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1. Introduction

The technological advancement and prac-
tical use of electrolysis are limited by the 
very low efficiency of cheap catalysts and 
the very high cost of thus efficient catalysts. 
Developing robust catalysts that have a 
relatively high performance and low-cost is 
still challenging. During water electrolysis, 
both the oxygen evolution reaction and the 
hydrogen evolution reactions (HER) are 
involved, which requires an efficient cata-
lyst to take place at a practical rate with min-
imum overpotential. Accessing this catalyst 
has been proved as one of the main difficul-
ties in the field of water electrolysis.[1]

Transition metals and their binary oxides 
have been explored for OER and encour-
aging results with excellent electrocatalytic 
activity toward OER have been obtained.[1–3] 
Most binary metal oxides have shown an 
enhanced electrical conductivity due to 
the interactions of metal cations, which 
result in higher oxidation states, leading 

to enhanced electrochemical properties. Among them, nickel 
molybdate (NiMoO4) has attracted intensive research interest 
due to its abundant catalytic sites, high surface area, and ease of 
synthesis methods.[4] Especially, the core–shell structure of metal 
molybdates, including NiO@NiMoO4,[5] NiCo2O4@NiMoO4,[6] 
CoMoS@CoMoO4,[7] etc., containing nickel molybdate shell 
and different cores have been reported with improved catalytic 
activity. 3D nanorods have a high specific surface area, and their 
hierarchical structures further enhance the surface area and the 
density of surface-active sites. Besides, the electron conductivity 
at the surface/interface enhances the electrochemical activity. 
Therefore, designing core–shell metal oxides with highly con-
ductive core and stable shell architectures would be an effective 
strategy to synthesize highly efficient electrocatalysts for OER.

Here, we report on the properties of the core–shell structure 
NiMoO4@Co3O4, which we obtained by hydrothermal synthesis 
of NiMoO4 nanorods followed by coating with a thin layer of 
Co3O4, using atomic layer deposition (ALD). NiMoO4 nanorods 
with a high aspect ratio provide maximum active exposed crystal 
facet, which improves catalytic efficiency. Besides the intimate 
contact between the nickel foam substrate and NiMoO4, a very 
thin layer of nanostructured Co3O4 provides a synergistic effect 
to boost the catalytic efficiency of the core–shell structure. The 

The sluggish kinetics of the oxygen evolution reaction (OER) is the bottleneck 
for the practical exploitation of water splitting. Here, the potential of a core–
shell structure of hydrous NiMoO4 microrods conformally covered by Co3O4 
nanoparticles via atomic layer depositions is demonstrated. In situ Raman 
and synchrotron-based photoemission spectroscopy analysis confirms the 
leaching out of Mo facilitates the catalyst reconstruction, and it is one of 
the centers of active sites responsible for higher catalytic activity. Post OER 
characterization indicates that the leaching of Mo from the crystal structure, 
induces the surface of the catalyst to become porous and rougher, hence 
facilitating the penetration of the electrolyte. The presence of Co3O4 improves 
the onset potential of the hydrated catalyst due to its higher conductivity, 
confirmed by the shift in the Fermi level of the heterostructure. In particular 
NiMoO4@Co3O4 shows a record low overpotential of 120 mV at a current 
density of 10 mA cm−2, sustaining a remarkable performance operating at a 
constant current density of 10, 50, and 100 mA cm−2 with negligible decay. 
Presented outcomes can significantly contribute to the practical use of the 
water-splitting process, by offering a clear and in-depth understanding of the 
preparation of a robust and efficient catalyst for water-splitting.
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versatility of ALD deposition techniques for conformally covering 
NiMoO4 nanorods is a very attractive method to produce a prom-
ising catalytic activity toward water splitting. While the Co3O4@
NiMoO4 structure was reported using two-step hydrothermal 
synthesis methods,[8] with much lower catalytic performance 
compared to our design, to the best of our knowledge the pro-
posed new core–shell structure has not been reported yet. Here 
the chemically etched nickel surface can directly react with Mo 
and Ni precursors, forming a strong covalent bond, which results 
in vertically oriented nanorods. The catalyst results a record over-
potential to reach the current density of 10  mA  cm−2, which is 
the highest reported among the known OER catalysts. We ascribe 
these improvements due to the hydrous nature of the core 
NiMoO4 structure that initiates the leaching out of Mo under OER 
conditions, possibly resulting in abundant active sites. Also, the 
Co3O4 shell further improved the efficiency due to its enhanced 
electrical conductivity. Generally, this work highlights the effec-
tiveness of the conformal coating in developing very efficient 
nanocomposites for OER applications. To the best of our knowl-
edge, no catalyst has such a low overpotential, outperforming 
most of the noble catalysts reported for OER applications.

2. Results and Discussion

2.1. Structural and Morphological Characterizations

NiMoO4@ Co3O4 nanorods were obtained by first synthesizing 
NiMoO4 hydrothermally, followed by ALD Co3O4 deposition, 
as described in the experimental section and schematized 
in Figure 1a. The ALD deposition process is expected to pro-
duce a uniform thin film. Around 51  nm thick Co3O4 is used 
to conformally cover the nanorods. The deposition of Co3O4 to 
form a core–shell structure is visually confirmed by the color 

change, switching from the typical light yellow observed in bare 
NiMoO4, to the deep black color achieved after deposition.

The bare NiMoO4 growth process, developed by optimizing 
the precursors and synthesis temperature as described in the 
experimental section, produces well-aligned vertically grown and 
smooth micro rods with a high aspect ratio as shown in FE-SEM 
images (Figure  1b). After ALD deposition of Co3O4, the overall 
core–shell structure preserves its original shape, suggesting that 
the applied methods are effective in forming a core–shell struc-
ture (Figure  1c and Figure  S1a,b: Supporting Information). As 
clearly seen in the magnified FE-SEM image in Figure  1c, the 
presence of Co3O4 changes the surface aspect, due to a uniform 
decoration, which increases the surface roughness, resulting 
in a porous texture with small Co3O4 nanoparticles. Indeed, 
the porous structure is advantageous for enhancing the charge 
transfer efficiency and mass transport during the catalysis 
process. The bare NiMoO4 structure consists of well-aligned 
microrod arrays with smooth surfaces and an average diameter 
of 500 nm. There is an evident increase in the thickness of micro-
rods (up to 570 nm) due to the coating with the Co3O4 layer.

The XRD pattern of as-synthesized materials, including 
hydrous NiMoO4 and NiMoO4@Co3O4, are shown in Figure 2a.  
The strong XRD diffraction peaks 2θ  = 44.4°, 51.8°, and 76.3° 
correspond to the (111), (200), and (220) crystalline planes 
of metallic nickel (substrate) indexed by PDF# 04–0850. 
The remaining peaks in the diffraction pattern perfectly 
match the diffraction pattern of nickel molybdate hexahy-
drate (NiMoO4.xH2O).[9] The pattern reveals the formation 
of NiMoO4.xH2O referenced by PDF# 04-017-0338, a triclinic 
(Anorthic) crystal structure in agreement with previously pub-
lished results.[9] After coating with Co3O4 via ALD, the XRD pat-
tern presents additional peaks at 2θ  =  19.6°, 31.0°, 36.6°, 42.3°, 
44.8°, and 61.5°. The peaks at 19.6°, 31.0°, 36.6°, and 44.8° are 
assigned to the spinel Co3O4,[10,11] while the peaks at 42.3° and 

Figure 1. Schematic illustration of the synthesis methods for NiMoO4 and NiMoO4@Co3O4 a) FE-SEM images at low and high magnifications for  
b) NiMoO4, and c) NiMoO4@Co3O4.

Adv. Energy Mater. 2021, 2101324



www.advenergymat.dewww.advancedsciencenews.com

2101324 (3 of 14) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

61.5° pertain to the (200) and (220) planes of rock-salt CoO.[11] 
Due to the low-temperature deposition (150 °C followed by 
annealing to 300 °C), the as-prepared film contains CoO phases, 
in agreement with the literature.[10,12] We annealed the hydrous 
sample at 550 °C to see the changes in the crystal structure. 
The XRD spectra of the hydrous NiMoO4 and annealed NiMoO4 
samples are reported in Figure S2 in the Supporting Informa-
tion. After annealing at 550 °C, the (001) peak disappears and a 
shift in the XRD peaks is observed (reported in Figure S2 in the 
Supporting Information). The diffraction patterns are indexed 
by nickel molybdenum oxide (Ni (MoO4)) with a monoclinic 
crystal system (PDF# 86–0361).

The chemical composition and thickness of Co3O4 were 
analyzed by Rutherford backscattering spectroscopy (RBS), as 
shown in Figure  2b. For RBS measurement, Co3O4 film was 
grown on silicon wafers with a similar condition as that of the 
NiMoO4@Co3O4 synthesis method. RBS spectra revealed the 
presence of O and Co, evidenced by the increase in the yield of 
the high-energy signal in channel 335.6 and 737.4, respectively. 
No contaminations were detected, within the limit of detection 
of the technique. From the RUMP code simulations, the Co:O 
atomic ratio is calculated as 3:3.5. The average Co3O4 thickness 
deposited on NiMoO4@Co3O4 was estimated to be (50 ± 5) nm. 
The stoichiometry calculated from RBS confirms that Co3O4 
contains oxygen vacancy, which is most likely due to the low 
temperature annealing of the catalyst.

HR-TEM analysis is performed to further study the sam-
ples before and after cobalt oxide deposition. Figure 3a,c 
reports the low magnification micrographs for the pristine 

and Co3O4 coated samples, respectively, in which the elongated 
morphology of the NiMoO4 microcrystals can be recognized. 
The cobalt oxide deposition results in a homogeneous layer of 
sharp-cornered nanoparticles on NiMoO4 nanowires surface.

High-resolution micrographs of both samples confirm 
the crystalline character of both nanowires and deposited 
nanoparticles (Figure 3b,d). The reflection pattern for the nan-
oparticles is compatible with the Co3O4 phase, as previously 
indicated by XRD analysis. The crystal phase of the NiMoO4 
nanowires is not affected by the ALD deposition process, 
meaning that dehydration does not occur in this low-temper-
ature range (Figure S3, Supporting Information). The micro-
graphs often display a set of planes parallel to the lateral edge 
of the nanowire, with a d-spacing compatible either with (0,1,0) 
axis (6.5 Å) or (1,0,0) axis (8.9 Å). This suggests that the main 
grown axis is (1,0,0), being orthogonal to both sets of planes. 
The crystal structure of hydrous NiMoO4 does not change even 
after cobalt addition, as evidenced by the HR-TEM micrographs 
analysis of composites (Figure S3, Supporting Information), 
both exhibiting the typical crystal lattice of the hydrous NiMoO4 
monoclinic phase. Energy-dispersive X-ray spectrometry (EDS) 
confirms the presence of Ni, Mo, and Co in the heterostructures 
resulting from the ALD process Figures S4 and S5 (Supporting 
Information). The EDS mapping (Figure  3e) fully confirms 
the composition of both nanowires and the coating nanopar-
ticles. Consistently, the EDS spectra profile collected along the 
nanowire short axis displays a spike of Co-related signal on the 
higher contrast nanoparticle (Figure S5, Supporting Informa-
tion), as expected for the Co3O4 phase.

Figure 2. a) X-ray diffraction spectra of NiMoO4@Co3O4 (cyan) and hydrated NiMoO4 (yellow). Bottom line: expected reflections from hydrated 
NiMoO4 (yellow), nickel substrate (blue), Co3O4 (purple), and CoO (black). b) RBS spectrum of Co3O4 (grey) with corresponding X-RUMP code simula-
tion (red). The vertical dash lines indicate the surface edges for O and Co.
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Figure 4a shows the Fourier-transform infrared spectros-
copy (FTIR) spectra of the hydrated NiMoO4 and NiMoO4@
Co3O4. The broad peak around 3500 cm–1 (circled by blue color) 
is associated with the O–H stretching vibration of a hydrogen-
bonded water molecule, confirming that the crystal structure 
contains water molecules. The δH2O vibration is also observed 
at 1630.3 cm−1 for both samples. The FTIR peaks at 557.6 and 
656.4 cm–1 are typically correlated with the presence of Co3O4 
in the NiMoO4@Co3O4 sample. The former peak is due to the 
stretching vibrations of the Co3+– O bond and the latter is due 

to the bridging vibration of the Co2+– O bond, respectively, as 
confirmed by similar works.[13–15] Interestingly, the two peaks 
disappear when Co3O4 is heat-treated above 500 °C.[16] The 
FTIR band around 735.3 cm−1 is due to the symmetric stretch 
of the bond Mo-Ni-O. The remaining intense peaks at 964 and 
881 cm−1 are associated with Mo = O (symmetric and antisym-
metric stretching). The FTIR peak positions agree with similar 
results published in the literature.[9,17,18] The annealed NiMoO4 
displays different FTIR spectra (Figure S6, Supporting Infor-
mation) compared to the hydrous sample. As clearly seen in the 

Figure 3. a,b) Low and high magnification HR-TEM micrographs for the NiMoO4 sample with FFT in the inset relative to nanowire crystal pattern.  
c,d) Low and high magnification HR-TEM micrographs for Co3O4-coated NiMoO4 sample with FFT in the inset relative to nanoparticle crystal pattern. 
e) STEM-HAADF micrograph of a Co3O4-coated NiMoO4 nanowire and relative distribution of EDS Ka peaks for Ni, Mo, O, and Co, displaying homog-
enous distribution for Ni and Mo, while Co content is localized on the coating nanoparticles.
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spectra, the peaks observed due to the O–H stretching vibration 
and δH2O vibration disappear, confirming that the as-prepared 
sample has a hydrous crystal structure.

The Raman spectra of hydrous NiMoO4 and NiMoO4@Co3O4 
(Figure 4b) display intense peaks at 948, 870, and 830 cm–1, with 
a broad peak at 358 cm–1. The Raman band located at 948 cm−1 
for both samples is correlated with the symmetric stretching 
mode of molybdenum and oxygen linkage. The bands at 
870 cm−1 are assigned to the asymmetric stretching modes of the 
oxygen in the O-Mo-O bond. Most of the Raman peaks observed 
for the hydrous samples are consistent with those reported in 
the literature.[9,17–19] The annealed NiMoO4 samples (Figure S7, 
Supporting Information) show a similar Raman response, but 
red-shifted compared to the hydrous sample. The peaks at 959.5 
and 911.5 cm–1 corresponds to the symmetric stretching modes 
of Mo–O bonds, while the peaks at 707 and 385.5 cm–1 are due 
to the asymmetric stretching mode of Ni–O–Mo bonds and the 
bending mode of Mo–O, respectively[20] (see Figure S7, Sup-
porting Information). Co3O4 displays Raman signal at 193, 476, 
and 674 cm–1 (labeled by *). The peak positions are in agreement 
with the expected structure of Co3O4, associated with F2g, Eg, 
F2g, and A1g vibrational modes of spinel-type Co3O4.[21,22]

2.2. Electrochemical Characterizations

Linear sweep voltammetry (LSV), chronoamperometry (I vs t), 
cyclic voltammetry (CV), and impedance spectroscopy meas-
urements are conducted under 1 m KOH electrolyte using a 
three-electrode system configuration to reveal the electrocata-
lytic properties of the as-synthesized materials. As shown in 
Figure 5a the LSV for NiMoO4@Co3O4, hydrous NiMoO4, and 
bare nickel foam (NF) are measured using a 10  mV s–1 scan 
rate. NiMoO4@Co3O4 shows a remarkable catalytic activity 

toward OER with an overpotential of 120 mV at a current den-
sity of 10 mA cm−2. The substantial increase of the LSV after the 
onset potential is a piece of evidence for having a very high cat-
alytic activity of the OER process. Hydrous NiMoO4 possesses 
an overpotential of 220 mV at a current density of 10 mA cm−2. 
The OER activity of NiMoO4@Co3O4 is promising and exceeds 
the activity of the most efficient catalysts recently published 
(Ni–Fe oxy hydroxide@NiFe,[23] Ni-Fe oxyhydroxide,[24] NiMoOx/
NiMoS[25] in terms of onset potential, and overpotential needed 
to produce a current density of 10 mA cm−2.

To gain further insight into the OER kinetics, the Tafel 
slopes (after manual iR-corrections) are analyzed. As shown in 
Figure 5b, a Tafel slope of 58 and 78 mV dec–1 are obtained for 
NiMoO4@Co3O4 and hydrous NiMoO4, respectively. NiMoO4@
Co3O4 results in a lower Tafel slope, suggesting its highest 
catalytic activity compared to the hydrous NiMoO4. In other 
words, the decrease of the Tafel slope suggested the existence 
of interim steps between the formation adsorbate and the 
rate-determining step.[26] The improved performance of the 
core–shell structure is evidenced by its higher catalytic cur-
rent density observed in the LSV and by its lower Tafel slope 
(58  mV  dec–1). The overpotential for the three catalysts was 
calculated at different current densities (Figure 5c). NiMoO4@
Co3O4 retains its highest catalytic activity at different current 
densities (10, 50 100, and 200  mA  cm−2) showing an overpo-
tential of 120, 200, 282, and 430 mV, respectively. To produce a 
similar current density, the hydrous bare NiMoO4 requires 216, 
294, 384, and 651 mV overpotentials. NF is also presented as a 
benchmark (Figure 5c).

To evaluate the electrocatalytic OER stability, a chrono-
amperometry test is conducted at different potential (Figure 5d 
at 1.35, 1.45, and 1.50  V vs RHE)) by continuously stepping 
the potential, which should produce a current density of 
10, 50, and 100  mA  cm−2, respectively, according to the LSV 

Figure 4. a) FTIR spectra of NiMoO4 (yellow) and NiMoO4@Co3O4 (green) with the inset showing the magnified spectra. b) Raman spectra of NiMoO4 
(yellow) and NiMoO4@Co3O4 (green). The inset shows the resolution of the Raman peak of Co3O4
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measurement. Surprisingly, the stability test for NiMoO4@
Co3O4 maintains an equivalent current density observed in 
the LSV for consecutive 8 h operations (Figure  5d). There is 
no significant degradation of catalyst performance during an 
extended stability test (24 h). Hydrous NiMoO4 also maintains 
the OER properties for 22 h of continuous operation at 1.50 V 
versus RHE (Figure S8, Supporting Information), producing 
≈50  mA  cm−2 current density, with negligible loss of perfor-
mance. Both catalysts (NiMoO4@Co3O4 and hydrous NiMoO4) 
show remarkable stability and possess more than 98% reten-
tion of the OER current density after 8 and 22 h of contin-
uous operation, respectively. The electrochemical surface 
area (ECSA) is measured using electrochemical double-layer 
capacitance (Cdl) by cycling the potential in the non-Faradaic 
regions (i.e., at potentials where no charge-transfer reactions 
occur but absorption and desorption processes can take place 
(Figure 6a,b). The NiMoO4@Co3O4 electrocatalyst showed 
higher Cdl (2.5 mF cm−2) compared to NiMoO4 (0.8 mF cm−2), 
demonstrating the higher active surface area due to the pres-
ence of Co3O4.

The electrochemical impedance spectroscopy (EIS) is used 
to understand the kinetics of the electrocatalysts at the applied 
potential (1.5  V vs RHE) (Figure  6d). The impedance analysis 
is conducted by fitting the measured spectra with simpli-
fied Randles cells as an equivalent circuit shown on the inset 
of Figure 6d (fitting parameters listed in Table S1: Supporting 
Information). The solution resistance (R1  = 1.5 Ω) is used for 
iR compensation during Tafel analysis. The structure of the 
as-synthesized materials is very porous or not ideally smooth, 
hence an impedance analysis featuring constant phase ele-
ments (CPE) rather than pure capacitor is used for fitting the 
impedance data. NiMoO4@Co3O4 exhibits smaller charge 
transfer resistance (Rct = 1.1 Ω) compared to hydrous NiMoO4 
(Rct  = 2.1 Ω). The modification of Ni foam by the catalyst 
NiMoO4@Co3O4 caused an improved charge transfer resist-
ance compared to unmodified Ni foam electrode (Figure S9c 
and Table S1: Supporting Information). The very small charge 
transfer resistance indicates that Nickel foam substrate are 
better conductor, which minimize the potential drop at the sub-
strate. It also helps to have a strong interactions between the 

Figure 5. The OER performance of the as-prepared catalyst; a) polarization curves for NiMoO4@Co3O4, NiMoO4, and NF. b) Corresponding Tafel 
slope for NiMoO4@Co3O4. c) Overpotential at different current densities, and (d) chronoamperometry (stability test) for NiMoO4@Co3O4 at different 
potential associated with a current density of 10, 50, and 100 mA cm−2. (LSV are provided after 5 successive scan for which the first 2 scan continuously 
improving the performance and last 3 scan become sable and considered here.)
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catalysts and Ni substrate, producing an enhanced electrical 
contact, and facilitating the charge transfer, as evidenced by 
the smallest charge transfer resistances. The presence of Co3O4 
leads to a more than 95% decrease of the Rct, demonstrating 
the increase of the conductivity. Besides, for NiMoO4@Co3O4 
catalyst, an apparent exchange current density of 5.08 mA cm–2 
is obtained and for the pristine NiMoO4, a 60% lower value 
(3.1 mA cm–2, see Equation S1 in the Supporting Information 
for detailed calculations).

To understand the origin of the high catalytic activity of 
the composites, we systematically studied by synthesizing dif-
ferent samples (MoOx, NiOx), and also by varying the annealing 
temperature for hydrous NiMoO4. The performance (LSV) of 
annealed NiMoO4, NF, Co3O4, MoOx, NiOx, hydrous NiMoO4, 
and NiMoO4@Co3O4 are measured and compared using the 
overpotential to produce a current density of 50  mA  cm−2, 
which is 774, 630, 573, 448, 415, 288, and 200 mV, respectively 
(Figure S9, Supporting Information). The EIS analysis after 
OER activity is displayed in Figure S9c (Supporting Informa-
tion). As shown, compared to the EIS result before OER, there 

is a minor increase in the charge transfer resistance and higher 
capacitance for both hydrous NiMoO4 and NiMoO4@Co3O4. 
1.6 Ω charge transfer resistance is obtained for NiMoO4@Co3O4 
after OER, compared with NF (7.48 Ω), suggesting the surface of 
the catalyst becoming more active and conductive (see Table S1 
in the Supporting Information). Our catalyst results in a very 
low overpotential to reach the current density of 10 mA cm−2. 
To the best of our knowledge, it is the highest reported among 
the known OER catalysts. A comparison of the catalyst with 
related and recently published catalysts is provided in Table S2 
(Supporting Information).

During the OER process, Ni (OH)2 is formed because of the 
reaction between Ni nanoparticles surface and OH− ions in solu-
tion under anodic conditions. In the reverse scan Ni (OH)2 can 
be converted into NiOOH, as a result of such redox process con-
ditions an oxidation and reduction peak usually appeared, which 
are attributed to the redox couple Ni2+/Ni3+.[27] Such redox peak 
was observed in NiOx and in MoOx samples grown on NF sub-
strate (Figure S9, Supporting Information), as also observed in 
our recent work.[26] For our catalyst, a very small peak associated 

Figure 6. Cyclic voltammetry measured in the non-faradic region (1.13–1.23 V vs RHE) at different scan rates (20–200 mV–1) for a) NiMoO4@Co3O4 
and b) for hydrous NiMoO4. c) The difference in current density (j = janodic − jcathodic) at 1.185 V versus RHE plotted against the scan rate and fitted to 
linear regression for the estimation of double-layer capacitance derived from the CV curve, and d) impedance spectroscopy of the as-prepared catalyst
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with Ni oxidation is observed for NiMoO4 sample. In contrast, 
such peak is not observed for NiMoO4@Co3O4 sample. How-
ever, in the reverse scan (Figure S9b, Supporting Information), 
the reduction of Ni(OH)2 to NiOOH is observed. This could be 
due to the fact that the presence of Co and Mo possibly stabilize 
and reduces the direct exposure of Ni nanoparticles, preventing 
from reacting with OH– ions. Besides, our measurement 
described in LSV (Figure S9a, Supporting Information), shows 
Ni oxidation peak for Co3O4, MoOx, which is due to the sub-
strate, and Nickel foam. Especially when substrate nickel foam 
is not completely covered by the catalyst, the peroxidation peak 
is significant. However, we do not observe a redox peak because  
the grown film is thicker, protecting the substrate Ni from 
a direct contact with the solution. This phenomenon is also 
observed in several related works.[28–31] For the case of Co3O4, 
we could not see any redox reaction peak related to any Co2+/
Co3+ and Co3+/Co4 redox couple (Figure S9a, Supporting Infor-
mation), consistent with related works.[32–34]

Hydrous NiMoO4 contains two types of water molecules: 
surface water and coordinated water.[9] The surface water, 
including some portion of lattice water, should be removed 
when the annealing temperature is above 100 °C. In our 
sample, the coordination water molecules are stable even after 
annealing the sample up to 300 °C. Also, annealing at 300 °C 
does not change the performance of the catalyst toward OER. 
However, samples annealed at 550 °C result in very poor perfor-
mance (see LSV for annealed NiMoO4, Figure S8: Supporting 
Information). From the XRD, FTIR, and Raman analysis, we 
confirm that the hydrous sample can be transformed into pure 
crystalline NiMoO4 by annealing at high temperatures (refer 
to Figures S2 and S7: Supporting Information). The high-tem-
perature annealing causes a significant decrease in the current 
density due to the excess oxygen content, which decreases the 
surface defects (active sites) responsible for improving catalytic 
activities (in agreement with catalyst annealed at high tempera-
ture[35,36]). Other oxides such as Ru2O,[37] Co3O4, and Mn2O3

[38] 
also exhibit a decrease in catalytic activity with increasing tem-
perature, which is due to the excess oxygen.[38] As a result, we 
ascribed the very high catalytic activity to the hydrous nature 
of the core NiMoO4. Based on the comparison of the onset 
potential of the hydrous NiMoO4 and NiMoO4@Co3O4 sample 
(Figure  5a), the presence of Co3O4 also improves the onset 
potential of the core–shell structure. When Co3O4 is added 
to the heterostructure, a similar phenomenon of decreasing 
the overpotential is reported.[39] Hydrous NiMoO4 helps in 
strengthening the electrochemical performances due to its high 
concentrations of active surface sites, and defective or “cracked” 
morphology, while cobalt decreases the overpotential due to 
the increase of the electrical conductivity (lower Rct), which 
will be confirmed by the valence band measurement later. As 
a result, the overall performance improvement is associated 
with the synergistic effect of both hydrous NiMoO4 and Co3O4 
electrocatalysts.

To reveal the possible origins of the highest OER catalytic 
activity, the morphology, crystal structure, surface chemical 
states, and composition of the electrocatalyst before and after 
OER tests were studied. X-ray photoelectron spectroscopy (XPS) 
analysis was used to investigate the chemical states of the ele-
ments on the samples’ surface. The core-level spectra of Mo 3d, 

Ni 3p, Co 3p, O 1s, C 1s, and the valence band for all samples were 
measured by using synchrotron radiation at VUV-Photoemission 
beamline, Elettra, Trieste, Italy). Additionally, the deeper Ni 2p 
and Co 2p core level lines were recorded by using an XPS source. 
Figure 7 shows the XPS data with fitting for all samples prepared 
on the nickel foam substrate. The Mo 3d core level reveals that 
the 3d5/2 and 3d3/2 components in hydrous NiMoO4 are found 
at 232.30 and 235.45  eV, respectively (Figure  7a). The binding 
energy peaks of Mo 3d are separated by 3.15 eV, thus confirming 
that molybdenum is in the Mo6+ oxidation state. These values are 
associated with the presence of Mo6+ in NiMoO4.[40,41] The Mo 
3d core level for NiMoO4@Co3O4 falls at 232.28 and 235.42 eV,  
respectively (Figure 7a). The Ni 3p spectrum (Figure 7b) shows 
the main feature at lower BE, which is correlated to Ni2+  
(Ni 3p3/2 = 67.83 eV, Ni 3p1/2 = 69.49 eV) of hydrous NiMoO4 and Ni2+  
(Ni 3p3/2  = 67.89  eV, Ni 3p1/2  =  69.61  eV) for NiMoO4@Co3O4. 
The result suggested that the electron density around Ni atom 
decreases and the BE increases upon the formation of core shell 
structure with Co3O4. In contrast, the electron density increases 
around Mo atom due to the presence of Co evidenced by the very 
small BE shifts toward lower values. The other peak is a satellite 
feature of Ni 3p3/2 at 72.1 eV, and Ni 3p1/2 at 73.7 eV. The pres-
ence of Co3O4 nanoparticles on NiMoO4@Co3O4 is evidenced by 
the Co3p feature, which is fitted with two doublets for Co in the 
3+ and 2+ states (in agreement with the XRD result). The doublet 
falls at Co 3p3/2  = 60.4  eV, Co 3p1/2  = 61.5  eV, and the satellite 
doublet at Co 3p3/2 = 63.2 eV, Co 3p1/2 = 64.3 eV (Figure 7b), both 
with spin-orbit splitting of 1.1 eV.[42] For reference, we measured 
the Co 3p3/2 level of metallic Co at 58.44 eV.

Additional information was obtained by investigating the 
chemical state with an XPS lab, with an instrument capable 
of investigating more deeply the sample composition due to 
the increased electron mean free path. A quantitative analysis 
(related to the first 5–10  nm from the sample surface) was 
determined. In the hydrous NiMoO4 sample, 13% C; 61% O; 
10% Ni; 16% Mo composition were obtained. In the NiMoO4@
Co3O4 sample with the presence of Co, the composition shows 
a 15% C; 48% O; 3% Ni; 2% Mo; 32% Co; the higher amount of 
cobalt is detected on the NiMoO4@Co3O4 core–shell structure 
due to the higher thickness of shell which cover up other two 
transition metals. A certain amount of carbon contamination 
is detected in all samples. The energy of the C 1s peak related 
to CC bonds is used as a reference for the energy scale of the 
XPS spectra.

Ni 2p core level shows in both samples the characteristic 
complex shape of oxidized nickel, with the main doublet and 
the composite satellite structure. The position of the lower 
BE component (Ni 2p3/2) is centered at 855.8 and 856.0 eV in 
hydrous NiMoO4 and NiMoO4@Co3O4 samples, respectively, 
with a spin-orbit splitting of 17.5 eV (Figure S10a,b: Supporting 
Information): the BE values are characteristics of 2+ state.[42,43] 
Moreover, the whole peak shape suggests the presence of Ni 
hydroxides,[44] in agreement with XRD and FTIR results. On 
the NiMoO4@Co3O4 sample, the Co 2p doublet is characterized 
by the Co 2p3/2 signal at 780.3 eV, with a spin-orbit splitting of 
15.0 eV, Figure S11 (Supporting Information), which is charac-
teristic of cobalt oxide.[45] Its satellite shape suggests mainly the 
presence of Co3O4 compound, excluding a significant amount of 
both CoO and Co hydroxides.[23,45,46] The O1s core level resulted 
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in a very broad peak in both samples, due to the multiple pos-
sible components related to the chemical bond of oxygen with 
both Ni and Mo, as well as with (a limited amount of) C. Under 
the rough hypothesis for every Mo atom, there are 3 O atoms 
involved in chemical bonds, for every Ni atom, there are 1 O 
atoms involved, and for every Co atom there are 1.3 O atoms 
involved, then the quantitative analysis from XPS (reported 
before) is consistent with the chemical bond attribution.

Post OER characterization of hydrous NiMoO4 and 
NiMoO4@Co3O4 samples showed a lower BE of Mo, Ni, and 
Co peaks (refer to Figure  7). The BE of the Mo3d5/2 compo-
nent changed to 231.7  eV (0.6  eV decrease). This value indi-
cates a possible variation of the Mo oxidation state toward 5+ 
(Mo becoming more metallic).[40] The main and satellite peaks 
of Ni for both samples after OER tests also shift toward lower 
binding energy (of about 0.4 eV). Also, Co levels tend to shift to 
lower BE (of about 0.6 eV). The hydrous NiMoO4 sample after 
OER showed 6% C, 60% O, 27% Ni, 1% Mo, and 6% K com-
position: the main difference after OER is the appearance of 
a large amount of Ni and a strong decrease of Mo in the first 

few nm from the sample surface. Here, the Ni 2p peak posi-
tion falls at BE slightly lower than before OER (around 0.4 eV); 
the band shape suggests the presence of a large amount of Ni 
hydroxide.[44] The NiMoO4@Co3O4 sample after OER exhibited 
the following composition: 12% C, 49% O, 13% Ni, 1% Mo, 22% 
Co, and 3% K, then showing in the measured region a marked 
increase of Ni and a decrease of Mo as a consequence of OER 
tests. Here too, the Ni 2p peaks shifted toward lower BE after 
OER (about 0.5  eV), with a band shape suggesting the pres-
ence of an increased amount of Ni hydroxides. In this sample, 
also the Co 2p related peaks slightly shift toward lower BE after 
OER (of about 0.2 eV) but with the same band shape as before 
OER, thus confirming the presence of Co3O4 compound and 
excluding a significant amount of both CoO and Co hydrox-
ides.[45] After OER a shift in the BE to lower values are observed 
for Mo, Ni and Co atom XPS peak. In several works, an increase 
in oxidation state is observed after catalysis, due the further oxi-
dation of the metal catalyst on the surface by the anodic poten-
tial. However, for our cases a lower BE is observed after OER 
test. In fact, this phenomenon is also confirmed by the absence 

Figure 7. XPS spectra of the as-prepared catalysts. a) Mo 3d spectra for hydrous NiMoO4 before and after catalysis, and Mo 3d spectra of NiMoO4@
Co3O4 before and after catalysis. b) Ni 3p spectra for NiMoO4 before and after catalysis, and Ni 3p and Co 3p spectra for NiMoO4@Co3O4 before and 
after catalysis. All the spectra were acquired using 690 eV p-polarized photons.
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of oxidation peak during the LSV measurement (Figure 5a) for 
NiMoO4@Co3O4. Therefore, we conclude that the metal cation 
(Ni, MO, and Co) participates on the electron transfer process 
on the interface during the OER process.

These experimental findings are in agreement with data 
acquired using synchrotron radiation: also the additional 
bands detected by the X-ray source (Ni 2p and Co 2p) were 
characterized by BE lower than before OER tests, suggesting 
a slightly more metallic behavior of Ni and Co, but also 
evidencing a marked amount of Ni hydroxides after OER test. 
The result indicates that the catalyst reconstructs into other 
phases during the catalysis process, which maintains the 
performance of the catalyst (further examined using in situ 
Raman spectroscopy).

The use of synchrotron radiation helps to investigate the 
valence band of the samples (Figure 8). The valence spectrum 
of NiMoO4 explained the origin of its insulating behavior, 
normally due to the strong hydration effect associated with 
crystalline water. The first peak below the Fermi level is seen 
at about 3.6  eV. NiMoO4 has a direct gap of 2.3  eV and an 
indirect gap of 1.9 eV.[47] By extrapolating the linear part of the 
NiMoO4 spectrum toward low BE, we determine the valence 
band position maximum, which is located at 1.2–1.6 eV below 
the Fermi level. NiMoO4 samples after the OER test have the 
first peak below the Fermi level, which shifts to 3.1 eV BE and 
the valence band maximum rises to 1.0–1.3  eV, confirming 
that the catalyst becomes more conductive during the OER 
process. This finding is a direct evidence for crystal surface 
reconstruction of hydrous NiMoO4 during the catalysis pro-
cess. Especially, the loss of the crystalline water during the 
OER process could increase the conductivity of the sample, 
which could be the reason for the shift of valence band peaks 
to 3.1 eV.

The valence spectrum of NiMoO4@Co3O4 is completely 
different from bare NiMoO4 in the proximity of the Fermi 
level. A prominent feature with a maximum at 1.7  eV is seen 

in NiMoO4@Co3O4 catalyst, which could be assigned to the 
emission from Co 3d states, as visible from the green spectrum 
in Figure  8b, obtained as a difference between the NiMoO4@
Co3O4 and hydrous NiMoO4 valence band measurements. This 
peak is possibly composed of the main contribution at 1.7  eV 
and a smaller peak at 2.5  eV. Its shape and energy position 
indicates the formation of Co3O4 nanoparticles, confirming 
the presence of this compound as also suggested by the Co 2p 
band shape. These features are present in Co3O4 and absent 
in CoO.[48] Moreover, Co3O4 has an energy gap of 0.8  eV; by 
extrapolating the linear part of the NiMoO4@Co3O4 spectrum, 
we found a valence band maximum of 0.7 eV. In the NiMoO4@
Co3O4 sample after OER, a shift of all spectroscopic features 
by 0.4 eV and the appearance of the peak at 10 eV is observed, 
similarly to sample NiMoO4 after OER.

In addition, morphology characterization after OER test 
confirms that the nanorods structure is preserved after the 
long-term stability test as shown in Figure 9a, indicating their 
structural stability toward OER, suggesting that the stability of 
the catalyst after OER process. The EDS map sum comparison 
(Figures S1, S12, and S13: Supporting Information) reveals that, 
after the OER test, a similar uniform distribution of Ni, Co, O 
elements is observed but with very low Mo content. Dissolution 
or leaching out of Mo occurs, which results in nickel hydroxide 
formation. However, structural destruction of nanorods does 
not occur, and the morphology of the nanorod is preserved after 
the OER test.

The XRD pattern of the catalyst after OER illustrates the 
absence of most of the XRD peaks associated with Co3O4 
reflections, except the peak at 36.3°, which is present in both 
(CoO and Co3O4) phases in situ(Figure  9b). Also, there is no 
peak associated with hydrous NiMoO4 samples, suggesting an 
amorphous nature of the crystal after catalysis. However, the 
XRD peak of CoO remains unchanged at 2θ = 36.3°, 42.2°, and 
61.5° (PDF# 076–3330) (Figure  9b). This suggested that the 
extended stability test does not affect the CoO phase, indicating 

Figure 8. a) Valence band spectra for hydrous NiMoO4 (I), NiMoO4 after OER test (II), NiMoO4@Co3O4 (III), and NiMoO4@Co3O4 after OER test (IV). 
b) The green spectrum (IV) is obtained as a difference between the blue (II) and the pink spectra (I).
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the stability of the CoO phases under the long-term stability 
test. Co3+ in Co3O4 shows structural transformation into CoO 
under alkaline conditions, and it is one of the dominant active 
sites in the OER reaction, as confirmed by related works.[39,49] 
Especially, defective Co3O4 with oxygen vacancy has been 
reported as effective in catalyzing OER.[50,51] In our catalyst, 

the RBS result revealed that Co3O4 has oxygen deficiency. As 
a result, the defective Co3O4 more easily adsorb oxygen inter-
mediates (OH•), which could form cobalt hydroxide and later 
easily released oxygen gas. During this process, Co3O4 under-
goes surface reconstruction and amorphization (evidenced by 
the absence of the Co3O4 XRD peaks (Figure 9b) and availability 

Figure 9. Post OER characterizations: a) SEM images and b) XRD pattern for NiMoO4@Co3O4. In situ Raman characterization at different anodic 
potential (V) versus RHE for c) hydrated NiMoO4, and d) for NiMoO4@Co3O4
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of the Co3+ cation detected in post OER XPS result (Figure 7). 
However, the very high catalytic efficiency of the composites is 
not affected, suggesting the process induces an in situ creation 
of active sites.

It is known that metal-based electrocatalysts undergo surface 
reconstruction during the catalysis process. Such reconstruc-
tion can be irreversible[52–54] or reversible[55,56] depending on 
the nature of the catalyst and reaction medium. For instance, 
during the OER test of CoSx, the catalyst surface transformed 
irreversibly into CoOOH, a catalytically active and efficient 
OER catalyst.[52] In a related work,[55] CoOxHy modified with 
Ni underwent an irreversible transformation that began with 
spinel structure to an amorphous CoO structure at low anodic 
potentials. Similarly, in our work, we have conducted  operando 
Raman measurements to study the phase changes during  
the catalysis process (setup and description are available in 
Figure S12 in the Supporting Information). Figure 9c presents 
the Raman signal of hydrous NiMoO4 at different potentials. 
The in situ Raman helps monitor the newly generated phase 
upon the OER process. The results revealed that the nanorods 
undergo reconstruction during the OER process evidenced by 
the newly evolved Raman peak above 1.4  V versus RHE. The 
surface reconstruction is not reversible as confirmed by the 
Raman characteristics peak measured at 1.0  V versus RHE 
at the end of the measurement. The two well-defined Raman 
peaks observed around 477 and 555 cm−1 are characteristics of 
NiOOH species,[57,58] in agreement with the XPS measurements 
of Ni 2p core level, suggesting the presence of Ni hydroxides. 
We have also conducted in situ Raman characterization for the 
annealed NiMoO4 sample (Figure S13, Supporting Informa-
tion). When the anodic potential increases to 2.2 V, a different 
phenomenon compared to hydrous NiMoO4 is observed. For 
this sample, the Raman bands at 959.5 and 911.5 cm–1, assigned 
to the symmetric and asymmetric stretching modes of the 
MoO bond remain stable with the increasing anodic potential. 
However, for the hydrous sample, the peak associated with the 
MoO bond disappeared with increasing potential (Figure 9c). 
For the annealed NiMoO4, the NiOOH peak starts to appear 
when the anodic potential increases above 1.6  V versus RHE. 
Also, the peak at 260 cm–1, attributed to the deformation mode 
of Mo−O−Mo, disappeared when NiOOH peak started to exist. 
No significant change was observed for the peak at 707 cm–1. 
The peak at 385.5 cm–1, associated with the bending mode of 
Mo–O started to attenuate above 1.6 V versus RHE. This anal-
ysis confirms that the hydrous structure can easily reconstruct, 
and bonds related to Mo atoms are not visible anymore.

The in situ Raman characterization for NiMoO4@Co3O4 is 
also displayed in Figure  9d: a similar trend is observed with 
increasing applied potential. The presence of Co3O4 does not 
protect the heterostructure from the reconstruction. The only 
difference with bare NiMoO4 catalyst is that the reconstruction 
process starts at lower potential (around 1.3  V vs RHE), sug-
gesting more rapid OER catalytic kinetics. Co3O4 displays weak 
Raman signal at 193, 476, and 674 cm–1, however, these peaks dis-
appear with a further increase of the applied potential. Ni-based 
catalyst shows progressive oxidation to nickel hydroxide before 
OER reaction.[55,59] However, our operando Raman characteriza-
tion shows that the formation of NiOOH is observed after the 
OER process. This suggested that the active sites of our catalyst 

are not only the in situ-created hydroxide but also the as-syn-
thesized catalyst itself. As the potential is raised above 1.2  V 
(Figure 9d), the peaks belonging to Co3O4 rapidly attenuate, and 
the Raman signal at 193, and 674 cm–1 disappear, consistent with 
reported literature results.[60,61] A possible conclusion cannot 
be drawn from the Co3O4 Raman peak at 467 cm–1 because it 
overlaps with the Raman peak of nickel hydroxide (Figure 9d). 
However, the possibility of cobalt hydroxide formation cannot 
be excluded. The absence of XRD peak associated with Co3O4, 
NiMoO4, and NiOOH after the OER process suggested that the 
catalyst transformed into an amorphous phase.

Based on in situ Raman analysis and post-OER charac-
terizations we highlight important conclusions. Hydrated 
NiMoO4 completely reconstructed, without losing the nanorod 
morphology. Both the spinel Co3O4 and hydrated NiMoO4 were 
not recovered after the catalysis process, rather they are com-
pletely transformed into CoO species and NiOOH, respectively. 
Also, an irreversible transformation into an amorphous phase 
containing CoO species was observed after the stability test as 
well as during the in situ Raman test, for anodic potential above 
1.4 V versus RHE.

Reconstruction of metal hydrates under alkaline conditions 
is also observed and documented in different research works. 
For instance, NiMoO4 and NiO displayed in situ oxidation to 
NiOOH under OER conditions.[62,63] Boon  et  al. observed 
gradual oxidation of Co3O4 to CoO(OH) with increasing applied 
potential and the oxidation improved the OER activity due to 
the presence of CoIV cations.[60] Zhaohui  et  al. verified that 
the presence of oxygen vacancy in spinel Co3O4 considerably 
increases the formation of surface CoOOH, which enhances 
the OER activity.[50]

For both cases, the transformation is irreversible and 
observed exclusively under in situ conditions. Besides, 
Zhu  et  al. demonstrated that Ni containing spinel Co3O4 cata-
lyst transformed in NiOOH-CoO species, and that the presence 
of Ni is vital in initiating the spinel Co3O4 to CoO transforma-
tion.[55] The structural conversion observed for Co3O4 by our 
in situ Raman spectroscopy is similar to the result obtained 
from Zhu  et  al. However, in our case, the transformation is  
not reversible for the NiMoO4@Co3O4 catalyst. To double-
check we have conducted in situ Raman characterization for 
Co3O4 (Figure S13b). Co3O4 shows a stable Raman signal under 
applied potential. The Raman peaks are stable and show a minor 
decrease when the potential is increased to 2  V. The Raman 
peak starts to minimize, and no other phases are observed. 
Especially the formation of bubbles and changes that occur on 
the surface at higher potential are the only factors that make the 
Raman signal disappeared temporarily. This is confirmed by the 
Raman signal measured by taking out the sample from in situ 
measurement and dried it for the last measurement. We found 
that the Raman peak is completely recovered (Figure S13b  
(Supporting Information), Top spectrum). We concluded that 
for NiMoO4@Co3O4 catalyst, the transformation of Co3O4 into 
amorphous structure is initiated by the presence of Ni and Mo, 
which is in agreement with very few literatures results.[64–66]

The absence of the Molybdenum-related Raman band above 
1.3 V versus RHE in the hydrous NiMoO4 and NiMoO4@Co3O4 
catalyst confirms that Mo leaches from the crystal structure. We 
confirm the leaching out of Mo species by the drastic decrease 
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of Mo concentration in the EDS quantitative analysis performed 
after the stability test at the sample place (Figure S12, Sup-
porting Information) and by scratching the powder (Figure S13,  
Supporting Information). In both cases, a very low Mo concen-
tration is detected. The XPS quantitative analysis after the OER 
stability test also confirms a 1% Mo atom. Therefore, Mo spe-
cies are leached out during the crystal reconstruction of hydrate 
NiMoO4.The presence of Co3O4 does not help in preventing 
Mo loss. Such a trend was also observed for bimetallic NiMo 
nitride electrocatalyst.[67] We observed that such leaching does 
not affect the catalytic performance negatively, as evidenced  
by the long-term stability test. Indeed, the dissolution of Mo 
can open the structure and maximize the contact area with 
the electrolyte, which increases the density of surface sites. 
Besides, Mo vacancies are highly active toward OER activity 
because it enhances the OER activity by forming OH-con-
taining intermediates which are vital for the OER process. For 
instance, for NiMoO4@Co3O4 catalyst an increased Ni contents  
and decrease of Mo content (12% C, 49% O, 13% Ni, 1% Mo, 
22% Co, and 3% K) was observed. The quantitative analysis 
and the in situ Raman result together suggested that the in situ 
created Nickel hydroxide are the dominant phase on the top-
most surface of the catalyst and the Mo leaching leaves a avoids 
surface resulting and maximized active site responsible for the 
formation of OER intermediates. Generally, the hydrous sample, 
which is highly crystalline as a core, and the semicrystalline 
Co3O4 shell results in an efficient catalyst due to the ease of the 
reconstruction process of the hydrate, which results in very high 
actives surface site density, and thanks to the improved conduc-
tivity of the composite after the addition of Co3O4.

3. Conclusion

In summary, we have synthesized NiMoO4@Co3O4 core–shell 
structure, which is a unique OER-active catalyst, showing a 
remarkable catalytic activity toward OER with a record low over-
potential of 120 mV to produce a current density of 10 mA cm−2 
and a Tafel slope of 58  mV dec–1. The results prove that the 
presence of Co3O4 improves the electrical conductivity of the 
core–shell structure, which enhances the onset potential of  
the heterostructure.

Operando Raman characterization proves that hydrous 
NiMoO4 and NiMoO4@Co3O4 underwent irreversible surface 
reconstruction and produces nickel hydroxide. We showed that 
this catalyst reconstruction process plays an important role in 
maintaining the highest OER activity. The dissolution of Mo spe-
cies from the nanorods leads to catalytically active surface site 
centers in the crystal structure, which does not negatively affect 
the morphology and the catalyst performance, as evidenced  
by the long-term stability. The presence of oxygen defects on 
Co3O4, the hydrous nature of NiMoO4 which undergoes surface 
reconstruction, and the presence of crystalline water which facil-
itates the leaching out of Mo atoms are the main responsible 
factors for enhancing the surface abundant sites.

In general, coating the hydrous catalyst by Co3O4 improves 
the electrical conductivity and maintains its highest catalytic 
activity of the heterostructure toward OER. Our findings can 
significantly boost and advance the practical exploitation of the 

water-splitting process using very cheap and efficient catalysts 
toward hydrogen production.
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