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Carbon coated cobalt oxide (CC-COs0,4) was prepared by colloidal
processing using cobalt oxide and sucrose. Sucrose was used as a
soluble carbon precursor in the preparation of CC-CO3O,.
CC-CO30, was characterized by Brunauer—Emmett—Teller (BET)
analysis, X-ray diffraction (XRD), Raman spectroscopy, Scanning
electron microscopy (SEM), Transmission electron microscopy
(TEM), and X-ray photoelectron spectroscopy (XPS) respectively.
Electrochemical properties of CC-COz0, were measured in 1 M KOH
electrolyte. CC-COz0, exhibited the maximum specific capacitance
of 395 F g~ at a scan rate of 5 mV s—*. The enhanced electrochemical
performance of CC-CO30,4 may be due to the increased conductivity
of the composite electrode by carbon coating over the cobalt oxide
nanoparticles.

1. Introduction

The market for hybrid electric vehicles and portable electronic
devices is growing very fast and consequently there is a need for
high-power energy storage system to be integrated to the devices."
An energy device which has high energy density and can be
discharged quickly upon demand is good for energy storage. To
fulfil the growing energy demands of society for human activities,
several efforts have been given to fabricate high performance and
energy-producing storage devices. In energy storage devices,
supercapacitors (SCs) are promising for energy storage due to their
high-power density (PD), easy fabrication, and long cycling life.”™
SCs can be categorized into three different types according
to the charge storage phenomenon: the electric double layer
capacitor (EDLC), the pseudocapacitor, and the hybrid super-
capacitor. In EDLC, the charges are stored at the electrode and
electrolyte interfaces, electrostatically via reversible adsorption
of ions from the electrolyte at the electrode surface, whereas in
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the pseudocapacitor, charges are stored faradaically by electron
transfer between electrode and electrolyte resulting in higher
specific capacitance than that of EDLC.

Pseudocapacitors utilize transition metal oxides or conducting
polymers as electrode materials. Transition metal oxide materials
are one of the most promising electrodes for energy storage devices
due to high theoretical specific capacitance, high specific surface
area, electrical conductivity, electro-active sites, chemical stability,
ample reserves, and environmental friendliness.”™® There are
many different oxides such as RuO,, IrO,, MnO,, C0,0;, NiO,
V,0s5, SnO,, TiO,, and Fe,O; etc., which are used for fabrication of
electrodes for supercapacitors.*

Cobalt oxide (Co;0,) has attracted a lot of attention for its use in
various applications such as energy storage devices, catalysis, and
electrochemical sensors because of its unique properties such as
high reversibility and theoretical specific capacitance (3560 F g~ %)
and controllable morphology compared with the bulk phase.*>*
Co;0, is a potential candidate due to its unique properties and may
be an alternate to expensive RuO, which is broadly used as the
electrochemically active material in electrochemical capacitors.”*

The metal oxide/carbon composites have been fabricated
including carbon nanotubes, carbon nanofibers, graphene, and
amorphous carbon materials, which dramatically improved the
electroconductivity and further enhanced the specific capacitance
and rate performances of the metal oxide/carbon composites.>>>°

In this work, cobalt oxide slurry was prepared using cobalt
oxide and sucrose, sucrose was used as a soluble carbon source
in the slurry. Sucrose has converted into conducting carbon
during annealing and coated on cobalt oxide particles. Electro-
chemical properties of CC-CO3;0, were investigated for super-
capacitor application.

2. Experimental
2.1. Synthesis of CC-CO;0,

Sucrose (Molecular formula (C;,,H,,011), Merck-Germany) and
Cobalt oxide (Molecular Formula (Co;0,) Sigma Aldrich) were
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used to fabricate the CC-CO3;0,. First PVA (1 wt%) (Sigma
Aldrich, Mol. weight = 100 000) solution was prepared in water
and then sucrose was added in the solution. PVA was used as a
binder for fabrication of the CC-CO;0,. Cobalt oxide was added
to the sucrose containing solutions separately. The mixture was
kept on the magnetic stirrers for 24 h for stirring. The homo-
geneous suspension of cobalt oxide was obtained, and suspension
was dried at 150 °C in oven for 24 h to remove the water. After
drying and crushing of mixtures, sucrose coated powder of the
cobalt oxide was obtained. Sucrose would be yielded 8 wt% of
carbon in CC-CO;0, after annealing of the samples.*’* Annealing
of the sucrose coated powder was done in flowing argon at 650 °C.
The annealed powder was used to investigate the electrochemical
properties of CC-CO50,.

2.2. Characterization

The properties of CC-CO;0, were examined by using the various
equipment such as multi-point Brunauer-Emmett-Teller (BET)
analysis, X-ray diffraction (XRD)(Model-PANalytical X'Pert Pro
multipurpose XRD), Raman spectroscopy (Model-Renishaw
Invia Raman Microscope), Scanning electron microscope
(SEM) (Model-TM 3000 Hitachi), Transmission electron micro-
scopy (TEM) (Model-JEOL JEM-2100F), and X-ray photoelectron
spectroscopy (XPS) (Model-Thermo ESCALAB250i).

The electrochemical properties of the CC-CO30, electrodes
were studied using cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) measurements and electrochemical
impedance spectroscopy (EIS) on Autolab Potentiostat/Galvano-
static (Biologic VSP-300) electrochemical work-station with a
three electrode cell.

3. Results and discussion

3.1. Surface, XRD, Raman, morphology, and chemical
compositional analysis of CC-CO;0,

Nitrogen adsorption/desorption experiments were carried out
on the CC-C050,.%°*° BET method was used to determine the
total surface area. For the mesopore surface area, pore volume
and pore diameter, the Barrett-Joyner-Halenda (BJH) method
was used. The corresponding isotherms and pore size distribu-
tions are demonstrated in Fig. 1(a and b). All the nitrogen
adsorption/desorption isotherms are ‘type I’ isotherms as shown
by the steep rise in adsorbed volume of N,. The trait of I-type
curves (Fig. 1a) in CC-CO;0, is confirmed by steep uptake of
nitrogen (P/P, < 0.05), manifesting copious micropores.**® The
average pore diameters Dads and Ddes (Dads and Ddes are the
average pore diameters for BJH adsorption and desorption) were
found to be 4.94 and 4.77 nm respectively. Surface area of the CC-
C0;0,4 was found to be 16.88 m* g~ .

XRD was used to analyse the crystalline components of
CC-CO;0, operating at 40 kV and 40 mA and measurements
were recorded from an angle (20 = 10° to 90°), with total
accumulation time of around 60 min. Fig. 1(c) shows a XRD
pattern of CC-CO;0,, a diffraction peak can be seen at about
26.2° and this peak is assigned to the (0 0 2) planes of
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Fig. 1 (a) Nitrogen adsorption/desorption isotherms, (b) Nitrogen desorption/
desorption pore size distribution (c) XRD patterns, and (d) Raman spectra of
CC-CO30,.

hexagonal graphite structure. The diffraction peaks at 31.3°,
36.8°, 44.8°, 55.65°, 59.4°, 65.2°, and 77.34° can be perfectly
indexed to cobalt oxide (111), (220), (311), (400), (422), (511),
(440), and (533) planes of cubic structure (PDF card: 42-1467),
respectively. XRD data confirms the formation of CC-C0;0,.%"®

Raman spectroscopy was carried out to extend the study for
the carbon structures in CC-CO50, which are shown in Fig. 1(d),
where the peaks of Raman spectrum of Co;0,4 anchored on the
carbon derived from sucrose at 516, 478 and 687 cm™*, can be
attributed to the Eg, F,, and A,, modes of cobalt oxide.?”*® It is
noted that there are two remarkable peaks around 1356 and
1598 cm ™ refer to the D-band (arising from the edge or defect
sites of carbon) and G band (representing the sp> carbon) of the
graphitic domain, respectively.**™*?

SEM and TEM were used to characterize the morphology of
the CC-CO;0, as shown in Fig. 2. SEM images (a & b) show that
the particles are nonuniform in size and most of the particles are
in the range of 10-80 um. The smaller particles in Fig. 2(a and b)
are the carbon particles and bigger particles are carbon coated
cobalt oxide particles. TEM images of carbon-coated cobalt oxide
particles are presented in Fig. 2(c and d). These images further
reveal the presence of carbon-coated cobalt particles in the
sample. The particles are composed of a metal oxide core and a
carbon shell. The cobalt oxide particles are encapsulated in a
2-3 nm thick carbon layer as demonstrated in Fig. 2(e) (inserted
figure). The carbon shell presented in the particles has graphitic
structure as shown in Fig. 2(e). The diffraction pattern (Fig. 2(f))
shows the crystalline nature of CC-CO30,.

XPS (Model-Thermo ESCALAB250i) was carried out on CC-CO30,.
In the XPS analysis, The Al Ko line was used as the X-ray source. For
measurements, samples were loaded into ultra-high vacuum (about
2 x 10~° mbar) chamber of the XPS apparatus.

X-ray photoelectron spectroscopy (XPS) was further performed
to analyze the chemical environment of various elements in
carbon coated cobalt oxide. From the XPS survey spectrum of

Mater. Adv,, 2021, 2, 2918-2923 | 2919
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2 nm

Fig.2 SEM images (a) and (b) at high magnification, TEM images at
low and high magnifications, (c) TEM image at low magnification,
(d) and (e) TEM image at high magnification, and (f) SAED patterns of
CC-CO30,.

carbon coated cobalt oxide, the Co, C and O elements are detected
as shown in Fig. 3(a). The XPS spectrum for Co 2p shown
in Fig. 3(b) reveals two major peaks with binding energies at
780.3 and 795.8 eV, corresponding to Co 2p;, and Co 2py,,,
respectively, with a spin energy separation of 15.3 eV, which is
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View Article Online

Communication

cozp
Co2p.
140000 (a) Cozp ] 10000 e (b)
120000 1
100000 Co2py,
= — 8000 \ s
3 3 /™
& 80000 E \ A\
2 o1s 2 & N
100009 H N, alhna'™
g CoLmm 2 6000 v i,
. Y Wi
20000 Ci1s
0 0004 g
o 200 400 600 800 1000 1200 1400 70 780 790 800 810
Binding energy (eV)
1800
C1s
1600 RS (c) (d)
1400 i
- / 3
z 1200 §
g 1000
H E
E
800
600
285 290 530 536 540

Binding energy (eV)

Fig. 3 XPS of CC- Cos04 (a) Survey scan, (b) Co 2p spectrum, (c) C 1s
spectrum, and (d) O 1s spectrum.
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3.2. Electrochemical analysis of CC-CO3;0,

Further, the electrochemical performance of CC-CO;0, as
electrodes was studied with cyclic voltammetry (CV), galvano-
static charging/discharging process and electrochemical impe-
dance spectroscopy (EIS). Biologic VSP 300 electrochemical
workstation, with a three-electrode cell was employed to do
these measurements. A saturated calomel electrode (SCE) was
used as the reference electrode and platinum wire works as the
counter electrode in a three-electrode cell. The sample for the
electrochemical measurements was prepared by mixing 1 mg of
each CC-CO;0, with 10 uL of Nafion perfluorinated resin
solution separately, respectively.”® The samples paste was made
and then pasted on the platinum electrode which was then
used as a working electrode. Electrolyte, 1 M aqueous KOH
solution was prepared using KOH salt and DI water. CV experi-
ments were carried out at the scan rates ranging between 5 and
50 mV s ' in the potential window of 0.0 to +0.6 V. The
following eqn (1) was used to calculate the specific gravimetric
capacitance (C, F g~ ') of CC-CO;0, from the CV cutves.

~ 2 x scan rate (mV s~1) x potential window (¥) x mass of CC-Co304 (g)

attributed to the Co®* oxidation state, indicating that a portion
of Co®" is reduced to Co”* with generating oxygen vacancies.**
These results again confirmed that Co;0, nanoparticles have
been anchored on carbon derived from sucrose, Co>" and Co**
in the crystal structure of Co;0, are being considered to be
playing a vital role in improving catalytic performance of
oxygen reduction reaction and oxygen evolution reaction.*>

As shown in Fig. 3(c), the C1s peak can be resolved into three
different component peaks, representing C-C (284.7 eV), C-O
(285.8 eV), C—0 (287.7 eV), and COOR (289.5 eV) groups,
respectively.*® The O1s spectrum (Fig. 3(d)) can be divided into
three main types of chemical states. The peaks at 529.9 eV,
531.5 eV and 533.3 eV are ascribed to O-Co, O-C and O—C
bonding, respectively.””

2920 | Mater. Adv., 2021, 2, 2918-2923
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The cyclic voltammetry (CV) curves of CC-CO30, are demon-
strated in Fig. 4(a) and the specific capacitance values calcu-
lated from the CV curves using eqn (1) are shown in Fig. 4(b). It
can be observed from Fig. 4(a) that as the scan rate increases,
current increases, CC-CO3;0, exhibits higher current densities
with a higher san rate. These are the characteristics of a
capacitor. CC-CO;0, electrode exhibited a specific capacitance
of 395 F g~ at scan rate of 5 mV s™'. The capacitance values
were observed to decrease significantly with increasing the scan
rate for CC-CO;0, as demonstrated in Fig. 4(b). The capaci-
tance value for CC-CO;0, dropped from 395 to 75 F g~ when
the scan rate was increased from 5 to 50 mV s~ '. Co** and Co®*
in the crystal structure of CozO, are being considered to be
playing a vital role in improving catalytic performance of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxygen reduction reaction and oxygen evolution reaction.*’
Actually, the continuous conversion between Co>" and Co** in
the crystal structure of Coz0, is beneficial to the redox reaction
for charge storage. At lower scan rates, the electrolyte ions have
adequate time to infiltrate into the pores of CC-CO;0,, whereas at
higher scan rates, the ions store only on the outer surface due to
slow ion diffusion.”® For that reason, higher scan rates result
in lower capacitance value. The rate capability of the CC-Coz0,
electrode may be enhanced by choosing the right concentration of
carbon in the electrode. Actually, the rate capability of an electrode
depends on many factors like conductivity and porosity of the
electrode etc. From the SEM and TEM images (Fig. 2), it is observed
that the carbon present at the surface of the Co;O, nanoparticles.
However, the non uniform coating of carbon on Co;0, may also be
responsible for the poor rate capability of the CC-Co;0, electrode.

The GCD curves of CC-CO;0, electrode at different current
values are shown in Fig. 4(c). The voltage and time curves for
CC-CO;0, are almost linear, which indicates that the electrode
exhibited capacitive behaviour. The charge/discharge duration
decreases with the current values from 0.5 to 2.50 mA. GCD
curves of CC-CO;0, appear nearly triangular in shape; this result
informs a typical, electrical double-layer capacitive behaviour. CC-
Co;0, exhibits good capacitance as observed in CV measurements.

The charge-storage mechanism of the CC-Co;0, electrode in
KOH solution is as follows."*’

C050, + OH™ + H,0 < 3COoOOH + e~ (2)

CoOOH + OH™ «» CoO, + H,O + e (3)

The electrochemical performance of CC-Co;0, was further
studied by using electrochemical impedance spectroscopy (EIS).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1 Comparison of the specific capacitances of cobalt oxide materi-
als reported in literature

Capacitance Scan rate

Electrode Fg™h (mvs™) Ref.

Co3;0,4 Nanocubes 430.0 10 52
C030,/SWNT 313.9 1 53
C030,-PPy-1GO 532.8 5 54

Co03;0, nanosphere 128 10 55

Co0;0, thin film 74 5 56

Co03;0, nanoparticles 304.0 5 57

CC-Co030,4 395.0 5 Present work

EIS Nyquist plot of CC-Co30, is demonstrated in Fig. 4(d). The
experiment was performed at the frequency range from 0.1 Hz
to 5 MHz. The Nyquist plot includes an almost inclined straight
line started from high to low frequency. A vertical line proves ideal
super capacitive behavior, which is a symbol of the diffusion of
ions at the interface between the electrolyte and the electroactive
materials.’®*" A line that is more perpendicular toward the
imaginary y-axis demonstrates that the supercapacitor behaves
similarly to an ideal capacitor.’® The almost vertical line of CC-
Co030, leans more toward the y-axis which reveals that CC-Co30,
has excellent electrochemical behavior. The series resistance was
calculated and it was found to be 4 Ohm for CC-Co;0, electrode.
The comparison of the capacitance of CC-CO;0, electrode with the
reported literature is given in Table 1.>*™’

The cycle stability test for the sample was performed by
repeating charging/discharging cycles. The capacitance retention
with cycle numbers is shown in Fig. 4(e). We have determined the
capacitance retention up to 2000 cycles. It can be seen that the
electrode exhibited good capacitance retention while charging/
discharging the device many times.*® It showed 90% retention in
capacitance up to 2000 cycles. The above results suggested that
the electrode may be used for high-performance supercapacitors.

4. Conclusions

In conclusion, CC-Co;0, has been fabricated using sucrose as a
soluble source of carbon and cobalt oxide by colloidal processing.
The in situ formation of carbon coated on cobalt oxide particles
may enhance the electrical conductivity, which improves the
electrochemical performance of the electrode. The carbon coating
and well connected cobalt oxide network would help to provide
continuous electron transfer pathways, improving the conductivity
of the electrode. However, rate capability of the CC-Co;0, electrode
can further be improved by finding the right concentration of the
carbon in the composite. The maximum specific capacitance of
CC-Co;04 was found 395 F g ' at 5 mV s '. These results
suggested that CC-Co;0, may play a significant role as an electrode
material for energy storage application.
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