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HIGHLIGHTS

e MoOC-Mo,C heterojunction is formed by thermal reduction of carbon-intercalate MoOx.
e Oxygen incorporation boosts water adsorption and dissociation at MoOC-Mo-C interface.
e The MoOC-Mo,C heterojunction exhibits strong electron coupling effects.

e The MoOC-Mo,C catalyst shows excellent HER

activity in alkaline and seawater.
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ABSTRACT

The advancement of non-precious electrocatalysts with high efficiency is crucial for the industrial imple-
mentation of the hydrogen evolution reaction (HER). In non-acidic environments, the dissociation of water and
interactions between hydrogen and the catalyst are pivotal. This research presents a novel hybrid electrocatalyst,
comprising a molybdenum oxycarbide and carbide heterojunction integrated onto carbon cloth (MoOC-Mo2C/C),
which is fabricated through in situ interface engineering. The MoOC-Mo,C catalyst demonstrates exceptional
electrical conductivity and remarkable HER performance across a wide pH range, particularly in alkaline con-
ditions, as exemplified by Tafel slope of 38 mV dec™?, an ultralow overpotential of 45 mV at a current density of
10 mA cm™2, and notable long-term stability. Both experimental findings and theoretical analyses suggest that
the incorporation of oxygen into the carbide structure enhances water adsorption and lowers the energy barrier
for water dissociation. Furthermore, the distinct work functions of MoOC and Mo-C facilitate effective electron
transfer from MoOC to MoyC, optimizing the energy of hydrogen adsorption and significantly enhancing the
activity and kinetics of alkaline HER. Our results underscore the promising potential of this highly efficient non-
precious electrocatalyst, which exhibits a pronounced affinity for water molecules, in facilitating hydrogen
evolution in alkaline media.

1. Introduction

represents a viable technological approach for hydrogen production [3,
4]. Although precious metal-based electrocatalysts have exceptional

Hydrogen is a promising, sustainable, and efficient energy carrier efficiency in hydrogen production, their high cost and limited avail-
because of its zero carbon emission and high energy density [1,2]. ability hinder broader commercial implementation [5,6]. During water
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exhibits significant advantages, thus necessitating the development of
cost-effective, non-precious metal electrocatalysts for the alkaline
hydrogen evolution reaction (HER) to complement the alkaline OER
[7-9]. Among the various transition metal catalysts, carbides like MoC
and Mo,C are promising alternatives due to their distinctive Pt-like
electronic properties, excellent corrosion resistance, and metallic-like
conductivity. Therefore, the synthesis of efficient MoyC-based electro-
catalysts is vital to achieving superior HER performance in industrial
hydrogen production.

It is well known that the ratio of Mo to C in MoxC influences the
electronic properties and electron delocalization states, which in turn
affect the adsorption of H*. For instance, Mo,C has a high hydrogen
binding energy, while MoC shows less favorable Mo-H interactions and
inadequate H* adsorption [10,11]. Recent research shows that the
MoyC-based heterostructured electrocatalyst comprising MoC and Mo,C
phases can improve the electrocatalytic HER activity on account of the
tailored d-band structure at the interface, which enables efficient H*
catalytic conversion and hydrogen desorption [12,13]. These over-
potentials are better than those of their individual counterparts. How-
ever, the catalytic activity of the MoxC heterostructure remains inferior
to that of precious metals in alkaline media, primarily due to the weak
water affinity, which impedes rapid water dissociation.

The incorporation of oxygen into a non-oxide catalyst is a promising
strategy to enhance the water affinity and promote water dissociation on
catalysts. For example, Wen et al. have prepared an O-doped layered
NiCoP/NiyP hybrid electrode by phosphatization and dip coating. The
introduction of O optimizes the free energy of hydrogen and water ab-
sorption, accelerates the alkaline HER process, and achieves a small
overpotential of 58 mV at 10 mA cm 2 while maintaining long-term
stability [14]. Similarly, Yang et al. have synthesized O-coordinated
W-Mo heterodimers in N-doped graphene, in which electron delocal-
ization in W-O-Mo-O-C optimizes the adsorption of H* and the adsorp-
tion energy of water at the active site, thereby enhancing HER kinetics
and intrinsic activity [15]. Consequently, it is plausible to anticipate that
the introduction of oxygen into MoxC-based heterostructures can bolster
their interaction with water molecules and promote efficient HER in
alkaline environments. The precise fabrication of oxygenated carbides
presents significant difficulties, as the excessive introduction of oxygen
leads to the formation of oxide phases. While these oxide phases can
improve hydrophilicity, the resultant high electron delocalization con-
tributes to increased electrochemical resistance, thereby impeding
hydrogen desorption [16-18]. In this regard, the meticulous synthesis of
O-doped MoyC-based heterostructures, along with a deeper compre-
hension of the catalytic mechanisms involved, is essential for advance-
ment, despite the inherent challenges.

This study presents an innovative approach for the synthesis of
MoOC-MoyC/C heterostructures on carbon cloth through precision
phase engineering. The MoOC phase is generated by subjecting the
precursors of carbon-intercalated layered MoOx (MoOx/C) nanobelt ar-
rays (NBAs) to low-temperature annealing in an Ar/H, atmosphere.
Subsequently, the lattice oxygen within the MoOC is selectively
extracted at elevated annealing temperatures, leading to the in-situ for-
mation of the MoOC-MoC heterojunction. Both experimental findings
and theoretical evaluations indicate that the MoOC-MosC hetero-
junction exhibits significant electron coupling phenomena at the in-
terfaces, while the elevated electronic state of MoOC-Mo-C at the Fermi
level enhances water adsorption and dissociation, thereby improving
hydrogen desorption kinetics. Electrochemical assessments demonstrate
that the catalyst achieves remarkable alkaline HER performance,
rivaling that of commercial Pt/C catalysts, underscoring its promising
potential for practical hydrogen production.
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2. Experimental section
2.1. Materials

Ammonium molybdate (NH4)gM07024-4H20, >99 %) and anhy-
drous N,N-dimethylformamide (DMF, >99.9 %) were purchased from
Aladdin Ltd. Commercial RuO5 and 20 wt% Pt/C were obtained from
Civi-Chem. Carbon cloth (CC, WOS1011) was purchased from Taiwan
CeTech Co., Ltd.

2.2. Synthesis of MoOC/C, Mo2C/C, and MoOC-MoC/C nanobelt
arrays (NBs)

The MoOC-Mo,C/C NBs were prepared by annealing the MoOy/C
NBs precursors at 600 °C, 700 °C and 800 °C for 2 h under flowing Ha/Ar
atmosphere at a heating rate of 5 °C min~? (products denoted as MoOC-
Mo2C/C-600, MoOC-Mo,C/C-700, and MoOC-Mo,C/C-800, respec-
tively). The MoOC/C NBs and Mo2C/C NBs were produced at 500 °C and
900 °C under the same conditions. In this paper, the MoOC-Mo,C/C-700
sample annealed at 700 °C is designated as MoOC-MoyC/C.

2.3. Synthesis of NiFe-LDH nanosheets on nickel foam

Typically, the cleaned nickel foam (NF) (1 x 2 cmz) was immersed
into 80 mL of 0.4 M Fe(NO3)s, then the nickel foam was removed and
dried for further use. Once again, the Ni foam (NF) was immersed in 50
mL 2.5 M NaOH, after drying, rinsed with deionized water for several
times, and NiFe-LDH was obtained after drying.

2.4. Materials characterization

The crystal structure of the samples was detected by X-ray diffraction
(XRD), and the test results were analyzed by SmartLab Studio II. The
micromorphology of the samples was characterized by scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM). X-
ray photoelectron spectrometer (XPS) and Raman scatterer (LabRAM
HR) were used to analyze the surface chemical state of the samples. The
work function of the samples was analyzed by ultraviolet photoelectron
spectrometer (Thermo ESCALAB 250XI).

2.5. Theoretical calculation

In the DFT theory calculations, the Mo,C(101), MoOC(111), and
Mo2C(101)-MoOC(111) plate models were established according to
characterization results. The vacuum layer along the z direction was 15
A to weaken the effect between the images. The method of VASP and
projected augmentation wave (PAW) is used for the calculation. Perdew-
Burke-Ernzerhof (PBE) functional and DFT-D3 correction were used to
optimize the model. The cutoff energy of the plane wave base is set to
450 eV. The Brillouin region is integrated with A K-point grid of 0.03
A~ to ensure the rational optimization of the crystal structure. Electron
energy optimization is confirmed when the energy change is less than
the convergence energy threshold of 107> eV. The maximum stress per
atom is within 0.02 eV A~', and the geometry and lattice constant
optimization results are considered to be internal.

3. Results and discussion

Fig. 1 schematically illustrates the preparation process of the MoOC-
Mo,C/C nanobelt arrays (NBs). After the hydrothermal reaction in the
DMF solution containing ammonium heptamolybdate tetrahydrate, the
hybrid NBs precursor grows uniformly on carbon cloth (CC) (Fig. S1).
Subsequently, the hybrid precursor is pyrolyzed at 500 °C for 1 h in an
Ar atmosphere to obtain MoOy/C nanobelts (Fig. S2). Subsequent
annealing in an Ar/Hj environment facilitates the synthesis of MoOC/C
and MoOC-Mo,C/C nanobelts, ultimately leading to the production of
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Fig. 1. Illustration of the preparation procedures of MoOC-Mo,C/C NBs/CC.

pure-phase MoyC/C nanobelts exhibiting analogous morphology upon
elevating the annealing temperatures (Fig. S3). The MoOC-Mo2C/C-700
sample annealed at 700 °C is designated as MoOC-Mo,C/C. Based on our
previous report, carbothermal reduction is the essential process for
producing MoOC/C and Mo,C from MoOy/C [19].

The X-ray diffraction (XRD) pattern (Fig. 2a) reveals that after the
treatment at 500 °C, the graphite carbon peak appears at 26.3°. The
diffraction peaks at 37.6°, 43.6°, 63.5°, and 76.3° are attributed to the
(111), (200), (220), and (311) planes of cubic MoOC (PDF# 17-0104).
In an Ar/H; atmosphere, diffraction peaks corresponding to the MoOC
phase and Mo,C (PDF# 35-0787) are observed with the increase of
annealing temperature, and no obvious impurities are detected, con-
firming the successful preparation of the MoOC/MoyC composite
(Fig. S4). Raman scattering is performed to monitor the structural evo-
lution mechanism from MoOC to Mo,C (Fig. S5). The Raman peaks at
666, 819, and 996 cm ™! stem from Mo-C in molybdenum carbide [20],
and that at 560 cm™! originates from oxygen vacancies [21], which
gradually recede during conversion from MoOC to Mo2C, in addition to

weaker Mo-O (726 cm’l) and Mo-O-C (892 cm’l) bands [22,23]. The D
peak (1346 em ™)) and G peak (1590 cm ™)) indicate the existence of
graphitic carbon [24,25], and the intensity decreases gradually when
the structure changes from MoOC/C to MoyC/C, demonstrating the
important role of lattice oxygen extraction. As shown by the small-angle
XRD patterns in Fig. S6, the hydrothermal precursor exhibits the (010),
(020), and (030) diffraction peaks indicative of the layer-by-layer
structure composed of the organic precursors and MoOy. The (010)
peak undergoes a high-angle shift at the high calcination temperature of
500 and 700 °C in argon, suggesting a reduction in interlayer spacing
after pyrolysis of the organic intercalated compound. The layered
structure favors carbon substitution of lattice oxygen in MoOy. The
morphology and crystal structure of MoOC-Mo,C/C are examined by
SEM and TEM. As shown in Fig. 2b-c, MoOC-Mo,C/C with a length of
approximately 5 pm and a diameter of 150 nm is well-arranged on the
CC substrate, and the partial transformation of oxide into carbide results
in volumetric shrinkage and produces a rougher surface of the NBs. The
NBs with uniformly dispersed pores with sizes of 5-10 nm facilitate

Fig. 2. (a) XRD patterns; (b, ¢) SEM and TEM images and (d) HR-TEM image of MoOC-Mo,C/C NBs; (e) Pixel atomic distances of the MoOC (111) plane and Mo,C
(101) plane extracted from the corresponding HR-TEM image; (f) EDS elemental maps of MoOC-Mo,C/C.
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contact with the electrolyte during HER and expose abundant catalytic
sites [26]. Fig. 2d shows the HR-TEM image of MoOC-Mo2C/C. The
results show that lattice fringe spacings of 0.23 nm and 0.24 nm arising
from the (101) facet of hexagonal MoyC and the (111) facet of cubic
MoOC, respectively, which are confirmed by the intensity profiles across
the lattice planes in Fig. 2e. The homogeneous distributions of Mo, O,
and C in MoOC-Mo,C/C are verified by EDS (Fig. 2f).

X-ray photoelectron spectroscopy (XPS) is carried out to probe the
interfacial electronic interactions in the MoOC/Mo,C. Fig. 3a shows the
high-resolution Mo 3d XPS spectra of MoOC/C and MoOC-MoyC/C. The
fitted peaks corresponding to Mo®* species (3< & < 6) with binding
energies of 230.1 and 233.3 eV in MoOC/C are attributed to C-O-Mo
bonds [27,28], and the high oxidation state of Mo®" can be inferred from
the peaks at 232.2 and 235.4 eV for MoOs. With regard to MoOC--
Mo,C/C, the binding energy of Mo®" in the MoOC counterpart exhibits a
positive shift of 0.2 eV, and the fitted doublets at 231.9 eV/228.7 eV and
231.3 eV/228.1 eV correspond to Mo>* and Mo?" in Mo,C [29], sug-
gesting electron dissipation in MoOC at the MoOC/MoyC interface.
Fig. 3b shows the C 1s peak of MoOC-Mo,C/C, with the peak at 284.4 eV
assigned to C-O-Mo in oxycarbide, representing a positive shift of 0.3 eV
compared with pure MoOC [20]. And the peaks corresponding to C=0,
C-0O, C-C, and C-Mo appear at 288.5, 286.0, 284.6, and 283.4 eV,
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respectively [30,31]. Fig. 3c shows the O 1s spectra. The three peaks at
530.4, 531.6, and 533.2 eV stem from Mo-O, oxygen vacancies, and
C-0/C=0 [32,33]. Similarly, the Mo-O peak of MoOC-Mo,C/C exhibits
a positive shift of 0.15 eV relative to MoOC/C. The Mo 3d to C 1s area
ratio for Mo,C and MoOC increases, while oxygen vacancies diminish
gradually as MoOC is converted into MoyC. The findings indicate that
the oxygen vacancies present in pristine MoOC and Mo,C, which contain
lower-valence metal cations, arise from a phase transition induced by in
situ oxygen extraction. Consequently, the pronounced electronic in-
teractions between MoOC and MosC enhance the optimization of their
electronic structures [34].

To further characterize the change in the band structure and inter-
facial charge polarization between MoOC and Mo-,C, ultraviolet photo-
electron spectra (UPS) are acquired from MoOC and MoC (Fig. 3d). The
work functions of MoOC and Mo,C are 5.16 and 5.43 eV, respectively.
Surface-sensitive UPS (Fig. 3e) is performed to study the occupied
electronic states of MoOC-Mo,C/C with reference to MoOC/C and
Mo2C/C. The valence band maximum of MoOC-Mo,C/C upshifts to 3.18
eV compared to 2.76 eV of MoC/C and 2.92 eV of MoOC/C, suggesting
a downshift of Eq [35,36]. Based on the d-band theory, the antibonding
states of hydrogen may downshift to the Fermi Level (E¢), consequently
weakening the interactions between the H* and MoOC-Mo-C interfacial

Fig. 3. High-resolution XPS spectra of (a) Mo 3d, (b) C 1s and (c) O 1s of MoOC/C and MoOC-Mo,C/C; (d) UPS spectra and (e) Valence-band spectra (VBS) of MoOC/
C, MoOC-Mo,C/C, and Mo,C/C; (f) Schematic diagram of electron transfer and corresponding energy band diagrams of Mo,C/C and MoOC/C. The hydrophilicity

tests of (g) Mo,C/C, (h) MoOC/C and (i) MoOC-Mo,C/C.
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sites to boost the HER kinetics. Based on the UPS and Surface-sensitive
UPS results, an energy band structure diagram (Fig. 3f) is plotted to
demonstrate that owing to the difference in work function between
MoOC and MoyC, electrons flow spontaneously from the higher energy
level to the lower energy level during contact until an equilibrium state
is reached. This electron transfer regulates charge separation and pro-
motes the desorption of hydrogen intermediates. Moreover, the hydro-
philicity of the electrode surface also influences the kinetics of HER
performance. To analyze the effect of introducing oxygen into Mo,C on
its hydrophilicity, contact angle measurements were conducted. The
results in Fig. 3g-i show that the contact angles of the Mo,C/C and
MoOC/C electrodes are 40° and 0°, respectively, while the contact angle
of Mo,C-MoOC/C is close to 0°. This indicates that the introduction of
oxygen significantly improves the hydrophilicity of MosC, making it
easier for the electrolyte to reach the active catalytic center during the
electrochemical catalysis process. This enhanced wettability is likely to
contribute to the improved HER performance in the MoOC-Mo,C/C
catalyst.

The electrocatalytic HER characteristics of the MoOC/C, hetero-
junction MoOC-Mo,C/C, and Mo,C/C electrodes are determined on a
three-electrode system. In this system, the Hg/HgO electrode (in 1 M
KOH) serves as the reference electrode, and a graphite rod is used as the
counter electrode. For comparison, the commercial Pt/C (20 wt%)
catalyst with the same mass loading on CC is also evaluated. The
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polarization curves are corrected automatically by 85 % iR-
compensation. Fig. 4a-b displays the linear sweep voltammetry (LSV)
plots of the samples in 1 M KOH. MoOC-Mo,C/C has excellent catalytic
activity showing 45 mV at 10 mA cm ™2, This performance is comparable
to that of Pt/C, which shows a potential of 40 mV, and significantly
better than MoOC/C (82 mV) and Mo,C/C (119 mV). Furthermore, at
large current densities of 500 and 1000 mA cm ™2, the overpotentials of
MoOC-Mo,C/C are 256 and 427 mV, respectively, which are much
lower than those of Pt/C (412 and 703 mV) and other reference samples
(Fig. S7). The Tafel slope of MoOC-MoyC/C is 38 mV dec’l, which is
lower than those of MoOC/C (55 mV dec’l) and Mo,C/C (63 mV dec’l)
and close to that of Pt/C (35 mV dec™ 1) (Fig. 4¢), suggesting fast reaction
kinetics [37]. The enhanced HER activity clearly demonstrates that HyO
dissociation and Hy release are promoted by the heterojunction
MoOC-Mo,C. The exchange current density (jo) of the optimal MoOC--
Mo2C/C catalyst is calculated to be 0.72 mA cm’z, which is twice that of
MoOC/C (0.30 mA cm~2) and seven times larger than Mo,C/C (0.11 mA
em™2), further demonstrating the high activity of MoOC-MoC/C
(Fig. S8). Electrochemical active surface area (ECSA) was used to eval-
uate the electrocatalytic behavior of the materials. The regular rectan-
gular shape observed from the CV curve indicates the typical electrical
double-layer capacitive behavior. Fig. S9 shows that the CV curves of
Mo,C/C are more rectangular than those of MoOC/C, but the ECSA of
MoOC/C is 103 mF cm ™2 and larger than that of Mo2C/C (56 mF cm™?)

Fig. 4. (a) Polarization curves of CC, M0,C/C, MoOC/C, MoOC-Mo,C/C, and commercial 20 wt% Pt/C in 1 M KOH; (b) Overpotentials and (c) Tafel plots of different
electrodes; (d) Nyquist plots of MoOC/C, Mo,C/C, and MoOC-Mo»C/C-700 in 1 M KOH; (e) Polarization curves of MoOC-Mo,C/C at the beginning and after 5000
cycles in 1 M KOH with the inset showing the i-t curve of MoOC-Mo,C/C; (f) Faradaic efficiency of HER and OER; (g) Comparison of MoOC-Mo,C/C with other
reference electrocatalysts in 1 M KOH; (h) Steady polarization curves and (i) Chronopotentiometry results of MoOC-Mo,C/C of the MEA device at initial 300

mA cm 2.



Y. Ren et al.

because the compact double electric layer with more adsorbed water on
MoOC decreases the thickness of the double electric layer. Electro-
chemical impedance spectroscopy (EIS) shows that the change transfer
resistance (Rqt) of MoOC-Mo-C/C is 3.1 Q cmz, which is smaller than
those of MoOC/C, Mo,C/C and other reference samples (Table S1 and
Fig. 4d), implying fast interfacial charge transfer kinetics in HER. The
turnover frequency (TOF) of MoOC-Mo,C/C is 0.798 s~! at an over-
potential of 350 mV, which is larger than those of MoOC/C (0.484 s h
and Mo,C/C (0.425 s~1) (Fig. 510), indicating that MoOC-Mo,C/C has
higher catalytic activity. The HER characteristics of the MoOC-Mo>C/C
catalyst in acidic and neutral solutions are assessed. As shown in
Fig. S11a-b, the LSV curves of MoOC-Mo,C/C exhibit overpotentials of
92 mV and 89 mV at a current density of 10 mA cm ™2 in 0.5 M H,SO4
and 1 M PBS, respectively, which are much lower than those of MoOC/C
(123 and 105 mV) and Mo,C/C (151 and 127 mV). The Tafel slopes of
MoOC-Mo,C/C are 61 and 58 mV dec™ ! under acidic and neutral solu-
tions, respectively, and less than those of MoOC/C (74 and 72 mV dec ™)
and Mo»C/C (75 and 75 mV dec’l) (Fig. S11c—d). The CV curves of the
catalyst under acidic and neutral conditions exhibit similar patterns
(Fig. S12). In addition, the Cqj values of the optimal MoOC-Mo,C/C are
72 and 94 mF cm ™2 in acidic and neutral media, which exceed those of
Mo>C/C (51 and 63 mF cm~2) and less than those of MoOC/C (95 and
112 mF ecm™?) (Fig. S13a-b). In acidic and neutral solutions with an
overpotential of 150 mV, the TOF values of MoOC-Mo,C/C are 0.076
and 0.053s7 1, respectively, which are better than Mo,C/C and MoOC/C
(Fig. S13c-d). These results indicate that MoOC-Mo,C/C has excellent
electrocatalytic activity in a wide range of pH. After 5000 CV cycles in 1
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M KOH, the polarization curves of MoOC-Mo2C/C show no shift (Fig. 3e
and S14), and there is almost no decline in the cathodic current density
after performing chronopotentiometry at 110 mV for 24 h (inset in
Fig. 4e) confirming the outstanding stability. After the long-term
assessment, MoOC-MoyC/C retains the pristine crystal phase and
nanobelt morphology (Fig. S15). The chemical states of Oy, C 1s, and Mo
3d determined by XPS show no changes compared to the pristine sample
(Fig. S16). In the HER process, the Faradaic efficiency of the MoOC--
Mo,C/C catalyst is approximately 98.4 % at 50 mA cm™2 for 60 min
(Fig. 4f). All in all, the optimal MoOC-Mo,C/C sample delivers excellent
HER performance that is comparable to that of Pt/C and surpasses that
of many similar Mo-based hybrid electrocatalysts in alkaline solutions in
terms of the overpotentials as well as Tafel slopes. The results are
summarized in Fig. 4g-Table S2 and S3.

The practicality of the MoOC-MoyC/C catalyst is evaluated to
demonstrate its commercial potential [38]. The overall water-splitting
electrolyzer is assembled with the MoOC-Mo5C/C cathode and NiFe
LDH anode in alkaline (1 M KOH) and alkaline seawater electrolytes (1
M KOH + 0.5 M NaCl). The preparation and OER properties of FeNi-LDH
are presented in Fig. S17 and S18. The MoOC-Mo2C/C catalyst shows
excellent corrosion resistance against chloride during HER (Fig. S19).
Fig. 520 shows that the MoOC-Mo,C/C||NiFe-LDH electrolyzer needs
only 1.513 and 1.523 V to drive 10 mA cm ™2 in the alkaline and alkaline
seawater electrolytes, respectively, which are lower than those of the
benchmark Pt/C||RuO; electrolyzer (1.542 V and 1.562 V). As a proof of
concept, the membrane electrode assembly (MEA) electrolyzer, which is
a two-electrode device for overall water splitting, is assembled with a

Fig. 5. In situ Raman spectra of interfacial water on (a) MoOC/C, (b) MoOC-Mo,C/C and (c) Mo,C/C electrode in a 0.1 M NaOH solution. Gaussian fits of three O-H
stretching modes are shown in blue, cyan and red, respectively; (d) Frequency plots of O-H stretching mode changes in the interfacial water Raman spectra of MoOC/
C, MoOC-Mo,C/C, and M0,C/C in 0.1 M NaOH.. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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MoOC-Mo5C/C cathode and a NiFe-LDH anode for alkaline conditions
(1 M KOH and 30 % KOH). The MEA (MoOC-Mo,C/C) exhibits higher
catalytic activity exemplified by a current density of 1 A cm ™2 at 2.33 V
and 2.19 V in 30 % KOH at room temperature and 80 °C (Fig. 4h). The
performance metric of electrolyzer is significantly superior to that of
Mo-based catalysts in Table S4. As shown in Fig. 4i, MoOC-Mo,C/C
exhibits excellent stability during water splitting at a current density of
300 mA cm 2 for 100 h, indicating promising prospects in practical
applications.

In order to further understand the dynamic changes in the electrode/
solution interface of MoOC-Mo,C/C during HER, in situ Raman scat-
tering is carried out. As shown in Fig. 5a-c, distinct O-H stretching vi-
bration of H,0 is observed in the range between 3000 and 3800 cm™!
during HER (from 0.1 V to — 0.6 V). The vibration peaks stem from 4-co-
ordinated hydrogen-bonded water (4-HBeH30), 2-coordinated
hydrogen-bonded water (2-HBeH,0), and Na' ion hydrated water
(Na"eH,0) [2,40]. As the voltage decreases, the Stark effect associated
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with Na'eH,0 is observed by fitting the shifts of the vibration peaks.
The Stark slope of MoOC-Mo,C/C is 20.0 cm™*/V, which is larger than
those of MoOC (17.9 cm™!/V) and Mo,C/C (11.4 cm’l/V), indicating
that MoOC-Mo,C/C is sensitive to Na*eH,0 and promotes the adsorp-
tion of interfacial water (Fig. 5d). In addition, the closer proximity of
free water at the interface contributes to efficient electron transport and
boosts the HER activity.

To study the underlying mechanism responsible for the high catalytic
activity of MoOC-MoyC, DFT calculation is conducted [39]. Based on the
XRD and HR-TEM observations, the MoOC (111)-Mo,C (101) surface is
selected as the optimal model for the MoOC-Mo,C heterostructure, and
the MoOC (111) and Mo»C (101) surfaces are compared (Fig. S21). The
evaluation of catalytic activity involves calculating the intricate
pathway in HER, including the adsorption of HyO, the dissociation of
H>0, and the adsorption and desorption of H* to form Hs. The binding
energies of HoO with MoOC, Mo2C, and MoOC-Mo,C/C are —1.014,
—0.687, and —1.314 eV, respectively (Fig. 6a), indicating that

Fig. 6. (a) H,0 adsorption on MoOC, Mo,C, and MoOC-Mo,C; (b) H,O dissociation energy on MoOC, Mo,C, and MoOC-Mo,C; (c) Gibbs free energies of H* on MoOC,
Mo,C, and MoOC-Mo,C; (d) Projected density of states (PDOS) distributions of MoOC, MoOC-Mo,C, and Mo,C; (e) Schematic illustration of the HER mechanism.
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MoOC-Mo,C/C is more favorable to HyO adsorption than MoOC or
Mo,C, thus driving the dissociation of H2O. This finding is consistent
with the conclusions derived from the hydrophilicity tests of the sam-
ples. Fig. 6b displays the Gibbs free energies of HyO dissociation
(Eon*.u+) of MoOC, Mo,C, and MoOC-Mo,C/C in HER. The Eoy .y*
values of MoOC and MoOC-Mo,C/C are 0.048 and 0.063 eV, respec-
tively, indicating that both of them can effectively dissociate HyO. The
AGy+ values of MoOC and MoOC-Mo,C/C are —0.853 and —0.251 eV,
respectively (Fig. 6c¢), suggesting that the H* intermediate adsorbs
spontaneously onto MoOC despite a significant barrier for Hy desorp-
tion. With regard to MoOC-Mo,C/C, the substantial increase of AGy+
favors Hy desorption, so that the spontaneous electron transfer at the
interface improves the Hy desorption of MoOC-Mo,C/C. The projected
density of states (PDOS) distribution is calculated to study the electronic
structures of MoyC and MoOC. Compared to Mo,C, the 2p orbital of
lattice O atoms and C atoms around Ef shows strong interactions with the
4d orbital of Mo atoms in MoOC (Fig. S22). In addition, the density of
states at the Fermi level of MoOC-Mo-C/C is similar to that of MoOC and
higher than that of MoOC and MoyC, indicating that the MoOC-Mo,C/C
heterostructure has higher conductivity than MoOC (Fig. 6d). The
abundant electrons at the interface interact with NateH,0 to affect
water migration and adsorption. The d-band centers (Eq) of MoOC--
Mo,C/C, MoOC, and Mo,C are at —1.25, —1.06, and —0.99 eV relative to
the Eg, respectively. The E4 value of the MoOC-Mo2C/C heterostructure
is farther away from the Fermi level, indicating smaller antibonding
energy and weaker interactions between H* and MoOC-MoxC interfacial
sites, thereby favoring H desorption and HER kinetics. Overall, the en-
ergy barrier for hydrogen adsorption/desorption at the MoOC-MoyC
interface decreases due to the adjustment of the d-band center. As a
result, the MoOC-MoxC interface exhibits better HER activity than both
MoOC and MoC in a wide pH range (Fig. 6e).

4. Conclusion

In summary, the MoOC-Mo,C heterojunction catalyst is fabricated
through meticulous phase engineering via the reduction of carbon-
intercalated layered MoOy nanosheets. The MoOC-MoyC/C catalyst
has rich heterogeneous interfaces and delivers efficient and stable HER
performance in a wide pH range, particularly in alkaline conditions,
outperforming the majority of previously reported MoxC-based cata-
lysts. Both experimental findings and theoretical calculations indicate
that the regulation of the d-band center through electron transfer as a
result of work function adjustments improves the adsorption of
hydrogen intermediates on MoOC-Mo,C/C, thereby promoting HER
activity. Importantly, MoOC-Mo,C/C exhibits exceptional electro-
catalytic efficacy and stability in simulated seawater and membrane
electrode assembly (MEA) devices. This study reveals a simple strategy
to modify molybdenum carbide catalysts by introducing an interstitial
oxygen microenvironment, highlighting that the optimization of the
electronic structure of molybdenum carbide catalysts is vital for the
advancement of advanced catalysts for energy generation and storage.
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Electrochemical Measurements

The electrochemical measurements were performed using the conventional three-
electrode system in the VSP-300 type electrochemical workstation (Biologic Science
Instruments, France). The MoOC-Mo,C/C NBs on carbon cloth (CC) (1x1 cm? in size)
with a mass loading of 5.2 mg cm 2 served as the working electrode and a carbon rod
was the counter electrode. The reference electrode was Hg/HgO (1.0 M KOH). In the
electrochemical test, all the potentials were corrected with automatic 85% iR-
compensation and converted to the standard reversible hydrogen electrode (RHE).

Linear sweep voltammetry (LSV) was carried out at a scanning rate of 5 mV s\
Cyclic voltammetry (CV) was performed at a scanning rate of 100 mV s™! for 5,000
cycles in the selected potential ranges. Before and after cycling, the polarization curves
were recorded under quasi-equilibrium conditions at a scanning rate of 5 mV s . The
electrochemical double-layer capacitance (Ca) was measured based on the CVs
acquired at different scanning rates from 5 to 50 mV s! in the non-Faradic region.
Electrochemical impedance spectroscopy (EIS) was conducted at an overpotential of
40 mV in the frequency range between 100 kHz and 10 mHz with an AC perturbation
of 5 mV. The overall water electrolysis was assessed on a standard two-electrode system
with MoOC-Mo,C/C NBs as the cathode and NiFe LDH/NF as the anode in 1.0 M
KOH.

The Faradaic Efficiency (nr) can be calculated by the following equation:

n = XE 00,
Ixt

where m, n, F, I and t are the molar amount of the relevant product, number of
electrons transferred in the reaction, Faraday's constant (96485 C mol-1), average

current density and reaction time, respectively.



The double-layer capacitance (Cq) can be calculated by the following equation:

Aj=vC,

where v is the scan rate and Aj is half of the current density difference in the CV curve

(Aj = (a=Je)/2).

The electrochemically active surface area (ECSA) is linearly related to Cq,, and ECSA

can be deduced from Cg using the following equation:

ECSA =C, /C,

where Cs represents the specific capacitance per unit area of surface under certain

conditions.



Figure S1. (a) XRD pattern and (b-d) Low and high magnified SEM images of Mo-

based precursor.



Figure S2. (a-b) XRD pattern and SEM image, (c-d) Low and high magnified TEM

images of MoO,/C NBAs.



Figure S3. (a) The SEM image of Mo,C/C NBs.



Figure S4. (a-c) XRD Rietveld refinement analysis of MoOC-Mo2C/C-600, MoOC-
Mo>C/C-700, and MoOC-Mo,C/C-800. (d) Corresponding relative weight of MoOC

and MozC by Rietveld refinement analysis.
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Figure S5. Raman spectrum of MoOC/C, MoOC-Mo,C/C, and Mo,C/C.



Figure S6. Small-angle XRD patterns with the interlayer spacing of Mo-based

precursor, MoOx/C-500, and MoO,/C-700 NBs.



Figure S7. Overpotentials of M02C/C, MoOC/C, and MoOC-Mo,C/C electrodes.
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Figure S9. Electrochemical capacitance measurements: (a) MoOC/C, (b) MoOC-
Mo,C/C and (¢) Mo,C/C and in 1 M KOH media. (d) Plots showing extraction of the

double-layer capacitance (Cai).
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Figure S10. TOF curves of MoOC/C, Mo2C/C, and MoOC-Mo>C/C in 1 M KOH.
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Figure S11. Polarization curves of the bare CC, M0,C/C, MoOC/C, MoOC-Mo,C/C,
and commercial 20 wt.% Pt/C in (a) 0.5 M H2SO4 and (b) 1 M PBS. (b) Corresponding

Tafel plots.
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Figure S12. Electrochemical capacitance measurements: (a) MoOC/C, (b) MoOC-
Mo>C/C, and (¢) M02C/C in 0.5 M H2SO4. And (d) MoOC/C, (e) MoOC-Mo.C/C, and
() Mo2C/Cin 1 M PBS.
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Figure S13. The double-layer capacitance (Cdl) and TOF curves of Mo,C/C, MoOC/C
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16



Figure S14. Polarization curves at the first and last 5,000th cycles of MoOC-Mo,C/C
with the insets showing the long-term test of the i-t curve of MoOC-Mo0.C/C in (a) 0.5

M H>S04 and (b) 1 M PBS.



Figure S15. (a) XRD patterns of MoOC-Mo,C/C after 5000 CV cycles and (b) SEM

images after I-t tests at -100 mA cm for over 24 h.



Figure S16. (a) High-resolution Mo 3d, (b) C 1s, and (c) O 1s XPS spectra of MoOC-
Mo,C/C before and after HER at 110 mV for 24 h.



Figure S17. (a-c) The SEM images and (d-e) EDS elemental maps of NiFe-LDH.
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Figure S18. The OER LSV curves of NiFe-LDH.
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Figure S19. Chronopotentiometry tests of MoOC-Mo,C/C for OWS at 100 mA cm.
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Figure S21. The schematic models of M02C and MoOC (a) with H adatom and (b) for

the water dissociation process.
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Figure S22. PDOS plots of Mo,C and MoOC.
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Table S1 The impedance fitting results for different samples

Samples MoOC/C Mo:C/C MoOC-Mo:C/C
Rs (Q) 1.6 1.8 1.7

Ca (mF) 451.2 38.6 239.7

Ret (Q) 11.9 22.1 3.1
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Table S2. Comparison of the HER performance of MoOC-Mo,C/C with other

electrocatalysts recently reported in 1 M KOH media.

Catalysts load mass 1Mo Tafel 1500 Reference
(mg cm?) (mV) slopes (mV)
(mV dec™!)
MoOC-Mo2C/C 5.2 45 38 255 This work
MoC-Mo,C —— 982 59 202 Nat. Commun.
12 (2021) 6776
Fe-Mo- 2.22 141 123 384  Chem. Eng.J.
. 404 (2021)
S/Ni3S2@NF 126483
MoSe>- -—— 76 69.5 ~320 J Mater. Chem.
A, 9 (2021)
MR 26113-26118
HC-MoS2/MoxC 10 N/A 60 -390  Nat. Commun.
11 (2020) 3724
MoS2-MoxC -— 56 64.2 310 Chem. Commun.,
57 (2021) 11819-
11822
Ni2P-FeoP/NF 16 41 86 208 Adyv. Funct.
Mater. 31 (2021)
2006484
CoMoSx/NF —— 89 94 269 Angew. Chem.
Int. Ed. 59
(2020) 1659-
1665
NC/NisMosN/NF  0.357 168 41.5 ~400  Appl. Catal. B
Environ. 272
(2020) 118956
MnO,/NiFeP/NF —— N/A 41.8 255  Small 18 (2022)
2105803
Nise5C035Tig 5 - 230 82 425 ACS Catal. 12

(2022) 3789-
3796
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Table S3. Comparison of the HER performance of MoOC-Mo,C/C with other

electrocatalysts recently reported in 0.5 M HoSO4 and 1 M PBS electrolytes.

Catalysts

MoOC-
Mo:C/C

Mo-MoS;
HMS/CP

S-Mo,C

MoC/Mo,C

Mo@(2H-
1T)-MoSe>

MoO>-Mo,C-
NC

Mo/MoO»

load mass
(mg cm2)

5.2

0.21

3.0

2.82

Electrolyte

0.5 M H2S04

1M PBS
0.5 M H,SOq4

1 M PBS

0.5 M HSOq4

1 M PBS
0.5 M HSOq4

1 M PBS
0.5 M HSOq4
1 M PBS

0.5 M H2SO4
1 M PBS
0.5 M H2SOq4

1 M PBS

28

nio  Tafel slopes
(mV) (mV dec™?)

92 61

89 58

91 61.9

128 74.5

98 54.6

161 86.3

153 72.9

181 -
~163 72
~210 89

72 56.42

206 59.7

108 68

164 107

Reference

This work

Nano Energy 101
(2022) 107563

Appl. Catal. B
Environ. 322
(2023) 122131

ACS Sustainable
Chem. Eng. 11
(2023) 3585-3593

Appl. Catal. B
Environ. 304
(2022) 120993

Chem. Eng. J. 469
(2023) 143908

J. Colloid Interf.
Sci. 608 (2022)
1696-1706



Table S4. Comparison of catalytic performance for alkaline water electrolysis.

Cathode

MoOC-
Mo,C/C

NiP-FeP/FF

S,P-
(Ni,Mo,Fe)O
OH/NiMoP

NiMoO4@N
iFe-LDH

Ni/Mo,C-
NCS

Pt/C

FeP@CoP/N
F

NiP,-
FeP,/Cunw/
CF

P-
MoP/Mo;N

Co/Mo.C@
C

load mass

(mg cm2) Anode

NiFe-LDH

Ni-Fe
LDH/FF

S,P-
(Ni,Mo,Fe)O
OH/NiMoP

S Mo-CoPy/NF

S-
NiMoOs@Ni
Fe-LDH

Fe/Mo,C-
NCS

Co1.9s-NiFe
LDH

NiFe
LDH@Co30
4/NF

13.3

1.5 NiFe-LDH

NiFe-LDH

Co/MoC@
C

0.336

Electrolyte

1M KOH

1M KOH
+0.5 M NaCl

1 M KOH
+0.5 M NaCl

1 M KOH

1 M KOH
+0.5 M NaCl

1 M KOH

1 M KOH
+0.5 M NaCl

1 M KOH
+0.5 M NaCl

1 M KOH

1 M KOH

1 M KOH
+1 M NaCl

1 M KOH

+0.5 M NaCl

1 M KOH

1 M KOH

1 M KOH

29

Cell voltage
(V) at 100
mA cm 2

1.633

1.656

~1.68

1.691

1.703

2.01

1.95

1.68

1.66

1.82

1.84

1.74

~1.76

~1.82

1.84

Reference

This work

Nano Res.
(2022) 1-7

Appl. Catal. B:
Environ. 293
(2021) 120215

Materials Today
Nano 18 (2022)
100216

J. Colloid Interf.
Sci. 613 (2022)
349-358

Chem. Eng. J.
431 (2022)
134126

Appl. Catal. B:
Environ. 314
(2022) 121491

Appl. Catal. B:
Environ. 317
(2022) 121799

ACS Energy
Lett. 6 (2021)
354

Nat. Commun.
12 (2021) 6776

Chem. Eng. J.
430 (2022)
132697
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