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Abstract Nanostructured and mesoporous cobalt oxide
(Co304) nanowire in flower-like arrangements have been
directly grown over flexible carbon cloth collectors using
solvothermal synthesis for supercapacitor applications.
Changes in the morphology and porosity of the nanowire
assemblies have been induced by manipulating the calci-
nation temperature (200-300 °C) of the one-dimensional
(1-D) structures, resulting in significant impact on their
surface area and pseudocapacitive properties. As the cal-
cination temperature increases from 200 to 250 °C, the
flower morphology gradually modifies to the point where
the electrolyte could access almost all the nanowires over
the entire sample volume, resulting in an increase in spe-
cific capacitance from 334 to 605 Fg~', depending on the
nanowire electrode morphology. The 300 °C calcination
results in the breakdown of the mesoporous morphology
and decreases the efficiency of electrolyte diffusion,
resulting in a drop in pseudocapacitance after 300 °C. A
peak energy density of 44 Wh kg~' has been obtained at a
power density of 20 kW kg~' for the 250 °C calcined
sample.
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Introduction

Significant research interest has been dedicated over the past
decade in the development of lightweight and environmen-
tally friendly efficient energy storage devices to meet the
various requirements of modern portable consumer elec-
tronics and hybrid electric vehicles [1-5]. Supercapacitors,
with their higher power densities, fast charge—discharge rates
and excellent cycle stabilities than batteries, and higher
energy densities than conventional dielectric capacitors, offer
a promising approach to satisfy the increasing power
demands of energy storage systems in the twenty-first century
[6-8]. Depending on the charge storage mechanisms, sup-
ercapacitors are broadly classified into two types: (1) electric
double-layer capacitors which are based on high surface area
carbon nanomaterials with the capacitance arising from the
charge separation at the electrode/electrolyte interface and
(2) pseudocapacitors based on transition metal oxides
(TMOs) or conducting polymers with an additional Faradaic
capacitance arising from fast, reversible redox reactions
occurring at or near the solid electrode surface [9, 10]. Per-
formance of a supercapacitor strongly depends on the mor-
phology and properties of its electrodes [11]. An ideal
electrode material should have large surface area, high con-
ductivity, suitable pore size distribution, long-term cycle
stability and electrochemical reproducibility [11]. Carbon
materials possess high conductivity and long-term stability;
but have lower specific capacitance as compared to pseud-
ocapacitance materials [12—18]. On the other hand, TMOs
exhibit higher specific capacitances, but have lower con-
ductivity than the carbon-based systems [19-24]. Conduc-
tivity of TMO-based electrodes can be enhanced by the direct
growth of TMOs over conducting substrates; this process also
eliminates the use of ancillary conducting material and binder
in the electrode fabrication process [5, 25-30].
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Among the different TMOs, cobalt oxide (Co30,) is a
promising candidate for pseudocapacitors due to its easy
availability, existence of variable oxidation states of metal
ions which facilitate redox transitions, good pseudocapac-
itive behavior with high pseudocapacitance and stable
cycling performance and cost-effectiveness as compared to
the popular pseudocapacitor material, ruthenium oxide [21,
31-33]. As the electrochemical performance of Coz04
nanostructures largely depends on their morphology and
surface area, the development of controlled synthesis
techniques of Co304 nanostructures with high electroactive
area is of great importance [34]. There have been a variety
of reports on the synthesis of Co3;04 nanostructures with
different morphologies by different synthetic routes. He
et al. reported the size- and shape-controlled synthesis of
monodispersed Co30,4 nanocrystals by solubility-controlled
liquid-phase reaction process. Cao et al. reported the
preparation and growth kinetics of highly ordered CozO,
superstructures with tunable morphologies from simple
nanoplates to well-organized cabbage-like structures, and
then to microspherical composites using a polyol process.
Wang et al. reported the synthesis of mesoporous Co3;04
nanorods by a simple hydrothermal method [35]. Reports
are also available on the direct growth of Co3;04 on con-
ducting substrates. Electrodeposition of Co3;0,4 oxide thin
films on different substrates are reported by Kandalkar
et al. [36] (copper substrates) and wu et al. [37] (Ni foam
substrate). Qing et al. [27] reported the facile synthesis of
Co30,4 nanoflowers on Ni foam by a simple solvothermal
method. Tummala et al. [38] reported the deposition of
nanostructured Co3;0,4 on stainless steel current collectors
by plasma spray technique.

Among the various possible morphologies of Co30y,
mesoporous one-dimensional (1-D) nanostructures are best
suited for supercapacitor applications as they have the
advantages of large surface area, improved electrolyte
accessibility and reduced mass and charge diffusion dis-
tances [31, 34, 39-42]. Very few reports are available on
the direct growth of one-dimensional Co3;04 nanostructures
over different conducting substrates for supercapacitor
applications. Gao et al. [43] reported a specific capacitance
of 754 F/g at a current density of 5 mA cm ™2 for Co;0,
nanowire arrays directly grown over nickel foam by a
simple template-free method. Zhang et al. [33] reported the
facile synthesis of freestanding Co3z0,4 nanowire arrays on
Ni foam substrate with a remarkable specific capacitance of
1,160 F/g at a current density of 2 A/g. However, it is well
known that the use of Ni foam as a current collector can
bring about substantial errors to the specific capacitance
values of electrode materials [44]. Carbon-coated flexible
textiles can be used as an alternative to the Ni foam [45].
Yang et al. [26] reported the direct growth of Co30,4
nanowire network (nanonet) on a carbon fiber paper with a
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mass loading of 0.4 mg/cm? with a large specific capaci-
tance (1,124 F/g) at a high discharge current density of
25.34 A/g. In a recent work, we reported remarkable
pseudocapacitance for self-organized microstructures of
mesoporous Co3;0, nanowires grown over two different
types of carbon paper substrates by a solvothermal method
[25]. The work was focused on how the surface texture of
paper substrate influenced the morphology and pseudoca-
pacitance of Co304. We could achieve Co3;04 nanowires
which are organized into flower-like morphology over
planar graphitized carbon paper and brush-like morphology
over fibrous non-graphitized carbon paper substrate. The
work dealt with samples calcined at 250 °C. But during the
course of study we came across some interesting obser-
vations which revealed that the calcination temperature
played a crucial role in tuning the pseudocapacitance,
morphology and pore size of the sample with flower-like
morphology [25].

As the carbon substrate is sensitive to high temperature,
extreme care needs to be taken in selecting the suitable
calcination temperature, which can dramatically enhance
the supercapacitor performance of Co;0,4 without damag-
ing the carbon substrate. To the best of our knowledge, no
detailed reports are available on the influence of calcination
temperature on the morphology, pore structure and hence
pseudocapacitance of 1-D Co3;0,4 nanostructures grown
directly over carbon cloth substrate. We could reproduce
the flower-like morphology over graphitized carbon cloth
substrate using a solvothermal method. In the present
study, we report the effect of calcination temperature on
the pseudocapacitive properties of self-organized micro
flowers of 1-D Co3;0, nanostructures directly grown over
graphitized carbon cloth.

Experimental

Synthesis of 1-D Co304 nanostructures over carbon
cloth

One-dimensional Co3;0,4, nanostructures were directly
grown over graphitized carbon cloth substrate by a simple
solvothermal method. 2 g Co(NO3),-6H,0, 1 g hexa decyl
trimethyl ammonium bromide (CTAB) and 6 ml water
were dissolved in 30 ml absolute methanol by vigorous
magnetic stirring. The resulting solution was then trans-
ferred into a 40 ml Teflon-lined stainless steel autoclave. A
piece of graphitized carbon cloth (1 cm x 2 cm)was
immersed in the growth solution in the autoclave followed
by heating the autoclave in an oven at 180 °C for 24 h to
allow growth of Co30,4 nanoneedles. The substrate covered
with products was then washed with H,O and ethanol,
dried in a vacuum at 120 °C for 10 h, and the final product
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was denoted as as-prepared sample. The as-prepared sam-
ples were then calcined at different temperatures, —200,
225, 250 and 300 °C, for 4 h. Calcination temperatures
were selected on the basis of thermogravimetric analysis
(NETZSCH TG 209 F1 Iris) of as-prepared nanoneedles.
The carbon cloth substrate was not able to survive the
calcination temperature above 300 °C. The weight of
Co30, deposit was accurately calculated from the differ-
ence in the weight of the substrate before the solvothermal
process and with Co304 loading after calcination using an
analytical micro balance (XP 26 Mettler Toledo, max 22 g,
0.001 mg of resolution).

General characterization

Co30, nanostructures were characterized by a powder
X-ray diffraction system (XRD, Bruker, D8 ADVANCE)
equipped with Cu K, radiation (4 = 0.15406 nm). BET
surface area of the samples were determined using surface
area and porosimetry system ‘Micromeritics’ (ASAP 2420)
at 77 K. Before measurements, the samples were dried at
70 °C for 10 h in a vacuum oven and then degassed at
200 °C for 12 h until the vacuum was <2 pm Hg. The
surface morphology and microstructure of the samples
were investigated by a scanning electron microscopy
(SEM, FEI Helios NanoLab) and transition electron
microscopy (TEM, FEI Titan).

Electrochemical characterization

Electrochemical measurements were carried out in sym-
metric two-electrode configurations using a Model 660D
electrochemical workstation (CH Instruments). Assembled
coin cells for the two-electrode configuration were pre-
pared by sandwiching two identical pieces of CozO4
nanostructures over carbon cloth (each with an area of
0.5 x 1 cm?) calcined at a particular temperature by a
monolayer polypropylene separator (25 pm thick, Celgard
3501), inside a coin cell (CR2032, MTI), with 30 wt%
KOH (Sigma-Aldrich) as electrolyte. The mass of Co30, in
each electrode was approximately 2 mg. The approximate
thickness of the active materials on the electrodes was
nearly 20 um. The area of the electrodes was nearly
0.25 cm”.

The electrochemical properties of the supercapacitor
electrodes were studied by cyclic voltammetry (CV), gal-
vanostatic charge—discharge (CD) and electrochemical
impedance spectroscopy (EIS). The CV measurements
were conducted in a voltage window between 0 and 0.8 V
at a wide range of scan rates, ranging from 1 mV/s to
100 V/s. The CD measurements were also carried out in
the same voltage window under a wide range of current
densities, from 0.25 to 25 A/g. The EIS was performed in

the frequency range from 100 kHz to 10 mHz at open
circuit voltage by applying a 5 mV signal. All measure-
ments were carried out at room temperature.

The specific capacitance (C,p) of symmetric superca-
pacitors was calculated from the cyclic voltammogramms
and charge—discharge curves according to Eqgs. (1) and (2).

2i
Cop = — (1)

P fm
where ‘i’ is the average cathodic current of the CV loop
and ‘f’ is the scan rate.

2 I
Cop=—X

m (AV/ At)

where ‘I’ is the constant current for charge—discharge,

(2)

AV/At is the slope of the discharge curve and ‘m’ is the
mass of one electrode. In the present study, for specific
capacitance calculation, electrode mass was taken as 2 mg
(mass of the Co3;04 deposit only).

Results and discussion

1-D Co30, structures with nanocrystalline and mesoporous
nature directly grown over conducting substrates can be
considered as ideal candidates for supercapacitor elec-
trodes. Morphology, crystallinity, porosity and capacitive
performance of these structures can be varied to a great
extent by changing the calcination temperature. Based on
the above considerations, in the present work a systematic
investigation was conducted to identify the influence of
calcination temperature on the morphology and hence the
pseudocapacitance properties of 1-D Co3;04 nanostructures
directly grown over flexible carbon cloth substrate. Self-
organization of these nanostructures into flower-like mor-
phologies over flexible carbon cloth collectors was
achieved by a simple solvothermal process. Changes in the
morphology and porosity of the nanostructure assemblies
were induced by manipulating the calcination temperature
(200-300 °C) of the one-dimensional (1-D) structures,
resulting in significant impact on their surface area and
pseudocapacitive properties.

The thermal behaviors of the Coz04 samples were
determined by thermogravimetric analysis (TGA) as shown
in Fig. la. The typical TGA curves of the two precursors
clearly display two-step weight loss each, due to dehy-
dration and decomposition of the cobalt carbonate nitrate
hydroxide hydrate and B-Co(OH), phases. The first weight
loss at the lower temperature (<250 °C) is due to the
elimination of adsorbed and intercalated water, while
the second weight loss from 250 to 300 °C corresponds to
the loss of structural water and thermal oxidative
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decomposition of the initial products as well as desorption
of residual nitrate and carbonate anions. There is no major
weight loss at higher temperature in the TGA curve indi-
cating the absence of additional structural changes in those
regions. The XRD patterns of the as-prepared and calcined
Co30, samples are shown in Fig. 1b. The as-prepared
sample contains a mixture of B-Co(OH), (JCPDS
30-0443), cobalt carbonate nitrate hydroxide hydrate
(JCPDS50-1891) and Co30,4 (JCPDS Card no. 43-1003) as
identified from the XRD pattern (Fig. 1i). The sample
calcined at 200 °C for 4 h retains (101) peak of the B-
Co(OH), phase along with the peaks from Co30, (Fig. 1ii).
This residual phase can be removed by increasing the
calcination temperature. Samples subjected to calcination
temperatures of 225, 250 and 300 °C show identical crystal
structures of FCC-type Co30,4 nanowires with space group
of Fd3 m (Fig. liii, iv and v). The peaks observed in the
XRD pattern can be indexed as (111), (220), (311), (400),
(422), (511), (440), (620) and (533) planes of the nano-
structured FCC-type Co0304. Absence of any secondary
peaks in the XRD pattern clearly illustrates the complete
decomposition of precursors to Co3;0, samples after
annealing the samples above a temperature of 225 °C.
The nitrogen adsorption and desorption isotherms of the
Co3;0, samples calcined at different temperatures are
shown in Fig. 2a. The Brunauer-Emmett-Teller (BET)
surface area values calculated for the as-prepared sample
and the samples calcined temperatures of 200, 225, 250 and
300 °C are, respectively, 9.27, 12.89, 13.27, 75.92 and
52.31 m%/g. All the calcined samples exhibit distinct hys-
teresis loops in the range of 0.45-1.0 P/P,, which suggests
the presence of a mesoporous structure. This loop is absent

in the case of the as-prepared sample. The hysteresis loop
is prominent in the sample calcined at 250 °C. This can be
attributed to the well-formed mesoporous nature with the
maximum BET surface area. Xiong et al. [46] reported a
BET surface area of 25.12 m*/g for mesoporous Co3O4
nanosheets. Meher and Rao [32] reported the synthesis of
mesoporous Co30,4 nanowires with a BET surface area of
60 m*/g. BET surface area value obtained for the Co;0,
nanowires in the present study is higher than these reported
values, which is favorable for better supercapacitor per-
formance of the composites. Calcination at 300 °C leads to
reduction in BET surface area as the smaller particles
aggregate to form large crystals in CozO, structure.
Adsorption average pore width (4 V/A by BET) for the as-
prepared sample and the samples calcined temperatures of
200, 225, 250 and 300 °C are, respectively, 9.20, 16.39,
17.42, 18.14 and 18.89 nm. The pore size distributions of
the samples calculated by desorption isotherms using
Barret-Joyner-Halenda (BJH) method are shown in
Fig. 2b. BJH Desorption cumulative volume of pores
between 1.7000 and 300.0000 nm diameter for the as-
prepared sample and the samples calcined temperatures of
200, 225, 250 and 300 °C are 0.04570, 0.05174, 0.06449,
0.10361 and 0.17601 cm®/g, respectively.

SEM and TEM images of as-prepared samples are
shown in Fig. 3. SEM images (Figs. 2a and b) show self-
organization of nanoneedles into flower-like morphology
on the surface of the graphitized carbon cloth. The nano-
needles have varying lengths of 1-15 pm and diameters
<100 nm. From TEM (Fig. 3c) and HRTEM (Fig. 3d)
images, it is clear that the nanoneedle exhibits a smooth
texture and single crystalline feature.
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Fig. 1 a TGA curve of the as-prepared sample; b powder X-ray diffraction pattern of (i) as-prepared sample, (ii) sample calcined at 200 °C, (iii)
sample calcined at 225 °C, (iv) sample calcined at 250 °C and (v) sample calcined at 300 °C
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Fig. 2 a Nitrogen adsorption and desorption isotherms and b pore size distributions of as-prepared and calcined samples

Fig. 3 a Low and b high
magnification SEM images of
the as-prepared sample. ¢ Low
and d high magnification TEM
images of the as-prepared
sample

The effect of calcination temperature on the morphology
of Co304 nanostructures is clearly evident from the low and
high magnification SEM images of calcined samples as
shown in Fig. 4. Figure 4a and b indicates that calcination at
200 °C resulted in the flattening of rigid sharp cylindrical
nanoneedles. With further increase in calcination tempera-
ture (at 225 °C), the flowers grow bigger with the center
changing into flexible nanowires as shown in Fig. 4c,d. Well-

SR i1 ,
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organized flower-like morphologies of flexible Co3;0,4
nanowires are achieved by calcination of as-prepared sam-
ples at 250 °C (Fig. 4e and f). High magnification images
indicate that these flower-like structures are composed of
cobalt oxide nanowires, with each having a length ranging
from 1 to 10 pm. Further increase in calcination temperature
(at 300 °C) results in the breaking down of the Co30,
nanowire, destroying the flower-like morphology.
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Fig. 4 SEM images of Co3;04
nanostructures showing the
surface morphology. Low and
high magnification SEM images
of samples calcined at 200 °C
(a and b), 225 °C (¢ and d),
250 °C (e and f) and 300 °C

(g and h)

To investigate the microstructure of Co3;0O4 nanostruc-  presence of numerous nanocrystallites of Co;04 having size
tures in detail, TEM and HRTEM images are used (Fig. 5). <3 nm as compared to the smooth texture of the as-pre-
Nanowire calcined at 200 °C (Fig. 5a and b) exhibits the = pared sample. The size of these nanocrystals increases
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further with increase in the calcination temperature. The
formation of such large crystal structures can probably be
attributed to the re-crystallization and aggregation of the
particles during calcination, in which the small nanocrys-
tals grow into an interconnected porous structure. From
Fig. 4c-h, it is clear that Co304 nanowires calcined above
225 °C consist of numerous interconnected nanoparticles
and presents a rough appearance due to a large number of
mesopores. This porous structure can be ascribed to the
successive release and loss of H,O and different gases
during the oxidation/decomposition of the intermediate
products Co(OH), or cobalt carbonate nitrate hydroxide
hydrate. The diameter of the nanowires varies from nearly
160 to 20 nm from the point of contact to the carbon cloth
to the tip. For the samples calcined at 250 °C, the meso-
porous structure is clearly formed.

The individual nanocrystals have a size in the range of
8-12 nm and the pore sizes are in the range of a few
nanometers. Further increase in the calcination temperature
to 300 °C leads to the formation of large crystallites having
cuboid shape with average size in the range of 16-20 nm,
which in turn leads to a reduction in the BET surface area
and increase in pore volume.

As the Co3;0,4 nanowires composed of nanocrystallites
possess high surface area as well as mesoporosity and are
self-organized into flower-like morphologies on the surface
of the current collectors, they can be used as efficient
electrode materials for supercapacitors. However, the
charge storage efficiency of the samples calcined at dif-
ferent temperatures can vary due to the observed differ-
ences in orientation and morphology of the 1-D
nanostructures. To identify which morphology is favorable
for high-rate capacitive energy storage, cyclic voltammetry
(CV) and galvanostatic charge—discharge (CD) measure-
ments are conducted in symmetric two-electrode configu-
rations. It has been reported that as compared to three-
electrode configuration, measurements using two-electrode
configuration is more suited for evaluating the performance
of a supercapacitor test cell as it mimics the physical
configuration, internal voltages and charge transfer that
occurs in a real supercapacitor application and thus pro-
vides the best indication of an electrode material’s per-
formance [47].

Figure 6a—d, respectively, shows CV loops obtained for
symmetric button cell supercapacitors based on Co304
samples calcined at 200, 225, 250 and 300 °C at different
scan rates of 1, 2, 5,10, 20, 50 and 100 mV/s in a fixed
potential range of 0-0.8 V. Test cells of samples calcined
above 225 °C retain nearly rectangular CV loops up to a
scan rate of 100 mV/s, which are characteristics for sup-
ercapacitors with excellent capacitance behavior and low
contact resistance. Supercapacitor based on the sample
calcined at 200 °C retains symmetric rectangular shape

only up to a scan rate of 20 mV/s. Above 20 mV/s, the CV
loops exhibit quasi rectangular shape indicating lower rate
performance of the sample as compared to the samples
calcined above 225 °C.

Improvement in the performance of samples can be
attributed to the formation of mesoporous structure above
225 °C. For samples annealed at 200, 225 and 300 °C, the
CV loops at different scan rates show no peaks, which
indicate that the electrodes are charged and discharged at a
pseudo-constant rate over the complete voltammetric
cycle. The CV loops of the supercapacitor based on the
sample calcined at 250 °C, shows the presence of a pair of
redox peaks indicating the existence of a strong Faradic
reaction of Co;0,4 according to Eq. (3).

Co304 + H;O + OH™ & 3CoOOH + e~ (3)

A comparison of CV loops of symmetric
supercapacitors based on Co;0O, samples calcined at
different temperatures and carbon cloth substrate at a
scan rate of 20 mV/s is shown in Fig. 7a. For the same
mass loading, the CV curves show different areas
indicating different levels of stored charge. From the CV
loops, specific capacitances of 256, 341, 549 and 435 F/g,
respectively [using Egs. (1) and (3)], are obtained for the
samples with calcination temperatures 200, 225, 250 and
300 °C. From Fig. 7a, it is also evident that the capacitive
contribution from the carbon cloth substrate to the
electrodes is negligibly small. Figure 7b shows the
comparison of galvanostatic charge discharge curves for
the samples at a constant current density of 1 A/g. The
constant current charge discharge curves of 1-D Co304
nanostructures are nearly triangular, with reduced internal
resistance at the beginning of the discharge curve. The
reduction in internal resistance may be attributable to the
direct contact of nanowires and the conducting carbon
cloth substrate. The specific capacitance values for the
supercapacitors based on samples with calcination
temperatures 200, 225, 250 and 300 °C, respectively, are
334, 435, 605 and 509 F/g. Even though the samples
calcined at 200 and 250 °C have flower-like morphology,
they have less mesopores as compared to the samples
calcined at 250 and 300 °C. Hence the electrode—
electrolyte accessibility will be less, leading to lower
capacitance. The tremendous improvement capacitance for
sample calcined at 250 °C can be attributed to the
mesoporous nanowire morphology of Coz0,4 as well as
their self-organization into flower-like microarchitecture
on the surface of the carbon cloth, capable of holding a
large quantity of electrolyte and thereby providing more
electrode—electrolyte accessibility. The decrease in the
specific capacitance of the sample calcined at 300 °C may
be due to the damage in the flower-type morphology, which
reduces the quantity of electrolyte trapped in between the
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Fig. 5 TEM images of Co304
nanowires showing a porous
strcture. Low and high
magnification TEM images of
samples calcined at 200 °C

(a and b), 225 °C (¢ and d),
250 °C (e and f) and 300 °C
(g and h)
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nanowires. But due to the well-formed mesoporous
structure, the sample still exhibits higher specific
capacitance than the samples calcined at 200 and 225 °C.

High-performance supercapacitor electrodes should
have high-rate performance. Variations in specific capaci-
tances of symmetric supercapacitors based on the calcined
samples with increase in current density are shown in
Fig. 7c. In general, at lower current densities (from 0.25 to
2 Al/g), the specific capacitance decreases with the increase
in discharge current density; it may be caused by the
internal resistance of the electrode. At an extremely low
current density of 0.25 A/g, the maximum specific capac-
itance values for the supercapacitors based on samples with
calcination temperatures 200, 225, 250 and 300 °C,
respectively, are 372, 524, 716 and 621 F/g. At lower
current densities, ions can penetrate into the inner structure
of electrode material having access to almost all available
pores of the electrode, but at higher current densities an
effective utilization of the material is limited only to the
outer surface of electrodes. It results in the reduction of
specific capacitance values. At current densities above 2 A/
g, specific capacitance tends to stabilize. The sample cal-
cined at 250 °C retains more than 83 % of its capacitance
(605 F/g at a low current density of 1 A/g) retention even
when the current density increases as high as 25 A/g,
indicating the relatively good high-rate capability. The

sample calcined at 300 °C is also able to retain 79 % of its
capacitance at a high current density of 25 A/g. But sam-
ples calcined at 200 and 225 °C are able to retain only 60
and 65 % of their capacitance, due to the incomplete for-
mation of nanocrystallites and mesopores. Cycle life is
another important factor for evaluating the performance of
a supercapacitor. Cyclic stability curves for symmetric
supercapacitors at a constant current density of 1 A/g are
illustrated in Fig. 7d. For samples annealed at 250 and
300 °C, the specific capacitance increases gradually at the
beginning of cycles and then there is a slight decrease. This
phenomenon indicates that there is an initial activation
process for Faradaic pseudocapacitance of mesoporous
Co0304. During the first 500 cycles, the specific capacitance
of the sample annealed at 250 °C increases from 605 to
625 F/g and that of Co3;0, nanowires with flower-like
morphology increases from 509 to 520 F/g. For the sam-
ples annealed at 250 and 300 °C, the specific capacitance
slowly decreases with increase in cycle numbers. At the
end of 5,000 cycles, supercapacitors based on samples with
calcination temperatures 200, 225, 250 and 300 °C retain,
respectively, 80, 85, 97 and 93 % of their maximum
capacitance. Direct growth of 1-D Co3;0,4 nanostructures
on carbon substrates and the self-organization of nano-
structures into flower-like microarchitectures also have
dramatic impact on supercapacitor performance, as each
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nanostructure will be electronically attached to the current
collector which in turn will reduce the internal resistance of
the electrode facilitating the rapid transport of the elec-
trolyte ions and increasing the electrochemical utilization
and pseudocapacitive performance of Co30y.
Electrochemical impedance spectroscopy (EIS) can be
applied to investigate electrical conductivity and ion
transfer of the supercapacitor test cells. Figure 8a shows
the experimental Nyquist impedance spectra for symmetric
supercapacitor test cells of Co;0, samples prepared at
different calcination temperatures. The impedance spectra
can be divided into two regions by the so-called knee

region and a straight line in the low-frequency region. The
real axis intercept at high frequency corresponds to the
uncompensated resistance of the bulk electrolyte solution
(Ry) and it is also known as equivalent series resistance
(ESR). The diameter of semicircle in the high-frequency
range gives the value of charge transfer resistance (R.). R
is a surface property of the porous electrode which is
related to the electroactive surface area. It is a combination
of electrolyte accessible area and electrical conductivity of
the electrode material. The larger the electroactive surface
area, the lower is the charge transfer resistance. In the
present study all the samples exhibit very low value for R,

frequency, with a semicircle arc in the high-frequenc indicating high conductivity of the electrodes with
q y g q y g g y
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excellent electrolyte accessibility. The line at the low-fre-
quency region making an angle 45° with the real axis is the
Warburg line, which is a result of the frequency depen-
dence of ion diffusion in the electrolyte to the electrode
interface. Experimental results show that the magnitude of
ESR obtained from the x-intercept of the impedance
spectra for supercapacitors based on Coz;O,4 samples pre-
pared at calcination temperatures 200, 225, 250 and 300 °C
are 0.88, 0.81, 0.73 and 0.76 Q, respectively. These lower
values indicate consistent interfacial contact between the
cobalt oxide nanowires and the carbon substrates. ESR data
are an important factor in determining the maximum pos-
sible power density of a supercapacitor. The maximum
power density (Pn.x) of the supercapacitor devices are
calculated from the low-frequency data of the impedance
spectra, according to the Eq. (4).

V?
P = 3R @)

where V; is the initial voltage (here it is 1 V), R is
(Rs + Ry and M is the total mass of two electrodes with a
cell voltage of 0.8 V. Maximum power densities of 31.9,
34.6, 38.5 and 35.5 kW/kg are obtained, respectively, for
supercapacitors based on Co;0, samples prepared at cal-
cination temperatures of 200, 225, 250 and 300 °C.

Figure 8b shows the Ragone plot (power density vs.
energy density) of the symmetric supercapacitors based on
Co30, calcined at different temperatures. The energy (E)
and power densities (P) for the supercapacitors were cal-
culated from charge—discharge curves at different current
densities using Eq. (5) and (6), respectively.

1
E= ECSpAV2 (5)

where ‘AV’ is the potential window of the discharge
process.

P=Ejp (6)

At a constant power density of 20 kW/kg, the energy
densities obtained for supercapacitors based on samples
with calcination temperatures 200, 225, 250 and 300 °C are
17, 25, 44 and 35 Wh/kg, respectively. At a low power
density of 0.2 kW/kg, the energy densities reach as high as
33, 47, 63 and 55 Wh/kg, respectively, for the samples
calcined at 200, 225, 250 and 300 °C. From the analysis of
Ragone plot, it is evident that mesoporous Co3;04
nanowires prepared by the calcination of the as-prepared
sample at 250 °C works as a very promising electrode
material for high-performance supercapacitors. This
sample maintains a high power density without much
reduction in energy density.

The present study clearly demonstrates that calcination
temperature plays a significant role in tuning the

morphology, porosity and capacitive performance of 1-D
Co30,4 nanostructures. By changing calcination tempera-
ture from 200 °C (flattened nanoneedles) to 250 °C (mes-
oporous nanowires), we could nearly double the maximum
capacitance of the Co30,. The flower-like self-organization
of mesoporous Co3z0,4 nanowires obtained by the calcina-
tion of as-prepared sample at 250 °C exhibits superior
supercapacitor performance as compared to the other three
samples. This can be attributed to the mesoporous nano-
wire morphology of Co;0, retaining the flower-like mic-
roarchitecture, which accelerates the Faradaic charge
transfer reactions, by providing easy diffusion of KOH
electrolyte between different nanowires, accessing almost
all the nanowires over the entire sample. In a recent study
we reported a maximum pseudocapacitance of 620 F/g at a
current density of 0.25 A/g for Co;0O, nanowires with
flower-like morphology directly grown over carbon paper.
Improvement in capacitive performance of a similar sam-
ple grown over carbon cloth substrate in the present study
can be attributed to the improved wettability of the carbon
cloth. It is interesting to note that even in two-electrode
configuration with a high mass loading of 2 mg per elec-
trode, the sample calcined at 250 °C yields higher pseud-
ocapacitance and rate performance behavior than most of
the previously reported Co304 electrodes.

Conclusions

In summary, we have demonstrated that the calcination
temperature plays a crucial role in tuning the nanostructure
and pseudocapacitive performance of mesoporous Coz04
nanowires grown directly over carbon cloth substrate. The
Co304 nanostructure sample calcined at 250 °C exhibited
the best capacitive performance with high specific capac-
itance values (716 F/g at 0.25 A/g and 605 F/g at 1 A/g),
high-rate performance (83 %) and excellent cycling sta-
bility (97 % after 5,000 charge discharge cycles) when
used in symmetric two-electrode configuration. This
improvement in the performance was attributed to the
mesoporous nature of the CozO,4 nanowires retaining the
flower-like morphology and providing maximum access of
aqueous electrolyte to the electrodes.
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