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Highly active and earth-abundant electrocatalysts for the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) are of great significance for sustainable hydrogen generation through alkaline
water electrolysis. Here, with an aim to enhance the bifunctional electrocatalytic activity of cobalt molyb-
date towards overall water splitting, we demonstrate a simple method involving the modulation of the
cobalt to molybdenum ratio and creation of phase-modulated heterointerfaces. Samples with varying
Co/Mo molar ratios are obtained via a microwave-assisted synthesis method using appropriate starting
precursors. The synthesis conditions are modified to create a heterointerface involving multiple phases of
cobalt molybdenum suboxides (CoO/CoMoO3z/Co,Mo30g) supported on Ni foam (NF). Detailed electro-
chemical studies reveal that modulating the composition and hence the interface can tweak the bifunc-
tional electrocatalytic activity of the material for HER and OER and thus improve the overall water splitting
efficiency with very high durability over 500 h. To further evaluate the practical applicability of the studied
catalyst in water splitting, an alkaline electrolyser is fabricated with the optimized cobalt molybdenum
suboxide material (CMO-1.25) as a bifunctional electrocatalyst. A current density of 220 mA cm™ @1.6 V
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1. Introduction

Current environmental conditions and growing global energy
demand urge us to look for renewable, environmentally
friendly, sustainable energy. In this direction, hydrogen is a
promising alternative, which has immense potential as a clean
and efficient fuel.'™ When electricity is produced from renew-
able energy sources, electrochemical water splitting is one of
the sustainable and clean ways to produce hydrogen. The
efficiency of electrochemical water splitting depends on the
kinetics of the hydrogen evolution reaction (HER-cathode reac-
tion) and oxygen evolution reaction (OER-anode reaction).
Therefore, developing an efficient, durable electrocatalyst for
the reactions (HER and OER) is of prime importance for
enabling energy-efficient water splitting and hydrogen
production.®™®

The platinum group of metals (PGMs) is considered the
state-of-art or benchmark catalysts for HER and OER. However,
low availability and high cost hamper the widespread use of
PGM in commercial applications. In recent years, a variety of
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and 670 mA cm™2 @1.8 V was obtained, and the device showed very good long-term durability.

catalysts have been explored as efficient and potential replace-
ment for PGM, such as transition metal chalcogenides,’ "
phosphides,**™"”  nitrides,"®>' carbides,>**’ borides,***
oxides,>*>*  catalyst  derived from  metal-organic
frameworks,>®®  covalent organic frameworks*>*° and
phthalocyanine.** ™ Most of these materials show good dura-
bility and activity in alkaline medium, especially for OER.
However, their HER kinetics in alkaline medium is remarkably
inferior compared to the acidic medium. Engineering the cata-
lyst surfaces has been shown to be an effective approach
towards achieving improved activity towards both HER and
OER. Such bifunctional catalyst activity for HER and OER
could greatly simplify the system design and lower the cost.
Creating heterostructures or hierarchical architectures of com-
ponents with synergistic effects can modulate the bonding and
band structure, improving the catalytic performance.'?*¢™*
However, building such heterostructures with control on their
phase regulation is always challenging and complex.***°
Transition metal molybdates (T);Mo0O,) and their hydrates
direct lot of interest as electrocatalysts because of the promi-
nent HER activity of Mo-based materials and the flexible elec-
tronic structure between Mo and the heteroatoms (Ty; = Co or
Ni or Fe).>’* MoNi nanoparticle decorated CoMoO; cuboid
arrays on NF as the scaffold (MoNi/CoMoO;/NF) was shown to
exhibit high stability and activity, owing to the interaction
between different phases as well as the ability to increase the
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active sites of CoMoOj3; cuboids, and the synergistic effect on the
whole.>® Bimetallic Ni nanowires and MoNi,/MoO;_, nanorod
arrays prepared from NiMoO, precursor by a thermal reduction
method were reported to exhibit comparable HER activity to Pt/
C under alkaline conditions.”® Similarly, cobalt molybdenum
suboxides (Co,M030g) and their heterostructures supported on
nickel as well as cobalt foam have been studied as efficient elec-
trocatalysts for the HER in alkaline electrolytes.”>>*>® Recent
study shows that the OER performance of CoO can be further
improved by modification with MoO, due to the synergistic
effect between MoO, and C00.%” Li et al. reported the 1D MoO,-
Co,M0;05@C nanorods that showed favourable electrocatalytic
advantages toward OER in an alkaline solution.”®

The use of a bifunctional catalyst can make the overall
system design easier and more cost-effective, and therefore, it
is highly necessary to make efficient catalysts for both the HER
and OER under alkaline conditions, which still remains a chal-
lenge.” While most of the reports on transition metal molyb-
date-based electrocatalysts focus on either HER or OER activity,
it is to be noted that their bifunctional electrocatalytic activity
(towards HER/OER) can be tuned through morphology and
phase engineering approaches. Here, with an aim to enhance
the bifunctional electrocatalytic activity of cobalt molybdate
towards overall water splitting, we demonstrate a simple
method involving the modulation of cobalt to molybdenum
ratio and creation of phase-modulated heterointerfaces.
Samples with varying Co/Mo molar ratios are obtained by
using appropriate starting precursors, and the synthesis con-
ditions are modified to create a different heterointerface invol-
ving multiple phases of cobalt molybdenum oxide. Detailed
comparison studies reveal that modulating the composition
and hence the interface can tweak the bifunctional catalytic
activity of the material for electrochemical hydrogen evolution
and oxygen evolution reaction and thus improve the overall
water splitting efficiency.

2. Experimental
2.1 Materials

Cobalt nitrate hexahydrate (Co(NOj3),:6H,0, 98%), sodium
molybdate (Na,MoO,, 98%), Pt/C (20 wt% Pt) and Nafion solu-
tion (5 wt% in alcohol) were purchased from Sigma Aldrich.
Potassium hydroxide (KOH) was obtained from Alfa Aesar, and
hydrochloric acid from Merck. Nickel foam (>99%) was pur-
chased from Incoatm and had a thickness of 1.60 mm and an
area density of ~650 ¢ m™~>. Deionized (DI) water was used to
prepare all the aqueous solutions.

2.2 Synthesis of cobalt molybdenum oxide

Synthesis of cobalt molybdenum oxide on nickel foam (NF)
was carried out using a microwave-assisted approach followed
by annealing in Ar/H, environment. The NF was cleaned in
HCI solution to remove surface oxides, followed by washing in
DI water and isopropyl alcohol in sequence for 10 min each.
Co(NO3),6H,0 and Na,MoO, were dissolved in 20 mL of DI
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water (Co and Mo are in the molar ratios 1:1, 1.25:1, 1.5:1
and 2:1), stirred for 30 min, and the cleaned NF was dipped
in this solution and transferred into a 30 mL microwave vial.
The sealed glass vial was kept at 180 °C for 45 min and then
cooled to ambient temperature. The samples were washed
thoroughly with DI water and IPA and then dried at 60 °C.
Further, the catalyst samples were annealed at 450 °C under
an Ar/H, flow (100 sccm; 90:10) for 2 h. According to the
weight change of the sample after annealing, the average
loading of the catalyst on NF was determined to be nearly

0.8 mg cm ™2,

2.3 Synthesis of Pt/C or IrO, electrocatalysts on Ni foam

The Pt/C working electrodes were prepared by dispersing 4 mg
Pt/C in a mixture of DI water (750 uL) and isopropyl alcohol
(200 pL), followed by the addition of Nafion solution (50 pL).
After sonication for 30 min, 220 pL of the Pt/C ink was slowly
loaded onto a piece of cleaned NF with a geometrical surface
area of 1.0 cm” and subsequently dried at room temperature.
The loading of Pt/C is 0.8 mg cm™>, equal to the loading mass
of CMO on NF. A similar procedure was used to prepare com-
mercial IrO, on NF, and the loading was found to be nearly

0.8 mg cm ™2,

2.4 Materials characterization

Powder X-ray diffraction (XRD) patterns were recorded using
Empyrean, PANalytical XRD instrument with Cu Ko radiation
(1.54 A) with a step size of 0.02° in the range 10-80°. The
samples’ surface morphology was analyzed using a field emis-
sion scanning electron microscope (FE-SEM, Nova NanoSEM
450, FEI). Transmission electron microscopy (TEM) imaging
was carried out using an electron microscope (FEI, Tecnai F30)
with a 300 kV electron beam. Raman spectroscopy was per-
formed using a 532 nm laser using a HORIBA XploraPlus
Micro Raman spectrometer. High-resolution X-ray photo-
electron spectroscopy (XPS) was carried out using a Scientia-
Omicron with an Mg Ka source. Inductively coupled plasma
optical emission spectrometry (ICP-OES) was carried out on
PerkinElmer Optima 5300 DV.

2.5 Electrochemical measurements

The electrochemical measurements were performed on a
Biologic SAS VMP3 electrochemical workstation in a three-elec-
trode configuration. The as-prepared catalysts were used as
working electrodes, the graphite rod and Hg/HgO electrode
were used as the counter, and the reference electrodes, respect-
ively. OER and HER measurements were carried out in 1 M
KOH aqueous electrolyte. Using the Nernst equation, all the
measured potentials were converted into a reversible hydrogen
electrode (RHE).

E(vs. RHE) = E(vs. Hg/HgO) + Ey(Hg/HgO)
+0.059 x pH

Potential cycling is typically done with a sweep rate of
50 mV s~ ' before measuring the polarization curves. The polar-

This journal is © The Royal Society of Chemistry 2023
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ization curves were measured by linear sweep voltammetry
(LSV) at a scan rate of 2 mV s™* to evaluate the HER and OER
performance of working electrodes. Electrochemical impe-
dance spectroscopy (EIS) measurements were carried out in a
frequency range of 100 kHz to 10 mHz with an amplitude of
5 mV. The Cy value was measured using the cyclic voltamme-
try (CV) method, based on which the electrochemical active
surface area (ECSA) of the catalysts was determined.

2.6 Electrolyser assembly

A 1.7 ecm x 1.7 cm alkaline electrolyser was assembled, and
oxygen and hydrogen electrocatalysts grown on NF were used
as an anode and cathode, respectively. A gas diffusion layer
was formed on the back side of the as-formed catalyst-loaded
NF. A commercially available porous polymeric membrane
(FAS 50) stable in the alkaline electrolyte is used as the separa-
tor. 1 M KOH solution was used as the electrolyte, and proper
flow of electrolytes was maintained during the measurement.
A temperature of 60 °C was also maintained during the entire
time scale of the measurement.

3. Results and discussion

3.1 Materials characterization

Fig. 1a depicts the schematic of a two-step procedure used to
fabricate the cobalt molybdenum suboxide (CMO) electrocata-
lyst. First, cobalt molybdenum oxide was synthesized directly
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on NF using a microwave-assisted synthesis method. The reac-
tion was carried out in a microwave digester (Anton Paar
Monowave 200), wherein a mixture of Co(NOj;),-6H,O and
Na,MoO, in 15 mL of DI water was heated at 180 °C for
45 min. Samples were prepared with varying Co/Mo molar
ratiosof 1:1,1.25:1,1.5:1, and 2: 1, and the formed samples
are referred as CMO-1, CMO-1.25, CMO-1.5 and CMO-2,
respectively. Optimized samples were grown on NF with
varying geometrical area for the electrochemical measure-
ments (Fig. 1b). Systematic studies revealed that the phase
composition of the samples synthesized via microwave-
assisted route was independent of the molar ratio of Co/Mo
precursors at least in a range of 1:1 to 2:1 (Fig. S1f).
However, it was found that the annealing temperature was a
key factor influencing the catalytic properties.>*®' In the
present study, the as-prepared material was annealed at 450 °C
for 2 h in Ar/H, (100 sccm), resulting in the creation of a het-
erointerface made of cobalt molybdenum suboxides.

The crystal structure of the samples was characterized by
X-ray diffraction (XRD). The XRD results confirm the formation
of the CoMoO; structure of the sample prepared via the micro-
wave route (before annealing), as shown in Fig. S1t (JCPDS no.
15-0439). The XRD patterns of the annealed samples showed
distinct diffraction peaks reflecting varying phase structures.
XRD patterns of CMO-2 and CMO-1.5 exhibit peaks of
Co,Mo0;054 (JCPDS no. 34-0511) suboxide phase (Fig. 1c and
Fig. S21), wherein the peak at 44.2° corresponds to metallic
(111) plane of Co (JCPDS no. 15-0806). The diffraction peaks of
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(a) Schematic representation of the microwave-assisted synthesis and reduction of CoMoO, to the CoO/CoMo0O3z/Co,M030g heterointerface

composite in Ar/H, environment (b) photograph of as-prepared CMO-1.25 catalyst grown on NF with different geometrical area (c) XRD pattern of
CMO-1, CMO-1.25, CMO 1.5 and CMO-2. CMO-1 and CMO-1.25 show mixed phases of Co,M030g, CoM0oO3, and CoO (% corresponds to the (111)
plane of Co; A corresponds to (200) plane of CoO) (d) SEM image of CMO-1.25, inset shows the EDX spectrum. (e) TEM image of CMO-1.25 (f)
HR-TEM image of CMO-1.25 reveals lattice fringes with d spacing corresponding to Co,Mo30g, CoMoOj3, and CoO phases. Inset shows the corres-

ponding SAED pattern.
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the CMO-1 and CMO-1.25 could be indexed to a mixture of
nanocrystalline Co,M030g and CoMoO; phases along with
CoO phase (Fig. S31). The peaks observed at 36.7°, 42.6° and
61.9° correspond to CoO (JCPDS no. 01-75-0418) and the rest
of peaks are attributed to the diffraction peaks of CoMoOj; or
Co,Mo0;054, as marked in the plot. A detailed comparison of
the XRD results of all the samples are presented in Fig. S2 and
S3.%

The morphology of as-prepared sample was investigated by
scanning electron microscopy (SEM). The SEM image of as-
synthesized CMO-1.25 showed a well-aligned nanoplate mor-
phology with lateral dimensions of 2 um forming a flower-like
morphology, densely covering the NF surface (Fig. 1d). The
inset shows the EDX spectrum collected from the CMO-1.25,
clearly revealing the presence of constituent elements. The
morphology of the samples with varying compositions of Co/
Mo does not seem to have changed upon annealing (Fig. S47).

The EDX mapping images of CMO-1.25 shows an atomically
uniform distribution of the Co, Mo and O after annealing
(Fig. S5). Transmission electron microscopy (TEM) images
provided a thorough depiction of the sample. The sample
scraped from the NF was sonicated in IPA, and a very dilute
solution was drop-casted on the carbon-coated copper grids
for the TEM study. A few micron-sized sheets (lateral dimen-
sion) made of closely packed nanoparticles were observed in
the TEM image of CMO-1.25 (Fig. 1e).

Further analysis of the sample using high-resolution TEM
(HR-TEM) and selected area electron diffraction (SAED)
revealed that these sheets were composed of nanoparticles
exhibiting various phases of cobalt molybdenum suboxide
(Fig. 1f). While the HR-TEM image of CMO-1.25 clearly shows
the presence of a heterointerface formed from cobalt molyb-
denum suboxide phases, Co,M0;0g, CoMo0O;z; and CoO
(Fig. 1f), CMO-2 was seen to exhibit Co,Mo0;0g phase alone, as
revealed from the d spacing of 0.249 nm and 0.354 nm that
correspond to (200) and (102) planes, respectively, which is
consistent with the XRD findings (Fig. S6T). Another intriguing
observation from the TEM studies is that the annealed
samples are highly porous, which might have resulted from
the loss of oxygen atoms during the reduction process
(Fig. S71).>® Such porous morphology favours improved ion
diffusion, increases the catalytic activity towards HER and
OER, and the charge transfer ability.*>

We further performed X-ray photoelectron spectroscopy
(XPS) studies to ascertain the phase and chemical state of the
materials (Fig. 2 and Fig. S87). The high resolution XPS spectra
for the CMO-1.25 are shown in Fig. 2. All the spectra were cali-
brated with the binding energy of the C-C component at 284.8
eV. The XPS spectra of the as-prepared material obtained via
microwave-assisted method show peaks corresponding to Co**
and Mo®", indicating a single-phase CoMoQ,, which is in com-
plete agreement with the XRD analysis. The microwave syn-
thesized sample has cobalt in a Co®" state, with peak positions
at 796.0 and 780.4 eV corresponding to 2p,/, and 2ps/,, respect-
ively, with a peak separation of 15.6 eV (Fig. 2a). For the
annealed sample, Co 2p XPS spectra show a pair of peaks
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Fig. 2 XPS spectra of (a) Co 2p and (b) Mo 3d of CMO-1.25 before
annealing, (c) Co 2p and (d) Mo 3d of CMO-1.25 after annealing.

corresponding to 2p,, and 2p;, with a separation of 15.7 eV
and a pair of weak satellite doublet peaks (Fig. 2c). The charac-
teristic peaks observed at binding energies of 795.8 and 780.1
eV are identified as Co®" species,®*®* whereas the other two
peaks at 801.5 and 785.0 eV are the satellite peaks ascribed to
the Co®" ions.®® Analysis of the Mo 3d spectrum for as-pre-
pared CMO-1.25 shows the Mo®" state corresponding to the
CoMoO, phase (Fig. 2b). Interestingly, the XPS spectra
recorded for the annealed CMO-1.25 exhibit mixed oxidation
states for molybdenum like Mo*", Mo®* and Mo®" (Fig. 2d).
The peaks observed at binding energies of 232.6 eV and 229.4
eV correspond to Mo*", 233.7 eV and 230.4 eV correspond to
Mo>*, and 235.4 eV and 232.3 eV correspond to Mo®" oxidation
states, which are the oxidation products of Mo species.®®®”
Further, the O 1s XPS spectra was recorded, which showed
peaks at ~531.1 and ~530.1 €V, corresponding to the lattice
oxygen and the bonding state of Mo-O or Co-O, respectively
(Fig. S8c, g and kt).°® The complete set of data recorded from
the XPS analysis for all the studied Co/Mo composition are
tabulated (Table S1, ESIT), and the corresponding high resolu-
tion spectra for all the annealed samples are shown in
Fig. S8.f The inductively coupled plasma optical emission
spectroscopy (ICP-OES) studies carried out for CMO-1,
CMO-1.25, CMO-1.5, and CMO-2 showed a Co/Mo ratio of 0.97,
1.24, 1.65 and 1.8, respectively (Table S27).

3.2 Electrochemical characterisation

Electrocatalytic activity of the CMO materials towards HER and
OER was studied using different electrochemical methods in a
3-electrode setup. Polarization curves were recorded from the
linear sweep voltammetry (LSV) studies performed in 1 M KOH
solution, with Hg/HgO as the reference electrode and graphite
rod as counter. All electrochemical studies have been carried
out under similar conditions. Fig. 3a shows the iR-corrected
LSVs for HER for all the studied materials, normalized with

This journal is © The Royal Society of Chemistry 2023
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(a) Polarization curves and (b) Tafel plots for HER obtained from the various catalysts studied along with control systems (c) Nyquist plots of

CMO electrodes recorded at an overpotential of 30 mV in 1 M KOH, inset shows the corresponding equivalent circuit. (d) Bar diagram showing the
overpotential of various CMO electrodes corresponding to current densities of 10 mA cm™2 and 100 mA cm™2, along with the respective Tafel
slopes. (e) polarization curves of CMO-1.25 for first and after 6000 cyclic voltammetry cycles, performed at a scan rate of 100 mV s™* (f)
Chronopotentiometry curves of CMO-1.25 at different current densities recorded for 20 hin 1 M KOH.

the geometric area of the electrode. Co/Mo molar ratio of CMO
materials is seen to have a critical role in their electrocatalytic
activity. CMO-1.25 exhibited significantly enhanced HER
activity, compared to the other electrodes, with a low over-
potential of 51 mV and 195 mV at current densities of 10 mA
cm~? and 100 mA cm ™2, respectively, for the alkaline HER. The
HER LSV curves recorded for NF and Pt/C on NF are also pre-
sented for comparison. The observed values for CMO-1.25 are
better than the reported studies for similar Co-Mo-based elec-
trocatalysts towards alkaline HER.>>®°

To gain insights into the reaction kinetics and investigate
the influence of the overpotential on the steady-state current

This journal is © The Royal Society of Chemistry 2023

densities, corresponding Tafel plots were obtained from the
respective LSVs (Fig. 3b). Tafel slopes and the exchange
current densities are calculated from the Tafel equation ( = a
+ blogj) by plotting the overpotential () as a function of
log |j|.”® The smaller Tafel slope implies faster electron-transfer
kinetics. The obtained Tafel slope of 63 mV dec™ for the
CMO-1.25 further confirms the excellent HER activity of the
catalyst, compared with the other CMO catalysts with different
Co/Mo molar concentrations. The overall electrocatalytic
activity of CMO-1.25 is among the top level of reported non-
precious alkaline HER catalysts (Fig. S91). From the measured
Tafel slope, the alkaline HER over the CMO-1.25 is believed to

Nanoscale, 2023,15, 15219-15229 | 15223
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follow the Volmer-Tafel mechanism, and the Tafel step is the
rate-determining step.’® We further measured the charge
transfer resistance (R.) of the catalysts using electrochemical
impedance spectroscopy (EIS) technique and evaluated their
electrochemical surface area using the CV method.

The uncompensated ionic and ohmic resistance of the
electrochemical measurement system and the R, of a catalyst
are obtained from the EIS Nyquist plots.”" R is related to the
interface charge-transfer process of an electrode, and a smaller
R value suggests a faster reaction rate, improved conductivity,
which can drastically enhance the performance of the catalyst
in the HER. As shown in Fig. 3c, CMO-1.25 was shown to
exhibit an R, of 11.2 Q, which was lower than that of the other
CMO samples (16.6 Q, 22.6 Q and 14.1 Q for CMO-1, CMO-1.5
and CMO-2 respectively). The EIS data corroborate with the
results obtained from the LSV curves and the Tafel slopes, con-
firming the superior electrocatalytic activity of CMO-1.25.
Fig. 3d compares the overpotential and Tafel slope for the
studied samples. We measured the double-layer capacitance
(Ca1) in a non-faradaic potential region to assess the electro-
chemical active surface area of the catalysts. Fig. S10f com-
pares the double-layer capacitances to indicate the change in
ECSA for different samples at different scan rates of 10 mV s
to 100 mV s™' in 1 M KOH solution. The ECSA of the catalysts is
a critical parameter in evaluating their catalytic activity since a
higher ECSA usually means more exposed active sites. Cg,
which is calculated from CV method, is proportional to the
ECSA of the catalysts. The Cq4 for CMO-1.25 catalysts is calcu-
lated to be ~30 mF cm™ while CMO-1 has 22.7 mF cm™2
CMO-1.5 has 20.9 mF cm > and CMO-2 has 22.1 mF ¢cm™>. The
phase-regulated growth of CoO/CoMo00;/Co,M0;05 nanoflakes
could have resulted in the higher ECSA for the CMO-1.25 cata-
lyst. The formation of defective structure of Co,M0304 resulting
from the in situ partial reduction of CoMoO,, as well as the pres-
ence of oxygen vacancies, is also believed to have contributed to
higher ECSA.>® Fig. S11af shows the LSV curves for HER, which
are normalised by ECSA. The reductive annealing of CoM00O, in
an Ar/H, atmosphere, seems to have changed the valence state
of Mo. Meanwhile, the coordination of electrons in the chemical
bonds of Co-Mo-O was changed, and the resulting oxygen
vacancy rate was increased, as shown in the XPS results. It is to
be noted that the oxygen vacancy plays a significant role in
increasing the conductivity, electrochemically active sites and
surface reactivity of the catalyst.”> Hence, the enhanced HER
activity obtained for the CMO-1.25 sample would have resulted
from the high oxygen vacancy ratio and its phase regulated
interface with CoO/CoM00;/Co,M0;03 hetero-structure phases.

The stability of the CMO-1.25 sample was further tested
using chronopotentiometry and cyclic voltammetry (CV)
methods, and the HER activity of the catalyst showed no sig-
nificant change in its performance even after long cycling
(6000 cycles) measurements (Fig. 3e). The catalyst exhibited a
slight overpotential fluctuation of +1 mV at a cathodic current
density of 10 mA cm™? over 10 h and an overpotential increase
of only +3 mV in the following 10 h of constant-current
measurement performed at 100 mA cm 2 (Fig. 3f).
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To explore the suitability of the studied catalysts for overall
water splitting process, the OER activity of CMO-1, CMO-1.25,
CMO-1.5 and CMO-2 catalysts grown on NF are investigated,
and the corresponding polarization curves are shown in
Fig. 4a. It can be seen that CMO-1.25 exhibits a much lower
overpotential than other CMO catalysts. Further, the Tafel
slope of CMO-1.25 is much lower (69 mV dec™"), suggesting its
favourable OER kinetics (Fig. 4b). The electrocatalytic OER
activity of CMO-1.25 with heterointerfaces is comparable to
several of the previously reported Co-Mo compounds
(Fig. S1271). EIS analysis was conducted to reveal more elec-
trode kinetics information of the catalysts. The Nyquist plots
in Fig. 4c shows that the R, of CMO-1.25 catalyst is lower than
the other CMO catalysts (R, values, 25.8 Q, 19.4 Q, 24.9 Q and
20.9 Q are obtained for CMO-1, CMO-1.25, CMO-1.5 and
CMO-2, respectively). The overpotential corresponding to
10 mA cm > and 100 mA cm > and the obtained Tafel slopes
of different CMO catalysts are compared in Fig. 4d. CV method
is used to calculate the Cg, which are proportional to the
ECSA of the catalysts (Fig. S13t). The CMO-1.25 shows a
double layer capacitance of 28.4 mF cm™?, which is much
larger than those of CMO-1 (25.9 mF cm™?), CMO-1.5 (20.8 mF
em~?) and CMO-2 (22.5 mF cm™>). The high Cg of CMO-1.25
suggests enhanced catalytically active surface sites for the reac-
tion. The results shown in Fig. S11bt indicate that CMO-1.25
shows much improved OER activity compared to other CMO
catalysts studied, reflecting that the enhanced OER activity of
the sample is attributed not only to the increased ECSA but
also the improved intrinsic activity of the catalyst due to the
optimised heterointerface structure. Further, we studied the
durability of the catalysts for OER and was found that the OER
activity of CMO-1.25 showed only a slight decay (+20 mV) over
6000 CV cycles (Fig. 4e). The constant-current tests (10 h) also
showed much improved electrochemical performance of
CMO-1.25 catalyst, at anodic current densities of 10 and
100 mA cm™> (Fig. 4f). Even at a larger current density of
100 mA cm™>, the CMO-1.25 electrode exhibited only 6 mV
increase in the overpotential, retaining 98% of its initial cata-
Iytic activity after 10 h. The obtained results clearly show excel-
lent bi-functional electrocatalytic activity of CMO-1.25 for alka-
line HER and OER, suggesting their suitability as potential
electrode materials for overall water splitting.

3.3 Overall water splitting studies

The overall water splitting studies were carried out in a two-
electrode cell using CMO-1.25 as anode and cathode (Fig. 5a).
From the LSV plot (Fig. 5b), it is clear that CMO-1.25-based
electrode exhibited 1.8 V and 1.63 V to deliver a current
density of 50 mA cm > and 10 mA c¢cm?, respectively, for
overall water splitting, which is comparable to several reported
works (Table S31).”>”7° Long-term stability of the catalyst is
critical for their practical implementation in water electroly-
sers. The full cell with CMO-1.25 catalysts showed negligible
increase in the overpotential to achieve a constant current
density of 10 mA ¢cm™> over 500 h of continuous electrolysis
(Fig. 5¢). It is interesting to note that after 100 h chronopoten-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) LSV curves for the OER activity of CMO catalysts, NF and IrO,, studied in 1 M KOH at a scan rate of 2 mV s~* (b) Tafel plots obtained from
the corresponding LSV curves of the electrocatalysts. (c) Nyquist plots of CMO electrodes recorded at an overpotential of 330 mV in 1 M KOH with

the corresponding equivalent circuit (inset). (d) Bar diagram comparing the overpotential of CMO catalysts for current densities of 10 mA cm™

2and

100 mA cm™2 along with corresponding Tafel slopes (e) polarization curves of CMO-1.25 for the first and after 6000 CV cycles at a scan rate of
100 mV s7* (f) chronopotentiometry curves of CMO-1.25 recorded at different current densities for 20 h in 1 M KOH.

tiometry test, the CMO-1.25 was observed to retain the hier-
archical structure (Fig. S141), confirming the robust nature of
the electrocatalyst for the HER and OER. We further examined
the near-surface layer of the electrocatalyst after the stability
test using XPS (Fig. S151). It can be clearly seen that Co, Mo
and O existed at the surface of the electrocatalyst, and the
high-resolution XPS spectra were analogous to that of
CMO-1.25 before the stability test, further proving the stable
nature of the catalyst for the HER in alkaline media.
Deconvolution of Mo 3d peaks after the stability test at HER
side (Fig. S15a-ct) showed that the amount of Mo** species

This journal is © The Royal Society of Chemistry 2023

decreased while there was an increase in the amount of Mo>*
species. This could have resulted from the slight oxidation of
CMO-1.25 after the prolonged stability test in highly alkaline
media.”® In addition, the deconvoluted O 1s spectrum after
the stability test exhibited an increased content of -OH species
which could be due to the adsorbed hydroxides and water.
This result confirmed the easy adsorption of H,O molecules in
the Volmer step as described earlier. The SEM images of
CMO-1.25 electrode after OER is given in Fig. S14d-f,} which
also shows the retention of its pristine morphology.
Deconvolution of Mo 3d peaks after the stability test at the

Nanoscale, 2023,15, 15219-15229 | 15225
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(a) Photograph of the two-electrode setup employed for overall water splitting studies (b) the LSV curve obtained from two-electrode overall

water splitting cell (c) chronopotentiometry curve obtained at 10 and 50 mA cm™2 for 500 h, showing the stability of the electrode (d) photograph of
the AEM electrolyser assembly (e) volume of hydrogen produced from the water electrolyser assembly using CMO-1.25 catalyst as both anode and
cathode, at different potentials. The inset shows the schematic of the AEM electrolyser setup (f) durability test recorded at 1.6 and 1.8 V for the as-

assembled electrolyser.

OER side (Fig. S15d-f) showed the presence of 4+, 5+ and 6+
oxidation states of Mo 3d. However, compared to the Mo 3d
peak of the pristine CMO-1.25 catalyst provided in Fig. 2d, all
the peaks are shifted towards the higher energy side and the
percentage of Mo*" is found to be decreased, while the percen-
tage of Mo>" and Mo®" is increased, which could be attributed
to the oxidation happening at the OER side.”” All of the above
results confirm that the CMO-1.25 catalyst could be used as a
promising bifunctional candidate in water splitting reaction.

We also fabricated an anion exchange membrane electroly-
ser using the bifunctional CMO-1.25 catalyst to evaluate its
practical applicability in overall water splitting (Fig. 5d). The
schematic of the electrolyser setup is shown as inset of Fig. 5e.
The reactor consists of an anion exchange membrane
(Fumasep, FAS 50) at the middle, two gaskets on its sides, and
with two 1.7 x 1.7 cm electrodes (using CMO-1.25 electrocata-
lyst) for HER and OER. Two polar plates are connected at the
end. The FAS membrane was activated in 1 M KOH for 24 h
before the experiment and used as such for the experiments.
Throughout the experiment, a constant electrolyte flow (1 M
KOH) was maintained in the reactor at 60 °C. The potentio-
dynamic polarization curve recorded for the electrolyser with
CMO-1.25 as HER and OER electrocatalysts are shown in
Fig. S16at and Fig. 5e. The experiment is done by holding at a
different potential, from 1.3 V to 2.1 V, for 60 s. The obtained
polarization curves show that at 1.5 V the cell delivers a
current density of 126 mA cm ™2,

The cell shows a very low current density at 1.3 V (23 mA
em™?), and the current obtained from the electrolyser

15226 | Nanoscale, 2023, 15, 15219-15229

increased exponentially with voltage and reached to almost
constant value after 2 V (781 mA cm™>). The current findings
are superior to several of the similar reported
Studies.60,74,75,78781

As compared to industrial alkaline water electrolyser, which
require 1.7 to 2.4 V to reach 300 mA cm™> at 60-90 °C, the
present cell delivers a current density of 350 mA cm™> at 1.7
V. This clearly shows the high energy efficiency of the reactor
with CMO-1.25 bifunctional electrocatalysts for overall water
splitting.*> The performance of the fabricated electrolyser
reactor is compared with the previously reported studies
(Table S4f). The amount of hydrogen generated at different
voltages was measured using an inverted burette (displace-
ment method), and the obtained values are given in Fig. 5e
and Fig. S16b.7 As shown in Fig. S16b,T the calculated amount
of hydrogen generated by the displacement method (experi-
mentally) is in correlation with the calculated values using
Columbic method (theoretical), except that there is a slight
variation in the high current density region. Moreover, the
amount of hydrogen generated at 1.8 V is measured to be ~
11-12 mL min~", ie., with 85-95% coulombic efficiency. The
long-term stability of the device was studied at constant operat-
ing potentials of 1.6 V and 1.8 V (Fig. 5f). The cell gives a
current density of 220 mA ecm > @1.6 V and 670 mA cm >
@1.8 V. The device showed very good long-term durability and
retains a stable performance with 95% of its activity at 1.6 V
and 1.8 V over 12 h. The present work clearly shows that the
CMO-1.25 electrocatalyst exhibits excellent stability and activity
for overall water splitting and has full potential for industrial

This journal is © The Royal Society of Chemistry 2023
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implementation towards large scale hydrogen production. The
impressive bifunctional electrocatalytic activity of the material
is resulted from the synergistic effect of the heterointerface
formed by the cobalt molybdenum suboxides.

4. Conclusion

In summary, we demonstrated a simple approach to tune the
electrocatalytic bifunctional activity of cobalt molybdate-based
electrocatalyst by optimizing the cobalt to molybdenum ratio,
thus creating phase-modulated heterointerfaces involving
multiple phases of cobalt molybdenum suboxides (CoO/
CoMo00,;/Co,M0;05) supported on NF. The optimized catalyst
(CMO-1.25) showed good OER and HER activity in 1 M KOH
solution, with an OER overpotential of 290 mV @10 mA cm ™2,
a Tafel slope of 69 mV dec™" and HER overpotential of 52 mV
@10 mA cm™?, with a Tafel slope of 63 mV dec”™’. An
alkaline electrolyser was further fabricated to evaluate the prac-
tical applicability of the studied catalyst in water splitting,
using the studied material (CMO-1.25) as bifunctional electro-
catalyst. A current density of 220 mA cm™> @1.6 V and 670 mA
cm™> @1.8 V was obtained, with very good long-term dura-
bility, clearly indicating good promise for alkaline water
electrolysis.
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