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ARTICLE INFO ABSTRACT

Keywords: Copper-nickel oxide/GO (CNO/GO) nanocomposite was synthesized via a low-temperature thermal reduction
Multimetallic oxide technique with crystallographic phase matching with an off-stoichiometric type Cug,o5Nip.950/GO structure.
Nanocomposite Three-electrode-based electrochemical experiments suggest that the prepared CNO/GO nanocomposite can store
f)i;;frcapacltor energy via the pseudocapacitive mechanism. The charge storage efficacy is also reflected in the high-power
HER density value (~267 W/kg) achieved at a current density of 1 A/g compared to earlier reported nickel oxide-

based composites. The practical performance of the CNO/GO nanocomposite can be corroborated by the fact
that in a symmetric coin cell device, it results in a specific capacity of ~37F/g @ 1A/g and retains its ~84 %
specific capacity after 8000 cycles. The flexibility of using CNO/GO nanocomposite as an exceptional electro-
catalytic material can be recognized from the smaller overpotential () values, e.g., 340 mV and 359 mV for OER
and HER, respectively, in conjunction with chronoamperometric stability retained over 24 h. All these multiple
electrochemical attributes establish the potential of using CNO/GO nanocomposite in energy storage and

conversion.

1. Introduction

Under the guise of diverting focus upon a larger dependency on
fossil-derived fuels of growing stress on the environment and economy,
there has been a paradigm shift toward renewable energy generation
and storage [1,2]. The storage of renewable energy can be accomplished
via electrochemical devices (battery, supercapacitor, etc.), and can be
generated via electrochemical water splitting [3,4]. From the energy
storage perspective, supercapacitors are better compared to batteries in
terms of their power density, charge storage rate, and cyclability [5].
Similarly, electrochemical water splitting remains advantageous from
the perspective of producing a cleaner and greener form of energy,
“hydrogen (H)” [6].

In supercapacitors as well as electrochemical water splitting, the
selection of a suitable electrode/electrocatalyst material is crucial, since
they actively participate in electrochemical conversion [7].

Generally, carbonaceous materials, e.g., activated carbon, carbon
nanotubes, graphene, etc., are the popular electrode materials in

* Corresponding authors.

supercapacitors where the electrochemical charge storage proceeds via
physical adsorption-desorption of ions (EDLC mechanism) [8]. Gra-
phene oxide (GO), by its good specific surface area (>2500 mz/g), OX-
ygen functionalities, electron mobility, and thermo-mechanical
properties, is superior among the studied carbonaceous electrode ma-
terials for application in supercapacitors [9-12]. However, their appli-
cability is limited due to a lack of specific capacity delivery. Contrary to
graphene oxide, transition metal oxides, via their redox transitions when
used as electrode material in supercapacitors, deliver high specific ca-
pacity, good energy density, and excellent rate capability. Based on this,
many studies have adopted transition metal oxides as a supercapacitive
material for electrochemical charge storage [13]. Presently, there is a
trend of utilizing bimetallic transition metal oxide structures as elec-
trode material in high-performance supercapacitors [14,15]. The co-
existence of multiple metal cations in the composition fetches more
electrons during the redox transitions in charge storage. As a result,
there is an increase in the electrical conductivity, a reduction in the
charge transfer impedance, and an overall improvement in the
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supercapacitive performance [14,16]. Furthermore, properties like
reduction in the overall density of the material, high electrolyte expo-
sure, and large ion diffusion pathways are some associated advantages
during the use of bi-metallic oxides during electrochemical reactions
[17-19].

Similar to electrochemical charge storage, the utilization of bi-
metallic oxides could be effective in catalyzing electrochemical
oxidation-reduction reactions for the water-splitting process [20]. Bi-
metallic oxides have multiple valence states at the cation occupancy
level in octahedral or tetrahedral positions [21]. Variation in the valence
state of cations leads to the formation of donor-acceptor sites for the
adsorption of oxygen ions, and the thermodynamically difficult oxygen-
evolution reaction involved in the water electrolysis could be easily
accomplished [22]. Additionally, bi-metallic oxides could also lower the
activation energy involved in the electrolysis process via the electron
hopping mechanism [23,24]. Further, multiple transition metals
involved in the bi-metallic oxides are promising for providing good
electrochemical activity, stability, and overpotential value compared to
their monometallic counterparts [25].

A bi-metallic oxide structure made out of the combination of tran-
sition metal oxides of nickel and copper could be a viable option for
showcasing simultaneous electrochemical activity based on properties
like easy availability, low cost, non-toxicity, prominence in electroactive
site dominance, and good theoretical capacitance [26-28]. In fact, in the
popularly adopted alkaline electrolytic mediums, bi-metallic oxide
structures made out of nickel and copper are superior to platinum,
iridium, and ruthenium-based electrocatalysts from cost, safety, stabil-
ity, purity, corrosion inhibition prospects [29,30].

However, the bimetallic oxide structures have some limitations in
terms of high specific area, thermo-mechanical stability, and porosity
[3,31]. By synergistically combining GO and copper-nickel bi-metallic
oxide, there could be complementation of each other’s drawbacks. The
transition metals break the electro-neutrality within graphene, and
reversibly, GO provides requisite surface area, conductivity, and sta-
bility [25].

There are previous reports on several bimetallic oxides-GO nano-
composites in electrochemical energy storage as well as in electro-
catalysis, such as Co304@Ru0O;y/Graphene [32], CuO/NiO/N-rGO [33],
Graphene@MoS,@TiO, [34], Co-Mn oxide/graphene [35], GO-MnNi
[36], Bimetallic MOF@GO [37], GO/LayTi2O; [38], NiCox04 &
CuCo0204/1rGO [39], Nij xCuyFe,04@rGO [40], NiMny04/rGO [41], Cu-
doped NiCoy04 [42], CuyCo3_ xO4/N-rGO [43], etc. However, the
studies on the nanocomposites of copper-nickel oxide with graphene are
the least reported, especially in the areas of energy storage and elec-
trocatalysis. Balamurgan et al. [44] demonstrated the solvothermal
synthesis of Cu-Ni oxide, forming a composite with N-doped graphene
for supercapacitive energy storage under 6 M KOH electrolytic condi-
tions. In another work by Mohana et al. [45] reports the electrocatalytic
performance of CuO/NiO/rGO nanocomposite synthesized via the co-
precipitation method. Nguyen et al. [46] electrochemically synthe-
sized a composite of graphene sheets decorated with nickel/copper ox-
ides anchored on polyaniline for electrochemical sensing of methanol. In
another study, Liu et al. [47] fabricated a CuO-Nio/Graphene composite
for the electrochemical detection of dopamine, acetaminophen, and
tryptophan. All such reports highlight the synergistic role of formed
composites in augmenting the electrochemical activities. Still, the
amount of reported works in this area is limited.

Ramesh et al. [9] in their recently published article highlight the
active use of Cu/Ni-oxide & N-doped GO for electrochemical energy in a
symmetric cell configuration. Inspired by their work, the current study
has been designed and performed to extract diverse electrochemical
functionalities out of the synthesized nanocomposite of Cu/Ni-oxide and
GO. This study has its novelty in terms of its modified synthesis method
and exhibition of diverse functionalities of Cu-Ni Oxide/GO nano-
composite in electrochemical energy storage as well as in OER-HER
electrocatalysis, which is hardly reported anywhere.
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2. Experimental:

Modified Hummer’s method was adopted for the synthesis of Gra-
phene oxide (GO). A detailed GO synthesis process is provided in the
electronic supplementary information (Section S1, ESI). Briefly
describing 0.8 g of GO powder was homogenized in 250 mL of DI water
via the application probe sonication method (Helix Biosciences,
HBSNII92, 1h, 0.5 Hz frequency). Two aqueous phase solutions (each
0.1 M concentration) were prepared by dissolving salts of copper nitrate
(Cu(NO3)2.5H20) and nickel chloride (NiClp.6H20) purchased from
SDFCL, India, in 250 mL of DI water. Both solutions are mixed by the
action of magnetic stirring and subjected to reaction at a temperature of
90 °C. Since this work is influenced by and modifications of earlier
research reported by Ramesh et al. [9] on the development of bimetallic
oxide-GO composite for energy storage applications, no additional ef-
forts were made to vary the molar ratio of precursor salts. All the con-
centrations taken over here are in optimal amounts as per the
adaptation. Additionally, to the reacting solution mixture, 1 g of poly-
vinylpyrrolidone (Himedia, K-40, India) and 40 mL of ammonia solution
(25 % assay, Himedia, India) were added. Finally, overall reaction
proceeded over a 12h period, and the resulting nanocomposite was
collected via repeated washing under centrifugation and sonication. The
purified nanocomposite was calcined overnight at 450 °C and stored.
The schematic synthesis procedure of the multimetallic/GO nano-
composite is demonstrated in Fig. 1.

The X-ray crystallographic analysis of the prepared nanocomposite
was carried out in a Rigaku Smart Lab diffractometer (CuKo radiation
source). The optical property was measured in a Raman spectrometer
(STR-300, 633 nm laser excitation). Detailed morphology and electronic
diffraction patterns were ascertained by a high-resolution scanning
electron microscope (FEI NOVA NANOSEM 450, USA) and a high-
resolution transmission electron microscope (FEI TECNAI G? 20
TWIN), respectively. The oxidation states of constituent elements of the
prepared composite were examined via X-ray photoelectron spectros-
copy (AMICUS, Kratos Analytical). The detailed chemical composition
was examined by FTIR spectroscopy (Thermo Electron Corporation,
USA). The concentration of metallic species involved in the synthesized
composite was further investigated via the atomic absorption spectros-
copy (AAS) technique (ZEEnit700p, analytikjena, Germany).

The electrochemical characteristics of the prepared nanocomposite
were examined in a three-electrode probe electrochemical workstation
(Metrohm Autolab M204). The electrode system comprised Ag/AgCl as a
reference electrode with prepared composite and platinum (Pt) acting as
working and counter electrodes, respectively. The synthesized nano-
composite (~1 mg) was dispersed in a 500 pL volume, where 20 pL of
Nafion additive acted as a binder. The prepared suspension was carefully
drop-cast on a Ni foam (1x1 cmz) and oven-dried to act as the working
electrode. The electrochemical experiments were carried out in a 1M
KOH alkali electrolyte. The electrochemical impedance characteristic
was studied under 500 mV AC applied voltage over a 100 kHz to 0.01 Hz
frequency range. The electrochemical active surface area (ECA) was
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Fig. 1. Schematic synthesis of Copper-Nickel oxide composite with GO.
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determined from electrical double-layer capacitance (Cq)) measured in
the non-faradic region. The galvanostatic charge-discharge (GCD)
experiment was performed in a varied current density range of 1-10 A/g.

Further performance benchmarking was done in a two-electrode
symmetric cell via the fabrication of a coin cell device and subsequent
electrochemical characterizations. A suspension of nanocomposite,
carbon black (99.9 %, Alfa Aesar, U.S.), and Polyvinylidene fluoride
(Alfa Aesar, U.S.) in an 8:1:1 mass ratio by using N-methyl-2-pyrrolidone
(99 %, Alfa Aesar, U.S.) solvent. The painted suspension on a carbon
paper substrate was arranged symmetrically to fabricate a CR2032 coin
cell. In this coin cell, 1 M KOH and glass fiber acted as electrolyte and
separator material, respectively.

3. Results & Discussion
3.1. Physicochemical characteristics of the nanocomposite:

The high-resolution X-ray diffraction analysis (Fig. 2a) shows the
crystalline nature of the prepared nanocomposite with highly intense
peaks (20: 37.21°, 43.23°, 51.72°, 62.94°, 75.40°, 79.38°) that exactly
match the standard JCPDS card no. 01-078-0644. According to JCPDS,
information synthesized composite can be identified as nickel-copper
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oxide (Cug osNip950), forming a composite with GO. Together, the
prepared nanocomposite can henceforth be coined as CNO/GO. The
calculated lattice parameter is evaluated to be 4.176 A, which exactly
matches the standard value mentioned in the JCPDS file corresponding
to a cubic phase symmetry. The identified major peaks match with the
NiO standard pattern (JCPDS card no. 47-1049) while smaller identified
peaks match with the monoclinic CuO phase (JCPDS card no. 01-080-
0076). This could be the reason for an off-stoichiometric type compo-
sition [48]. The very minute variation in the lattice parameter (if any)
could be due to the successful formation of a bimetallic composite
structure, where simultaneously grown CuO substitutes interstitial sites
of NiO [49,50]. However, the absence of characteristic peaks corre-
sponding to prepared graphene oxide (12.4°, 23.29°, 42.59°), in the
composite structure, could have been due to the prevention of restacking
of the carbon basal plane by probe sonication during the synthesis
process [51].

The average crystallite size of the synthesized Cug s5Nig.9s0 nano-
composite is evaluated in terms of the Scherrer equation (Eq. (1) [52].

_ kxa
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Fig. 2. Crystallographic & spectroscopic analysis of synthesized nanocomposite (a) X-Ray diffraction analysis, (b) Raman spectroscopy, (c) Ni 2p XPS spectra, (d) Cu

2p XPS spectra.
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factor), A = 0.15406 (CuKa wavelength radiation), § = FWHM (radian
unit), 6 = Bragg angle (radian). Accordingly, the average crystallite size
of the prepared Cug osNig 950 composite is evaluated to be ~15.5 nm.

The Raman spectra of CNO/GO nanocomposite shown in Fig. 2b,
indicate the presence of multiple peaks in between 200-1800 cm™ range.
The two Raman peaks situated at ~432 and 533 cm’! correspond to
transverse optical (TO) and longitudinal optical (LO) first-order phonon
vibrations of NiO [53]. Another two peaks located at ~894 and ~1065
em™ indicate second-order phonon scattering 2TO and 2LO, respec-
tively, corresponding to the same NiO. Since the peaks have been shifted
to a higher wavenumber, it indicates the formation of a nanocomposite
structure with CuO (Cug gsNig.950). The inelastic scattering of GO con-
tent in the nanocomposite under laser irradiation resulted in vibrational
peaks at a higher wavenumber range (1100-1800 cm™). D band is the
characteristic of breathing of the j-point phonons of A;¢ symmetry that is
observed ~1400 cm™! [54]. Whereas, the G vibration band associated
with first-order scattering of Ey; phonons of sp? carbon (C-C bond
stretching) of graphene is observed at ~1547 cm™’. The incorporation of
oxygen functional groups in the carbon basal plane also leads to the
observation of the G-band [9]. The integrated intensity ratio (R=Ip/Ig)
of the D-band and G-band in the prepared graphene oxide material is
evaluated to be 0.91. This closely resembles the value suggested by
Hidayah et al. [54] for graphene oxide. In the case of raw graphite, this
value is reported to be 0.54. [55]. This clearly shows adopted Hummer’s
method in this present research is successful in the graphitization
process.

The valence state, as well as the composition of elements constituting
the CNO/GO composite, was examined via the X-ray Photoelectron
spectroscopy (XPS) method. This analysis shows that within the sur-
veyed binding energy range, all the respective peaks assigned to the
existence of Cu, Ni, C, and O atoms have % compositions of 3.8, 24.1,
31.2, and 40.9, respectively (Fig. Sla). The relative wt.% of each
element in the composite was ascertained via a technique suggested by
Modafferi et al. [56] utilizing the atomic% data given in the survey
spectra. Accordingly, the relative wt.% of Cu and Ni metal in the bi-
metallic oxide is found to be 5.2 % and 30.1 %, respectively. This in-
dicates the formation of an off-stoichiometric kind of structure of the
composition, as suggested by XRD.

The same can also be supported from the AAS data, revealing the
concentration (wt.%) of individual metals, i.e., Cu and Ni of 7.7 and 31.6
%, respectively.

The observed core-XPS spectra in the 2p (Ni & Cu) and 1s (C & O)
regions are Gaussian fitted. The fitting of the Cls spectra (Fig. S1b)
resulted in 3 major peaks, situated at binding energies of 283.65,
285.08, and 287.24 eV, corresponding to C-C, C-O, and C=0 bonds,
respectively [57,58]. The skeletal structure of oxygen functional groups
associated with carbon spectra indicates the successful incorporation of
GO into a synthesized composite. The core XPS spectra of Ni 2p upon
fitting (Fig. 2c) show two major multiple splits, namely Ni2ps,» and
Ni2p; o, situated at binding energy regions of 850.68-856.65 eV and
868.68-873.85 eV, respectively. The multiple split peaks are the reason
for the unfilled d-orbital of nickel [48]. The corresponding shakeup
satellite peaks of Ni2p3,5 and Ni2p; /2 are located at binding energies of
~860 eV and ~878 eV, respectively [59]. The presence of both major &
satellite peaks is characteristic of Ni2* & Ni®* oxidation states of spin-
orbit levels of NiO [60]. Similarly, high-resolution XPS of Cu2p
(Fig. 2d) indicates two spin-orbital doublets of the copper element
present in the nanocomposite. There are two major peaks present at
binding energy values of 932.19 and 952.38 eV (approximately 20 eV
apart), corresponding to Cu2ps,, and Cu2p; /5 spin orbitals, respectively
[5,61]. Highly resolved spin orbitals Cu 2p3,5 and Cu 2p;p,2 could be
assigned both for CuO and/or Cuz0 phases. But the existence of shake-
up satellite peaks at ~939.35, ~941.85 eV for Cu2ps/», and at ~960.69
eV for Cu2p;, orbitals is an indication of divalent state (Cu2+) in the
prepared nanocomposite. The satellite peaks are associated with the
ground state 3d° configuration of the Cu®* oxidation state of CuO [62].
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In the case of Cup0 and Cu metal, the satellite peak intensities are very
minimal due to the filled d-shell [63]. Thus, the synthesized nano-
composite has a majority of CuO phase. Further, due to the absence of
LMM-2 auger transitions near 570 eV binding energy in the survey
spectra, the slight occurrence of CupyO/Cu metal cannot be ruled out
under X-ray-induced reduction [48]. The intermingling chemical states
of two oxide phases (NiO and CuO) during growth might have some
effect on the resulting multiple oxidation states.

High-resolution oxygen 1s spectra (O1s) are identified to consist of
two major peaks positioned at ~528.06 and a small peak at ~530.30 eV
binding energies (Fig. S1c). The peak corresponding to 528.06 eV is
reflected because of lattice oxygen (O anion) associated with the M-O-
M linkage. The second peak, corresponding to 530.30 eV, accounts for
oxygen defects (0%/0") present in the nanocomposite. Hence, the
observance of multiple oxidation states of Ni and Cu elements in the
nanocomposite is well predicted.

Overall, XPS analysis suggested the concurrently grown NiO and
CuO phases in the GO matrix during synthesis, ultimately resulting in
Cug,05Nip.950/GO nanocomposite.

The organic functionality determination of CNO/GO via FTIR anal-
ysis is an essential characterization tool for the compositional charac-
teristics. The identified result of FTIR spectroscopy is represented in
Fig. S2. The transmittance bands in the fingerprint region: 1000-1130
em!, ~1381 em™ and ~1629 cm), correspond to oxygen-containing
functional groups of nanocomposites, e.g., C-O stretching, C-OH defor-
mation, and C=0 stretching, respectively. These are indications of
graphene in an oxidized form in the prepared nanocomposite [10]. The
CH stretching of sp® hybridized carbon is represented by weak %
transmittance peaks in the region between 2800-3000 em’! [10]. The
broad and intense transmittance peaks observed between 3100-3800
em™ correspond to OH stretching vibrations that are associated with
absorbed water molecules in GO [64]. This can also be interlinked with
the COOH oxygen-containing functional group in the fingerprint region
(~1629 cm™Y) [65]. The additional transmittance peak ~2321 em’! s
the consequence of bonding between GO and CO; during synthesis [66].
The sharp transmittance peak reflected below wavenumber 1000 cm! is
an indication of the formation of metal-oxygen-metal bonding during
composite growth [5]. All these functional groups support the ascer-
tained compositional structure of Cug osNig.950/GO nanocomposite.

The morphology of the synthesized CNO/GO nanocomposite was
preliminarily ascertained via a field-emission scanning electron micro-
scope (FE-SEM). The microscopic image (Fig. 3a) shows that there is a
formation of clusters of asymmetric nanoparticles, with each subunit
sized ~18 nm. Scanning electron microscopic images acquired at
different magnifications are shown in Fig. S3 in support of this type of
observation. Further, the heavily grown agglomerated structures over-
shadow the simultaneously grown graphene oxide sheets underneath
them (Fig. S3). The clustering could have been due to the small size of
nanoparticles with high surface energy [5]. Herein, they can be
described as agglomerated nanospheres of CNO/GO composite. Further,
the TEM magnified image in Fig. 3b confirms the formation of an
agglomerated structure. Further, the EDX mapping image shown in
Fig. 4 indicates the existence of associated elements (e.g. Cu, Ni, O, C) of
the CNO/GO composite without any impurity.

The selected area diffraction pattern (SAED) shows the poly-
crystallinity involved in the agglomerated nanospheres composite
(Fig. 3c). The diffraction pattern closely matches the crystallinity data of
CNO/GO. Similarly, from the HR-TEM image shown in Fig. 3d, it can be
observed that the width of lattice fringes matches the (111) crystal plane
geometry associated with Cug osNig.950.

3.2. Electrochemical study using 3-electrode assembly:
To understand the applicability of synthesized nanocomposite in the

areas of supercapacitive energy storage & conversion, detailed electro-
chemical experiments were performed in a three-electrode probe
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Fig. 3. Morphology investigation of CNO/GO nanocomposite via electron microscopy. (a) FE-SEM (inset showing particle size distribution), (b) TEM, (c) SAED, (d)

HR-TEM analysis.

electrochemical workstation. The cyclic voltammetry (CV) analysis
shown in Fig. 5a indicates the pseudocapacitive nature of the prepared
CNO/GO nanocomposite. The redox peaks appeared within the 1-1.5V
potential window of CV, showing the quasi-reversible nature due to
electrode polarization [13]. The gradual shift in anodic and cathodic
peaks is due to the kinetic limitations of diffusing electrolytes through
the electrode [5]. The associated faradic charge transfer via the redox
mechanism is reversible since with an increase in voltage scan rate the
current density gradually increased [67]. Increased current density
values at high voltage scan rates indicate both the capacitive and faradic
nature of voltammetry current [68].

The redox peaks appearing between 1-1.5 V RHE resulted from the
influence of reversible intercalation and de-intercalation of OH" ions into
the CNO/GO nanocomposite present in 1M KOH electrolyte. Where the
overall redox reaction can be represented accordingly [69,70].

NiO + OH™ « NiOOH + e~ (2)

The electrochemical activity of CNO/GO nanocomposite was further
evaluated via measurement of the electrochemical active surface area
(ESA). The measurement was based on the double layer capacitance
(Cqp in the nonfardic region of the CV plot while the voltage scan rate
varied between 5 to 100 mV/s. The double-layer capacitance (Cq)) value

was measured as 0.095 mF (Fig. S4a). By using Eq. (3), the ESA value
accordingly calculated to be 2.37 cm? [71]. This shows the good inter-
calation support of the prepared nanocomposite for electrolyte ions
under the faradic charge transfer mechanism. On the contrary, the
electrochemical active surface area is estimated to be 0.95 cm? for as-
synthesized GO.

ESA = Cy4/Cs 3)

where Cs = 40 pF/cm2 (specific capacitance of nickel foam used)

Further, the detailed charge storage mechanism involved in the
CNO/GO nanocomposite as a supercapacitive electrode was investigated
by a power law relation between cathodic peak current (Icp) Vs. voltage
scan rate (v) as suggested by Dunn. The resulting equation is mentioned
in equations 4-5 [72]. Subsequent representation is shown in Fig. 5b.

Ip = a® ()]

log,oIcp = log,y,a+ blog, v 5)

The values of parameters (a, b) depicted in equation (3) are the result
of a linear fitted equation (5). The two end limits of parameter ‘b’, such
as 1 & 0, stand for capacitive & faradic (ion intercalation/de-
intercalation) mechanisms, respectively, involved in the charge
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Fig. 4. EDX spectra & elemental mapping of CNO/GO nanocomposite indicate the purity of the prepared nanocomposite.

storage process as suggested by Cottrell’s [73]. The linear fitting of
equation (5), shown in the inset of Fig. 5b suggests that the value of b is
obtained to be 0.52 in the current experiment. There is close agreement
with the cathodic peak current densities calculated from equation (4)
with modified a and b parameters and experimentally obtained values
(Fig. 5b inset). Hence, the value of current density from the CV curve is
pseudocapacitive in nature (linear combination of diffusion and surface
redox reactions) [74]. However, in the current experiment diffusion of
OH’ ions could have majorly contributed to the charge storage mecha-
nism [73,75].

Further understanding of the charge storage contributions in the
proposed pseudocapacitive CNO/GO nanocomposite was evaluated by
the equation suggested by Dunn. As described by Dunn in equation (6),
the capacitive contribution (K;v) and diffusion contribution (szo's) are
two major mechanisms involved in pseudocapacitive charge storage.
The values of K; and K obtained from linear fitting of equation (7)
(Fig. 5¢). At a low scan rate (10 mV/s), the diffusion contribution to-
wards charge storage is ~94 %, but this value decreases to ~80 % at
high voltage sweeping (100 mV/s). This indicates capacitive mechanism
also has observable contributions towards charge storage at a higher
voltage sweeping rate (Fig. 5d & inset).

I(v) = Kjv + Ko»°® 6)

IV)V°5 = Ky®S + K, )

The value of the specific capacitance resulting from the charge
storage process in the CNO/GO nanocomposite electrode was obtained
from the cyclic voltammetry curve by using equation (8).

A
C. =
* 7 2mvAV

®

where Cs = Specific capacitance (F/g)

A = enclosed area within the CV curve

m = mass of active material used during electrode preparation

v= voltage scan rate (mV/s)

AV= potential window used for CV analysis

From the rate capacitance curve shown in Fig. 5a inset, it is observed
that there is a decrease in specific capacitance value (363 F/g — 84 F/g)
with an increase in voltage scan rate (5 mV/s — 100 mV/s). At a lower

scan rate, there is a high residence time available for electrode-
electrolyte interaction, thus high-capacity value is predicted, unlike
the probability of limited diffusion of electrolyte ions at a high scan rate.
The faradic charge transfer on the electrode surface could have played a
pivotal role at a high scan rate. The trend observed in Fig. 5a is per the
above-described phenomena, and an exponentially decreasing graph
resulted [76,77].

For device applications, supercapacitive material in the electrode
should have lower electronic resistance (or higher electrical conduc-
tivity)[78]. Electrochemical impedance spectroscopy (EIS) is an
important characterization technique to investigate the conductivity of
the prepared CNO/GO electrode, and the subsequent ion transfer ki-
netics influence the capacitance value at the electrode-electrolyte
interface [76,79].

Fig. 6a shows the electrochemical impedance spectroscopy (EIS plot)
of the synthesized CNO/GO nanocomposite under the influence of
alternating current (AC). EIS of GO is also provided in the same figure for
comparison purposes. The EIS plot mainly consists of the imaginary and
real parts of the complex impedance data under varied AC frequencies
[80]. The two incomplete semicircles at high to moderate frequency
regions in the plot (Fig. 6a) can be credited to the varied faradic charge
propagation phenomena occurring at the electrode-electrolyte interface.
The expanded version of the semicircle at high-frequency region (inset
Fig. 6a) shows the phenomena that occurred at the electrode-electrolyte
interface, further modeled in terms of a circuit diagram (Fig. 6a inset)
where resistance is in parallel with a constant phase element, Q
(Zsimpwin circuit). As observed in the equivalent circuit, there exists a
series resistance before the first semicircle that could be due to bulk
electrolyte/electrode or contact resistance between electrode-current
collector [81]. The ohmic resistance is lower in the case of CNO/GO
(1.021 Q) as compared to GO (1.651 Q), indicating better contact of the
nanocomposite-deposited electrode with the current collector. Besides,
there is an observation of inductive resistance in the circuit that arises
due to the collective contribution of the electronic components, such as
electric connectors, cables, etc., used during measurement [82]. Itison a
nanohenry scale and can be neglected. By the high electrochemical
active surface area of the CNO/GO nanocomposite, supporting the
faradic intercalation mechanism, the electrode resistance value associ-
ated with the first semicircle is very small (0.033 Q), unlike the high
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resistivity in the case of GO (2.287 Q). Even the augmented value of the
constant phase element in the case of GO indicates its EDLC-type
behaviour with high capacitive impedance as compared to CNO/GO
[83]. The second incomplete semicircle at a moderate frequency region
could be due to the charge-transfer resistance (Rct) experienced by the
faradic redox process. This second semicircle can be modeled as
“capacitance in parallel with resistance,” mainly due to the faradic
intercalation/de-intercalation of electrons and OH' ions involved. The
high resistance value obtained in the case of GO (336 Q2), unlike CNO/
GO (~17.2 Q), indicates that mainly surface phenomena contribute
towards charge storage in the case of the former. Whereas the diffusion-
controlled process is responsible in the case of the CNO/GO electrode.
The impedance (Z) and corresponding phase angle (®) of the CNO/
GO electrode under AC applied frequency are simultaneously repre-
sented in a complex plane plot or Bode plot (Fig. 6b). From the bode plot,
it can be observed that slope is < 1, which indicates pseudocapacitive
nature of prepared nanocomposite [84]. Furthermore, the phase angle
value (® = ~45°) deviating from the ideal capacitive behaviour (® =
90°) again supports the use of synthesized nanocomposite in the area of
supercapacitors [85]. Comparatively, the Bode plot resulted in a high
impedance slope and high phase angle (® = 55°) of ‘GO’ that led to its

tendency towards a more capacitive mechanism in charge storage.
(Fig. S4b)

A supercapacitor’s performance index, e.g., energy density (Eg) and
power density (Pg) can be assessed from the EIS data by showcasing the
total capacitance value as a combination of both real (C’) and imaginary
(C’’) components as mentioned in Eq. (9).

C (w) =C/(w)+C "(w) ©)]

where C’ (0) = -Z” (o))/m|Z(m)|2 and C”’(0) = Z’ ((u)/m|Z(m)|2

C’ a describes the charge stored in the electrode as a function of
frequency, which is nothing but Eg and C” stands for subsequent dissi-
pation of stored charge. As shown in Fig. S4c, there is an asymptotic
decrease in C’ value with increased frequency. The variation in the C”
with frequency is slightly non-asymptotic with a point of inflection
observed at frequency of 1.08 Hz (Fig. S4c inset). This peak frequency
‘f,’ is termed as crossover frequency and beyond this supercapacitive
material behaves as if to has a capacitive nature. On the contrary, in the
case of GO, this value is 320 mHz (Fig. S4d). The charge relaxation time
(1), which is nothing but the reciprocal of the crossover frequency,
quantitatively describes how fast a supercapacitor is discharged, or the
power density [86]. In the current experiment, the value of ‘T’ is
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Fig. 6. (a) EIS, (b) Bode plot, (c) galvanostatic charge-discharge, (d) cyclic stability analysis of CNO/GO nanocomposite.

calculated as 0.92 s and 3.125 s for CNO/GO and GO electrodes,
respectively. Hence synthesized CNO/GO nanocomposite as a super-
capacitive electrode exhibits better power density as compared to GO
alone.

The galvanostatic charge-discharge (GCD) characteristics of CNO/
GO nanocomposite are shown in Fig. 6¢. Due to the non-linearity that
exists in the GCD curves drawn at different current densities, the pseu-
docapacitive behavior of the nanocomposite is again confirmed [87].
The slight initial voltage drop could have resulted as a consequence of
multiple reasons, such as internal resistance of the electrode, resistance
due to connectivity, ion diffusion resistance, bulk electrolyte resistance,
etc. [86,88]. With variation in the current densities from 1 A/g — 10 A/
g, the discharge time value decreases from 33.4 s to 1.2 s. Using the
charge-discharge curve, the specific capacitance is evaluated using Eq.
(10).

_ Ixty

T m x AV an

where Cs = specific capacitance (F/g)

tq = discharging time

m = mass of active electrode material

AV = charge-discharge potential window

A high capacitance value (60.72 F/g) obtained at a low applied
current density (1 A/g) is due to the concentration polarization effect. At
small current density, low concentration polarization results in
increased charging time. The abundance of ions in the vicinity of the
electrode-electrolyte interface under the redox transition process is
more probable, and hence, there is an augmented value of capacitance

obtained. But at high current density (10 A/g), these effects are less
probable, ultimately decreasing the specific capacitance value (21.8 F/
g). All the values of specific capacitances obtained at different current
densities are mentioned in Table 1. Even at a low current density of 1 A/
g, the obtained specific capacity value is comparable with some of the
earlier studies involving graphene-nickel oxide composites [89-91].

Equations (11) and (12) calculate the energy density (Es) and power
density (Ps) characteristics of the synthesized nanocomposite.

1

E = ECVZ(Wh/Kg) an

E

Py = ? (W/kg) (12)
d

Table 1

Specific capacitance, energy density, power density, and columbic efficiency of
prepared nanocomposite from GCD curve both in 3-electrode (3Es) and 2-elec-
trode (2Es) configurations.

Current Cs (F/ Cs (F/ ~Eg Es Ps (W/ ~Pg Ne
Density 2) 2) (Wh/ (Wh/ kg) (W% (%)
(A/8) 3Es 2Es Kg) Kg) 3Es kg) 3Es
3Es 2Es 2Es

1 60.72 36.72 2.48 1.3 266.66 255 78.36
2 49.10 25.44 2.00 0.9 540.54 510 78.14
3 40.00 18 1.64 0.63 820.00 756 88.48
5 32.72 7.8 1.35 0.28 1350.00 1362 92.50
10 21.80 1.56 0.89 0.06 2966.66 1385 92.46
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where C = specific capacitance (F/g), V = Voltage window (Volt), tq =
discharge time (s)

Though the energy density values observed in the synthesized
nanocomposite are not so impressive, its pseudocapacitive nature has
yielded higher power density values than earlier reported studies
(Table 1). The current experiment resulted in a power density value of
266.66 W/Kg at a low current density of 1 A/g that can go up to 2966.6
W/Kg upon increasing the current density to 10 A/g. The power density
of CNO/GO composite measured even at the low current density of 1 A/
g is superior in comparison with earlier reported nanocomposites of
carbonaceous material and nickel oxide [92-94]. Further, the coulombic
efficiency (n) value of the supercapacitive electrode is estimated using
Eq. (13) and represented in Table 1.

(%) = i—dx 100 13)

C

where tq and t. are discharging and charging time respectively in sec

From Table 1, it is observed that the prepared CNO/GO composite
exhibits a good coulombic efficiency of ~80 % and more. The variation
or reduction in the Coulombic efficiency values might have been
affected by one of several reasons, i.e., concentration polarization,
irreversibility in the charging-discharging process, etc., and so on.

The three-electrode-based charge storage performance of different
nanocomposite structures made up of multimetallic oxide and graphene
is provided in Table 2. Under studied alkaline electrolytic conditions,
the synthesized Cug 5Nig.950/GO nanocomposite delivers good specific
capacity and power density values. Moreover, the obtained specific ca-
pacity and power density are comparable to those of other reported
work, even after using 1 M KOH as an electrolytic material and without
incorporating additional conductive moieties for composite formation.

The stability of the CNO/GO pseudocapacitive electrode was ascer-
tained by repeated cyclic measurements at a 50 mV/s scan rate. As
shown in Fig. 6d, after 8000 cycles of repeated measurements, the
capacitance retention is still maintained up to 75.6 %. Due to the
involvement of the faradic redox process or chemical phenomena in the
CNO/GO nanocomposite, upon repeated measurements, there could be
wear & tear in the active electrode material, degradation of & volume
change of the active material, electrolyte decomposition process, etc.
[13]. Hence, there is a reduction in the specific capacitance retention
value. On the other hand, in the case of GO alone, the EDLC-based
electrostatic mechanism plays a crucial role in charge storage, where a
high capacitance retention (~85 %) is achieved (Fig. S5). Moreover, the
incorporation of GO into CNO/GO nanocomposite has led to the pro-
motion of ion diffusion in the host CNO material and an increase in the
specific surface area [97]. Thus, electrochemical stability could be
established as a pseudocapacitive material. Further, the GCD time
duration study in Fig. 6d inset shows the electrochemical stability of the

Table 2
Comparative 3-electrode-based electrochemical performances of different multi-
metal oxide and graphene composites under alkaline electrolytic conditions.

Material Electrolyte Cs (F/ Es (Wh/ Ps (W/ Ref.
g) Kg) kg)
@1A/ @1A/g @1A/g
8
1GO/Cu0 1 M KOH 33.3 — — [95]
Graphene/Co304 6 M KOH 163.5 —- —- [96]
rGO/Cuz0/Cu0 6 M KOH 173.4 —- — [971
GO/PANI/ 1 M KOH 308.15 62.54 300 [98]
CuCoy04
NiO-rGO 6 M KOH 127.5 —- —- [91]
Vanadium 2 M KOH 109.7 —- —- [99]
nitride/GO
MnFe;04/GO 6 M KOH 298 —- —- [100]
SmCo03,rGO 2 M KOH 111 — — [101]
Cug,05Nig.0s0/GO 1 M KOH 60.72 2.48 266.66 Current
Work
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prepared nanocomposite.
3.3. Evaluation of charge storage performance via a coin cell device:

The active application of the electrochemical charge storage poten-
tial of the CNO/GO electrode was further ascertained via fabricating a
coin cell device. The symmetric electrode configuration subjected to
several electrochemical analyses (Fig. 7) revealed the potential of uti-
lizing CNO/GO nanocomposite as a pseudocapacitive charge storage
material. Cyclic voltammetry analysis (Fig. 7a) at a varied voltage scan
rate between 5 to 90 mV/s suggests a pseudocapacitive nature. Further,
a non-linear galvanostatic charge-discharge (GCD) plot (Fig. 7b) resul-
ted due to the pseudocapacitive nature of the active material in the
device, where the obtained specific capacity is as high as 36.75 F/g at an
applied current density of 1 A/g (Table 1). This value is low in com-
parison to several other reported pieces of literature on graphene-metal
oxide composites studied in a symmetric coin cell device mode
[102-104].

However, the achieved value is promising without incorporating
additional conducting moieties like polymer and reduced graphene
oxide in the synthesized material, besides utilizing high electrolyte
concentrations (> 1 M KOH) during electrochemical measurements. The
practical applications of the fabricated device, evaluated in terms of
energy and power density, revealed values of 1.3 Wh/kg and 255 W/Kg
respectively (Table 1). Unlike energy density, the obtained power den-
sity value is comparable to the works of literature that tested coin cell
efficacy under highly alkaline conditions (> 1 M KOH) and the incor-
poration of several conductive moieties as a third component in the
synthesized composite [105]. Further, the cyclic stability of the device
was tested for 8000 cycles at 50 mV/s voltage scan resulting in nearly 84
% capacity retention (Fig. 7C). Unlike a 3-electrode system, the closed
environment achievable in coin cell device could be the main cause for
high-capacity retention. The electrochemical impedance (EIS) study
before and after entire cyclic operations (Fig. 7d) is an important cri-
terion to comment on the application performances of fabricated devices
in long-term use. The intercept of the EIS plot at the high-frequency
region and semicircle combinedly stand for equivalent series resis-
tance, ESR, which is the total of electrode resistance + electrolyte
resistance + interfacial resistance + charge transfer resistance [106].
The ESR value before and after 8000 cycles of CV, as well as GCD op-
erations, increased from its original value of 2.83 Q to 9.19 Q. All these
factors interrelated with the material’s stability and its bonding with the
current collector are the main impediment towards decreased capaci-
tance value. Moreover, the increase in ESR is not very high, which in-
dicates the long-term electrochemical stability of prepared CNO/GO
nanocomposite [107].

3.4. Electrocatalytic activity of CNO/GO nanocomposite:

Besides energy storage, electrochemical energy conversion for
renewable fuel generation is another aspect of utilizing multimetallic
oxide composites due to the greater achievable activity. This type of
research is currently being explored largely to provide an efficient
strategy for green hydrogen production via water splitting to reduce the
dependency on fossil fuel usage. However, the water-splitting process to
generate hydrogen is a hard task due to the involvement of a positive
Gibbs free energy and a kinetic barrier. The use of suitable electro-
catalysts downhill the process by overcoming these limitations. The
performance of an electrocatalyst is evaluated in terms of its activity
(overpotential, Tafel slope, exchange current density, etc.). Due to the
significant kinetic barrier involved, the standard thermodynamic po-
tential (1.23 V) in water splitting somehow rises to a higher value
termed as overpotential (). By using an electrocatalyst for this process,
the overpotential value can be minimized. The overpotential is always
calculated at a current density of 10 mA.cm ™2, exceeding 1.23 V. The
Tafel slope weighs the activity of an electrocatalyst from the plot of
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Fig. 7. Benchmarking of the electrochemical performance of CNO/GO nanocomposite via a symmetric coin cell fabrication. (a) CV data, (b) GCD at different current
densities, (c) Cyclic stability of coin cell over 8000 cycles, (d) EIS data before and after the cyclic process.

overpotential vs. current density, in a kinetically controlled region. The
overall relationship is expressed by equation (14).

n = a+ blogj a4

where 1 is the overpotential, and j is the current density

Tafel slope “b” is a function of electron-transfer kinetics. Smaller
slope, faster electrocatalytic reaction kinetics. The value of exchange
current density “j,” can be decided by measuring the current at zero
overpotential. “j,” fundamentally describes intrinsic charge transfer
under equilibrium. A high exchange current density means a high charge
transfer rate and a low kinetic barrier for carrying out electrochemical
water splitting.

There are two major mechanisms involved in water splitting: (i)
Hydrogen evolution reaction (HER) and (ii) Oxygen evolution reaction
(OER). HER half-reaction is accomplished at the cathode to generate
hydrogen, unlike OER, which happens at the anode of the electrolytic
cell and incurs high overpotential. It is inevitable for the OER reaction to
occur at a lower overpotential value, which is directly related to the
electrochemical activity of the chosen catalyst. The electrocatalytic
OER-HER characteristics of the as-synthesized CNO/GO nanocomposite
were examined via linear sweep voltammetry (LSV) at a voltage scan
rate of 2mV. s ' in 1.0 M KOH electrolyte (Fig. 7a). For comparison, the
activity of as-prepared GO is also provided in the same figure.

Fig. 8a shows the OER analysis of the CNO/GO nanocomposite. The
as-synthesized composite exhibits a low onset potential (1.36 V Vs RHE)
as compared to GO (Vopser: 1.69 V) regarding a current density of 1 mA.

10

cm2, Similarly, the overpotential value (1)) to carry out OER using CNO/
GO nanocomposite is lower (340 mV) as compared to the GO electrode
(870 mV). This shows the exceptional activity of the prepared nano-
composite to carry out the OER reaction involved in the water splitting.
The overpotential () value obtained in this current work is better as
compared to other reported graphene-metallic oxide nanocomposites
tested in 1 M KOH electrolyte, e.g., 430 mV [35], 379 mV [36], 430 mV
[37], 313 mV [108], 450 mV [109].

Further, the low magnitude of the “Tafel” slope (49 mV/dec) in the
case of CNO/GO nanocomposite obtained from the polarization graph
(Fig. 8a inset) specifies faster electrocatalytic reaction kinetics, unlike
GO, which has a “Tafel” slope of 165 mV/dec. Another confirmation of
the improved electrocatalytic activity of the CNO/GO composite can be
deduced from the exchange current density (I.x) analysis of the OER
Tafel slope. It is measured to be high, at 2.65E-5 in the case of CNO/GO
nanocomposite, compared to GO, which has an “I,” value of 3.45E-6.

This was measured by linear extrapolation of the high current den-
sity region of the “Tafel” plot for V = 0. All such impressive OER results
show better electrocatalytic efficiency of CNO/GO composite, which can
be supported by earlier evaluated good electrochemical double layer
capacitance of CNO/GO (0.095 mF). This double-layer capacitance can
facilitate greater roughness in the prepared electrode, and thus, there is
exposure of more active sites for better electrocatalytic performance
[75]. The double-layer capacitance value is not so promising in the case
of GO, having a value of 0.037 mF.

The HER study of CNO/GO nanocomposite (Fig. 8b) shows less
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Fig. 8. Evaluating the electrocatalytic potential of CNO/GO nanocomposite. (a) LSV showing OER overpotential value. Inset showing corresponding Tafel slopes, (b)
HER overpotential & corresponding Tafel slope (inset). Chronoamperometric stability test of the prepared CNO/GO nanocomposite (c) OER stability, (d)

HER stability.

overpotential value: 359 mV, unlike GO, with an overpotential
measured close to 465 mV. This indicates improved electrochemical
activity achieved on composite formation towards hydrogen generation
via water splitting. Further from the Fig. 8b inset, it can be corroborated
that the prepared CNO/GO nanocomposite exhibits a faster electro-
catalytic reaction rate as compared to GO, as the Tafel slope achieved is
58 mV/dec and 196 mV/dec in the case former and the latter, respec-
tively. The comparative study between CNO/GO nanocomposite and
some earlier reported pieces of literature on graphene-multimetallic
oxide nanocomposites investigated as OER/HER electrocatalysts under
1M KOH electrolyte is provided in Table 3. From Table 3, it can be
inferred that the currently explored material (CNO/GO) is an efficient
electrocatalyst that can be simultaneously utilized as a dual OER-HER
mode electrocatalyst based on its low overpotential and Tafel slope
values.

Further, the electrocatalytic stability of the as-synthesized CNO/GO
nanocomposite was investigated via chronoamperometric (CA) test
against a bias voltage of 1.65 V and -0.40 V for OER and HER, respec-
tively. Fig. 7c shows that at a current density of 100 mA cm’?, the OER
stability can be maintained up to 24 hours. Similarly, the HER stability
of CNO/GO nanocomposite is observable in Fig. 7d without attenuation.
On the contrary, graphene oxide alone cannot be stable under OER and
HER catalytic operations under similar experimental conditions (Fig. 8c
& d). All these results indicate the stability & robustness of the prepared
nanocomposite towards the electrocatalysis process via a synergistic
combination between multimetallic oxides and graphene oxide

11

Table 3
OER/HER electrocatalytic potential of earlier reported multimetallic oxide-
graphene nanocomposites studied under 1 M KOH conditions.

Electrocatalyst OER, n ~Tafel HER, n ~Tafel Ref.
(mV) Slope (mV) Slope
(mV/ (mV/
dec) dec)
Cobalt-Manganese 430 55 - [35]
Oxide/Graphene
GO/MnO,-NiO 379 48 —- - [36]
NrGO/CuxCo3.x04 270 63 170 85 [43]
CuO/NiO/rGO 200 165 - [45]
1GO/CO304 410 85 — [109]
C0304/1GO 346 47 - - [110]
a-Co(OH),/PPy/GO 350 75 - [111]
Coy xNiyFe;04/1GO 440 85 — [112]
RGO-NiO/Ni 530 81 - - [113]
NrGO/CuCo,04 360 64 - [114]
NrGO/Co304 400 57 —- - [114]
rGO/Cu0/ZnO 1678 42 358 270 [115]
Cug 05Nig.950/GO 340 49 359 58 Current
Work

[108,109,116]. These results are consistent with the electrochemical
active surface area (ESA) measurement stated earlier, both for GO and
CNO/GO. Henceforth, the prepared CNO/GO nanocomposite seems to
be a promising material for carrying out electrocatalytic reactions.
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4. Conclusion

Current work demonstrates a facile way of synthesizing copper-
nickel bimetallic oxide nanocomposite coexisting with GO
(Cuyg,05Nip.950/GO) by simple thermal reduction for establishing the
electrochemical potentials. The electrochemical charge storage ability
was evaluated via CV and the EIS techniques. This study suggests the
pseudocapacitive charge storage nature of the prepared nanocomposite,
where the faradic redox/ion intercalation mechanism majorly (~94 %)
contributes. The galvanostatic charge-discharge further resulted in a
power density of 267 W/Kg with 1 A/g applied current density, which is
comparable or higher to earlier reported works on composite structures.
Besides, the symmetric coin cell configuration resulted in specific ca-
pacity and power density of 37F/g and 255 W/Kg respectively. The
concurrent electrocatalytic potential of the prepared nanocomposite
was evaluated through overpotential measurements from LSV, exhibit-
ing lower values of 340 mV and 359 mV for OER and HER, respectively.
All such characteristics establish the multiple applicability of the CNO/
GO nanocomposite in electrochemical energy storage and energy gen-
eration prospects cited under the current era of renewable energy
research.
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