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Abstract

Fabricating electrocatalysts capable of stable operation at high current densities is crucial
for the industrial proton exchange membrane water electrolysis. However, current catalysts
suffer from high overpotentials and rapid degradation when working in acid electrolytes at high
current densities. In this paper, we report the design of vertical-standing, nanoedge-enriched
molybdenum oxycarbide electrocatalysts via plasma-enhanced chemical vapor deposition
(PECVD) with salts as precursors to achieve outstanding acidic electrocatalytic hydrogen
evolution performance. Benefiting from their unique structural features and chemical
compositions, the plasma-grown molybdenum oxycarbide catalysts exhibit a low overpotential
of 415 mV at industrial-level high current densities up to 10 A cm™ for 1,000 h, corresponding
to an ultrahigh hydrogen throughput of 4,477.4 L cm? and substantially surpassing the
performance of state-of-the-art transition metal- and even noble metal-based catalysts. This
work paves the way for the development of new transition metal-based catalysts for practical

industrial electrocatalytic hydrogen evolution.
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Electrochemical water splitting offers a cost-effective and promising approach for
producing clean hydrogen with high purity through the hydrogen evolution reaction (HER)'~>.
For practical industrial applications, developing electrocatalysts that can maintain low
overpotentials and extend operational durations at high current densities is essential. For
instance, the U.S. Department of Energy (DOE) has set an aggressive target for proton-
exchange-membrane water electrolysis?, including a high current density of 3 A cm 2 and a
degradation rate of 0.13% over 1,000 h. HER conducted in acidic electrolytes is more efficient
than alkaline electrolysis because of its higher energy efficiency, greater achievable current
densities, and reduced gas crossover™‘. Despite these advantages, critical challenges still exist
in designing efficient catalysts for HER in acidic electrolytes at high current densities: 1) Poor
long-term stability. The corrosive environment of strong acids, combined with the heat and
mechanical stresses from hydrogen (H2) bubble generation at high current densities, severely
challenges the stability of existing catalysts, including those noble metal-based ones’”’.
Catalysts with both excellent thermodynamic stability and robust physical adhesion to
substrates are required to ensure long-term stability under these harsh conditions. 2) High
overpotential at large current densities. At high current densities, high activation energy is
required to drive HER because of the rapidly consumed H3O" near the catalyst surface'®!! and
the blocked active sites by the high-level H> bubble coverage at catalyst surfaces'?'°, leading

to increased overpotential and reduced energy efficiency.

Non-precious transition metal-based electrocatalysts, including transition metal

16,17 18,19

oxides'®!7, carbides!®!®, and sulfides’®?!, have emerged as promising alternatives to noble

platinum (Pt)-based catalysts for HER. However, the existing transition metal-based catalysts
3
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generally exhibit optimal activities only at low current densities (1-100 mA cm2) with limited
stability, making their operation in acidic electrolytes at industrial-level current densities (> 3
A cm?) quite challenging. Non-equilibrium plasmas, characterized by highly energetic reactive
species in a far-from-equilibrium state and the capability to operate at low temperatures, offer
distinct advantages in the development and fabrication of innovative materials?>>*. The
existence of non-equilibrium plasmas can significantly influence nucleation and crystal growth
processes in material synthesis, facilitating thermodynamically unfavorable reactions that are
difficult or impossible to achieve using conventional equilibrium thermal methods®*?.
Consequently, plasma-assisted fabrication methods hold great promise for developing novel
transition metal-based compounds with specifically tailored morphologies and chemical

compositions to achieve high-performance hydrogen evolution at industrial-level current

densities.

In this paper, we report the in-situ growth of vertically standing nanoedge-enriched
molybdenum oxycarbide nanosheets (MoOxCy) through plasma-enhanced chemical vapor
deposition (PECVD) based on salts as precursors to achieve ultrahigh-throughput acidic
electrocatalytic hydrogen evolution at high current densities up to 10 A cm™. The plasma-
structured nanoedge-enriched MoOxCy catalysts offer the following benefits toward HER: 1)
Significantly improved thermodynamic stability of catalysts because of the non-equilibrium
plasma-engineered structures, which are kinetically unfavorable to obtain through conventional
equilibrium thermal methods; 2) Strong localized electric field near the ultrasharp edges of the
catalysts, enabling fast diffusion of H3O" from the electrolyte to catalyst surface; 3) Efficient

hydrogen bubble detachment from the nanoedge-enriched structure with high roughness,
4
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maintaining continuous exposure of catalytic sites to the surrounding electrolyte. Benefiting
from the unique plasma-induced morphology and chemical composition, the MoOxCy exhibits
outstanding HER performance with a low overpotential () of 415 mV at an ultrahigh current
density (7) of up to 10 A cm™ for 1,000 h in 0.5 M H,SOa. This performance leads to an ultrahigh
H, throughput of 4,477.4 L cm?, substantially outperforming the state-of-the-art transition
metal- and even noble metal-based catalysts. This work paves new avenues for the development
of high-efficiency catalysts for practical industrial applications in electrocatalytic hydrogen

evolution.

Synthesis and characterization of the MoOxC, catalyst

The vertically standing, nanoedge-enriched MoOxCy arrays were synthesized through a
PECVD process with a salt mixture of earth-abundant MoO; and NaCl as the solid precursors
(see details in Supplementary Materials). Firstly, MoOxCy arrays were directly grown on
carbon cloth substrates in a non-equilibrium hydrogen plasma environment within 20 min,
denoted as HP-MoOC. During the growth process, the mixture of MoO3; and NaCl powders
were introduced in the upstream of the substrates inside the tube (Figure 1a) to generate volatile

metal oxychlorides (i.e., MoO>Cl,) at elevated temperatures as the metal precursor?®2%:

Mo05(s) + 2NaCl(s) - Mo0,Cl,(g) + Nay,MoO,(1) D

The gaseous MoO>Cl, was subsequently guided to the carbon cloth substrate, promoting
the growth of MoOxCy within the highly reductive hydrogen plasma environment. Meanwhile,
the surface of carbon fiber substrates was etched by hydrogen plasma, generating hydrocarbon

species?”* that served as the carbon source for MoOxCy formation. Moreover, the presence of

5
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a strong electric field in the plasma sheath can guide the growth of materials in a vertical
orientation to the substrate®!. As shown in Figure 1b, the PECVD-grown HP-MoOC exhibits
unique petal-like structures, with MoOxCy nanosheets aligned roughly perpendicularly to the
substrate, exhibiting high aspect ratios and abundant exposed ultrasharp nanoedges. The
thickness of the nanosheets is only a few nanometers (Supplementary Figure S2). Such
morphology distinctly differs from the particle- or flat sheet-like transition metal oxides that
are grown by conventional thermal chemical vapor deposition reported in prior studies?*-?7-32,
The chemical composition of HP-MoOC was determined using energy-dispersive X-ray
spectroscopy (EDX) on the cross-section of the MoOxCy sheets, revealing a Mo:O:C atomic
ratio of approximately 1:1:1 (Supplementary Figure S3). For comparison, control samples
(denoted as HP-Mo0O>) were fabricated under the same PECVD growth conditions but using
nickel foam as the substrate. Although these samples share a similar morphology with HP-
MoOC, their chemical composition is markedly different, containing only Mo and O

(Supplementary Figure S4). This difference is attributed to the lack of carbon resources in the

growth environment, leading to the formation of molybdenum oxide rather than oxycarbide.

The carbon content in HP-MoOC was further increased through additional methane
plasma treatment during PECVD (see details in Supplementary Materials). The resulting
product was denoted as HCP-MoOC and still maintained the nanoedge-enriched morphology
(Figure 1c¢). The vertically standing morphology of HCP-MoOC was verified through the cross-
sectional scanning electron microscope (SEM) image (Figure 1d), and the elemental mappings
obtained by EDX confirmed the uniform distribution of Mo, C, and O elements within the

HCP-MoOC. The Mo:0:C atomic ratio of HCP-MoOC was determined to be 1:1:3
6
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(Supplementary Figure S5).
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Figure 1. (a) Schematic showing the MoOxCy synthesized by PECVD using salts as solid precursors. SEM
images of (b) HP-MoOC and (¢c) HCP-MoOC. Scale bars: 20 pum (top left), 2 um (bottom left), and 500 nm

(right). (d) Cross-sectional SEM image and elemental mappings of the HCP-MoOC. Scale bar: 1 um.

Atomic structure analysis

Further investigations on the atomic structures of the PECVD-grown MoOxCy
electrocatalysts were conducted using high-resolution transmission electron microscopy
(HRTEM) and fast Fourier transform (FFT) analyses (Figure 2a and Supplementary Figure S6).
These results reveal clearly that both HP-MoOC and HCP-MoOC possess a monoclinic
crystalline structure. Notably, compared to HP-MoOC (Supplementary Figure S6), HCP-
MoOC exhibits a carbon-encapsuled crystalline structure, where the crystalline MoOxCy is
covered by a thin layer of carbon with a thickness of ~ 1.7 nm, as shown in Figure 2a.

Additionally, the lattice spacings in HCP-MoOC are different from those in HP-MoOC,
7
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suggesting the incorporation of more carbon atoms into the crystalline structure during the
methane plasma treatment. The presence of this carbon layer was also confirmed by Raman
spectroscopy. As shown in Figure 2b, HCP-MoOC exhibited distinct D-band («wp ~ 1350 cm ™)
and G-band (wg ~ 1584 cm™!) peaks, indicating the formation of a carbon structure®®. In
contrast, these peaks are absent in HP-MoOC, implying that the carbon layer forms only during
the methane plasma treatment. X-ray diffraction (XRD) patterns of the PECVD-grown
catalysts further confirm the incorporation of carbon into the lattice structure of HP-MoOC
(Figure 2c). The peak of HP-MoO; at 20 = ~36.9°, which corresponds to the monoclinic
crystalline MoO» (PDF Card No. 00-032-0671)**, shows a gradual shift toward larger values of
37.1° and 37.3° for HP-MoOC and HCP-MoOC, respectively. This noticeable peak shift can
be attributed to the decreased lattice spacing as more carbon atoms are introduced into the

structure.

X-ray photoelectron spectroscopy (XPS) was employed to analyze the metal valence
states and electronic structures of HP-MoOC and HCP-MoOC catalysts. As displayed in Figure
2d, the Mo 3d spectra for both HCP-MoOC and HP-MoOC are decomposed into 3ds,» and 3d3/2
peaks because of the spin-orbital coupling feature®>. For both catalysts, four valence states of
Mo (Mo?*, Mo**, Mo*', and Mo®") are observed. The presence of Mo*" originates from the
atomic structure of MoQ», while the Mo?*" and Mo** peaks suggest that carbon atoms are
integrated into the lattice of MoO», therefore reducing the oxidation state of Mo. Notably, the
atomic percentage of Mo*" in HCP-MoOC (39.80%) is higher than that in HP-MoOC (27.46%),
indicating a greater degree of chemical bonding between carbon atoms and Mo in HCP-MoOC.

The peaks at 232.2 eV and 235.9 eV are the typical features of Mo®", which arise from the mild
8
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surface oxidation of the Mo-based materials when exposed to air’®*7. To further delineate the
local coordination structure of the PECVD-grown MoOxCy electrocatalysts, X-ray absorption
near-edge structure (XANES) at the Mo K-edge were performed. The pre-edge features of both
HP-MoOC and HCP-MoOC show a notable shift to lower energies compared to commercial
MoO> powders, indicating an increased average electron density around Mo atoms due to the
existence of Mo-C bonding in the MoOxCy. This shift is more pronounced in HCP-MoOC than
in HP-MoOC, consistent with the XPS results and confirming the effect of carbon integration

into the lattice structure.

a D
(I.?B?nml .
5 G
& \
E HCP-MoOC
=
8]
"I
- oL o> - E. . ‘ HP-MoOC
: S e ] - ‘ Y s !
A; " “ — & 7
nm B e . 500 1000 1500 2000 2500 3000 3500
c Raman shift (cm™)

HCP-MoOC

Commercial MoO,

HP-MoOC
—— HCP-MoOC

HP-MoO,

% "
PR Tyres %mﬂ‘( el T
W

Intensity (a.u.)
i {
Intensity (a.u.)

Normalized absorption (a.u.)

: \
PDF 000320671 |||
30 35 40 226 228 230 232 234 236 238 19980 20040 20100
20 (°) Binding energy (eV) Energy (eV)

Figure 2. (a) HRTEM image of HCP-MoOC with the corresponding FFT pattern in the inset.
(b) Raman spectrum of HCP-MoOC and HP-MoOC. (c) XRD spectra of HCP-MoOC, HP-
MoOC, and HP-MoO:. (d) Mo 3d XPS spectra of HP-MoOC and HCP-MoOC. (e) Mo K-edge

XANES spectra of Mo-based samples.

HER activity evaluation
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HER electrocatalytic activities of the plasma-grown catalysts were evaluated using a
three-electrode electrochemical configuration in a 0.5 M H2SOy4 electrolyte. Figure 3a shows
that the plasma-grown MoOxCy catalysts significantly outperform the commercial MoO>
powders, and HCP-MoOC shows superior electrocatalytic performance to that of HP-MoOC.
Notably, the overpotentials (1) of both HP-MoOC and HCP-MoOC catalysts surpass those of
the most widely used commercial noble Pt/C catalyst at large current densities (j >1 A cm™).
Specifically, the 5 values for HCP-MoOC at current densities of 5 A cm™ and 10 A cm™ are
358 mV and 415 mV, respectively, lower than those of the existing advanced acidic HER

catalysts!>38-40

, as shown in Figure 3b. The relationship between current density and the ratio
of overpotential change to logarithmic current density change (Ax/Alog]j|) of different catalysts
is analyzed and shown in Figure 3c. This metric is a critical indicator of the electrocatalysts'
performance at high current densities, which is essential for practical hydrogen evolution
applications*!**>. While the Az/Alog]j| ratio of the Pt/C catalyst increases sharply with current
density, those of HP-MoOC and HCP-MoOC maintain lower values, suggesting their superior
performance at higher current densities. Notably, the Ay/Alog]j| ratios for HCP-MoOC are kept

smaller than those for HP-MoOC at all current densities, indicating the superior electrocatalytic

performance of HCP-MoOC to HP-MoOC.

The outstanding HER performance of the HCP-MoOC catalysts at high current densities
can be attributed to three factors: (i) Weakened hydrogen adsorption free energy (AGy,). The
outstanding electrocatalytic performance can be evidenced by density functional theory (DFT)
calculations. Atomic models were constructed for a series of Mo-based compounds including

Mo0O,, MoOC, Mo2C, and M02C/MoO; (Supplementary Figure S6) to reflect different phases
10
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of Mo-based compounds under different plasma treatment conditions. Subsequently, the AGpy+
at the Mo sites were calculated based on these models. As illustrated in Figure 3d, molybdenum
oxycarbide exhibited the optimal AGy+ (i.e., closest to 0 eV) among the four catalysts,
indicating the optimal binding with hydrogen atoms and thus better HER activity of
molybdenum oxycarbide compared to other catalysts. (ii) Strong localized electric field. Our
prior work shows that strong local electric field can be generated near the ultrasharp edges*’,
which facilitates the diffusion of H3O" ions from the electrolyte to the active sites. This can
effectively compensate for the rapid consumption of H3O" and thus maintain HER efficiency
at high current densities. (iii) Efficient H> bubble release. The unique vertically standing petal-
like morphology of HCP-MoOC reduces the interfacial adhesion to hydrogen bubbles, enabling
the rapid detachment of generated H> at high current densities. As shown in Figure 3e, hydrogen
bubbles generated on the Pt/C surface adhere strongly and grow to a large size, covering many
active sites and thereby hindering subsequent catalytic activities. In contrast, smaller hydrogen
bubbles are observed on the HCP-MoOC and can be released quickly from the catalyst surface,
leading to the timely exposure of catalytic sites to the surrounding electrolyte for HER at high

current densities.
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Figure 3. (a) Polarization curves of HCP-MoOC, HP-MoOC, and the commercial Pt/C and MoO, catalysts.
(b) Comparison between the overpotential of the HCP-MoOC and the state-of-the-art catalysts. (¢) An/Alog]j|
ratio for Pt/C, HP-MoOC, and HCP-MoOC in different current density ranges, serving as an indicator to
evaluate the electrocatalytic performance at high current densities. (d) DFT-calculated Gibbs free energy
(AGg+) variations for HER on MoO,, MoOC, Mo,C, and M0,C/MoQO:. (¢) Bubble evolution of Pt/C and

HCP-MoOC catalysts at a current density of 100 mA cm™.

Long-term HER performance

The stability of the HCP-MoOC catalyst was tested using chronoamperometric (j-¢)
method at an ultrahigh current density of 10 A cm 2 (Figure 4a). The HCP-MoOC catalyst
demonstrated exceptional long-term stability in 0.5 M H>SO4 during the HER tests, with
negligible degradation over 1,000 h. This performance exceeds the aggressive target proposed
by the U.S. DOE*. In contrast, the commercial Pt/C catalysts displayed notable degradation
during the chronoamperometry test, with the performance decreased by 28% in 12 h even at a
much lower current density of approximately 1 A cm™. Moreover, the polarization curve of

HCP-MoOC showed a negligible shift after 10,000 cyclic voltammetry (CV) cycles (Figure
12
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4b), suggesting its excellent durability under acidic HER conditions. The H» throughput of
HCP-MoOC is calculated and compared with those of previously reported electrocatalysts. As
shown in Figure 4c, an ultrahigh throughput of hydrogen production of up to 4,477.4 L cm™
was achieved by the HCP-MoOC at an ultrahigh generation rate, significantly surpassing those
of state-of-the-art HER catalysts. To further understand the ultrastable electrocatalytic
performance of HCP-MoOC, the binding energy between the metal atom and adjacent atoms
in the Mo-based catalysts was calculated, as shown in Figures 4d and 4e. This analysis is crucial
to assessing the lattice stability, which plays a vital role in combating electrochemical
decomposition and maintaining long-term HER performance at high current densities. The
introduction of carbon atoms into the lattice of MoO: increases the binding energy from 1.4 eV
to 1.7 eV, which contributes to the improved stability of the catalyst under such harsh

operational conditions.
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Figure 4. (a) Chronoamperometry measurements of HCP-MoOC, commercial Pt/C and MoO; catalysts. (b)

Polarization curves of HCP-MoOC before and after 10,000 cycles. (c) Comparison between the HER
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performance of the HCP-MoOC and the state-of-the-art catalysts. Calculated binding energy of (d) MoO»

and (e) MoOC.

Conclusion

In summary, we report the design of a new catalyst based on molybdenum oxycarbide (i.e.,
MoOxCy) nanosheets with petal-like structures and controlled chemical compositions by
PECVD using salts as solid precursors. The plasma-grown, nanoedge-enriched MoOxCy
exhibits excellent acidic HER performance with a low overpotential of 415 mV at an ultrahigh
current density of up to 10 A cm™ for 1,000 h. As a result, an ultrahigh H» throughput of 4,477 .4
L cm is achieved, substantially surpassing the performance of state-of-the-art transition metal-
and even noble metal-based catalysts. This work opens new avenues for the development of

innovative catalysts suited for practical industrial electrocatalytic hydrogen evolution.
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