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Ultra-fast rate capability of a symmetric supercapacitor with
a hierarchical Co;O4 nanowire/nanoflower hybrid structure
in non-aqueous electrolyte

N. Padmanathan®® S.Selladurai®and Kafil M. Razeeb®”

Abstract:Free standing Co304 nanowire/nanoflower hybrid structure on flexible carbon fibre cloth
(CFC) was designed via a facile hydrothermal approach followed by thermal treatment in air. Co304
hybrid structure on CFC showed interesting electrochemical performance in both alkaline and organic
electrolytes when used as electrodes for symmetric supercapacitor. Compared to conventional alkaline
electrolyte, fabricated symmetric cell in organic electrolyte have delivered a high rate and cyclic
performance. Supercapacitor made from this hierarchical hybrid architecture showed a maximum
specific capacitance of 4.8 mFcm™ at a constant density of 3 mAcm™ in organic electrolyte. In terms of
energy and power, the symmetric supercapacitor conveyed an energy density of 4.2 mWhcm? with a
power density of 1260 mWcm?>. Also, the device exhibit reasonable tolerance for mechanical
deformation under bended conditions demonstrating the flexibility of the materials. The impressive
electrochemical activity mainly attributed to their high surface area (60.3 m?g™) resulting from
nano/mesoporous structure, reasonable electrical conductivity resulted from binder-free and intimate
metal oxide/substrate integration and superior flexibility of the carbon fibre cloth. Thereby, it was
concluded that the direct growth of Co304 nanostructure on CFC is a promising electrode for the

advanced flexible energy storage devices regardless of the electrolytes.

Introduction

Exhaustion of conventional fossil fuels and their global
environmental issues trigger the search of sustainable energy
for future demands.'” Design of flexible and green energy
storage devices have drawn much attention in scientific and
portable electronic industries.”” Supercapacitors (SCs) have
been considered as the ideal eco-friendly energy storage device
owing to their high power density, fast charge—discharge
properties and long cycle life. These interesting and unique
features of SCs can be used for hybrid electric vehicle,
emergency power system, aerospace, cellular phones, medical
devices, military and consumer -electronics. However, the
energy stored in supercapacitor is quite low when compared to
the secondary batteries, which has high energy density.>To
attain the status of primary power source, supercapacitors are
needed to enhance their power/energy performance to greater
extent. Therefore numerous efforts have been devoted to the
exploration of high performance electrode materials in
particular nanoscale materials. **The most common approaches
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used to intensify the energy density of supercapacitors include
improving the specific capacitance of the electrode and/or
increasing its operating voltage. Various electrodes including
carbonaceous materials (activated carbon, graphene oxide, CNT
etc.)! 13,

Co0504, NiCo0,04, CoMo0O, etc.,) 1620 and conducting polymers

transition metal oxides/hydroxides (MnO,, NiO,

(polyaniline, polypyrole etc.,)’’*> have been proposed for
supercapacitor applications. In particular, transition metal
oxides have attracted more attention due to their high
theoretical capacitance, easy fabrication and strong redox
features over the surface. Among various metal oxides, Co3;0,
possess ultra-high theoretical specific capacitance of 3560 Fg™'
and has been extensively investigated for supercapacitor
applications.*?” However, we need to improve its performance
substantially in terms of energy and power density, to meet the
higher requirements of future systems, ranging from portable
electronics to hybrid electric vehicles and large industrial
equipment.

A critical aspect in nanomaterials for supercapacitor technology
is to reach a compromise between specific surface area (to
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ensure high capacitance) and pore-size distribution (to permit
easy access for the electrolyte).?® It is well accepted that the
specific capacitance value is directly related to active surface
area and available pores in the electrode materials. Design of
mesoporous nanostructured electrode can enhance the active
surface area and thus increase the specific capacitance as well
as the device performance. Thereby impressive increase in
performance has been demonstrated in the past couple of years.
This is due to the discovery of new approach of direct
integration of the electrode materials on various conducting
substrates such as nickel foam (NF), ITO, stainless steel (SS),
silicon wafer, etc.?**However, these rigid substrates are
generally non-flexible and having low tolerance during redox
reaction, which limits their large scale practical usage. To
construct the flexible energy storage devices, stretchable and/or
bendable the
conductivity of the substrate is essential. Recently, carbon fibre

substrates without sacrificing electrical
cloth (CFC)/paper has been demonstrated as an ideal flexible
substrate/current collector for supercapacitor, owing to their
dimensional network
compatibility, high electrical conductivity and
flexibility.''2%3437 Using CFC as a substrate, different metal

oxides have been investigated for various applications includes

unique three structure, chemical

supercapacitors, lithium ion batteries and glucose sensors.
However, tedious synthesis processes are required to achieve a
well-integrated metal oxide nanostructure with this flexible
CFC.**

Recently, Yue Qian et al. have grown the NiO nanosheets on
carbon cloth and reported for high performance flexible solid
state supercapacitors.®® Furthermore, Huanwen Wang and
Xuefeng Wang investigated the pseudocapacitive performance
of the nickel cobaltite nanowires and nanosheets grown on
carbon fibre cloth .>* Similarly, different metal oxides such as
MnO,, NiMoO,
investigated for supercapacitor application.’*** However, for

etc. have been grown over CFC and

Co304 on CFC, there is only limited reports available for
the
electrodeposited Co3;0, nanoflakes on electro-etched carbon

supercapacitor applications. Kazemi et al. reported
fibre for high performance supercapacitor.*’All these studies
have been performed in aqueous (inorganic) electrolytes
especially alkaline electrolytes and only few publications have
shown the complete cell performance of these electrodes. Also,
their performance does not meet the requirements of high
energy appliances due to its inadequate cyclic stability, limited
rate capability, narrow operating potential and low energy
density. In order to improve the cyclic stability, rate
performance and energy density, the choice of electrolyte
which

compatibility with electrodes,

system is important, includes excellent chemical

low ionic resistance, wide
potential range and high operating temperature.*> It is well
known that aqueous electrolytes possess very low ionic
the

(Tetraethyl ammonium tetrafluroborate, LiClO,, etc.) due to

resistance when compared to organic electrolytes
smaller size of the ions, it can penetrate the electrode pores
easily. But, inorganic electrolyte has a narrow potential range

(~1.5 V). Also these electrolytes have suffered with safety
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issues such as leakage and bulky package that limits their
applications.*”** On the other hand, organic electrolytes can
provide wider potential range (> 3 V), compact packing and
long cyclic stability.**

Till to date, metal oxide/carbon cloth based electrodes have
been investigated only in aqueous (inorganic) electrolyte
systems and there are no reports with organic electrolytes,
especially for metal oxide based symmetric supercapacitor. It is
suspected that the intrinsic hydrophobic nature of carbon cloth
limits their utilization in organic electrolytes.*™*® Herein, for
the first time we report the Co;0,4 nanowire/nanoflower hybrid
structure grown on carbon cloth as an electrode for non-
aqueous (organic) symmetric supercapacitor and compared the
performance with the aqueous (inorganic) electrolyte system.
The commercially used tetracthyl ammonium tetrafluorborate
(1 M) in propylene carbonate has been used as the non-aqueous
electrolyte. The electrochemical activity of the symmetric
supercapacitor is investigated in both aqueous (3 M KOH) and
non-aqueous electrolytes in order to enhance the power and
energy density towards high performance applications.

Experimental Techniques

To fabricate the hybrid Co;0O, nanoflower architecture, we
adopted a simple hydrothermal approach similar to our earlier
report.*’In detail, 0.1 M of Co(NO;);.6H,O and excess amount
of urea were dissolved in equal amount of DI water and ethanol
(1:1) mixed solvent under stirring. The solution was then
transferred to the autoclave of 100 ml volume, which contains
the pre-treated CFC substrate (4 x 4 cm?) and kept at 180 °C for
12 h in oven. After that, the Autoclave was cooled down to
room temperature naturally. Finally, CFC was washed with DI
water before calcinations for 3 h at 300 °C. The amount of
Co3;0,4 was measured from the weight difference of the pure
CFC and Co;0, grown CFC. Typical mass of the active
electrode material is ~1 mg/cm?.

The phase, morphology and microstructure of CFC-supported
Co050, electrode (Co3;04/CFC) was characterized using X-ray
diffractometer (XRD) (Bruker D2-PHASER), high resolution
scanning electron microscope (FEI 200F HRSEM), and high
resolution transmission electron microscope (TECNAI
HRTEM-3010 at 200 kV). The mesoporosity was obtained by
analysing the N, adsorption/desorption isotherms at 77 °K
using a QuantachromeQuadrasorb S/. Electrochemical
characterization was carried out at room temperature, using
CHI 660C The fabricated
Co030,4/CFC was used as a binder-free working electrode. The

electrochemical workstation.
sandwich type symmetric capacitor was fabricated using
Co3;04/CFC electrodes separated by celgard separator and
tested in both aqueous (3 M KOH) and non-aqueous electrolyte
(TetraethylammoniumTetrafluoroborate (1 M TEABF,) in
propylene carbonate (PC)) solutions.

This journal is © The Royal Society of Chemistry 2012
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Results and Discussion

Fig. 1(a) shows the XRD pattern of the bare carbon fibre cloth
and Co3;0,4 grown carbon fibre cloth Co;0,/CFC. The XRD
peakspositioned at 18.9, 31.2, 36.6, 44.7, 59.4, and 65.1 and
their relative intensities can be indexed to the planes of (111),
(220), (311), (400), (422), (511) and (440) cubic spinel
C030,.'® The broad diffraction peaks indicate the formation of
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Figure 1.(a) XRD patterns and (b) Raman spectra of CFC (Black) and Co;04/CFC
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Raman spectra of the pure CFC and Co3;0,/CFC samples as
shown in Fig. 1(b) further confirming the growth of Co;0,. The
bare carbon cloth shows the strong Raman peaks at around
1353 cm™ and 1581 cm™ corresponding to the disordered D-
band and graphitic G-band modes.’” After Co;0, growth
process followed by the calcinations, the new bands at 475,
520, and 686 cm™' were observed and it can be assigned to the
E,, Fzgl and A, modes of crystalline Co;04 confirming the
formation of Co;0, nanostructures on CFC surface.*’ These
bands mainly arise by the tetrahedral and octahedral cations
(Co*"/Co™) lattice vibrations in the spinel structure.

The Co;0, grown CFC surface was examined with the high
resolution scanning electron microscope (HRSEM) as
illustrated in Fig. 2 (a-d) indicating the growth of well-
constructed free standing nanowire/nanoflower architecture.
Fig. 2(a) shows the low magnification SEM images of bundles
of carbon fibers which is covered by Co;0, nanowires and

nanoflowers. Densely packed nanowires

Figure 2. (a-d) HRSEM images of Co304 nanowire/nanoflower on CFC at different magnifications.

nanowires that assembled together to form flower like
microstructure. The EDS spectrum captured at the selected
portion of the nanoflowers as shown in Fig. S1 of the

grown on a single carbon fiber can be observed in Fig. 2(b).
As can be seen from the high magnification SEM images of
(¢c) and (d), the hierarchical nanoflower comprise of

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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electronic supplementary information (ESI) confirmed the
presence of Co and O with the dominant carbon peak.

TEM images of Co3;0; nanowire/nanoflower hybrid
structure are shown in Fig. 3(a-c) and Fig. S2(a-d). From
HRTEM images of Fig. 3(a-c), the formation of uniformly
distributed ultra-fine nanocrystals with mesoscale range (3-8
nm) of pores was observed. From Fig. 3(c), the combined
properties of porosity and the crystallinity of calcined Co;0,
nanowire/nanoflower hybrid nanostructure was confirmed. It
was observed that the average crystallite sizes were in the
range of 10-12 nm and uniformly distributed over the petals
of the nanoflowers grown from nanowire bundles. Fig. 3(d)
shows the selected area diffraction pattern with multi-spot-
rings clearly represents the polycrystalline nature of Co;0,
nanostructure. Further, the rings can be indexed to the (111),
(220), (311) and (440) planes of spinel Co;0,. The estimated
d spacing value for the corresponding [hkl] plane of 311 was
found to be ~ 0.26 nm, which is in good agreement with the
standard JCPDS file (#42-1467) as well as to the XRD
analysis as discussed earlier.

Journal Name

The interesting nanoflower architecture growth mechanism
was proposed as follows: herein urea played a crucial role to
form the nanoflower architecture. Initially, the urea
hydrolysis produced an excess amount of NH3;.H,0, which
increased the solution pH gradually to ~9. Under
hydrothermal process, the released NH; and CO, may exist
in the form of bubbles which made the complex [Co*" NH,]
as well as acted as a soft templates for the growth of
Co(OH), nanoparticles.50 At the initial stage, the NH,'
intercalated Co(OH), nanoparticles around CO, bubbles and
formed loosely packed nanowire aggregates. During
nucleation the nanowires self-assembled together and
formed the hierarchical nanoflower architecture after
calcination at 300 °C by releasing the intercalated soft
templates. However, the exact growth mechanism for this
nanoflower is not clear yet and requires further
investigations.

Figure 3. (a-e) HRTEM images of Co30, nanoflower and (f) the corresponding
SAED pattern.
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Figure 4. N, adsorption and desorption curve of Co304 nanostructure and the
corresponding pore size distribution (inset).

o

The detailed growth process of Co3;04 nanoflowers is
schematically represented in Fig. S3 (ESI). The formation of
Co3;0,4 nanostructure may be described by the following
chemical reactions (1-4):

CO(NH,), + 3H,0 - 2NH,0H + CO, (1)
2NH,4OH - 2NH," + 20H (2)
Co™ + 20H > Co(OH), (3)
3Co(OH), + 0.50, - Co304+ 3H,0 (4)

4| J. Name., 2012, 00, 1-3

Typical N, isotherm curve for the CFC/Co3;0,4 nanoflower
shown in Fig. 4, designates the type IV hysteresis loop. With
the increased relative pressure, an expanded hysteresis was
observed in the range between 0.7-1, which demonstrated
the mesoporous nature of the material. This Co3;04
nanoflower/CFC revealed a Brunauer-Emmett-Tellar (BET)
surface area of ~60.3 m?%/g, which is comparable to the
similar ~ Co;0,  hierarchical  nanostructures.'®  The
corresponding Barrett-Joyner-Halenda (BJH) pore size
distribution curve is shown in the inset of Fig. 5, which
further supports the mesoporous characteristic features of
the Co30,4 nanoflowers. From the curve it can be observed
that the largest number of pores is distributed at ~4 nm with
the highest pore volume and should be more favourable for
rapid ion transport within the electrode surface.

A symmetric supercapacitor was fabricated using two
Co03;04/CFC  nanowire/nanoflower  hybrid  electrodes
separated by celgard separator .The electrochemical activity
of the symmetric capacitor was evaluated by cyclic
voltammetry, charge/discharge cyclability and impedance

This journal is © The Royal Society of Chemistry 2012
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analysis. Fig. 5 (a-d) represents the scan rate dependent
cyclic voltammograms of the symmetric supercapacitor in
aqueous (a & b) and non-aqueous (¢ & d) electrolytes. The
CV curves measured at the scan rate ranging from 10 to 100
mVs"' showed in Fig. 5(a) indicates the pseudocapacitive
features of the electrode in 3 M KOH over the potential
window -0.5 to 0.7 V. At the lower scan rate of 10 mVs™"
there is a visible pair of redox peaks, which appears even at
100 mVs"' implying the high rate charge transfer kinetics
between Co>'/Co®" redox couples in the Co;0, electrode
surface. At the higher scan rate, distinct rectangular CV
curve was observed over the scan rate ranging from 150
mVs™"' to 1000 mVs™'demonstrating ultra-high rate capability
of the electrodes.Usually the rate capability of the metal
oxide nanostructures in aqueous electrolyte is limited to 200
mVs'. 2% Surprisingly, our hybrid nanostructure have
shown a superior rate capability of 1000 mVs™', which was
never been reported before for the metal oxide electrode.
This may be attributed to the fast and efficient electron and
ion transport in the electrode surface even at high rates.
Interestingly, the CV curves exhibit well symmetry in both
anodic and cathodic sweeps even at high scan rate of 1000
mVs™ infer highly reversible redox reaction in the electrode
surface. However, the slight deviation in CV curve measured
at 1000 mVs™ with delayed current reversals at the both
ends ascribes the limited ion transport in the electrode

surface. In order to wunderstand the electrochemical
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Co30,4/CFC electrodes sandwiched using celgard separator.
1 M TEABF4 in propylene carbonate (PC) was used as a
non-aqueous electrolyte to evaluate the device performance.
Fig. 5(c & d) shows the cyclic voltammograms of Co0;0,
electrode in non-aqueous electrolyte measured at various
scan rates ranging from 20 to 1000 mVs™. Similar to the
aqueous electrolyte, Co30,4 hybrid nanostructured electrode
shows distinct CV response with respect to scan rate. Also, it
showed the asymmetric features due to the influence of
carbon fibre substrate. It was further confirmed with the CV
and charge/discharge curves measured in 1 M TEABF,
using pure carbon cloth electrode. Fig. S4 (a & b) clearly
shows the influence of carbon cloth substrate both in
positive and negative region. Furthermore, the measured
specific capacitance was very low for pristine CFC
electrodes, which is only ~ 0.1 mF cm?. For Co;0,/CEC
electrode, CV curve shows the combination of both
capacitive and battery behaviours at very low scan rate of 20
mVs ' When the scan rate increases, the featureless
current response in the CV curves is observed, representing
the dominant pseudocapacitive characteristic of the electrode
at high scan rates. The high current response in both anodic
and cathodic sweeps may be attributed to the redox reaction
at electrode/electrolyte Unlike the aqueous
electrolyte, the electrode shows wider potential window of

interfaces.

~2.5 V and highly reversible current in the organic
electrolyte as shown in Fig. 5(d). Noteworthy, the Co;0,

performance in non-aqueous electrolyte, the two pieces of hybrid nanostructured electrode exhibits
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Figure 5. Cyclic voltammograms of Co3;0, based symmetric supercapacitor in 3M KOH (a & b) and 1 M TEABF, in PC (c & d) measured at different scan rates.
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an extreme rate capability in organic electrolyte system. The
CV curve measured at ultra-fast scan rates ranging from
1500 to 12000 mVs™' are represented in Fig. S5 (a&b) (ESI).
A superior charge transfer kinetics in the electrode surface
was observed even at extreme scan rate of 12000 mVs™. The
rate performance of the electrode in organic electrolyte is
approximately 10 times higher compared to the aqueous
electrolyte. Also, the highly reversible current response at
ultra-fast scan rates demonstrates the high power
performance of the electrode in organic electrolyte. To
examine the rate capability of the electrode in both aqueous
and non-aqueous electrolytes, the areal capacitances were
calculated using the following equation (5):

Ca= Y5y, — vy s 10DV )

Where S is the active area of the electrode, V. - V, is the
potential difference between cathodic and anodic sweeps, v
is scan rate and (V) dVis the integrated area of the CV
curve. The areal capacitance of the Co3;04 nanostructure
electrode with respect to the scan rate measured in both 3 M
KOH and 1 M TEABF, electrolytes are shown in Fig. S6
(a&b) (ESI). In aqueous electrolyte system, the electrode
delivered the maximum areal capacitance of 8.9 mFem™ at
20 mVs"' and decreased to 1.7 mFem™ at 1000 mVs™. In
case of organic electrolyte, the maximum and lower areal
capacitances are 5.6 and 0.93 mFcem™ for the same scan rate.
The decrease in specific capacitance as the scan rate
increased from 20 to 1000 mVs™' is 19% and 16% for
aqueous and non-aqueous electrolytes, respectively. Further
increasing the scan rate to 12000 mVs™', the corresponding
areal capacitance further decreased to 0.37 mFcm™ in
organic electrolyte, which is 6% of the capacitance
measured at the lowest scan rate of 20 mVs™. This result
demonstrates a comparable specific capacitance and far
better rate capability of the electrode in organic electrolyte
when compared to the inorganic electrolyte. It may be
resulting from the well-integrated nanowire/nanoflower
hybrid nanostructure of the electrode and better chemical
compatibility of the CFC substrate with the organic
electrolyte.

The superior electrochemical performance of the Cos0,
symmetric supercapacitor was further investigated with the
galvanostatic charging-discharging measurements in both
aqueous and non-aqueous electrolytes. Typical charge-
discharge profiles observed at different current densities are
shown in Fig. 6(a&b). Both the graphs showed nearly
triangular shaped linear charge-discharge profile over the
measured potential limit confirming the capacitive

This journal is © The Royal Society of Chemistry 2013
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characteristics of the electrodes. In order to further
interrogate the specific capacitance and rate capability of the
electrode, the areal capacitance was estimated from
discharge curve using the equation (6):

C, = IAt/AAV (6)

Where [ is the charge/discharge current, ¢ is discharge time,
AV is the potential limit during discharge, and 4 is the active
area of the electrode. The calculated areal capacitance of the
electrode for the respective current densities is shown in Fig.
S6(c) and (d) for 3 KOH and 1 M TEABF,, respectively.
The average areal -capacitance of the symmetric
supercapacitor in aqueous electrolytes was found to be 7.8
mFem™? and 4.8 mFem™ at a constant current density of 0.2
and 1.2 mAcm? respectively. In the case of organic
electrolyte, the measured areal capacitances were 4.8 mFcm’
2 and 2.8 mFem™ for the respective current densities of 3 and
10.5 mAcm™. The decrease in the specific capacitance with
the current density is about 61% and 58% for aqueous and
non-aqueous electrolytes. This result further support the
specific capacitance observed from the CV measurements.
Both the devices have delivered high areal capacitance in
low current density and decreasing trend with increasing the
current density. This may be attributed to the more and easy
access of all the pores presented in the electrode at low
current density. In terms of current rate, supercapacitor in
organic electrolyte showed far better current rate (3 to 10.5
mAcm?) than the aqueous electrolyte. However, the
observed specific capacitance is quite low for organic
electrolyte. This may be due to the limited amount of larger
size of organic electrolyte ions (Etz;N', BF, in PC ~ 1.4
nm)’'accessing through the active mesopores in the
electrode material compared to larger amount of the smaller
size (K, OH ~0.5 nm)*? alkaline electrolyte ions.

The long term stability of the device was investigated by
repeated charge-discharge cycles. Fig. 6(c&d) shows the
cyclic performance of the symmetric supercapacitor tested in
both aqueous and non-aqueous electrolytes. Insets of the
figures 6(c&d) represents the repeated charge-discharge
profiles at constant current density. In aqueous electrolyte,
the continuous charge-discharge measurement carried out at
a constant current density of 1 mAcm™ and could preserve
54% of its initial capacitance at the end of 5000 cycles. The
limited capacitance retention in aqueous electrolyte may be
explained by an increased electrode resistance and
destruction of the microstructure. It was further confirmed
with the SEM images shown in Fig. S7(a-d) and S8(a-d)
(ESI) after stability test in aqueous and non-aqueous

J. Name., 2013, 00, 1-3 | 6
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electrolytes, respectively. After cycling test, the detachment
of nanowire/nanoflower microstructure was observed in both
electrolytes, which reduced the overall efficiency of the
device. From Fig. 6(d), it can be seen that cyclic stability of
the device is greatly improved in the organic electrolyte,
which showed 80% of capacitance retention after 10000
cycles. The enhanced cyclic stability in organic electrolyte
confirms superior electrochemical activity of our
Co0304/CFC hybrid electrode. This may be due to features
associated to the well-integrated hybrid microstructure and

RSC Advances
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intrinsic  characteristic of CFC including chemical
compatibility and superior electrical conductivity.

The electrochemical kinetics of Co;0,; symmetric

supercapacitor was further exemplified by electrochemical
impedance spectra (EIS). Nyquist plots of symmetric cell in
both aqueous and non-aqueous electrolytes measured before
and after cyclic test are shown in Fig. 7(a&b). Both the
graphs have shown similar impedance spectra over the
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Figure 6. Charge-discharge profile of Co30,/CFC based symmetric supercapacitor in 3 M KOH (a), 1 M TEABF, (b) and their corresponding cyclic performance (c & d).

measured frequency range. The EIS spectra consist of
visible semicircle in high frequency region and sloped
straight line in low frequency portion.’”*® The observed
semicircle is related to the charge transfer resistance (R.),
which contributes to the pseudocapacitance. Followed by the
semicircle, the sloped line associates the ion diffusion within
the electrode surface. Typically, the diameter of the
semicircle at high frequency region provides charge transfer
resistance of the electrode. The estimated R, value is
approximately 3.19 and 5.4 Q for aqueous electrolyte and
1.7 and 11.45 Q for non-aqueous electrolyte before and after
the cycle test. Interestingly, both the devices have exhibited
low charge transfer resistance even after the prolonged cycle
test, which indicates the superior electrical conductivity of

This journal is © The Royal Society of Chemistry 2012

the hybrid electrode. This result is in consistent with both
CV and charge-discharge measurements and demonstrate
good electrochemical performance of the Co;0, electrode in
non-aqueous electrolyte.

The energy and power performance of the supercapacitor are
the important factors for practical applications. Therefore the
energy and power density of the Co3;0, symmetric
supercapacitors have been evaluated for both aqueous and
non-aqueous electrolytes using following equations:*®

E=CV?/2U (7)

P = (E/t) (8)
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Where E is energy density, C is the areal capacitance, V is
potential limit, U is volume of the device, P is power density

Journal Name

and ¢ is discharge time. Fig. 7(c) represents the energy vs.
power performance of the symmetric supercapacitors in two
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Figure 7. Nyquist plot of fabricated symmetric supercapacitor in (a) 3 M KOH, (b) 1 M TEABF,, (c) Ragone plots (Energy vs. Power) for the device in 3 M KOH (Black)
and 1 M TEABF, (Red). (d) Opticalphotograph of a commercialized LED lighted by charged supercapacitorin 1 M TEABF,.

different electrolytes. These Ragone plots are only an
indication of energy and power densities of symmetric
supercapacitors fabricated using Cos;0, electrodes. Here
only the area based volumetric capacitance with respect to
the thickness of the electrodes and separator was taking into
account without including other cell components. The
estimated energy and power density of the symmetric
capacitors in aqueous and non-aqueous electrolytes based on
their areal capacitance are presented in Table 1 of ESI. In
case of aqueous electrolyte, the observed energy density is
low, which was only 3.2 mWhcem™ with the power outcome
of 295 mWem™ at a current density of 0.2 mAcm™. It has
shown an energy density of 2 mWhem™ with a power of
1800 mWem™ at 1.2 mAcm™ current density. Whereas, the
symmetric supercapacitor electrolyte has
delivered a much higher energy density of 4.2 mWhem™
with the power outcome of 1260 mWem™ at 3 mAcm’
Zcurrent density. Even at a current density of 10.5 mAcm™, it

in organic

retained a specific energy density of 2.4 mWhem™ at a high
power density of 4320 mWcm™. These values are far better
than the earlier report using H;PO4/PVA electrolyte®®, which

8 | J. Name., 2012, 00, 1-3

is due to the increase in potential window.*? In order to
demonstrate the practical usability of the device, we have
connected a red LED as shown in Fig. 7(d) and light it up for
few seconds while discharging, which indicates the potential
application of the device for various applications. To meet
practical requirements, capacitors packaged either in series,
in parallel, or in a combination of the two may be the viable
solution.”

In a view to practical application, we examined the
mechanical flexibility of the symmetric supercapacitor in
organic electrolyte system. The fabricated symmetric
supercapacitor is light weight and moderately flexible. Fig.
8(a) shows the CV curve measured at 500 mVs™ in repeated
bend position of 60° (see the inset image). Under stressed
position, the supercapacitor showed little disruption in the
CV curve, which indicates limited flexibility of the device.
Impedance analysis was carried out for repeated bending of
the device, which is shown in Fig. 8(b). Nyquist plots clearly
evidence the capacitive features of the device even at
stressed condition. However repeated bending varies the
charge transfer resistance as well as the solution resistance

This journal is © The Royal Society of Chemistry 2012

Page 8 of 10



Page 9 of 10

due to the mechanical deformation. Thereby, it can be
concluded that the device can be used for limited stressed

condition.
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Figure 8. CV curves measured with bending position in organic electrolyte at
500 mVs-1 (a) and Nyquist plot for the device measured at repeated bending
(b).

The interesting electrochemical features of hydrothermally
grown Co30, nanostructure/CFC electrode were possibly
due to their desired structural benefits. In brief, the highly
flexible and conducting carbon fibre cloth substrate provided
the good mechanical integrity and adhesion between
electroactive material and substrate during faradaic reaction.
Consequently, the nanosheet like petals of nanoflowers
offered the highly exposed surface for electrolyte contact,
which significantly enhanced the core-level redox process.
Furthermore, the ordered mesopore distribution with large
pore volume leaded to more ion diffusion within the
electrode. The direct contact between metal oxide and CFC
further supported the good electrical conductivity. Over all
from this investigation it can be inferred that the controlled
growth of Co3;04 nanostructure on CFC with the desired 3D
hierarchical flower like architecture can be used as a flexible
electrode for supercapacitor. The electrode showed good
chemical and mechanical feasibility in non-aqueous
electrolyte system and thereby it can be used for high energy
and power performance flexible supercapacitor.

Conclusions

In summary, we fabricated a hierarchical Co;04
nanowire/nanoflower  hybrid architecture by facile
hydrothermal approach and demonstrated as superior
electrode material for aqueous and non-aqueous electrolyte
based symmetric supercapacitor. As a binder free electrode
for supercapacitor, it showed a specific capacitance of 7.8
mFem™ and 4.8 mFem™ for 3 M KOH and 1 M TEABF,
respectively. When compared to aqueous electrolyte, the
symmetric supercapacitor in non-aqueous electrolyte
exhibits far better electrochemical reversibility towards long
term applications. Interestingly, the Co504
nanowire/nanoflower hybrid nanostructure showed enhanced
energy and power density in organic electrolyte with a
moderate potential range of ~ 2.5 V. Furthermore, the device
possesses reasonable mechanical flexibility under bending
conditions, which may lead to the potential fabrication of
flexible  energy  storage device. The  achieved
electrochemical performance of the electrode mainly due to

This journal is © The Royal Society of Chemistry 2012
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the advantages came through their desired 3D hierarchical
hybrid architecture, high surface area, good -electrical
conductivity, and well integration of Co;0,4 with CFC.
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