out in the range 20-80 degree (26)
and the obtained diffraction patters are shown in
Fig. 1. All the samples crystallized in the hexagonal
wurtzite structure which is consistent with the results
in literatures [17-19]. With the addition of rGO into the
Zn0 matrix, there is a slight change in the crystal
structure from the pure ZnO. The sample with 5 wt %
of rGO shows a low intense broad secondary peak
around 25 degree and the intensity of the peak is
enhanced for the sample with x=10 wt % which is
shown in Fig. 2.

The average crystallite size of the prepared
compounds is calculated by Debye Scherrer formula
which is given by [20, 21],

Do KA 7
pcosb

@)

where, K is shape factor (0.9 for spherical geometry), g
is FWHM (Full Width at Half Maxima), 6 is Bragg’s
angle. The average crystallite size of the presently
investigated samples lies in the range 40 to 60 nm.
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3.2 Electrical Properties
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Fig. 2 - Effect of rGO on XRD patterns of ZnO/rGO
composites

Electrical resistivity of the synthesized samples was
measured in the temperature range 80-350 K and the
plots are shown in Fig. 3. Resistivity of all the
synthesized samples decreases with increase in
temperature which indicates that the samples possess
semiconducting behavior. Pure ZnO sample shows high
resistivity of the order of 10 Qm. Addition of 5 wt %
rGO into the ZnO matrix intensely reduced the
resistivity to 10-2 Qm and addition 10 wt % rGO
further reduced the resistivity to 10 -2 Qm. The large
reduction in the resistivity is attributed to the
enhanced conductivity of rGO due to high carrier
concentration. The bulk concentration is observed to be
the maximum for the sample with x =10 wt %. On the
contrary, mobility decreases with addition of rGO and
the sample with x =10 wt % shows minimum mobility.
The room temperature carrier concentration, and
mobility, are given in Table 1. To understand the
conduction mechanism, we adopted the Small Poloron
Hopping (SPH) model which is given by [16],

E
p=p,T exp [kﬁ"] , 3
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where o is a temperature independent constant, Ea
and kB corresponds to activation energy and Boltzmann
constant respectively. The plot In(o/T) vs 1/T is shown
in Fig. 4 and activation energy was calculated from the
slope of the graph. The activation energies of pure and
the composite samples are also listed in Table. 1 where
it is observed that the activation energy decreases with
addition of composites.

Table 1- Room temperature bulk concentration, mobility,
and activation energy of ZnO/rGO samples

Sample Bulk Mobility Activation
concentration (cm?/Vs) | energy (meV)
(cm-?)

Zn0 2 x 1015 610 60
Zn0/5%rGO 5 x 1017 2.51 28
Zn0/10%rGO 5 x 1019 0.082 31
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Fig. 3 — Temperature dependent resistivity plots of ZnO/rGO
composites
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Fig. 4 — SPH fitting of ZnO/rGO composites

3.3 Seebeck Coefficient (S)

Seebeck coefficient measurement of the samples
was carried out in the temperature range 80-320 K and
the variation of Seebeck coefficient with temperature is
shown in Fig. 5. Due to high resistance of the pure
sample, we could not measure the Seebeck coefficient
at low temperatures. For the pure sample, the Seebeck
coefficient first decreases with increase in the
temperature, and then undergoes a change in sign
around 190 K and thereafter it saturates around room
temperature. The pure sample shows very high positive
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S value of around 23 mV/K at 160 K and it has a
transition from positive S to negative S and reaches
about — 15 mV/K around 190 K. At room temperature,
S remains negative with saturated value of — 1.4 mV/K.
Samples with x=5 wt % also shows transition from
negative to positive S which could be attributed to
asymmetric density of states near pseudogap [22] and
increases linearly with temperature which indicates
that the sample is degenerate semiconductor (heavily
doped) [23]. The sample with x=10wt % shows
positive Seebeck coefficient and also exhibit the
degenerate semiconducting behavior. Addition of rGO
into ZnO has reduced the S value by four orders of
magnitude which could be attributed to enhanced
carrier concentration of composite samples.
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Fig. 5 — Temperature dependent Seebeck coefficient plots of
ZnO/rGO composites

3.4 Power Factor (PF)

Power factor is an important quantity in order to
estimate the efficiency and output power of any TE
material. In the recent past a study demonstrates that
the strategy of lowering the thermal conductivity to
enhance the efficiency of TE material can lead to
thermo-mechanical problems whereas, tuning PF does
not lead to thermo-mechanical instabilities [24].
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Fig. 6 — Temperature dependent power factor plots of

ZnO/rGO composites
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Therefore, we have estimated the power factor of
ZnO/rGO samples in the temperature range 80-320 K
and Fig. 6 shows variation of PF with temperature. The
highest PF 1is obtained for the pure sample
(~ 2170 yW/mK?) and at room temperature it reaches
to 27 uW/mK2. With the addition of rGO into ZnO
matrix, PF reduces to 0.02 uyW/mK? for the sample with
x =5 wt% and it further reduces to 0.01 pW/mK? for the
sample with x = 10 wt %.

4. CONCLUSIONS

ZnO/rGO composites were successfully prepared by
solid-state reaction method. Prepared samples were
characterized using various techniques. The effect of
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