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Synthesis, morphology, electrical conductivity and
electrochemical properties of x-Ni(OH), and its composites
with carbon
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V.M. BOYCHUK, O.V. MORUSHKO, KH.V. BANDURA, M.M. KHEMII

Vasyl Stefanyk Precarpathian National University, 57 Shevchenko St., Ivano-Frankivsk, 76025, Ukraine

A simple and effective hydrothermal synthesis of spherical x-Ni(OH), particles and «-Ni(OH),/carbon composites was
proposed. The mechanism of ultrafine «-Ni(OH); phase forming and correlations between synthesis conditions, morphology,
electrical conductivity were analyzed. It was found that carbon nanoparticles form an electric conductive cover on nickel
hydroxide microparticles during synthesis which increases overall electronic conductivity of the composite material. x-Ni(OH),
and «-Ni(OH),/C samples were tested as electrodes for hybrid supercapacitors. It was found that carbon coverings stabilize
«-Ni(OH), phase in the alkaline medium. The comparison of the influence of laser irradiation and ultrasonic treatment on the
electrochemical performance of the obtained materials was made.
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1. Introduction

Increasing of specific power and capacitance is
of highest priority for the further development of
modern electrochemical systems. The main direc-
tion is finding advanced materials with an effec-
tive combination of physical and chemical proper-
ties. The main requirements for high performance
electrode material are the following: crystal struc-
ture with the presence of guest positions for alka-
line ions intercalation, high electrical conductivity,
large specific surface area, and required pore size
distribution, chemical inertness to electrolytes, low
price, and ecological safety. Nanoporous carbon is
a typical electrode material for symmetric superca-
pacitors. Another promising solution is an asym-
metric hybrid supercapacitor (HS) that combines
a non-Faradaic double-layer capacitive electrode
based on activated carbon with a transition metal
oxide electrode. Layered transition metal hydrox-
ides and sulfides are the promising electrode ma-
terials for HS [1-4]. Among them ultrafine nickel
hydroxide is attractive for investigations due to its
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structural and electronic properties. It is known
that Ni(OH), (both o- and 3-modifications [5]) has
hexagonal brucite-type structure with Ni(OH), lay-
ers arranged along c crystallographic axis, where
Ni2* ions occupy the octahedral positions. The in-
vestigations of synthesis conditions effect on the
structural, morphological, electrical and electro-
chemical properties of ultrafine «-Ni(OH); and «-
Ni(OH),/carbon (x-Ni(OH),/C) are important for
obtaining high performance electrode materials.

2. Experimental

The nickel hydroxide was synthesized by a
hydrothermal route. Both nickel hexahydrate ni-
trate (0.626 g) and urea (2.584 g) were dissolved
in 100 mL of distilled water and hydrothermally
treated in the Teflon-lined stainless steel auto-
clave for 5 hours at the temperature of 90 °C.
The obtained precipitate was washed with distilled
water and ethanol till neutral pH was achieved
and then dried at the temperature of 60 °C for
12 hours (SO sample). Hydrothermal synthesis of
Ni(OH),/C composite was carried out under the
same conditions with adding of nanoporous carbon
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(60 mg) to the reaction medium [6]. Three sam-
ples of Ni(OH),/C composites were obtained. Sam-
ple S1 and sample S3 were synthesized using -
Ni(OH),/C colloidal solution previously ultrason-
icated for 120 min and 25 min, respectively. S2
sample was obtained by hydrothermal treatment of
o-Ni(OH),/C after laser irradiation for 3 min. Ul-
trasonic treatment was performed at a frequency
of about 25 kHz. YAG:Nd** laser (1.06 pum,
Q-switching mode) was used for the experiments.

The following chain reactions proceed in the
hydrothermal process:

CO(NHy); + H,O — 2NH3 +CO, (1)
NH; +H,0 <> NH*" + OH~ 2)
COy+Hy0 < 2H' +CO3~ 3)
CO(NH,), — NCO~ +NH; 4)

N2+ +yNH;3-H,O <> [Ni(NH3)y]2+ +yH,0 (5)

[Ni(NH3),]* yOH™ < [Ni(OH),)"~?" +yNH;
(6)

[Ni(OH),)Y"2" = Ni(OH)2 | +H,0 ()

According to reaction 1 urea thermal decompo-
sition runs at 100 °C, resulting in NH3z and CO,
OH™ and CO%_ ions which are the products of hy-
drolysis (reaction 2 and reaction 3). NCO™ ions
formation is also possible in urea hydrolysis (re-
action 4). Ni’* ions absorption on the carbon parti-
cles during hydrothermal synthesis of the compos-
ite takes place. [Ni(NH3)y]2+ complex formation
is a result of interaction of Ni** ions and ammo-
nia (reaction 5). The surfaces of carbon particles
with absorbed Ni>* ions are heterogeneous centers
for Ni(OH), particles nucleation and anisotropic
growth (reaction 6 and reaction 7).

3. Results

According to XRD data all the synthesized
samples form only a hexagonal «-Ni(OH), phase
(a = 0.308 nm and ¢ = 2.341 nm) that corre-
sponds to JCPDS Card No. 38-0715 [7, 8]. The
layered structure of o-Ni(OH), contains the stack
of positive charged layers of Ni(OH),_, with an-
ions and water molecules intercalated into the in-
terlayer space [9]. Ni>* ions on the (0 0 1) sur-
face are linked with OH~ and Ni’* ions located
on adjacent surfaces and isolated by OH™ layers.
There is a weak interaction between the layers and
a strong one between the stacks of Ni(OH), crys-
tals with layered structure, thus, the energy of the
layered (0 O 1) surface is minimal. Surface free
energy is minimal when the open facets are built
with lower-energy (0 O 1) surfaces for Ni(OH),. As
a result nickel hydroxide growth can be observed
mostly along the (0 0 1) surface [10]. These struc-
tural peculiarities determine XRD patterns. Inten-
sive diffraction peaks for (0 0 3), (00 6) and (00 9)
planes are observed (Fig. 1). The broadening and
asymmetry of the peaks for 20 > 30° are caused by
the local disordering of layers. XRD patterns of all
Ni(OH),/C samples are very similar with the inten-
sity increasing for 20 > 20° due to the presence of
amorphous carbon (Fig. 1).
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Fig. 1. XRD patterns of «-Ni(OH); (SO) and

Ni(OH),/C composite (S1) samples.

The morphology of the synthesized materials
was analyzed using scanning electron microscopy
(SEM). SO sample is composed of «-Ni(OH), mi-
crospheres with an average size of about 4 pum
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(Fig. 2a). It was found that the formation of car-
bon covering Ni(OH), particles for all carbon-
containing samples does not depend on the syn-
thesis conditions (Fig. 2b). This result is in a good
agreement with an assumption about Ni>* ions ab-
sorption on the carbon nanoparticles during the hy-
drothermal treatment.

Fig. 2. SEM images of a-Ni(OH), (S0) and Ni(OH),/C
composite (S1) samples.

The frequency response of electrical conductiv-
ity of the synthesized materials was investigated
by electrochemical impedance spectroscopy (EIS).
Frequency dependence of electrical conductivity
oac(w) of x-Ni(OH);, can be described [11] as:

(®)

GAc((,U) = OpcC + Gpol(w)

where 0p,0/(w) is a polarization-based component
and opc is a direct current conductivity. Ionic con-
ductivity of Ni(OH), can be described by Nernst-
Einstein model with a hopping mechanism of
charge transport in the particular dynamic bond
percolation (DBP) model [12]. The DBP model as-
sumes that the ions between the nearest adjacent
sites are separated by potential barriers. The dif-
fusion coefficient of ions is given by the Einstein-
Smoluchowski equation for the random-walk dif-
fusion model with a charge transfer via hopping
mechanism [11]. Protons diffusion and dipoles
orientation for «-Ni(OH), phase are controlled
by intercalated water molecules. The model of
diffusion-limited ionic conductivity of «-Ni(OH),
based on protons transition through the intermedi-
ary OH™ groups can be proposed. (Fig. 3a).

For (3-Ni(OH), phase the diffusion of protons
and dipole reorientation take place only between
the localized proton defects and the protons do not
take part in hydrogen bonds formation (Fig. 3b).
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Fig. 3. Schematic representation of proton moving in
«-Ni(OH); (a); and 3-Ni(OH); (b) [13].

The experimental frequency dependence of
conductivity o(w) of «-Ni(OH); is typical of dis-
ordered semiconductors: slight changes in low-
frequency region and exponential growth at the
high frequencies (Fig. 4).
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Fig. 4. Frequency dependence of the electrical conduc-
tivity of «-Ni(OH), (S0) and Ni(OH),/C (S1)
samples.

For low-ordered systems DC and AC compo-
nents of electrical conductivity follow the same
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mechanism. The observed exponential growth of
the electrical conductivity is typical of semi-
conductor materials with percolation mechanism
of charge transfer [14]. For interpretation of
electrical-relaxation phenomena for DC and AC
components of conductivity, Jonscher power law

was used:
(O )
=oy |1 -
(o) =au 1+ () |

where wy, is a hopping frequency of charge car-
riers and s is the frequency exponent parame-
ter in the range of 0 < s < 1 (s is a measure
of deviation from Debye behavior and of the in-
terionic coupling strength) [15]. This model is
used for describing the non-Debye relaxation in
solids during generation-recombination processes
that involve localized states within the band-gap,
phonon-controlled jumps of electrons or ions at
non-ordered potential inside the electric field and
also spontaneous polarization. The specific electri-
cal conductivity of Ni(OH),/C composite materials
sharply decreases at frequencies higher than 1 kHz
(Fig. 4b).

Low-frequency specific conductivity of the
composite material is more than 7 orders higher
than for pure «-Ni(OH), due to electronic conduc-
tivity of carbon material. The lack of changes in
conductivity in the frequency range of 10~2 Hz to
10° Hz can be explained by the conductive car-
bon chains formation between «-Ni(OH), parti-
cles [16]. The next decrease in specific conductivity
of the composite materials is caused by skin-effect
or collective perturbations of the charge density
in the fine-dispersed conductive systems [17, 18].
At the same time, the porous structure of carbon
provides the charge carriers delocalization so the
changes in the carbon material microstructure and
morphology are controlling its conductivity and
electrochemical properties. Electrical conductivity
of carbon depends on the number of atoms in sp>-
hybridized state. Thermal processing can be used
for electrical conductivity enhancement with si-
multaneous structure ordering [19].

Cyclic voltammetry (CVA) was used for calcu-
lation of specific capacitance of the obtained ma-
terials. Approximately 10 mg of each sample was

9)

pressed into Ni foam (without using any carbon
black additives) for electrochemical investigation
in a three-electrode beaker cell with Ag/AgCl (in
3 M KCI) reference electrode, Pt counter electrode
and 1 M KOH aqueous electrolyte. Fig. 5 shows
CVA curves of Ni(OH), and Ni(OH),/C compos-
ite at different stages of cycling at the same scan
rates (1 mV/s). The pseudocapacitive properties of
all the electrodes have been revealed.
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Fig. 5. CVA curves of «-Ni(OH); (SO) and o-
Ni(OH),/C composites (S1, S2, S3) at a scan
rate of 1 mV/s.

The redox current peaks corresponding to the
reversible transition of Ni>* to Ni** are observed.
Two peaks on the CVA anode branches of Ni(OH),
(sample SO) in the ranges of 0.28 V to 0.31 V
and 0.33 V to 0.35 V can be explained by the
presence of amorphous 3-Ni(OH), additives [20].
However, there are no symmetric peaks on the cath-
ode branch, which means that the kinetic properties
of Ni** reduction for both phases are very similar.
It was found that anode current peak for SO sample
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shifts to the positive potential. x-Ni(OH); phase is
thermodynamically unstable, thus, the most pos-
sible reason for that is the shift to more stable
[3-Ni(OH), phase. «-Ni(OH), phase transforma-
tion occurs during two parallel processes: transi-
tion to the 3-Ni(OH);, in the concentrated KOH
solution and electrochemical redox cycling. & —
[3 phase transfer is accompanied by a loss of wa-
ter molecules and surface redox reactions defined
by protons diffusion. Oxidation of Ni>* to Ni**
is accompanied by the solid-state proton interca-
lation/deintercalation and the observed anode cur-
rent growth is a result of protons mobility increas-
ing. Therefore, the conditions of proton diffusion
affect the redox reactions during Ni(OH), phase
transformation. Polarized hydrogen ions move to
the Ni(OH),/electrolyte interface at the anode:
(OH )y < (OH7)s, where V is the electrolyte
volume and S is a surface of the electrode. The
next step is hydroxyl ions diffusion from the su-
perficial layers of Ni(OH), particles to the bulk:
(OH7)s <> (OH™)g. Protons formed in the oxida-
tion processes move into Ni(OH), structure and in-
teract with OH™ groups forming water molecules:
(H")p— (H"), and (H), + (OH) "~ (H20)y.
Neutral area expands to Ni(OH),/electrolyte inter-
face. This effect explains the presence of internal
water concentration gradient [21].

The shift of anode peaks to more positive poten-
tial for a-Ni(OH),/C composite (S1 sample) is ob-
served. There is no splitting of peaks in this case so
«-Ni(OH); phase remains stable in the redox pro-
cess in the presence of carbon component.

Fig. 6 shows the CVA curves for all the synthe-
sized samples in the same electrolyte at different
scan rates. All the curves include a pair of redox
peaks indicating that the capacitance characteris-
tics are caused by Faradaic reactions. The anodic
and the cathodic peak currents increase with the
scan rate increasing.

For reversible semi-infinite diffusion-controlled
processes, the peak current values are linearly de-
pendent on the square root of potential scan rate,
when for the adsorption processes the peak cur-
rent values are directly proportional to the potential
scan rate [22].
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The linear dependence between the peak
current and s% was found for all the mate-
rials confirming that the oxidation of nickel
hydroxide is diffusion limited for all the
cases. According to Randles-Shevchik equa-
tion, angular coefficient k of in(s'/2) lin-
ear dependencies are proportional to proton
diffusion coefficient. It was found that this param-
eter is equal 22.88 A-s/V~! for «-Ni(OH), and
14.54 A-s/V=1,2221 A-s/V~' and 9.6 A-s/V~! for
S1, S2 and S3 «-Ni(OH),/C samples, respectively.
The diffusion coefficient is the highest for SO
(x-Ni(OH);) and for S2 sample (x-Ni(OH),/C
composite after laser treatment) and the lowest
for the S3 sample (x-Ni(OH),/C composite after
ultrasound-processing). CVA curves for S2 and
S3 samples have an additional peak on the anode
branches so both «- and [3-phases of Ni(OH),
are present. It can be assumed that the changes
in carbon nanoparticles size due to ultrasonic
treatment are insufficient for its penetration into
Ni(OH); interlayer space. The calculated average
specific capacitance is the highest for Ni(OH),/C
composite (S1 sample): about 310 F/g (Fig. 7). The
lowest specific capacitance that corresponds to the
lowest value of diffusion coefficient, was obtained
for «-Ni(OH),/C after long ultrasound-processing.
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Fig. 7. Dependence of specific capacitance on scan rate
for the synthesized materials

EIS was used for «-Ni(OH), and «-Ni(OH),/C
composite electrodes investigation. The Nyquist
plots showed semicircles in high frequency area

and a close to linear behavior in low frequency
range which corresponds to Warburg impedance of
diffusion-controlled charge transfer (Fig. 8). The
characteristics of the electrochemical system can
be represented by the electrical equivalent circuit
(Fig. 8, inset). It is known that an increase in semi-
circle diameter is caused by an increase in the
charge-transfer resistance and the higher slope is
a result of lower diffusion rate. The slope at low
frequencies is interpreted as an empirical param-
eter related to the diffusion resistance where the
greater inclination means the lower diffusion mo-
bility [23].
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Fig. 8. Nyquist plots of SO (a) and S1, S2 S3 electrodes
(b) (inset: enlarged high-frequency region); an
equivalent circuit used for fitting of all elec-
trodes (c)
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The electrode based on S1 sample has the low-
est proton diffusion resistance in comparison with
the other electrodes. The equivalent circuit of the
Ni(OH),-based electrode consists of Rgy (corre-
sponding to the electrolyte and additional contact
resistance), R; (charge transfer resistance), CPE;
(capacitance of double electric layer) and CPE,
(Warburg impedance). These parameters were
calculated using experimental Nyquist diagrams
with ZView?2 software and presented in Table 1.

Table 1. Equivalent scheme parameters for «-Ni(OH),
and o-Ni(OH),/C composites electrode

Material Ry R; CPE;-T,F CPE;-P,F CPE,-T CPE,-P

Q] [Q] [Qs~!/2]
SO 051 3.5 0.0057 0.9 0011  0.63
SI 09315 00033 088 0325 0.62
S2 06517 00019 089  0.169 055
S3 07131 00033 089 0174 0.75

According to the analysis of EIS data, S1
composite material has the lowest charge trans-
fer resistance and the highest Warburg coefficient.
The insertion of carbon into the nickel hydroxide
microparticles increased both the electrical con-
ductivity and electrochemical performance of the
Ni(OH),/C composite materials.

4. Conclusions

Simple and effective hydrothermal synthesis of
«-Ni(OH); and «-Ni(OH),/carbon composite ma-
terials is proposed. It is found that «-Ni(OH), par-
ticles grow mostly in [0 O 1] crystallographic direc-
tion. The formation of conductive carbon cover on
Ni(OH); particle surfaces of x-Ni(OH),/C samples
is observed. Carbon nanoparticles presence stabi-
lizes «-Ni(OH), phase in the alkaline medium that
allows one to use Ni(OH),/carbon composite ma-
terial as an effective electrode for hybrid superca-
pacitors with specific capacitance up to 310 F/g. It
is found that laser treatment is more acceptable for
«-Ni(OH),/C composite material compared to the
ultrasonic one.
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