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u/Bi oxide-based
nanocomposites: synthesis, characterization, and
energy relevant investigation

Sundus Azhar,a Khuram Shahzad Ahmad, *a Isaac Abrahams, b Wang Lin,c

Ram K. Gupta,c Muhammad Mazhar d and Daoud Alie

A modified and sustainable approach is reported in this research for the synthesis of a spherical-shaped

CuO–Bi2O3 electrode material for electrochemical studies. Aqueous extract derived from the plant

Amaranthus viridis L. (Amaranthaceae) (AVL) was used as a reducing agent for morphological control of

the synthesis of CuO–Bi2O3 nanocomposites. The modified nanomaterial revealed an average crystal

size of 49 � 2 nm, which matches very well with scanning electron microscopy (SEM) findings.

Furthermore, the synthesized material was characterized using Fourier-transform infrared spectroscopy,

field emission SEM and energy-dispersive spectroscopy. The optical band gap energy of 3.45 eV was

calculated using a Tauc plot. Finally, the bioorganic framework-derived CuO–Bi2O3 electrode was tested

for energy generating and storage applications and the results revealed a capacitance of 389 F g�1 by

cyclic voltammetry, with a maximum energy density of 12 W h kg�1 and power density of 5 kW kg�1.

Hydrogen evolution reaction and oxygen evolution reaction studies showed good potential of CuO–

Bi2O3 as an electrocatalyst for water splitting, with maximum efficiency of the electrode up to 16.5 hours.
1. Introduction

In the present era, the global population has already exceeded 7
billion and is expected to exceed 9 billion before the middle of
this century. Such a large and rapid increase in global pop-
ulation also leads directly to increased demand for energy.1

Thus, the pressure on nite reserves of energy will also increase,
leading to their depletion. Before we are faced with such drastic
circumstances, the scientic community is required to produce
cost effective, efficient, and renewable resources-based energy
generation methods. This approach will not only lead us
towards consolidation of sustainability, but also reduce the
pressure on nite sources of energy. In this respect, both effi-
cient production and storage of energy in the form of novel and
efficient materials is highly researched.2,3 In ongoing research,
production of hydrogen energy has been explored via the
hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER). In addition, the storage of renewable forms of
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energy in different devices, especially supercapacitors, has been
highly studied due to their efficient output and performance.4,5

Hydrogen represents one of the most abundant elements
that is present on earth, in the form of water, hydrocarbons, and
carbohydrates. The combustion of hydrogen leads to the
production of water and for this reason it is deemed a future
candidate for energy production characterized by efficiency and
cheaper costs. This can be partly attributed to the fact that
hydrogen possesses greater efficiency, in comparison with
traditional energy resources, for the production of more energy.
However, in a practical sense, there are some challenges asso-
ciated with the use of hydrogen. For instance, achieving
hydrogen production in an efficient manner using some
renewable energy resources is highly challenging.6–8 Conven-
tional methods of hydrogen production are becoming obsolete,
and other, advanced methods are replacing them. Utilization of
high efficiency catalysts/electrocatalysts represents one such
advancement. To accomplish efficiency improvement in the
hydrogen evolution, several modern approaches have been
adopted that include the use of catalysts to effect water splitting.
Some other examples include electrocatalytic and photo-
catalytic procedures, thermochemical cycling, and several
enzyme-driven reactions.9,10

Water splitting carried out with the aid of renewable energy
using electrocatalysts is a promising strategy. IrO2 or RuO2

represent the two important metal oxides that have been used
as efficient catalysts for hydrogen production in terms of the
OER and HER. However, both metal oxides are quite costly. As
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a result of these unfavorable economics, the scientic
community is turning its attention to other modes of electro-
catalysis and energy storage using novel transition metal
oxides.11,12 In addition to water splitting, the role of super-
capacitors in the sustainable storage of energy is an integral
technology required to achieve goals of sustainability. If the
storage potential of a device is questionable, then no matter
how much energy is produced with higher efficiency, it will all
be wasted without an efficient storage medium. Supercapacitors
are cherished because they exhibit an impressive storage
potential over a very limited time duration. In addition, they are
also known for their good cyclic stability, natural stability, and
upper limit round trip efficiency. Such characteristics justify
their use in different consumer products.13,14

Supercapacitors are further divided into electrical double
layer capacitors (EDLCs), pseudocapacitors and hybrid super-
capacitors, depending upon the mechanism of charge storage.
EDLCs work on the principle of ion absorption and commonly
use carbon-based materials as the electrode. Transition metal
oxides and conducting polymers are used as the electrode
material in pseudocapacitors, which store electrical charge
through surface redox reactions. However, hybrid super-
capacitors (SCs) employ the charge storage mechanism of
EDLCs as well as those of pseudocapacitors.15–18

Although EDLCs exhibits fast charge and discharge rates,
high power density, as well as good cycle stability, their energy
storage capacity is lower in magnitude compared to that of
batteries. On the other hand, pseudocapacitors can achieve
higher capacitance and energy density in comparison with
EDLCs due to reversible faradaic redox reactions.19,20 Metal
oxides are considered as nano electrode materials due to their
efficient and fast redox reactions, which are a result of their
adaptable and variable oxidation. Different approaches are
being used to enhance the efficiency of transition metal oxides/
metal oxides. One such approach is the synthesis of nano-scaled
MOx/TMOx.21–23 It is well understood that electrochemical
features, such as catalysis, charge storage, and conductivity, are
largely dependent on the surface area of the material. Nano-
particles (NPs), nanocomposites, and nanomaterials offer
greater surface area for competent electrochemical reactions to
enhance the energy storage and energy generation capacities of
electrodes. Thus, synthesis of MOx nanomaterials is a topic of
great interest among scientists.24–26

A large number of metal oxides have been synthesized to
date and used for a myriad of applications. In terms of water
splitting and supercapacitance, different metal oxides in the
form of isolated oxides, composites, or hybrids have been re-
ported. Suchmetal oxides are preferred over others as they show
good optoelectronic and other properties. There are several
physicochemical routes that lead to the synthesis of metal
oxides. Metal oxides have also been synthesized through
biogenic means by using phyto-constituents present in nature.
Biogenic synthesis of metal oxides is preferable to other
routes.27 Physical synthesis of metal oxides is marked by
requirements for complicated machinery and methods, while
chemical methods are associated with the introduction of
obnoxious chemicals, which not only harm the environment,
© 2021 The Author(s). Published by the Royal Society of Chemistry
but also humans. Unlike these methods, the greener synthetic
route does not require any complicated machinery, nor does it
use toxic precursors for the reduction and stabilization of the
metal salts.28,29 In fact, biogenic synthesis is compliant with all
principles of green chemistry. A large number of plants,
microbes, and other biological entities have been used for the
synthesis of various materials, but plants represent the most
benecial bio-entity due to their availability. Additionally, plant
parts are very simple to process, and they do not need to
undergo complicated culturing procedures, as with microbes.30

A variety of plant materials have been used for the synthesis of
metal oxides. In addition, different metal oxides synthesized via
different routes have been used for applications of water splitting
and supercapacitance. However, to the best of our knowledge,
there are no reports available on Amaranthus viridis-driven CuO–
Bi2O3-based oxide nanocomposites and their subsequent utiliza-
tion for water splitting and energy storage. Therefore, for the rst
time, we have undertaken the task of using A. viridis for synthe-
sizing the binary metal oxide composite of Cu and Bi. The phyto-
metabolites extracted from A. viridis were used as reducing and
stabilizing agents. The current work does not employ any toxic
substances or complicated operational parameters. In this regard,
the different types of techniques used to characterize the synthe-
sized CuO–Bi2O3 composite were UV-visible spectrophotometry
(UV-vis), Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX),
and eld emission scanning electron microscopy (FE-SEM). In
addition to these analytical techniques, the electrochemistry of the
synthesized material was also studied for water splitting in terms
of HER/OER and supercapacitance using cyclic voltammetry (CV)
and linear sweep voltammetry (LSV). The current work notes the
favorable nature of this plant-driven material for energy applica-
tions. Further optimization of such materials and synthesis of
other metal oxides can lead to adoption of these materials in our
daily lives to full the demand for energy.
2. Experimental
2.1 Materials and methods

Analytical grade metal salts, i.e. copper(II) acetate monohydrate,
bismuth(III) acetate, polyvinylidene diuoride (PVDF)
[–(C2H2F2)n–], N-methyl pyrrolidinone (NMP) [C5H9NO], potas-
sium hydroxide (KOH), and ethanol (C2H5OH) were purchased
from Strem chemicals, Alfa Aesar, and Sigma Aldrich, Germany,
respectively, and used without further purication. Acetylene
black was obtained from VWR Chemicals BDH, UK. All solu-
tions were prepared in deionized water (DI) and the apparatus
was sterilized with ethanol and methanol.
2.2 Foliar precursor preparation

The leaves of A. viridis were collected from the village Singola-
Rawalakot, Poonch District, State of Kashmir, Pakistan, in the
months May–June 2018. They were thoroughly washed with tap
water and rinsed with distilled water and dried in a shady room
to avoid interaction with sunlight. The drying process took 7–10
days. Dried leaves were ground to a ne powder with the help of
RSC Adv., 2021, 11, 30510–30519 | 30511
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Fig. 1 FTIR analysis of A. viridis-assisted CuO–Bi2O3 nanocomposite. (a) FTIR spectrum of dried material at 95 �C. (b) FTIR spectrum of thermally
treated material at 450 �C.
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a pestle andmortar and sieved to yield a ne powder, which was
packed in a sealed plastic bag for further processing. The foliar
extract of A. viridis was prepared by dissolving 10 grams of
powdered plant leaves in 1000 mL of DI water and was stored at
4 �C for use as a reducing and stabilizing agent for the synthesis
of the metal oxide nanocomposite.
2.3 Amaranthus viridis-based functionalization
electrocatalyst (CuO–Bi2O3) nanocomposite

For the biogenic synthesis of the electrocatalyst (CuO–Bi2O3) nano-
composite using precursor extracted from the plant, 20 mM solu-
tions of copper(II) acetatemonohydrate and bismuth(III) acetate were
prepared in separate assemblages using 100 mL of DI water. The
reaction mixtures containing metal salts in DI water in separate
containers were stirred vigorously for 20–30 min without any heat
treatment. Aer complete dissolution of both salts, they were mixed
followed by subsequent addition of 10 mL of the foliar extract of A.
viridis. Addition of the biological precursor was done in a drop-wise
manner. Metal oxide complex containing Cu and Bi was incubated
for 2 h and heat treatment of 70 �C was applied. Biogenic synthesis
of the mixed metal oxide nanocomposite was visually detectable in
the form of more rapid color transformation. The synthesized
product was kept under dark conditions at room temperature
overnight and then the aged solution was evaporated at 96 �C to
obtain the dried powder of each material, which was then calcined
at 450 �C for 4 h to obtain the respective oxides, and stored for
further use in investigations for characterization and application.

An Agilent Cary 100 UV-vis spectrophotometer (Agilent
Technologies) was used for understanding optical parameters
and a PerkinElmer Spectrum 10/65 FTIR spectrometer was used
for investigating organic patterns in the nanocomposite. X-ray
powder diffraction (PANalytical Cubi X3 XRD instrument) was
used for the phase recognition, while SEM was performed using
an FEI Quanta 3d ESEM coupled with EDX to check the
morphological patterns and elemental composition of the
electrocatalyst (CuO/Bi2O3) nanocomposite.

To investigate the electrochemical behavior and possible
role of the electrocatalyst (CuO–Bi2O3) nanocomposite in energy
production and storage, different techniques were applied. A
CuO–Bi2O3 oxide-based working electrode was formed by the
30512 | RSC Adv., 2021, 11, 30510–30519
amalgamation of 80% weight of the electrocatalyst (CuO–Bi2O3)
nanocomposite with about 10% by weight of acetylene black. To
this mixture, PVDF (about 10% by weight) was also added in the
presence of NMP. The reaction mixture was homogenized fol-
lowed by deposition on the Ni foam, which was used as
a current collector and mechanical support in the present study
and has no contribution to the capacitive behavior of the elec-
trode because of the negligible integrated area of the CV
curves.31,32 The prepared electrode was then dried for 12 h inside
a vacuum oven at 60 �C and analyzed OER/HER and super-
capacitance using different electrochemical techniques, such as
CV, galvanostatic charge discharge (GCD), LSV, and electro-
chemical impedance spectroscopy.

3. Results and discussion

The synthesized binary nanocomposite, CuO–Bi2O3, was sub-
jected to FTIR studies to identify residual organic functional
species from the AVL extract. The FTIR analysis is shown in
Fig. 1.

The nanocomposite was initially heated at 95 �C for solvent
evaporation to obtain a dried pellet from thermal treatment.
The dried pellet was probed by FTIR before calcination and the
results obtained are displayed in Fig. 1a and Table 1. Various
vibrational frequencies were observed before calcination, as shown
in Fig. 1a, while peak intensities reduced aer calcination and
some peaks disappeared aer being calcined at 450 �C. The
vibration modes at 3369.53 and 2929.61 cm�1 were found before
calcination, while these disappeared aer thermal treatment.
Similarly, the peaks at 1402.70 cm�1, 1042.20 cm�1, and
1011.12 cm�1 were not observed aer calcination either, as shown
in Fig. 1b. Nevertheless, minor vibrations, at 1978.77 cm�1,
1115.44 cm�1, and 841.10 cm�1, emerged aer being subjected to
temperatures of 450 �C, indicating the presence of carboxylic acid
and aromatics in the nal synthesized material.

From Table 1, it can be seen that phenols are the major
reducing and stabilizing agents present in the dried pellet, as
well as in the calcined material. The presence of functional
groups of aromatics and carboxylic acid further endorsed the
AVL phenolic reducing and stabilizing agents. The vibrations
under 500 cm�1 in both spectra in Fig. 1 demonstrate the metal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The FTIR vibrational frequencies associated with functional groups from AVL before and after calcination

Before calcination (cm�1) Aer calcination (cm�1) Bonds Functional groups Ref.

3369.53 — OH stretch, H-bond Phenols 33
2929.61 — OH stretch Carboxylic acid 33 and 34
— 1978.77 OH stretch Carboxylic acid 35 and 36
1517.60 1507.17 C–C stretch in ring Aromatics 37 and 38
1402.70 — C–C stretch in ring Aromatics 35
— 1115.44 C–O stretch Alcohol, carboxylic acid, ester, ether 35, 36 and 38
1042.20 — C–O stretch Alcohol, carboxylic acid, ester, ether 33 and 35
1011.12 — C–O stretch Alcohol, carboxylic acid, ester, ether 33 and 34

841.10 C–H loop Aromatics 35, 36 and 38
688.50 C–H loop Aromatics
610.67 604.54 C–H loop Aromatics
557.51 580.49 M–O bond Metal oxides 33 and 39
— 552.23 M–O bond Metal oxides 39 and 40
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oxide bonds, as described by Irum et al.,39 Zahra et al.,40 and
Shume et al.41 Consequently, FTIR illustrated well the presence
of organic functional groups from AVL in the synthesized binary
oxides. Furthermore, the synthesized binary composite of CuO–
Bi2O3 was examined by XRD for phase identication, crystal-
linity, and crystallite size. The XRD pattern of AVL-synthesized
CuO–Bi2O3 is shown in Fig. 2.

The XRD pattern shows the Bi2O3 phase, in accordance with
the JCPD le (00-041-14490), while prominent peaks of CuO
corresponding to JCPD card (00-045-0937) are also present. The
most prominent Bi2O3 peaks were found at 2q¼ 26.9616, 27.4265,
33.2628, 33.9792, 46.3416, 46.9474, 51.9481, 52.4299, and 58.3274,
corresponding to the (111), (120), (200), (022), (041), (�302), (033),
(�321), and (231) hkl planes, respectively. The most notable peaks
related to CuO were observed at 2q ¼ 32.7356, 35.4787, 38.7646,
48.6172, 51.7188, 53.0229, and 61.513, corresponding to (�110),
(002), (111), (�202), (112), (020), and (�113), respectively. There-
fore, XRD identied two the prominent phases of Bi2O3 and CuO.
Furthermore, the crystal size of the CuO–Bi2O3 nanocomposite was
calculated using eqn (1)
Fig. 2 XRD patterns of the AVL-mediated CuO–Bi2O3

nanocomposite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
D ¼ (0.9l)/(b cos q) (1)

where l ¼ X-ray wavelength, b ¼ full-width at half maximum of
the peaks (in rad).

The average crystal size was found to be 49 � 2 nm for
synthesized CuO–Bi2O3 nanocomposite. Chemical investigation
was continued using EDX to determine the elemental prole of
the synthesized material. EDX spectra and the associated
elemental composition are shown in Fig. 3.

As shown in Fig. 3, Cu, Bi, and O were the only elements
detected by EDX. According to the EDX analysis, the speculated
formulae of the nanocomposites were CuO and Bi2O3, which is
in excellent agreement with the XRD. The synthesized nano-
composite was then investigated by FE-SEM to examine its
surface morphology, as shown in Fig. 4.

The morphology was examined at different resolutions and
magnications, as shown in Fig. 4a–d. At lower magnications
(Fig. 4a and b) uniformly arranged spongy (porous) nanoparticles
were seen. The particles were even more uniformly arranged at
higher magnication (Fig. 4c and d) with well-dened spherical
nanostructures and particle sizes in the range 62–133 nm. The
spherical nanostructures of the CuO–Bi2O3 nanocomposites
synthesized using the AVL extract are in accord with those previ-
ously reported by Babu and Antony33 and Shaheen et al.39
Fig. 3 EDX analysis for elemental composition of the CuO–Bi2O3

nanocomposite.

RSC Adv., 2021, 11, 30510–30519 | 30513
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Fig. 4 FE-SEM images of CuO–Bi2O3 nanocomposites at (a) 5 mm, (b) 3 mm, (c) 1 mm, and (d) 500 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
:0

5:
27

 P
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
3.1 UV-visible and optical properties

To evaluate the band gap energy the synthesized CuO–Bi2O3

nanocomposite was subjected to full-scan UV-visible spectros-
copy, as depicted in Fig. 5.

The absorbance spectrum of the synthesized CuO–Bi2O3

revealed a vibration between 250 and 400 nm, with a maximum
at 293.19 nm. The absorbance data were used to calculate the
optical band gap energy (direct band gap) using a eqn (2). The
resulting band gap is shown in Fig. 5 as a Tauc plot. A direct
band gap value of 2.7 eV was obtained. The band gap value
obtained differs from that of CuO and Bi2O3 due to the effects of
mixed/combined metal oxides.

(ahn)2 ¼ A1 (hn � Eg)
r (2)

where a ¼ absorption coefficient, hn ¼ incident photon energy,
and Eg ¼ optical band gap, while r ¼ proportionality constant
and A1 ¼ band gap constants (r ¼ 1

2 for direct band gap).
Fig. 5 Tauc plot of the CuO–Bi2O3 nanocomposite: inset (UV-visible
spectrum of CuO–Bi2O3).
3.2 Supercapacitor studies

The AVL-synthesized binary nanocomposite was investigated
for its supercapacitor behavior by means of CV and GCD, as
shown in Fig. 6. The prominent oxidation reduction peaks were
obtained from CV in Fig. 6a over a scan rate range from 2 mV to
30514 | RSC Adv., 2021, 11, 30510–30519
300 mV. These peaks were due to the redox nature of CuO and
Bi2O3. The redox peaks indicate the pseudocapacitive behavior
of the investigated electrode, a typical behavior associated with,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) CV profile of CuO–Bi2O3. (b) GCD measurements of CuO–Bi2O3. (c) Calculated specific capacity at different current densities. (d)
Calculated specific capacity at different scan rates.

Table 2 Comparison of CV-determined specific capacitance of the CuO–Bi2O3 electrode with that of previously reported electrodes

Electrode Electrolyte Specic capacitance (F g�1) Scan rate (mV) Ref.

CuO cauliowers 1 M Na2SO4 179 5 45
CuO/rGO 1.0 M Na2SO4 80 10 46
Nanoporous CuO 3 M KOH 238 5 47
Ag/Bi2O3 0.1 M KOH 25.8 10 48
Bi2O3 0.1 M KOH 12.5 10 48
CuO–Bi2O3 KOH 389 2 This work

354 5
323 10

Table 3 Comparison of GCD-determined specific capacitance of the CuO–Bi2O3 electrode with that of previously reported electrodes

Electrode Electrolyte Specic capacitance (F g�1) Current density (A g�1) Ref.

CuO cauliowers 1 M Na2SO4 179 5 45
CuO/rGO 1.0 M Na2SO4 78.72 10 46
Nanoporous CuO 3 M KOH 218 1 47
Ag/Bi2O3 0.1 M KOH 82.1 5 48
Bi2O3 0.1 M KOH 151.9 1 48
CuO–Bi2O3 KOH 352 0.5 This work

272 1
243 5
226.96 10

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 30510–30519 | 30515

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
:0

5:
27

 P
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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05066d


Fig. 7 (a) Capacitance retention and coulombic efficiency (%) of the CuO–Bi2O3 electrode, demonstrating the stability of the electrode. (b)
Ragone plot of the fabricated CuO–Bi2O3 electrode.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
:0

5:
27

 P
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
and reported for, metal oxides.39,42,43 This pseudocapacitive behavior
was further illustrated by the GCD in Fig. 6b, where the obvious
plateau type shapes of GCD can be observed. The GCD prole was
recorded at varying current rates from 0.5 A g�1 to 30 A g�1.

According to Zan et al.,44 the redox (pseudocapacitive) peaks
are due to the reversible reactions of Bi and Bi3+ according to the
following reactions.

Bi2O3 + H2O +2e� # Bi2O2 + 2OH�

Bi2O2 + 2H2O + 4e� # 2Bi + 4OH�
Fig. 8 HER measurements. (a) Cyclic stability of the CuO–Bi2O3 nan
composite. (c) Tafel slope of the CuO–Bi2O3 nanocomposite.

30516 | RSC Adv., 2021, 11, 30510–30519
Furthermore, based on CV data, the specic capacitance was
calculated using the following equation.

Csp ¼
Ð
IdV

v� DV � A
(3)

where
Ð
IdV is integral area of the CV curve, v is the scan rate,DV

is the potential window, and A is the active area of the electrode
material on the electrode (or mass of active material on the
electrode). The capacitance was calculated at different scan
rates and is noted in Fig. 6d. A specic capacitance of 389 F g�1
ocomposite by LSV. (b) Polarization curve of the CuO–Bi2O3 nano-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 OER measurements. (a) Polarization curve. (b) Cycling runs of the CuO–Bi2O3 nanocomposite by LSV. (c) Tafel slope. (d) Variation of
impedance as a function of frequency at various overpotentials.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
:0

5:
27

 P
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
was obtained in the current study at 2 mV. This value is much
higher than that obtained for numerous other fabricated CuO-
and Bi2O3-based electrodes, as shown in Table 2.

The specic capacitance was further calculated using GCD
data using the following equation:

Csp ¼ I � Dt

DV �m
(4)

where I is the discharge current (A), Dt is the discharge time (s),DV
is the potential window (V), andm is the mass (g) of CuO–Bi2O3.

An enhanced capacitance of 352 F g�1 was observed at
0.5 A g�1, which is higher than many reported electrodes, as
given in Table 3.

Energy density and power density of the CuO–Bi2O3 elec-
trode were calculated using the following equations. The
Ragone plot of energy density versus power density is shown in
Fig. 7b.

Energy density ðEÞ ¼ C � DV 2

7:2
(5)

Power density ðpÞ ¼ E � 3600

t
(6)

where C is the capacitance via GCD, DV (V) is the potential
window, and t (s) is the discharge time.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The maximum energy density of 12 W h kg�1 was deter-
mined, while the maximum power density of 5 kW kg�1 was
calculated as shown in the Ragone plot in Fig. 7b. The energy
density is much higher than that reported for previous elec-
trodes39,42,43,45 Subsequently, the stability of the CuO–Bi2O3

electrode was measured for 5000 cycles, as presented in Fig. 7a.
A capacitance retention of 75% was revealed, with good stability
of the electrode even at 5000 cycles. The coulombic efficiency
(%) was measured using eqn (7) and exhibited 100% coulombic
efficiency for 5000 cycles.

h ¼ tD/tC � 100% (7)

where tD and tC are discharge and charge times (in seconds),
respectively. Consequently, CV and GCD studies demonstrate
well the potential of the CuO–Bi2O3 electrode for use as a charge
storage supercapacitor.
3.3 HER and OER measurements

The fabricated CuO–Bi2O3 electrode was further investigated for
HER and OER measurements. Fig. 8 demonstrates the HER
measurements for the electrode.

Fig. 8a reveals the cyclic stability of AVL-assisted CuO–Bi2O3.
A total of 1000 LSV runs were carried out to investigate its
RSC Adv., 2021, 11, 30510–30519 | 30517
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Fig. 10 Stability test of CuO–Bi2O3 for overall water splitting.
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stability. The CuO–Bi2O3 electrode exhibited a similar response
up to 1000 cycles, indicating its good LSV-based electrochemical
stability. The polarization curve in Fig. 8b shows an over-
potential of 201 mV for the fabricated CuO–Bi2O3 electrode,
while the HER-based Tafel slope gave 130 mV dec�1 for the
CuO–Bi2O3 electrode in Fig. 8c. Furthermore, Fig. 9 demon-
strates OER measurements for the investigated electrode.

Maintenance of the efficiency of CuO–Bi2O3 for the OER is
also well demonstrated in Fig. 9b, which shows negligible
change up to 1000 cycles of LSV for CuO–Bi2O3. An overpotential
of 450 mV was recorded for the OER as given in Fig. 9a, while
a signicant value of 141 mV dec�1 was found for the CuO–
Bi2O3 nanocomposite by OER measurements, as depicted in
Fig. 9c. Furthermore, the impedance behavior of the CuO–Bi2O3

nanocomposite-based electrode was investigated various
potentials, as shown in Fig. 9d. It can be seen in Fig. 9d that
with increasing potential the semicircle became smaller. At
0.6 V the smallest semicircle was obtained. Finally, the catalytic
electrochemical stability of the CuO–Bi2O3 electrode was
studied up to 18 h for overall water splitting and this is shown in
Fig. 10.

The maximum efficiency of the electrode was well main-
tained up to 16.5 h. Consequently, HER and OER studies
combined illustrate the good potential of CuO–Bi2O3 as an
electrocatalyst for overall water splitting.

4. Conclusions

A spherical-shaped CuO–Bi2O3-based electrode on Ni foam was
synthesized successfully using a bioactive compound of A. vir-
idis. An average crystal size of 49 � 2 nm and particle size range
of 62–133 nm was determined for the synthesized CuO–Bi2O3

nanocomposite. The synthesized material demonstrated effi-
cient redox behavior with a specic capacitance of 389 F g�1 in
3 M KOH aqueous solution. An enhanced capacitance of 352 F
g�1 was observed at a current density of 0.5 A g�1 and an energy
density of 12 W h kg�1 was determined. The 75% capacitance
retention was revealed with good stability of the electrode even
30518 | RSC Adv., 2021, 11, 30510–30519
at 5000 cycles. HER and OER studies showed good potential of
CuO–Bi2O3 as an electrocatalyst for water splitting, with
maximum efficiency of the electrode up to 16.5 hours, and
enhanced electrochemical behavior of the CuO–Bi2O3-fabri-
cated electrode was observed for supercapacitor applications.
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