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ABSTRACT

Synthesis of high-performance and cost-effective catalysts towards the hydrogen evolu-
tion reaction (HER) is critical in developing electrochemical water-splitting as a viable
energy conversion technique. For non-precious metal Co- and Ni-based catalysts, hy-
droxides were found to form on the surface of the catalysts under alkaline environments
and benefit the catalytic performance, whereas there is limited systematic study on the
explicit influence of hydroxides on the electrocatalytic mechanism and performance of
these catalysts. Herein, we report a close correlation observed between the amount of the
surface hydroxides formed and the resulting electrocatalytic performance of a Co-Mo-O
nanocatalyst through careful comprehensive structural and property characterizations.
We found that an appropriate amount of hydroxide can be moderated by simply coating
the catalyst surface with carbon shells to optimize the catalytic properties. As a result, a
carbon-coated Co-Mo-O nanocatalyst was successfully developed and is among the best
reported non-precious HER catalysts with a superior electrocatalytic activity and
outstanding durability for the HER under alkaline environment. First-principles calcula-
tions were further conducted to probe the nature of the active sites and the role of hy-
droxides in the Co-Mo-O@C/NF catalyst towards the HER.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The widespread utilization of clean renewable energy re-
sources is increasingly being pursued as a solution to the
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world's energy, climate and environmental problems. Due to
the intermittent nature of energy generation from renewable
sources such as solar and wind energy, it is urgently required
to develop viable energy conversion technologies to enable
the decoupling of energy generation from demand. In this
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respect, electrochemical water-splitting provides a promising
energy conversion technology that converts electrical energy
into chemical energy in the form of H,, an attractive energy
carrier that can be used to produce clean electricity in fuel
cells. Crucial to enabling this conversion is the development of
high-performance electrocatalysts for the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) reactions
[1-6].

The best-performing catalyst for the HER thus far is plat-
inum, which requires negligible overpotentials to achieve
high electrocatalytic performance. However, its widespread
use in electrolysis of water is limited by its scarcity and high
cost [7,8]. Hence, a variety of non-precious metal alloys, such
as transition metal sulfides [9-12], phosphides [13,14], car-
bides [15—17], nitrides [18,19], selenides [20—22], oxides
[23—25], borides [26—28] and non-metallic compound [29,30]
have been investigated as promising alternatives to replace
Pt. In addition, non-precious metal complexes also emerged
as promising homogeneous catalysts for the HER. In com-
parison with the homogenous molecular catalysts, heteroge-
neous catalysts typically show much lower catalytic efficiency
owing to the low ratio of surface to bulk atoms. But on the
other hand, heterogeneous catalysts possess notable advan-
tages over the homogeneous catalysts on easy synthesis,
facile separation and cyclic reusability [14,31—33]. Therefore,
high-performance and cost-effective heterogeneous catalysts
are desirable for practical applications. In practice, the activity
of these non-precious catalysts can be promoted through
increasing the number of the active sites, primarily via
nanostructuring the electrocatalytic materials, and improving
the intrinsic activity of each active site. These two approaches
are often jointly adopted to optimize the catalytic perfor-
mance of catalysts [34]. This is evident from the encouraging
progresses in developing nanostructured bimetallic HER cat-
alysts, like the “state-of-the-art” Co-Mo-S, Ni-Mo-N catalysts
[35—40].

Electrocatalytic reaction involves unidirectional electron-
transferring between the electrode and reactants. Therefore,
electrical conductivity is a key factor in influencing the cata-
lytic performance of these non-Pt electrocatalysts. However,
compared to the intense studies on the intrinsic activity as
well as the number and the accessibility of active sites of the
bimetallic HER electrocatalysts, the electrical conductivity of
these electrocatalysts received limited attention. For the Co-
and Ni-based catalysts our latest study found that their elec-
trical conductivity might be closely related to the surface
oxidation states of the catalysts. It has been experimentally
found that hydroxide or oxide nanoplates will form on the
surface of Co- and Ni-based catalysts under alkaline envi-
ronments even in the HER potential region [41—43]. The
resulting hydroxide or oxide was proposed to work in concert
with the adjacent metal atoms to form active sites, where the
hydroxide or oxide promotes the dissociation of water and the
nearby metal atoms facilitate the adsorption and association
of hydrogen intermediates into molecular H, [34,44]. But on
the other hand, the flourishing growth of hydroxide or oxide
nanoplates may deteriorate the electrocatalytic performance
due to their low electrical conductivity. This detrimental ef-
fect will become dominant once the catalyst surface is
completely covered by the hydroxide or oxide layer and

separated from the conductive substrate. More recently, we
found that this problem can be circumvented by simply
coating the catalyst with carbon shells. Here, it should be
noted that coating an irregular surface with a coherent carbon
shell of uniform thickness is technically extremely difficult
[45,46]. In our study, we intentionally utilized the nonunifor-
mity of carbon shell to regulate the growth of hydroxide
nanoplates. This is substantially different from the strategy
used in the previous literature, which requires a carefully
controlled synthesis of ultrathin graphene shells to render
electron penetration from the CoNi core to the graphene
surface [47]. The new method is widely adaptable to various
nanostructured metal electrocatalysts and can readily be
scaled up for mass production. In particular, it provides a
simple but effective approach to simultaneously addressing
the electrical conductivity and the active site issues of noble-
free HER catalysts operated under alkaline environments.
Herein, we synthesize a carbon-coated cobalt molybde-
num oxide nanocatalyst supported on nickel foam (denoted as
Co-Mo-O@C/NF) using a simple hydrothermal method (see the
Experimental Section for details). Associated with the regu-
lated growth of hydroxide nanoplates by carbon shells, the
Co-Mo-O@C/NF catalyst exhibits excellent HER activity along
with outstanding stability in alkaline solutions, out-
performing most non-precious metal electrocatalysts.

Experimental section
Electrode preparation

The Co-Mo-0O@C electrocatalyst was in situ grown on NF using
a hydrothermal method followed by calcination treatment.
The NF was consecutively cleaned in HCI solution (3 M),
ethanol and DI water under sonication to remove nickel ox-
ides, organics and other impurities on the surface. Co(N-
03),-6H,0 (0.05 M), urea (0.25 M), glucose (0.08 M) and
(NH4)eM07054-4H,0 (0.025 M) were dissolved in 36 mL DI
water, and then the solution together with a cleaned piece of
NF (1 x 4 cm?) were transferred into a 50 mL Teflon-lined
stainless autoclave and kept at 150 °C for 18 h. After cooling
down to room temperature, the collected samples were
washed thoroughly with DI water and ethanol and then dried
in vacuum at 60 °C. Calcination of the catalyst samples was
conducted at temperatures ranging from 400 to 800 °C under a
flowing H, atmosphere for 2 h with a ramp rate of 10 °C min~™.
Electrochemical property testing showed that the Co:Mo
molar ratio and calcination treatment temperature exerted
considerable effects on the HER activity of Co-Mo-O@C/NF
catalyst. According to the control experiments (Fig. S2a and
b), the 600 °C calcined Co-Mo-O@C/NF catalyst with a nomi-
nal Co:Mo molar ratio of 1:3.5 exhibited an optimal HER ac-
tivity. It was therefore selected for detailed study. As
determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), the optimized catalyst has an
authentic Co: Mo molar ratio of 1: 1.2. According to the weight
change of the sample after hydrothermal and calcination
processes, the loading amount of the catalyst on NF was
determined to be around 8 mg cm 2 For comparison purpose,
the supported Co@C/NF catalyst was also prepared in a similar
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procedure without using (NH,4)¢Mo;0,4-4H,0 in the hydro-
thermal step.

The Co-Mo-O/NF electrocatalyst was prepared by electro-
chemical oxidation of the Co-Mo-O@C/NF catalyst followed by
calcination treatment. The electrochemical oxidation of Co-
Mo-O@C/NF catalyst was carried out in a standard three-
electrode system using an Hg/HgO (with 1M KOH) reference
electrode and graphite rod as the counter electrode in an
alkaline medium (1M KOH). After electrochemical oxidation
under 1.4 V (vs. RHE) for 10 min, the catalyst was thoroughly
washed by DI water and ethanol, then dried in oven at 60 °C.
Calcination treatment of the catalyst was conducted at 600 °C
under a flowing H, atmosphere for 2 h. The ramping rate was
10 °C min~".

Results and discussion

Morphology observation of the Co-Mo-O@C/NF sample by
field-emission scanning electron microscopy (FE-SEM, Fig. 1a
and b) showed that the surface of NF was entirely covered by
bundles of rectangular cuboids, which self-assembled into 3D
hierarchical network structure. The width and length of
rectangular cuboids were around 2 pm and 10—-30 um,
respectively. In addition, some nanoparticles in different ag-
gregation states were observed on the surface of these rect-
angular cuboids, which were identified as carbon-rich
particles by the elemental mapping analyses (Fig. S1). X-ray

iy =04958 nimy -

200/=0.226 nm

diffraction (XRD) analysis of the as-prepared catalyst clearly
identified two crystalline phases, i.e., CooM03;0g (JCPDS card
71-1423) and CosMo (JCPDS card 29-0488), as shown in Fig. 2a.
This aligns with the high-resolution transmission electron
microscopy (HRTEM, Fig. 1le) image, in which the observed
lattice fringes with spacings of 0.349 and 0.4957 nm corre-
spond well to the (102) and (002) planes of Co,Mo030g, and
those with distances of 0.349 and 0.4957 nm in a characteristic
angle of 25.3° can be accounted by the (200) and (201) planes of
CosMo alloy. A close examination of the catalyst sample by
HRTEM clearly showed that the surface of the rectangular
cuboids was coated by carbon shells with varied thicknesses.
As shown in the representative images in Fig. 1le, the numbers
of graphene layers ranged from one to ten. In accordance with
the HRTEM results, Raman spectroscopy analysis of the
sample identified the distinct characteristic G and D bands of
carbon materials at 1590 and 1360 cm ™, respectively (Fig. 2b).

The Co-Mo-O@C/NF catalyst exhibited a small but signifi-
cant morphology change after the electrochemical activation.
FE-SEM (Fig. 1c) showed that some tiny hexagonal plaques
grow upright and stab perpendicularly to the surface of the
Co-Mo-O@C rectangular cuboids. The average size and thick-
ness of these nanoplates were around 130 and 30 nm,
respectively. An HRTEM image (Fig. 1g) on the activated Co-
Mo-0@C catalyst illustrated the polycrystalline nature of the
nanoplates, as shown by a series of concentric diffraction
rings in the selected area electron diffraction (SAED) pattern
(inset in Fig. 1g), which can be matched by the corresponding

Fig. 1 — a) and b) FE-SEM images of Co-Mo-O@C/NF at different resolutions. c) and d) FE-SEM images of the post-HER Co-Mo-
O@GC/NF and Co-Mo-O/NF catalysts, respectively. The insets show the corresponding low-magnification SEM images. e)
HRTEM images of Co-Mo-O@C. f) TEM image of the post-HER Co-Mo-O@C. g) HRTEM image of the post-HER Co-Mo-0@C, the
inset shows the corresponding SAED pattern. h) HAADF-STEM image of the post-HER Co-Mo-O@C sample and
corresponding EDS mapping results for Co, Mo, G, O and combined image, respectively.
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Fig. 2 — a) and b) XRD patterns and Raman spectra of the as-prepared and post-HER Co-Mo-O@C powders, respectively. XPS
spectra of the as-prepared and post-HER Co-Mo O@C/NF catalysts in the c) Co 2p and d) Mo 3d regions.

crystalline planes of B-Co(OH),. Consistently, the lattice
fringes with interplanar distances of 0.238 and 0.273 nm can
be assigned to (101) and (100) crystalline planes of B-Co(OH)s,.
The XRD result (Fig. 2a) further the formation of B-Co(OH),
(JCPDS card 30-0443) and the retainment of Co,M03;0g phase
after electrochemical activation. The high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) mode combining with energy dispersive X-ray
spectroscopy (EDS) analysis discerned that the nanoplates
growing during the HER from the Co-Mo-O substrate were free
of Mo elements.

The X-ray photoelectron spectroscopy (XPS) was
employed to characterize the chemical state and constituent
elements on the catalyst surface. As shown in Fig. 2c, the Co
2p spectra of the as-prepared and activated Co-Mo-O@C/NF
catalysts can be fitted with two doublets assigned to
metallic Co%, Co®>" and satellite features. The Co° signal
detected in the as-prepared Co-Mo-O@C/NF catalyst is
consistent with the observation of CosMo alloy in the XRD
analysis. The XPS after the electrochemical activation of the
catalyst showed a weakened signal of metallic Co® which
was accompanied with the strengthening of the Co?" signal.
These results were in good agreement with the formation of
B-Co(OH), in the electrochemically active sample as evi-
denced by the XRD and HRTEM results. Similarly, the Mo 3d
spectra can be resolved well with the signals of metallic Mo®,
Mo*" and Mo®t (Fig. 2d). The lessened intensity of the
metallic Mo® signal relative to oxide species in the activated
sample might be attributed to surface oxidation in the

alkaline solution and/or air exposure. Similar phenomena
have been reported for CoMo-based HER catalysts [48].

Fig. 3a presented the polarization curves of the as-prepared
Co-Mo-O@C/NF, Co-Mo-O/NF, Co@C/NF, bare NF along with
the commercial Pt/C (20 wt%) for reference (the preparation
and nomenclature of Co-Mo-O/NF and Co@C/NF can be found
in the experimental section in supporting information). It was
observed that the Co-Mo-O@C/NF catalyst required only
20 mV overpotential to reach a current density of 10 mA cm 2
in 1 M KOH solution, which is comparable to the benchmark
Pt/C catalyst and among the best reported levels for noble-free
HER catalysts (Table S1). In order to provide further insight
into variation of HER activities on the series of electro-
catalysts, the electrochemical impedance spectroscopy (EIS)
technique was employed to measure the charge transfer
resistance (R.), as well as the electrical double-layer capaci-
tance (Cq) to determine the electrochemically active surface
area (ECSA). As seen in Fig. 3b and c, incorporation of Mo into
the catalyst improves electrical process, while coating the
catalyst surface with carbon shells enhances both electrical
conductivity and ECSA. Here, it should be noted that the Co-
Mo-O/NF catalyst was prepared by controlled -electro-
oxidation of Co-Mo-O@C/NF catalyst followed by calcination
treatment under H, atmosphere (Fig. S3). Directly synthesized
Co-Mo-O/NF catalyst by hydrothermal method may differ
substantially from the conductivity, which makes it difficult to
evaluate the effect of carbon shells on the catalyst surface. To
better understand the role of carbon shells in the electro-
catalysis process, we further compared the Co-Mo-O@C/NF
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Fig. 3 — a) HER polarization curves. b) Electrochemical impedance spectroscopy (EIS) analyses of the electrocatalysts. c) The
capacitive current densities at open circuit potential (OCP) as a function of scan rate. d) The corresponding Tafel plots of the
electrocatalysts. e) The polarization curves of the Co-Mo-O@C/NF with a scan rate of 100 mV s~ * before and after 5000 cycles.
The inset shows the chrono potentiometric curve at 10 mA cm~2. f) The amount of gas experimentally measured and
theoretically calculated versus time for HER of the Co-Mo-O@C/NF under constant current density of 10 mA cm 2

and Co-Mo-O/NF catalysts in terms of morphological feature
and electrical conductivity. Morphological observations
(Fig. 1d) in combination with microstructure analyses by
HRTEM and SAED (Fig. S4) showed that the surface of the post-
HER Co-Mo-O/NF catalyst was entirely covered by voluminous
irregularly shaped B-Co(OH), nanoplates, which is in sharp
contrast to the morphological feature of the activated Co-Mo-
O@C/NF sample (Fig. 1c) with only scattered tiny hexagonal
flakes of B-Co(OH), on the surface. The EIS measurements
(Fig. S5) revealed that the Co-Mo-O/NF catalyst exhibited
notable increase of R after electrochemical activation (from
33.68 to 89.31Q), whereas the Co-Mo-O@C/NF sample showed
only a slight R. increase. It is evident that the stacking of large
amounts of low-conductive nanoplates on the catalyst surface
resulted in significantly degraded electrical conductivity of the
Co-Mo-O/NF catalyst. A combined analysis of these results
suggests that the formation of Co(OH), nanoplates on the
catalyst surface is closely correlated to the electrical conduc-
tivity and the catalytic activity of the catalyst (Table S2).
Therefore, properly regulating the formation of Co(OH),
nanoplates by carbon shells on the catalyst surface may pro-
vide a viable means to achieve an optimization between the
number of active sites and the electrical conductivity of the
electrocatalysts.

Tafel analysis of the polarization curves was conducted to
perceive the mechanism of the HER. As seen in Fig. 3d, the
Tafel slopes of the Co-Mo-O/NF and Co@C/NF catalysts were
determined to be 126 and 135 mV dec ', respectively, while
the Co-Mo-O@C/NF catalyst showed a distinctively small Tafel
slope of only 34 mV dec™?, suggesting that the initial electron-
transfer step through the discharge of water (Volmer step) is

the rate-determining step [19,49]. First-principles calculations
were then modelled based on the experimental observations
and performed to rationalize these phenomena. Specifically,
the elementary reactions associated with water dissociation
(Volmer step) and the subsequent formation of molecular H,
(Tafel or Heyrovsky step) were investigated on the CosMo

0 —_—
-0.35ev -
_ I‘
5 &
2 | ~\ -1.10ev
[— | ]
“\= ’
@ 1.92eV
s 2f
O ——Co,Mo
% —— Co(OH),/Co,Mo
H,0 H-OH H 112H,

Reaction coordinate

Fig. 4 — Gibbs free energy diagram for the HER on the
CosMo surface (red) and Co(OH),/CozMo interface (blue).
Insets show the optimized structures at different reaction
stages. The blue, gold, red and white balls represent Co,
Mo, O and H atoms, respectively. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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surface and the Co(OH),/CosMo interface (Fig. S6) [50,51]. Fig. 4
shows the Gibbs free energy diagram for the two sequential
steps on the two modelled substrates with optimized struc-
tures. The calculated Gibbs free energy change of water
dissociation, AG(H,0), on the Co(OH),/CosMo interface is
much larger than that on the CosMo surface (—1.92 vs.
—1.10 eV), highlighting the critical beneficial role of the
interfacial Co(OH), in promoting the dissociative adsorption of
water. The resulting H intermediates from water dissociation
can readily be converted into molecular H, on the CosMo
surface with a calculated AG(H") of only —0.35 eV [52-55].
These calculation results clearly suggested that Co(OH), may
work cooperation with CosMo to properly address different
elementary steps, thereby the resulting Co(OH),/CosMo in-
terfaces from the electrochemical activation may give highly
active site for the HER.

Long-term stability is also an important criterion for
assessing the HER catalysts. The chronopotentiometry and
cyclic voltammetry (CV) methods were employed to test the
durability of Co-Mo-O@C/NF catalyst. As shown in Fig. 3e, the
Co-Mo-O@C/NF catalyst showed an overpotential fluctuation
of only 2 mV in a 24 h of constant-current measurement at
10 mA cm 2, and the activity was even slightly improved after
5000 CV cycles. As present in Fig. S7, the SEM morphology ob-
servations showed that the morphological feature of the long-
term operation catalyst was well retained. It was clearly
observed that the outstanding durability of the Co-Mo-O@C/NF
catalyst for the HER in alkaline solutions. The Faradic efficiency
(FE) for HER process was evaluated by comparing the amount of
experimentally determined gas with theoretical values. As
shown in Fig. 3f, the collected H, amounts perfectly matched
the calculated values based on passed charge, leading to a
nearly 100% FE of the Co-Mo-O@C/NF catalyst for the HER.

Conclusions

In summary, a carbon-coated Co-Mo-O nanocatalyst sup-
ported on nickel foam (Co-Mo-O@C/NF) was synthesized with
a simple hydrothermal method followed by a calcination
process under H, atmosphere. The Co-Mo-O@C/NF catalyst
exhibited superior electrocatalytic activity and outstanding
durability for the HER under alkaline environment, which is
among the best reported noble-free HER catalysts. Our study
found that the formation of Co(OH), nanoplates on the cata-
lyst surface is closely correlated to the electrical conductivity
as well as the catalytic activity of Co-based HER catalyst.
Coating the catalyst surface with carbon shells has been
proved as a simple but effective approach to moderating the
growth of Co(OH), nanoplates so as to attain high and stable
catalytic activity. This method might be widely adoptable in
the development of high-performance non-precious electro-
catalytic materials for the HER.
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