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This study reports the electrochemical performance of pseudosupercapacitor electrodes composed of cubic phase Co;0, nanoparticles,
reduced graphene oxide (rGO) and functionalized MWCNTSs based nanocomposites. The Co;0,/rGO/CNT nanocomposites have been
synthesized using hydrothermal method and EPD technique has been used to make binder free electrode of the nanocomposite materials
for supercapacitor application. The effects of graphene oxide (GO) concentrations and the ratio of GO/CNTs on the electrochemical
performance of the nanocomposite material have been investigated. From the experimental results, the Co;0,/rGO/CNT nanocomposite
synthesized with 2 mg/mL GO concentration and 10:1 GO/CNT ratio exhibits good specific capacitance of 850 Fg' at 5 mVs™ scan rate
and 790 Fg™' at 1 Ag™', excellent rate capability and good cyclability in 1 M KOH.  Furthermore, we have successfully designed an
aqueous electrolyte-based asymmetric pseudocapacitor using Co;04/rGO/CNT nanocomposite as an anode and N—doped graphene
nanocomposite as a cathode. The operating voltage of our optimized asymmetric pseudocapacitor is 1.4 V and it exhibits the maximum

energy density and power density of 19.6 Whkg' and 7250 Wkg™', respectively. These results suggest that our EPD grown

nanocomposite binder free electrode and our designed asymmetric pseudocapacitor have a good potential for practical applications

1. Introduction

In response to the ever-growing demand for energy, the limited
fossil fuel and environmental issues like global warming, the
renewable energy resources like solar, wind and hydro energy
have become a focal point of the leading world powers and
scientific community." To utilize renewable energy resources
effectively i.e., to get perpetual supply from them some efficient
energy storage devices like Dbatteries, fuel cells and
supercapacitors (SCs) etc are needed, which could be coupled
with renewable energy sources to manage the demand and supply
of energy.” Thus recently energy storage devices, particularly, Li
ion batteries and SCs have gained gigantic attention over others
due to their good energy density, power density and relatively
low cost. SCs possess high power density (> 10 kWkg™) and long
cycle life (> 10° cycles) and fast galvanostatic charge discharge
(GCD) response (within seconds) but exhibit poor energy density
in comparison to the rechargeable batteries, which has restricted
their potential commercial applications.”® Therefore, in the recent

years much research efforts are focused on increasing the energy
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density of SCs to meet the future energy demands without
sacrificing their excellent power delivery and cycle stability.

The energy density (E) of SCs depends on intrinsic
capacitance (C) of active materials and on the applied voltage (V)
according to following relation, E = 1/2 CV? It implies that
energy density (E) can be increased either by increasing the
specific capacitance of the material or operating voltage.
However, increasing the operating voltage (V) will be more
effective than increase in capacitance (C) as suggested by the
above relation.” The SCs operating voltage depends on the active
material used for the electrode fabrication and electrolyte’s
stability window. For aqueous electrolytes the stable SCs voltage
window is 0.6 — 1.2 V (theoretical decomposition voltage of
water, 1.23 V), for organic electrolytes it is in the range of 2.2 —
3.5 V and for ionic liquids it varies from 2.6 to 4.5 V.2 However,
in comparison to aqueous electrolytes the organic electrolytes and
the ionic liquids based electrolytes are generally more expensive,
hazardous to the environment, and having low ionic conductivity
and higher specific resistance limit the performance of SCs.” On

the other hand, aqueous electrolytes have excellent ionic
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conductivity, which reduces the internal resistance and thus allow effect in the Co304/rGO/CNT nanocomposite makes the SCs

faster charging/discharging process. Moreover, in view of low- s exhibiting good electrochemical properties. In addition to it we

cost, environmental friendly synthesis, safety issues and have designed an electrolyte-based

C03 O4/rGO/CNT

aqueous asymmetric

convenient assembly in air aqueous electrolytes have become pseudocapacitor ~ based  on ternary
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very attractive for electrochemical capacitors.'® On the basics of
charge storage mechanism, there are mainly two types of SCs,
one is termed as electric double layer capacitors (EDLCs) and
other kind is pseudocapacitors or faradic SCs. In the first one
charges are stored via ion absorption/desorption process at the
electrode-electrolyte interfaces, e.g., carbon-based materials,
while in the later one charges are stored through fast, reversible
redox reactions on the surface of the material, e.g., metal oxides
and conductive polymers. Generally, EDLCs possesses higher
power density while faradic SCs exhibits better specific
capacitance and higher energy density.'"'?

Recently, much research efforts are focused on designing
asymmetric pseudocapacitor that bring both the EDLC (negative
electrode material) and pseudocapacitive (positive electrode
material) behaviors together.">'> Asymmetric pseudocapacitor is
a two-electrode configuration, which is operated at a suitable
wider potential window that depends on the combined compatible
operating voltages of the negative and positive electrodes. The
wider potential window in asymmetric pseudocapacitors leads to
high energy density without compromising the high power
density of the system.

Up to now, supercapacitive properties of various
Co304/carbon materials (CNT, graphene) nanocomposites have
been investigated and results suggest that synthesis procedures
and electrode preparation techniques are the key factors which
greatly influence the electrochemical properties of such
systems.'®!” Presently, due to absolute mesoporous structure,
remarkable accessible surface area, high conductivity and
excellent chemical stability the carbon materials like CNTs and
graphene are among the most attractive materials for
supercapacitors research.'® It has been reported that nitrogen
doping in graphene significantly enhance its pore volume,
electrical conductivity, surface area and mechanical strength and
hence improve its electrochemical performance.'”

In this study, we have synthesized hybrid nanocomposites
of Co30,4 with reduced graphene oxide (rGO) and MWCNTs via
hydrothermal route and a simple electrophoretic deposition

(EPD) technique has been utilized to make binder free
Co0304/rGO/CNT nanocomposite electrodes. The synergistic
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nanocomposite anode, and N-doped graphene cathode. The
present strategy has been employed to utilize the unique
properties of each electrode material, which make the SCs

exhibiting good energy and power densities.

2. Experimental

2.1. Synthesis of GO

The starting material, graphene oxide (GO) was synthesized by
the chemical oxidation of graphite flakes in a mixture of H,SO,
and H3;PO,. The whole experimental procedure was first reported
by Marcano et al. .2' The obtained solid GO sample was dried in
a vacuum oven at 45°C for 3 days and then dispersed in D. I.
water using bath sonicator to obtain desired concentrations

(mg/mL).

2.2 Purification of CNTs

The commercial MWCNTs (specific surface area: 40 — 300 m’g”’,
length: 5 — 20 um) were purified by refluxing them in 70% nitric
acid solution at 90°C for 24 h. After reaction, mixture was
filtered over nylon membrane filter (0.2 pm) and washed by
excess of D. I. water until pH became neutral. Such obtained
purified and functionalized MWCNTs were dried in an oven at

100°C for 12 h before further use.

2.3 Synthesis of Co3;04,/rGO/CNTs nanocomposites

Well known hydrothermal approach was followed for the
synthesis of Co3;04rGO/CNTs nanocomposites. First, GO
dispersions in water with different concentrations (1, 2 and 4
mg/mL) were prepared via ultrasonication, after that purified
CNTs were ultrasonically dispersed well in 40 mL GO
dispersions. Here, ratio of GO/CNT was kept constant (10:1) and
~ 150 mg of Co(NOs),*6H,0 was mixed in 40 mL GO/CNT
dispersions and stirred for 1 h, after that, certain amount of urea
was added into it and the resultant mixture was further stirred for
1 h. The pH of this mixture was adjusted to 10 by ammonia
solution and then it was transferred into a 50 mL Teflon-lined
sealed stainless steel autoclave. The reaction temperature was
maintained at 180°C for 8 h. After hydrothermal reaction,

material was collected via filtration and washed several times

ss with excess amount of water and ethanol. Final product was first
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dried in vacuum oven at 80°C and then annealed at 300°C in N,
environment for 3 h. Here, in the synthesis of all the samples,
same amount of Co (NOs),*6H,0 was used keeping the ratio of
GOlurea invariable. Depending on the GO concentrations used in
the synthesis i.e. 1, 2 and 4 mg/mL, samples are labeled as
1GCoC, 2GCoC and 4GCoC, respectively. For comparison and
to study the effect of CNTs concentrations on the electrochemical
properties of the nanocomposite, we have synthesized two more
samples with varying ratio of GO/CNT i.e., 10:0 and 10:2 for
fixed GO concentration (2 mg/mL) and these samples are labeled

as 2GCo and 2GCo2C, respectively.

2.4 Synthesis and fabrication of crumpled N-doped graphene
electrode

In the present work, the crumpled N—doped graphene (N-rGO)
was synthesized as reported previously.”’ Briefly, 120 mg GO
was dispersed well in 100 mL D. 1. water via ultrasonication after
that 10 mL 50% cyanamide (NH,CN) solution was added into it
and the resulting mixture was dried at 90°C with stirring. The
obtained gray powder (GO-NH,CN) was first heated at 400°C
for 1 h in air and after that at 920°C in an inert ( N, 97% + H,
3%) environment for 3 h.

For electrode fabrication, homogeneous slurry was made
after mixing N-rGO powder, super P (conducting carbon) and
PVDF (binder) in the ratio of 85:5:10 wt%. First, PVDF was
allowed to dissolve in NMP solvent via stirring and after that an
appropriate amount of N-rGO was added into it and the mixture
was further stirred for 10 h. The obtained homogeneous slurry
was coated on to ~ 1 cm? area of Ni foam substrate with the help
of drawing brush. The electrode was dried in a vacuum oven at
70°C for 10 h and then pressed to be a thin foil at 10 MPa for 5
min. Before use Ni foam substrate was cleaned with acetone and

etched in 3 M HCI solution.

2.5 Fabrication of Co;0,/rGO/CNT electrodes

To prepare working electrodes, Co;0,/rGO/CNT nanocomposites
were deposited on the etched and cleaned Ni substrates (10x30x1
mm) via electrophoretic deposition (EPD). To make Ni surface
rough and clean, it was first etched in 10% HNO; for 30 min and
then washed with plenty of water and dried in a vacuum oven at
100°C for 12 h. For EPD process, the nickel foil substrate and a
platinum electrode were positioned face-to-face in the electrolyte
solution at a distance of 1 cm aside and used as cathode and

anode electrodes, respectively. To make electrolyte for EPD, ~

45
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0.1 g Co304/rGO/CNTs nanocomposite powders were dispersed
well in a solution of 80 mL isopropyl alcohol (IPA) via
ultrasonication for 30 min and 0.2 mL 37% HCI solution was
added in it to make the surfaces of composite nanoparticles
positively  charged. For electrophoretic ~ deposition  of
Co0304/rGO/CNTs nanocomposites, a constant DC voltage of 50
V was applied between Ni substrate and Pt electrode in the well
dispersed electrolyte solution for ~ 2 min. After EPD, obtained
uniform Co;0,/rGO/CNTs nanocomposite film on Ni substrate
was dried in an oven at 100°C for 8 h. The weight of the active
nanocomposite film on the Ni substrate, as measured by the
microbalance (PRECISA XR125SM-FR) with an accuracy of 0.1
pg, was ~ 0.2 mg. Same EPD process with identical conditions,
as described above, was used to fabricate the electrodes of all
nanocomposite samples, namely, 1GCoC, 2GCoC, 4GCoC,
2GCo2C and 2GCo. The scheme of nanocomposite synthesis and

electrode fabrication is shown in Fig. 1.

‘(:‘ = @] —~ EPD Technique
frost !
? At 180°C for 8h
s | 5‘ Ph=10 Hydrothermal
Il ¢
S/
s
. B
0(NOs) 6H,0
|
T Afterwashing and
o) alin
e
ks .\ :‘,!‘ Electrode

Fig. 1. Scheme of Co;04/rGO/CNT nanocomposite synthesis and

the process of electrodes fabrication.

2.6 Fabrication of asymmetric pseudocapacitor system

The Asymmetric pseudocapacitor cell was successfully designed
in a simple two-electrodes configuration using crumpled N-
doped graphene electrode as a cathode and 2GCoC
nanocomposite electrode as an anode. Here, in order to avoid the
direct contact between anode and cathode a separator (DuPontTM
Nafion® NRE211 membrane) was sandwiched between them.
After pressing, 1 M KOH electrolyte solution was infiltrated into
the assembly with a syringe, until all air was replaced. On the
basis of specific capacitances, calculated from the CV curves in a
three—electrode cell, the loading mass ratio of active anode
(2GCoC) and active cathode (N-rGO) materials for the
fabrication of two—electrode asymmetric pseudocapacitor was
estimated to be 0.287. In this asymmetric cell the mass loading of

the active cathode and active anode materials were 0.7 mg and

This journal is © The Royal Society of Chemistry [year]
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0.2 mg, respectively. The mass of each sample was measured by

a high precision microbalance (PRECISA XR125SM-FR) with an

different scan rates and current densities. The specific capacitance
(Fg") from CV curve was determined using the following

accuracy of 1 pg. A schematic diagram and a digital photograph 4 equation:

=

of our designed asymmetric cell are shown in Fig. 2. J'j/ 1(E)dE

. ey
m-v-(E, —E,)

(a)

where Ei and Ef, respectively, are the initial and the final voltages
in the CV analysis, (Ef — Ei) is the potential window width, I (E)
is the oxidation or reduction current (in amperes), m is the mass

45 of active material and v is the scan rate.

o

0,0 The following equation was used to calculate the specific
Com,. GO/C\'T

%0,/
'Posite

Currey, ¥
urrenlmllem,r

capacitance (Fg") from GCD curve:
1At
C =
AV -m

Fig. 2. (a) Schematic of the structure of an asymmetric

Co304/rGO/CNTs

2

supercapacitor  cell  consisting  of

nanocomposite, N-rGO, a separator and two current collectors, . . . . .
where m is the mass of active material, AV is the potential
and (b) digital photograph of the cell.

so window for a full discharge, I is the discharge current and At is

3

2.7 Structural characterization the time for a full discharge.

To check crystallinity and to perform microstructural analysis, all
. . The EIS was studied over the frequency range of 0.1Hz —
the synthesized nanocomposite

examined via X-ray diffractometer (XRD, Bede D,) and field-

samples were thoroughly

100 KHz at an open circuit voltage with AC amplitude of 5 mV.

emission transmission electron microscope (FE-TEM, JEOL

55 3. Results and discussion

b

JEM-2100F). The surface morphological investigations were
3.1 Compositional and Morphological studies

The powder X-ray diffraction (XRD) patterns of GO, rGO, Co;0,
and Co30,/rGO/CNTs nanocomposites (1GCoC, 2GCoC, 4GCoC

carried out using Field emission scanning electron microscope
(SEM, Hitachi SU8010). The specific surface area, pore size and
pore size distribution of the nanocomposite sample were

measured by BET surface area analyzer (BET, ASAP 2020). To synthesized with 1, 2, 4 mg/mL GO concentrations, respectively)

6

S

know the content of Co;0; in the composite material, thermal- powder samples are shown in Fig. 3. It can be seen in Fig. 3a that

the XRD pattern of GO possesses a characteristic intense peak

(001) at 26 = 9.829° with a layer—to—layer d—spacing of 0.8465

gravimetric analysis was executed from 50 to 900°C at 3°C min’'
ramping rate under air environment using thermogravimetric

analyzer (TGA, TA Instruments Q500). nm. Here in  the

hydrothermal synthesis process of

nanocomposites, urea works as the reducing agent for GO. To

¢s make pristine rGO sample, we took GO solution with an

A

2.8 Electrochemical testing

22,23

optimum GO/urea mass ratio (1:1) and followed the same

To The electrochemical performance of Co3;04/rGO/CNTs
synthesis conditions as described above. Fig. 3a shows that after

the reduction of GO to rGO by urea the GO peak at 20 = 9.829°

nanocomposites based pseudocapacitors were analyzed by cyclic

voltammetry (CV), galvanostatic charge/discharge (GCD) and

vanishes and a broad peak (002) with a d—spacing of 0.3585 nm

electrochemical impedance spectroscopy (EIS) using CH

7

S

&

Instruments 618B electrochemical analyzer at room temperature.
For electrochemical testing a three-electrode set-up was used,
which contained a saturated calomel reference electrode (SCE), a
counter electrode of platinum sheet, a working electrode of EPD
grown Co;0,/rGO/CNTs nanocomposite film and an aqueous
electrolyte solution of 1 M KOH. The CV and GCD data were
recorded in the potential range of -0.1 — 0.45 V versus SCE at

emerges at 20 = 15 to 35°. The higher d—spacing value of the GO
sample is attributed to the presence of a single-molecule—thick
layer of water molecules that intercalate between the GO sheets
attached along with other oxygen-containing functional groups.**

The broad peak in the XRD pattern of rGO sample suggests the

75 presence of poor ordering of the rGO sheets along their stacking

direction. In Fig. 3b the XRD pattern of Co;0, clearly

4|Journal Name, [year], [vol], 00—00
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demonstrates the presence of Co30, nanoparticles via the
characteristic sharp peaks that are representative of the (111),
(220), (311), (222), (400), (422), (511) and (440) planes of the
cubic phase of Co304 ( JCPDS No. 42-1467). As shown in Fig.
3b, all the peaks of Co;0O, cubic phase appear in all the
synthesized Co;04/rGO/CNT nanocomposites (1GCoC, 2GCoC,
4GCoC). A rectangle region “A” around 26 =~ 25° verifies the
existence of rGO in the nanocomposite samples, as the bump in
this region is increasing with increase in the GO concentration
from Img/mL to 4 mg/mL (Fig. 3b). The average grain sizes of
pure Co;04, 1GCoC,

T T T T
——4GCoC, — Co 0,
—2GCoC;— 1GCoC |

Intensity (a.u.)
Intensity (a.u.)

40 50 10 20 30 40 50 60 70 80
20(degree)

1 2
10 20

za(dé‘“ree)
Fig. 3. XRD spectra of (a) synthesized graphene oxide (GO),
reduced graphene oxide (rGO), and (b) Co;0, and its composites
with CNTs and different GO concentrations.

The average grain sizes of pure Co;0,4, 1GCoC, 2GCoC, 4GCoC
nanocomposite samples were determined utilizing Debye—
Scherrer formula (equation 3)
. 0.94
pcosb

where B represents the full width at half maximum (FWHM) of

3)

X-ray peak in radians, A is the wavelength (0.15406 nm for Cu
Ka radiation) of the X-ray used and ‘t’ is the crystallite size. For
grain size measurements same (311) XRD peak of all the samples
has been used. On applying the above formula, the calculated
values of the average grain sizes for C030, 1GCoC, 2GCoC,
4GCoC nanocomposites are ~ 23, 9, 7 and 10 nm, respectively.
We observe that 2GCoC sample possesses smallest in-plane
crystallite size (~ 7 nm) among the four test samples. Generally,
smaller grain size possesses larger surface area, which being
intimately associated with the surface reactions plays an eminent
role in deciding the specific capacitance of the material.”>*®
During electrochemical investigations, among all samples
2GCoC exhibits better electrochemical performance, therefore,
we further examine 2GCoC sample by FESEM, BET, TGA and
TEM.

Fig. 4 represents the FESEM, TEM and HRTEM images
of the 2GCoC nanocomposite sample. Fig. 4a is the FESEM
image of the sample and it shows that in the nanocomposite

40 C030,, rGO sheets and CNTs are mixed well and in proper
contact with each other. The TEM images, Figs. 4b and 4c¢ show

Fig. 4. (a) FESEM image of 2GCoC nanocomposite, (b) and (c)
TEM images of the composite, and (d) HRTEM image of the

45 nanocomposite material.

that the rGO sheets and the CNTs are uniformly decorated with
Co050, nanoparticles. The size of the nanoparticles is around 10
nm and this result is consistent with the XRD data, i.e. each
nanoparticle is a single grain. Fig. 4d is the HRTEM image of the

so sample, it shows that the rGO sheet is about 3 — 4 layers thick.
Generally, thermogravimetric analysis (TGA) is executed
to know the thermal stability of the material and to determine the
content of constituent materials in the compositions material. Fig.
5a shows the TGA graph of 2GCoC nanocomposite recorded in
ss air environment at a ramp rate of 3°C min™' in the range of 50 —
900°C. The 8.5% weight loss of the sample between 50 — 250°C,
owing to the evaporation of surface absorbed water and to the
removal of interlayered water molecules. However, the additional
weight loss in the range of 300 — 620°C is ascribed to the
s decomposition of hydrophilic functional groups, attached with the
rGO/CNTs surfaces during synthesis and acidic purification
processes, and to the thermal decomposition of carbon material
(rGO/CNTSs) present in the composite.”*° TGA analysis indicates

that the residual weight of the 2GCoC nanocomposite represents

This journal is © The Royal Society of Chemistry [year]
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the content of Co;04 nanoparticles attached with the surface of

rGO sheets and CNTs and it was calculated to be ~ 80%.

100 1 35[® " <o~ Adsorption,~0= Desorption
70,0014
— ]
o
g So.00n2f |}
_ Bt T[]
) 1 2,00 Zo0000H ] peee,
£ 5 % Y P
] 120 2 36 9 12 15 184
3 ; = Diameter (nm)
1 210}
g
g
4 O 5F
0 ;
600 00 02 04 06 08
Temperature (°C) Relative pressure (P/P))

Fig. 5. (a) TGA curve of 2GCoC nanocomposite recorded in air
sat ramp rate of 3°C min”', and (b) N, adsorption—desorption
isotherm and inset shows the pore size distribution curve of the

2GCoC nanocomposite.

Fig. 5b demonstrates the typical nitrogen adsorption
/desorption isotherm of the 2GCoC nanocomposite sample. The
10 presence of notable hysteresis loop in the isotherm is attributed to
the existence of mesopores between composite nanoparticles. The
analysis of nitrogen sorption results reveal that the 2GCoC
nanocomposite possesses BET surface area equal to 121 m’g”, a
narrow mesoporous distribution at around 1.9 — 4.3 nm and the
15 average pore size 17.5 nm with dominant pore size of 2.4 nm
(mesopores) as shown in the inset of Fig. Sb. It has reported as
the size of hydrated ions in the electrolyte solution lies in the
range of 6 — 7.6 A, the pore size distribution of the material in the
range of 8 — 50 A is the most desirable aspect to increase the

specific capacitance of the composite material.*!

)
S

To get suitable composition of the constituent materials in
a nanocomposite for better supercapacitor performance, various
samples were synthesized via hydrothermal process and their
electrochemical properties were investigated through cyclic

voltammetry (CV), galvanostatic charge/discharge (GCD) and

I
S

electrical impedance spectroscopy (EIS) measurements in 1 M
KOH electrolyte. Fig. 6 shows the electrochemical performance
of 1GCoC, 2GCoC and 4GCoC nanocomposite electrodes. The
CV curves of all the samples possess a sharp redox peak, which
30 corresponds to the electrochemical charge transfer reactions Co>*
/Co*" (equation 4) ( Fig. 6a) >
Co,0, + H,0+O0H™ «>3CoOO0OH +e” “

It implies that in these nanocomposite samples pseudocapacitive
charge storage mechanism is dominant, in which charge storage

35 process takes place due to reversible redox reactions occurring on

the surface of the active material. The effect of GO concentration
on the specific capacitance of the nanocomposite samples is
shown in Fig. 6b. The specific capacitances of the samples
synthesized with 1, 2 and 4 mg/mL GO concentrations calculated
s from the CV data at the scan rate of 5 mVs™ are 156, 850 and 408
Fg', respectively. Fig. 6¢c shows the charging and discharging
(GCD) curves of all the three samples measured at the current
density of 1 Ag™ in the potential window of -0.1 — 0.45 Vin 1 M
KOH aqueous electrolyte at 25°C. In these curves, the nonlinear
ss behavior of the GCD curves verifies the results from the CV
measurements and confirms that the main contribution to the
capacitance comes from the redox reactions at the surface of

Co0304 nanoparticles in the composite.

T T T B T T T T T
30f(a) Scan rate SmVs ! -'TMWJ tb) —-2GCoC, —s— 1GCoC
st —2GCoC, ——4GCoC 4 = 800+ ——4GCoC
T =
:”20 F —1GCoC 1870f
s 1= .0
z i
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so Fig. 6. (a) CV curves of 1GCoC, 2GCoC and 4GCoC samples in
1 M KOH at a scan rate of 5 mVs™, (b) specific capacitance as
calculated by CV curves (c) GCD curves at current density of 1
Ag™, and (d) Nyquist plots of the samples.

Fig. 6d represents the Nyquist plots of 1GCoC, 2GCoC and

5

b

4GCoC nanocomposite samples as obtained from EIS. These
curves reveal characteristic features of the electron transportation
between the electrolyte and the electrode surface. The effective
series resistance (ESR) or solution resistance (Rs) (the point

6 where Nyquist plot intersect the Z'—axis in the range of high

S

frequency) is the collective resistance of ionic resistance of
electrolyte, intrinsic resistance of substrate and active electrode
material, and contact resistance at the electrode and current
collector interface. Rs is inversely proportional to the power

os density therefore smaller the value of ESR better will be the
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power density of the system.** From EIS curve the values of Rs
for 1GCoC, 2GCoC and 4GCoC nanocomposite electrodes come
out to be 1.89, 1.79 and ~ 1 Q, respectively. Here, we simply
conclude that on increasing the concentration of graphene oxide

s (mg/mL) composite, the internal resistance of the composites is
decreasing.

To explore the importance of CNTs in the above
synthesized nanocomposite samples, we changed the
concentration of CNTs in our best nanocomposite sample, i.e.

10 2GCoC, keeping all other parameters invariable. We synthesized
two more samples, namely, 2GCo, and 2GCo2C in addition to
2GCoC sample and compare their electrochemical performances.
Sample 2GCo is without CNTs, in 2GCoC the ratio of GO/CNTSs

is 10:1 and in 2GCo2C the ratio of GO/CNTs is 10:2. The

15 electrochemical performances of these samples are shown in Fig.

7. The CV curves in Fig. 7a show that in all the samples, the

T T

T T
[@ 3
(@) Scan rate SmVs L

-~
= 25} 2GC0C, — 2GCo,— 2GCo2C

[(b) T T T T ]
L —4— 2GCoC,—4— 2GCo2C,—=— 2GCo

samples at the scan rate of 5 mVs™ in the potential window -0.1 —
0.45 V and in 1 M KOH aqueous electrolyte come out to be 230,
850 and 353 Fg!, respectively. Fig. 7c represents the GCD curves
for 2GCo, 2GCoC and 2GCo2C nanocomposites measured at the
current density of a 1 Ag”'. The Nyquist plots of 2GCo, 2GCoC
and 2GCo2C nanocomposites, as obtained from EIS, are shown
in Fig. 7d. These curves show that the value of Rs for these
nanocomposites is decreasing with increasing the concentration
of CNTs in the sample. From the magnified region “A” of the
curves, the value of Rs for 2GCo, 2GCoC and 2GCo2C
nanocomposites are 1.79, 1.76 and 1.75 Q, respectively (Fig. 7d).
Synthesis parameters and electrochemical properties of all the

samples have been summarized in Table 1.

Sample GO GO:CNTs __ ESR (Rs)  Discharge  Csat
(mg/mL)  (em™) @ Time (sec)  SmVs’
2GCo 2 10:0 1.8 84 230
2GCoC 2 10:1 1.76 434 850
1GCoC 1 10:1 1.89 79 156
4GCoC 4 10:1 <1.5 154 408
2GCo2C 2 10:2 1.75 117 353
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Fig. 7. (a) CV curves of 2GCo, 2GCoC and 2GCo2C samples in
1 M KOH at a scan rate of 5 mVs™, (b) specific capacitance as
20 calculated by CV curves, (¢) GCD curves at current density of 1
Ag™', and (d) Nyquist plots of the samples and inset shows the

magnified “A” region.

charge storage mechanism is governed by pseudocapacitive
»s behavior. The effect of GO/CNTs ratio on the specific
capacitance of the nanocomposites is shown in Fig. 7b. We
observe that in all the synthesized samples GO/CNT ratio 10:1 is
optimum because the sample, 2GCoC, having this ratio exhibits
highest specific capacitance. The specific capacitance values

30 calculated from the CV data for 2GCo, 2GCoC and 2GCo2C

45

o
a

From the above discussion, we conclude that 2GCoC
sample, synthesized with 2 mg/mL GO concentration and
GO/CNTs ratio 10:1, exhibits highest specific capacitance. Now,
to get additional information concerning the pseudocapacitive
nature and electrochemical behavior of 2GCoC nanocomposite,
we executed the detailed analysis of CV, GCD, and long-term
stability test for this sample in a three electrode configuration
cell. Fig. 8a shows the CV curves with different scan rates in the
potential window -0.1 — 0.45 V in 1 M KOH aqueous electrolyte
at room temperature. It can be seen, as the scan rate increases, the
redox peaks become less conspicuous, manifesting the slow
faradaic reactions mainly occur at low scan rate values. It is
evident that with the increase in scan rate, due to electrochemical
polarization, the cathodic and the anodic peaks in the CV curves
shift towards lower and higher potential regions, respectively. It
represents the quasi-reversibility feature of the redox reactions in
the system.>
different scan rates of 5, 10, 15, 25, 50, 75 and 100 mVs"! are
850, 790, 740, 660, 552, 495 and 403 Fg'l, respectively.

The calculated specific capacitance values at
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Fig. 8b depicts the charge/discharge behavior of 2GCoC
nanocomposite electrode at different current density values and

similar to CV results it also verifies the pseudocapacitive nature
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Fig. 8. (a) CV curves of 2GCoC in 1 M KOH at scan rates of 5,
10, 15, 25, 50, 75 and 100 mVs™! , (b) GCD curves at current
density of 1, 2, 3, 5, 8, 10, 15 and 20 Ag”, (c) cycling stability
test at current density of 2 Ag”' and inset shows the GCD curves
of 1st and 1000th cycles, and (d) Nyquist plots before and after
stability test.

of the composite material. The specific capacitances, calculated
from GCD curves employing equation 2, at current density values
of 1,2,3,5,7,10, 15, 20 and 25 Ag'1 come out to be 790, 738,
709, 682, 650, 638, 600, 585 and 568 Fg'l, respectively as shown
in Fig. S1 (see supporting information). Furthermore, we do not
observe any noticeable deformity in the GCD curves with
increase in the current density, referring the 2GCoC
nanocomposite electrode is well tolerant. For 2GCoC
nanocomposite, the capacitance value of 790 Fg' at 1 Ag™’ is
higher than the capacitance values reported for several
Co0304/rGO nanocomposites, as can be seen from the Table S1
(Supporting Information). The capacitance retention of the
2GCoC nanocomposite electrode is ~ 81 % when the current
density was increased from 1 Ag” to 10 Ag”, indicating 2GCoC
nanocomposite possesses excellent rate capability. This
remarkable rate capability of the 2GCoC nanocomposite
electrode can be attributed to the mesoporous structure and
conducting network formed by rGO sheets and CNTs in the

nanocomposite, which allow rapid electron transportation to and

from the electrochemically active sites. The long cycle stability is
another important parameter for evaluating the electrochemical
performance of the electrode material. The cyclic stability of the
35 2GCoC nanocomposite was evaluated for 1000 cycles in 1 M
KOH electrolyte at a constant GCD current density of 2 Ag™
(Fig. 8c). It can be seen that after 1000 charge/discharge cycles,
the 2GCoC nanocomposite can retain ~ 73% of initial capacitance
value. This attenuation in the capacitance value during long cycle

40 test is ascribed to the redox reactions occurring at the electrode

=

surface. The inset in Fig. 8c shows the GCD curves of 1% and
1000™ cycles. The shape of the curve has not changed much after
1000 cycles. During long cycle test the electrochemically active
sites in the electrode material are gradually consumed, and the

4

o

internal resistance of the electrode has increased as shown in Fig.
8d.

Further, we have designed an asymmetric supercapacitor
(ASC) using 2GCoC nanocomposite electrode as an anode and
crumpled N-doped graphene (N-rGO) as a cathode. Fig. 9a
so represents the XRD spectra of GO and N-rGO. It shows that GO

has completely reduced during synthesis process. Fig. 9b is the
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Fig. 9. (a) XRD spectra of GO and N-rGO, (b) TEM images of
the N-rGO and inset shows the HRTEM image taken at point
ss “A”, (c) CV curves of N-rGO sample in 1 M KOH at scan rates
of 5, 10, 50, 75 and 100 mVs™' and inset shows the specific
capacitance calculated from CV curves, and (d) GCD curves at

current density of 1, 2, 3, 5 and 10 Ag"l.

6 TEM image of crumpled N-rGO and inset shows the HRTEM
image of it. Fig. 9b reveals that our synthesized crumpled N-rGO
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sample mostly consists of bilayers. Fig. 9c shows the CV curves
of crumpled N-rGO with different scan rates in the potential
window -0.8 — 0 V in 1 M KOH aqueous electrolyte at room
temperature. It reveals that N-rGO possesses specific capacitance
sof 167 Fg' at 5 mVs"' and 156 Fg' at 10 mVs™'. Fig. 9d
represents the GCD curves of N-rGO at different current
densities.
For asymmetric supercapacitor, the charge balance is done
following the relationship of q+ = g-, where q+ and q- are the
10 charges stored in positive and negative electrode.’>*® The charge
storage of each electrode depends on mass of electrode (m),
specific capacitance (C) and potential window of charge-
discharge process (AE) following the relation given in equation
&)
15 q=CxAExm (5)

Considering charge balance g+ = g-, the mass balance will be

m, _C xAE 6)
m_ C,xAE,
The specific capacitances (Cs) of 2GCoC and N-rGO samples
calculated at 10 mVs™ are 790 Fg™' (-0.1 — 4.5 V) and 156 Fg' (-
20 0.8 — 0V), respectively. On substituting these values in equation
(6), the calculated optimal mass ratio in ASC is 0.287.

Fig. 10a shows the typical CV curves of optimized
asymmetric pseudocapacitor at different scan rates in the
potential window 0 — 1.4 V in 1 M KOH aqueous electrolyte at

25 room temperature. It is observed, as the scan rate increases, the
total current increases and all the CV curves look like quasi-
rectangular. Fig. 10b represents the specific capacitance of
asymmetric pseudocapacitor calculated at different scan rates.
The calculated specific capacitance values at different scan rates

s of 5, 15, 25, 50, 75, 100, 125 and 150 mVs™ are 91, 80, 71, 67,
64, 62, 60 and 59 Fg', respectively. Here, to calculate specific
capacitance total mass of active materials on the electrodes has
utilized. Fig. S2 (see supporting information) shows a linear
relationship between average peak current and square root of scan

s rate, exhibiting mass transport controlled process in the

system.”‘38

Fig. 10c depicts the GCD behavior of the asymmetric
pseudocapacitor at various current densities. From the GCD
curves, the specific capacitances at current densities of 1, 2, 3, 5,

40 7 and 10 Ag'1 come out to be 71.4, 70, 68.6, 67.2, 66 and 64.3 Fg
!, respectively. The capacitance retention of the asymmetric

pseudocapacitor is ~ 90% when the current density was increased

from 1 Ag’ to 10 Ag™, indicating asymmetric pseudocapacitor
possesses excellent rate capability. We observe a linear
ss relationship between IR drop and current density (Fig. S3,
supporting information). From the linear fit we conclude that this
asymmetric pseudocapacitor has small internal resistance, which
favors a high discharge power delivery in the practical

applications.
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Fig. 10. (a) CV curves of asymmetric supercapacitor in 1 M KOH
at scan rates of 5, 25, 50, 75, 100, 125 and 150 mVs™, (b) specific
capacitance calculated from CV curves, (c) GCD curves at
ss current density of 1, 2, 3, 5, 7 and 10 Ag”, and (d) cycling
stability test at current density of 1 Ag™" and inset shows last 10

GCD cycles.

Fig. 10d represents the long cycle stability test of

e asymmetric pseudocapacitor performed for 2000 cycles in 1 M

KOH electrolyte at a constant charge/discharge current density of

1 Ag’l. After 2000 GCD cycles, the asymmetric pseudocapacitor

retains ~ 75% of initial capacitance value, which demonstrates a

good cyclic performance. The inset in Fig. 10d shows the last 10

6s cycles, which still possesses a good symmetric charge/discharge
characteristic feature proving the long period durability.

Furthermore, On the basis of the charge/discharge test

results, the power density (Wkg™') and energy density (Whkg™") of

asymmetric pseudocapacitor are also calculated using the

7 equations (7) and (8), respectively.*’

! 2 @)
E=——Cy(AV
2%3.6 s
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P=L 3600 ®)
Al

where AV is the potential window, t represents discharging time
(s). The values of energy density and power density calculated on
the basics of equations (7) and (8) are plotted in Fig. 1la. It
s shows that asymmetric pseudocapacitor exhibits maximum
energy density 19.6 Whkg' and maximum power density 7245
Wkg'. Our designed asymmetric pseudocapacitor can light up a

red emitting diode, as shown in Fig. 11b.

o
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3
7

I
N

34 56 7 8910
Curvent Density (Ag™)

10 Fig. 11. (a) Energy density and power density as function of
current density, and (b) a red LED light up by two asymmetric

supercapacitors connected in series.

Conclusions

isIn summary, we have

CO304/TGO/CNT

synthesized a good quality

nanocomposite ~ powder  sample  via
hydrothermal approach. EPD technique has been utilized to make
of Co304rGO/CNT

supercapacitor application. The XRD and TEM analyses verify

the electrode nanocomposites  for
20 the successful synthesis of cubic phase Co30,4 nanoparticles, GO,
rGO and CO;0,/rGO/CNT nanocomposites. It has been observed
that the concentration of GO (mg/mL) and the ratio of GO/CNTs
have significant influence on the electrochemical properties of the
nanocomposite material. The 2GCoC nanocomposite exhibits
25 high specific capacitance (850 Fg' at 5 mVs™, and 790 Fg' at 1
Ag"), excellent rate capability ~ 81% and ~ 73% capacitance
retention after 1000 cycles. Good electrochemical performance of
2GCoC nanocomposite is attributed to the mesopores, good
surface area and a conducting network formed by rGO and CNTs
30 in the composite. These results indicate that our designed
Co0304/rGO/CNTs nanocomposite is appropriate for practical
pseudocapacitor applications. Furthermore, the asymmetric
pseudocapacitor assembled using 2GCoC as an anode and N—

rGO as a cathode exhibits excellent (~ 90%) rate capability,

3s maximum energy density and power density of 19.6 Whkg™' and
7245 Wkg', respectively, in 1 M KOH aqueous electrolyte.
These results indicate that our

designed asymmetric

pseudocapacitor is appropriate for practical applications.
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