
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
15

/2
02

5 
3:

16
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis, charac
Department of Ceramic Engineering, Indian

University) Varanasi, Uttar Pradesh, 221

itbhu.ac.in; preetamchem@gmail.com; Tel:

Cite this: RSC Adv., 2021, 11, 33926

Received 5th July 2021
Accepted 5th October 2021

DOI: 10.1039/d1ra05180f

rsc.li/rsc-advances

33926 | RSC Adv., 2021, 11, 33926–3
terizations and electrochemical
performances of anhydrous CoC2O4 nanorods for
pseudocapacitive energy storage applications

Neeraj Kumar Mishra, Rakesh Mondal and Preetam Singh *

To overcome the environmental challenges caused by utilization of fossil fuel based energy technologies

and to utilize the full potential of renewable energy sources such as solar, wind and tidal, high power

and high energy density containing large scale electrochemical energy storage devices are a matter of

concern and a need of the hour. Pseudocapacitors with accessibility to multiple oxidation states for

redox charge transfer can achieve a higher degree of energy storage density compared to electric

double layer capacitors (EDLC) and the hybrid supercapacitor is one of the prominent electrochemical

capacitors that can resolve the low energy density issues associated with EDLCs. Due to its open pore

framework structure with superior structural stability and accessibility of Co2+/3+/4 redox states, porous

anhydrous CoC2O4 nanorods are envisaged here as a potential energy storage electrode in a pseudo-

capacitive mode. Superior specific capacitance equivalent to 2116 F g�1 at 1 A g�1 in the potential

window of 0.3 V was observed for anhydrous CoC2O4 nanorods in aqueous 2 M KOH electrolyte. A

predominant pseudo-capacitive mechanism seems to be operative behind the high charge storage at

electrodes as intercalative (Inner) and surface (outer) charge storage contributions were found to be 75%

and 25% respectively. Further, in full cell asymmetric supercapacitor (ASC) mode in which porous

anhydrous CoC2O4 nanorods were used as positive electrodes and activated carbon (AC) was utilised as

negative electrodes within an operating potential window of 1.3 V, a highest specific energy of W h kg�1

and specific power of �647 W kg�1 at 0.5 A g�1 current density were obtained with superior cycling

stability. High cycling stability coupled with superior electrochemical storage properties make anhydrous

CoC2O4 nanorods potential pseudo-capacitive electrodes for large scale energy storage applications.
Introduction

Large scale energy extraction from fossil fuel to overcome the
ever increasing energy demand of mankind is resulting in
a continuous increase in CO2 and other toxic greenhouse
exhaust in the atmosphere. Renewable green energy is an
alternating pathway for supplementary energy supply to tackle
the growing energy demand and depletion of fossil fuels. Energy
harnessed by renewable energy sources such as solar and wind
can also be stored in electrochemical energy conversion and
storage devices for a continuous and stable power supply due to
its superior conversion efficiency from chemical energy to
electrical energy.1 Energy storage processes at electrode surfaces
occur differently depending on the interaction occurring at the
electrode surface between the electrode and electrolyte such as
EDLC, surface redox reaction and intercalation of ions.2,3 Fara-
daic charge transfer due to a very fast sequence of reversible
redox reactions, electrosorption or intercalation processes on
Institute of Technology (Banaras Hindu

005, India. E-mail: preetamsingh.cer@
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3937
the surface of suitable electrodes (called pseudocapacitance) results
in a higher degree of electrochemical charge storage than EDLC.4–6

Psuedocapacitive electrodes in the form of asymmetric super-
capapacitors can provide simultaneous solutions for high power
delivery and superior energy storage.7–10 To increase higher energy
density, asymmetric cells can provide better performance where
capacitor components store electrochemical energy by electrostatic
force and battery components enhance the electron transfer in the
hybrid electrode system and perform better charge transfer reaction
at high rates.11 RuO2 was rst reported material to show pseudo-
capacitive charge storage behaviour.7 MnO2$xH2O also performed
as a capacitor in neutral electrolyte.8 However most oxide materials
suffer from structural instability and performance degradation
issues.8–10 Metal–organic frameworks (MOFs) are open framework
structures where materials are constructed by joining metal-
containing units with organic linkers creating permanent
porosity.12 Porous metal oxalate materials were studied to have
faradaic pseudocapacitive characteristics, a reversible redox reaction
mechanism seems to operate on the surface of metal oxalates.13

In this work, we present the synthesis of anhydrous CoC2O4

Nanorods in twos step process and electrochemical study of the
electrode in aqueous electrolyte that show superior
© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance of the electrode for pseudocapacitor applications.
Superior specic capacitive charge storage close to 2116 F g�1 at
1 A g�1 was observed for porous anhydrous CoC2O4 Nano rods
compared to capacitance equivalent to 840 F g�1 at 1 A g�1 for
hydrated CoC2O4$2H2O in aqueous 2 M KOH electrolyte.
Further, electrode performances was studied in Asymmetric
supercapacitors (ASCs) mode in which porous anhydrous
CoC2O4 nanorods were made as positive electrode and Activated
Carbon (AC) as negative electrode and a highest specic energy
equivalent to W h kg�1 and specic power �647 W kg�1 was
obtained at 0.5 A g�1. Synthesis, characterizations of porous
anhydrous CoC2O4 nanorod and the detailed electrochemistry
developed electrodes is presented in this manuscript.
Experimental
Synthesis

Synthesis of porous anhydrous CoC2O4 nanorod was carried out
by two step process. 2.91 g (10 mM) of Co(NO3)2$6H2O was
dissolved in 200 ml of deionised water with continuous stirring
in a beaker placed at a hot plate magnetic stirrer and 1.27 g (10
mM) H2C2O4$2H2O) were added in the solution. The entire
mixture was stirred vigorously at 80 �C for 3 h. Aer 3 h of
stirring green colour powder CoC2O4$2H2O was precipitated.
The obtained product is then washed several times with
deionized water. Finally, the washed product CoC2O4$2H2O was
dried in hot air oven at 90 �C for overnight. Anhydrous CoC2O4

was produced aer heating the materials at 220 �C for 3 h.
Formation of Anhydrous CoC2O4 can be represented by
following equations given below;

Co(NO3)2$6H2O + H2C2O4$2H2O / CoC2O4$2H2OY

+ 2HNO3 + 2H2O at 80 �C (1)

CoC2O4$2H2O / CoC2O4 + 2H2O[ at 210 �C (2)

Characterizations

The crystal structure and phase purity of synthesised products
were characterized through RigakuMiniex desktop X-ray
diffractometer (XRD) with Cu-Ka radiation (l ¼ 0.154 nm) in
the 2q range of 10–90� with a step size of 0.02�. Xpert High Score
(PANanylytical) soware was used to identify the required
phase. FE-SEM (FP 5022/22) was used to determine the surface
morphology and particle size distribution of the samples.
Infrared spectra of the samples were recorded using Nicolet iS5
FTIR spectrometer in the range of 400 to 4000 cm�1. Pore size
distribution and specic surface area of the sample were
measured by BET (MicrotracBEL). All electrochemical perfor-
mances of the sample including cyclic voltammetry (CV), gal-
vanistic charge discharge (GCD) and electrochemical
impedance spectroscopy (EIS) measurements were conducted
in a conventional three-electrode arrangement and measured
by Metrohm Autolab (PGSTAT204) equipped with FRA32 M
module. Electrochemical measurements were analysed using
NOVA1.1 soware.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Preparation of electrodes

Hydrated CoC2O4$2H2O and anhydrous porous CoC2O4

working electrodes were prepared by taking of active material,
activated carbon (AC) and binder polyvinylidene diuoride
(PVDF) in the ratio of 7 : 2 : 1 in N-methyl-2-pyrrolidone (NMP)
solvent. Homogenous slurry was prepared in mortar and slurry
was casted over Toray carbon paper. The materials (paste)
loading was 1 mg over 1 cm2 area of. Coated electrode was dried
at 80 �C for 12 h.
Results and discussions

Fig. 1(a) shows the powder XRD pattern of prepared CoC2O4-
$2H2O and anhydrous CoC2O4 sample in the 2q range of 10–60�

with step size 0.02�. Phase identication was done by philips
x'pert highscore. The prominent sharp diffraction peak of
CoC2O4$2H2O matches well with b-orthorhombic phase (space
group: Cccm, JCPDS no. 25-0250) with lattice parameter a ¼
11.877 �A, b ¼ 5.419 �A, and c ¼ 15.624 �A.14 As conrmed by the
XRD study, Aer annealing at 220 �C for 5 h, CoC2O4$2H2O was
transformed to anhydrous CoC2O4 in a-monoclinic structure
(space group P21/n, JCPDS no. 37-0719), Fig. 1(b) shows Rietveld
Renement powder XRD pattern of CoC2O4 and inset show the
VESTA image of the crystal. Lattice parameter of anhydrous
CoC2O4 was found to be a¼ 5.26400 Å, b¼ 5.66000 Å, c¼ 7.17900
Å with cell angle equivalent to a – 90�, b – 118.88�, g – 90�.15

Thermo-gravimetric analysis (TGA) curve shown in Fig. 1(c)
was carried out to quantitatively analyze the weight loss assisted
phase transformation. First weight loss occurred from 100–
300 �C, which corresponds to the removal of structural water
from the sample between this temperature range resulting
phase formation of anhydrous CoC2O4 in monoclinic structure.
TGA curve determine the weight loss equivalent to 19.66% or 2
mole of water per molecule between this temperatures. Simi-
larly, second weight loss step equivalent to 37.25% occurs in the
temperature range of 350–500 �C due to decomposition of
CoC2O4.16 The weight losses can be represented as:

CoC2O4$2H2O / CoC2O4 + 2H2O (above T �200 �C) (3)

CoC2O4 / CoO + CO + CO2 (above T � 450 �C) (4)

The inset of Fig. 1(C) present the Differential Thermal
Analysis (DTA) curve. The rate of weight loss reaching to peak at
250 �C with peak starts at 216 �C. That is why we did calcina-
tions or water removal step at 220 �C to get controlled or slow
water release to preserve the high surface area of the material to
stop or avoid the particle segregation.

FTIR spectrums of CoC2O4$2H2O and anhydrous CoC2O4

powder samples are shown in Fig. 1(d) reveals the presence of
different functional groups at different wavenumber (cm�1).
The broad peak at 3385.84 cm�1 ascribed to the stretching
vibration of hydroxyl group (–OH) which signies the presence
of water in the compound. The observed peak at 1620.75 cm�1

was assigned for anti-symmetric carbonyl stretching band
(C]O) specic to the oxalate group.20 Two weak peaks at
1365.52 cm�1 and 1323.1 cm�1 was attributed to vibrations of
RSC Adv., 2021, 11, 33926–33937 | 33927
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Fig. 1 (a) XRD pattern of CoC2O4$2H2O and CoC2O4, (b) Rietveld refinement powder XRD pattern of CoC2O4 (vista image in inset), (c) FT-IR
spectra of CoC2O4$2H2O and CoC2O4, (d) TGA of CoC2O4$2H2O sample and (e) BET surface area measurement plot of CoC2O4$2H2O and
CoC2O4.
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C2O4
2� (C–O) + (C–C) and (C–O) + (O–C]O), respectively. Peak

at 819.16 cm�1 was assigned to the vibration mode of C2O4
2�,

O–C]O bending vibrations (O–C]O). The absorption peak at
491.27 cm�1 can be attributed to Co–O bonding present in
33928 | RSC Adv., 2021, 11, 33926–33937
prepared sample of CoC2O4$2H2O. Compared to CoC2O4$2H2O,
almost negligible peak strength for stretching vibration of
hydroxyl group (–OH) near 3385.84 cm�1 was observed in
anhydrous CoC2O4 sample prepared by heating at 220 �C for 3 h
© 2021 The Author(s). Published by the Royal Society of Chemistry
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as shown in Fig. 1(c).17 Rest vibration frequencies are observed
almost at same position as of CoC2O4$2H2O. Fig. 1(e) represents
the BET surface area measurement results for CoC2O4$2H2O and
anhydrous CoC2O4 samples. Large nitrogen absorption/desorption
isotherm was observed for anhydrous CoC2O4 compared to CoC2-
O4$2H2O. The nitrogen adsorption and desorption isotherm shows
characteristics which is corresponding to mesoporous structure for
the anhydrous cobalt oxalate (CoC2O4) sample. The calculated BET
specic surface area and average pore diameter was found 60.9 m2

g�1 and 3.72 nm, respectively. Mesopores structures can contribute
to excellent electrochemical performance due to high porosity. The
calculated the mesopores diameter of CoC2O4 sample is much
bigger than the ions of present in aqueous electrolytes.18,19

Fig. 2(a) shows the X-ray photoelectron spectroscopy (XPS)
survey of anhydrous CoC2O4 sample conrming the presence of
Co. The Co (2p) spectrum shown in Fig. 2(b) are assigned to 2p3/
2 at 778.84 eV and 2p1/2 at 797.87 eV along with corresponding
satellite peaks at 782.3 and 798.87 eV for Co2+ ions.20 Fig. 2(c)
show the O 1s spectra consist with merger of two peaks for
corresponding binding energy at 527.98 eV for C–O bonding
and at 528.78 eV for C]O bonding.
Fig. 2 XPS plot of (a) full survey CoC2O4 nanorods (b) Co (2p) and (c) O

© 2021 The Author(s). Published by the Royal Society of Chemistry
SEM image shown in Fig. 3(a) show particle size distribution
and akes type morphology of CoC2O4$2H2O power sample.
Fig. 3(b) show particle size distribution and morphology of
anhydrous CoC2O4 power sample. Nanorods type particle
morphology was visible in the range of 300–700 nanometer size
with average particle size approaching to 487 nm as analyzed by
ImageJ soware. The slow release of water molecule in control
dehydration step (calcinations at 220 �C) resulted the formation
nanorods of anhydrous CoC2O4. Fig. 3(b) shows the (energy
dispersive X-ray analysis) result and elemental analysis conrm
the composition of anhydrous CoC2O4. TEM image shown in
Fig. 3(d) represent single particle and atomistic arrangements at
localized regions of the powder materials grown as a single rod
with diameter 160 nm and length 960 nm. The insert images
represent FFT (Fast Furrier Transformation) and inverse FFT of
the sample particle. Fig. 3(e) represent of calculated d spacing
0.358 nm of (110) plane for anhydrous CoC2O4 phase.

Electrochemical studies

Electrochemical performance of CoC2O4$2H2O and porous
anhydrous CoC2O4 as a working electrode were characterized
(1s).

RSC Adv., 2021, 11, 33926–33937 | 33929
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Fig. 3 (a) SEM image showing flakes type morphology and particle size distribution of CoC2O4$2H2O, (b) SEM image showing morphology and
particle size distribution of anhydrous CoC2O4 nanorods, (c) EDX of anhydrous CoC2O4 nanorods, (d) TEM image at localized regions showing
single rod (with FFT and inverse FFT) and (e) (110) plane d spacing of anhydrous CoC2O4 nanorods.
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using a three-electrode system where CoC2O4$2H2O and porous
anhydrous CoC2O4 act as a working electrodes, Hg/HgO (1 M
KOH) as a reference electrode, and Platinum as counter elec-
trode in 2 M KOH as an electrolyte. The charge storing capacity
of CoC2O4$2H2O and porous anhydrous CoC2O4 electrodes were
mainly calculated using cyclic voltammetry (CV) curve between
the potential range of 0 V to 0.30 V. Fig. 4(a) represent the CV
curve of CoC2O4$2H2O. The nature of curve represents pseudo
capacitive charge storage behaviour coupled with surface redox
(electrosorption). Fig. 4(b) present the CV curve of porous
anhydrous CoC2O4 nanorods represent pseudo-capacitive
storage couple with surface redox and anion intercalations.21a
33930 | RSC Adv., 2021, 11, 33926–33937
Redox peaks are originated due to the reversible transformation
between Co2+ to Co3+ during electrosorption (redox) of OH� ion.
Co2+/3+ redox peak appears around 0.17 V vs. Hg/HgO reference
electrode. The nanostructuring seems to play important role in
lowering down the redox peak (Co2+/3+) on anhydrous CoC2O4

nanorods compared to the redox peak reported in the literature.21b

Co(II)C2O4$2H2O + OHsol
� 4 Co(III)(OH�)C2O4$2H2O + e�(5)

Co(II)C2O4 + OHsol
� 4 Co(III) (OH�)C2O4 + e� (6)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammetry of CoC2O4$2H2O (b) cyclic voltammetry of anhydrous CoC2O4 nanorods (c) comparative cyclic voltammetry of
CoC2O4$2H2O and CoC2O4 nanorods at 10 mV s�1 and (d) plot of log (peak current) vs. square root of scan rate.
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From the CV curve, specic capacitance C (F g�1) can also be
calculated as one of the signicant parameters to understand
the electrochemical performance of working electrode.22

Csp ¼
Ð
i ðVÞdV
mVw

(7)

where ‘m’ is the mass of active material in the electrode (g), ‘V’ is
the potential window (V) and ‘w’ is scan rate (mV s�1). The specic
capacitances of CoC2O4$2H2O, porous anhydrous CoC2O4 nano-
rods were calculated using eqn (7) and capacitance was found
close to 604 F g�1 and 1636 F g�1 at 1 mV s�1 respectively. Fig. 4(c)
shows comparative CV curves for CoC2O4$2H2O and anhydrous
CoC2O4 nanorods at scan rate of 10 mV s�1 and this clearly
demonstrated that there is two different type of phenomena occur
during charge storage process; at CoC2O4$2H2O electrode it is
diffusion control surface redox and at porus CoC2O4 nanorod
electrodes it is diffusion control surface redox (faradaic process)
coupled with intercalation of ions (OH�).21 As superior capacitance
obtained for anhydrous porous CoC2O4 nanorods, hereaer we
mainly present the study signicantly on this sample only.

Fig. 4(d) shows the linear relation between anodic and
cathodic peak current with respect to square root of scan rate.
This indicates that porous CoC2O4 nanorods exhibit semi-
© 2021 The Author(s). Published by the Royal Society of Chemistry
innite diffusion controlled process. Furthermore, kinetics of
electrode can be understood by determining diffusion coeffi-
cient. The diffusion coefficient for the electrode was determined
using Randles–Sevick eqn.23

ip ¼ 2.686 � 105 � n3/2AD1/2Cov
1/2 (8)

where ip is peak current (A), n is number of electrons transferred in
the redox event (usually 1), A is electrode area in cm2,D is diffusion
coefficient in cm2 s�1, Co is OH

� ion concentration in mol cm�3, n
is scan rate in V s�1. For intercalation of OH�, the diffusion
coefficient of CoC2O4 was found to be 7.65 � 10�9 cm2 s�1 for
oxidation cycle and 6.11 � 10�9 cm2 s�1 for reduction cycle.

To further understand the diffusion mechanism qualita-
tively to differentiate the charge storage kinetics of different
range of charge storage from battery type to supercapacitors
mode, power-law equation given below was used.

i ¼ anb (9)

where a and b are adjustable values, i is the current (A), and n is
the scan rate (V s�1). The value of b lies between 0.5 to 1, b ¼ 0.5
stands for the semi-innite diffusion control reaction i.e.
RSC Adv., 2021, 11, 33926–33937 | 33931

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05180f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
15

/2
02

5 
3:

16
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
battery type material while b ¼ 1 stands for the capacitive
control reaction.24 From the Fig. 5(a) shows the slopes of the
corresponding log(peak current (ip)) vs. log(v) plots, for the scan
rates ranging from 1 to 10 mV s�1, the b-value for both cathodic
and anodic peaks was found to be 0.65 and 0.63,demonstrating
that the rate kinetics are controlled by diffusion control surface
redox dominating, and thus are very fast. This limitation to the
rate capability at higher current rates can arise from numerous
Fig. 5 (a) Plot of linear relationship between log (peak current) and log(
charged state at a potential and discharged state at a potential, (c) contrib
analysis of kinetic contribution at 10 mV s�1 and (e and f) corresponds t

33932 | RSC Adv., 2021, 11, 33926–33937
sources including an increase of the ohmic contribution (active
material resistance, solid/electrolyte interphase resistance) and/
or diffusion constraints/limitations.25

As shown in Fig. 5(b), voltammetry sweep rate dependence
can distinguish quantitatively the capacitive contribution to the
current response. The current response at a xed potential is
the combination of two separate mechanisms, surface capaci-
tive effects and diffusion-controlled insertion.
scan rate) at two different scan rate regions, (b) plot of power's law of
ution of diffusive and capacitive at different scan rates contribution, (d)
o Trasatti plot.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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iðyÞ ¼ k1vþ k2v
1
2 (10)

For more understanding eqn (4) was modied

iðyÞ
y
1
2

¼ k1

y
1
2

þ k2 (11)

From eqn (9) k1 y and k2 y1/2 denes the current contribu-
tions from the surface capacitive effects and the diffusion-
Fig. 6 (a) Charge–discharge curve of CoC2O4$2H2O, (b) charge–charg
porous CoC2O4 nanorods at different constant current rates, (d) capacit
and (e) EIS plot of CoC2O4$2H2O and porous CoC2O4 nanorods at 10 m

© 2021 The Author(s). Published by the Royal Society of Chemistry
controlled intercalation process respectively. Thus aer deter-
mination k1 and k2, at specic potentials, the fraction of the
current due to each of these contributions can be quantied.26

Values for k1 and k2 are determined from slop and intercept of y
axis from linear tting of the curve. The representative curve of
i(V)/y1/2 vs. y1/2 is shown in Fig. 5(b). Contribution of surface
capacitance and diffusion controlled interaction at different
scan rates are shown in Fig. 5(c). Aer determination of k1 and
k2 values, The Fig. 5(d) represent contribution of surface
e curve of porous CoC2O4 nanorods, (c) capacitance performance of
ance retention and coulombic efficiency of porous CoC2O4 nanorods
V.
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Fig. 7 (a) CV and (b) charge discharge of porous anhydrous CoC2O4
�1
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capacitance (69%) and diffusion controlled interaction (31%) at
peak potential (0.155 V) at scan rate of 10 mV s�1.

According to Trassati, the total specic capacitance is the
sum of inner and outer surface capacitance of the electrode and
it can be expressed as.

Ctotal ¼ Cin + Cout (F g�1) (12)

The specic capacitance contributions from inner and outer
surface of the electrode also depend upon the scan rate.27 As
shown in Fig. 5(e), the y-intercept of the linear t (1/q vs. y1/2 plot
at y ¼ 0) shows the amount of total charge stored at the electrode.
As shown in Fig. 5(f), the y-intercept of the linear q vs. y�1/2 plot
at y¼N represents corresponds to the amount of charge stored
at the outer surface of the electrode. Aer applying Trassati plot
outcomes, it can be concluded that the total capacitance value
Ctotal was found to be 1636 F g�1, Cin was found to be 1233 F g�1

(75% of total capacitance value) andCout was found to be 403 F g�1

(25% of total capacitance value).
Galvanostatic charge discharge experiments were performed

for more accurate capacitance measurements of CoC2O4$2H2O
and porous CoC2O4 nanorod electrodes. From the charge–
discharge curve the specic capacitance of electrode can be
calculated as:22

Csp ¼ IDt

mDV
(13)

where I is the discharge current (A), Dt the discharge time (s), m
is the mass of the active material in the electrode (g) and DV is
the potential change during discharge (V). Fig. 6(a) depicts the
specic capacitances of CoC2O4$2H2O electrodes equivalent to
840 F g�1, 576 F g�1, and 292 F g�1, at current densities of 1, 2
and 3 A g�1. Fig. 6(b) represents the specic capacitances of
porous anhydrous CoC2O4 nanorods electrodes equivalent to
2116 F g�1, 1403 F g�1, 390 F g�1, 186 F g�1, at current densities
of 1, 2, 5 and 10 A g�1 current rates. It has been observed that
with increase in current density there was decrease in the
specic capacitance of the materials. Fig. 6c shows the capaci-
tance vs. no. of cycles plot at different constant current rates for
porous CoC2O4 nanorod electrodes. Fig. 6d exhibit excellent
long-term cycle stability and capacity retention of porous
CoC2O4 nanorod electrodes at the current rate of 3 A g�1 for
2200 cycle. Around 95% capacity retention was observed for the
electrodes indicating that specic capacitance wasn't changed
much from initial capacitance value even aer 2200 cycle.
Simultaneously, coulombic efficiency ðh ¼ td=tcÞ of electrode
was found �97% aer 2200 cycle of charge/discharge that
reveals the superior stability of the porous CoC2O4 nanorod
electrodes. In addition to electrochemical stability test, we also
performed AC EIS measurements as shown in Nyquist plot at
OCP in Fig. 6(e) in frequency range (1 MHz to 0.1 Hz). The
specic impedance contribution is mainly attributed to the
impedance distributions over electric series resistance (Rs),
charge transfer resistance (Rct) and Warburg impedance (Rw). At
higher frequency, for CoC2O4$2H2O and porous CoC2O4 nano-
rod electrodes, the intercept in the EIS spectra on the real axis
was found at 1 U and 0.5 U respectively indicating very small
33934 | RSC Adv., 2021, 11, 33926–33937
internal resistance. The small semicircle in the high frequency
region also shows the fast charge transport between electrode
and electrolyte. Lower frequency data represent the Warburg
diffusion resistance and for porous CoC2O4 electrode samples,
the straight line in the low frequency region is close to 90� angle
(very close to �Z00(U) axis) from horizontal line represents the
characteristic of pseudo capacitance behaviour. This also
represents fast OH– ion diffusion in the porous structure.28

Further studies were conducted to understand the effects of
anions present in the electrolyte. Fig. 7(a) show the completely
non-rectangular shape CV curve for porous CoC2O4 nanorods as
an electrode in KOH and Na2SO4 electrolyte. The redox peak was
dominant in KOH compared to Na2SO4, which was due to the
size difference of hydration radii of sulphate ions (3.79 Å)
compared to hydroxyl ions (3 Å). Larger hydration sphere of
SO4

2� causes decrement of ions entering into the pores, causing
thiner electric double layer formation. In addition, KOH
exhibits higher the current response in CV curve also due to its
higher molar conductivity OH� ion (198 cm2 U mol�1)
compared to SO4

2� (79.8 cm2 U mol�1) in Na2SO4.29 As specic
capacitance function of scan rate has been estimated using
nanorods at 10 mV s in 2 M KOH and 0.5 M Na2SO4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Plot for activated carbon and porous anhydrous CoC2O4 cell in ASC mode (a) CV at 10 mV s�1, (b) full cell CV at 10 mV s�1 with different
voltage window, (c) full cell CV at different scan rate, (d) charge–discharge, (e) EIS at 10 mV, (f) capacitance retention and coulombic efficiency
and (g) power density and energy density.
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Table 1 A comparison of capacitive performances different Cobalt oxalate based

Material Morphology Capacitance (F g�1) Operating potential (V) Electrolyte Reference

CoC2O4 Thin sheet 1269 at 6 A g�1 0 to 0.5 6 M KOH 33
Co0.5Mn0.4Ni0.1C2O4*nH2O Micro polyhedrons 990 at 0.6 A g�1 0 to 0.4 3 M KOH 13
CoC2O4$2H2O 2D porous thin sheets 1.631 F cm2 at 1.20 mA cm�1 0 to 0.4 6 M KOH 21b
NiC2O4 2D thin sheet 2835 F g�1 at 0 to 0.4 6 M KOH 34
Ni0.55Co0.45C2O4 Micro-cuboid 562 C g�1 1A g�1 0 to 0.6 6 M KOH 35
MnC2O4/GO Olive-like 122 F g�1 at 0.5 A g�1 �0.1 to 0.55 6 M KOH 36
CoC2O4$2H2O Flakes type 840 F g�1 at 1 A g�1 0 to 0.3 2 M KOH Present work
Anhydrous CoC2O4 Nanorods 2116 F g�1 at 1 A g�1 and

1636 F g�1 at 1 mV s�1
0 to 0.3 2 M KOH Present work

Anhydrous CoC2O4 Nanorods 973 F g�1 at 1 A g�1 0 to 0.3 0.5 M Na2SO4 Present work
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eqn (1), where in 2 M KOH exhibits higher specic capacitance
of 1236 F g�1 observed compare to 366 F g�1 specic capaci-
tance at 10 mV s�1 in 0.5 M Na2SO4 electrolyte. GCD experiment
were performed for determining the quantitative aspect of
capacitance assessment in KOH and Na2SO4 using eqn (2).
Fig. 7(b) GCD curve in different electrolyte, in 2MKOH electrolyte.
Specic capacitance was found to be 2116 F g�1 and in to 0.5 M
Na2SO4 electrolyte, it was found to be 973 F g�1 at 1 A g�1. This
study conrm the suitability of aqueous KOH electrolyte for the
high performance of the electrode as smaller size of OH� ion
result easily diffusion to result superior performances.
Two electrode test

To understand the real charge storage behaviour of porous
anhydrous CoC2O4, two electrode measurements has been
conducted in 2 M KOH electrolyte using AC (activated carbon)
as counter electrode. To determine the maximum specic
capacitance during full test, storage capacity of positive and
negative electrode need to be balanced as per the following
equation:

1

Ctotal

¼ 1

Cpositive

þ 1

Cnegative

(14)

For balancing the charge storage capacity of the cell, mass
ratio (m+/m�) of positive and negative electrode materials were
measured using following equation:

mþ

m� ¼ C� � DcE�
Cþ � DEþ

(15)

m+, m�, C+, C�, DE+, DE� are mass, specic capacitance and
potential window of positive and negative electrode estimated
by three electrode measurement.30,31

Fig. 8(a) shows CV curve at 10 mV s�1 scan rate using AC
(activated carbon) as negative electrode and porous anhydrous

CoC2O4 positive electrode. Calculated mass ratio
�
mþ

m�

�
was

kept 1 : 3.54 for the asymmetric cell, weight of the active
material was 4.54 mg (excluding the weight of Activated Carbon
and PVDF). Fig. 8(b)) demonstrate the CV curve of porous
CoC2O4//AC in two electrode ASCs (Asymmetry Supercapacitors)
33936 | RSC Adv., 2021, 11, 33926–33937
mode at 10 mV s�1 in different potential windows. Fig. 8c
demonstrate the CV curve with different scan rates ranging
from 1 mV s�1 to 100 mV s�1.

Fig. 8(d) subsequently, shows GCD studies conducted for
measuring the actual capacitance of the electrode using
eqn (11). The capacitance values were found to be 551 F g�1,
538 F g�1, 520 F g�1, and 396 F g�1 at current densities 0.5 A g�1,
1 A g�1, 2 A g�1, and 3 A g�1 respectively. In Fig. 8(e), EIS plot
(Nyquist) plot was shown in the frequency range 1 MHz to
0.1 Hz at OCP (108 mV) shows higher charge transfer in full ASC
(anhydrouCoC2O4//AC) cell. Fig. 8(f) show Coulombic efficiency
plot of two electrode cell with capacity retention close 97% of its
initial value aer 1700cycles. Specic energy and specic power
of asymmetric capacitors were calculated using following
equations:

E
�
W h kg�1

� ¼ 1

2

CASCs

3:6
V 2 (16)

P
�
W kg�1

� ¼ E*3600

tdis
(17)

where CASCs is specic capacitance, V is operating voltage and
tdis is discharge time.32

Fig. 8(g) shows plot of specic energy (E) vs. specic power (P)
at different constant current rates. Resultant values are highest
specic energy was found to be W h kg�1 at 0.5 A g�1 current
density with specic power of �647 W kg�1. Maximum specic
power of �3890 W kg�1 was obtained when specic energy
reduced to �92 W h kg�1 at 3 A g�1 of current density. A
comparison of capacitance of different Cobalt oxalate based
electrodes is given in Table 1.33–36

Conclusions

In summary, porous anhydrous CoC2O4 nanorods were
successfully synthesized using two-step process, rst CoC2O4-
$2H2O was synthesised by co-precipitation method in aqueous
medium followed by heating the precipitate at 210 �C to
produce porous CoC2O4 nanorods. Porous CoC2O4 nanorods
showed pseudocapacitive energy/charge storage behaviour with
specic capacitance of the materials reaching as high as 2116 F
g�1 at current density of 1 A g�1 with excellent cyclic stability.
Predominant intercalative mechanism seems to operative
© 2021 The Author(s). Published by the Royal Society of Chemistry
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behind high charge storage as intercalative (inner) and surface
(outer) charges stored by porous anhydrous CoC2O4 were close
to high 75% and 25% respectively. Porous anhydrous CoC2O4//
AC full cell resulted maximum specic energ 129 W h kg�1 and
specic power of�647W kg�1 at 0.5 A g�1 current density in the
voltage window of 1.3 V in 2 M KOH electrolyte. These results
make porous anhydrous CoC2O4 nanorods as a potential
pseudo-capacitive electrode for large scale energy storage
application in ASC mode.
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