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ABSTRACT: Cheap, efficient, and stable hydrogen evolution reaction (HER)
electrocatalysts have long been pursued, owing to their scientific and
technological importance. Currently, platinum has been regarded as the
benchmarked HER electrocatalyst. Unfortunately, the low abundance and high
cost impede its industrial applications. Here, we synthesize bimetallic carbide
MogNigC grown on nickel foam as a HER catalyst, delivering a low overpotential
of —51 mV at —10 mA cm™? in 0.5 M H,SO, for more than 200 h, which is among
the best reported benchmarked HER catalysts in acid to date. On the basis of
experimental observations and theoretical modeling, we ascribe the good activity
to the proper Gibbs free energy of adsorbed hydrogen (AG(H*)) for the carbon
active sites and attribute the stability to the corrosion-stable Mo—Mo bonds in the
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crystal structure. This work demonstrates the possibility for Mos,NisC to be one of the best candidates for HER

electrocatalysts in the large-scale electrolysis industry.

ydrogen production via electrolysis is a vital process in
Hseveral developing clean-energy technologies.' ™
However, currently, the efliciency of the hydrogen
evolution reaction (HER) is too low to be economically
competitive, considering that 4.5—5.0 kWh/m?® of H, energy on
average is needed for conventional industrial electrolyzers,
which restricts its applications among all of the hydrogen
production industries (just 4% of about 500 billion Nm?/year)
in total around the world.* Therefore, to further increase the
efficiency and lower the cost of this process, active and stable
hydrogen evolution electrocatalysts are urgently needed,
especially for the industrial operation in harsh acidic and
alkaline media. Although platinum (Pt) has been regarded as
the optimum HER electrocatalyst, the low abundance and
corresponding high cost further restrict its large-scale
utilization.”~” Hence, it still remains a great challenge to
develop a low-cost and high-activity HER electrocatalyst in
harsh electrolytes for long-time durable hydrogen production.
Very recently, Zhang et al,* Chen et al,,” and Csernica et al."’
prepared MoNi,/MoO,, MoNi,/MoO;_,, and Mo,Ni, as
highly active catalysts with sustained H, production in 1.0 M
KOH, and they are demonstrated as record alkaline HER
electrocatalysts to date. However, these NiMo alloys can easily
get deactivated under the working conditions because of rapid
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corrosion and gradual oxidation, especially in acidic media, in
which they could not even survive for a pretty short time.”"" In
response, we aim to improve the performance of these alloy-
based HER catalysts in acid by employing a subtle modification
strategy. Previous work suggests that bimetallic compounds,
such as bimetallic sulfides,*~** carbides,">™"” nitrides,"*"” and
phosphides,””*" usually possess better durability than alloys,
among which carbides and nitrides have emerged as the best
candidates because the interstitial carbon and nitrogen atoms
could modify the nature of the d orbital in the parent metal,
thus increasing the s—p electrons count and giving rise to the
catalytic properties similar to the noble metal Pt.”*™*° For
example, Green et al”” found that in the field of pyridine
hydrodenitrogenation catalysis, CoMo-based compounds show
activity decreasing in the order of CoMoC, =~ CoMoN, =
CoMoO,, > CoMoS,, and the stability order of the first three
catalysts is CoMoC,, > CoMoN,, > CoMoO,. Considering the
mechanism similarities between the HER and HDN (both
adsorption and desorption processes of the proton), we
anticipate that bimetallic carbide is quite possible to possess
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better stability compared to NiMo alloys, especially in acidic
water.

Herein, for the first time, we rationally designed a bimetallic
carbide MogNizC uniformly grown on Ni foam (MogNicC/NF)
as an active and ultrastable electrocatalyst for sustainable HER
in harsh acidic media. The density functional theory (DFT)
calculations elucidate that the MogNi4C catalyst is intrinsically
metallic and possesses a moderate Gibbs free energy of
adsorbed hydrogen (AG(H*)) around 0 eV like Pt, which
renders MogNigC highly active toward the HER process. X-ray
absorption fine structure (XAFS) analysis of MogNi¢C confirms
the existence of acid-stable Mo—Mo bonds,”®**° which
potentially stabilize its architecture, leading to better stability.
Consequently, MogNigC/NF exhibits excellent HER perform-
ance for achieving a low overpotential (7) of —S1 mV at a
current density (j) of —10 mA cm ™ for at least 200 h in 0.5 M
H,SO,, surpassing other available HER catalysts to date.
Simultaneously, it maintains equivalently distinguished per-
formance in 1.0 M KOH for delivering a j of —10 mA cm ™ for
at least 300 h at an 7 of —34 mV. These findings suggest that
bimetallic carbides could serve as a promising group of HER
electrocatalysts in a harsh acidic environment, and its
extraordinarily high activity and stability open up avenues to
replace platinum in technologies relevant to renewable energies,
such as the large-scale application of alkaline water electrolysis
(AWE) and a proton exchange membrane (PEM) electrolyzer.

The schematic representations of MogNisC, NiMo, and
Mo, C are shown in Figures 1, S1, and S2. It is mentionable that
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Figure 1. Schematic representation of the structure of MogNi,C,
demonstrating the origin of its excellent HER activity from carbon
active sites and outstanding stability form corrosion-stable Mo—Mo

bonds.

Mo—Mo bonds exist in MogNisC, resembling acid-stable
Mo,C,** while no Mo—Mo bonds exist in NiMo alloy. To
characterize the crystal structure of MogNicC, powder X-ray
diffraction (XRD) was conducted. As shown in Figures 2a and
S3, the synthesized sample was well matched with the reference
XRD pattern of cubic MogNigC (JCPDS No. 65-4436).
Notably, the apparent diffraction peak centered at 40.5° is
ascribed to the (422) plane of MogNigC. XRD patterns of the
samples synthesized via different temperatures and Ni:Mo
ratios are also shown in Figure S4.

Figure SSa,b shows the photographs of MosNigC/NF before
and after being stretched, indicating that the material can be
flexed well without undergoing structural damage. When the Ni
foam substrate was enlarged to 3 cm X 4 cm (Figure SSc), the
surface of the Ni foam was still well-proportioned as previous
samples. Scanning electron microscope (SEM) images and
corresponding elemental mappings reveal that the synthesized
materials uniformly cover the surfaces of Ni foam (Figures 2b,
S6, and S7). Furthermore, high-resolution SEM images clearly
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show that MogNizC/NF consists of some clusters of rods with
a mean diameter of around 1 gm, which are built up by a set of
nanoparticles of S0 nm in average (Figures 2c, S8, and S9).
Similarly, the covered MogNicC materials are also made up by
the nanoparticles of the same size (Figure 2d). The
transmission electron microscope (TEM) images of MogNisC
are shown in Figures 2e and S10, which are consistent with the
SEM image of rods and clusters composed of nanoparticles
with an average size of 50 nm. TEM and high-resolution TEM
(HRTEM) images (Figure 2fg) further confirm that a series of
lattice fringes give interplanar distances of 0.222 nm,
corresponding to the (422) crystallographic planes of the
MogNicC phase, which agrees well with XRD results. The
corresponding selected area electron diffraction (SAED)
pattern of MogNicC confirms that it owns high crystallinity
(inset of Figure 2g). Furthermore, to optimize the performance
of MogNizC, we adjusted the synthesis temperatures and initial
ratios of precursors, and the corresponding SEM images are
listed in Figures S11 and S12. We found that the temperature
influences the particle size of MogNixsC and the Ni:Mo ratio
affects the density of clusters of rods.

The X-ray photoelectron spectroscopy (XPS) spectra of Mo
3d and Ni 2p;, for MogNizC/NF are shown in Figure 3a,b. Mo
3d spectra are split into 3ds,, and 3d;/, peaks because of the
spin—orbital coupling feature, and the peaks located at binding
energies of 227.8 and 231.1 eV are assigned to metallic Mo
(3ds/, and 3d,,, respectivelzr) ; the other peaks are attributed to
surface oxidized phases.””*” Similarly, it can be observed that
the strong peak at 852.4 eV with its satellite at 857.2 eV belongs
to metallic Ni, and the other peaks are assigned to Ni**.”>”*
The low valence states of Mo and Ni certify the metallic nature
of MogNigC, which is beneficial to produce high catalytic
activities of the HER process.’* Further comparison analyses
have also been taken among the samples with different
synthesis temperatures (Figure S13). It is worth mentioning
that the C 1s and Ni 2p spectra of all of the samples are
similar,*>***”** but the characteristic peaks for the Mo 3d
spectrum of the sample synthesized at 500 °C (MogNisC/NF/
500) are quite different from others, and the biggest difference
is that Mo” signals at around 227.8 and 231.1 eV are missing.
Further, we conducted galvanostatic measurement for
MogNigC/NF/500 in 0.5 M H,SO,, discovering its poor
stability compared to MogNigC/NF (Figure S14). Considering
that the materials also uniformly cover the surfaces of Ni foam
for MogNigC/NF/500 (Figure S11), we conclude that Mo—Mo
bonds get a contribution in the catalysts’ durability, which is
consistent with XAFS analysis and previous studies.”’

To further probe the bulk fine structures of the catalysts,
XAFS characterizations were carried out. In Figure 3c, only the
NiMo alloy sample exhibits an obvious oxidation peak at
around 20005.2 eV, which is probably caused by the easy
oxidation in air. However, for the Ni K-edge XANES spectra,
the MogNi4C exhibits a similar valence like NiMo alloy,
confirming the metallic feature of the catalyst (Figure 3d). As
shown in Figure 3e, the Fourier transforms (FTs) of the XAFS
spectra collected at the Mo K-edge region reveal that
considerable Mo—Mo bonds exist in MogNigC and Mo,C.
For comparison, no apparent signals centered at around 2.4 and
2.7 A were detected in NiMo alloy. In addition, the peak at
around 1.5 A is associated with Mo—C bonds,* consistent with
Mo—C bonding in the crystal structure of MogNi4C. The FTs
of the XAFS spectra for Ni K-edge demonstrated the existence
of Ni—Ni bonds in the MogNigC sample, further illustrating its
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Figure 2. (a) XRD patterns of MogNizsC powder and Mo(NigC/NF. (b—d) SEM images of MoyNizsC/NF at different magnifications. (e—g)
TEM images of MogNi¢C. Inset of (g): HRTEM image and corresponding SAED pattern of MogNigC.

metallic property (Figure 3f). The corresponding FTs of k*-
weighted EXAFS oscillations are shown in Figure S15. Overall,
XAFS unambiguously proved the metallic feature of the
MogNigC, with Mo—Mo and Ni—Ni bonds in the structure.
To evaluate the HER performances of MosNigC/NF, we
investigate the linear sweep voltammetry (LSV) curves of all of
the samples in a typical three-electrode system with 0.5 M
H,SO, and 1.0 M KOH as the electrolyte. First, in the harsh
acidic environment, MogNisC/NF possesses high activity
(Figure 4a) for showing excellent HER catalytic activity with
j values of —10, —20, and —100 mA cm™? at # values of =51,
—61, and —93 mV (=10 mA cm™ at —44 mV for Pt/C/NF,
—217 mV for NiMo/NF, —288 mV for Mo,C/NF, and —382
mV for blank NF), standing at the forefront of the HER field.
Moreover, to weaken the influence of the electrical contact
between the particles and Ni foam, we reloaded the MogNisC
powder, which was scraped off from the Ni foam substrate,
onto a Ni foam substrate (denoted as MogNizC powder/NF)
to test the LSV (Figure S16). It could be observed that
MogNicC powder/NF still performs better than Mo,C and
MoNi, loaded on Ni foam in a similar dip-coating method with
the same loading. Additionally, the LSV plots of the samples
synthesized at different temperatures and Ni:Mo ratios are
shown in Figures S17 and S18. Correspondingly, the Nyquist
spectra reveal that MogNicC/NF has a fast charge transport
process (Figure 4b), and the equivalent circuit used for fitting
the Nyquist plots is shown in the inset of Figure 4b. The Tafel
slope of MogNizC/NF is 35.70 mV dec™", which is much lower
than the other control samples except for Pt/C/NF (Figure
4c). The effective active surface area (ECSA) of MogNigC/NF
was estimated from the double layer capacitance (Cy) as Cy is
linearly proportional to the ECSA. The Cy of MogNizC/NF is
about 0.77 F cm™? in 0.5 M H,SO, (Figures 4d and S19), larger
than that of NiMo/NF, Pt/C/NF, and Mo,C/NF, guarantee-
ing a large ECSA, which also synergistically contributes to the
excellent HER activity. However, when normalized by ECSA,
we found that the j of MosNizC/NF was still larger than that of
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compared samples (NiMo/NF and Mo,C/NF), further
revealing that MogNicC was intrinsically more active (Figure
$20). Noteworthy, to evaluate the stability of MogNi;C/NF,
galvanostatic measurements were conducted in 0.5 M H,SO,
(Figure 5). A continuous HER process occurred to generate
molecular hydrogen at a j value of —10 mA cm™ The
MogNigC/NF electrode could maintain a j of —10 mA cm™ at
around —77 mV without apparent deactivation in acidic media
for at least 200 h and a j of —40 mA cm™? at around —100 mV
for 20 h (Figure S21). To avoid the background current
interfering with the evaluation of HER performance, a
multistep current test was conducted (Figure S22). The
current density started at —10 to —100 mA cm™> with an
increment of —10 mA cm > every 600 s. In the low current
density range (below —100 mA cm™?), the j and corresponding
n values matched well with those tested in the polarization
curves, suggesting that a low capacitance current existed in the
HER potential range. In addition, the Faradaic efficiency (FE)
for hydrogen evolution of this catalyst was evaluated, which was
determined to be nearly 100% during the 10 h of electrolysis
(inset of Figure S). The corresponding video for the HER
process under different overpotentials in acidic water is shown
in Movie S1 (Supporting Information). For comparison, Movie
S2 (Supporting Information) indicates that MogNigC/NF
maintains a more rapid HER rate than Pt/C/NF under the
same overpotentials, which obviously illustrates the better HER
activity of MogNi4C than Pt/C. To the best of our knowledge,
such activity combined with ultrastable durability for the
materials in acidic conditions, which are directly grown on Ni
foams without any protective layers (graphene or amorphous
carbon), has never been reported before.

As stated by Markovic et al,’ the HER activities of most
catalysts in alkaline water are customarily around 2 or 3 orders
of magnitude lower than those in acidic solutions because they
are generally inefficient in the prior step of water dissociation.
Fortunately, MogNiC/NF could overcome this obstacle and
even possess better activity in the alkaline environment.
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Figure 3. XPS spectra of MogNigC/NF for (a) Mo 3d and (b) Ni
2p3,,- (c) Mo K-edge XANES spectra for the samples of MogNiC,
Mo foil, NiMo alloy, Mo,C, and MoOj;. The oxidation state of Mo
atoms for the NiMo alloy indicates that they get oxidized easily in
the air. (d) Ni K-edge XANES spectra for the samples of MogNisC,
NiMo alloy, Ni foil, and NiO. (e) FT of Mo K-edge EXAFS for the
samples of MogNicC and controlled samples, revealing the
existence of a Mo—Mo bond in the MogNicC. (f) FT of Ni K-
edge EXAFS for the samples of MoyNisC, NiMo alloy, Ni foil, and
NiO, illustrating the existence of Ni—Ni bonds in the Mo4NisC
sample, further illustrating its metallic property.

MogNigC/NF shows j values of —10, —20, and —100 mA cm™>
at 5 values of —34, —48, and —112 mV (Figure S23a),
respectively. Correspondingly, the Nyquist spectra reveal that
MogNigC/NF also has the fastest charge transport process
among all of the controlled catalysts (Figure S23b) in 1.0 M
KOH and displays a Tafel slope of 36.34 mV dec™" (as shown
in Figure S23c). The Cy of MogNizC/NF is 1.18 F in 1.0 M
KOH (Figure S23d). Galvanostatic measurements taken in
alkaline media (Figures S24 and S25) could last for more than
300 h at a j of —10 mA cm 2 and 20 h at ajof —40 mA cm™?,
and the FE for hydrogen evolution was also determined to be
nearly 100% during 10 h of electrolysis (inset of Figure S24).
Moreover, a multistep current test was also conducted (Figure
$26). The j and corresponding # values also matched well with
those tested in the polarization curves below —100 mA cm™2,
indicating that a low capacitance current existed in the HER
potential range. The corresponding video for the HER process
under different overpotentials in 1.0 M KOH is shown in
Movie S3 (Supporting Information). In general, such activity
and stability of MogNigC are located in the top positions of the
recently reported HER electrocatalysts, as compared in the
Table S1 (Supporting Information).

To further confirm the structure stability of the bimetallic
MogNicC after a long-time HER process, a series of
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characterizations were carried out. After the stability test, the
XRD patterns of MogNigC/NF are shown in Figure S27, from
which we could know that the intensity of those peaks for the
Mo¢Ni4C phase became slightly weaker after 200 h of operation
in 0.5 M H,SO,. Nonetheless, the crystal structure still remains
as MogNizC. For the sample measured in 1.0 M KOH, the
XRD pattern is almost the same as the pristine one.
Furthermore, after exposure to air for more than 120 days,
the XRD pattern of MogNigC/NF was also tested, and a
negligible difference was observed, as shown in Figure S28.
Unlike NiMo alloy and Mo,C, which are easy to get the surface
oxidation exposed to air,'"*?*" MogNisC also displays
extraordinary stability in the air.

The morphologies of the catalyst before and after
chronopotentiometric tests in 0.5 M H,SO, and in 1.0 M
KOH were also characterized. After the stability test in 0.5 M
H,SO,, the rods seemed like they were somewhat melting on
the surface (Figure S29), which may be caused by the harsh
environment of acidic electrolyte. However, we could clearly
see that the material still was composed of nanoparticles in
nature, which covered the Ni foam uniformly, protecting the
substrate from being corroded by the strong acid. The
morphologies of MogNigC/NF after a 300 h durability test in
1.0 M KOH became a little different from those of the pristine,
identifying that there is lamellar substance formed on the
surface (Figure S30). Overall, the XRD characterizations clearly
demonstrate that this bimetallic carbide MogNi¢C could sustain
a strong acidic and alkaline solution for a continuous HER
process, which would not be influenced by the morphologies.
As supporting evidence, the digital photos of MosNizsC/NF and
controlled samples immersed in 0.5 M H,SO, before and after
30 days are also shown in Figure S31. For comparison, we
could observe that only MosNicC/NF did not change
significantly, but others seemed to dissolve into the acidic
solution to different extents.

DFT calculations were carried out to further pinpoint the
origin of the excellent performance of MogNi4C. First, the
calculated density of states (DOS) images for MogNisC (Figure
§32) confirm the metallic feature of MogNizC. For comparison,
the total density of states (TDOS) and partial density of states
(PDOS) of other controlled samples were also calculated. It
can be found that the peaks of occupied states of MogNigC are
higher at the lower energy range ([—8.0 eV, —4.0 €V]) in terms
of those of Ni;C and Mo,C (Figures S33 and $34). It indicates
that that MogNigC owns better stability, which is in agreement
with the experimental observation. To further evaluate the
electrocatalytic performance of MogNicC, we systematically
examined AG(H*) on the MogNizC (422) surface by virtue of
extensive first-principles DFT calculations (Figure S$35).
Because all Ni, Mo, and C atoms are in the topmost layer of
the (422) surface, the adsorption of H on these three different
sites is considered. It is found that carbon atoms on MogNi,C
(422) (denoted as C@MogNizC) possess the most optimum
AG(H*), indicating that they may be the active sites for HER.
Compared to some other materials,"""* C@MogNisC also
outperforms them because its value of AG(H*) is closer to 0
(approximately 0.05 eV). Calculations of the activity and
stability were further verified by experimental investigations, as
shown above.

To test the viability of MogNigC/NF for large-scale water
electrolysis, we constructed high-surface-area MogNisC/NF as
the cathode and incorporated it into an alkaline electrolyzer.
The anode was made by a two-step hydrothermal method of
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Figure 4. (a) LSV curves, (b) Nyquist, and (c) Tafel plots for HER for the samples of MogNi;C/NF, Pt/C/NF, NiMo/NF, Mo,C/NF, and
blank Ni foam (the catalyst loading is about 18 mg cm ™ for every sample). MogNisC/NF possesses comparable series resistance and charge
transport resistance among all of the controlled catalysts. The Cy of MogNizsC/NF in 0.5 M H,SO, was assessed utilizing a series of cyclic
voltammetry (CV) cycles at different scan rates. (d) Scan rate dependence of the current densities (Aj = j, — j.) for MogNicC/NF at 0.03 V vs
RHE. Inset of (d): Cyclic voltammograms of MogNicC/NF at different scan rates (from 1 to 7 mV/s with an increment of 2 mV/s).
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Figure S. Chronopotentiometric curve of MogNisC/NF at j of —10
mA cm™? for a continuous HER process. Inset: corresponding
faradaic efficiency from gas chromatography measurement of
evolved H, for 10 h of the chronopotentiometric test.

nickel iron diselenide on Ni foam (NiFe,_,Se,/NF)."> The
anode was first tested separately in a three-electrode setup to
assess its individual performance for the relevant reactions,
which exhibited high activity in 1.0 M KOH electrolyte,
requiring a 210 mV overpotential to drive oxygen production at
10 mA cm ™, as shown in Figure S36. The electrodes were then
loaded into a homemade single cell, and the resultant
electrolyzer exhibited excellent performance, delivering 10
mA cm™* at approximately 1.51 V consistently over a 25 h
period at room temperature and at around 144 V at a
temperature of 60 °C (Figure S37). The relevant details about
the electrolyzer are shown in Figure S38. These results provide
an initial assessment of the feasibility for using MogNizC/NF in
operational water electrolysis systems.

In conclusion, for the first time, MogNicC has been
discovered as a high-performance and low-cost electrocatalyst
for hydrogen production. Impressively, it exhibits the lowest
overpotential of —51 mV in acidic water at —10 mA cm™>
More importantly, the catalyst shows no evidence of
degradation following more than 200 h of operation in 0.5 M
H,SO,. DFT calculations indicate that the most proper active
sites for the MogNigC are carbon atoms on its (422) plane.
Furthermore, the XAFS results confirm the presence of

82

abundant Mo—Mo bonds in the structure, which leads to
better stability for the catalyst. At the same time, MogNisC also
shows outstanding performance in alkali for delivering a j value
of =10 mA cm™ at a # value of —34 mV for more than 300 h.
The high intrinsic catalytic activity and chemical stability of
MogNigC make it one of the most effective HER electro-
catalysts, showing the potential to work in an operational device
environment. These findings represent an important advance-
ment toward expanding the scope of high-performance
hydrogen evolution catalysts for large-scale applications of
AWE and PEM electrolyzers.
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