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ABSTRACT
Structural and optical properties of b-Ni(OH)2/reduced graphene
oxide nanocomposite which was obtained by ultrasound dispersion
of hydrothermally synthesized b-Ni(OH)2 and reduced graphene
oxide were investigated. Frequency dependencies of conductivity for
initial components and composite materials were studied. Specific
surface areas of reduced graphene oxide, b-Ni(OH)2 and b-Ni(OH)2/
reduced graphene oxide are 402, 20 and 88 m2/g, respectively. It
was established that initial ultrafine b-Ni(OH)2 and b-Ni(OH)2/reduced
graphene oxide composite have a percolation electrical conductivity.
The enlarging of b-Ni(OH)2/reduced graphene oxide optical direct
band gap energy compared to the initial components due to O/C
contents changes was observed.
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I. Introduction

Electrochemical supercapacitors with high specific power (>104 W/kg) take an inter-
mediate position between lithium batteries and solid state or electrolytic capacitors [1].
Its operational principles are based on the electric double layer (EDL) formation on an
electrode– electrolyte interface during polarization-induced charge separation processes.
The extremely low effective thickness of EDL allows experimental achieving area-nor-
malized capacitance values up to 4-5 mF/cm2 for carbon-based electrodes [2]. For the
case of carbon nanostructured materials with specific surface area in a range of
1000–3000 m2/g the specific capacitance values of about 50-150 F/g depending on the
electrolyte type (aqueous or organic) are typically reported [3]. At the same time their
specific energy (0.1-5Wh/kg) is too low for wide practical application. The using of
both advantages of double-layer capacitance and charge storage based on fast Faradaic
process at charge-transfer-reaction (so-called pseudocapacitance) allows to expand sig-
nificantly the capabilities of such devices. The efficiency of charge storage mechanisms
depends on properties of active electrode materials and for some successful combina-
tions the specific capacitance value grows up to 1200 F/g [1]. The wide range of transi-
tions metal oxides (MnO2, Co3O4, NiO, Fe3O4, or V2O5) as well as their mixed oxides
and hydroxides have been studied as a redox electrode for hybrid supercapacitors [4].
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The electron conductivity and fast redox surface process without phase transformations
are the main preconditions of successful application of transition metals oxides and
hydroxides as active materials of hybrid supercapacitors technology [5]. Nickel hydrox-
ide b-Ni(OH)2 is one of the promising electrode materials due to its low cost, non-tox-
icity and high redox activity. [6]. But its low electronic conductivity and large changes
in volume during charge/discharge process are the main technological problems. The
obtaining of nanocomposite materials based on nanostructured b-Ni(OH)2 and carbon,
in particular, graphene or reduced graphene oxide (rGO) is promising way of these
problems solving [7]. Application of such systems allows reaching the extremely high
values of specific capacity (about 1875 F/g) in water electrolytes with relatively high
energy and power densities [8].
Te development of novel metal hydroxide/rGO hybrid materials for asymmetrical

supercapacitors is an important step to high performance energy storage. At the same
time, the problem of effective control of hybrid material electrical and electronic prop-
erties comes to the foreground because only in this case we can predict steps to the
development of high performance device. Herewith finding the regularities between syn-
thesis conditions and structural, morphological and also electrical conductivity of
b-Ni(OH)2/carbon composite is important for obtaining materials with predicted prop-
erties. This work is devoted to b-Ni(OH)2/rGO nanocomposite obtaining and
investigation.

II. Experimental details

Ultrafine b-Ni(OH)2 was synthesized by hydrothermal treatment of sol obtained by
interaction of NiCl2�6H2O and ammonia solutions with the presence of surfactant (poly-
ethylene glycol 6000). The obtained precipitate was washed by distilled water (until pH
¼7) with further drying at 60 j�. Graphene oxide was obtained by standard Hummers
method [9]. The reduction of graphene oxide was carrying out under the hydrothermal
conditions with the presence of hydrazine hydrate [10]. b-Ni(OH)2/rGO composite was
obtained by ultrasound dispergation of b-Ni(OH)2 and rGO in distilled water with
b-Ni(OH)2 and rGO with mass ratio of 2:1. Such a ratio was chosen for simultaneous
obtaining of both high value of electrical conductivity and reactive ability of
redox material.
Phase composition and crystalline structure of the synthesized materials were

investigated by XRD (copper anode radiation, Bragg-Brentano scheme, DRON-3.0
diffractometer). The average size of coherent scattering domains (CSD) was calcu-
lated by Scherrer’s formula. Particle’s morphology was observed by SEM method
(Vega 3 MLN TESCAN device). Porous structure and specific surface area were
investigated by low-temperature nitrogen absorption (Quantachrome Autosorb Nova
2200e device). Optical absorption spectra (wavelength range of 200-600 nm) were
obtained at room temperature (ULAB 102 UV spectrophotometer). The frequency
dependence of electrical conductivity was investigated by impedance spectroscopy
(Autolab PGSTAT 12/FRA- 2 device) in the frequency range of 0.01-100 kHz. The
electrical conductivity was measured for cylindrical samples prepared by pressing at
60 kN. The narrow temperature interval of scan (293-333 K) was chosen taking into
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account the probability of material thermal decomposition. The temperature control
was carried out with accuracy of ±1 r.

III. Results

The initial rGO sample is close to amorphous and only diffuse galo is fixed on its XRD
pattern in a range of 2h ¼ 20–60� (Fig. 1) due to crystalline structure disordering. The
local maxima are observed at 27 and 42� that correspond to rGO structure [11]. XRD
pattern of b-Ni(OH)2 is characterized by broadening of (001) reflex due to the presence
of nickel hydroxide particles with sizes about 30-40 lattice constants (15–20 nm) in the
direction of � crystallographic axis. The presence of plane defects doesn’t affect the
width of this reflex [12]. These average crystallites sizes are about 15 nm. On XRD pat-
tern of b-Ni (OH)2/rGO composite the slight intensity increasing in the range of
25–30j is observed.
The broadening of (100) and (101) reflexes are observed which is caused by the pres-

ence of interpalanar defects. It can be assumed that ultrasonic dispersion led to the rGO
fragments insertion into the interplanar space of b-Ni(OH)2. The CSD average size of
b-Ni(OH)2 phase in composite material is about 13 nm.
According to SEM data initial rGO sample consists of graphene sheets packets while

initial b-Ni(OH)2 sample is formed by the spherical agglomerates with the sizes about
1-2mm. Carbon fragments were observed between the agglomerated b-Ni(OH)2 particles
for composite material (Fig. 2).
Specific electric conductivity r of the obtained materials was investigated at the tem-

perature of 298, 303, 313, 323 and 333 K. r(x) curves are characterized by small
changes at low frequencies and sharp increasing with the further frequencies enlarging
that is typical for disordered materials with the hopping polaronic conductivity mechan-
ism (Fig. 3a). According to [13] b-Ni(OH)2 has protonic conductivity so carriers motion
is determined by both charge transfer within grains and polarization effects on
its border.

Figure 1. XRD patterns of rGO, b-Ni(OH)2 and b-Ni(OH)2/rGO.
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The conductivity of the materials is the superposition of rdc (frequency independent
component) and rAC(x) (polarized component) determined by percolation mechanism
of charge transfer [14].
To describe this area Johnscher’s model was used [15]. This model describe the

charge transfer by electron percolation in the disordered potential under the electric
field at the polarization effects: rACðxÞ ¼ rdc þ Axn, where rdc is the frequency inde-
pendent conductivity, A is the dispersion parameter and n is the dimensionless fre-
quency exponent which is a measure of the degree of interaction 0< n< 1 (n¼ 0 and 1
for an ideal Debye dielectric dipolar-type and n¼ 1 for an ideal ionic-type crystal). For
b-Ni (OH)2 sample n is 0.73 – 0.76 that indicates the diffusively limited character of
carriers hops between adjacent quasi-equilibrium positions in the crystal separated by a
potential barrier [16] and correlated barrier hopping mechanism of conductivity [17].
The expected temperature dependence of average hopping frequency xh (calculated as
xh ¼ ðrdcA Þ

1 n=

) is xh ¼ xdc exp ð� Eh
kTÞ. For b-Ni(OH)2 the sharp increase in hopping fre-

quency (from 220 to 510 s�1) with temperature increasing to 303 K was observed with
further decreasing to 110 s�1 at the 333 K (Fig. 4). The activation energy of electric con-
ductivity (0.439 ± 0.020 eV) was calculated from Arrhenius plot for ultrafine b-Ni(OH)2
sample. It is close to the activation energy value of about 0.485 ± 0.027 eV obtained
using temperature dependence of the specific conductivity as follows rdc ¼ r0

T exp
Erdc
kT

h i
.

The electrical properties of the rGO sample sharply change at relatively high frequencies
(>1000Hz) (Fig. 3b). The decreasing of material conductivity is explained by skin effect.
The activation energy of electron traps in rGO is (13.3 ± 0.4)�10�3 eV. Frequency
dependencies of the specific electric conductivity of b-Ni(OH)2/rGO nanocomposite
(Fig. 3c) were also approximated by universal power law. The systematic decreasing of
conductivity rdc with the increasing of temperature was observed. The sharp increase in
rdc and slightly decreasing of average hopping frequency xh for b-Ni(OH)2/rGO sample
compared to b-Ni(OH)2 is observed. The hopping activation energy in percolation
approach decreases to (0.099 ± 0.004) eV (Fig. 5).
Tauc model for the band gap energy Eg determination as a function of the incident

photon energy was used. The absorption coefficient a near the band edge in semicon-
ductors shows an exponential dependence accordingly to empirical relation
a ¼ const

h� ½h� � Eg �m, where h – Planck’s constant, � – incident light wave frequency,

Figure 2. The SEM images of rGO (a), b-Ni(OH)2(b) and b-Ni(OH)2/rGO (c) particles.
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Figure 3. Frequency dependencies of specific conductivity rGO (a), b-Ni(OH)2 (b) and b-Ni(OH)2/
rGO (c)
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m¼ 1/2 and 2 for direct and indirect transitions, respectively. The extrapolation of the
linear trend observed in the spectral dependence of (ah�)2 over a limited range of pho-
ton energies h� was used and Tauc optical band gap is defined as occurring at the
intercept of this linear extrapolation with the abscissa axis [18].
It was determined that direct-band optical transitions (m¼ 1/2) are typical for all the

samples. The optical band gap energy for the b-Ni(OH)2 sample is 3,80 ± 0,15 eV that
corresponds to data of [19] obtained for nanocrystalline nickel hydroxide with average
particle size of 22 nm. For microcrystal b-Ni(OH)2 the direct optical band gap energy
vary in a range of 3,0-3,5 eV [20]. An increasing of Eg can be associated with the quan-
tum confinement effect [21].
The calculated value of the optical band gap energy for the rGO is 3.85 ± 0.12 eV

sample that corresponds to [22] were hydrazine hydrate was used for graphene oxide
reduction similar to our experiments. The estimated bandgap energy of rGO [23]

Figure 4. Temperature dependencies of the average frequency of hops of current carriers xh for
b-Ni(OH)2 and b-Ni(OH)2/rGO nanocomposite.

Figure 5. Temperature dependencies of the conductivity rdc of b-Ni(OH)2 and b-Ni(OH)2/rGO.

MOLECULAR CRYSTALS AND LIQUID CRYSTALS 173



Figure 6. Tauc plots (ah�)2(h�) of rGO (a), b-Ni(OH)2 (b) and b-Ni(OH)2/rGO (c).
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Figure 7. Pore sizes distributions for samples rGO (a), b-Ni(OH)2 (b) and b-Ni(OH)2/rGO (c).
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depends on O/C ratio and enlarge with the oxygen density increasing. The integral
value of band gap width of b-Ni(OH)2/rGO composite is 4.09 ± 0.10 eV, i.e. there is
an increase in both of the source material. The observed changes can be explained by
peculiarities of composite forming. All obtained materials are characterized by a well-
developed mesoporous structure (Fig. 7). At the same time the presence of micropores
(up to 15% of total volume) is observed for b-Ni(OH)2 sample, whereas for b-Ni(OH)2/
rGO composite pores of less than 2 nm are practically absent. Specific surface areas of
rGO, b-Ni(OH)2 and b-Ni(OH)2/rGO are 402, 20 and 88 m2/g, respectively. It can be
assumed that ultrasonic treatment during the composite formation leads to with filling
of the part of b-Ni(OH)2 sample pores with graphene fragments. Herewith the increase
of O/C ratio for the composite material may be expected that corresponds to the ten-
dency of the optical bandgap energy increasing for rGO component. The using of aque-
ous medium during material preparation is the additional factor that causes an increase
in the O/C ratio.

IV. Conclusions

b-Ni(OH)2/rGO nanocomposite was obtained by ultrasonic dispergation hydrothermal
synthesized b-Ni(OH)2 and rGO in distilled water. The conductivity of both initial com-
ponents and composite materials was investigated in percolation approach. Hopping
conductivity is predominant for b-Ni(OH)2 and b-Ni(OH)2/rGO materials with activa-
tion energies of 0.485 ± 0.027 and 0.099 ± 0.004 eV, respectively. Average hopping fre-
quency for b-Ni(OH)2/rGO sample decreases compared to initial b-Ni(OH)2. An
electronic type of conductivity with activation energy of (13.3 ± 0.4)�10�3 eV for the
reduced graphene oxide was observed. The formation of b-Ni(OH)2/rGO nanocompo-
site leads to frequency-independent conductivity increasing and its temperature stability
enlarging. The increase of the optical band gap energy of b-Ni(OH)2/rGO nanocompo-
site (4.09 ± 0.10 eV) compared to the initial b-Ni(OH)2 (3.80 ± 0.15 eV) and rGO
(3.85 ± 0.12 eV) can be explained by the O/C ratio enlarging.
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