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SUMMARY
Co-precipitation method was adopted in the preparation of nickel–cobalt oxides for potential application in supercapacitors.
The formation of spinel nickel–cobalt oxide, NiCo2O4 started below 400 °C as conﬁrmed by X-ray diffraction analysis.
Pure phase nickel cobaltite with cation ratio of 1:2 (Ni:Co) was obtained at calcination temperature of 400 °C. The spinel
phase decomposed gradually until 700 °C. The calcination time for the formation of NiCo2O4 was found to be between 2 to
4 h. The particle size of the prepared sample studied by transmission electron microscopy showed a value of 9.47 nm. The
electrochemical properties of the metal oxide were measured in various acidic, neutral and alkaline electrolyte systems
(1.0 M HCl, 1.0 M KCl and 1.0 M KOH) by employment of cyclic voltammetry, galvanostatic charge–discharge test and
electrochemical impedance spectroscopy. Ideal capacitor behaviour with the largest operating voltage of 1.0 V and good
electrochemical stability were observed in NiCo2O4 using neutral KCl aqueous electrolyte. Meanwhile, the prepared sample displayed the highest surface redox activity in 1.0 M KOH alkaline electrolyte but showed the lowest electrochemical
performance in acidic electrolyte. At the current density of 0.5 A g1, 1.0 M HCl, 1.0 M KCl and 1.0 M KOH gave speciﬁc
capacitance values of 3.8, 41.9 and 249.8 F g1 respectively. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Spinel-type oxides in cobaltite and ferrite systems containing transition metals have received intense attention
because of their interesting structural, electrical, magnetic
and catalytic properties for many applications [1,2]. The
breakthrough has been achieved when it is discovered that
ferrites exhibit high permeability and high electrical resistivity over a wide range of frequencies, which afforded
them as the core materials in the telecommunication industry [3]. Subsequently, various studies have been conducted
on the ferrite systems, for example nickel ferrite [4], cobalt
ferrite [5], manganese ferrite [6] and substituted manganese ferrites with Cu, Ti, Zn and Ni [2,3,7,8]. On the other
Copyright © 2015 John Wiley & Sons, Ltd.

hand, these ferrites have also been applied for application
in supercapacitors. Transition metal oxides are one of the
promising electrode materials apart from graphite and
conducting polymers. In general, transition metal oxides
utilise the fast and reversible faradaic redox reactions
(pseudocapacitance) involving ions and electrons in their
charge storage mechanism.
Special attention has been given on cobaltite system
particularly on exploration of the precursors used, preparation methods, processing control and ﬁring temperatures
[1,9–12]. The nominal composition, NiCo2O4 in nickel cobaltite subsolidus system, NixCo1  xOy appeared to be one
of the promising candidates because of its high electrical
conductivity and desirable optical properties in the infrared
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regions [13]. It is highlighted that incorporation of nickel
into cobalt oxide would further enhance the electrical conductivity of the prepared samples [12,14] and improve initial coulombic efﬁciency [15]. Therefore, this binary oxide
has been developed as electrocatalyst for oxygen evolution
reaction in electrolysis of alkaline water [16–19], anode
electrode to oxidise alcohols and benzyl chloride [20], application in molten carbonate fuel cells [21,22], counter
electrode within an electrochromic device [23] and anode
material for sodium-ion batteries [24].
However, there appear limited studies on NiCo2O4 for
energy storage in supercapacitors. In 2008, Gupta et al.
synthesised nanostructured CoxNi1x layered double hydroxides as electrode materials for redox supercapacitors
[25], and in the following year, Hu et al. prepared the same
material via chemical co-precipitation method, and it was
found that this metal hydroxide was able to withstand extreme cycling of over 1000 cycles by displaying excellent
capacitive performance with only 9.8% decay [26]. The
electrochemical capacitive performance of nickel–cobalt
mixed oxides has been explored in 6.0 M KOH, and it
was highlighted that Ni–Co oxide exhibits low resistance
and high reversible characteristics by displaying excellent
charge–discharge properties even at high current density
[27,28]. Co-doped NiO portrays as a promising candidate
of electrode material in supercapacitors as the electrochemical performance of nickel oxide was improved by cobalt
doping [29]. Lately, Wei et al. highlighted spinel nickel
cobaltite aerogels as a cost-effective supercapacitor material that possesses impressive electrochemical performance in 1.0 M NaOH in the potential range of 0.1
to 0.55 V [30].
To date, various transition metals have been applied
as supercapacitive materials including ruthenium oxide
[31–33], nickel oxide [34–36], cobalt oxide [37–39],
manganese oxide [40–42] and others. Besides, some researchers also interested in compositing metal oxides
with carbon nanotubes, graphene oxides as well as polymers [43,44]. A large number of methods have been
reported for the synthesis of nanostructured materials
into different forms. Oxides in nickel–cobalt system were
prepared by various researchers using co-precipitation,
cryochemical, spray pyrolysis, thermal decomposition,
sol-gel, electrochemical deposition, chemical bath deposition and others [9,45–53]. Thermal treatment of coprecipitated precursors is proven to be the most promising
method in preparing cobaltite spinels [52]. This method offers production of homogeneous product with controlled
morphology and high surface area [50,54], capability to
synthesise nanostructured materials [49,55] and lower ﬁring temperature requirement [49,50,54]. The synthesised
nanomaterials prepared by co-precipitation are chemically
stable over a long period of time frame [55].
Electrochemical performance of a supercapacitive material is not only dependent on the preparation conditions
of the metal oxide but also on the supporting electrolyte
as it is believed that different electrolytes may demonstrate
different characteristics like operating voltage window and
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
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electrochemical stability. Moreover, ionic radii, ionic conductivity and diffusion coefﬁcient of different electrolyte
aqueous solutions may affect the electrochemical properties of the electrode material. However, there appears less
emphasis on metal oxides tested in various electrolytes to
obtain a thorough observation. The importance of understanding the electrochemical behaviour of the synthesised
samples on different electrolytes is highlighted by certain
research groups [56–62]. Strong alkaline such as 6.0 M
KOH or 6.0 M NaOH has become the research hot spot
as this type of electrolyte offers excellent performance in
supercapacitor application. Concerns have been arisen on
the usage of strong alkaline hydroxide electrolytes because
of a deleterious environment that raises the alarm of pollution issue during disposal as well as corrosion and degradation of the electrode materials. Therefore, a supercapacitor
consisting of NiCo2O4 as the active electrode material in
various aqueous electrolytes (acidic, neutral and alkaline)
is proposed in this study.

2. EXPERIMENTAL PROCEDURE
2.1. Synthesis
Oxides with stoichiometric amount were prepared by coprecipitation method. Nickel(II) acetate tetrahydrate (Fluka
Chemicals, purity > 99.0%) and cobalt(II) acetate tetrahydrate
(Merck, purity > 99.0%) were mixed in glacial acetic acid,
namely solution A, while solution B comprised of dissolved
oxalic acid in a mixture of water and isopropanol. Both solutions were cooled separately in ice baths before mixing. The
purplish suspension was formed under continuous stirring.
The obtained suspension was centrifuged and dried at 80 °C.
Heat treatment was conducted on the synthesised sample at
different temperatures.
2.2. Material characterizations and
electrochemical measurements
Phase purity and identiﬁcation of the samples were examined
using Shidmadzu XRD-6000 X-ray diffractometer (XRD)
with Cuk∝, λ = 1.5418 Å at a scan rate of 2θ = 2° min1.
The collected data were then reﬁned using ChekCell software. Particle sizes of the samples were determined from
Hitachi H-7100 transmission electron microscopy (TEM).
In order to prepare supercapacitor electrodes, NiCo2O4 was
physically mixed with acetylene black. This was followed
by the addition of poly(vinylidene ﬂuoride) [PVdF, Aldrich]
binder to form a slurry onto a titanium (Ti) foil that acted
as the current collector. The coated samples were dried in
vacuum at 120 °C for 6 h. PVdF binder dispersed in
N-methyl-2-pyrrolidone (Sigma) had a weight composition
of 13% in the ﬁnal electrode. The electrochemical
properties of the coated electrodes and electrolyte systems
were investigated in a three-electrode cell containing
1.0 M KCl (neutral) as the electrolyte with Pt plate and
Ag/AgCl/saturated KCl served as the counter and reference
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electrodes respectively. Cyclic voltammetry with various
scan rates, galvanostatic charge–discharge with different
current densities and electrochemical impedance measurement were performed at room temperature using a
potentiostat coupled with frequency response analyser
(Solartron model 1287 and 1260). The data were manipulated with Scribner software. The charge/discharge cycling
properties of the supercapacitor electrodes were examined
as well. Similar electrochemical measurement was performed on 1.0 M HCl (acidic) and 1.0 M KOH (alkaline)
electrolytes. The speciﬁc capacitance (SC) of the electrodes
was calculated based on cyclic voltammograms (CVs) as
SC ¼

ΔQ
IΔt
¼
wΔV wΔV

(1)

where ΔQ is the total amount of charge accumulated over
a potential window ΔV, w is the mass of active material in
an electrode, I is the respondent current and (ΔV/Δt) is the
cyclic voltammetry (CV) scan rate. Besides, SC was also
evaluated based on the galvanostatic charge–discharge
curves using the following equation:
SC ¼


iΔt
F g1
ΔEm

Figure 1. XRD patterns of nickel–cobalt oxide (1.0 mol
Ni:2.0 mol Co) calcined at various temperatures for 3 h in air:
(a) before calcination, (b) 300, (c) 400 and (d) 700 °C.

(2)

where i, Δt and m are the discharge current in amperes,
discharge time in seconds, and mass of the active electrode
material in grams respectively corresponding to the voltage
difference (ΔE) in volts.

3. RESULTS AND DISCUSSION
3.1. Characterizations of the synthesised
samples
The X-ray diffractograms of the prepared NiCo2O4 at various calcination temperatures are shown in Figure 1. Peak
broadening of the diffraction plane of NiCo2O4 is probably
because of the formation of small crystallites [1,63], and
this has resulted in the decreasing value of the particle size.
It should be highlighted that the number of atoms in a
nanoparticle is small, and it is often being associated with
single crystal [55]. The formation of NiCo2O4 phase begins at temperature 300 °C with minute traces of Co3O4.
The pure phase spinel-structured NiCo2O4 is obtained at
400 °C. Higher calcination temperature; for example
700 °C is unfavourable for the formation of NiCo2O4 phase
as the sample starts to decompose to NiO and Co3O4. This
indicates that low reaction temperature is required to
prepare pure phase NiCo2O4 as this spinel oxide has low
thermal stability [9,64]. Figure 2 represents the XRD
patterns of samples with calcination process conducted at
different time duration. It is observed that the heating duration plays a major role in the formation of this spinel oxide.
Pure phase NiCo2O4 is only stable over a short duration,
that is 2 h ≤ t < 4 h before decomposition. Moreover, it is
found that by conducting calcination process in a closed

Figure 2. XRD patterns of nickel–cobalt oxide (1.0 mol Ni:2.0 mol
Co) calcined at various time frame: (a) 1 h, open air; (b) 2 h, open
air; (c) 3 h, open air; (d) 4 h, open air; (e) 9 h, open air and (f) 24 h,
closed system.

system for 24 h does not help in the formation of pure
phase NiCo2O4. This is presumable that longer heating
duration is tantamount to higher calcination temperature,
and this resulted in decomposition of NiCo2O4.
TEM images of nickel–cobalt oxide calcined at
different calcination temperatures are illustrated in Figures
3a3c. High magniﬁcation of ×300 000 is used to provide
better image resolution on the surface morphology. Samples
calcined at 300 and 400 °C are found agglomerated in spherical nanoparticles. However, oblong-shaped nanoparticles
are seen in sample that calcined at 700 °C (Figure 3c). The
crystallite size of sample calcined at 400 °C is ~10.05 nm,
which is calculated based on Debye–Scherrer equation using
XRD data. The present phases and particle sizes of NiCo2O4
at various calcination temperatures are tabulated in Table I.
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er

S.-K. Chang et al.

Synthesis and electrochemical properties of nanostructured Ni–Co oxides

Figure 3. TEM image of NiCo2O4 calcined at (a) 300, (b) 400 and (c) 700 °C for 3 h in air (×300 000 magniﬁcation).
Table I. Summary of XRD phases and particle sizes of nickel–
cobalt oxide (1.0 mol Ni:2.0 mol Co) at various calcination
temperatures.
Temperature (°C)
300
400
700

Phases present

Particle size (nm)

Co3O4 and NiCo2O4
NiCo2O4
Co3O4 and NiO

11.43
9.47
46.03

The average particle sizes of samples calcined at 300, 400
and 700 °C obtained from TEM analysis are estimated to
be 11.43, 9.47 and 46.03 nm respectively. This conﬁrms that
pure phase NiCo2O4 at 400 °C leads to smallest particle size,
whereas the presence of monoxides, NiO and Co3O4 causes
samples calcined at 300 and 700 °C to possess larger particle
size than NiCo2O4.
3.2. Electrochemical measurements of the
synthesised samples
In electrolyte systems, H+ and OH are known as surface
ions or potential determining ions, while K+ and Cl are
the counter ions. The establishment of the electrochemical
double layer at the oxide/water interface is because of the adsorption of H+ and OH as well as the ion speciﬁcity of the
counter ions [65]. However, higher adsorption of these ions
also causes lower stability of the prepared metal oxide. Thus,
cyclic voltammetry tests are performed in various types of
electrolytes (acidic, neutral and alkaline) to elucidate the redox contribution to the pseudocapacitive behaviour of
NiCo2O4 electrodes. This helps to estimate the stable operating voltage range and to inspect the reversibility of the electrochemical reactions with respect to changing potential.
Meanwhile, the formation and reduction of intermediates
could be observed as well. Figure 4 displays CVs of
NiCo2O4 electrodes in 1.0 M HCl, 1.0 M KCl and 1.0 M
KOH. It is observed that NiCo2O4 electrode portrays good
capacitor behaviour in 1.0 M KCl with broad operating potential range from 0 to 1.0 V. In KCl electrolyte system, the
concentration of H+ and OH ions are too low for any significant H+ ion reduction and OH ion oxidation processes
(gas evolutions) to occur. On the other hand, the
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er

working potentials for NiCo2O4 electrodes in 1.0 M
HCl and 1.0 M KOH is ranging from 0.35 to 1.0 V
and 0.2 to 0.55 V respectively. However, electrode
in alkaline electrolyte has generated the highest current
density, whereas in acidic solution, the electrochemical
performance shown is rather poor. It is believed that
spinel oxides are not stable in acidic condition as dissolution may occur. Besides, it is highlighted that application of spinel oxides is mainly restricted to alkaline
solutions, but the stability of spinel at high alkaline
solutions may become an issue [66].
NiCo2O4 electrode in the neutral electrolyte (1.0 M
KCl) possesses a rectangular proﬁle with no occurrence
of CV peaks, and this indicates that the charge–discharge
process is fast and reversible. A mirror image with respect
to the zero-current line represented in CV proves that the
working K+ ion has rapid chemisorption/desorption reaction rate [56]. Moreover, KCl is not speciﬁcally adsorbing.
It is reported that amorphous NiCo alloy is resistant to
oxidation in chloride solution as during the reduction process (cathodic scan), chloride ions are believed to have expelled from the oxide and reinserted in the subsequent
anodic scan [53]. Involvement of both ion and solvent
injection/repulsion is important, and the reaction is
summarised as
MOH2 þ þ Cl ⇌  MOH2 þ Cl
MO þ Kþ

⇌  MO Kþ

(3)
(4)

where M is the metal. These equations show that the diffuse layer charge is not contributed by the dipolar neutral
MOH+2 Cl and MOK+ groups [65]. Hence, no redox
reaction is observed in the CV of 1.0 M KCl.
The CV curve of NiCo2O4 electrode working in 1.0 M
KOH displays anodic and cathodic peaks at 0.41 and
0.33 V respectively. Cobalt cations act as the active centre
to transfer electrons from the crystal bulk to the surface of
NiCo spinel oxide. It was postulated that OH ions were
bonded to Co2+ of Co3O4, and the process involved was
reversible. However, the adsorption of OH on Co3+ was
most likely irreversible and probably took place in the potential range where oxygen evolution process occurred [66].
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1

Figure 4. Cyclic voltammograms for nickel–cobalt oxide in various electrolytes at the scan rate of 4 mV s . Inset represents nickel–
1
cobalt oxide in 1.0 M HCl at the scan rate of 4 mV s .

Thus, the reaction process involved in 1.0 M KOH can be
summarised as
Co3 O4 þ H2 O þ OH ⇌ 3CoOOH þ e (5)
CoðOHÞ2 þ OH ⇌ CoOOH þ H2 O þ e (6)
CoOOH þ OH ⇌ CoO2 þ H2 O þ e

(7)

However, there was a possibility that the formed Ni3+
species were reduced by Co2+ species immediately because
of the lower potential range of transitions between the
valence states of cobalt compared with nickel [16,17].
Besides, the peak potential difference of the redox pair is
small, and the voltammetric responses of the forward and
reverse sweeps are almost symmetrical as observed in
Figure 4.
The capacitance performance of NiCo2O4 electrode in
three different electrolytes at various scan rates can be deduced from Figure 5. Although a rectangular proﬁle is
shown in the CVs of NiCo2O4 in 1.0 M HCl (Figure 5a),
but the obtained SC values are rather low because of the
stability problem in acidic condition as mentioned earlier.
On the other hand, the capability of NiCo2O4 to maintain
its capacitive behaviour in 1.0 M KCl (Figure 5b) is well
illustrated by undistorted rectangular shaped CVs at increasing scan rate. This reveals a promising charging/
discharging rate capability of the synthesised metal oxide.
Considering the highest current generated in 1.0 M KOH
(Figure 4), this electrolyte system appears to yield the
highest SC value as observed in Figure 5c. This evidently
shows the inﬂuence of hydroxyl ion and cation bond in

electrochemical performance of spinel NiCo2O4. However,
peak shifting occurs in both cathodic and anodic sweeps,
which may because of the incapability of this metal oxide
to withstand the extreme fast scanning in 1.0 M KOH.
The reversibility of the pseudocapacitance reaction
at NiCo2O4 is also studied, and SC values are evaluated
from galvanostatic charge–discharge measurements. It is
known that galvanostatic measurements are more reliable
as they provide less ambiguous or uncertainty in the
charge storage capacities determination if compared with
voltammetric methods. Figures 6a6c show the charge–
discharge proﬁles of NiCo2O4 in 1.0 M HCl, 1.0 M KCl
and 1.0 M KOH at a current density of 0.5 A g1 respectively. It is observed that NiCo2O4 in 1.0 M KOH displays
the longest charge and discharge times followed by 1.0 M
KCl and 1.0 M HCl. Such behaviour shows that the electrochemical performance in different electrolyte systems
can be arranged in the order of 1.0 M KOH > 1.0 M
KCl > 1.0 M HCl. All the discharge curves of NiCo2O4
electrodes at different electrolytes are symmetrical to their
charge curves indicating good and high reversible behaviour. The linearity of the discharge curve displayed by
NiCo2O4 in 1.0 M KCl should be taken note of as this reveals excellent discharge capabilities. The SCs of NiCo2O4
in various electrolyte systems obtained at various charge–
discharge current densities are portrayed in Figure 7. The
incapability of NiCo2O4 in 1.0 M HCl to withstand high
current densities can be observed as the obtained SC value
is almost plateau above 0.25 A g1 (inset of Figure 7).
However, NiCo2O4 in 1.0 M KCl and 1.0 M KOH are
capable of displaying almost identical charging and
discharging capacitances at various current densities.
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er

S.-K. Chang et al.

Synthesis and electrochemical properties of nanostructured Ni–Co oxides

Figure 5. Cyclic voltammograms for nickel–cobalt oxide as a function of scan rate in various electrolytes: (a) 1.0 M HCl, (b) 1.0 M KCl
and (c) 1.0 M KOH.

Both voltammetric and galvanostatic methods reveal
that the electrochemical performance of NiCo2O4 in
1.0 M KOH is the best followed by 1.0 M KCl and 1.0 M
HCl. The charging–discharging rate and SC can be affected by the size of the species and size of the hydration
sphere of the cation in the electrolyte, ionic conductivity
as well as the diffusion coefﬁcient. The ionic radii, ionic
conductivity and diffusion coefﬁcient at inﬁnite diluted
aqueous solution of H+, K+, OH and CI ions are tabulated in Table II [60,67,68]. Although the ionic size in
the crystal lattices of K+ ion is far larger than H+, but in
aqueous solution, this phenomena are reversed with proton
having an almost triple hydration sphere if compared with
potassium ion [60]. On the other hand, the ionic size of
OH is smaller than Cl, and this may lead to higher mobility and better capacitance value. Therefore, with the
smaller ionic size, it is believed that the adsorption/
desorption of the species at the surface sites would be
faster and more effective. Besides, the ionic conductivity
of H+ is also about ﬁvefold higher than K+. The ionic conductivity of OH is higher than Cl, and this indicates that
OH should portray greater electrochemical performance
than electrolyte containing Cl. It is also noteworthy to
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er

discuss the inﬂuence of diffusion in the charging–
discharging process and SC. Although H+ possesses higher
diffusion coefﬁcient value than K+, but metal oxides are
unstable in acidic condition. The diffusion ability of OH
is greater than Cl (Table I), and this has resulted in fast
and reversible charging and discharging processes because
of greater chemisorptions rate.
Besides, considering the suitability or enhancement effect
contributed by certain species towards a greater impact of the
electrochemical processes, it is equally important to think of
the reversibility of the system. The long-term stability of
NiCo2O4 electrode in different electrolytes upon cycling is
investigated. The variations of SC over 1000 cycles together
with coulombic efﬁciency values are depicted in Figure 8.
The coulombic efﬁciency of the electrode can be calculated
from the galvanostatic charge–discharge experiments based
on the following equation:
 
tD
η¼
100
(8)
tC
where tC and tD represent the time of charging and
discharging respectively. The electrode is able to withstand
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Figure 6. Galvanostatic charge–discharge curves of nickel–cobalt oxide investigated in various electrolytes at a current density of
1
0.5 A g : (a) 1.0 M HCl, (b) 1.0 M KCl and (c) 1.0 M KOH.

Figure 7. Speciﬁc capacitance of nickel–cobalt oxide at various charge–discharge current densities measured in 1.0 M KCl and 1.0 M
KOH. Inset represents nickel–cobalt oxide at various charge–discharge current densities measured in 1.0 M HCl.
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Table II. Ionic radii, ionic conductivity and diffusion coefﬁcient
at inﬁnite diluted aqueous solution [60,67,68].
Ion
Ionic radii (Size), Å
(i) In crystals
(ii) In aqueous solution
Ionic conductivity,
4
2
1
Λ (10 m S mol )
Diffusion coefﬁcient,
5
2 1
D (10 cm s )

H

+

K

+

OH



Cl



—
9.00
349.65

1.38
3.31
73.48

1.37
—
198.00

1.81
3.32
76.31

9.31

1.96

5.27

2.03

1000 cycles without signiﬁcant capacitance loss in 1.0 M
HCl. An increment of SC with the value of 7.1 and
15.1% after 1000th cycle is observed in NiCo2O4
electrodes conducted in 1.0 M KCl and 1.0 M KOH
respectively. This indicates that NiCo2O4 exhibits high
stability under extreme cycling and excellent capacity
retention in various types of electrolyte systems. The
increment of SC reveals that if longer reaction time is
given to the system, this metal oxide will be fully utilised
and optimised for charge storage application. The
coulombic efﬁciency of NiCo2O4 stays at high plateau
in the three electrolytes, and this can be attributed to
the charge storage mechanism of this metal oxide with
a rapid charge/discharge process.

Electrochemical impedance spectroscopy (EIS) measurements are conducted to probe the characteristics of
the electrode/electrolyte interfaces at which reactions of
charge and ion transfer occur in NiCo2O4 in 1.0 M HCl,
1.0 M KCl and 1.0 M KOH. Nyquist plots shown in Figure
9 are composed of semicircles at high frequencies followed
by straight slopes at low frequencies for all the electrolyte
systems. This EIS pattern can be represented by an equivalent circuit as shown in the inset of Figure 9. The parameters involved are Rs, Rct, Cdl and W that are known as cell
electrolyte resistance, faradaic charge transfer resistance,
double-layer capacitance and Warburg impedance respectively. Parameter Rs represents the electric conductivity
of the electrolyte and electrodes, while Rct and Cdl correspond to the semicircle at the high frequency and W is being represented by the straight slope at the low-frequency
region that combined the diffusion effect on the interface
between the active material particles and electrolyte. Besides, the kinetics of the cell reactions can be deduced from
the combination of Rct and W that is known as faradic impedance [69]. These parameters have been summarised in
Table III. Smaller semicircle and higher degree of spike
of NiCo2O4 in 1.0 M KCl show lower reaction and diffusion resistances. However, acidic electrolyte is not
advisable in supercapacitor application because of its
instability. This is proven in Figure 10 that illustrates

1

1

Figure 8. Variation of speciﬁc capacitance of nickel–cobalt oxide investigated in (a) 1.0 M HCl (0.25 A g ), (b) 1.0 M KCl (1.0 A g ) and
1
(c) 1.0 M KOH (1.5 A g ) with respect to charge–discharge cycle numbers.
Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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4. CONCLUSION

Figure 9. Nyquist plots of nickel–cobalt oxide in various electrolyte systems in the frequency range of 1 MHz to 0.1 Hz. Inset
represents the equivalent circuit.

Table III. Cell electrolyte resistance (Rs), charge transfer
resistance (Rct), diameter of the semicircle and speciﬁc
capacitance at 0.1 Hz (Cdl) calculated from impedance analysis.

Sample
1.0 M HCl
1.0 M KCl
1.0 M KOH

Rs (Ω)

Rct (Ω)

Diameter of the
semicircle (Ω)

Cdl (F g )

1.2
5.4
3.4

3.5
9.0
7.6

2.3
3.6
4.2

2.9
10.0
14.2

1

Pure phase NiCo2O4 was successfully prepared by coprecipitation method at 400 °C with the optimum calcination duration between 2 and 4 h. As-prepared, NiCo2O4
electrode in KOH electrolyte indicated good electrochemical performance with SC of 124.1 F g1 at a current density
of 1.0 A g1. On the other hand, the electrochemical performance displayed by NiCo2O4 electrode in acidic solution was rather poor because of the occurrence of
dissolution problem. Nanosized NiCo2O4 is a potential
candidate for supercapacitor application with an operating
voltage of 1.0 V in 1.0 M KCl aqueous solution, and at
the same time, indicating excellent discharge capabilities
by displaying the linearity of its discharge curve should
be taken note of, with the capability of NiCo2O4 in
performing in low concentration of alkaline solution as
well as showing a remarkable response in neutral electrolyte, which has set a new approach in the development of
supercapacitors.
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