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Abstract
NiO nanoflakes anchored on carbon nanotubes (CNTs) were fabricated through a H2O2-assisted microwave irradiation method.
The formation of the NiO/CNT nanocomposites were characterised by powder X-ray diffraction (PXRD), Fourier transform
infrared spectroscopy (FT-IR), micro Raman spectroscopy and X-ray photoelectron spectroscopy. Surface morphology studies of
the prepared materials were carried out using scanning and transmission electron microscopy (SEM and TEM). The electro-
chemical performance of the NiO and NiO/CNTs were analysed by cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) techniques. GCD studies of the NiO/CNTs reveal a maximum
specific capacitance of 258 F/g at 1 A/g current density in 2 M KOH aqueous electrolyte was achieved for 1:1 ratio of NiO/
CNTs composite. Further, a specific capacitance of 258 F/g at 1 A/g current density obtained for 1:1 ratio of NiO/CNTs is almost
2.15 times higher than that of prepared NiO (120 F/g) which indicates an excellent synergistic effect in NiO/CNTs nanocom-
posite. Furthermore, the NiO/CNTs nanocomposite electrode showed outstanding cycling stability retention of 86% of the initial
capacitance after 2500 cycles.
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Introduction

The enhanced concern about the rising global warming and
increasing energy crises due to population growth triggers the
demand for new energy conversion and energy-saving technol-
ogies/devices. With the above-said concern, supercapacitors
have the considerable interest as a promising energy storage/
power supply for electric vehicles due to its fast charging-
discharging process, high power density than secondary batte-
ries, high energy delivering than conventional capacitors and
excellent cycling stability [1–6]. Based on the energy storage
mechanism, a supercapacitor can be divided into two types: (i)
electric double-layer capacitor (EDLC) (ionic adsorption and

desorption on the surface of the electrode/electrolyte interfaces)
and (ii) pseudocapacitor (oxidation and reduction process occur
between the electrode/electrolyte ions) [7–12]. Carbonaceous
materials such as activated carbon, carbon aerogel, graphene
and carbon nanotubes (CNTs) were used as electrode materials
in EDLCs. The above-said carbon-based materials attract in
EDLC by their high surface area, non-toxic, low cost and abun-
dance in nature. Albeit carbon-based materials have good elec-
trical conductivity, chemical stability and high porosity; their
application in supercapacitor was limited by their low energy
density [13–19].

Conversely, pseudocapacitors showed promising high
energy density than EDLC due to their faradaic redox
mechanism and commonly used pseudocapacitor mate-
rials are conducting polymer and transition metal oxides
such as RuO2 [20], MnO2 [21], CoO [22], Fe2O3 [23] and
NiO [24, 25] etc. So far used transition metal oxides, the
hydrous RuO2 is one of the best electrode materials for
energy storage applications, because of its unique proper-
ties like good redox reversibility and brilliant electro-
chemical properties. The practical application of RuO2

in supercapacitors is limited owing to the high cost and
less abundance in nature.
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Apart from RuO2, among the other metal oxides used for
charge storage applications, NiO is a very promising material
because of its higher theoretical capacitance above 2500 F/g,
low cost, tremendous redox reversibility and ease of synthesis.
However, NiO suffers from poor electronic conductivity, ion-
ic conductivity and higher volumetric changes during the
charge-discharge cycling and lower rate performance in ener-
gy storage devices, which hinders the practical applications.
To overcome this poor electronic, ionic conductivity and cy-
clic stability of pseudocapacitor, electrode material like NiO
electrode is composite with carbon materials like CNT due to
their superior chemical stability, favourable electrical conduc-
tivity and high surface area.

Various research groups are focusing on hybrid
supercapacitor, which is composed of high conductive,
high power density, longer stability EDLC material along
with high energy density transition metal oxide [26–35].
This type of hybrid electrode material generates a mutual
behaviour due to EDLCs and pseudocapacitance and hence
results in good electrochemical activity. Among the differ-
ent hybrid composition, composition of NiO and CNTs has
been effectively made by various methods like a hydro-
thermal, electrophoretic deposition, chemical bath deposi-
tion, etc., and interest for supercapacitor application in ear-
lier reports due to high capacitance, low cost and long
cycling stability.

Yu and co-workers reported the preparation of NiO-CNT
nanohybrid through atomic layer deposition and achieved a
high specific capacitance of 622 F/g at 2 A/g [36]. While Yu
et al. reported a specific capacitance of 1177 F/g at 2 A/g
current density for NiO nanosheets on CNT prepared by the
electroless plating method [37]. Furthermore, Dai and co-
workers reported large-scale fabrication and achieved a max-
imum specific capacitance of 759 F/g at 0.5 A/g for CNTs and
porous NiO nanocomposites by chemical conversion method
[38]. But all these preparation methods have used difficult
reaction parameters such as high operating temperature, work-
ing pressure and several steps. Among the various techniques
available for the synthesis of composite materials, microwave
method has several advantages like uniform particle size dis-
tribution, increasing the phase purity of compound, controlled
morphology and rapid synthesis time [39, 40].

The synthesis of electrode materials using microwave
process is a well-established one, and so many reports are
available for the energy storage applications. In our lab,
we have synthesised various metal oxides and their com-
posites using the microwave method and used as elec-
trode materials for supercapacitor applications [41, 42].
Herein, we have successfully synthesised NiO/CNT
nanocomposite with the assistance of H2O2 by facile,
cost-effective and time-effective microwave synthesis.
The synthesised NiO and NiO/CNT nanocomposites are
tested for supercapacitor applications.

Experimental procedure

Materials

Multi-wall carbon nanotubes (CNTs), Nickel(II) nitrate hexa-
hydrate (Ni (NO3)2.6H2O), Hydrogen peroxide (30% H2O2)
and Ammonia solution (25% NH4OH) were purchased from
Sisco Research Laboratories, Pvt. Ltd., India. All chemicals
were used as received without any additional further
purification.

Synthesis of NiO

Nickel oxide (NiO) was synthesised by a simple microwave
irradiation method. Further, 2.9 g of nickel nitrate hexahydrate
was dissolved in 60 mL of deionised (DI) water. Nine
millilitres of 30% H2O2 was added drop-wise to the above
magnetically stir solution and continued until the formation
of a homogeneous solution. Then 25% of ammonia solution
was added to attain the pH around 11. Then the suspension
was transferred into domestic microwave oven using 250 mL
microwave autoclave and allowed for microwave irradiation
at 560 W for 10 min. After the tenure of time, the autoclave
was allowed to cool to attain room temperature. The resultant
precipitate was filtered, washedwith water and ethanol several
times to remove any unreacted species and finally dried at
80 °C for 12 h and then calcined at 300 °C for 2 h in air
atmosphere.

Synthesis of NiO/CNT nanocomposite

In this full experiment, different ratio of NiO/MWCNT was
prepared by using H2O2 in the microwave method. In detail,
100 mg of CNTs were dispersed in 20 mL of DI water using
sonication for 30 min. A solution of nickel nitrate hexahydrate
in DI water and H2O2 were stirred until the formation of a
homogeneous solution. To the homogeneous solution, the dis-
persed CNTs solution was added and continued to stir for
another 20 min. Finally, the solution was adjusted to pH of
11 using the ammonia solution. Then the resultant mixture
was subjected into microwave irradiation at 560 W for
10 min using a domestic microwave oven. Then the autoclave
was allowed to attain the room temperature. The obtained
precipitate was filtered, washed with water and ethanol repet-
itively and dried in a hot air oven at 80 °C for 12 h. Finally, the
dried powder was calcined at 300 °C for 2 h in air atmosphere.
The effect of CNT content in NiO-CNT composite on their
electrochemical behaviour was studied by using different ratio
such as 1:0.5, 0.5:1, 1:1 of NiO and CNT composite materials.
The composite materials were prepared by using the corre-
sponding weight ratio of nickel nitrate hexahydrate and CNT
as reactants and the obtained products were denoted as 1: 0.5,
0.5:1 and 1:1 respectively.
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Characterisation

The phase formation and crystal structure of the prepared
NiO-CNT composites were characterised by powder X-ray
diffraction (X’pert PRO analytical diffractometer) using Cu
Kα as radiation (1.541 A°) source. The metal-oxygen vibra-
tionmodes of composite samples were confirmed through FT-
IR spectroscopy and were recorded using Fourier transform
infrared spectrophotometer employing Thermo Nicolet 380.
Raman active modes of NiO and all composite materials were
analysed using Imaging Spectrograph STR 500 nm focal
length laser micro Raman spectrometer SEKI, Japan, with
resolution 1/0.6 cm−1/pixel and Flat Field 27 mm (W) ×
14 mm (H). PHI–VERSAPROBE III–X-ray photoelectron
spectroscopy were used for measure the elemental composi-
tion and chemical states of the samples. Scanning electron
microscopy (ZEISS-V80) and transmission electron micros-
copy (JEOL-2100 + high-resolution transmission electron mi-
croscope) with an accelerating voltage of 200 kV and resolu-
tion point of 0.194 nm were used to study the morphology of
the synthesised samples.

Electrochemical measurements

The electrochemical behaviours of the NiO/CNT composites
prepared by microwave irradiation method were characterised
using Biologic science instruments (SP-200) in the three-
electrode configuration. A three-electrode system which con-
sists of the active material coated Ni-foam, Ag/AgCl and a
platinumwire was utilised as a working, reference and counter
electrodes respectively. The Ni foam (1 × 1 cm) was pre-
treated using 3 M HCl under sonication for 15 min followed
by washing with acetone, ethanol and water. The slurry was
prepared using an active material (NiO/CNT), acetylene black
and polyvinylidene difluoride in the weight ratio of 85:10:5
and N-methyl-2-pyrrolidone as a solvent. The slurry was coat-
ed on the pre-treated Ni-foam and dried at 80 °C for 12 h. The
electrochemical studies such as cyclic voltammetry (CV), gal-
vanostatic charge-discharge studies (GCD) and electrochemi-
cal impedance spectroscopy (EIS) were conducted using 2 M
KOH aqueous solution as the electrolyte.

Results and discussion

The NiO/CNT composites were prepared by H2O2-assisted
microwave irradiation method using the nickel nitrate hexa-
hydrate as the starting material. Scheme 1 shows the prepara-
tion of NiO/CNT composites. Nickel nitrate hexahydrate inDI
water solution was slowly added to prior purified and dis-
persed MWCNT in DI water with uniform stirring.
Ammonia solution was added to MWCNT-Ni(NO3)2.6H2O,
and finally, 560 W microwave was irradiated for 10 min gave

MWCNT/Ni(OH)2. MWCNT/Ni(OH)2 was calcined at
300 °C for 2 h in air atmosphere and gave NiO/CNT compos-
ite. Further, different ratios of NiO/CNT were prepared by
changing the amount of Ni salt and CNT.

XRD analysis

The crystal structure and phase formation of the annealed
materials were analysed by powder X-ray diffraction
(PXRD), and the results are shown in Fig. 1. XRD patterns
of the prepared NiO and NiO/CNT nanocomposites (Fig. 1a–
d) indicate the formation of the nanocomposite. The XRD of
the prepared NiO showed diffraction peaks at 2θ value of
37.3°, 43.5°, 62.3°, 75.4° which are attributed to the (111),
(200), (220) and (222) crystal planes. The presence of (111),
(200), (220) and (222) crystal planes, thus well matched to the
NiO cubic system in Fm3m spatial group (JCPDS No-78-
0643), confirms the formation of phase pure NiO [38].
While, the prepared NiO/CNT composites showed all the
above-said diffraction peaks of NiO along with a new diffrac-
tion peak at 26.5o. The existence of new diffraction peak at
26.5° could be perfectly indexed to the plane (002) of a gra-
phitic form CNTs. Further, the variation of NiO/CNT ratio
was concurred by the difference in plane intensity correspond-
ing to the NiO and shown in Fig. 1b–d. Moreover, the absence
of any other impurity peaks indicates that the synthesised NiO
and NiO/CNT composites are high phase purity.

FT-IR analysis

Figure 2a–d shows the FT-IR spectra of pure NiO and NiO/
CNTs composites. In the FT-IR spectrum of NiO, peaks at
around 3422, 2922, 2854, 1587, 1023, 707 and 463 cm−1

were observed. While, the FT-IR spectra of NiO/CNT com-
posites showed all the above peaks which observed for NiO
along with new peaks at 2342 and 1625 cm−1. A broad band
at 3422 cm−1 may be attributed to the OH groups of
absorbed moisture on the samples during the measurements
and OH groups of hydroxyl or acidic groups of MWCNT.
Generally, the stretching vibrations of hydroxyl (OH- ions)
groups appeared in the high-frequency region at 3200 to
3650 cm−1 [43]. The stretching vibrations at 2922, 2854
and 1427 cm−1 correspond to the C-H symmetric, asymmet-
ric stretching and bending mode. Particularly in Fig. 2c,
NiO/CNT composite of 0.5:1 ratio shows a band at
2342 cm−1 which is the -CH2 and C-CH3 stretching vibra-
tion of defect sites of the CNTs because of the higher
amount of CNTs in sample (c). The band at 1625 and
1587 cm−1 attributed to the stretching vibrations of C=C
and –C≡C respectively, which related to the carbon skeleton
of MWCNT. The bands at 1383 and 1023 cm−1corresponds
to the graphite-like tangential mode and the sp3 hybridised
carbon in the nanotube walls and C-O stretching vibration.
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The peaks at 400 to 900 cm−1 observed for all the materials
indicate the presence of metal oxide (M-O) bond [44–47]

Raman studies

Figure 3a–d represents the Raman spectra of prepared NiO
and NiO/CNTs composites. In Fig. 3a, the broad peak ob-
served in the region of around 510 cm−1 is attributed to the
modes of crystalline Ni-O lattice vibration. The broadened
peaks at about 1347, 1575 and 2696 cm−1 in Fig. 3b–d

Scheme 1 Preparation of NiO/CNT nanocomposites

Fig. 2 FT-IR spectra of a NiO, b 1:0.5 NiO/CNT, c 0.5:1 NiO/CNT and
d 1:1 NiO/CNT nanocomposites

Fig. 1 XRD pattern of NiO (a) and different ratio of NiO/CNT nanocom-
posites [1:0.5 NiO/CNT (b), 0.5:1 NiO/CNT (c) and 1:1 NiO/CNT (d)]
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correspond to the D, G and 2D bands of CNTs, respectively
[48, 49]. The presence of the characteristic peaks of NiO and
CNTs in the Raman spectra of NiO/CNT composites indicates
that the hybrids are composed of the CNTs and NiO
nanoflakes

X-ray photoelectron spectroscopy

Figure 4a–d illustrates the X-ray photoelectron spectra of 1:1
ratio of NiO/CNT nanocomposites. From the XPS spectra, the
chemical oxidation state and composition of the samples can
be measured. The survey spectrum of the NiO/CNT compos-
ites is shown in Fig. 4a. The figure shows the presence of three
significant peaks corresponding to the carbon (C1s), oxygen
(O 1 s) and nickel (Ni 2p). In Fig. 4b, two main peaks were
located at the binding energies of 855.7 eV and 873.4 eV and
are ascribed to the Ni 2p3/2 and Ni 2p1/2 respectively. Besides,
two satellite peaks are observed at 861.8 eV and 879.9 eV
which is in good agreement with the previously reported lit-
erature [36, 50]. Figure 4c shows the C 1 s spectrum of NiO/
CNT nanocomposites. It shows three peaks positioned at

Fig. 4 XPS spectra of a survey spectrum, b Ni 2p, c C 1 s and d O 1 s of 1:1 NiO/CNT nanocomposites

Fig. 3 Raman spectra of aNiO, b 1:0.5 NiO/CNT, c 0.5:1 NiO/CNT and
d 1:1 NiO/CNT nanocomposites
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284.6 eV, 285.4 eV and 288.6 eV which are attributed to C-C
graphitic Sp2 nature of CNTs, C-C atoms with Sp3 and (O-
C=O) respectively. From Fig. 4d, the O 1 s spectrum indicates
that the three peaks located in the region of 529.7 eV,
531.5 eV and 533.1 eV are attributed to the presence of O2−

in NiO lattice, C=O and C-O-C band respectively [36, 51–53]

Surface morphology studies

Scanning electron microscopy and high-resolution transmis-
sion electron microscopy were used to demonstrate the mor-
phological and structural characterisation of the synthesised
NiO and NiO/CNTs nanocomposites. SEM images of pre-
pared NiO and NiO/CNTs nanocomposites are shown in
Fig. 5a–d. SEM analysis further reveals that the prepared
NiO has nanoflakes in bundled shape morphology. While,
change in morphology was observed for the NiO/CNT com-
posites due to incorporation of carbon nanotubes with NiO
nanoflakes and shown in Fig. 5b–d. In particular, Fig. 5b in-
dicates clearly visible nanoflakes due to the lower amount of
CNTs in the composite. On the contrary to 1:0.5 ratio of NiO/
CNT composite, in 0.5:1.0 ratio of NiO/CNT composite, the
CNTs are clearly seen and shown in Fig. 5c. While, the com-
posite of an equal ratio of NiO and CNT (1:1) shows the
uniform blend of nanoflakes and CNTs. The formation of a

uniform blend of CNTs and NiO are due to the synergistic
mixture of NiO and CNTs, thus further lowers the aggrega-
tion. This synergistic effect in 1:1 ratio of NiO and CNTs
makes the possibility of the transportation of ions to the active
material which favours for energy storage applications.

HR-TEM images and selected area electron diffraction
(SAED) pattern were used to illustrate the nanostructure and
crystallinity of the prepared 1:1 ratio of NiO/CNTs compos-
ites and is given in Fig. 6. TEM images of the 1:1 ratio of NiO/
CNTs demonstrate the uniform distribution of NiO nanoflakes
(inset in Fig. 6a) across the MWCNTs. Furthermore, the TEM
image clearly indicates the formation of flakes like NiO in the
lateral size of around 100 nm and aggregation of NiO
nanoflakes in the composite. Moreover, TEM images reveal
that the diameter of the MWCNT is approximately 10 nm
which well connects the NiO nanoflakes.

In Fig. 6c HR-TEM images, the d-spacing values are mea-
sured and found to be 0.24 nm and 0.34 nm which corre-
sponds to the (111) and (002) planes of cubic NiO and
CNT, respectively [10, 54]. These results are well matched
with the XRD results. Furthermore, the selected area electron
diffraction (SAED) pattern in Fig. 6d shows the diffraction
rings from the inner side to outer side which are well-
matched with the (002) plane of CNT and (111), (200),
(220), (311) and (222) planes of polycrystalline NiO [13].

Fig. 5 SEM images of a NiO, b 1:0.5 NiO/CNT, c 0.5:1 NiO/CNT and d 1:1 NiO/CNT nanocomposites
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This type of connectivity of NiO through the CNT exhibits the
good electrical conductivity which causes a good electro-
chemical response of 1:1 NiO/CNT over the other NiO/CNT
ratio and pristine NiO and CNTs

Electrochemical studies

Cyclic voltammetry

The electrochemical behaviour of the prepared NiO and
NiO/CNT nanocomposite materials were investigated by
cyclic voltammetry studies in an aqueous 2 M KOH elec-
trolyte solution. Figure 7 shows the comparison of cyclic
voltammetry curves of CNT, NiO and NiO/CNT (1:1)
composite electrode materials in the voltage range of 0 to
0.5 V at 5 mV/s scan rate. As displayed in the Fig. 7, a
superior current response is achieved for 1:1 composite of
NiO/CNT than the single CNTs and NiO materials indicat-
ing the high specific capacitance of NiO/CNT composite.
The cyclic voltammogram of CNT was given in supporting
information (SI.1).

Cyclic voltammograms of NiO and NiO/CNT composite in
different ratios (1:0.5, 0.5:1, 1:1) as electrode materials at scan
rates ranging from 5 to 100 mV/s is given in Fig. 8. CV curves
of all the NiO and NiO/CNT composite electrode materials
showed redox peaks in the anodic and cathodic region, indi-
cating the pseudocapacitive behaviour of NiO and NiO/CNT

composites. Further, enhancement of current and shift in re-
dox peak position was observed for all the electrode materials
when increasing the scan rates from 5 to 100 mV/s, which was
attributed to increasing of charge mobility [51]. The redox
peaks in the electrode materials are ascribed to the
oxidation-reduction reactions of NiO/NiOOH and given in

Fig. 6 TEM (a and b), HR-TEM image (c) and the SAED pattern (d) of 1:1 NiO:CNT nanocomposites

Fig. 7 Cyclic voltammograms (CV) of the prepared NiO, CNT and NiO/
CNTs nanocomposites at 5 mV s−1 scan rate in 2 M KOH
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Eq. (1); the anodic peaks are initiated from the oxidation of
NiO to NiOOH and the cathodic peaks from reverse reactions
[10].

NiOþ OH−↔NiOOHþ e− ð1Þ

At very low scan rates, the hydroxyl (OH−) ions of
electrolyte have enough time to intercalate into the elec-
trode material. While, at high scan rates, it is impossible
to well intercalate due to minimum time for the diffusion
of ions. The enhanced current value is observed for all
the composite materials other than NiO material.
Especially, 1:1 ratio of NiO/CNT shows high current
values than the composites of other ratios such as 1:0.5
and 0.5:1, which is higher compared to NiO electrodes.
The equal proportions of the NiO and CNT sample
could stimulate the higher amount of dispersion of ions
from the aqueous electrolyte solution to the NiO/CNT
electrode material, and thus the peak current was in-
creased. These results reveal that carbon nanotube and
inorganic NiO take part in a crucial role in energy stor-
age applications [52, 55, 56].

Galvanostatic charge discharge studies

To further investigate the electrochemical characteristics of the
prepared NiO and NiO/CNT electrode materials, a

Fig. 8 CVcurvs of aNiO, b 1:0.5 NiO/CNT, c 0.5:1 NiO/CNT and d 1:1 NiO/CNT nanocomposites at different scan rates ranging from 5 to 100mV s−1

Fig. 9 Galvanostatic charge-discharge (GCD) curves of a NiO, b 1:0.5
NiO/CNT, c 0.5:1 NiO/CNT and d 1:1 NiO/CNT at 1 A/g current density
in 2 M KOH
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galvanostatic charge-discharge test was carried out in the po-
tential range from 0.0 to 0.4 V (vs. Ag/AgCl) in 2 M aqueous
KOH electrolyte solution. Figure 9 shows the comparative
charge-discharge curves of all the electrode materials at 1 A/g
current density. The comparative studies further reveal that the
discharging time is high for 1:1 ratio of NiO:CNT nanocom-
posites compared to other NiO:CNT nanocomposites and NiO.
Figure 10a–d illustrates the GCD curves of the NiO and NiO/
CNTs nanocomposites at various current densities ranging from
1 to 10 A/g. In all the charge-discharge cycles, an apparent
voltage plateau is visible that confirms the pseudocapacitance
behaviour of the prepared electrode materials. Furthermore,
dissimilarity in the charging and discharging curves of individ-
ual electrode material indicates that the materials have
pseudocapacitance nature with a small IR drop. The same trend
is observed for all the electrode materials.

The specific capacitance of the electrode materials can be
calculated from the discharge curves, according to the follow-
ing Eq. (2).

Csp ¼ I Δt=m ΔV ð2Þ

Where C is the specific capacitance, I is the current during
the discharging process, t is the discharging time (s), m is the

mass of active materials and ΔV is the potential window re-
spectively [57]. From the discharging time of the material and
the subsequent calculation of specific capacitance using the
above equation, a high specific capacitance of 258 F/g at 1 A/g
was achieved for 1:1 NiO/CNT composite electrodes. While,
the specific capacitance of 234, 232 and 120 F/g at 1 A/g
current density was achieved for 1:0.5, 0.5:1.0 ratio of NiO/
CNT composites and NiO respectively. In the GCD studies,
the high specific capacitance of 258, 238, 221, 208, 197 and
162 F/g at 1, 2, 3, 4, 5 and 10 A/g was achieved for 1:1 ratio of
NiO/CNTs composite electrode. While, NiO electrode mate-
rial shows specific capacitance of 120, 102, 94, 86, 81 and
65 F/g at 1, 2, 3, 4, 5 and 10A/g. The high specific capacitance
of 1:1 NiO/CNT composite than other NiO/CNT composites
(1:0.5 and 0.5:1.0) and NiO indicates that uniform distribution
of equally mixed NiO nanoflakes and MWCNT without any
self-aggregation favours synergic effect that enhances the high
migration of ions into the electrode-electrolyte interface. GCD
curves of CNT are given in supporting information (SI.2).

Current density vs. specific capacitance of the prepared
electrode materials is shown in Fig. 11a. It can be seen that
the specific capacitance of NiO and NiO/CNTs composite
electrode materials gradually decreases when increasing the
current densities. The decrease of specific capacitance at high

Fig. 10 GCD curves of a NiO, b 1:0.5 NiO/CNT, c 0.5:1 NiO/CNT and d 1:1 NiO/CNT at different current densities ranging from 1 to 10 A/g
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current density is due to the lacking time of redox reaction
processes at high current density.

Furthermore, in these NiO/CNT composite materials,
the presence of CNTs gives good conducting pathway,
and the NiO nanoflakes support the migration of ions
into the electrolyte to the electrodes during the
charging-discharging process. Also, the stability of the
NiO/CNT composite electrode is performed to study the
viability of the electrode materials for commercial

applications and given in Fig. 11b. The cyclic stability
performance of the NiO/CNT composite electrode shows
86% capacitance retention after 2500 charge-discharge
cycles at 6 A/g current density which indicates the ex-
cellent durability of the 1:1 ratio of NiO/CNT composite
electrode. The specific capacitance of the 1:1 ratio of
NiO/CNT composite electrode is compared to other
NiO and CNT-Ni-based composite electrode materials
and given in Table 1.

Fig. 11 Change of specific capacitance with discharge current density for the prepared electrode materials a and cycling stability of 1:1 NiO/CNT at 6 A/
g current density for 2500 cycles

Table 1 Capacitive performance of NiO and some carbon materials with Ni-based electrodes

S. No Type of materials Specific capacitance (F/g) Electrolyte Stability Reference

1. NiO nanosheet 81.67 at 0.5 A/g 3 M KOH 78.5% after 3000 cycles at 0.5 A/g [25]

2. NiO nanoflakes 137.7 at 0.2 A/g 2 M KOH 91.6% after 1000 cycles at 0.2 A/g [58]

3. Carbon-based NiO hollow spheres (C@NiO HSs) 211 at 1 A/g 6 M KOH 84.6% after 1000 cycles at 5 A/g [59]

4. Carbon-coated nickel oxide nanofibers 288 at 0.3 A/g 1 M KOH 89% after 3000 cycles at 0.3 A/g [60]

5. NiCo2O4/CNTs doped carbon nanofibers 220 at 1 A/g 1 M KOH – [61]

6. NiO nanostructure
on nickel foam

250 at 0.5 A/g 2 M KOH 75% after 2000 cycles at 0.5 A/g [62]

7. NiO nano powder 200 1 M KOH – [63]

8. NiO-AC 248 at 1 A/g 6 M KOH 98.2% after 1000 cycles at 2 A/g [64]

9. Porous nickel oxide-carbon nanotubes 245 at 1.11 A/g 1 M KOH 64.3% retention after 300 at 1 A/g [65]

10. Nickel oxide/CNT nanocomposite 160 at 10 mA/g 2 M KOH – [66]

11. Porous MWCNTs–NiO composite 206 at 0.1 A/g 2 M KOH 89% after 200 cycles at 2 A/g [67]

12. NiO (microwave method (M.W),
high temperature solid state
method (HTSS))

MW-186 at 2 mA/cm2,
HTSS-97 at 2 mA/cm2

6 M KOH 91.4%,76.7% after 1000 cycles at
2 mA/cm2

[68]

13. NiO nanoflakes/graphene 240 at 5 A/g 6 M KOH 100% specific capacity after 1500
cycles at 5 A/g

[69]

14. NiO thin films 167 at 5 A/g 2 M KOH – [70]

15. Mesoporous nickel oxide 124 F/g 3 wt.% KOH – [71]

16. NiO nanowall arrays 270 F/g at 0.67 A/g 1 M KOH 93% after 4000 cycles at 13.5 A/g [72]

17. NiO/CNTs/carbon cloth 162.41 at 0.5 mA 1 M KOH 100 cycles [73]

18 NiO/CNTs 258 F/g at 1 A/g 2 M KOH 86% after 2500 cycles at 6 A/g This work
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EIS studies

Charge transfer kinetics of the pure NiO and various ratios of
the NiO/CNT composites were studied by using electrochem-
ical impedance (EIS) spectroscopy. EIS measurements also
conducted in the frequency ranges from 200 kHz to 0.1 Hz
in the amplitude range of 10 mV. As shown in Fig. 12, in all
the electrodes, the Nyquist plots consist of an incomplete
semicircle area in high-frequency region, indicating that the
interfacial charge transfer resistance (Rct) and the vertical line
in the lower frequency region, referring to the Warburg resis-
tance (Wd), represents the electrolyte ions in diffused level.
The resistance of the NiO/CNT electrodes is much smaller
than the pure NiO electrode (Rs values 0.79, 0.95, 0.98 and
1.07 corresponds to the 1:1, 1:05, 0.5:1 ratios of NiO:CNT
and NiO). It denotes excellent capacitive behaviour. The
equivalent circuit was obtained and presented the inset of the
figure. The electrical conductivity of the NiO electrode is
slightly improved by adding the CNTs. From these experi-
ment results, the 1:1 ratios of NiO/CNT composite electrode
are the right choice for high diffusion of ions in aqueous elec-
trolytes. These EIS results are in good agreement with CV and
GCD results. Based on the results, the NiO/CNTs composites
can be a high capacitive electrode material for energy storage
applications.

Conclusion

In summary, we have successfully prepared NiO/CNTs nano-
composite using microwave irradiation method with the assis-
tance of H2O2. The structure of the composite, surface mor-
phology and electrochemical behaviour of NiO/CNTs

nanocomposites were investigated. The synthesised NiO/
CNTs nanocomposite electrodes achieved an excellent specif-
ic capacitance of 258 F/g at a current density of 1 A/g and
showed high stability. The composite material retained an
86% of their initial capacitance even after 2500 charge-
discharge cycles. These nanocomposite materials efficiently
boost the electrical conductivity of the electrode and thus in-
crease the cyclic stability of the materials. From the above
considerations, this effective synergistic material is beneficial
for electrochemical storage devices.
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