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alkaline HER Co–Mo bimetallic
carbide catalyst with an optimized Mo d-orbital
electronic state†

Gejun Liu,‡a Haipeng Bai,‡a Yujin Ji, b Lie Wang,a Yunzhou Wen,a Haiping Lin, b

Lirong Zheng, c Youyong Li, b Bo Zhang*a and Huisheng Peng *a
Efficient catalysts for the alkaline hydrogen evolution reaction are

continuously pursued to accelerate the kinetics of water splitting and

enhance the conversion of renewable energy to chemical feedstock.

Among numerous candidates, noble-metal-free Mo2C catalysts are

favored because of their low cost, abundance and similar d-orbital

electronic state to the state of the art platinum. However, due to the

high empty d-orbital density of high-valence Mo species in Mo2C, the

HER performance was impaired. We reason that introducing modu-

lators into the Mo2C framework that could decrease the empty

d-orbital density and valence states of Mo may be an efficient way to

optimize the HER energetics. Herein, inspired by the versatile elec-

tronic structures of 3d metals, we carried out first principles calcula-

tions using 3d metal Co as a dopant of Mo2C to construct Co–Mo

bimetallic carbide and found an enhanced HER activity after Co

incorporation. We further synthesized a Co–Mo bimetallic carbide

catalyst. The obtained catalysts achieved excellent alkaline HER

performance with the lowest overpotential of �46 mV at �10 mA

cm�2, a low Tafel slope of 46mV dec�1 and great stability without any

decay after a 500 hour reaction. The X-ray adsorption spectroscopy

study showed that the valence state of Mo was decreased by the Co

dopant and we propose that the decrease of Mo valence states should

be the reason for the better HER performance of the bimetallic carbide

than bulk Mo2C.
To minimize energy consumption in electrochemical water
splitting, great efforts have been made to enhance the catalytic
activity of hydrogen evolution reaction (HER) catalysts.1–3
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Alkaline electrolysis is considered to be more promising,
because many abundant oxygen evolution reaction (OER) cata-
lysts at the counter electrodes exceed noble-metal based cata-
lysts in alkaline electrolytes4–7 and the corrosion of electrolysis
equipment can be avoided.8 However, due to the pretty low
concentration of protons in alkaline medium,9 the HER
becomes more sluggish than under acidic and neutral condi-
tions.10–13 It is now well-known that the Pt/C catalyst was the
most efficient HER catalyst in alkaline medium; however, the
high cost of the noble metal hinders its usage. Owing to their
similar d-band electronic structure to that of Pt/C, molybdenum
carbides (Mo2C) have been applied in the alkaline HER and
identied as one of the promising low-cost and effective
substituents for noble metal catalysts.14,15 However, their cata-
lytic performance was encumbered by the intrinsic drawbacks
like high empty d-orbitals density, leading to high-valence Mo
species that are inactive for the HER.14,16–21 Introducing a third
element into Mo2C as a substituent for C atoms or Mo atoms is
a promising strategy to overcome the intrinsic high empty
orbital density of Mo2C. Recently, nitrogen (N),22–24 phosphorus
(P),25 sulfur (S)26 and co-doped27,28 Mo2C that involved the
substitution of C atoms were reported to show better HER
performance than bulk Mo2C. Meanwhile, rich-electron group
VIII metals show good ability to modulate the valence electron
density and improve the catalytic efficiency. For example,
overlapped d-bands were found in the FeNi alloy and CoV
catalyst for the HER and also found in optimizing the valence
state of iron oxides for better Fenton reaction performance.29–34

Among the group VIII elements, the cheap 3d metals including
Fe, Co and Ni have the potential for large scale application.

Herein, with the advantages of a similar d-orbital electronic
state of Mo2C to Pt and efficient electronic structure modica-
tion properties of group VIII 3d metals, we reason that incor-
porating Co into the Mo2C framework may be a good pathway to
enhance HER activity. Before carrying out the experiment, rst-
principles calculations were implemented to investigate the
effect of the Co dopant on Mo2C. We constructed a simulated
structure of Co–Mo bimetallic carbide with a Co/Mo ratio of
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Morphology characterization of the CoMoC catalyst after the
HER. (a) SEM image of the as-prepared bimetallic carbide. (b) TEM
image of the CoMoC catalyst. (c) High resolution TEM photo of the
catalysts and inset SAED pattern. (d) TEM image and corresponding
EDS elemental mappings for Mo, Co and C of the CoMoC catalyst.
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1 : 1, i.e., we substituted half of the Mo atoms in the Mo2C
lattice with Co and the resultant catalyst was named CoMoC.
The structure was further optimized via minimizing the
formation energy. For comparison, bulk Mo2C was also con-
structed. We detected six low index surface models (namely,
(100), (002), (101), (102), (110) and (103) surfaces) of Mo2C and
CoMoC and compared their surface energies as given in Table
S1.† It was found that the (002) surface of Mo2C has the lowest
surface energy of 0.160 eV Å�2 and the most stable surface of
CoMoC is the (110) surface with a surface energy of 0.199 eV
Å�2. According to the Gibbs–Wulff principles, the (002) surface
of Mo2C and the (110) surface of CoMoC nanoparticles are the
most stable surface, thus being considered for the HER.35,36 We
compared the change of Gibbs free energy upon hydrogen
adsorption DGH* on the Mo2C–S (002) and CoMoC–S (110)
surfaces at various hydrogen coverage. As shown in Fig. S1,† the
DGH* was close to zero when the hydrogen coverage reached
50.0% on Mo2C and 16.7% on CoMoC, respectively.37,38 The
atomic structures of Mo2C and CoMoC at the above optimal H
coverage, and their corresponding free-energy diagram are
shown in Fig. 1a and c. The trend of HER activity with respect to
the H coverage is dawn in Fig. 1b. As shown, at optimal H
coverages, the DGH* on Mo2C–S (002) and CoMoC–S (110) was
�0.11 eV and �0.10 eV, respectively. This implies better HER
performance on CoMoC (110) than that on Mo2C (002).

Based on the calculation results, we synthesized Co–Mo
bimetallic carbide catalysts using a facile thermal treatment
process (see the ESI† for details). Their elemental composition
was quantied via inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis and energy dispersive spec-
troscopy (EDS) (Fig. S2, Table S2†), which demonstrated the
ratio of Co, Mo and C to be �1 : 1 : 1. The mass loading of the
catalysts was quantied by both calculating the mass difference
of Ni foam before and aer the catalyst fabrication process and
ICP-OES. The obtained mass loadings were 3.88 mg cm�2 and
4.02 mg cm�2, respectively. The optimized Co–Mo bimetallic
carbide catalyst was also denoted as CoMoC, consistent with the
constructed calculation model. To verify the effect of Co doping,
the as-prepared Mo2C and Co (see the ESI† for details) were
selected as contrast samples.

Unlike the platy structure of pristine Mo2C,16 the modied
CoMoC was composed of uniform �5 nm particles without
Fig. 1 DFT calculation results of the HER activity on Mo2C and CoMoC su
an H coverage of 50.0% and 16.7%, respectively. The typical adsorption sit
free energy of hydrogen adsorption (DGH*) as a function of H coverage
magenta circles. (c) Free-energy diagram of DGH* at the H coverages hig
Mo and Co atoms, respectively.

This journal is © The Royal Society of Chemistry 2019
obvious aggregation (Fig. 2a–c), which is in agreement with the
morphology reported in previous work where introducing
a second metallic element transformed bulk Mo2C into nano-
particles.39 When compared with the platy-shaped and �1 mm
particle-shaped Mo2C and Co contrast catalysts (Fig. S3†), the
nano-sized particle CoMoC catalyst can expose more active
sites.40 The high resolution TEM image (Fig. 2c) of partial
enlarged Fig. 2b depicted clear lattice fringes with an inter-
planar distance of 0.21 nm, which is mostly in accordance with
the interplanar distance of b-Mo2C (101) but a little smaller than
that of b-Mo2C (0.23 nm). Moreover, the inserted selected area
electron diffraction (SAED) further revealed the smaller inter-
planar distance of CoMoC than that of Mo2C. The shrinkage of
the catalyst interplanar distance revealed a smaller crystal cell
of CoMoC than that of Mo2C as a result of the incorporation of
Co atoms with a smaller atomic diameter than Mo atoms.41,45,46
rfaces. (a) The configurations on Mo2C–S (002) and CoMoC–S (110) at
e of H atoms is indicated with magenta circles. (b) The calculated Gibbs
. The H coverages of configurations shown in (a) are highlighted with
hlighted in (b). The gray, white, cyan and violet spheres represent C, H,

J. Mater. Chem. A, 2019, 7, 12434–12439 | 12435
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Meanwhile, homogeneous distribution of Mo, Co and C
elements was further veried by EDS elementmapping (Fig. 2d).
Together, HRTEM, SAED and EDS mapping show evidence that
the Co atoms were doped into Mo2C crystals and the formed
Co–Mo bimetallic carbide has a smaller interplanar distance
than Mo2C.

Besides morphology characterization, the detailed structural
information about CoMoC was also obtained. Different from
the sharp and obvious main peak at 2q ¼ 39� of the Mo2C
pattern (consistent with b-Mo2C, PDF#35-0787) and Co foil
pattern (PDF#15-0806) (Fig. S4†), the XRD patterns of the as-
prepared CoMoC only show broadened peaks (Fig. 3a). The
samples for XRD characterization were fabricated with an
ultrasonic dispersion instrument to peel off the sample powder
from the Ni foam (Fig. S5,† PDF#04-0850) for better compar-
ison. The variation of XRD patterns indicated that the intro-
duction of Co atoms into the unit cell led to the lattice
distortion of the Mo2C crystal structure in the formation
Fig. 3 Structural characterization of the CoMoC catalyst. (a) XRD patterns
Mo2C. (c) XANES of theMo K-edge of CoMoC,Mo2C andMo foil. (d) k3-w
K-edge obtained from Mo2C, CoMoC and Mo foil. (e) XANES of the Co

12436 | J. Mater. Chem. A, 2019, 7, 12434–12439
process of CoMoC. Meanwhile, the broadened peaks proved the
nano-sized catalyst particles consistent with the morphology
studies.42,43 Furthermore, when the annealing time was
extended from previous 3 hours to 4 hours, Co–Mo carbide with
better crystallinity was obtained. The diffraction peaks of
CoMoC (4 hours) shi to a higher angle and become much
weaker than that of Mo2C. The changes can be attributed to the
doping of Co atoms in the Mo2C lattice, which can be concluded
from many previous studies (Fig. S6†).41,44–46 The structural
difference between Mo2C and CoMoC was further investigated
by using the Raman spectra. CoMoC showed an entirely
different pattern compared with Mo2C (Fig. S7†).47

Further characterization was carried out to study the effects
of Co atoms on the electronic structures of CoMoC. The Mo 4d
X-ray photoelectron spectra (XPS) of CoMoC and Mo2C (Fig. 3b)
suggest complicated 4d orbits with varied valence states of Mo
on the surface of carbides, which is in accordance with the re-
ported Mo2C XPS data.48 The peak tting results (Table S3†)
of CoMoC and contrast samples. (b) Mo 4d XPS data of CoMoC and b-
eighted EXAFS Fourier transformmagnitudes and first-shell fit of the Mo
K-edge of CoMoC, CoCl2 and Co foil.

This journal is © The Royal Society of Chemistry 2019
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showed the increased proportion of Mo with lower valence
states in CoMoC than that in Mo2C, that is, the introduction of
Co atoms resulted in the decrease of high valence state Mo
species.14,49,50 The Mo 4d XPS data proved that the introduction
of Co into Mo2C can modify the d-orbits of Mo2C, causing the
decrease of the valence state of Mo. Furthermore, the decrease
of the Mo valence states revealed richer electrons around Mo
atoms.

X-ray absorption ne structure (XAFS) spectroscopy was also
carried out. The white line shape and ngerprint character of
the Mo K-edge X-ray absorption near-edge structure (XANES)
around 20 keV can be employed to extract information
regarding the occurrence of different phases and d-orbital
electronic states.51–53 The valence state of Mo in CoMoC and
Mo2C is located between those of Mo NPs and MoOx (Fig. S8†),
which is in accordance with previous work.51 The nuance of the
valence state between CoMoC and Mo2C, i.e., the relatively
lower valence states of Mo atoms in CoMoC, could be ascribed
to the effect of Co, suggesting that the doping of Co in the Mo2C
structure can cause the decrease of Mo valence states (Fig. 3c),
which is in accordance with the XPS results (Fig. 3c). The
valence states of Mo were stable during the HER process and
over a long-termHER process, which was proved by in situ quick
X-ray absorption ne structure (QXAFS) and ex situ Mo K-edge
XAFS spectra at different HER processing times (Fig. S9†). The
details of the Mo binding environment were described through
the k3-weighted extended X-ray absorption ne structure
(EXAFS) analysis (Fig. 3d) and the parameters of the local
structure were calculated from curve-tting analysis (Table S4†)
in the window of R ¼ 1 to 3 Å. The differences among four
samples, i.e., MoO2, Mo NPs, CoMoC and Mo2C, indicated that
the surrounding atomic structures of Mo are signicantly
Fig. 4 HER performance of the CoMoC catalyst. (a) The LSV curves of C
Mo2C, Co and Pt/C catalysts. (c) The Nyquist plots of CoMoC, Mo2C, C
running at �46 mV.

This journal is © The Royal Society of Chemistry 2019
different. According to the tting result, the Mo–Mo bond
length was 2.95 Å in CoMoC, which is a little smaller than that
of Mo2C (2.96 Å), and larger than that in Mo NPs apparently.
Meanwhile, the sharp decrease in Mo–Mo coordination of
CoMoC (N ¼ 5.2) compared with Mo2C (N ¼ 12) further
demonstrated the substitution doping of Co atoms into the
Mo2C structure.54,55 To verify the interaction of Co and Mo, Co
K-edge XANES of CoMoC and contrast samples was also per-
formed (Fig. 3e). The electron transfer was also proved via the
higher valence of Co in CoMoC compared to that of Co particles.
Above all, we reason that the prepared CoMoC should be Co
doped Mo2C with a Co/Mo ratio of 1 : 1 and relatively poor
crystallinity.

To verify the expected better HER performance of the
catalyst with an optimized Co/Mo ratio (Fig. S10 and S11†)
than that of the contrast samples, the electrocatalytic HER
activity of the samples was examined in 1.0 M KOH solution,
using calibrated Ag/AgCl (see the ESI† for details). From the
linear sweep voltammetry curve (LSV, Fig. 4a), it is impressive
that CoMoC showed a remarkably low overpotential of
�46 mV at a current density of �10 mA cm�2, which is
comparable to that of the state of the art catalyst, while the
overpotential of perused Mo2C and metallic Co was �146 mV
and �211 mV at �10 mA cm�2, respectively. The LSV was
further normalized via the electrochemically active surface
area (ECSA) that was quantied by double-layer capacitance
measurements (Fig. S12 and S13†). Gas chromatography
measurements revealed a faradaic efficiency of �100% for H2

(Fig. S14†). CoMoC (4 hours) showed an overpotential of
�98 mV at a current density of �10 mA cm�2, which is worse
than that of CoMoC (3 hours) (Fig. S15†). The better perfor-
mance of CoMoC (3 hours) can be attributed to both the low
oMoC, Mo2C, Co and Pt/C catalysts. (b) The Tafel plots of the CoMoC,
o and Pt/C catalysts. (d) The stabile operation of the CoMoC catalyst

J. Mater. Chem. A, 2019, 7, 12434–12439 | 12437
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crystallinity and small grain size.56,57 We also examined the
acidic HER activity of CoMoC in 0.5 M H2SO4 and CoMoC
showed a low overpotential of �100 mV, better than the
performance of reference Mo2C, exhibiting the intrinsic
superiority of CoMoC in the HER (Fig. S16†).

Besides the overpotential, the Tafel slope is widely used to
represent the kinetic performance of the HER. As shown in
Fig. 4b, the CoMoC catalyst shows the smallest Tafel slope of
46 mV dec�1, compared to 89 mV dec�1, 134 mV dec�1 and
34 mV dec�1 of Mo2C, Co and Pt/C catalysts, respectively.
Furthermore, an electrochemical impedance spectroscopy
study was also conducted (Fig. 4c). The results showed that, at
the same applied potential, the smaller charge transfer
resistance leads to higher catalytic activity of CoMoC. To
investigate the stability, we carried out both cyclic voltam-
metric (CV) and potentiostatic tests. From the LSV curves of
the freshly prepared CoMoC catalyst and the catalyst aer
10 000 CV cycles (Fig. S17†), the CoMoC catalyst showed great
stability without any decay at �10 mA cm�2 and only a 9 mV
drop at �30 mA cm�2 aer 10 000 CV cycles. Meanwhile, we
observed no appreciable increase in the current during 500 h
operation at an overpotential of �46 mV (Fig. 4d). The
stability test proved the great durability of the Co modulated
Mo2C bimetallic carbide structure and HER performance. The
dissolution of CoMoC during the stability test was fairly little,
which was quantied via ICP-OES (Table S5†). And further
morphology characterization proved the structural stability of
CoMoC (Fig. S18†).

In conclusion, aiming to modulate the d-orbital electronic
properties of Mo2C for better HER activity, we supposed that Co,
as group VIII 3d metal, can be a great doping candidate. The
DFT calculation indicated that CoMoC has better HER perfor-
mance as a result of lower H coverage and smaller DGH* of
balanced H adsorption. Based on the calculation results, we
fabricated a Co–Mo bimetallic carbide catalyst, and obtained
a remarkably low overpotential of �46 mV at �10 mA cm�2,
a Tafel slope of 46 mV dec�1 and great stability up to 500 h in
alkaline solution. Further studies revealed that the better
performance was attributed to the introduced Co atoms inside
the Mo2C crystal cells, which can bring about a decreased
content of high valence Mo species with less HER activity than
low valence Mo species.
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