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enriched NiMoO4 nanorods via
microwave heating: a promising highly stable
electrocatalyst for total water splitting†‡
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Sangeetha Kumaravel,ab Madhu Ragunath ab and Subrata Kundu *ab

It is indeed necessary to develop a suitable bi-functional catalyst for total water splitting. Here, in this work,

we demonstrate a microwave-assisted formulation of NiMoO4 nanorods within 30 minutes of the reaction

time. As synthesized NiMoO4 nanorods grown on nickel foam were treated with NaBH4 to create internal

oxygen vacancies [NiMoO4(Vo)] that favoured OER and HER with very merginal applied overpotential. The

generation of oxygen vacancies in the lattice generally leads to the formation of an effective electronic

structure for proceeding OER activity in a sustainable way. When vacancy-enriched NiMoO4(Vo)

nanorods were applied for OER and HER under alkaline conditions, it demands only 220 and 255 mV

overpotential at 50 mA cm�2 current density, respectively. Having observed their phenomenal response

in both OER and HER, they were analysed for the real device as the two-electrode system (NiMoO4(Vo)

nanorods as anode and cathode); they needed 490 mV as overpotential at 50 mA cm�2. Based on the

molecular orbital and band-structured theories, it has been understood that the band gap state (BGS) led

to the formation of antibonding states with a very low electron population that favoured rich OER and

HER kinetics, as observed from the electrochemical results.
Introduction

Constant use of fossil fuels produces a large amount of green-
house gases, mainly CO2 and as a consequence of this, the level
of CO2 in the environment is increasing day by day. This affects
the earth's climatic condition and an example of which is the
melting of ice in the Arctic area that caused an increase in the
water level in the sea.1 Hence, while searching for alternative
fuels, it is desired to go for carbon-neutral fuels instead of
carbon-containing ones, and surprisingly researchers have
found that hydrogen (H2) with high specic energy density
(120–140 MJ Kg�1) can be used as an alternative. Hydrogen can
be generated by various processes such as steam reforming of
fossil fuels, the hydrolysis of metal hydrides, photo-
electrochemical water splitting and the electrolysis of water.2

Out of various available methods, electrolysis of water is the
most studied one owing to its environment-friendly nature with
no carbon emission. Electrolysis of water consists of two half-
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cell reactions viz oxygen evolution reaction (OER) at the anode
and hydrogen evolution reaction (HER) at the cathode. The
standard electrode potential of water splitting is 1.23 V vs. RHE,
which is derived from thermodynamics without considering the
kinetic aspects of the reaction which vary with respect to the
mechanistic steps involved in both OER and HER.3

By considering complex mechanisms, multiple electron
transfer and various kinetic parameters of OER and HER, these
cannot be proceeding in the thermodynamically-derived
potentials and always demand excess potentials over the theo-
retical potential value. This excess potential is termed as
‘overpotential’ of the reaction3 and to minimize the required
overpotential, there is an urgent need for designing suitable
electrode materials for OER at a very low overpotential at
a certain current density. Noble metal oxides (RuO2 and IrO2)
and Pt are considered to be state-of-the-art catalysts for OER and
HER, respectively.4,5 However, low abundance made their
industrialization problematic due to increasing costs. In this
regard, due to the high abundance and low cost of transition
metal-based catalysts, they are promising as an alternative to
noble metals-based catalysts. Recently, transition metal
oxides,6–8 hydroxides,9,10 chalcogenides11–13 and phosphide12,14–16

based materials have been reported as efficient catalysts
towards water splitting at different pH conditions. However, the
formed oxide or hydroxide phase during OER will only act as
a real catalytic surface of various corresponding catalysts
mentioned above.
J. Mater. Chem. A, 2021, 9, 11691–11704 | 11691
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Out of various transition metals-based electrocatalysts,
nickel-based oxides showed the most bulbous OER activity,
particularly in alkaline environments. The combination of the
4d transition metal with 3d transition metal-based oxide or
other compounds has exhibited predominant electrocatalytic
activity.17–21 The addition of tungsten or molybdenum metal or
their oxides in combination with 3d transition metal ensured
enhancement in electrocatalytic performance. In this regard,
molybdate-based materials have taken much consideration for
total water splitting. Out of various molybdate-based materials,
nickel molybdate (NiMoO4) catalysts have taken much consid-
eration owing to the electronic structure of nickel for promoting
OER and HER effectively. Zhang et al. reported NiMoO4�x/MoO2

as an efficient water-splitting catalyst and it required just
320 mV overpotential to reach 100 mA cm�2 current density.22

On the other hand, Chen et al. reported iron-doped NiMoO4 for
efficient water oxidation reaction and reached 10 mA cm�2 of
current density and it required 299 mV of overpotential.23 But,
the problem associated with all NiMoO4-based materials is that
for efficient synthesis, it requires high temperature and pres-
sure conditions. Hence, it is highly desirable to nd an alter-
native and easy way for synthesizing it within a short time scale
with a pronounced activity.

Here, in this work, for the very rst time, we have developed
NiMoO4 nanorods grown over nickel foam by utilizing micro-
wave conditions within 30 min of reaction time. The as-
prepared NiMoO4 was treated with 0.1 M NaBH4 solution to
create internal oxygen vacancy, which further enhanced the
electrocatalytic performance by changing the surface electronic
structure. Vacancy-enriched NiMoO4 was applied for both OER
and HER in alkaline conditions. For OER, the vacancy-enriched
nickel molybdate [NiMoO4(Vo)] demanded only 220 mV of
overpotential, whereas it required 255 mV as overpotential for
HER to reach 50 mA cm�2 of current density. Further,
NiMoO4(Vo) was used both as the anode and cathode for total
water splitting and it required just 360 and 490 mV of over-
potential to reach 10 and 50 mA cm�2, respectively. Based on
the molecular orbital and band structure theories it can be
observed that BGS led to the accumulation of fewer electrons in
antibonding states and because of which they ensured a high
rate for OER and HER activities in alkaline electrolytes with
large-scale stability.

Experimental section
Synthesis of NiMoO4 on nickel foam via microwave heating
methods

At rst, nickel foam (NF) was washed with 3 M HCl solution by
ultrasonication and later the ultrasonicated NF was washed
with a water–ethanol mixture several times followed by drying at
room temperature. Then, the washed NF was directly trans-
ferred to a 100 mL beaker containing 20 mL of 0.01 (M) NiCl2
solution. Later on, it was transferred to a microwave oven and it
was heated for 30 s at a power of 150W. To this solution, 2mL of
0.01 M Na2MoO4 was added dropwise and the heating was
continued for 1 min. Likewise, all the Na2MoO4 solution was
added in the same manner and heated for 1 min in each
11692 | J. Mater. Chem. A, 2021, 9, 11691–11704
interval. Aer the addition of all the molybdate solution to the
reaction mixture, it was additionally heated for 10 s with total
heating for 2 min with a gap of 10 seconds for avoiding the
spillage of the solution. Aerward, yellow-colored NiMoO4

coated NF was taken out from the reaction mixture and washed
with water and ethanol mixture several times followed by drying
at 60 �C for 6 h.
Synthesis of NiMoO4(Vo) on nickel foam via wet chemical
route

NiMoO4(Vo) was synthesized by a simple wet chemical method.
Typically, NiMoO4 coated NF was dipped in 0.1 (M) of sodium
borohydride (NaBH4) solution taken in a 50 mL beaker for one
hour. Aer one hour of dipping in NaBH4 solution, the soaked
NF coated with NiMoO4 was taken out and washed with water
several times followed by drying at 60 �C for 6 hours. The whole
synthetic procedure is shown in Scheme 1.
Results and discussion

Aer the successful synthesis of NiMoO4 and NiMoO4(Vo), they
were characterized using various advanced characterization
tools. First, the formation of both the molybdate materials was
preliminarily characterized by XRD analysis and the obtained
results are shown in Fig. 1a. Fig. 1a shows the diffraction peaks
for various planes like (111), (�111), (200), (121), (�112), (�220)
and (130) corresponding to NiMoO4, which were matched with
ICDD card no: 00-016-0291. NiMoO4(Vo) shows the same XRD
pattern, but the intensity of some of the peaks decreased, which
might be due to the creation of a large number of vacancies on
the surface of NiMoO4. In addition to all the corresponding
peaks of NiMoO4, two large intense peaks appeared on 2q values
of 45.46 and 52.7�, which corresponded to metallic nickel that
was used as a coating substrate matching with the ICDD card
number of 00-001-1266.21 In order to investigate the surface
functional groups, Raman spectroscopic study was conducted
on both NiMoO4 and NiMoO4(Vo) and the spectra are shown in
Fig. 1b. The peaks at 950, 870 and 830 cm�1 correspond to the
symmetric and anti-symmetric stretching of Mo–O bonds,
whereas the peak at the frequency value of 355 cm�1 originated
from the bending vibration of Mo–O bonds.24 Raman spectra of
NiMoO4 and NiMoO4(Vo) are the same but in the case of
NiMoO4(Vo), the intensity of all peaks decreased, which might
be due to the creation of oxygen vacancies over the surface.

Aer having proper knowledge about the structural charac-
terization, morphological analysis was rst performed through
FE-SEM analysis and the corresponding results are given in
Fig. 2. Fig. 2a and b shows FE-SEM images of NiMoO4, from
a lower to higher magnication value revealing rod-like
morphology. Fig. 2c displays the EDS spectrum of NiMoO4 in
the FE-SEM mode with quantication of all the expected
elements present in the lattice, also suggesting purity. Fig. 2d
and e shows FE-SEM images of NiMoO4(Vo) from a lower to
higher magnication value and it shows the same rod-like
structure that was retained even aer the treatment of
NiMoO4 with NaBH4 solution. Fig. 2f shows the corresponding
This journal is © The Royal Society of Chemistry 2021
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Scheme 1 A synthetic scheme for synthesizing NiMoO4 and NiMoO4(Vo) via a microwave heating method.

Fig. 1 (a) XRD patterns of rod shaped NiMoO4 and NiMoO4(Vo), (b) Raman spectra of rod shaped NiMoO4 and NiMoO4(Vo).
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EDS spectrum with the quantication of all elements that
further reveal the pure nature of the prepared material. The
decrease in the amount of the elemental distribution aer
treatment with NaBH4 solution may have been caused by the
loss of the loosely bound particles during the long-term
immersion of the electrode materials. Another possible reason
behind the decrease in the quantity of the elements is that when
NiMoO4 coated on NF was immersed, huge bubbling with
oxygen liberation was observed, and the mechanical force
associated with the bubbles might have also helped to leach
a certain quantity of NiMoO4 from NF.

Microstructural analysis of NiMoO4 was conducted using
HR-TEM and the corresponding images are shown in Fig. 3.
Fig. 3a–c shows the low to high magnication HR-TEM images
of NiMoO4 and it demonstrates rod-like microstructural
outcomes for NiMoO4. The inset of Fig. 3b shows the SAED
pattern of NiMoO4, which shows the polycrystalline nature of
the particles and it reveals the diffraction of (111) and (112)
This journal is © The Royal Society of Chemistry 2021
planes that match with the XRD pattern shown in Fig. 1a.
Lattice fringe pattern is given as an inset in Fig. 3c that shows
the d spacing value of 0.45 nm corresponding to the (100) plane
of NiMoO4 that is consistent with the ICDD card no: 00-016-
0291. To conrm the presence and distribution of all the ex-
pected elements in the lattice, high-angle annular dark-eld
(HAADF) colour-mapping analysis was carried out and the cor-
responding HAADF area chosen for colour-mapping analysis is
shown in Fig. 3d. Colour mapping results of all elements such
as Ni, Mo and O are shown in Fig. 3e–h, and it shows a uniform
distribution for the elements. Similarly, microstructural anal-
ysis of NiMoO4(Vo) is provided in Fig. 4. Fig. 4a–c shows low to
high magnication HR-TEM images of NiMoO4(Vo), which
reveal the same rod-like morphology of the particles that is
consistent with the FE-SEM results shown in Fig. 2. Aer having
a proper understanding of the structural and morphological
features of both the materials, their chemical nature was ana-
lysed by XPS analysis. Fig. 5a represents high-resolution XPS
J. Mater. Chem. A, 2021, 9, 11691–11704 | 11693
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Fig. 2 (a) and (b) FE-SEM images of NiMoO4 nano-rods, (c) EDS spectrum of NiMoO4 in the FE-SEM mode, (d) and (e) FE-SEM images of
NiMoO4(Vo) nanorod and (f) EDS spectrum of NiMoO4(Vo) in the FE-SEM mode.

Fig. 3 (a) and (c) Low to high magnification HR-TEM images of NiMoO4, inset of (a) and (b) are corresponding lattice fringes and SAED pattern
respectively, (d) is the HAADF image of rod-like NiMoO4 taken for the mapping analysis, (e)–(h) are the characteristic colour mapping results of
mix, Ni K, Mo K and O K respectively.

11694 | J. Mater. Chem. A, 2021, 9, 11691–11704 This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a)–(c) Low to high magnification HR-TEM images of NiMoO4(Vo); (d) is the HAADF image of rod-like NiMoO4(Vo) taken for the mapping
analysis; (e)–(h) are the characteristic mapping results of mix, Ni K, Mo K, O K and respectively.
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spectra of Ni 2p orbitals of NiMoO4 and NiMoO4(Vo). It shows
doublet peaks for NiMoO4 at binding energies of 856.3 and
874.3 eV, which corresponded to Ni 2p3/2 and Ni 2p1/2, respec-
tively, and conrming the presence of nickel in the +2 oxidation
state.24–26 The other two peaks at binding energies 860.4 and
880.6 eV correspond to Ni 2p3/2 and Ni 2p1/2 satellite peaks. XPS
high-resolution spectra for Ni 2p of NiMoO4(Vo) are similar to
those of NiMoO4 but close analysis reveals that there is a shi-
ing of all maxima towards higher binding energy by 0.81 eV.27

This shiing is indicating the depletion of electron density in
the vicinity of the nickel ions. Fig. 5b shows the deconvoluted
XPS spectra of O 1s orbital, which show two spin–orbit coupling
originated peaks. The peak at a binding energy of 530.6 eV is
attributed to the metal–oxygen (M–O) bond and the other peak
at a binding energy of 531.4 eV corresponds to low coordinated
M–O bonds, which conrmed the formation of oxygen vacancy
in the lattice.10,21,28 But the interesting fact is that the area of the
second peak becomes 1.85 times larger in the case of
NiMoO4(Vo) than that of NiMoO4 suggesting the increase in
oxygen vacancy concentration aer treatment with NaBH4

solution. Fig. 5c shows the deconvoluted XPS spectra of Mo 3d
orbitals of NiMoO4 showing the presence of two peaks origi-
nating from spin–orbit coupling mechanism at binding ener-
gies of 232.18 and 235.3 eV which are corresponding to Mo 3d5/2
and Mo 3d3/2 orbitals, respectively, suggesting the presence of
molybdenum in +6 oxidation state.21 In the case of NiMoO4(Vo)
the same XPS pattern can be observed except for one additional
peak at a binding energy of 229.6 eV, which is due to the pres-
ence of molybdenum in the +5 oxidation state, which might be
originating due to the reduction of molybdenum from the +6
oxidation state. Although XPS spectra of O 1s orbital qualita-
tively provide information about the oxygen vacancy it is not
strong enough, because at the same binding energy, many more
functional groups can show the existence of the same peaks. To
provide strong evidence for the presence of oxygen vacancy, EPR
This journal is © The Royal Society of Chemistry 2021
spectra were acquired for both NiMoO4 and NiMoO4(Vo) and the
corresponding results are shown in Fig. 6. It displayed an
increase in structural defects aer treatment with NaBH4 as
compared to bare NiMoO4. A large increase in the peak intensity
at g ¼ 1.99 inferred that the structural defects originated from
the creation of oxygen vacancy, which is in accordance with the
result reported earlier.13 To provide more information on the
exact quantication by percentile ratio of the metal compo-
nents, X-ray uorescence (XRF) studies were carried out
(Fig. S1a and b‡) for both NiMoO4 and NiMoO4(Vo) at 10
different places with a total surface area of about 0.5 � 1 cm2

and the average was taken for both metals and the ratio of Ni to
Mo was almost the same as that obtained from EDS analysis in
the FE-SEM mode i.e., 0.85 � 0.1.
Electrocatalytic OER activity of NiMoO4 and NiMoO4(Vo) in
1 M KOH

Aer having the exact knowledge of structural and morpho-
logical aspects of NiMoO4 and NiMoO4(Vo), both the materials
were subjected to OER and HER applications in ‘Fe-free’ 1 M
KOH solution. Due to the large prevalence of oxidation peaks at
a potential of around 1.35 V (vs. RHE) with an excess current in
the forward CV, to have an expressive identication of the
activity, the backward CV was considered to precisely calculate
the overpotential. For comparing the activity of all catalysts, we
calculated the required overpotential values at 50 mA cm�2

current density. It can be observed from Fig. 7a that to reach
the above-mentioned current density, NiMoO4(Vo) demands
only 220 mV overpotential, whereas bare NiMoO4 required
255 mV overpotential to reach the same current density.
Overpotential values required to achieve current densities of
10, 50 and 100 mA cm�2 were calculated and represented by
a bar diagram as given in Fig. S2,‡ which shows the superior
activity of NiMoO4(Vo) compared to that of bare NiMoO4. To
J. Mater. Chem. A, 2021, 9, 11691–11704 | 11695
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Fig. 5 (a) Combined high-resolution XPS spectra of Ni 2p orbitals for NiMoO4 and NiMoO4(Vo), (b) deconvoluted XPS spectrum of O 1s orbitals,
(c) XPS spectra of Mo 3d orbital of NiMoO4 and, (d) XPS spectra of Mo 3d orbital of NiMoO4(Vo).
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gain knowledge about the charge transfer kinetics at the elec-
trode–electrolyte interfaces, Tafel slope analysis was conducted
from the iR drop free LSV curves and the corresponding Tafel
plot is shown in Fig. 7b. NiMoO4(Vo) possesses a Tafel slope
value of 30 mV dec�1, whereas NiMoO4 and NF possess the
Tafel slope values of 60 mV dec�1 and 100 mV dec�1, respec-
tively. Observed Tafel slope values indicating the highest rate
of electron transfer at the electrode–electrolyte interfaces
containing NiMoO4(Vo) as a catalyst. Charge transfer resistance
was calculated from EIS spectra at an overpotential value of
300 mV and corresponding results are shown in Fig. 7c.
NiMoO4(Vo) shows the lowest Rct value of 0.47 U, whereas bare
NiMoO4 and NF display Rct values of 1.15 and 22.85 U,
respectively, in consistence with high rated electron transfer in
the case of NiMoO4(Vo). The chronoamperometric study was
carried conducted out at a current density of 50 mA cm�2 for
12 h and it was observed that the catalyst possessed very high
11696 | J. Mater. Chem. A, 2021, 9, 11691–11704
stability. To look more inside into the cause of the high activity
of vacancy-enriched NiMoO4, electrochemical active surface
areas (ECSA) were calculated in the potential region of 0.15 to
0.25 V (vs. Hg/HgO) and the corresponding CV curves are
shown in Fig. 8a and b. The observed Cdl values (Fig. 8c) were
0.554 and 0.27 mF for NiMoO4(Vo) and NiMoO4, respectively,
revealing the exposure of a more number of surface-active sites
aer vacancy creation on the surfaces. To know the robustness
of the catalyst accelerated degradation (AD) studies were
carried out at a scan rate of 200 mV s�1 for 1000 cycles and it
showed a constant activity, as shown in Fig. 8d, even aer such
a high scan rate potential application for long cycles. The turn
over frequency (TOF) values were calculated for NiMoO4 and
NiMoO4(Vo) at an overpotential value of 310 mV and the ob-
tained values are 1.37 � 10�4 and 4.016 � 10�4 s�1, respec-
tively, showing the superior activity of the vacancy-enriched
NiMoO4 for OER. A comparison table (Table S1 in ESI
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 EPR spectra of NiMoO4 and NiMoO4(Vo) at room temperature.
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section‡) for our catalyst with recently reported similar types of
materials shows that our synthesized catalyst has superior and
highest activity as compared to others.
Fig. 7 (a) Is the backward CV of rod like NiMoO4(Vo) and NiMoO4 at a sca
obtained at 300 mV overpotential and (d) chronoamperometric outcom

This journal is © The Royal Society of Chemistry 2021
Electrocatalytic HER activity of NiMoO4 and NiMoO4(Vo) in
1 M KOH

The electrocatalytic HER application was studied in a 1 M KOH
solution and all the corresponding results are given in Fig. 9.
First of all, an LSV polarization study was carried out to evaluate
the HER activity trends in terms of calculation of overpotential
at a current density of 50 mA cm�2 and the obtained result is
shown in Fig. 9a. It was observed that NiMoO4(Vo) demanded
only 255 mV overpotential, whereas, bare NiMoO4 and NF
required 294 and 400 mV of overpotentials, respectively, to
reach the same current density, showing the improvements in
catalytic activity as a result of oxygen vacancy creation. Tafel
slope analysis was taken from the iR drop free LSV curve and is
shown in Fig. 9b. The lowest Tafel slope value was observed for
NiMoO4(Vo), which is about 104 mV dec�1, whereas, bare
NiMoO4 and NF possess the Tafel slope values of 157 and
277 mV dec�1, respectively, revealing fast charge transfer
kinetics for NiMoO4(Vo) at electrode–electrolyte interfaces. EIS
was carried out at an overpotential value of 300 mV to know the
charge transfer resistance at the electrode surfaces and the
corresponding spectra are given in Fig. 9c. NiMoO4(Vo) shows
n rate of 5 mV s�1, (b) corresponding Tafel plot, (c) impedance spectra
es for 12 h.

J. Mater. Chem. A, 2021, 9, 11691–11704 | 11697
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Fig. 8 (a) and (b) Are the CVs recorded for NiMoO4 and NiMoO4(Vo) respectively in a non-faradaic region with increasing scan rate for the
determination of ECSA from its double layer capacitance; (c) are the corresponding plots to the measure Cdl; (d) backward CV after 1000 cycles
of AD study.
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the lowest Rct value of 0.43 U whereas bare NiMoO4 and NF
display Rct values of 1.28 and 37.5 U, respectively, that is
consistent with highly-rated electron transfer in the case of
NiMoO4(Vo). The chronoamperometric study was carried out at
a current density of 50 mA cm�2 for 12 hours and it was
observed that the catalyst possesses a very high stability with an
increase in the activity as shown in Fig. 9d. Overpotential values
required to achieve 10, 50 and 100 mA cm�2 current density
values were calculated and represented as a bar diagram in
Fig. S3a,‡ which shows the superior activity of NiMoO4(Vo)
compared to that of bare NiMoO4. To ensure the robustness of
the catalyst, the AD study was carried out at a scan rate of
200 mV s�1 for 1000 cycles and the LSV study was carried out
aer the cycling. Fig. S3b‡ shows the corresponding LSV curve
and it can be observed that the overpotential value was
decreased to 219 mV suggesting an increase in the activity of the
catalyst and the result is consistent with chronoamperometric
results shown in Fig. 9d. Here also the turn over frequency
(TOF) values were calculated for NiMoO4 and NiMoO4(Vo) at an
overpotential value of 310 mV and the obtained values are 1.63
� 10�4 and 4.06 � 10�4 s�1, respectively, showing the superior
activity of the vacancy-enriched NiMoO4 for HER.
11698 | J. Mater. Chem. A, 2021, 9, 11691–11704
The total water splitting study of NiMoO4(Vo) as both anode
and cathode

Aer conrming the outstanding activity and stability of
NiMoO4(Vo) under OER and HER potential regions under
alkaline conditions, NiMoO4(Vo) coated electrodes were applied
in a two-electrode system for visualizing the real activities of
large-scale production of H2 and O2, as shown in Fig. 10. For
that, NiMoO4(Vo) was used as both anode and cathode and
delivered a substantial water splitting activity by demanding
490 mV of overpotential to reach 50 mA cm�2 of current density
(Fig. 10a). Further, EIS was performed to know the charge
transfer resistance at the electrode–electrolyte interface and the
observed Rct value was 1.43 U (Fig. 10b). To show the stable
nature of this two-electrode set-up, a chronoamperometric
study was carried out for 15 hours at an overpotential of 490 mV
and it showed a constant current density, revealing the stable
nature of the catalyst (Fig. 10c). From these studies, it is clear
that NiMoO4(Vo) could be a potential candidate for delivering
large-scale production of both hydrogen and oxygen and that
too with the very low applied input of energy by delivering
concomitant activities.
This journal is © The Royal Society of Chemistry 2021
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Fig. 9 (a) LSV curve of rod like NiMoO4(Vo) andNiMoO4 at a scan rate of 5mV s�1, (b) corresponding Tafel plot, (c) impedance spectra obtained at
250 mV overpotential and (d) chronoamperometric outcomes for 12 hours.
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Role of vacancies from NiMoO4(Vo) in electrocatalytic water
splitting activity

The formation of unsaturated metal ions on the surface of the
catalyst would always lead to an increase in surface energy of the
particles, which in turn results in an increase in catalytic
activity. Vacancies in a lattice can be of three types viz. (1) cation
vacancy; (2) anion vacancy and (3) multiple vacancies.27,29 Out of
all these type of vacancies, the ones formed by missing one or
several anions in the lattice are the most studied and charac-
terized ones. Internal oxygen vacancy creation is one of themost
pronounced defect formations in the lattice, which can drasti-
cally improve the electrocatalytic activity of a catalyst. Oxygen
vacancy can be formed by means of different ways like solvent
exfoliation,28 plasma etching,30 high-temperature annealing at
reducing environments, annealing at oxygen atmosphere and
wet chemical reduction by using different reducing agents. Out
of various available methods, wet chemical reduction by using
a suitable reducing agent is the easiest and acceptable one
because of its easy handling in achieving plenty amounts of
oxygen vacancy formation. The formation of oxygen vacancy
takes place via the following two steps mechanism.27

2M* 4 2M� + 2h+ (1)

O* + 2h+ 4 1/2O2 + Vo (2)
This journal is © The Royal Society of Chemistry 2021
where, the *, + and � denote nominal neutral, positive and
negative charges, respectively. It is well established that a lower
coordination number in the catalytically active site would offer
a greater extent of dangling bonds on the surface of the catalyst,
which results in an increase in the activity of the catalyst.31,32 As
we aware of the fact that OER is a multistep process that
proceeds via the formation of different intermediates towards
the forward direction by forming and breaking of various
metal–oxygen bonds. So, to proceed in the forward direction, it
is necessary to optimize the metal–oxygen bond strength. The
most important step for OER is the formation of oxyhydroxide
formation via the oxidation of metal ions with the O–O bond
formation, which is formed by the hydroxide ions attack on
M–O bonds.31,32 Creation of oxygen vacancy close to the metal–
oxygen bonds leads to the extraction of electron density from
metal ions and there will be an increase in electron deciency
on the metal, which further leads to favour the nucleophilic
attack of H2O/OH

� to form an oxyhydroxide derivative. With the
increase in the extent of attacking from hydroxide ions to metal
oxide bonds, there will be a greater chance for the formation of
oxyhydroxide derivative with lower applied potentials. The
extent of hydroxide ion interaction at active sites can indirectly
be identied via the redox-featured area calculation from CV by
choosing the proper area of either oxidation or reduction peaks
of different catalyst materials.33 The corresponding areas for
reduction peaks for NiMoO4(Vo) and NiMoO4 are shown in
J. Mater. Chem. A, 2021, 9, 11691–11704 | 11699
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Fig. 10 (a) LSV curve of rod like NiMoO4(Vo) as an anode and cathode in a two electrode system at a scan rate of 2 mV s�1, (b) impedance spectra
obtained at 400 mV overpotential, and (c) chronoamperometric outcomes for 15 hours.
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Fig. 11a and b, respectively, and the calculated areas are 0.0548
VA and 0.048 VA, respectively, that reveals the fact that the
formation of oxygen vacancy could direct the increase in the
surface active sites for OER. To gain information on the redox
behaviour of metal ions, CV cycling was carried out in the
potential region of 1 to 1.5 V vs. RHE, and the corresponding CV
plot is shown in Fig. 11c. It can be observed that due to the
vacancy formation, there is a large shi in the redox behaviour
of the catalyst materials, such as the oxidation peak for Ni2+/
Ni3+ redox couple for NiMoO4(Vo) is shied to lower potentials
(1.38 V vs. RHE) as compared to that of NiMoO4 (1.40 V vs. RHE),
suggesting the feasibility of the active intermediate formation
in NiMoO4(Vo) as compared to the bare one. Suntivich et al.
reported the electrocatalytic performance of transition metal-
based compounds which were highly dependable on electron
occupancy of crystal eld which was split as eg orbitals.8 Highest
catalytic activity would be shown by a catalyst that has eg orbital
occupancy close to unity. Considering crystal eld splitting
electronic arrangements of Ni2+ (t2g

6eg
2) and Ni3+ (t2g

6eg
1), the

latter one has more chances of having an electron occupancy
close to unity and thus leads to more OER activity. As we have
discussed before, the formation of oxygen vacancy led to the
creation of electron deciency in the Ni2+ sites and hence fav-
oured the Ni3+ oxidation state. The electronic arrangement of
NiMoO4(Vo) in the Ni centre can be seen in Scheme 2, which
displays that oxidation of Ni2+ that results in the electron
11700 | J. Mater. Chem. A, 2021, 9, 11691–11704
occupancy in the eg orbital to be close to unity and favouring
OER with lower overpotential.13 Apart from the electronic effect,
one more important factor is the bond strength of metal oxide
formed during the course of the reaction. The formation of
metal oxide bonds through the hydroxide ion attacks should be
optimal, i.e., neither too strong nor very weak. If we consider the
molecular orbital theory, the bond strength of particular bonds
primarily depends on the electron density on the antibonding
orbitals. Based on the electronic origin of the bond strength
descriptor given by Tao et al., here, we propose themodel shown
in Scheme 3 based on the molecular orbital and band structure
theory.34 Being the second highest electronegative element, the
oxygen atom always behaves as an acceptor during bond
formation with metal ions. Here, we will consider the interac-
tion between O and transition metal ions (3d or 4d transition
metals) that would contribute to allowing the effective coupling
between O 2p and highest occupied d states and that coupling
would result in the formation of bonding and antibonding
states. Generally, bonding states are staying far below the Fermi
level (EF) and are fully lled.27,35–38 On the other hand, lling of
higher energy-antibonding state largely depends on the energy
difference between metal d bands and Fermi energy levels, and
hence, higher the energy difference lower will be the electron
occupancy in that antibonding orbitals. For stoichiometric
oxidematerials, the placement of the d band is usually far below
that of EF, which results in lower energy of the leading to the
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 (a) and (b) Reduction peak area of rod-like NiMoO4(Vo) and NiMoO4; (c) CV cycles for NiMoO4(Vo) and NiMoO4.
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antibonding states, resulting in completely lled states of
antibonding orbitals and thereby formation of weak metal–
oxygen bonds. In the case of nonstoichiometric oxide, i.e.,
enriched with a large number of oxygen vacancies, they can
create a new electronic state called band gap states (BGS), which
Scheme 2 Scheme of electron occupancy in different crystal field splitt

This journal is © The Royal Society of Chemistry 2021
arise due to the availability of a large number of unpaired
d electrons at higher energies that keep them above Fermi
levels. This particular increase in the energy of d bands
elevating the antibonding states above EF with considerable
enhancements in energy leads to partial lling of antibonding
ed orbitals of the Ni centre.

J. Mater. Chem. A, 2021, 9, 11691–11704 | 11701
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Scheme 3 Schematic representation of molecular orbital and band structure, for the origination of high electrocatalytic activity of NiMoO4(Vo)
through vacancy formation.
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states, which assists the formation of metal bonds with
optimum bond energy indirectly. So, in conclusion, the
formation of oxygen vacancies is highly advantageous not only
favouring the incoming of electroactive species but also reduces
the Fermi-level energy by keeping antibonding states at higher
energies. This fruitful application of vacancy creations ensured
favourable electronic arrangement, redox features of metal ions
in the less applied overpotentials (Fig. 11c) and ensured
bonding capability of oxygen with rich electroactive sites for
having more improvements in OER activity.
Post characterization study of NiMoO4(Vo)

It is indeed necessary to provide information about the
morphological and chemical changes that have occurred during
the harsh anodic potential application. For this purpose, rst,
we carried out FE-SEM colour-mapping, HR-TEM and XPS
analysis of NiMoO4(Vo) aer the OER study. First of all, to
conrm the presence of all the elements even aer harsh anodic
potential application, FE-SEM colour mapping analysis was
carried out and the corresponding results are shown in Fig. S4,‡
and it shows a uniform distribution of O, Ni and Mo, which
conrmed the exceptional stability of the catalyst under harsh
anodic condition for long times.

EDS analysis aer OER was carried out at the FE-SEM mode
and is given in Fig. S5.‡ It shows the presence of all the expected
11702 | J. Mater. Chem. A, 2021, 9, 11691–11704
elements along with a new peak for K, which arises from the
electrolyte used during electrochemical OER studies. Post OER,
the microstructural outcome was observed from HR-TEM
analysis and the corresponding images are shown in Fig. S6a–
c‡ from low to highmagnication, respectively, and displays the
same rod-like morphology for the particles. The SAED pattern
(inset of Fig. S6a‡) shows the polycrystalline nature of the
particles with the diffraction of the particles andmainly showed
(001) and (111) planes. HAADF colour mapping was also per-
formed for conrming the elemental distribution of all the
elements and is shown in Fig. S6d–h,‡ and it shows a uniform
distribution of all the expected elements like Ni, Mo and O all
over the surface. The chemical nature of all the elements was
analysed using XPS spectroscopy, results of which are shown in
Fig. 11. The deconvoluted XPS spectrum of Ni 2p orbitals shown
in Fig. 12a indicates the same pattern as it was in the pre-
catalyst, except that one new peak arises at a binding energy
of 856.03 eV due to the presence of nickel ions in the +3
oxidation state, which was formed by the prolonged anodic
potential application on the working electrode with the active
site being NiOOH during OER. The XPS spectra of Mo 3d
orbitals shown in Fig. 12b indicate two maxima at binding
energies of 231.48 and 234.58 eV for Mo 3d5/2 and 3d3/2 orbitals,
respectively, revealing the presence of Mo in +6 oxidation states.
High-resolution XPS spectra of O 1s orbital are shown in Fig. 12c
This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Post XPS characterization of NiMoO4(Vo): (a) high-resolution XPS spectra of Ni 2p orbitals, (b) XPS spectra of Mo 3d orbital and (c)
deconvoluted XPS spectrum of O 1s orbitals.
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displaying the existence of two spin–orbit couplings originating
peaks at the same binding energies as that was in pre-catalysts.
The areas of the oxygen vacancy peaks for both pre and post-
OER catalyst materials were calculated and the obtained ratio
was about 1.125, which revealed that the concentration of the
oxygen vacancy decreases aer the long-term application of
anodic potential. The origin of this decrease in oxygen vacancy
concentration might be arising due to oxidation of the surfaces
under anodic conditions. From the cooperative post character-
ization results, even aer the application of harsh anodic
potentials, the prepared rod-shaped oxygen vacancy-enriched
NiMoO4 catalysts were found to be highly stable in nature and
also the morphological outcomes were retained and hence can
be employed for large scale water splitting in the future.
Conclusion

To summarize, this work highlighted for the very rst time, the
fast formation of vacancy-enriched NiMoO4 nanorods via
microwave heating. The formation of oxygen vacancy-enriched
NiMoO4 nanorods led to improvements in the electrocatalytic
This journal is © The Royal Society of Chemistry 2021
performance of the catalyst under alkaline conditions with very
low overpotentials in OER and HER as well as in the total water
splitting study in 1 M KOH. XPS and EPR analysis conrmed the
presence of oxygen vacancy formation that ensured improvisa-
tion of the surface electronic structure. This favourable-vacancy
enriched NiMoO4(Vo) nanorods show huge improvements in
activities when compared with bare NiMoO4 nanorods. Overall,
NiMoO4(Vo) delivered excellent OER and HER performances
reached 50 mA cm�2 of current density, the vacancy-enriched
NiMoO4(Vo) required 220 and 255 mV of overpotentials for
OER and HER conditions, respectively. Aer realizing, excellent
OER and HER performances, NiMoO4(Vo) was used as both,
anode and cathode, in the two-electrode system to reach
a current density of 10 mA cm�2, at a overpotential of 360 mV
only. This precise approach to vacancy creation is certainly one
of the best ways of increasing the electrocatalytic OER/HER
performance with highly exposed active sites. Moreover, the
idea of the formation of oxygen vacancy-enriched NiMoO4

catalysts can also be extended successfully in other catalytic
systems such as different chalcogenides and oxides-based
materials in the future.
J. Mater. Chem. A, 2021, 9, 11691–11704 | 11703
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