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Sucrose-derived carbon-coated nickel oxide (SDCC-NiO) was suc-
cessfully synthesized via a colloidal method. Nickel oxide and
sucrose were used to synthesize SDCC-NiO, where sucrose worked
as a soluble source of carbon in the process. Sucrose was converted
into carbon during annealing in an inert atmosphere and coated on
the surface of nickel particles. SDCC-NiO was characterized via
Brunauer—Emmett-Teller (BET) method, X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS). The as-prepared SDCC-NiO was used as an
electrode material. SDCC-NiO exhibited the maximum specific
capacitance of 473 F g~! at a scan rate of 5 mV s *ina 1 M KOH

1

electrolyte with an energy density of 4.5 kW kg™~ at a current

density of 15 A gL,

1. Introduction

The industry of hybrid electric vehicles and portable electronic
devices is growing rapidly and there is a need for high-power
energy storage devices to fulfill the urgent demand for a
sustainable energy system.' Supercapacitors have excited a
great scientific interest due to their applications in energy
storage. The merits of supercapacitors comprise high power
density and a long lifespan. Moreover, supercapacitors are safe,
cheap, and maintenance-free.” Electrode materials play an
important role in the performance of supercapacitors.
Carbon-based materials such as activated carbon, carbon
fibers, carbon nanotubes, and graphene have been used as
electrode materials for electric double-layer capacitors (EDLCs)
due to high surface area and long cycling life stability.>”
However, transition-metal oxides such as RuO,, MnO,, NiO,
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C0304, ZnO, SnO,, and TiO, and conducting polymeric materi-
als such as (polyaniline (PANI), polythiophene, and polypyrrole
(PPy)) have been used as electrode materials for pseudocapaci-
tors due to their much higher energy storage capacity than
carbon-based materials.®>® Among transition-metal oxides,
nickel oxide/hydroxide with its high theoretical capacitance,
environment-friendly nature, high thermal stability, and abun-
dance has been considered as one of the most promising
candidates. However, the high resistivity of pure nickel oxide
leads to poor rate capability and cycle stability, which has
extremely limited its practical applications.>**” The capaci-
tance of carbon-based supercapacitors can be improved by
metal oxides, which can also contribute pseudo-capacitance
apart from the double-layer capacitance of carbon materials.?®
Therefore, it is beneficial to combine metal oxides with carbon
materials to develop hybrid materials that could incorporate
the merits of both components and reduce the shortcomings of
each component. This combination could improve the perfor-
mance of SCs to meet energy storage demands in a sustainable
Way.zs—so

Zhang et al. prepared monolithic NiO aerogels via a facile
citric acid-assisted sol-gel method and this material exhibited
the maximum specific capacitance of 797 F g~ at a scan rate of
10 mV s~ '.*" Yuan et al fabricated the graphene oxide/nickel
oxide glassy electrode via electrodeposition, and this material
showed the maximum specific capacitance of 890 F g~ " at a
scan rate of 5 mV s .2 Liu et al. prepared a nanocomposite
based on NiO nanosheets with controllable size and thickness
on carbon cloth via a cost-effective and scalable chemical
precipitation method. This material exhibited the maximum
specific capacitance of 600.3 F g~ " at a scan rate of 1 A g%

Zhu et al. synthesized a reduced graphene oxide/Ni oxide
composite via homogeneous co-precipitation and this compo-
site exhibited the maximum specific capacitance of 770 F g~ " at
a scan rate of 2 mV s~ '.>* Dar et al. studied the morphology
and property control of NiO nanostructures prepared via elec-
trodeposition (nanorods, nanotubes, and nanoporous films).
These nanostructures exhibited the maximum specific capacitance
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of 797, 2093, and 1208 F g~ ' at a scan rate of 5 mV s~ '.>> Wang
et al. fabricated NiO nanoflakes via a simple hydrothermal
method on 3D (three-dimensional) graphene scaffolds grown
on Ni foams by microwave plasma-enhanced chemical vapor
deposition (MPCVD). The NiO 3D graphene hierarchical com-
posite exhibited the maximum specific capacitance of 1681 F g~ *
at a scan rate of 10 mv s~ ~.*°

Sun et al. fabricated porous nickel oxide nanosheets by synthe-
sizing porous Ni(OH), sheets using surfactant-templated wet chem-
istry, followed by the decomposition of hydroxides to oxides upon
heat treatment. Nickel oxide nanosheets showed the maximum
specific capacitance of 866.7 F g™ at a scan rate of 5 mV s .’

Iwueke et al. fabricated Ni(OH),/CuO nanocomposite thin
films by successive ionic layer adsorption and reaction-deposited
cupric oxide for supercapacitive applications. This nanocomposite
thin film exhibited the maximum specific capacitance of 27 F g~ *
at a scan rate of 10 mv s~ -.*®

In this study, sucrose-derived carbon-coated nickel oxide
(SDCC-NiO) has been investigated as an electrode material for
supercapacitor applications. SDCC-NiO was fabricated using
nickel oxide with the addition of sucrose. Sucrose was con-
verted into carbon and coated on nickel oxide particles with
heat treatment at a moderate temperature. The electrochemical
performance of SDCC-NiO was evaluated via cyclic voltammetry
and charging/discharging processes at a constant current.

2. Experimental

2.1. Fabrication of SDCC-NiO

Sucrose (Merck-Germany) and nickel oxide (Sigma Aldrich)
were used to fabricate SDCC-NiO. First, PVA (1 wt%) (Sigma
Aldrich, Mol. Weight = 100 000) solution was prepared in water
and then sucrose was added into the solution. PVA was used as
a binder for the fabrication of SDCC-NiO.***" Nickel oxide was
added to the sucrose-containing solution separately. This mix-
ture was put on the magnetic stirrer for 24 h for stirring. The
homogeneous suspension of nickel oxide was obtained, and the
suspension was dried at 150 °C in an oven for 24 h to remove
the water. After drying and crushing the mixture, sucrose-
coated powder of nickel oxide was obtained. The annealing of
sucrose-coated nickel oxide powder was done in flowing argon
at 600 °C and dwell for 2 h to pyrolyze sucrose.*” Thereafter,
sucrose yielded 8 wt% of carbon in SDCC-NiO after annealing.
The electrochemical properties of the annealed powder (SDCC-
NiO) were investigated via cyclic voltammetry and charging/
discharging processes at a constant current.

2.2. Characterization

The properties of SDCC-NiO were investigated using various
equipment such as multi-point Brunauer-Emmett-Teller (BET),
X-ray diffractometer (XRD, Model-PANalytical X’Pert Pro multi-
purpose XRD), Raman spectroscope (HORIBA Jobin Yvon Lab-
RAM HR spectroscope), scanning electron microscope (SEM,
Model-TM 3000 Hitachi), transmission electron microscope
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(TEM, Model-JEOL JEM-2100 F), and X-ray photoelectron spec-
troscope (XPS, Model-Thermo ESCALAB250i).

The electrochemical properties of the SDCC-NiO electrode
were measured via cyclic voltammetry (CV), galvanostatic
charge-discharge (GC-D) measurements and electrochemical
impedance spectroscopy (EIS) on Autolab potentiostat/galvano-
static (Biologic VSP-300) electrochemical workstation with a
three-electrode cell. All the CV tests were performed between
0.0 to +0.6 V at different scan rates of 5-50 mV s . The
galvanostatic charge/discharge curves were investigated in the
potential range of 0.0 to +0.6 V at current densities of 5-15 A g~ .

3. Results and discussion

3.1. Surface, XRD, Raman, morphology and chemical
compositional analysis of SDCC-NiO

The nitrogen adsorption/desorption experiment was done for
SDCC-NiO, and the corresponding isotherm and pore size
distribution is shown in Fig. 1(a and b). Micropore surface area
and pore volume were determined using the ¢-plot method, and
the micropore diameter was determined using the Dubinine-
Astakhov (DA) method. The nitrogen adsorption/desorption
isotherm is a ‘type I' isotherm as demonstrated by the steep
rise in the adsorbed volume of N,, referring the low level of
microporosity.** The specific surface area, pore volume, and
average pore size of SDCC-NiO were found to be 12.6 m* g™,
0.036 cm” g™, and 4.79 nm, respectively.

XRD measurements for SDCC-NiO were recorded from an
angle (20 = 10° to 90°). The XRD patterns of SDCC-NiO matched
well with reported literature.** This proved the successful
synthesis of SDCC-NiO. The XRD patterns of the composite
are shown in Fig. 1(c). The diffraction peaks were indexed at
20 = 37.2°, 43.2°, 43.45°, 62.8°, 75.4°, and 79.4°, which corre-
spond to the N(110), C(101), N(200), N(220), N(311), and N(222)
reflections of the composite, respectively (JCPDS card no. 47-1049).
The XRD pattern for SDCC-NiO was the same as that for NiO due to
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Fig. 1 (a) Nitrogen adsorption/desorption isotherms, (b) nitrogen desorption/

desorption pore size distribution, (c) XRD patterns, and (d) Raman spectrum of
SDCC-NiO.
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the carbons with an amorphous structure derived from sucrose.
This result was in agreement with the previously reported
result.** Also, the structure of NiO in SDCC-NiO can be seen
to maintain high crystalline quality.

The Raman spectrum was recorded at a constant room
temperature in the wavelength range from 300 to 3200 cm ™.
The incorporation of carbon could be confirmed by the Raman
spectrum, as shown in Fig. 1(d). The carbon derived from
sucrose could be characterized by the G peak at 1595 cm ™'
and the D peak at 1365 cm ™!, which were due to the E,; phonon
of the sp® hybridization and the disorder originating from
the defected sites of the carbon structure, respectively.*>™*’
Obviously, SDCC-NiO was Raman active and presented a
Raman spectrum similar to that of sucrose-derived carbon,
indicating the existence of carbon derived from sucrose in
SDCC-NiO. The intensity ratio of the D and G peaks (Ip/Ig)
can be employed to evaluate the quality of the graphite crystal
structures. Compared to the carbon derived from sucrose in
previous study,*® the lower the Ip/I; value (0.71) of SDCC-NiO
more the graphitization in carbon derived from sucrose after
interaction with Ni0.**™>*

SDCC-NiO was covered by carbon derived from sucrose and
the size of most of the composites was smaller than those of the
parental ones due to the limited crystal growth space between
carbon layers and the influence of carbon derived from sucrose

Fig. 2 SEM images of SDCC-NiO (a) at low magnification, (b) at high
magnification, (c) TEM image at low magnification, (d and e) TEM image at
high magnification, and (f) SAED patterns of SDCC-NiO.
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on nucleation rate, indicating the composition of carbon
and NiO.

The morphology and structure of SDCC-NiO were investi-
gated via scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). The SEM images in Fig. 2(a)
and (b) depicted the morphology of SDCC-NiO and exhibited
SDCC-NiO as the aggregates of particles with a small particle
size in the range of less than few microns, while some of
the particles seemed bigger having size more than 100 pm.
The TEM analysis was performed to further characterize the
detailed morphology and microstructure of the composite.
As shown in Fig. 2(d), the TEM image indicates a uniform
distribution of carbon coating on NiO nanoparticles. The
SAED pattern (Fig. 2(f)) indicates polycrystalline nature of
overall NiO nanoparticles. The three marked diffraction
rings correspond to the {111}, {200}, and {220} planes,
respectively.

XPS analysis was done for investigating the chemical com-
ponent and electronic states of SDCC-NiO, as shown in Fig. 3.
In the XPS analysis, the Al Ka line was used as the X-ray source.
Only Ni, C, and O elements were found from the XPS survey
spectra analyses (Fig. 3(a)). A typical Ni 2p XPS spectrum is
shown in Fig. 3(b). It is observed that due to the spin-orbit
effect, the peak of Ni 2p is mainly composed of Ni 2p,,, and
Ni 2p3,. The peaks located at 855.5 eV with a satellite at
861.0 eV and 872.8 eV with a satellite at 879.4 eV may be attributed
to Ni** 2p;), and Ni** 2p, ,, respectively, indicating the presence of
NiO.>** The results indicated that the chemical structure of NiO
formed in the carbonization process was in agreement with the
above XRD results.

As shown in Fig. 3(c), three peaks for O 1s are observed at
530.1 eV, 532.0 €V, and 533.6 €V, which are associated with O 1s
binding energies of O-Ni, O-H, and O-C, respectively.>*>"

In the C 1s spectrum of the composite, four characteristic
peaks were observed at 284.7 eV, 286.5 eV, 288.5 eV, and
290.5 eV, resulting from the C-C, C-O, C=0, and O-C=0
units, respectively, as demonstrated in Fig. 3(d).>®
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Fig. 3 XPS of SDCC-NiO (a) survey scan, (b) Ni 2p spectrum, (c) O 1s
spectrum, and (d) C 1s spectrum.
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3.2. Electrochemical analysis of SDCC-NiO

SDCC-NiO was characterized via cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The CV experi-
ments were performed at the scan rates ranging between 5 and
50 mV s ! in the potential window of 0.0 to +0.6 V, as demon-
strated in Fig. 4(a). The CV loops were observed in a shape close to
a rectangle, which is desirable for a supercapacitor. In the redox
process, the following reaction (1) takes place:

NiO + OH™ — NiOOH + e~ (1)

NiO exhibits redox pseudocapacitance, which refers to the
adsorption of ions onto the surface of the active electrode
material. For NiO, redox pseudocapacitance would be mainly
from the ions adsorbing onto the surface instead of inserting
into the material similar to that of MnO,.””*® Therefore, the
rectangle-shaped CV curves were obtained from the SDCC-NiO
composite electrode.

The following eqn (2) was used to calculate the specific
gravimetric capacitance (C, F g~') of the SDCC-NiO electrode
from the CV curves.”

C=

Area under the CV curve (mA V)

View Article Online
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Energy density (E) and power density (P) are expressed as shown
in the following eqn (3) and (4):

EWhkg ") =1x C x (AV)®> x 1000/3600 (3)
P (W kg™ ") = E/At 4)

C is the specific capacitance calculated from the CV curves.

The specific capacitance as a function of the scan rate for
SDCC-NiO is shown in Fig. 4(b), and it is observed that the
value of the specific capacitance decreases with the increase in
the scan rate. The maximum value of the specific capacitance is
observed as 473 F g ! at a scan rate of 5 mV s~ ', while the
minimum value of specific capacitance is observed as 73 F g *
at a scan rate of 50 mV s .

Actually, the rate capability of the electrode is governed by
three processes: ion mobility in the electrolyte, the diffusion
and surface adsorption of ions on the electrode, and the charge
transfer between the electrode and electrolyte ions.®" At larger
scan rates, any of the above processes is relatively slow and the
electrode is not utilized completely to store the charge. It limits
the rate capability of the system, and hence decreases specific
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Fig. 4 (a) CV curves recorded at the scan rates of 5, 10, 20, 30, 40, and
50 mV s7% (b) specific capacitance as a function of the scan rate,

(c) charging and discharging curves recorded at the current densities of
5,11, and 15 A g%, (d) energy density vs. power density (Ragone plot), and
(e) Nyquist plot of SDCC-NiO.
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(2)

capacitance.®® The SDCC-NiO electrode retains about 16% of
capacitance at a scan rate of 50 mV s '. The retention of
capacitance at such higher scan rates is attributed to the
advantages of the SDCC-NiO composite.®> The nanoparticles
of NiO may accommodate more ions from the electrolyte
exhibiting higher redox pseudocapacitance during the char-
ging/discharging processes. Moreover, sucrose-derived carbon
(SDC) also contributes to the total specific capacitance of SDCC-
NiO. In addition, it also exhibits good electronic conductivity
and thus works as a supporting channel for electrons between
NiO particles.®”"®* Therefore, combining these two materials
into a single electrode improved the electrochemical properties
for supercapacitor applications. The SDCC-NiO composite
exhibited larger capacitance as compared to NiO/carbon fabric
electrode® and the carbon-metal oxide composite electrode
reported previously.®*°¢

To confirm the electrochemical properties of SDCC-NiO,
galvanostatic charge-discharge (GCD) measurements were per-
formed. Fig. 4(c) shows the GCD curves measured at various
applied currents 5, 11, and 15 A g~ ', respectively. Similar to the
results of CV curves, the GCD results also verify the capacitive
behavior of the samples. The charge and discharge curves were
observed to be almost symmetric, exhibiting an ideal capacitive
behavior, which is a typical normal characteristic of an ideal
capacitor with good electrochemical phenomena.’®%”

The specific capacitance from the galvanostatic charge-
discharge curve was calculated using the following eqn (5)
reported in the literature:

C=1xAt/AV x m (5)

This journal is © The Royal Society of Chemistry 2020
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where I is the applied discharge current, At is the discharged
time, m is the mass on the electrode and AV is the potential
window in GCD measurements.

The specific capacitance values of SDCC-NiO were calculated
at different current densities. At the current density of 5 A g™,
the specific capacitance was 23.25 F g '. The capacitance
decreased to 8.62 F g~ " at a current density of 15 A g~ ". As
the current density is increased, the specific capacitance gen-
erally decreases. It could be because of the slow adsorption of
ions on the electrode surface at a higher current density and
hence the active ionic species are not fully utilized, leading to
the decrease in the capacitance of the electrode.>*®°

Energy and power densities were determined from GCD
measurements at different currents and are represented in
the Ragone plot (Fig. 4(d)). The Ragone plot shows that the
power density increases and energy density decreases with the
current density. The power density and energy density of
the SDCC-NiO electrode were found to be 0.14 W h kg™ " and
4.5 kW kg ! at the current density of 15 A g%, respectively.

Further, electrochemical impedance spectroscopy (EIS) was
used to investigate the electrochemical performance of the
SDCC-NiO electrode. Fig. 4(e) depicts the Nyquist plots of the
electrode, as obtained from EIS analyses. The EIS experiment
was performed in the frequency range from 0.1 Hz to 100 kHz
with an ac amplitude of 5 mV. The real component in the
Nyquist plots is associated with the resistive nature of the
sample, while the imaginary part shows the capacitive nature
of the electrode. At very high frequencies, the electrode behaves
like a resistor, while at low frequencies it exhibits a pure
capacitive nature. As the frequency decreases, the resistance (R)
decreases and the capacitance (C) becomes more effective.®!

Warburg impedance is also observed at the low-frequency
region. The linear region is not exactly parallel to the imaginary
axis, indicating that the electrode process is not perfectly
capacitive but it is diffusion-controlled.®®®® The Warburg impe-
dance is associated with the frequency-dependent ionic diffu-
sion of ions from electrolyte onto the electrode. The first
intersection at the real axis represents the effective series
resistance (ESR).”® Series resistance (Rs) includes solution
resistance, the intrinsic resistance of the current collector and
active electrode material, and contact resistance between the
electrode and current collector. It must be minimized for high-
performance supercapacitors. In our case, the series resistance
of the SDCC-NiO electrode was determined to be 4.2 Ohms. On
the basis of this study, we may suggest that there is a possibility
of extending the sucrose-derived carbon-based coating to other
oxides such as CuO, VO,, and MgO, which could broaden the area
of smart green carbon coating technological applications.®®

4. Conclusions

Sucrose-derived carbon-coated nickel oxide (SDCC-NiO) was
successfully synthesized via a colloidal method and investi-
gated for high-performance supercapacitor applications. SDCC-
NiO was prepared with the soluble source of carbon (sucrose)

This journal is © The Royal Society of Chemistry 2020
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and nickel oxide nanoparticles. The soluble source of carbon
was converted into carbon during annealing in an inert atmo-
sphere and coated on nickel oxide particles. SDCC-NiO showed
a specific capacitance of 473 F ¢~ ' in a three-electrode system at
a scan rate of 5 mV s~' in a 1 M KOH electrolyte. The
electrochemical results demonstrate that the SDCC-NiO electrode
has high capacitance with high power and moderate energy
density. The as-synthesized SDCC-NiO may be a promising
candidate for high-performance supercapacitors.
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