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A novel galvanostatic electrochemical technique has been employed to synthesize a cobalt—nickel mixed
oxide, a binary metal oxide, via a two-step route involving electrodeposition followed by calcination. A
diaphragm cell was used for the electro-deposition of the binary hydroxide at room temperature in
which the electrolyte comprises a nitrate and/or sulphate bath of the corresponding metal ions at pH 4.
The electrodeposited product was calcined at 300 °C to obtain the desired oxide material. The
formation of the binary metal oxide has been confirmed by X-ray diffraction analysis. The scanning
electron microscopy images associated with energy dispersive analysis (EDS) suggest the formation of
a nanoporous sea sponge architecture consisting of an interconnected array of nanosheets aligned
perpendicular to each other. The elemental mapping analysis of the binary oxide illustrated the
uniformity in the distribution of Co and Ni in the composite material. The TEM image shows that binary
oxides are nanocrystalline materials. A nitrogen adsorption—desorption study supports the pore size
distribution behaviour of the synthesized material. The hybrid capacitor based on the binary metal oxide
cathode and activated carbon anode displayed a capacitive behaviour with a capacitance of 76 F g*1 at
a current rate of 2 mA with 98% efficiency after 1000 cycles. Due to the unique interconnected porous
network and the role of binary cations, Co—Ni oxide exhibits superior electrochemical behaviour. The
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1. Introduction

In recent years with the development of renewable energy, clean
and highly efficient electrochemical energy storage devices have
become crucial, as it will be more important in the future.
Among various energy storage devices, electrochemical super-
capacitors have drawn great attention due to their attractive
features such as fast recharge, long-term cycling stability, and
low maintenance cost but with limited energy density. A lot of
research efforts have been devoted to improving the energy
performance of supercapacitors through synthesizing efficient
electrode materials possessing a high capacitance for their use
in emerging power delivery systems. In the last decade, the rare-
earth element based RuO, had been considered as a promising
electrode material due to its high theoretical specific capaci-
tance, but its cost and toxic nature restrict its wide use."? Thus,
recently, transition metal oxides/hydroxides have drawn atten-
tion as a conventional and inexpensive electrode material with
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the aim of achieving a high specific capacitance with improved
rate capability and long cycle life.>”” Among the various transi-
tion metal oxides, nickel and cobalt oxides have made a signif-
icant contribution as electrode materials for the supercapacitor
device irrespective of some of their limitations. The low
conductivity and limited cycling stability are considered as
major drawbacks for metal oxides or hydroxides. Nevertheless,
a Co-based oxide has long been considered as a promising
electrode material for its high theoretical capacity and excellent
pseudocapacitive properties, while nickel oxide with a lower
theoretical capacity is less expensive than its Co counterpart.
Therefore, various attempts have been made to overcome the
drawbacks of NiO by coupling with other transition metal
oxides®** and carbon-based materials*® to improve its perfor-
mance. Consequently, this resulted in the significant contri-
bution made by mixed transition metal oxides owing to their
high energy density and specific capacitance.*** The mixed
transition metal oxide can be formed either by the combination
of two transition metal oxides or a transition metal oxide along
with a carbon-containing material in stoichiometric or non-
stoichiometric compositions. These mixed transition metal
oxides are evolving as promising electrode materials for all
forms of energy storage devices."*' The reported mixed tran-
sition metal oxides perform exceptionally well with a high

This journal is © The Royal Society of Chemistry 2019
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specific capacity, exceeding those of carbon/graphite based
electrode materials. This is due to the complex chemical
compounds of the mixed oxides. Especially, binary transition
metal oxides due to the multiple oxidation states present in
their cations take part in electrochemical processes, giving
better capacity and cycle life stability than monometallic tran-
sition metal oxides.””>* Mixed transition metal oxides exhibit
significantly higher electrical conductivity than monometallic
transition metal oxides, as they need relatively low activation
energy for electron transfer between cations.'”* Among the
range of available transition metal cations, it is worth devel-
oping metal oxides of nickel combined with cobalt to utilize the
synergistic effect of both metal ions® resulting in high electrical
conductivity to realize a high rate capability.

Various methods including sol-gel,””*® potentiostatic elec-
trodeposition,'”* the hydrothermal method,”** and co-
precipitation®*** have been reported for the synthesis of Co-Ni
binary oxides. However, galvanostatic electrodeposition
methods are more versatile owing to the simplicity of the
process and possibility of tailoring the material to the need.
However, a study on the synthesis of nanomaterials using gal-
vanostatic electrodeposition has not been widely reported. The
electrochemical method is an eco-friendly, cost-effective novel
method as the deposition process can be tweaked through the
applied current as compared to the previously reported
methods. Additionally, the galvanostatic electrochemical
deposition produces nanostructured particles with controlled
characteristics, namely, the particle size, crystallographic
orientation, mass, thickness, and morphology by adjusting the
operating conditions and bath chemistry.** A high surface area
of the desired product can be obtained by calcining the elec-
trodeposited porous binary metal hydroxide materials. Such
a type of binary metal oxide has been synthesized and examined
for energy storage viability.

A hybrid capacitor comprising a binary transition metal
oxide as a battery-type faradaic electrode coupled with activated
carbon as a capacitor-type electrode to bridge the gap between
rechargeable batteries and supercapacitors has been reported
here with enhanced energy density. Electrode materials with
a porous architecture facilitate easy electron transport for
faradaic reactions at the electrode-electrolyte interface leading
to high energy density for SCs.** Hence, the material properties
of the synthesized product provide sufficient electroactive sites
to play a crucial role in supercapacitor cell performance.

In this work, electrolytic production of Co-Ni binary oxides
from aqueous solutions of two sets of electrolytes containing
nitrate and sulphate in a two-compartment diaphragm cell (see
Scheme 1) has been carried out using a novel galvanostatic
electrodeposition at room temperature with subsequent calci-
nation at 300 °C. Very little work appears to have been done on
the electrodeposition of binary metal hydroxides followed by
calcination to obtain binary metal oxides having various
morphologies. The porous architecture of highly pure Ni-Co
binary oxides with a hierarchical sea sponge-like morphology is
obtained by this facile two-step method. The morphologies of
the material are observed to vary from hexagonal to flower
shaped and then to a sea sponge architecture while varying the
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Scheme 1 Schematic diagram of the galvanostatic electrodeposition
using a diaphragm cell.

electrolytic bath. The obtained materials were tested as elec-
trodes for supercapacitors ensuring that features like fast
charge and discharge rates, and high cycling stability have been
met as a primary pre-requisite.

2. Experimental

2.1 Preparation of metal hydroxides and binary metal oxides
by electrodeposition

All the chemicals used in this study were of pure analytical
grade and were used as received without any further purifica-
tion. A two-compartment diaphragm cell (shown in Scheme 1)
was used for the electrodeposition process. A current was
supplied from a constant current DC source (Aplab rectifier) in
galvanostatic mode. Pure cobalt hydroxides and/or mixed Co-Ni
hydroxides were deposited from two sets of an electrolyte con-
taining nitrate and sulphate aqueous salt solution. Deposition
of cobalt hydroxide and mixed Co-Ni hydroxides was carried out
from nitrate medium containing 30 g dm™* Co(NO;), - 7H,0 and
30 g dm ™ Co(NO3), 7H,0 + 30 g dm > Ni(NO,), respectively. A
sulphate bath composed of 30 g dm > C0SO,4-7H,0 + 10 g dm
NaNO; was used for cobalt hydroxide deposition. NaNO; was
used as the supporting electrolyte in sulphate medium.

The cathodic reduction of Co*" to Co(OH), and/or Ni** to
Ni(OH), was carried out on a stainless steel (SS) cathode placed
in parallel to an iridium oxide coated titanium (IrO,-Ti) anode
at a cathodic current density of 200 A m 2. All experiments were
carried out at room temperature for 2 h. The electrodeposited
materials were removed from the cathode after the deposition
and washed thoroughly with deionized water before drying in
an oven. Subsequently, the resultant product was finally dried
and cooled in a desiccator and subjected to physical tests such
as X-ray diffraction (XRD) and other microscopy analyses.

2.2 Calcination step and sample labelling

Monometallic and binary hydroxides were calcined at 300 °C to
convert them to their respective oxides. Then the materials were
subjected to physical and electrochemical characterization.
Cobalt hydroxide samples prepared from a nitrate and sulphate
bath were labeled CH-nitrate and CH-sulphate respectively.
Similarly, Co-Ni mixed hydroxides deposited from a nitrate
bath were labeled CNH-nitrate. After calcination, these samples

Nanoscale Adv., 2019, 1, 1880-1892 | 1881
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were labeled CO-nitrate,
respectively.

CO-sulphate, and CNO-nitrate,

2.3 Materials characterization

Various physicochemical characterization techniques were
carried out to identify the phase, surface morphology and
porous nature of the prepared monometallic oxides and mixed
oxides. Phase analysis was carried out using a Phillips powder
diffractometer (PAN ANALYTICAL PW 1830) using Cu Ko radi-
ation. Nitrogen adsorption-desorption studies were carried out
using a Micromeritics Tristar II surface area and porosity ana-
lyser. Before analysing, the samples were degassed at 100 °C
overnight. The surface morphology of the samples was deter-
mined using field emission scanning electron microscopy
(FESEM, ZEISS SUPRA 55) together with energy dispersive
analysis. High-resolution transmission electron microscopy
images and selected area diffraction patterns of the binary
metal oxide were obtained using a JEOL JEM 2100 operated at
200 kv.

2.4 Electrochemical characterization

For electrochemical measurements, the electrode was prepared
by mixing the active material (metal oxide), carbon black and
polyvinylidene fluoride (PVDF) in a 75: 15 : 10 wt% ratio. All
ingredients were mixed in N-methyl-2-pyrrolidone (NMP, 250
pL) to make a slurry which was coated on a small piece of
graphite sheet with a coating area of 1 cm”. The coated electrode
was then dried on a hot plate (at 40 °C for an hour) to evaporate
the solvent before any electrochemical testing.

The electrochemical behaviour of metal oxide materials was
investigated by cyclic voltammetry and impedance spectroscopy
using an SP-150, Bio-Logic instrument and galvanostatic
charge-discharge and rate capability measurements were
carried out by using a Battery Analyser (MTI corp, USA) operated
using a battery testing system (BTS). Electrochemical behaviour
of both monometallic and binary metal oxides was investigated
by using three-electrode cells with 2 M NaOH as the electrolyte
and Pt wire and Hg/HgO as the counter and reference elec-
trodes, respectively, over a potential range from 0.0-0.6 V at
different sweep rates. Galvanostatic charge/discharge curves in
the potential range of 0.2-1.6 V at various current densities were
recorded. Electrochemical impedance spectroscopy (EIS) was
carried out with an amplitude of 5 mV over a frequency range of
10 MHz to 700 kHz at an open circuit potential. The specific
capacitance (SC) and energy density (E) of the device were
calculated using the following equations:

SC (F g7') = IAtlmAV (1)
E(Whkg") = E=1/2SCAV? (2)

where SC is the specific capacitance (F g~'), I is the current (A)
imposed on the cell for charge/discharge, At is the time taken to
discharge in seconds (calculated from the discharge curves), m
is the weight of the active electrode (CO-nitrate, CO-sulphate,
and CNO-nitrate) in grams, and AV is the voltage window (V).
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For a hybrid cell, in order to maintain the charge conservation
between the two electrodes, the mass ratio was calculated using

eqn (3)
m*im~ = (SC~ x AV )/(SC™ x AVY) (3)

where m represents the mass in g. SC~ and SC" represent the
specific capacitance for the AC and metal oxides, respectively
(calculated from eqn (1)); AV~ and AV' represent the discharge/
charge potential range for the AC and CO-nitrate, CO-sulphate,
and CNO-nitrate electrodes, respectively.

3. Results and discussion
3.1 Electrodeposition

During the electrolysis of Co(NO3), solution, nitrate ions from
the bath play a vital role in the deposition of cobalt hydroxide.**
Initially, on applying a potential to the electrochemical dia-
phragm cell, nitrate ions get reduced to nitrite and hydroxyl
ions are formed. The process during reduction is given as:

NO;™ + H,0 +2¢~ — NO, + 20H" (aq.) (4)

Hydroxyl groups formed via electrochemical reduction are
expected to react with Co** ions present in the electrolyte. As
a result, cobalt hydroxide is deposited on the substrate
according to the following reaction:

Co** + 20H™ — Co(OH), (5)
Nickel is also deposited in a similar manner

Ni?* + 20H~ — Ni(OH), (6)

3.1.1 Effect of the electrolyte on the current efficiency (CE)
and energy consumption (EC). Apart from the cobalt nitrate
electrolyte, sulphate and chloride baths need a supporting
electrolyte, NaNOj; to generate nitrate ions, which will assist the
formation of cobalt hydroxides. As shown in Table 1, about 98%
current efficiency was achieved for the deposition of cobalt
hydroxide from a bath of aq. cobalt nitrate solution. However,
100% CE resulted in both cases of cobalt sulphate and cobalt
chloride aq. solution. However, there is a decrease in energy
consumption when deposition is varied from the nitrate to
chloride bath. But the chloride bath leads to the formation of

Table 1 Effect of the electrolyte on CE and EC

Current Energy
efficiency consumption
Electrolyte (CE) (%) (EC) (kW h kg™)
30 g dm " Co(NO;), 98 2.24
30 g dm* CoSO, 100 2.20
+10 g dm > NaNO;
30 g L' CoCl, 100 2.11

+10 g L' NaNO;

This journal is © The Royal Society of Chemistry 2019
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toxic chlorine gas at the anode, which results in the corrosion of
the electrode. Hence nitrate and sulphate baths were chosen as
a suitable bath in this study for cobalt hydroxide synthesis.

3.1.2 Effect of supporting electrolyte NaNO;. As cobalt
hydroxide deposition was not feasible from the sulphate bath in
the absence of nitrate ions, a supporting electrolyte, sodium
nitrate was chosen. Its concentration was varied ranging from 5,
10 and 20 g dm>. The results (in Table 2) revealed that with an
increase in sodium nitrate concentration from 5 to 10 g dm™*
the CE increases from 86 to 100%, which then remains constant
even for a higher amount of 20 g dm™* sodium nitrate solution.
Interestingly, the energy consumption value was found to be
minimum in the presence of 10 g dm > of sodium nitrate.
Hence, the experiments carried out using the sulphate bath
have used 10 g dm ™ sodium nitrate as the supporting elec-
trolyte in this study.

3.1.3 Effect of the binary electrolyte. Basically, as our aim is
to synthesize cobalt-nickel binary hydroxide, electrolytic baths
containing nickel nitrate and nickel sulphate along with cobalt
nitrate and cobalt sulphate were chosen. The result (in Table 3)

Table 2 Effect of the supporting electrolyte concentration on CE and
EC

Current Energy
efficiency  consumption
Electrolyte (CE) (%) (EC) (kW h kg™)
30 g dm™ CoSO4 + 5 gdm™® NaNO; 86 2.86
30 g dm ? CoSO, + 10 g dm > NaNO; 100 2.20
30 g dm® CoSO, + 20 g dm ® NaNO; 100 2.22

Table 3 Effect of the binary electrolyte on CE and EC

Current Energy
efficiency consumption
Electrolyte (CE) (%) (EC) (kW h kg™")
30g dm? Co(NO;), 100 1.99
+30 g dm ™ Ni(NO;),
30 g dm ™ CoSO, + 30 g dm 100 1.96

NiSO, + 10 g dm™* NaNO;

=

©001)=

Co(OH),

(101)

~
>
1
-
=

(a)

Intensity / a.u.
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20/ degrees
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revealed that the sulphate bath leads to consumption of less
energy than the nitrate bath with about 100% current efficiency
in both the cases. This may be due to the presence of the sup-
porting electrolyte which increases the conductance of the
solution resulting in a decrease in voltage of the deposition
process. However, in this work, we have investigated the mixed
cobalt-nickel oxide deposited from the nitrate bath only.

3.2 Structural analysis of metal hydroxides and binary metal
oxides

The X-ray diffraction patterns of the electrodeposited samples
and subsequent to calcination are shown in Fig. 1 and 2,
respectively. The cobalt hydroxides deposited from nitrate and
sulphate baths prior to calcination (CH-nitrate, CH-sulphate)
shown in Fig. 1i have diffraction peaks at 26 values with the
respective (& k [) indices, 19.00 (001), 33.080 (100), 37.89 (101),
51.34 (102), and 57.92 (110) without any second phase as an
impurity. This indicates that the electrodeposited product in
both the cases of an electrolytic bath (such as nitrate and
sulphate) can be well indexed to a pure phase of Co(OH), having
a hexagonal crystal structure (JCPDS card no. 30-0443). Fig. 1(ii)
shows the X-ray diffraction pattern of the electrodeposited
material from a bath containing cobalt nitrate and nickel
nitrate mixed solution prior to calcination. The XRD pattern
revealed the formation of mixed phases of Co(OH), and Ni(OH),
with the hexagonal crystal structure (JCPDS card no. 30-0443,
74-2075) indicating that the binary metal hydroxides have been
formed as expected in the presence of two electrolytes.

XRD analysis of the cobalt hydroxides (CO-nitrate, CO-
sulphate) after calcination was carried out and the results are
shown in Fig. 2(i) a and b. The XRD pattern revealed the
formation of cubic cobalt oxide (Co30,4) (JCPDS card no. 76-
1802) for both the samples. The diffraction peaks at angles (26)
of about 19.175, 31.225, 36.775, 44.725 and 59.425 are assigned
to the (111), (220), (311), (102) and (110) planes of the Coz0,
crystal lattice, respectively. Fig. 2(ii) shows the X-ray diffraction
pattern of binary cobalt-nickel oxide (CNO-nitrate) with
diffraction peaks of 19.185, 31.245, 36.776, 44.375 and 59.442
(JCPDS card no. 76-1802) corresponding to the Co;0, crystal
lattice. However diffraction peaks at about 36.975, 43.375,
72.075 and at 30.825 and 64.775 correspond to the different
planes of NiO and Ni,O; crystal lattices (JCPDS card no. 47-
1049) respectively. These results suggest the fact that the binary

(i)

A Co(OH);
* Ni(OH)

A

Intensity / a.u

20 30 40 50 60 70 80
20 / degrees

Fig. 1 X-ray diffraction pattern of (i-a) CH-nitrate, (i-b) CH-sulphate, and (ii) CNH-nitrate.
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Fig. 2 X-ray diffraction pattern of (i-a) CO-nitrate, (i-b) CO-sulphate, and (ii) CNO-nitrate.

oxide materials contain the phases of Co;0, along with
different phases of nickel such as NiO and Ni,O;. The mean
crystallite size (L) of the CNO-nitrate sample was calculated
using the Debye-Scherrer equation (eqn (7)) and found to be
23.40 nm.

L = KM(B cos 0) (7)

where K is the particle shape dependent factor (~0.94 for
spherical particles with cubic symmetry), 6 is the angle of the
diffraction peak, @ is the full width at half maximum, and A is
the wavelength of the X-ray (A = 0.15406 nm).

3.3 FE-SEM and TEM analyses: hexagonal, flower-shape, and
sea sponge morphologies

The microstructures and the surface morphologies of the cobalt
oxides (CO-nitrate and CO-sulphate) and cobalt-nickel mixed

oxide (CNO-nitrate) samples are shown in Fig. 3. Fig. 3 shows
the typical SEM images of metal oxides and the observed
significant difference in the morphology during the electrode-
position process. The results revealed that the CO-nitrate
sample shows hexagonal plate-like crystals with a maximum
size of 1 pm along with various smaller hexagonal plate-like
crystallites within the nanosize range.

Fig. 3b shows the SEM image of the CO-sulphate sample
with quite different morphological changes indicating
a flower-like porous structure. The SEM images of binary metal
oxides under different magnifications, shown in Fig. 3c and d,
exhibit a sea sponge-like architecture highly porous in nature.
On a close view, it was observed that each spongy architecture
is composed of nanoplate like crystallites with a fairly uniform
thickness, giving highly porous texture to the crystal. Thus, an
interconnected porous network may lead to a high surface area
resulting in an excellent performance for electrochemical

Fig. 3

1884 | Nanoscale Adv., 2019, 1, 1880-1892

FE-SEM images of (a) CO-nitrate, (b) CO-sulphate, and CNO-nitrate samples at (c) lower and (d) higher magnifications.
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Fig. 4 Energy dispersive analysis spectra (EDS) of the CNO-nitrate sample.

applications due to easy ionic/electronic transport.** Fig. 4
shows the corresponding energy dispersive analysis of the
CNO-nitrate sample. The relative intensities of the EDS spectra
showed that the mixed oxide material consists of an approxi-
mately equal metal molar ratio of cobalt to nickel ions in the
crystal lattice. The elemental mapping analysis of the CNO-
nitrate sample is illustrated in Fig. 5 and the area of the ana-
lysed region is shown in the FE-SEM image. It is clearly seen
that the two elements Co and Ni have been distributed
uniformly on each crystal along with oxygen. Generally, the
brighter the colour, the higher is the elemental concentration
of Ni and Co. The unique structure of the resultant binary
oxide with the homogeneity of the metal atom distribution

aids the increase of the specific capacitance and energy
density.

The transmission electron microscopy (TEM) images of the
binary metal oxide (CNO-nitrate) are shown in Fig. 6. The
bright field images at different magnifications (Fig. 6a and b)
show individual particles with a crystallite size in the range
10-25 nm, which is consistent with the values of the XRD data
obtained using Scherrer's formula. Fig. 6¢c shows striations
illustrating the nanocrystallinity of the binary oxide material.
The corresponding selected area diffraction pattern (SADP in
Fig. 6d) is not a representative of the whole material, however,
it shows bright spots in the diffraction rings confirming the
crystallinity. The d-values obtained from the SADP pattern are
in accordance with the results of the X-ray diffraction.

04 (AB) 6179

SE MAG: 12500 x HV: 15.0 kV WD: 5.2 mm

Fig.5 EDS elemental mapping of O, Ni, and Co in the CNO-nitrate sample, their concentration is correlated with the intensity of the red, green
and cyan colours. The area of the sample used for EDS analysis is shown in the respective FE-SEM image.
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Fig. 6 Transmission electron microscopy (TEM) images of the CNO-nitrate sample (a—c) at different magnifications and (d) the corresponding

selected area diffraction pattern (SADP).

3.4 Pore-size analysis

To examine the pore size distribution of the metal oxides,
nitrogen gas-sorption measurement was performed for CO-
nitrate, CO-sulphate, and CNO-nitrate samples. Fig. 7 shows the
nitrogen adsorption-desorption isotherms and the corre-
sponding Barrett-Joyner-Halenda (BJH) pore-size distribution
curves of CO-nitrate, CO-sulphate, and CNO-nitrate samples.
The N, physisorption isotherms of all the samples show a type-
IV isotherm with an H,-type hysteresis loop indicating the
mesoporous nature of the materials.*® Cobalt-nickel mixed
oxide i.e. CNO-nitrate showed a shift in the loop to a higher
relative pressure approaching P/P, = 0.99, signifying the fact
that a large number of mesopores are present compared to that
of the pure cobalt oxide samples (CO-nitrate, CO-sulphate) and
hence the higher surface area of 62 m* g~ *.

The BJH pore-size distribution curve showed a significant
difference between the CNO-nitrate, CO-nitrate and CO-
sulphate samples. CO-nitrate and CO-sulphate showed a pore-
size distribution curve centered at about 8.63 nm; however, the
pore-size distribution curve shifted to a higher pore volume and
centered at about 9.31 nm for the CNO-nitrate sample, sug-
gesting that a larger pore size is required for easy transfer of the
electrolyte through the mixed oxide material matrix. Based on
the above results, CNO-nitrate may correspond to an excellent
candidate, as the mesopores reduce the diffusion distance for
electrolyte ion transport while enhancing the adsorption of ions
during the electrochemical energy storage.>**

1886 | Nanoscale Adv., 2019, 1, 1880-1892

3.5 Electrochemical characterisation

3.5.1 Three-electrode configuration. To examine and
distinguish the electrochemical behaviour of CO-nitrate, CO-
sulphate, and CNO-nitrate, all of the materials were evaluated in
a 2 M NaOH aqueous electrolyte using a standard three-elec-
trode system (details are provided in Section 2.4). The poten-
tiostatic (Fig. 8a-c) and galvanostatic (Fig. 8d-f) measurements
of the as-prepared electrodes were carried out in a potential
window of 0.6 V vs. Hg/HgO. The typical cyclic voltammetric
(CV) curves are shown in Fig. 8a-c. While a reduction peak (C1)
has been observed for all the electrodes a well-defined reduction
peak (C1) followed by an oxidation peak (A1) is more prominent
for CNO-nitrate, binary metal oxide. However, the shape of the
CV curves is comparable to that for the nitrate electrodes
studied (Fig. 8a and c) but the curve for sulphate (Fig. 8b) is ill-
defined. The electrochemical behaviour of CO-nitrate and CO-
sulphate exhibits a quasi-reversible faradaic process, which is
associated with the electron transfer in the Co?"** redox couple
involving the ability of OH™ to be inserted/extracted into/from
the Co;0, electrodes."?” The extent of the electrochemical
reaction is being more for sulphate resulting in a discharge
capacitance of 100 F g~' and less for monometallic nitrate
resulting in 60 F g~ . As shown in the CV curves, at higher sweep
rates, the specific current increases indicating the fast kinetics
and low internal resistance of the electrodeposited electrodes. It
has to be noted that (Fig. 8c) the separation between C1 (shift of
0.1V towards more positive) and A1 (shift of 0.1 V towards more

This journal is © The Royal Society of Chemistry 2019
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negative) gradually widens when the scan rate increased to 5
and 10 mV s~ this is attributed to a decrease in the utilization
of the active material caused by limited diffusion of ions from
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Fig. 8 (a—c) First cyclic voltammetric (CV) curves, and (d—f) first
charge—discharge behaviour of CO-nitrate, CO-sulphate, and CNO-
nitrate electrodes, respectively in a three-electrode configuration.
Sweep rates (mV s~%) and current rates (A g—%) are shown in respective
figures.
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the electrolyte® into the binary metal oxide material. The inte-
grated area of the binary metal oxide (Fig. 8c) is much larger
than those for CO-nitrate and CO-sulphate (Fig. 8a and b)
implying the larger specific capacitance that the material can
deliver. This is justified in the corresponding galvanostatic
charge-discharge curve implying a discharge capacitance of 250
F ¢ '. This suggests that both Ni and Co contribute to the
electrochemical process and to both faradaic and non-faradaic
reactions. Nonetheless, the Co?"** and Ni**** redox couples are
so close that it is difficult to distinguish them in the CV curve
(Fig. 8c).*® To further study the specific capacitance and the rate
capability, galvanostatic measurements were carried out and
charge-discharge curves of CO-nitrate, CO-sulphate, and CNO-
nitrate are shown in Fig. 8d-f at different current rates in the
respective plots. The curves for nitrates (Fig. 8d, f) are almost
symmetrical with a negligible IR drop, suggesting the rapid
current-voltage response of the nitrates in the electrolytic bath
during electrodeposition. However, the available discharge
capacitance of 250 F g~ is higher for binary metal oxide (CNO)
nitrates (Fig. 8f) which is four times higher than that of CO-
nitrate (in Fig. 8d). The nearly symmetric charge-discharge
curves imply the high coulombic efficiency and low polarization
of CO-nitrates and CNO-nitrates, while in the case of sulphate,
the shape of the charge-discharge curves in Fig. 8e is distorted
with distinct polarization, supported by the ill-defined CV curve
in Fig. 8b.

3.5.2 Two-electrode configuration (hybrid device). To
further evaluate CO-nitrate, CO-sulphate, and CNO-nitrate for
practical applications, a hybrid device has been fabricated with
a battery (redox) type monometallic oxide or binary metallic
oxide materials as the cathode coupled with a capacitor type
activated carbon as the negative electrode in 2 M NaOH

Nanoscale Adv., 2019, 1, 1880-1892 | 1887
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electrolyte (details are provided in Section 2.4). The mass of
both the electrodes has been balanced to achieve the maximum
specific capacitance. Typical cyclic voltammetric (Fig. 9a-c) and
charge-discharge (Fig. 9d-f) measurements of the hybrid
devices were carried out in the potential window of 1.6 V vs.
activated carbon. The CV curves indicate both faradaic and non-
faradaic regions (pseudocapacitive in nature) contributing to
the total capacitance of the device. The hybrid structure has
merged the merits of the two active components and the elec-
trochemical performance of the binary metal oxide (Fig. 9¢c)
shows a specific capacitance of 76 F g~ * with good rate perfor-
mance and excellent electrochemical stability. Among the three
materials, CO-nitrate, CO-sulphate, and CNO-nitrate, the binary
metal oxide in Fig. 9c is superior in terms of possessing a typical
capacitor-like shape," with no obvious redox peaks, and a near
symmetric current response on reversing the potential back to
the initial point. The corresponding charge-discharge curves
are shown in Fig. 9d-f. The binary metal oxide shows symmetric
charge and discharge curves with no obvious inflections at

Current/ mA

00 04 08 12 16
Cell Voltage / V

(b)

Current/ mA
N
-

a0,
o o
n !
=
=)

c1

'
=N
(3]

00 04 08 12 16

Cell Voltage / V
10
(c) A mV/s
< 5
£
g 2
O |5/
5 101\/
Cc1
-10

00 04 08 12 16
Cell Voltage / V

View Article Online

Paper

higher current densities, while CO-nitrate and CO-sulphate
showed a distorted triangular profile (deviated from the
capacitive behaviour) arising from the sharp ohmic resistance
of the cell® (see Table 4). The specific discharge capacitances
based on the total mass of the two electrodes are calculated to
be 15,23, and 76 F g~ * for the samples CO-nitrate, CO-sulphate,
and CNO-nitrate (Fig. 9d-f), respectively, at a current rate of 0.05
A g~ It can be seen that the available discharge capacitance of
binary metallic oxide is much higher than that of monometallic
oxide, which is well consistent with the CV results (in Fig. 9a-c).
This is due to the rational material design of the sea-sponge
architecture and thus outstanding performances are revealed
due to the synergistic effect of Co and Ni cations. Fig. 9f also
displays the rate capability of CNO-nitrate at the current rates
from 0.05 to 0.5 A g~ . The obtained discharge capacitances are
calculated to be 76, 73, 57 and 53 F g’1 at a current rate of 0.05,
0.1, 0.2 and 0.5 A g, respectively. Interestingly, 75% of the
available capacitance was retained even at a high current rate of
0.5 A g~'. However, when the current rate (Fig. 10c) was
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Fig.9 Hybrid cell (two-electrode configuration) of metal oxides as the positive electrode and activated carbon as the negative electrode in 2 M
NaOH electrolyte. First cyclic voltammetric (CV) curves (a—c), and first charge—discharge behaviour (d—f) of CO-nitrate, CO-sulphate, and CNO-
nitrate electrodes, respectively in a supercapacitor. Both CV and charge—discharge curves show pseudocapacitive behaviour.
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Table 4 The equivalent circuit parameters deduced by fitting the impedance plots to the circuit shown in Fig. 11

Rs Ret w Ca CPE
Electrodes Q cm? Q cm?® Qcm? 5712 F cm ™2 10°Q em™?s
CO-nitrate 213.7856 28.5683 5.87 0.61 6.72
CO-sulphate 173.1564 15.3276 4.53 0.60 4.32
CNO nitrate (before cycling) 103.9819 9.5274 2.72 0.63 3.68
CNO nitrate (after cycling 79.5307 6.3926 1.73 0.45 1.46

increased from 0.5 A g ' to 2 A g, the available specific
capacitance is reduced to 25 F g " indicating the good rate
capability of CNO nitrate. On the other hand, at a higher current
rate of 2 A g~ ', CO-nitrate and CO-sulphate (in Fig. 10a and b)
exhibited a capacitance as low as 15 F g~ and 10 F g,
respectively, which could be due to the absence of nickel in the
composite.

The CNO nitrate hybrid capacitor (shown in Fig. 9f) delivers
a specific capacitance of 76 F g~ ' with an energy density of 75 W
h kg™" at a power density of 125 W kg~ ". The electrochemical
performance of the binary metal oxide reported in this work
compares well with similar materials reported in the literature
like Co;0,4 (57 F g~ 1),* NiCo,04 (64 F g~ 1),** Co-Ni oxides (82 F
g 1),! CoMoO, (25 F g 1), NiMoO, (100 F g '),*> and other
ternary metal oxides.** Furthermore, the device constructed
using the binary metal oxide exhibited long-term stability,
reproducing a similar linear charge-discharge curve after 1000
cycles (Fig. 11a) which is a typical requirement for a hybrid
capacitor suitable for any practical applications. The cycling
stability test conducted by means of repeated charge-discharge

over 1000 cycles at a current density of 0.1 A g " revealed
(Fig. 11b) excellent stability with a capacitance retention of 98%.
During the initial ten cycles, the discharge capacitance was low
(60 F ¢ ) and then the capacitance was increased to 76 F g~ *
during 100 cycles and then stabilized thereon. This could be
attributed to the activation of mesopores occurring after a few
cycles to provide an accessible area for charge accommodation.
This is further confirmed by the Nyquist plots (in Fig. 11c) that
compare the electrodes before and after cycling. The equivalent
circuit for the Nyquist plots is shown in Fig. 12 and the fitting
values are presented in Table 4. Both the plots (in Fig. 11c) were
composed of a distorted semicircle in the high-frequency region
and a linear part in the low-frequency region, illustrating
a typical capacitive type behaviour. This is described by the
parallel circuit of R. (charge-transfer resistance) and Cg
(double layer capacitance) while C, (pseudo capacitance) is for
the steep inclined line, which is replaced by a constant phase
element (CPE) while including the chemical properties of the
metal oxides. The chemical diffusion impedance is referred to
as the Warburg impedance (W).* In both the high frequency
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Fig. 10 Hybrid cell (two-electrode configuration) of metal oxides as the positive electrode and activated carbon as the negative electrode in2 M
NaOH electrolyte. Charge—discharge profiles at higher current rates 1 A g~*and 2 A g~ for (a) CO-nitrate, (b) CO-sulphate, and (c) CNO-nitrate

electrodes, respectively.
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Fig. 11 (a) Multiple charge—discharge curves of the supercapacitor

comprising AC||CNO nitrate (binary metal oxide) in 2 M NaOH elec-
trolyte, (b) cycling stability at a current rate of 0.1 A g~ showing the
capacitance retention and coulombic efficiency, and (c) Nyquist plot
comparing the impedance in the high frequency region and capacitive
behaviour in the low frequency region for the hybrid cell before and
after cycling.

and low frequency areas, the cycled CNO nitrate electrode
exhibited low Ry (solution resistance of 79.53 Q cm?®) and R
(diameter of the semicircle, 6.39 Q cm?) values (tabulated in
Table 4), indicating the lower ion diffusion resistance due to the
nanoporous network (as illustrated in the TEM images, Fig. 6) for
the binary metallic oxides with a sea-sponge architecture. The
slope line at the low-frequency region for the cycled electrode is
steeper implying the capacitive like behaviour ascribed to the low
mass transfer resistivity of the electrolyte® within the nanoporous

1890 | Nanoscale Adv., 2019, 1, 1880-1892
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Fig. 12 The equivalent circuit of the supercapacitor comprising
ACJICNO nitrate (binary metal oxide) in 2 M NaOH electrolyte. The
term Rs denotes solution resistance, R. refers to charge transfer
resistance, Cq refers to double layer capacitance, W refers to Warburg
impedance, and CPE refers to constant phase element.

structure of CNO nitrate. In the case of CO-nitrate and CO-
sulphate electrodes, the intrinsic resistance of the electrode (Rs)
and kinetic resistance (R, and CPE) to ion transfer at the inter-
face between the metal oxide surface and electrolyte are relatively
higher (see Table 4) than those for CNO nitrate. Therefore, the
surface electrochemical reaction (R, R.(), formation of the double
layer at the interface (Cq;), and sequential electron transfer from
the surface to the bulk (W and CPE) all appear to be favourable
for the CNO nitrate electrode which confirms the experimental
values of higher discharge specific capacitance.

4. Conclusions

Facile synthesis of a sea sponge architecture in the binary metal
oxide, Co-Ni mixed oxide, is achieved by electrodeposition
using a diaphragm cell comprising a nitrate and sulphate bath
with a pH of 4 followed by calcination. A maximum current
efficiency of 100% was obtained from the galvanostatic elec-
trodeposition. After calcination, monometallic and binary
metal oxide electrodes showed various morphologies and the
bath chemistry played a crucial role in determining the overall
capacitive behaviours. The morphology and pore size distribu-
tion of the obtained metal oxides could easily be tweaked with
the operating conditions. The electrochemical tests demon-
strate that CNO nitrate exhibits superior characteristics with
a specific discharge capacitance of 250 F g~ * (three-electrode
configuration) and 76 F g~' (two-electrode configuration) and
excellent rate capability delivering an energy density of 75 W h
kg~ " at a power density of 125 W kg~ ', with long-term cyclability
of 98% retention of its initial capacitance. The results establish
that the hybrid capacitor using CNO nitrate as the positive
electrode and activated carbon as the negative electrode can
work at 1.6 V and is a potential candidate for supercapacitor
applications.
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