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The paper presents the experimental results of the composite-materials’
synthesis on the base of nickel hydroxide B-Ni(OH), and reduced graphene
oxide using ultrasound dispersion of hydrothermally obtained B-Ni(OH),
and previously chemically reduced graphene oxide. The synthesized mate-
rial is investigated by XRD, SEM, and impedance spectroscopy. The in-
creasing of composite dispersion degree at increasing of carbon-component
content is observed. The electrical conductivity of pure B-Ni(OH), and
rGO, and B-Ni(OH),/rGO composite materials at different ratios of compo-
nents is analysed at different frequencies in the temperature range of 25—
200°C. The decrease in the activation energy of an electric conductivity
for the B-Ni(OH),/rGO nanocomposite at the component ratio of 1:2, in
comparison with pure rGO, is observed.

Y poboTi mpeacTaBieHO eKCIepHMEeHTaJbHI pe3yJbTaTh CHUHTEe3M KOMIIO3UT-
HUX MaTepianiB Ha ocHOBi rizpokcuzny Hixkmao -Ni(OH), i BizHOBIEHOTO OK-
cungy rpadgeHy MeTOJ0I0 YJIbTPAa3BYKOBOTO AMCIEPIYBAHHA TiApPOTEPMAaJILHO
onep:xkanoro B-Ni(OH), i monmepesabo xeMiuHO BigHOBJIEHOTO OKcuzmy rpade-
"y (rGO). CuHTe30BaHUI MaTepifAa MOCIiMKyBaiu 3a MOIOMOIOI0 aHAJi3u
Indpariii X-mpomeHiB, CKaHyBaJbHOI €JIEKTPOHHOI MiKpoOcCKomil Ta ime-
mamcHOl cmeKTpockoiii. IIpu 30iiplreHHi BMicTy BYyTrJIeIeBOTO KOMIIOHEHTY
cnocrepirasoca 30iJbIIIEHHA CTYHIEHs AUCIEPCHOCTH KoMmosuTty. IIpoBemeHo
amanisy esextponpoBigHocTu umctux -Ni(OH), i rGO, a TakoX KOMIIO3UT-
Hux marepidiaiB B-Ni(OH),/rGO npu pisHOMY CcHiBBigHOIIIEHHI KOMIOHEHTIB
npu pisHMX uyacTtoTax B iHTepBadi Temmepatyp 25—200°C. Cmocrepiraocs
3MEHINIeHHs eHeprii axTwBallii eJIeKTPUYHOI HPOBiAHOCTH AJITI HAHOKOMIIO-
suty B-Ni(OH),/rGO mpu cmiBBigHOINIEHHI KOoMmOHeHTiB 1:2, mOpiBHAHO 3
yuctum rGO.

B pabore mpeicTaBiIeHbI 9KCIEPUMEHTANbHBIE PE3YJbTAThl CUHTE3a KOMIIO-
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BUTHBIX MaTepuajioB Ha ocHoBe ruapokcuzna Hukend B-Ni(OH), m Boccra-
HOBJIEHHOTO OKcHJIa rpadeHa MeTOZOM YJILTPAa3BYKOBOTO AUCIEPTUPOBAHUA
rugporepMmasbHo moaydeHHoro [(-Ni(OH), m mpegBapuTenbHO XUMUYECKU
BoccTaHOBJIeHHOTO oKcuza rpadeHa (rGO). CuHTe3MpPOBAHHLIN MaTepuaJ
KCCJIeOBAN C IIOMOIILI0O aHAIM3a MU(MPPAKIINKY PEHTTeHOBCKUX Jyueii, CKa-
HUPYIOIell 5JeKTPOHHOM MHKPOCKOINN YW HMIIEIAHCHOU CIIEKTPOCKOIIUHU.
IIpu yBeMUYeHUU COAEPKAHUSA YIIePOIHOT0 KOMIIOHEeHTa HabJ/I0[aioch yBe-
JIMUYeHWEe CTeIeHU AVCIEePCHOCTH Kommosurta. [IpoBefiéH aHAIW3 BJIEKTpUUE-
ckoii mpoBogumocTu YucThIX (-Ni(OH), m rGO, a Taxk'Ke KOMIIO3BUTHBIX Ma-
repuayoB B-Ni(OH),/rGO mpu pasauyHOM COOTHOIIEHUUN KOMIIOHEHTOB IPU
PasIMUYHBIX UYacTOTaX B HHTepBaje Temmneparyp 25—200°C. Hab6amogaioch
yMeHbIIIeHNe JHEePTUM AaKTUBAllUU 9SJIEKTPUUECKON IIPOBOAMMOCTU MAJIs
nanoxkommnosura B-Ni(OH),/rGO npum cooTHOIIeHHMU KOMIIOHEHTOB 1:2, 1o
cpaBHeHUIO ¢ yucThIiM rGO.

Key words: nickel hydroxide, reduced graphene oxide, ultrasound disper-
sion, hydrothermal synthesis, electrical conductivity, electrochemical prop-
erties.
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1. INTRODUCTION

Electrochemical capacitors (EC) due to its power, long cyclic capa-
bility and low cost are the excellent solution for novel energy-
storage systems for back-up energy devices of renewable sun and
wind sources or electric vehicles. There are two different charge
storage mechanisms for EC. The first one is based on the electro-
static electric double layer (EDL) formation at the elec-
trode/electrolyte interface during electroadsorption of solvated ions
from liquid electrolyte [1]. Another one includes the reversible or
semi-reversible Faradaic redox reactions with the dependence of ac-
cumulation charge on the electrode potential, which causes electro-
chemical pseudo-capacitance [2]. The large specific capacitance val-
ue of EDL devices (up to hundreds of farads per gram) is a result of
very short distance between charged layers separated by elec-
trode/electrolyte interface and very high specific surface area value
of electrode materials (up to 3000 m%g™) typically based on the po-
rous carbon materials. The redox mechanisms allow accumulating
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relatively higher specific capacitance and energy density values
compared to the ones for EDL. The main requirement for pseudo-
capacitive electrode is the realization of surface and bulk redox pro-
cess in combination with intercalation of electrically active species
(ions from electrolyte) into channels and interlayer space of crystal
lattice of electrode materials. The reversible redox activity, high
specific surface area and high electrical conductivity are crucially
important and simultaneously mutually contradictory demands for
high performance for pseudo-capacitors electrode. The EDL capaci-
tors have an extremely high power density value and cycling abil-
ity, but specific energy densities are relatively low (up to 12
Wh-kg™' for the best commercial devices) [3]. At the same time,
pseudo-capacitors demonstrate too low power density and low lack
of cycling stability for commercial use. The development of hybrid
systems that combine Faradaic electrode (energy source) and EDL
electrode (power source) allows obtaining a high performance elec-
trochemical cell [4, 5]. The main problem is maintaining the redox
reactions reversibility that depends on the battery-type electrode
properties and a correct functionality of all components of EC as a
unified system. The development of a novel electrode material is
crucially important for next technological progress in this branch.
Among the perspective materials for Faradaic electrode (RuO,,
MnO,, MoQO;), nickel hydroxide B-Ni(OH), has a high theoretical
specific capacitance (of about 2358 F-g! [6]), but very low electrical
conductivity restricts its using. The formation of p-Ni(OH),—
reduced graphene oxide (rGO) composite materials allows improving
the electrochemical properties of this material.

2. EXPERIMENTAL DETAILS

Ultrafine p-Ni(OH), was synthesized by hydrothermal route. The sol
obtained by the interaction of NiCl,,6H,0 and ammonia solutions
with the presence of PEG 6000 as a surfactant was placed in teflon-
lined autoclave and then was kept at the temperature of 120°C for 8
h. The obtained green precipitate was washed until pH=7 and dried
at 60°C. Graphene oxide (GO) was synthesized by modified Hummers
method using protocol described in [7]. Graphite fine powder (5 g)
and sodium nitrate (2.5 g) were mixed with concentrated sulphur ac-
id (110 ml, 98%) in the ice bath at the temperature of about 0°C. Po-
tassium permanganate (15 g) was slowly added to the mixture at the
temperature of about 15-20°C. The purification of GO from Mn ions
was realized by addition of sodium hydroxide up to pH =10 with the
removing of the formed precipitate. The obtained colloidal mixture
was heated up to 35°C and stirring for 3 hours. Deionized water (230
ml) was added dropwise to the obtained reaction medium with next
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its heating up to 95°C and continuous stirring for 1 hour. The deion-
ized water (360 ml) and Hydrogen peroxide (40 ml, 30% ) were added
to the mixture. After cooling to room temperature, the obtained col-
loidal suspension was ultrasonicated for 4 hours and centrifuged to
provide removing of unexfoliated graphite particles, filtered, washed
by HCI and distilled water/ethanol mixture for sulphate species re-
moving. The final dark yellow precipitate was dried in vacuum at
60°C. GO reduction was carried out under the hydrothermal condi-
tions with the presence of hydrazine hydrate. B-Ni(OH),/rGO compo-
site was obtained by ultrasound dispersion of B-Ni(OH), and rGO
(mass ratio of 2:1, 1:1 and 1:2, respectively) in distilled water.

The phase composition and structure of the synthesized materials
were analysed by XRD and SAXS on a DRON-3M powder diffrac-
tometer (CuK, radiation). The average size of coherent scattering
domains (CSD) was calculated by Scherrer’s formula.

The frequency dependence of electrical conductivity was investi-
gated by impedance spectroscopy (Autolab PGSTAT 12/FRA-2 de-
vice) in the frequency range of 0.01-100 kHz at temperatures of
20—-200°C. The electrical conductivity value was measured for cy-
lindrical samples prepared by pressing at 20 kN.

Vega 3 MLN TESCAN device Scanning Electron Microscope was
used for testing of morphological characteristics of the samples.

Ultrasonic treatment was performed using disperser ‘USDN-A’
(working frequency of 20—-25 kHz).

Electrochemical measurements were realized with a three-
electrode cells consisted of working electrode (electrode composition
on the pure Ni substrate) reference electrode (Ag/AgCl), counter
electrode (platinum wire). Electrode composition consists of 90%
active material, 5% acetylene black and 5% polyvinylidene fluoride
mixed with acetone and dried at 80°C for 3 hours. 6M-KOH aqueous
solution was used as an electrolyte. Cyclic voltammetry measure-
ments were done at scan rate of 1, 2, 3, 4, 5, 10 mV-s''.

3. RESULTS AND DISCUSSION

The XRD patterns of the pure rGO, B-Ni(OH),, and B-Ni(OH),/rGO
composite are shown in Fig. 1. All patterns were processed with the
PowderCell software [8]. According to XRD data, all the synthe-
sized samples form hexagonal B-Ni(OH), phase (JCPDS 38-0715)
with HO-Ni—OH layers that are arranged along crystallographic di-
rection ¢ with octahedral coordination of Ni*" ions.

The broadening of (001) diffraction peak is an evidence of domi-
nant particle growth (average size of about 15 nm) along the [100]
and [110] directions that causes plate-like morphology. This conclu-
sion is confirmed by direct observation using SEM method (Fig. 2).
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The preferred orientation degree of B-Ni(OH), crystallites was
calculated by analysis of intensity ratio between (001) and (101) ref-
lexes for composite materials with different rGO contents. The in-
creasing of intensity ratio between (001) and (101) with the increas-
ing of rGO content was observed. It corresponds to increasing of the
preferred growth degree. It can be assumed that ultrasonic disper-
sion causes the decreasing of average particles sizes of materials

(001)
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2 (100) &5 Ni(OH),/rCO (1:2)
g \———---
s | | n j‘g—Ni(OH)z/rGo 1:1)
< I
- 15 Ni(OH),/rGO (2:1
2 A ,:*ll i(OH),/ (2:1)
§ f___J\_p-NiOH),
=
. GO

10 20 30 20 0

Fig. 1. XRD patterns of p-Ni(OH),, rGO and B-Ni(OH),/rGO composite ma-
terials at different ratio components.

—t 1 um Ni(OH),

Fig. 2. SEM images of B-Ni(OH), (a, b), rGO (¢, d) and B-Ni(OH),/rGO (e, f,
g, h, i, j) composite materials at different components ratio.
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Continuation of Fig. 2.

with possibilitv of carbon atoms insertion into the interplanar space
of B-Ni(OH), that is in a good agreement with SEM data (Fig. 2).
The electrical conductivity mechanisms for pure B-Ni(OH), and
rGO, and B-Ni(OH),/rGO composite materials at different compo-
nents ratio were analysed by impedance spectroscopy at tempera-
tures of 25-200°C (Fig. 3). The non-linear temperature dependences
of the B-Ni(OH), electric conductivities at some selected frequencies
demonstrate the presence of maximum at 125°C with next decreas-
ing of conductivity. The observed phenomena are caused by the
dominance of protonic conductivity in B-Ni(OH), with the hopping
mechanism of charge carriers [9]. The temperature increasing leads
to water molecules removing from interplanar space and it changes
the electrical conductivity mechanism. The slight changes in the
conductivity at low frequencies and its increase with frequency in-
creasing were observed for the sample at measurement temperatures
of 175 and 200°C that is typical for disordered semiconductors.
Jonscher power law was used to interpret the relaxation frequency
of electrical conductivity: o(w) =0, + Aw", where c, is the dc con-
ductivity, A—prefactor, and n is a frequency exponent parameter
(0 <n<1) characterizing the deviation from Debye behaviour and
measurement of the interionic coupling strength [10]). Calculated
values of n are 0.41+0.06 and 0.95+0.05 for curves obtained at
175 and 200°C, respectively. The range of 0 <n < 0.4 is an evidence
of charge transferring through the system of conductive grains sep-
arated by less conductive barriers, which behave as macroscopic di-
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Fig. 3. The frequency dependence of electrical conductivity of B-Ni(OH),
(a), rGO (b) and B-Ni(OH),/rGO (c, d, e) composite materials at different
temperatures (solid lines are fitting results of Eq. (1)).

poles strongly interacting with each other [11].

The exponent range of 0.4 <n<0.6 suggests multipolaron hop-
ping of charge carriers across the grains interfaces boundaries [12].
The obtained result indicates the transition from diffusively limited
character of carrier hops between quasi-equilibrium positions in the
crystal lattice separated by a potential barrier and correlated barri-
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er-hopping mechanism of conductivity.
The decreasing of specific electrical conductivity that is observed

for pure rGO at frequencies >1000 Hz corresponds to electric cur-
rent distribution near the surface of conducting graphene packages

(skin effect) [13]. In this case, o(w, T) curves can be fitted by Drude
Gdc

del T)y=—- "%
model as o(T) 1+ o (D)

, Where o, is a direct current conductiv-

ity.
The slight change in 6,(T) in a range of 25-100°C with the next
linear growth was observed. Both o, depend on the temperature fol-

E
lowing Arrhenius law: o,.(T) = o, exp {— k;’} , where E, is activation

energy, o, and t, are prefactors [14]. The calculated value of activa-
tion energy is 0.07 eV.

The increasing of rGO component relative content in composite
materials leads to a systematic evolution of the electric conductivity
spectra. The characteristic changes are also observed at the increas-
ing of experiment temperature. The effect of GO component for B-
Ni(OH),/rGO (2:1) composite material corresponds to additional
conductivities increasing in the frequency range of about 10°-10?
Hz (Fig. 3). Highly sensitive behaviour of temperature dependences
of electrical conductivity on the frequency was observed for this
sample. This effect is a result of two components presence with dif-
ferent conduction mechanisms that are dominant at different tem-
peratures and frequency ranges (Fig. 4, a). It can be assumed that
the increase in temperature or signal frequency causes the enlarg-

4.1074 p-Ni(QOH),
—e— 1000 Hz E
- 4| =100 Hz — & E, =0.07 eV
E 3107 —a— 10 Hz \E s &
- —— 1 Hz e & . .
| =1 Y
g y ] 0L He o £ N
] g 28 32 16
e . 81 1000/T, K
S )
110 s
0 74
25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Temperature, °C Temperature, °C
a b

Fig. 4. The temperature dependences of specific electrical conductivities
for pure B-Ni(OH), at selected frequencies (a) and o, parameter for rGO
sample at different temperatures with corresponding Arrhenius plot (b).
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ing of carbon component influence. This assumption is confirmed by
the temperature dependences of electrical conductivity of p-
Ni(OH),/rGO (1:1). The slow increase in electrical conductivity in
the low-frequency region with its gradual increasing and a jump in
the high-frequency region are observed for all the temperatures less
than 200°C (Fig. 3). The gradual increase in the low-frequency elec-
trical conductivity was observed for this temperature. The same ef-
fect for composite material with highest rGO content (-
Ni(OH),/rGO (1:2)) was observed at temperatures more than 100°C.
Temperature dependences of electrical conductivity for this material
became frequency-independent that allow calculating an activation
energy value (Fig. 5, d). The calculated value of activation energy is
about 0.06 eV that corresponds to better electrical conductivity of
composite system.

Cyclic voltammetry method was used for testing of electrochemi-
cal performance of all the synthesized materials in 6M-KOH aque-
ous solution (Fig. 6).
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Fig. 5. Temperature dependences of electrical conductivity for B-Ni(OH),—
rGO composites at different frequencies.
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As can be seen from Fig. 6, a, all the CVA curves measured for
rGO electrodes exhibit almost close to rectangular shapes in the
range of 0 V to 0.5 V that is the evidence of a reversible capacitive
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Fig. 6. Cyclic voltammograms obtained at various scan rate for electrode
based on (a) rGO, (b) B-Ni(OH), and (c, d, e) B-Ni(OH),/rGO (c) composites,
and (f) the dependences of capacitance on scan rate.
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behaviour of charge accumulation. The transformation of CVA
curves with scan rate increasing is typical for EDL charge accumu-
lation type [15]. The pair of well-defined redox peaks is observed on
CVA plots of Ni(OH),-based electrode (Fig. 6, b) that corresponds to
the Faradaic reactions [16] B-Ni(OH),+ OH <> NiOOH + H,0 + ¢".
The symmetry of anodic and cathodic peaks is a result of the re-
versible process behaviour and measured charge storage are caused
by pseudocapacitive mechanism. The redox processes are observed
on the CVA response measured for composite electrodes (Fig. 6, c—e)
but in this case the peaks are broadened and changes in shape of
CVA curves with the scan rate increasing are not significant. This
indicates both complex character of electrode capacitance and better
charge carriers transport through the electrode material.

The values of average specific capacitances (C) were calculated
using the area under the CVA curves as a function of potential scan

rate [16]: C = [* IU)dU /2ms(U2 ~U,), where U, and U, are cut-

off potentials, I(U) is a current, m is a mass of active electrode ma-
terial, s is a scan rate. The values of specific capacitance for rGO-
and B-Ni(OH),-based electrodes change from 65 to 18 F-g™' and from
68 to 22 F-g! with the scan rate increasing in a range of 0.5-5
mV-s' (Fig. 6, f). B-Ni(OH),/rGO composite with maximal B-Ni(OH),
content demonstrates the best capacitive response (145 F-g' at
s=0.5 mV-s™) with the maximal decrease in specific capacitances
with the scan rate increasing. The increasing of carbon component
content leads to the deterioration of capacitive properties. The max-
imal specific capacitance values for the B-Ni(OH),/rGO composites
are 102 and 89 F-g! at component ratio 1:1 and 1:2, respectively.

4. CONCLUSIONS

Simple and effective hydrothermal synthesis of B-Ni(OH),/rGO us-
ing ultrasonic dispersion of hydrothermally synthesized B-Ni(OH),
and chemically reduced graphene oxide is proposed. The preferred
orientation of B-Ni(OH), crystallites in (001) crystallographic plane
was observed. The increasing of carbon component in composite ma-
terial leads to the increase in sample dispersion degree. The increas-
ing of interplanar distance along crystallographic direction ¢ for B-
Ni(OH),/rGO composite (components’ ratio of 1:2) can be explained
by insertion of carbon atoms. The frequency dependencies of con-
ductivity of initial components (-Ni(OH), and rGO) and composite
materials at different components’ ratio were investigated. The pro-
tonic conductivity mechanism is dominating for pure B-Ni(OH), up
to 150°C. Activation energy of electronic conductivity for reduced
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graphene oxide was about 0.07 eV. The frequency and temperature
dependences of electrical conductivities were observed for the sam-
ples with component ratio of 1:2 and 1:1. The formation of f-
Ni(OH),/rGO nanocomposite at component ratio of 1:2 leads to fre-
quency-independent conductivity with activation energy wvalue of
about 0.06 eV. The dominating of electrostatic and Faradaic capaci-
tance response was observed for rGO- and B-Ni(OH),-based elec-
trodes, respectively. The maximal capacitive performance was ob-
served for B-Ni(OH),/rGO composite with component ratio of 2:1.
The specific capacitance increasing for B-Ni(OH),/rGO system in
comparison with pure components is a result of increase in both
electron and ion transfer due to the increase in conductivity and
electrode/electrolyte interface area.
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