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ABSTRACT: The study focused on the fabrication of nickel, cobalt, and their 200
bimetallic oxide via a facile electrodeposition approach over the surface of conducting
glass has been reported here. Fabricated electrodes have been employed as binder-free
and effective anode materials toward oxygen evolution reactions (OER) in
electrochemical water splitting at high pH. Nickel and cobalt oxides showed
overpotential values of 520 mV and 536 mV at the current density of 10 mAcm > with
charge transfer resistances of 170 and 195 €. For bimetallic oxides (NiCoO@FTO),
the overpotential depressed up to 460 mV and lower charge transfer value of 80 Q.
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Additionally, double-layer capacitance also boosted for the bimetallic oxide with a :g‘c%@@F;%

value of 199 uF as compared to monometallic nickel oxide (106 yF) and cobalt oxide =—FTO

(120 uF). Multimetal oxides of Ni—Co showed the best performance, which was 01 5 o " 16 e 420
further supported with larger electrochemical surface area. This facile approach toward ’ " Potential V) vs RHE )
the electrode fabrication could be a charming alternate to replace the Ru- and Ir-based

expensive materials for OER in electrochemical water splitting.

1. INTRODUCTION electrode material has significant potential with superior

catalytic activity.'* ™'

Electrochemical water splitting currently attains enough
consideration due to less solar utilization proficiency for water
electrolysis in the photoelectrochemical process. Electro-
chemical splitting of water comprises two half-reactions, the
hydrogen evolution reaction (HER) at the cathode side and the

hour (TWh) of renewable energy must be produced by 2050. oxygen .evolution reaction (OER) at the .anode. U.sage of
This energy can come from sources like solar, wind, hydro- extraordinary HER and OER electrocatalyst is a good impetus

. . . . for i ing th te of wat litti hich leads t
electricity, biomass, ocean thermal, and sea waves/tides.™® or mcreasing the rate of water sputhing, which feads to
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Research into renewable energy sources must go hand in hand

with the development of energy storage technology. Electro-
chemical technology, one of numerous potential energy storage
techniques, is currently the most feasible and effective way to
store and transform renewable energy. Electrochemical
technologies include batteries, electrolysis, compressed air,
flywheels, pumped hydroelectricity, and magnetic superconduc-
tors.””'” The most effective way to store energy among the
numerous electrochemical energy technologies currently in use
is to electrolyze water in order to produce hydrogen (H,). The
development of water electrolysis technology for the production
of H, is therefore of great importance. Hydrogen, as a green fuel, Received: December 31, 2022
has a substantial potential to fulfill the energy demand along with Accepted:  February 21, 2023 2
the reduction of greenhouse gases. However, during water Published: March 3, 2023
electrolysis, oxygen evolution reaction (OER) has a sluggish

kinetics with four electron transfers at the electrode surface. To

facilitate the OER at the anode, transition metal-based oxide as

Energy is crucial for the development of society, the global
economy, and nonrenewable fossil fuels. Currently, resources
are meeting 65% of global energy demands. Fossil fuels release
harmful greenhouse gases like CO,, which cause global warming
and other environmental problems.' ™ To combat the depletion
of fossil fuels and the rise in CO, emissions, at least 10 terawatt-

minimizing the overpotential value.

Ru and Ir are the universal noble metals that are used for water
splitting because of their greater stability and smaller over-
potential rate, whereas Pd and Pt can also be useful but their
activity toward water splitting is lesser than that of Ir and Ru.
The increasing activity order for the water splitting process is
illustrated here: Pd < Pt < Ir < Ru. Though Ru certifies higher
activity, the poor stability of Ru prohibits it from functional use
in comparison to other electrocatalysts. Moreover, in electro-
chemical reactions, porous materials have various advantages for
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charge transference due to their extraordinary high surface area.
The immobilization of these metal NPs such as Ir, Ru, Au, Ag,
RuO,, and IrO, on carbonaceous surface is an efficient solution
to this report dilemma, as scientists have acknowledged that NPs
offer good activitzf with respect to electrocatalysis as to their total
counterparts.zo’2

Various earth abundant transition metals (TMs) like Fe-, Ni-,
and Co-based electrocatalysts for the HER and OER show
greater performance. Recently, these low-cost electrocatalytic
substances have been reported, and some of them present
superior electrochemical water splitting efficiency. These
nonprecious metals paid significant role for the progression
and improvement of energy material due to their easy
availability, extraordinary activity earth abundance. Due to the
presence of 3d electrons, their variable oxidation states, and
structural properties, the transition metal compounds are
favorable as well in OER catalyst applications. Furthermore,
by changing their microstructures, surface area, and particle size,
the efficiency of these compounds can be further improved.**

An enormous amount of earth-rich transition metal-based
catalysts comprising transition metal oxides, hydroxide,
phosphides, sulfides, nitrides, and multiple elements doped
transition metal electrocatalysts are well-known bifunctional
catalysts that are used in overall electrochemical splitting of
water because of their cheap, high electrocatalytic performances
and earth abundance. Higher HER and OER activity depiction
by these bifunctional electrocatalysts has been synthesized by
various facile methods. Mixed valence transition metal oxides
such as FeCo,0,, CoMn,0,, and NiCo,0,, with their spinel
organization, have higher electrocatalytic performance due to
their higher conductivity, excellent morphological stability, and
abundant oxidation states.”***

A catalyst with shell nanoarray configuration on nickel foam
(NF) was invented by Zhang et al, wherein thin layer of
CoNiO, was covered as a shell on NiCo essential for TWS. In
alkaline medium for OER and HER, the rate of current density
was reported to be 10 mAcm ™2 by overpotential of 320 and 156
mV, correspondingly. Moreover, once it was used as both anode
and cathode, 1.688 voltage was achieved to deliver 10 mA cm™2
current.” So, to increase the electrocatalytic activity and active
sites, it is very effective for electrocatalyst immobilization on a
conductive substrate. According to Xu et al.,”* for TWS, on the
carbon nanotubes (CNTs), the immobilized NiFe,O, nano-
hybrid marked as NiFe,0,/CNT by supercritical carbon dioxide
methodology showed high activity in alkaline medium for HER
and OER with overpotential of 0.15 and 0.24 V at a current
density of 0.01 mAcm™ respectively. For the TWS, this
increasing activity referred to collaboration of CNTs and
NiFe,0, nanohybrid, which provided enormous active sites,
high diffusion rate of reactants, and charge mobility. Therefore,
it is shown that to reduce the lower electrical conductance and
higher charge mobility and expose active sites, transition metal
oxides are normally immobilized and associated on a conductive
support to formulate the hybrid catalyst for TWS.*®

Amorphization is unique, effective, and superficial trick that
contains short-range ordering and atomic defects in catalytic
substances. As compared to crystalline catalysts, amorphous
catalysts are novel because of their defect richness, chemical
homogeneity, and structural flexibility at an atomic level.
Recently, numerous amorphous phase catalysts have been
reported, which revealed superior performance for electrolysis
for TWS for both HER and OER in almost all types of
electrocatalysis medium.”” >’
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Figure 1. XRD patterns of bare FTO, Co-O@FTO, Ni-O@FTO, and
NiCoO@FTO.

To immobilize the electrocatalysts on a supportive material,
electrodeposition is a highly favorable method. Mixed metal
oxides of variable composition could be deposited on an
electrode surface in a superficial technique through this method.
So, metal oxides that are electrochemically immobilized do not
face insulation assets of binding materials and hold a greater
interaction with the helpful and conductive electrodes, which in
turn improves their electrocatalytic activity with greater stability
andggli%? density of current with high evolution kinetics of
gas.”

The fabrication of amorphous materials with high surface
roughness and surface area for higher electrocatalytic activity
can be done easily, economically, and environmentally through
the use of electrodeposition. Its binder-free method, which has
more stickiness to the substrate and higher activity, is another
advantage of electrodeposition over other methods used for the
synthesis of these materials.”>

In this study, we fabricated amorphous cobalt oxide (CoO@
FTO), nickel oxide (NiO@FTO), and their bimetallic oxide
(NiCoO@FTO) by electrochemical deposition followed by
annealing. NiCoO@FTO demonstrated improved electro-
catalytic characteristics in comparison to the other produced
oxides based on polarization curves, Tafel slopes, and electro-
chemical impedance tests. Additionally, supporting this were
NiCoO@FTO showing higher electrochemical double-layer
capacitance (Cq) and higher electrochemical surface area
(ECSA), which offered more active sites for the electron-
transfer process. Nyquist plots with smaller semicircle diameter
reflect NiCoO@FTO demonstrating lower charge-transfer
resistance. Chronoamperometry tests showed that all electrodes
that had been made were stable when tested for the continuous
production of oxygen for 10 h.

2. MATERIALS AND METHODS

An electrodeposition approach has been adopted for the
fabrication of the mono and bimetallic oxides of transition
metal (Ni, Co) over the surface of conducting glass (FTO).
Deionized water and ethanol were used for the cleaning of FTO
under sonication. Cobalt(IT) chloride hexa-hydrate (99.9%) and
nickel(I) sulfate hexa-hydrate (99.9%) were attained from
Sigma-Aldrich. Analytical-grade potassium hydroxide, sulfuric
acid, and boric acid were purchased from Alfa Aesar. FTO glass

https://doi.org/10.1021/acsomega.2c08288
ACS Omega 2023, 8, 9539-9546


https://pubs.acs.org/doi/10.1021/acsomega.2c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08288?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 2. SEM images of (a) Ni—-O@FTO, (b) Co—O@FTO, and (c) NiCoO@FTO lower and (d) high NiCoO@FTO resolution illustrating the

morphology.

Table 1. Comparison of Electrocatalytic OER Performance of
Different Amorphous Materials

n@
catalyst as anode electrolyte 10 mAcm ™ ref
amorphous Co(OH), nanosheets 0.1M 380 39
KOH
amorphous CoVO,, 1 M KOH 347 40
amorphous IrOx 1M 220 41
H,S0,
amorphous FesNi; (O, 1 M KOH 286 42
amorphous Nij 4Fe) 3,0, 1 M KOH 280 43
amorphous Ni—Co binary oxide 1M 325 44
NaOH
amorphous Ni—Fe oxides/carbon 0.1 M 290 45
nanohybrid KOH
amorphous Ni—Fe hydroxide 1 M KOH 189 46
Co;N@amorphous N-doped Carbon 1 M KOH 280 47
Amorphous Cog3Fe), Py 16 1 M KOH 217 48
amorphous Co,—Fe-B 1 M KOH 298 49
amorphous Cu—Ni—Fe 1 M KOH 224 S0
CoNi-O@FTO 1M KOH 460 this
study

(TEC 15, Hartford Glass Co., 15 /square, 50 X 13 X 2.3 mm?®),
isopropyl alcohol, and acetone were bought commercially.

2.1. Preparation of Fluorine-Doped Tin Oxide. FTO-
based substrate was cleaned in deionized water and acetone
twice under ultrasonication. First, it was sonicated in the
cleanser solution for 10 min. After cleaning with deionized
water, FTO glass was rinsed with acetone for 15 min. Then the
substrate was cleaned in hot deionized water followed by drying
in air.

9541

2.2. Electrodeposition of Metal Oxides on FTO-Coated
Glass. FTO glass, 1 X 1 cm? used as a substrate for the
electrodeposition of mono and bimetallic oxide of nickel and
cobalt. One-third of the conducting substrate was carried
outside the deposition bath and hanged with the conducting
clipper while voltage was applied. Chronoamperometric method
was used at the fixed potential of —1.1 V for a period of 60 s. The
electrodeposition was performed in a three-electrode cell
comprising an equimolar electrolytic solution of corresponding
salts of metals in existence of boric acid. H,SO, was used to
maintain the pH of prepared solution at 3. The samples that had
been deposited were immediately washed with deionized water
to remove all of the unreacted components and annealed for 2 h
at 350 °C in air with a heating rate of 0.5 °C per minute.

2.3. Electrochemical Measurements. The electrochem-
ical experimentation was accomplished in a three-electrode cell
in alkaline media (1 M KOH). The working electrode was FTO
(1 X 1 cm?), whereas platinum wire was used as a counter
electrode and saturated Ag/AgCl as a reference electrode. A
Gamry interface 1010e potentiostat/Galvanostat was used to
measure all electrochemical parameters. The measured
potentials throughout the experiments were transformed with
respect to reversible hydrogen electrode (RHE) using the
following pH-dependent mathematical formulation:

Epuie = Eagiagar + 0197 + 0059 1)

When plot overpotential (17) versus log(j) and then Tafel plots
were attained, Tafel plot linear fragments were suited to the
equation of Tafel:

n = blog(j) +a (2)

https://doi.org/10.1021/acsomega.2c08288
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Figure 3. (a) Polarization curves for the electrodeposited CoOO@FTO, NiO@FTO, and NiCoO@FTO electrodes in 1 M KOH aqueous solution at a
scan rate of S mV s! and (b) their corresponding Tafel plots obtained from the polarization curves.

in which “a” is exchange current density, “b” is Tafel slope, and
“j” is current density. A frequency of 100 kHz to 0.1 Hz has been
applied by a minor AC signal of 10 mV for the electrochemical
impedance measurements. Chronoamperometry technique was
used to verify the stability of the fabricated electrodes, whereas
gradually producing oxygen in 1 M aqueous solution of KOH
was performed on a continuous potential equivalent to 10
mAcm™? of respective electrocatalyst.’>*’

3. RESULTS AND DISCUSSION

Mono and bimetallic oxides-based electrodes were formed by
electrodeposition on FTO. In the initial stage, we have made
binary- and monometal oxides of cobalt and nickel owing to
their famous activity for water splitting. Through several
techniques, the manufactured materials were characterized and
then more electrochemical activity was examined. For the
characterization of electrochemically deposited materials, two
techniques were used: the first one is scanning electron
microscopy (SEM) to define the materials morphologies and
then powder X-ray diffraction (XRD) spectroscopy to find out
the phase.

3.1. Powder X-ray Diffraction Analysis. To examine the
amorphous structural identity, modified FTO samples were
analyzed via powder XRD. The lack of any high-pitched peaks
for the deposited films over FTO surface indicated that the
electrodeposited transition metal-based oxides catalysts are
primarily X-ray amorphous. Figure 1 represents the XRD
patterns for unmodified FTO glass and CoO@FTO, NiO@
FTO, and NiCoO@FTO associated with the position SnO,
JCPDS. The broader peaks associated with nickel, cobalt, and
their bimetallic oxide might be due to the low crystallinity of the
deposited materials or the existence of tiny grains occupying the
interspaces among the particles. Similar peaks in the range of
28° 50°, and 60° obtained for bimetallic oxide, grown in the
(111), (220), and (411) orientation, confirmed the mixed mode
of both nickel and cobalt in the XRD pattern of fabricated
materials.

3.2. Morphology of Material. Scanning electron micros-
copy (SEM) analysis was further performed to evaluate the
morphology of the as-prepared electrode materials. SEM images
for Ni-O@FTO, Co—O@FTO, and NiCoO@FTO are shown
in Figure 2. NIO@FTO pictures (Figure 2a) illustrated the
rough distribution of its spherical particles, whereas in case of
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Co—O@FTO (shown in Figure 2b), owing to particles
accumulation, no clear shape was detected. Figure 2d further
showed an in-depth analysis of the bimetallic oxide (NiCoO@
FTO) with a mixture of irregular rectangular cubes spherical
shaped particles. Almost 500 nm particle size elaborated for the
mixture of the nickel- and cobalt-based bimetallic oxides.

3.3. Electrochemical Studies. 3.3.1. Linear Sweep
Voltammetry. Electrocatalytic oxygen evolution reaction
performance of FTO-based mono and binary-metal oxide
electrodes (containing Ni and Co) was observed in basic
solution (1 M KOH) by using an ordinary three-electrode
system (Table 1). Linear sweep voltammetry was used for the
electrochemical verification of synthesized electrodes at a
potential range of 0—2.0 V against reversible hydrogen electrode
(RHE) at a scanrate of SmVs™". Figure 3a represents bare FTO
polarization curves and their comparison behavior with the
mono and bimetallic oxides of transition metals over the FTO
surface.

Overpotential values for the electrocatalysts CoOO@FTO and
NiO@FTO were observed to be 536 and 520 mV, respectively,
at the current density of 10 mAcm ™. For the higher current
value of 100 mAcm~2, the required overpotential was increased
t0 990 mV for CoO@FTO and 890 mV for NiO@FTO. Related
to these monometal oxide electrodes, the overpotential for
binary-metal oxide (NiCoO@FTO) was expressively reduced to
460 mV at 10 mAcm™> and 745 mV at 100 mAcm™> This
reduction in overpotential shown by binary-metal oxide
electrode verified its higher electrocatalytic OER performance
as compared to both monometal oxide electrodes.

Tafel slope is inversely related to charge transfer ability, which
indicates that a good catalyst has a small Tafel slope. In Figure
3b, the Tafel slope of modified electrodes along with bare FTO,
generated from the polarization curves, was used to further
analyze the electrochemical performance in terms of OER
kinetics. Tafel slope considerations from the Tafel plots were to
be ~210 mV dec™ and ~206 mV dec™* for COO@FTO and
NiO@FTO, respectively. In comparison with NiCoO@FTO,
which showed the lowest value of Tafel slope, that is, 191 mV
dec™. This lower slope represented that the unification of Co
and Ni binary-metal increased the electrocatalytic performance
with high promising kinetics toward OER. This might be
recognized by a greater number of active sites and surface area

https://doi.org/10.1021/acsomega.2c08288
ACS Omega 2023, 8, 9539-9546
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aqueous solution at different scan rates, and their corresponding plots for electrochemical double layer capacitance.

owned by NiCoO@FTO rather than monometal oxide-based
electrodes as well as synergistic effect of both the metals.*®
3.3.2. Cyclic Voltammetry. In order to examine the double
layer capacitance (Cy) of the electrocatalysts, a relationship
between nonfaradaic current amount and scan rate has been
studied by cyclic voltammetry. Higher current densities with
faster scan rates have been attributed to the enhanced charging
current and reduced diffusion-layer resistance. CV was executed
in the nonfaradic section at several scan rates to evaluate the Cy
and electrochemical surface area (ECSA) for each electro-
catalyst. A linear relationship was observed when scan rate was
plotted against current (Figure 4a—d). NiCoO@FTO in 1 M
KOH electrolyte exhibited the highest nonfaradaic current
(potential window of 0.1 to 0.2 V) and showed the C value of
199 uF as shown in Figure 4d. In comparison with the mono
metallic nickel and cobalt oxide-based electrocatalysts, they
showed Cy values of 120 and 106 as shown in Figure 4b and ¢,
respectively. At the electrode—electrolyte interface, Cy is an
essential parameter that is also associated with the ECSA of the
electrode material. The greater is the ECSA and higher the
double-layer capacitance, consequently the better is electro-
catalytic performance toward the OER in water splitting
reactions. In monometallic oxides, ECSA values for CoO@
FTO and NiO@FTO are 1.13 cm®and 1.21 cm?, respectively. In
evaluation with bimetallic oxide (NiCoO@FTO), ECSA
revealed a highest significant improved value of 1.91 cm® The
higher values of Cq and ECSA can be recognized toward the
greater surface area with additional biding sites (defects) and
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subsequently amplified productivity. Electrochemical parame-
ters for each sample such as overpotential, Tafel slope, ECSA
and Cy, and R, are given in Table 2.

Table 2. Electrochemical Parameters for Co, Ni, and Their
Binary-Metal Oxide-Based FTO Electrodes

Mo Tafel slope ECSA R
catalysts (mV)“* (mV dec™?) Cq (uF) (cm?) (Q)
FTO 287 3.82
CoO@FTO 536 210 106 1.13 195
NiO@FTO 520 206 120 1.21 170
NiCoO@ 460 191 199 191 80
FTO

“Where 7, is the overpotential at current density of 10 mAcm ™

3.4. Post Treatment SEM Analysis. After electrochemical
water oxidation in basic media, the structural morphology of the
bimetallic oxides (NiCoOO@FTO) was examined. Figure 5
shows the post analyzed morphology of the metal oxide-coated
FTO with (a) lower and (b) higher magnification. The
amorphous structure active sites have been blocked up to a
small extent with the —OH ions interaction and reduced its
activity with the passage of time, which also is shown by the
chronoamperometric studies.

3.5. Electrochemical Impedance Spectroscopy and
Chronoamperometry. Electrochemical impedance spectros-
copy (EIS) was used to examined the charge transfer behavior of

https://doi.org/10.1021/acsomega.2c08288
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Figure S. SEM images of NiCoO@FTO at (a) lower and (b) higher resolution illustrating the morphology.
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Figure 6. (a) Electrochemical impedance spectroscopy measurements as of 0.1 Hz to 100 kHz for the electrodeposited CoOO@FTO, NiO@FTO, and
NiCoO@FTO electrodes at a DC voltage of 0.7 V. (b) Chronoamperometry for the electrode stability at a fixed potential of 0.65 V.

the oxygen evolution reaction activity for different electrodes as
shown in Figure 6a. The real part of resistance has been plotted
against its imaginary portion in the Nyquist plot. Semicircle
thickness in the higher frequency region displays the resistance
of charge-transfer for electrocatalysts and depicts the kinetics of
electron transfer of on the interface (electrode—electrolyte). As
compared to both CoO@FTO and NiO@FTO electrodes,
NiCoO@FTO showed a smaller semicircle, which represented
lower charge transfer resistance values of 195 €, 170 €2, and 80
Q, respectively. Solution resistance values of all electrode
systems showed the same position at the real part of the Nyquist
plot. The results therefore showed a quicker electron-transfer
process occur at the electrode composed of binary-metal oxide
to enhance the OER process.

The electrode stability is also a crucial parameter to assess the
durability and performance of the electrocatalyst in the
electrochemical water splitting process. The fabricated electrode
stability was verified by using the chronoamperometry
technique while progressively producing oxygen in 1 M KOH
aqueous solution at a continuous potential equivalent to 10 mA
cm™? for NiCoO@FTO for 10 h. Figure 6b shows the stability
consequence for FTO-based electrodes modified with binary-
metal oxides. Electrocatalysts exhibited good stability in
amperometric quantities, showing the durability of the
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fabricated amorphous electrocatalysts toward OER at a current
density of 10 mAcm ™, representing a good candidate for the

. — .51
electrocatalytic water oxidation reaction.

4. CONCLUSIONS

An electrodeposited approach has been adopted for the oxides of
Ni, Co, and their bimetallic for the efficient oxygen evolution
reaction in electrochemical water splitting. Linear sweep
voltammetry, cyclic voltammetry, and electrochemical impe-
dance spectroscopy were used to study the electrochemical
behavior of the metals and multimetal oxides. Bimetallic oxide of
Ni and Co showed the best performance with lowest
overpotential of 460 mV as compared to NIO@FTO (520
mV) and CoO@FTO (536 mV). Amorphous structure oxides
exhibited better stability when examined by chrono-
amperometry for 10 h. Double-layer capacitance and charge
transfer resistance also revealed that the oxide of the bimetallic
presented efficient electrocatalytic activities toward OER in

electrochemical water splitting reactions.
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