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MoO, nanosheets anchored with Co nanoparticles
as a bifunctional electrocatalytic platform for
overall water splittingy
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Electrochemical water splitting is one of the potential commercial techniques to produce clean hydrogen
energy because of the high efficiency and environmental friendliness. However, development of low-cost
bifunctional electrocatalysts that can replace Pt-based catalysts for the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) is challenging. Herein, Co nanoparticles (NPs) are anchored on MoO,
nanosheets (Co/MoO,) by thermal reduction of the CoMoO,4 nanosheet array in Ar/H,. The uniformly
distributed Co NPs improve the electron transfer capability and modulate the surface states of the MoO,
nanosheets to enhance hydrogen desorption and HER kinetics. Moreover, the Co/MoO, composite is
beneficial to the interfacial structure and the MoO, nanosheets prevent aggregation of Co NPs to
improve the intrinsic OER characteristics in the alkaline electrolyte. As a result, the Co/MoO,
electrocatalyst shows low HER and OER overpotentials of 178 and 318 mV at a current density of 10 mA
cm~2in 1 M KOH. The electrolytic cell consisting of the bifunctional Co/MoQ, electrodes shows a small
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1 Introduction

Hydrogen (H,) energy is one of the candidates to replace fossil
fuels because of its environmental friendliness, small weight,
and high energy density. Electrocatalytic water splitting is one
of the preferred means to produce H, and O,.'* Water splitting
includes the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) that require proper catalysts to boost
efficiency. Some noble metals such as Pt and Pd possess high
electrocatalytic activity and low overpotentials in HER and
noble metal oxide catalysts such as RuO, and IrO, are common
catalysts for OER. However, the high cost and natural scarcity of
these noble materials hamper large-scale commercial
application.*® HER can take place in both acid and base media
but OER is undesirable in acidic electrolytes. Hence, prepara-
tion of efficient bifunctional noble-metal-free electrocatalysis
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voltage of 1.72 V for a current density of 10 mA cm™2 in overall water splitting.

for both HER and OER in alkaline media is challenging albeit of
prime importance.

Owing to the high abundance and low cost, rutile molyb-
denum dioxide (M00O,) is garnered interest in water splitting”
and nanostructures such as nanoparticles,® nanobelts,” nano-
sheets,' nanoflowers," nanowires'? and hierarchical nano-
arrays® have been developed to improve H, evolution by
increasing the surface area and increasing the reaction sites.
Chen et al. have demonstrated that the Mo atom in MoO, is
a high d-band center because of expansion of the Mo lattice
upon incorporation of oxygen, resulting in unfavorite H,
kinetics and poor H, evolution activity on M0O,.** Introducing
transition metals to fill the empty d orbitals of Mo can weaken
the Mo-H binding energy and improve the hydrogen evolution
efficiency.”® Zhao et al. have constructed a CoP and MoO,
heterostructure to coordinate interface electrons and accelerate
dissociation of water and adsorption of hydrogen.'* Recent
research activities have focused on improving the HER perfor-
mance of MoO, catalysts but the OER characteristics have not
been studied extensively.

Herein, MoO, nanosheets are anchored with Co nano-
particles (Co/MoO,) to serve as bifunctional electrocatalysts for
both HER and OER by reducing CoMoO, grafted on a carbon
cloth in the Ar/H, atmosphere. In this process, CoMoO, is
separated in situ to form the Co/MoO, heterojunction with
abundant Co and MoO, interface consequently improving the
HER and OER properties simultaneously, as demonstrated by
low overpotentials of 178 mV and 318 mV to achieve a current

© 2022 The Author(s). Published by the Royal Society of Chemistry
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density of 10 mA cm > together with small Tafel slopes of
102.6 mV dec™" and 93.9 mV dec™ ' in HER and OER in 1 M
KOH, respectively. The electrolytic cell assembled with the
bifunctional Co/MoO, electrocatalyst shows a low overall water
splitting voltage of 1.72 V for a current density of 10 mA cm ™.
The results reveal a promising non-noble catalystic platform for

low-cost and high-efficiency H, and O, production.

2 Experimental
2.1 Preparation of Co/M0O, nanoarrays, Co, and MoO,

The carbon cloth (CC) pretreated with ethanol and acetone was
soaked overnight in a nitric acid solution to enrich the surface
oxygen-containing functional groups. After rinsing with ultra-
pure water, the CC was dried in a 60 °C oven. 0.1765 g of
(NH4)6M0,0,4, 0.249 g of Co(CH3COO),, 0.12 g of (NH,),CO,
and 0.185 g of NH,F were dissolved in 30 mL of ultrapure water
ultrasonically for 30 min, transferred to a 50 mL Teflon-lined
stainless autocalve containing the CC, and heated to 150 °C
for 6 h. After cooling to room temperature, the CC was taken
out, rinsed three times with ultrapure water, and dried in
a vacuum freeze-dryer for 12 h. Afterwards, the sample was
pyrolyzed at 400 °C for 2 h at a heating rate of 5 °C min~" in
argon (Ar) and then Ar/H, (volume ratio: 90: 10) at 550 °C for 2 h
at a ramping rate of 5 °C min ' to form the Co/MoO,
nanoarrays.

Synthesis of Co proceeded in two steps. The CC was elec-
trodeposited in a 0.1 M cobalt nitrate solution to produce
Co(OH), (ref. 20) and then annealed in Ar/H, (volume ratio: 90 :
10) at 550 °C for 2 h using a heating rate of 5 °C min~". The pre-
treated CC was hydrothermally treated to produce MoS, and
subsequently reacted with air to form Mo0O;.”* Finally, the MoO;
sample was collected under Ar/H, (90 : 10) at a ramping rate of
5 °C min~ " to 650 °C for 2 h to form MoO, (Fig. S17).

Pt/C and RuO, were fabricated by immersing the 1 x 1 cm®
CC in a uniform Pt/C (or RuO,) solution and drying in air. The
solution (1 mL) contained isopropanol and ultrapure water
(volume ratio of 9: 1), 1 mg of 20% Pt/C (or RuO,), and 20 pL of
5% Nafion were sonicated to obtain a homogeneous solution.

2.2 Materials characterization

Field-emission scanning electron microscopy (FE-SEM, Apreo S
HiVac) and transmission electron microscopy (TEM, JEM-F200)
were performed to examine the microstructure of the materials.
X-ray photoelectron spectroscopy (XPS, Axis Supra’) was carried
out to determine the chemical states and X-ray diffraction (XRD,
Bruker D8A A25) was conducted to investigate the structure.

2.3 Electrochemical evaluation

The electrochemical characteristics were determined on the
biological VSP300-type electrochemical workstation with the
three-electrode setup (Biologic Science Instruments, France)
and N,-saturated 1 M KOH as the electrolyte. The Co/MoO,
electrode with a mass loading of 1 mg cm™? was the working
electrode, carbon rod was the counter electrode, and saturated
calomel electrode (SCE) was the reference electrode. The
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potentials were standardized as follows based on the reversible
hydrogen electrode (RHE): E(RHE) = E(SCE) + 0.059 x pH with
automatic 85% iR-compensation. Linear sweep voltammetry
(LSV) was conducted at a scanning rate of 5 mV s~ ' to obtain the
polarization curves to assess the HER performance from
—1.0675 to —1.5 Vvs. RHE. Similarly, the polarization curves for
OER were acquired from 0.8 to 1.8 V vs. RHE. The electro-
chemically active surface area (ECSA) was determined by cyclic
voltammetry (CV) at scanning rates ranging from 50-90 mV s '
and —0.6 to —0.8 V vs. SCE. Electrochemical impedance spec-
troscopy (EIS) was carried out from 100 kHz to 0.1 Hz with 0.5 V
vs. SCE. The water splitting electrolyser comprises the bifunc-
tional Co/MoO, electrodes and 1 M KOH electrolyte.

3 Results and discussion

As shown in Fig. 1, CoMoO, nanosheets synthesized on CC
hydrothermally are annealed in a reductive Ar/H, ambient. The
CoMoO, nanosheets cover the CC uniformly and the size of the
nanosheets are about 10 pm as shown in Fig. 2a. CoMo0O, is
then annealed in Ar/H, at 550 °C for 2 h and CoMoO, decom-
poses into Co and MoO, composites while maintaining the
nanosheet structure of CoMoO,. The nanoparticles are evenly
dispersed on the surface of nanosheets (Fig. 2b and c). Co/M00O,
is examined by TEM and Fig. 2d and e disclose that the nano-
particles on the nanosheets are about 20-30 nm in size. The
high-resolution TEM (HR-TEM) image (Fig. 2f) reveals distinct
lattice fringes with an interplanar distances of 0.21 nm and
0.245 nm corresponding to the (111) and (—202) planes of the
Co and MoO,, respectively.””* The elemental maps of Co/MoO,
in Fig. 2g corroborate uniform distributions of Co nanoparticles
on the MoO, nanosheets.

To determine the phase constituents, CoMoO, and Co/MoO,
are analyzed by XRD. Fig. 3a exhibits diffraction peaks at 25.5°,
33.7°,59.9°, 61.9°, and 63.1° corresponding to CoMoO, (JCPDS
No. 21-0868) (ref. 21) and new phases of MoO, (JCPDS NO. 78-
1070) (ref. 22) and metallic cobalt (JCPDS No. 15-0806) (ref. 23)
are formed after reduction at 550 °C for 2 h in Ar/H,. The results
demonstrate that the CoMoO, precursor is reduced in Ar/H, to
generate Co and MoO,.

The change in the chemical states after phase separation is
monitored by X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 3b, Co/M00O, exhibits peaks of Co, Mo, O, and C. The fine
spectrum of Co 2p of CoM0O, in Fig. 3¢ can be fitted with peaks
at 781.3 (Co>" 2psp,), 797.2 (Co®* 2p,j,), 785.1, and 802.8 €V
corresponding to the cobalt oxide Co"™ and satellite peaks,*
respectively. The metallic Co peaks of Co/MoO, at 778.5 eV (Co°
2pss2) and 793.5 eV (Co° 2py,,)* confirm that cobalt is formed in

\./ Co?*
B) Hydrothermal
J CONH,), ™ Af

Mo;0,,

Carbon Cloth(CC) CoMoO,

Co/MoO, Co

MoO,

Fig. 1 Schematic illustration of the fabrication of Co/MoO..
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Fig. 2 FE-SEM images of (a) CoMoO4 and (b and c) Co/MoO,, (d—f)
TEM image of Co/Mo0O,, and (g) elemental maps of Co/MoO,.
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Fig. 3 (a) XRD patterns of CC, CoMoO,4 and Co/MoO,, (b) XPS
spectrum of Co/MoQO,, and high-resolution XPS spectra of (c) Co 2p
and (d) Mo 3d of CoMoO,4, Co/MoO,, MoO, and Co.

the phase separation process. It can be seen that the Co 2p
spectra of Co/MoO, varied to a higher binding energy than Co,
manifesting the electrons depletion region on the sample of Co.
Fig. 3d shows two peaks at 232.6 eV and 235.8 €V in the Mo 3d
XPS spectrum associated with Mo 3ds,, and Mo 3d;, of the
Mo°®" state of CoM00,.>® With regard to the reduced sample, the
peaks at 229.5, 232.6, 230.8, 233.8, 232.5, and 235.5 eV are
ascribed to the intermediate states of Mo**, Mo®* and Mo®",
further confirming the formation of M0O,.””"** As shown in the
graph, the Mo 3d spectra of Co/MoO, transferred to a lower
binding energy as contrasted with the sample of MoO,, which
demonstrate the electrons accumulation on the MoO,. Thus,
the electrons transfer from Co to MoO,.

The electrocatalytic OER and HER characteristics are deter-
mined by LSV at a scan rate of 5 mV s~ using a three-electrode
configuration in N,-saturated 1 M KOH. A low overpotential (7)
and small Tafel slope reflect high electrocatalytic activity in OER
and HER at the desired large current density. For comparison
Co, M0O,, RuO, and Pt/C catalysts are also studied. Fig. 4aand c
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Fig. 4 (a) OER polarization curves of CoMoO4, Co/MoO,, MoO,, Co,

and RuO,, (b) HER polarization curves of CoMoQ,4, Co/MoO,, MoO,,
Co, and 20% Pt/C, (c) Tafel plots for OER, (d) Tafel plots for HER, (e) Co/
MoO, galvanostatic results for OER, and (f) Co/MoO, galvanostatic
results for HER.

present the OER polarization and corresponding Tafel plots of
the samples. The OER overpotential (n,,) of Co/M00O, is 318 mV,
which is better than those of CoM00O, (355 mV), RuO, (345 mV),
Co (343 mV) and MoO, (470 mV). It is due to better electron
transfer from Co to MoO, at the Co/MoQO, interface conse-
quently enriching the positive charges on the Co surface and
simultaneously reducing the adsorption capacity of Co particles
to oxygen species at the interface, resulting in enhanced oxygen
evolution activity.®” Therefore, the Co/MoO, composite is
beneficial to the interfacial structure to enhance the intrinsic
activity. Co and MoO, promote oxygen evolution in alkaline
solutions. Moreover, 1y, of Co/MoQ, is better than those of
previously reported catalysts such as MoO,/NF (350 mvV),*
Mo00O,.0n- (435 mV),** MoO,-Co (378 mV),* MoO,-Co,Mo;-
0;@C (320 mV),** Co,N,¢,-BHPC (340 mV),” Co/B-Mo,-
C@N-CNTs (356 mV)*® (Table S1t). The corresponding Tafel
slope of Co/Mo00, is 93.9 mV dec™*, which is smaller than those
of CoMoO, (102 mV dec™ '), Co (98.6 mV dec '), and MoO,
(99.8 mV dec ). Hence, Co/MoO, has a smaller 7,, and Tafel
slope on account of the synergistic effects rendered by the
individual heterostructures such as rapid desorption of gas and
maintenance of active sites during gas generation.” Electron
transfer between Co and MoO, enhances the electron donating
ability and the bonding force between the transition metal Co
and OH ™ increases to improve the OER performance.”® In
addition, metallic cobalt enhances the oxygen evolution
kinetics of Co/M0O, by promoting the conductivity and accel-
erating transfer of electrons. Therefore, Co/MoO, prepared by
phase separation boosts the oxygen evolution capability.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The electrocatalytic HER properties are determined by LSV is
shown in Fig. 4b and d. Co/MoO, shows a smaller 7,, of 178 mV
compared to CoMoO, (272 mV), Co (192 mV), and MoO, (380
mV). For comparison, the Pt/C catalyst has a 7,0 0of 59 mVin 1 M
KOH. The HER properties of Co/MoO, are better than of
recently reported catalysts including MoO, (200 mV),*> MoO,/
NF (187 mV),** Co@pB-M0,C-NC-0.115 (188 mV),* M0O,-Co (422
mvV),** Co-CoO/BC (210 mV),** M0,C/MoO, (204 mV)* (Table
S27). The HER reaction involves two stages.*® The first steep is
the Volmer reaction with a Tafel slope of about 118 mV dec™*
and the second one is the Heyrovsky reaction with a Tafel slope
of approximately 39 mV dec ' or Tafel reaction with a Tafel
slope of 29 mV dec '. The HER Tafel slope of Co/MoO, is
102.6 mV dec™' indicative of the Volmer-Heyrovsky mecha-
nism. The hydrogen evolution reaction requires a large number
of protons which in an alkaline solution originate from disso-
ciation of water. Therefore, the hydrogen evolution rate of Co/
MoO, in the alkaline solution is governed by the Volmer reac-
tion. The Tafel slope of Co/MoO, is smaller than those of
CoMo0, (115.3 mV dec '), Co (132.6 mV dec '), and MoO,
(121.1 mV dec™"). Metallic cobalt provides the H* adsorption
sites to promote water dissociation and improving the Co/MoO,
HER properties.** Furthermore, Mo-H has a strong adsorption
energy which inhibits desorption. The electronic structure of
Mo is regulated by the transition metal Co, which diminishes
the Mo-H binding energy and makes it easier to desorb.
Consequently, hydrogen evolution from Co/MoO, is further
improved.”® When Co/MoO, transfers electrons from Co to
MoO,, the Co surface is enriched with positive charges and the
Co particles near the interface decreases the ability to adsorb
hydrogen to enhance hydrogen evolution.” Therefore, the Co/
MoO, heterojunction improves the intrinsic activity of Co and
MoO, synergistically in the alkaline solution. Galvanostatic
tests are performed on the Co/MoO, catalyst for both OER and
HER as shown in Fig. 4e and f further revealing the stability in
the electrochemical reaction.

The electrochemical active surface area (ECSA) is another
critical parameter for the catalytic activity and characterized by
the electrochemical double layer capacitance (Cg;). Cyclic vol-
tammetry (CV) is performed at different scanning rates in the
non-Faraday current interval (Fig. S21). The electric double layer
capacitance is related to the number of active sites in the elec-
trochemical reaction* and CV is utilized to determine the
number of active sites. As shown in Fig. 5a, the Cy, value of Co/
MoO, (23.2 mF cm ?) is bigger than those of MoO, (3.4 mF
ecm~?) and Co (5.8 mF cm™?), implying that the Co/MoO, cata-
lyst has more active sites. Electrochemical impedance spec-
troscopy (EIS) is employed to study the interfacial dynamics and
as shown in the equivalent series model composed of the
solution resistance R, (intersection between the high frequency
region and X-axis), CPE (constant phase angle element), and
parallel R, the faster charge transfer and transmission, the
smaller is the diameter of the semi-circular R.. Fig. 5b shows
smaller R . than others (Fig. S3T) because that in situ formation
of Co/Mo0O, reduces the interface resistance and raises the
charge conduction rate thus exploiting the synergetic effects
rendered by Co and MoO,. The calculated differential charge

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Current densities (Aj = janode — Jeathode: at 0.36 V) as

a function of scanning rates of Co/MoO,, MoO, and Co with the
corresponding slope being twice that of Cy, (b) Nyquist plots collected
at 500 mV vs. SCE of Co/MoO,, MoO, and Co, (c) differential charge
densities of Co/Mo0O,, and (d) density of states of Co/MoO,, MoO, and
Co.

density in Fig. 5c illustrates that the charge density redistributes
at the interface showing an electron accumulation region
(vellow region) on the MoO, side and electron loss region (blue
region) on the Co side, indicating electron transfer from Co to
MoO,. The density of states (DOS) in Fig. 5d reveals that the
state of Co/MoO, is located at the Fermi level higher than MoO,
and Co, thereby explaining why Co/MoO, improves the electron
activity as consistent with the Fig. 5b.

Co/MoO, catalysts are prepared at different temperature and
the HER and OER characteristics are evaluated by LSV to assess
the influence of the catalyst configuration and composition on
the electrochemical properties (Fig. S41). Owing to the proper
structure, Co/MoO, prepared at 550 °C delivers better electro-
catalytic performance than other samples. As shown in Fig. S5
and S6,T when the temperature is 450 °C, the nanosheets are
still CoMoO, and no particles are deposited on the nanosheets.
However, at 650 °C, the morphology changes into a porous
network because of the formation of the new phase of Co;Mo
(JCPDS NO. 29-0488)."*

The Co/MoO, catalysts are assembled as the anode and
cathode to conduct overall water splitting in 1 M KOH. The cell

&
=2

=
<

2
=

Ruo, | |PvC

——Co/Mo0, | | Como0,

10 mA em”

e

Current Density (mA cm?)

1.6 1.8 o
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Fig. 6 (a) Water splitting LSV curves of Co/MoO; as both the cathode
and anode and (b) Co/MoO, water splitting electrolyzer galvanostatic
test for 12 h at 10 mA cm 2.
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voltage is 1.72 V at a current density of 10 mA cm 2, which is
competitive to the other non-noble metal bifunctional catalysts
reported in the literature, including Co@p-M0,C-NC-0.115 (1.72
V),* C0,P/M0,C/M0;Co;C@C (1.74 V), Co-CoO/BC (1.77 V),
P-MoO, (1.83 V),** NiO/NiFe,0, (1.82 V)* (Table S3t). The
overall water splitting potential of the Co/MoO,-based electro-
lyzer rises slightly after continuous operation for 12 h in the
alkaline solution (Fig. 6).

4 Conclusions

A Co/MoO, catalyst is fabricated by a one-step phase separation
process of CoMoO, in the Ar/H, atmosphere. The in situ
generated metallic Co nanoparticles on the MoO, nanosheets
improve the HER characteristics of MoO,, whereas the MoO,
nanosheets impede agglomeration of nanosized Co in OER. The
Co/Mo0O, composite shows superior HER and OER properties
compared to single-phase catalysts of Co and MoO,. In the
alkaline solution, the 1, values of Co/MoO, for HER and OER
are 178 and 318 mV, respectively. The electrolytic cell assembled
with the bifunctional Co/MoO, electrocatalyst shows a low
voltage of 1.72 V for a current density of 10 mA cm ™2 in overall
water splitting. The in situ separation strategy to form the
transition metal and oxide heterojunction has large potential in
designing non-noble metal catalysts for electrocatalytic water
splitting and other applications.
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