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% Check for updates Transition-metal carbides have been advocated as the promising alternatives

to noble-metal platinum-based catalysts in electrocatalytic hydrogen evolu-
tion reaction over half a century. However, the effectiveness of transition-
metal carbides catalyzing hydrogen evolution in high-pH electrolyte is severely
compromised due to the lowered proton activity and intractable alkaline-
leaching issue of transition-metal centers. Herein, on the basis of validation of
molybdenum-carbide model-catalyst system by taking advantage of surface
science techniques, Mo,C micro-size spheres terminated by AI** doped MoO,
layer exhibit a notable performance of alkaline hydrogen evolution with a near-
zero onset-potential, alow overpotential (40 mV) at a typical current density of
10 mA/cm?, and a small Tafel slope (45 mV/dec), as well as a long-term stability
for continuous hydrogen production over 200 h. Advanced morphology and
spectroscopy characterizations demonstrate that the local -Al-OH-Mo- struc-
tures within AI-MoO, terminations serve as strong Brgnsted acid sites that
accelerate the deprotonation kinetics in alkaline HER process. Our work paves
an interesting termination-acidity-tailoring strategy to explore cost-effective
catalysts towards water electrolysis and beyond.

Sustainable hydrogen energy carrier has emerged as a very promising
alternative to current hydrocarbon economy for satisfying the global
mission of carbon neutrality’. Alkaline hydrogen evolution reaction
(HER) presents a feasible and economic pathway to convert inter-
mittent electrical power (e.g., water, solar, and wind) into the green
hydrogen molecules at industrial level*>. However, HER process is
largely pH-dependent, and kinetically unfavorable in alkaline electro-
lytes due to the lowered proton activity, and the lack of highly-active
protons usually leads to the alkaline HER activity two or three orders of
magnitude lower than that in acids*®. Therefore, the exploration of
low-cost but highly-efficient HER catalysts holds both fundamental and

practical significance in alkaline water electrolysis for large-scale
hydrogen production.

Transition-metal carbides (e.g., Mo and W) have been advocated
as the most promising candidates to replace benchmark platinum (Pt)
catalyst in HER process over half a century because the interstitial
carbon atoms of metal carbides affording the metals with similar
d-band electronic structure to Pt near the Fermi level’, consequently,
the metal-H strength becomes comparable to that of noble Pt-H bond
in associated with the most active protons for HER process®. Among
various transition-metal carbides catalyzing HER in alkaline mediums,
molybdenum carbides have particularly garnered attention due to the
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theoretically optimal binding energy of Mo sites and hydrogen
intermediates®’. However, their practically alkaline HER activities are
still far from the prediction of Pt-like activity due to the lack of com-
prehensive understanding of the surface chemistry on transition-metal
carbides'> ™. Generally, oxide terminations are inevitably formed on
metal carbides during synthesis, storage, and catalysis because of the
oxophilicity of transition-metal atoms”, but the diverse redox chem-
istry of oxide terminations and their fundamental contributions in
catalyzing alkaline HER process are usually negligible and rarely
explored. Basically, such oxide terminations are expected to break the
HER activity bottleneck of current molybdenum carbides in alkaline
mediums, which can be understood from the viewpoint of solid-acid
catalyst™: (i) the coordinatively unsaturated Mo atoms of low-valence
MoO, termination can function as highly-active Lewis acid sites for the
adsorption and activation of water molecules”, and the underlying
carbide structures supply metallic conductivity for the electron
transfer process; (ii) the generated protons will spontaneously insert
into the MoO, termination, forming hydrogen molybdenum bronze
(HxMoOy) species with reversible behaviors of hydrogen adsorption
and desorption (also known as Brgnsted acid sites)'*", which means
that the HxMoOy intermediates can serve as a proton sponge to
enhance the local proton activity on MoO,@Mo,C catalyst surface in
high-pH electrolyte, thus fundamentally altering the relatively sluggish
kinetics of alkaline HER process into a faster acid-like reaction rate'®. As
recently inferred by several pioneering works including both theore-
tical prediction and experimental observation, which simultaneously
demonstrate that the inherently notable HER activity of molybdenum
carbides can indeed be triggered by the surface oxide terminations'>*,
Unfortunately, such a basic chemistry theory is only confined to acidic
mediums, because the oxide terminations with acidic behavior
undergo rapid alkaline leaching under high-pH conditions
(M00O,+0OH >Mo00,*+H,0)**. This intractable high-pH dissolution
issue of oxide terminations generally compromises the theory-
predicted Pt-like HER activity for all transition-metal carbides in prac-
tical applications'>*, Therefore, the poor alkaline-leaching resistance
of oxide termination might have become the major bottleneck of low-
cost molybdenum carbides replacing noble Pt catalyst for highly-
efficient HER process under high-pH conditions.

A cation pining effect may provide an interesting route to stabilize
the oxide terminations of molybdenum carbides in alkaline electrolyte.
Battery materials also undergo composition disintegration and/or
dissolution into the electrolytes due to the large lattice variations after
long-term electrochemical cycles, where doping an appropriate pro-
portion of solute atoms can be functionally used as pinning points to
stabilize the local chemical and electronic structures of host electrode
materials®. In particular, AP* atoms have been proven to be very
effective for the stabilization of oxide battery materials®, because the
smallionic radius (0.53 A) of AI** dopants can effectively avoid physical
expansion of the host lattices?®, and meantime the strong host-guest
interactions can be achieved by the unusual three positive charges of
AP centers”. Inspired by above thoughts, we believe that the intro-
duction of AP* atoms can afford the oxide-termination-itself with
improved structural robustness. More importantly, AP* atoms are
particularly proficient in tailoring the acidity of molybdenum-oxide
terminations by giving rise to abundant bridging hydroxyl species (-Al-
OH-Mo-) as strong Brgnsted acid sites (proton accumulation and
release)’®”. These solid-acid sites create an acid-like environment on
the oxide-termination catalyst surface in alkaline electrolyte, which not
only inhibits the alkaline-leaching behavior of aggressive hydroxyl
species from water activation and electrolyte®®, but also enhances the
local proton activity for hydrogen production. Given these promising
characteristics, exploring the feasibility of introducing AP* atoms into
the oxide termination of molybdenum carbides becomes particularly
intriguing for highly active and stable HER process in alkaline
electrolyte.

As a powerful surface science approach, model-catalyst system
connecting the two worlds of theory and practical catalysis can be used
to rapidly pre-investigate the possibility of our hypothesis®, because
the complicated surface chemistries of practical catalyst in liquid
electrolytes are usually far from the scope of theory simulations. In
our hypothesis, the AP modified oxide terminations are potentially
beneficial for the activity and stability enhancements of molybdenum
carbides catalyzing alkaline HER process. Accordingly, by taking
advantage of advanced surface science techniques under high-vacuum
conditions, a series of deliberately customized molybdenum-carbide
model-catalyst systems can be built up, where the complicated
catalyst structures and activity evaluations can be totally simplified for
a direct understanding of the relationship between the carbide struc-
ture and alkaline HER activity. This will guide the rational design of
practical molybdenum-carbide catalysts in the field of alkaline HER
electrocatalysis.

Herein, on the basis of validation of molybdenum-carbide model-
catalyst system by taking advantage of surface science techniques, we
report a feasible carbonization method to synthesize practical Mo,C
nanomaterials with homogeneously distributed AI** atoms over the
amorphous MoO, termination (Al-MoO,@Mo,C). Comprehensive
morphology/spectroscopy/DFT characterizations demonstrate that
the unsaturated penta-coordination Al (Alp) atoms mainly contribute
to the acidity tailoring and stabilization of amorphous MoO, termi-
nation in alkaline electrolyte and the underlying metal-carbide struc-
tures supply metallic conductivity for the electron transfer process.
Accordingly, the Al;-MoO,@Mo,C cathode exhibits notable HER
activities with a near-zero onset-potential and a low overpotential at a
typical current density of 10 mA/cm? (17,0 =40 mV), as well as a small
Tafel slope (45 mV/dec), largely excelling most previously reported
transition metal carbides and other state-of-the-art catalysts. More-
over, the well-designed Alp-MoO,@Mo,C catalyst also demonstrates a
notable stability working at the current density of 10 mA/cm?, with a
negligible activity degradation for continuous hydrogen production
over 200 h, showing the practical value of basic model-catalyst system
motivating highly-efficient catalyst design towards the replacement of
benchmark Pt catalyst in alkaline HER electrocatalysis and beyond.

Results

Model-catalyst system investigates the possibility of our
hypothesis

Advanced surface science techniques were performed to build up and
evaluate a specific AI-MoO,@Mo,C model-catalyst system for investi-
gating the possibility of our hypothesis®. In model-catalyst system, a
deliberately customized model-catalyst surface can be built up for a
direct understanding of the relationship between the catalyst structure
and catalytic activity®®. Accordingly, all model catalysts, including
phase-pure Mo,C (extremely clean metal-carbide surface without any
oxide termination), MoO,@Mo,C (oxide termination), and Al-
MoO,@Mo,C (A" modified oxide termination), were grown on com-
mercial Mo plates in the near-ambient pressure XPS (NAP-XPS)
chamber under controlled temperature and atmosphere conditions.
Al-MoO,@Mo,C model catalyst was prepared by the carbonization
and subsequent oxidation processes of Al**-adsorbed pretreated Mo
plate, as schematically illustrated in Fig. 1a (more synthesis details seen
in the method section). All 3D view images of element mapping for
above model catalysts are examined by time-of-flight secondary ion
mass spectroscopy (TOF-SIMS) technique (Fig. 1b), demonstrating that
different types of customized model-catalyst surfaces are indeed
obtained. Note that the undesired Na* cations of NaAlO, source have
been removed from the metal-carbide product during the carboniza-
tion process (Supplementary Fig. 1). The alkaline HER activities of the
as-prepared model catalysts were strictly evaluated in a man-made
electrochemical cell in glove-box (Fig. 1c), where only the desired
model-catalyst surface could contact the alkaline electrolyte for
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Fig. 1| Al-MoO,@Mo,C model catalyst for alkaline HER process. a The schematic
illustration of the preparation of AI-MoO,@Mo,C model catalyst in the NAP-XPS
chamber. b 3D view images of TOF-SIMS element mapping for phase-pure Mo,C,
MoO,@Mo,C, and AI-MoO,@Mo,C model catalysts. ¢ Vacuum-connected glove-
box (man-made electrochemical cell) and NAP-XPS system, where the electro-
chemically treated model catalysts can be transferred to the analysis chamber for

Al-MoO,@Mo,C

Intensity (a.u.)
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XPS measurement through vacuum channel. d Polarization (LSV) curves and

e chronopotentiometry measurements of phase-pure Mo,C, MoO,@Mo,C, and Al-
MoO,@Mo,C model catalysts. f Mo 3d and g Al 2p XPS spectra of fresh and used
(after activity test and after long-term hydrogen production) Al-MoO,@Mo,C
model catalysts. h 3D (up) and 2D H;0" (down) view images of TOF-SIMS element
mappings for all long-term used model catalysts.

electrolysis. After electrochemical evaluations, the used samples were
transferred to the analysis chamber for X-ray photoelectron spectro-
scopy (XPS) measurements through the vacuum channel (Fig. 1c). In
contrast to the high values of n;9 on phase-pure Mo,C (368 mV) and
MoO,@Mo,C (354 mV) counterparts, the desired Mo,C film tailored
by AP* modified oxide terminations exhibits an obviously enhanced
alkaline HER activity with n;o as low as 261 mV (Fig. 1d), besides, other
electrochemical evaluations, such as stability, Tafel slope, charge-
transfer resistance, and ECSA-normalized activity further confirm the
notable catalytic performance on Al-MoO,@Mo,C model catalyst
(Fig. 1e, Supplementary Figs. 2 and 3), suggesting that the introduction
of AP* atoms is indeed beneficial for the improvement of alkaline HER
activity and stability for molybdenum-carbide catalyst. XPS and TOF-
SIMS measurements for the used (after activity test and long-term
stability test) model catalysts can be used to reveal the changes of
chemical and electronic structures on these three types of model
catalyst surfaces (Supplementary Fig. 4). Mo 3d and Al 2p XPS profiles
are well retained on the used Al-MoO,@Mo,C model catalyst
(Fig. 1f, g), however, both phase-pure Mo,C and MoO,@Mo,C

counterparts (after hydrogen evolution over 24 h) exhibit deep oxi-
dation signals with increased oxide species on the Mo 3d XPS spectra
after deconvolution (Supplementary Figs. 5 and 6). For the O 1s XPS
spectra, typical lattice-oxygen and oxygen-vacancy species are well
retained on the used Al-MoO,@Mo,C model-catalyst surface (Sup-
plementary Fig. 7), suggesting the rich surface-oxide chemistry. 3D
view images of TOF-SIMS element mappings for the long-term used
model catalysts evidence the good maintenance of Al, Mo, O, and C
atoms within Al-MoO,@Mo,C model catalyst, while clearly increased
oxygen signals are observed on the used MoO,@Mo,C and Mo,C
catalyst surfaces (Fig. 1h, up), indicating the structural robustness of
desired Al-MoO,@Mo,C model catalyst. In addition, 2D view images of
TOF-SIMS element mappings and the corresponding profiles reveal
that the concentration of H30" species (acidic indicator) on desired Al-
MoO,@Mo,C model-catalyst surface is much higher than those of
Mo,C and MoO,@Mo,C counterparts (Fig. 1h (down) and Supple-
mentary Fig. 8), demonstrating the achievement of highly acidic sur-
face on Al-MoO,@Mo,C model catalyst (Supplementary Fig. 9).
Comprehensive electrochemical and spectroscopy characterizations
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of these three-types of molybdenum-carbide model catalysts confirm
that the introduction of Al additives can be beneficial for the activity
and stability improvements of molybdenum-carbide catalyst in alka-
line HER process.

Composition and morphological characterizations of Alp-
Mo0O,@Mo,C materials

Guided by the validation of Al-MoO,@Mo,C model-catalyst system,
the practical Alp-MoO,@Mo,C nanomaterials were synthesized by the
carbonization of Al-doped molybdenum oxides coated with organic
compounds, as schematically illustrated in Fig. 2a. Initially, Al-doped
molybdenum oxides were prepared by a mild solvothermal method at
180 °C for 12 h (Supplementary Figs. 10 and 11). Subsequently, organic
carbon sources were introduced following our previously reported
method*, where the as-prepared Al-doped molybdenum-oxide pre-
cursors were treated in a mixture solution of polydopamine (DA,
80 mg), polyethylene oxide-co-polypropylene oxide-co-polyethylene
oxide (PEO-PPO-PEO, 40 mg), 2-amino-2-hydroxymethyl-propane-1,3-
dio (Tris, 20 mg), and distilled water (100 mL) with continuous stirring
over 24 h for the formation of organic-compound coated molybdenum
oxides. Finally, the organic-compound coated Al-doped molybdenum
oxides underwent carbonization at 720°C for 2h under Ar atmo-
sphere, resulting in the formation of Alp-MoO,@Mo,C with an opti-
mized Al content of 0.49 wt% in accordance with the coupled plasma
optical emission spectrometry (ICP-OES) analysis. For comparison, the
MoO,@Mo,C counterpart was also prepared according to the same
method without the addition of Al source.

The crystal structure of Alp-MoO,@Mo,C materials was verified
by X-ray diffraction (XRD) pattern (Fig. 2b). Both Alp-MoO,@Mo,C and
MoO,@Mo,C samples exhibit characteristic diffraction peaks at 34.7°,
37.9°,39.7°,52.4°, 62.2°, 69.6°, 75.2°, and 76.1°, which can be indexed
to (100), (002), (101), (102), (110), (103), (112), (201) facets of hexagonal
molybdenum-carbide phase with lattice parameters of a=3.01A and
¢=4.73 A (JCPDS No. 35-0787). Raman spectra was used to examine the
surface chemical states of Mo,C materials with and without Al mod-
ification (Fig. 2c). In addition to the intrinsic D (1381cm™) and G
(1625 cm™) bands of excessively pyrolyzed carbon materials, the two
types of molybdenum carbides exhibit Raman signals at values of 282,
327,378, 662, 818, and 992 cm™, which can be ascribed to the features
of Mo0,***, suggesting the existence of amorphous molybdenum-
oxide termination on the bulk carbide structure of Mo,C materials. In
addition, the completely crystallized MoO, layer terminated Mo,C
carbide structure (c-Al-MoO,@Mo,C) was synthesized through
slightly increasing the pyrolysis temperature of organic coated Al-
MoO, precursors from 720 to 730 °C. Besides of the predominant
Mo,C materials, the XRD pattern also shows typical diffraction signals
of (011) and (010) facets for monoclinic MoO, phase (JCPDS No. 78-
1069) (Supplementary Fig. 12a), and the typically large lattice distance
(0.34 nm) of crystallized MoO, termination with clear oxide-carbide
interface is also evidenced by the scanning transmission electron
microscopy (STEM) technique (Supplementary Fig. 12b-e), moreover,
the characteristic Raman signals of crystallized MoO, materials are
very similar to those of amorphous oxide termination (Supplementary
Fig. 12f), suggesting that the amorphous oxide structure in desired Alp-
MoO,@Mo,C materials is extremely approaching to that of crystal-
lized MoO, phase. Scanning electron microscopy (SEM) images of the
as-prepared Alp-MoO,@Mo,C materials reveal a sphere-like morphol-
ogy with diameters ranging from 1 to 2 pm (Fig. 2d and Supplementary
Fig. 13a), where the Mo, Al, C, and O elements are preliminary deter-
mined by the corresponding energy dispersive X-ray (EDX) spectro-
scopy (Supplementary Fig. 13b). Advanced STEM characterization was
performed to better identify the inner structures of the micro-size
spheres, in particular, identifying the bonding interface of the amor-
phous oxide termination and bulk carbide structure. The cross-
sectional sample of Alp-MoO,@Mo,C prepared by focused ion beam

(FIB) technique is depicted in Fig. 2e, and the detailed preparation
procedures and illustration are shown in Supplementary Fig. 14 (more
details seen in the method section), where the middle micro-size
spheres are shielded by upper platinum and carbon depositions, and
stabilized by underlying Si substrate (Fig. 2e). As illustrated, the big Alp-
MoO,@Mo,C micro-size sphere is composed of numerous small Mo-
based nanoparticles (Fig. 2f and Supplementary Fig. 15). STEM-EDX line
scan technique was used to identify the chemical composition of such
small Mo-based nanoparticles. As can be seen, Mo and O elements are
determined to exist in the amorphous edges of Mo,C nanoparticles
(Supplementary Fig. 16a), while the typical Mo signal is sharply van-
ished in the dark regions between Mo,C nanoparticles (Supplementary
Fig. 16b), indicating the presence of pores distributing over the small
Mo,C nanoparticles. Such small pores may serve as the channels for
the electrolyte immersion and gas release, thus improving the mass
diffusion kinetics on the inner catalyst surface®**’. The high-resolution
STEM image shows the distinctly crystallized phases are surrounded
by amorphous terminations with the interfaces highlighted by yellow
dashed lines. Two types of lattice fringes with typical interplanar dis-
tances of 2.6 and 2.3 A are observed on the well-crystallized regions
(Fig. 2g and Supplementary Fig. 15b-d), which can be attributed to the
(100) and (101) facets of B-Mo,C, respectively. The corresponding
energy dispersive X-ray spectroscopy of STEM (STEM-EDS) mappings
demonstrate the homogeneous distributions of Mo, Al, C, and O atoms
over the entire cross-sectional morphology of Alp-MoO,@Mo,C micro-
size sphere (Fig. 2h and Supplementary Fig. 17).

Evaluation of alkaline HER electrocatalysis on Alp-MoO,@Mo,C
catalyst

The alkaline HER performance of Alp-MoO,@Mo,C micro-size sphere
catalyst was evaluated in a Ar-saturated 1.0 M KOH (Supplementary
Fig. 18) electrolyte using a standard three-electrode system, along with
bare carbon (C), MoO,@Mo,C counterpart, and commercial Pt/C
catalyst as references (evaluations performed in Hy-saturated alkaline
electrolyte were shown in Supplementary Fig. 19). All polarization
(LSV) curves were recorded without iR corrections and all potentials
measured against the Ag/AgCl electrode were calibrated relative to the
reversible hydrogen electrode (RHE) (Supplementary Fig. 20). As can
be seen, a negligible alkaline HER activity is shown on bare C materials,
whereas MoO,@Mo,C catalyst exhibits an improved alkaline HER
activity with a low overpotential of 98 +2 mV (1;0) to reach a desired
current density of 10 mA/cm? (Fig. 3a and Supplementary Fig. 21),
indicating the major contributor of the alkaline HER activity should be
originated from Mo-based catalyst rather than the excessive carbon
materials. Meanwhile, the collected nyo activity of our MoO,@Mo,C
catalyst aligns well with previously reported values of 3-Mo,C catalysts
(Supplementary Fig. 22), suggesting the reliability of our evaluation,
and extensive efforts have been devoted to the investigations of
practically alkaline HER activity on B-Mo,C catalysts. Encouragingly,
our further optimized Al,-MoO,@Mo,C composite catalyst with
0.49wt% Al additive exhibits a notbale alkaline HER performance,
where the current response sharply increases at ~0V vs. RHE (onset-
potential), and the typical ny value is 40 +2.5mV (Fig. 3a and Sup-
plementary Fig. 23), which can be further lowered to 28 mV after 95% iR
correction (Supplementary Fig. 24)*®, largely excelling most metal-
carbide-dominant HER catalysts reported to date, and is even com-
parable to that of commercial Pt/C catalyst (Supplementary Table 1). In
addition, although the fresh Alp-MoO,@Mo0,C and MoO,@Mo,C
counterpart show the similar low Brunauer-Emmet-Teller (BET) sur-
face areas (Sger) of 4.22 and 3.69 m%/g, respectively (Supplementary
Fig. 25a, b), but an increased BET value is observed on the used Alp-
MoO,@Mo,C catalyst (Supplementary Fig. 25c, d), suggesting the
activated Al-MoO,@Mo,C catalyst indeed possesses high electro-
chemically active surface area for alkaline HER process. It is note-
worthy that the full activation of Al,-MoO,@Mo,C catalyst is achieved
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in nearly six scans with a complete overlap of the curves in subsequent
scans (Fig. 3b and Supplementary Fig. 26). In contrast, such a self-
optimization phenomenon is almost absent on MoO,@Mo,C catalyst
(Supplementary Fig. 27), suggesting that there is an activation process
for Alp-MoO,@Mo,C catalyzing hydrogen production in alkaline
electrolyte, and the corresponding inductively coupled plasma mass
spectrometer (ICP-MS) characterizations for the post electrolytes
evidence the Al-induced activation process on Alp-MoO,@Mo,C cata-
lyst surface during the initial electrolysis (Supplementary Fig. 28).
Basically, both the surface inevitable high-valence MoO; materials
(inert for HER) and supported AP* species (Al in MoO3) on Alp-
MoO,@Mo,C catalyst are gradually dissolved into the alkaline solu-
tions (MoO3 + OH™ > Mo0O,2 + H,0; A" + 40H™ - AlO, + 2H,0, where
the aggressive OH™ species are mainly from the alkaline electrolyte
(open circuit condition) and water dissociation (working condition)),
but the dissolution of inert MoO; component within Al-MoO,@Mo,C
catalyst is generally lower than that of MoO,@Mo,C counterpart
without Al modification (the high dissolution concentration of Mo

atoms from MoO,@Mo,C catalyst surface means the rapid and easy
remove of high-valence MoOj3 species), because the unusual three
positive charges of AP* can lead to a strong host-guest interaction
between Al center and neighboring MoO3 component?”, which delays
the dissolution of surface MoO; component on Alp-MoO,@Mo,C
catalyst. In order to further demonstrate the Al-induced slow dissolu-
tion of inert MoO5; component, the dissolved Mo concentrations of Alp-
MoO,@Mo,C catalyst after 0 and 6 LSV cycles were detected by ICP-
MS technique with MoO,@Mo,C as a reference. As expected, the
dissolution of inert MoO3 component within Alp-MoO,@Mo,C catalyst
is indeed lower than that of MoO,@Mo,C counterpart (Supplementary
Fig. 28). When surface inert MoO3 component of Al;-MoO,@Mo,C
catalyst is removed, besides, the coordination environment of A"
centers are well regulated, the retained AP* species within active MoO,
termination on bulk Mo,C carbide structure can catalyze hydrogen
evolution efficiently and stably. The reaction kinetics of alkaline HER
process can be extracted from the corresponding Tafel plot, where the
smaller Tafel slope usually means the faster reaction rate of hydrogen
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Fig. 3 | The evaluation of HER performance of AIP-M0o02@Mo2C catalyst in
1.0 M KOH electrolyte (pH = 14 + 0.1, Rs = 3.4 + 0.3, mass loading = 2.83 mg/cm?,
room temperature = 298 K). a Polarization (LSV without iR correction) curves of C
(gray), MoO,@Mo,C (blue), Al,-MoO,@Mo,C (red) and commercial Pt/C (black)
catalysts. b Six scans of the polarization (LSV) curves illustrating the full activation
process for Alp-MoO,@Mo,C catalyst. ¢ Tafel plots of MoO,@Mo,C (blue), Alp-
MoO,@Mo,C (red) and commercial Pt/C (black) catalysts. d Determination of Cg
values of MoO,@Mo,C and Al-MoO,@Mo,C catalysts by plotting the current-

density variation (Aj) against the scan rates (10-100 mV/s). e Potential-dependent
Nyquist plots of Alp-MoO,@Mo,C catalyst, with the inset showing the equivalent
circuit for the simulation. f Chronopotentiometry measurement of Alp-
MoO,@Mo,C and MoO,@Mo,C catalysts with the SEM image of used Alp-
MoO,@Mo,C sample in the insert. g STEM-EDS mappings of used Alp-MoO,@Mo,C
showing the homogeneous distributions of C (yellow), O (red), Mo (blue) and Al
(orange) elements.

production. In contrast to the sluggish kinetics observed in alkaline
HER process for the MoO,@Mo,C counterpart, our well-designed Alp-
MoO,@Mo,C catalyst exhibits a lowered Tafel slope (45 +2 mV/dec)
(Fig. 3c and Supplementary Fig. 29), which can be further decreased to
42 mV/dec after 95% iR correction (Supplementary Fig. 24c), being
very close to the value (40 mV/dec) of benchmark Pt/C catalyst, sug-
gesting a substantial alteration in the chemical environment of
adsorbed protons on Alp-MoO,@Mo,C catalyst surface, bringing it in
line with the referenced Pt surface’. Meanwhile, the reaction kinetics of
MoO,@Mo,C and Al,-MoO,@Mo,C catalysts are also compared in
accordance with the directly measured Tafel plots (Supplementary
Fig. 30a)*°. Notably, Alp-MoO,@Mo,C sample still exhibits a lower
cathodic Tafel slope (50 mV/dec) than that of MoO,@Mo,C (130 mV/
dec) (Supplementary Fig. 30b), suggesting the faster reaction kinetics
of HER process on Alp-MoO,@Mo,C catalyst surface. The electro-
chemical surface area (ECSA) is an effective parameter to demonstrate
the Al function in Al;-MoO,@Mo,C catalyst for activating more surface
inert atoms in alkaline HER process, which can be revealed by the
double-layer capacitance (Cy) through cyclic voltammetry (CV) mea-
surements. The larger C usually means more available active sites in

electrochemical reaction. The Cg value of Alp-MoO,@Mo,C catalyst is
determined to be as high as 76 mF/cm?, nearly 31-fold enhancement
than that of MoO,@Mo,C counterpart (Fig. 3d and Supplementary
Fig. 31). The contact angle (hydrophilicity) and temperature-
dependent resistivity (conductivity) measurements demonstrate the
appealing catalyst surface of Alp-MoO,@Mo,C with desired chemical
and electronic structures (Supplementary Fig. 32), thus giving rise to
high ECSA value. With more inert atoms activated on Alp-MoO,@Mo,C
catalyst surface, the following water dissociation and produced H*
intermediates on Alp-MoO,@Mo,C catalyst surface were traced by the
potential-dependent electrochemical impedance spectroscopy (EIS)
measurements (Fig. 3e)'. All collected Nyquist plots exhibit two
semicircles with a similar onset-point. After simulated by the equiva-
lent circuit model (inset in Fig. 3e, Supplementary Fig. 33 and Table 2),
R; is the uncompensated solution resistance (Rs, Supplementary
Fig. 34), R, suggests the charge transfer resistance from the bulk car-
bide structure (Mo,C) to the oxide-termination catalyst surface (Alp-
Mo0,) at high frequencies, which is almost independent on the applied
overpotentials, suggesting the intrinsically fast electron transfer
behavior of the underlying metal-carbide structures, also evidencing
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the structural robustness of bonding interfaces between Mo,C and Alp-
MoO, components*®. However, R; and R, are largely depended on the
applied overpotentials, where Rz represents the charge transfer resis-
tance caused by the adsorbed water molecules at low frequencies,
while R, originates from the proton accumulation caused by produced
protons inserting into the amorphous Al-MoO, layer (Al-HxMoOy).
Both decrease when increasing the applied overpotentials. In parti-
cular, R; decreases to 8.5Q at applied overpotential of 35mV, sug-
gesting the fast charge transfer kinetics between AI-MoO, termination
to the adsorbed H,0 molecules for the cleavage of H-OH bonds. The
decreased values of R, parameter feature the enrichment of protons
on Al-MoO, termination through the formation of Al-HxMoOy inter-
mediates under low overpotentials. In contrast, the MoO,@Mo,C
counterpart exhibits inferior HER activity, as determined by the
potential-dependent EIS plots (Supplementary Fig. 35). In addition,
both ECSA-normalized activity and TOF values have also been given to
compare the activity of MoO,@Mo,C and Al-MoO,@Mo,C catalysts
in accordance with previous reports**?, Although the high C value
(rich surface Mo and O sites activated by the low-loading AP atoms)
results in a lowered activity in comparison with that of MoO,@Mo,C
counterpart after ECSA normalization (Supplementary Fig. 36a), Alp-
MoO,@Mo,C catalyst still yields a high TOF value of 0.014 + 0.001s™
at the overpotential of 50 mV, nearly fourfold enhancement than that
of MoO,@Mo,C counterpart catalyst (Supplementary Fig. 36b, c),
demonstrating the activity improvement of MoO,@Mo,C by low-
loading Al modification. The calculated average Faraday efficiency of
the desired Alp-MoO,@Mo,C catalyst is up to 96.6% (96.6% +1%)
(Supplementary Fig. 37), indicating the high selectivity of hydrogen
production.

Another critical concern of a notable electrocatalyst for practical
application is the long-term durability performance. As shown in
Fig. 3f, in contrast to the gradually increasing overpotentials main-
taining the constant current density of 10 mA/cm? on MoO,@Mo,C
counterpart, our well-designed Alp-MoO,@Mo,C catalyst demon-
strates a notable stability in catalytic activity over 200 h of continuous
hydrogen production at the typical current density of 10 mA/cm?,
excelling most of previously reported molybdenum-carbide catalysts
under the same current-density condition (Supplementary Fig. 38).
Furthermore morphology characterizations of the used Alp-
MoO,@Mo,C catalyst reveal that the micro-size sphere, consisting of
carbide structures and Al-MoO, terminations, are well retained
(Fig. 3f, g, Supplementary Figs. 39-41). Also, ICP-MS detection of the
post-electrotes has been performed to evaluate the possible Mo dis-
solution from Alp-MoO,@Mo,C and MoO,@Mo,C catalysts at differ-
ent catalysis stages. Besides of the inevitable dissolution of high-
valence MoOj at the initial activation process, no obvious Mo dis-
solution is detected in the alkaline electrolyte after long-term hydro-
gen production over 200 h. In contrast, one could notice that the
concentration of Mo element is up to 2.0 ppm in less than 10 h for the
MoO,@Mo,C counterpart (Supplementary Fig. 42). This experiment
evidences indicate that the AP* atoms tailoring strategy can afford the
active MoO, termination with improved dissolution resistance in
alkaline electrolyte. In addition, Mo,C carbide-structure terminated by
completely crystallized MoO, layer was synthesized through slightly
regulating the synthesis conditions (which will guide the following
construction of amorphous MoO, termination in calculation section).
The synthesized Mo,C phase with complete MoO, termination also
shows a considerable long-term catalytic stability with hydrogen pro-
duction over 24 h (Supplementary Fig. 43a), but its practical alkaline
HER activity is inferior than that of Alp-MoO,@Mo,C catalyst (Sup-
plementary Fig. 43b). To this end, we can conclude that the slightly
crystallized MoO, clusters may be beneficial for the stabilization of
inner Mo,C carbide structure, but cannot improve the alkaline HER
activity of Mo,C phase intrinsically.

Elucidation of the structural robustness of Alp-MoO,@Mo,C
materials

Comprehensive spectroscopy characterizations of the used catalyst
can yield valuable insights into the improved structural robustness of
Alp-M00O,@Mo,C materials in alkaline electrolyte, with the sample
soaked solely in electrolyte as the fresh reference. XRD and Raman
characterizations rapidly confirm the maintenance of Mo,C-domain
and amorphous MoO, termination on the used Alp-MoO,@Mo,C
composite catalyst (Supplementary Fig. 44), and the concentration of
dissolved Al species in the post-alkaline electrolyte (hydrogen pro-
duction over 24 h) is rather low (Supplementary Fig. 45), suggesting
that the Alp-M0O, termination on Mo,C carbide structure is less prone
to dissolution in alkaline electrolyte. XPS was used to investigate the
changes in the bonding configurations of Alp-MoO,@Mo,C composite
catalyst after alkaline HER process. Upon deconvolution, all fresh and
used samples exhibit three pairs of peaks. The major peaks at low
binding energies (228.6 eV for Mo 3ds,, and 231.8 eV for Mo 3d5,) are
associated with the intrinsic Mo-C/Mo-Mo bonds in 3-Mo,C phase,
while the second pair of peaks at middle binding energies (229.5 eV for
Mo 3ds, and 233.2 eV for Mo 3d;),) is assigned to the Mo** species of
amorphous MoO, layer. Additionally, peaks of the inevitable high-
valence MoOs species are observed at higher binding energies (233.3
for Mo 3ds/; and 235.9 eV for Mo 3d5,). In order to better compare the
changes of each component (Mo,C, MoO,, MoO3) for fresh and used
catalysts, their contents were determined in accordance with XPS peak
areas after deconvolution. As shown in Fig. 4a, Supplementary Fig. 46
and Table 3, both fresh and used Al-MoO,@Mo,C catalysts higher
contents of Mo,C component than those of corresponding states of
MoO,@Mo,C counterparts, besides, more Mo®" species are observed
on used MoO,@Mo,C counterpart, indicating the structural robust-
ness of Alp-MoO, termination in protecting the bulk carbide structure
in alkaline electrolyte. The chemical state of Al species within MoO,
termination was identified by Al 2p XPS spectra (Fig. 4b). In both fresh
and used Alp-MoO,@Mo,C catalysts, Al atoms predominantly exist in a
triplet valence state, suggesting they are coordinated by oxygen atoms
in the oxide termination. However, the used Alp-MoO,@Mo,C sample
exhibits a slightly increased binding energy of the Al 2p signal relative
to the fresh one, implying the aggressive hydroxyl anions may pre-
ferentially adsorb on the Al centers (AP atoms as active sites), thereby
alleviating the accumulation of interfacial OH™ species for the dis-
solution of neighboring Mo*" acidic sites (MoO, + OH>Mo0,> +
H,0)°. The local atomic and electronic structures of Mo atoms in both
fresh and used Alp-MoO,@Mo,C samples were further examined by
X-ray adsorption spectra (XAS). The positive-shifting white-line peak of
Mo K-edge XANES and rather weak Mo-Mo coordination strength
(EXAFS R-space) suggest the deep oxidation of the used MoO,@Mo,C
counterpart” (Supplementary Fig. 47). In contrast, the normalized
X-ray absorption near-edge structure (XANES) profiles of Mo K-edge
reveal that the adsorption positions of fresh and used Alp-
MoO,@Mo,C samples are located between commercial Mo,C and
MoO, references, and are extremely approaching to that of commer-
cial Mo,C powder (Fig. 4c). Furthermore, the XANES profiles of fresh
and used Alp-MoO,@Mo,C samples resemble that of commercial
Mo,C reference (Fig. 4c), indicating the robust Al-MoO, termination
benefits the stabilization of bulk carbide structure in alkaline electro-
lyte. The R-space profiles obtained from Fourier transform extended
X-ray absorption fine structure (FT-EXAFS) spectra, combined with the
corresponding Wavelet transform EXAFS (WT-EXAFS), reveal that the
bulk carbide structure of used Alp-MoO,@Mo,C remains nearly
unchanged with negligible enhancement of oxide termination relative
to the fresh sample (Fig. 4d, e). This observation strongly suggests the
structural robustness of Alp-MoO,@Mo,C composite catalyst. In
addition, we also observe that the intensities of metallic Mo-Mo scat-
tering path in both fresh and used Alp-MoO,@Mo,C samples are
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slightly weaker than that of commercial Mo,C powder. This dis-
crepancy arises from the oxidation of partial Mo—Mo metallic bonds in
nano-scale Mo,C materials, leading to the formation of termination
on the carbide structure. Based on the aforementioned structural
characterizations, we can reasonably conclude that AP** atoms play
a crucial role in stabilizing low-valence oxide termination, thereby
preventing the bulk carbide structure from deep oxidation in alkaline
electrolyte.

Termination-acidity tailoring of Mo,C by penta-coordination
AP sites

The subtle changes in chemical environment on the surface of used
Alp-M0O,@Mo,C catalyst were investigated by multiple high-
resolution spectroscopy characterizations, which can deepen our
understanding of the markedly improved alkaline HER activity of Alp-
MoO,@Mo,C catalyst. First, the O 2p XPS of used Alp-MoO,@Mo,C
catalyst demonstrates a higher abundance of adsorbed hydroxyl and
H,0 species compared to the used MoO,@Mo,C counterpart (Sup-
plementary Fig. 48), suggesting that AP* tailoring of MoO, termination
gives rise to a highly hydrophilic surface. In contrast to the fresh
sample, the O K-edge near edge X-ray absorption fine structure
(NEXAFS) spectra of used Alp-MoO,@Mo,C catalyst exhibits a mark-
edly increased intensity of Mo 4d-O 2p (eg) hybridization at -540.9 eV,
which is much higher than that of used MoO,@Mo,C counterpart
(Fig. 5a). The increase suggests that partial O 2p orbitals of Mo 4d-O 2p
(eg) hybridization are covalently shared by the produced protons
during alkaline HER process, contributing to the formation of HxMoQy

intermediates on Al,-MoO,@Mo,C catalyst surface*’. Second, the
acidic surface formed by HxMoOy intermediates on used Alp-
MoO,@Mo,C catalyst was further detected by TOF-SIMS technique.
Compared to the fresh samples, signals of hydrogen-containing spe-
cies including H30*, Al-OH, and Mo-OH on the used ones clearly
increase (Fig. 5b, ¢, Supplementary Figs. 49 and 50). In particular, the
main acid indicator of increased H;O" signal directly indicates the
realization of a local acid-like environment on Alp-MoO,@Mo,C cata-
lyst surface in alkaline electrolyte. Third, the chemical properties of
HxMoOy acidic intermediates are further analyzed by solid-state 'H
magic-angle-spinning nuclear magnetic resonance (*H MAS NMR)
spectra. The fresh and used Alp-MoO,@Mo,C samples exhibit two
distinct peaks at 1.3 and 4.9 ppm (Fig. 5d and Supplementary Fig. 51),
which can be attributed to the terminal (OH,) and bridging (OH,)
hydroxyl species, respectively***’. A notably enhanced OHy, signal on
the used Alp-MoO,@Mo,C catalyst relative to the fresh sample sug-
gests that the bridging oxygen sites are highly effective for the
adsorption of produced protons. In addition, the function of AP*
atoms are elucidated by Al K-edge and Al NMR spectra. Al K-edge
XANES spectra reveals that the predominant octahedral (Alp) and
tetrahedral (Al;) coordination structures of Al centers are still retained
on the used Alp-MoO,@Mo,C sample (Fig. 5e)*®. More detailed iden-
tification of chemical environments of Al centers was examined by Al
NMR spectra: (i) compared to the fresh sample, the vanished Alp signal
(-35ppm) of used sample suggests that the unsaturated penta-
coordination AP* atoms serve as the active sites in alkaline HER pro-
cess (Fig. 5)**°%; (ii) the distinctly split peaks (-0.33, +11.7 ppm) of used
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Fig. 5 | Multiple high-resolution spectroscopy characterizations advancing the
comprehension of enhanced alkaline HER activity on Alp-MoO,@Mo,C cata-
lyst. a O K-edge NEXAFS spectra of fresh and used Alp-MoO,@Mo,C catalysts.

b TOF-SIMS profiles of used Alp-MoO,@Mo,C catalyst with signals of H;0", Al-OH,
and Mo-OH species, where the fluorine signal (F, m/z=19.00) may originate from
the inevitable contamination of fluorine-containing sealing ring in the analysis

chamber during Bi** cations impacting the sample, while the H;0" species can be
responsible for the higher signal at m/z=19.02. ¢ 2D distribution images of H;0",
Al-OH, and Mo-OH species on used Alp-MoO,@Mo,C catalyst surface. d 'H NMR,
e Al K-edge XANES and f ¥Al NMR spectra of fresh and used Al,-MoO,@Mo,C
samples. g Py-IR spectra of used MoO,@Mo,C and Alp-MoO,@Mo,C collected

at 50°C.

sample imply that the chemical state of octahedral-coordination Al
(Alp) sites might have been slightly altered due to the adsorption of
produced protons (Fig. 5f)**2. By combining the analysis of 'H and Al
NMR, and Al K-edge XANES spectra, we can speculate that the bridging
oxygen atoms in the -Al-O-Mo- structure may serve as ideal adsorption
sites for dissociated H* intermediates (Alp-HxMoQOy) on Alp-
MoO,@Mo,C catalyst surface. Finally, the deprotonation kinetics of
HxMoOQOy intermediates is determined by their acidity, which was
examined by pyridine infrared (Py-IR) spectra (Fig. 5g)*. The Py-IR
spectra of used Alp-MoO,@Mo,C collected at 50°C shows much
stronger Brgnsted-acid signals at 1540 and 1640 cm™ when comparing
to used MoO,@Mo,C counterpart, suggesting that the bridging -Al-
OH-Mo- structure can provide more available Brgnsted acid sites.
Furthermore, the signal at 1542 cm™ corresponding to Brgnsted acid
sites is still retained on the used Alp-MoO,@Mo,C sample at 150 °C
(Supplementary Fig. 52), while it is almost absent on MoO,@Mo,C

counterpart. This indicates a notable enhancement of the acidity for
Alp-HxMoOy intermediates**.

DFT calculations

First-principle density functional theory (DFT) calculations were per-
formed to predict the influence of AP tailoring on the chemical and
electronic structures of MoO, termination on Mo,C carbide phase. The
selections of (001)pmezc and (010)mo002 facets in DFT models were in
accordance with aforementioned experiment evidences and the eva-
luations of lattice mismatch and interface charge-transfer behavior
(Supplementary Fig. 53, Supplementary data 1-3). Detailed different
views of all established DFT models (clean surface) are shown in Fig. 6a
and Supplementary Fig. 54. Electron localized function (ELF) and Bader
charge calculations simultaneously demonstrate the accumulation of
more electrons centered at the bridging oxygen atoms between the
Mo and Al hetero-nuclear atoms, with the values of charge localization
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highlighted by red color (Fig. 6b, c), implying that the strong electro-
negativity oxygen sites within AI-MoO,@Mo,C catalyst are energeti-
cally favorable for the adsorption of positive H' intermediates from
water dissociation.

Given the well-designed chemical environment of Alp-
MoO,@Mo,C catalyst surface for the adsorption of dominant H’
intermediates in HER process, theoretical evaluations of water dis-
sociation and hydrogen desorption activities were performed. As the
solvation effect has no obvious influence on the binding-energy cal-
culations (Supplementary Fig. 55)**, all simulations were performed
under the vacuum condition. The whole alkaline HER process consists
of the initial state (IS, H,O*), transition state (TS, H---OH), final state (FS,
H*+ OH*) (Supplementary data 4-6). The classic Nudged Elastic Band
(NEB) calculation method was used to determine the H---OH TS, where
the TS is an intermediate configuration that the potential energy has a
maximum value (Supplementary Figs. 56 and 57). Both MoO,@Mo,C
and Alp-MoO,@Mo,C models show more negative adsorption ener-
gies (-0.63 eV and -0.55 eV) of water molecules than that of bare Mo,C
(-0.38 eV) (Fig. 6d), implying that the oxide-termination catalyst sur-
face is more beneficial for the initial adsorption and subsequent clea-
vage of water molecules relative to bare metal-carbide counterpart®.
As expected, the calculated energy barriers (AGyyo) for water dis-
sociation are 0.03 and 0.09 eV on MoO,@Mo,C and Alp-MoO,@Mo,C

model, respectively, both are lower than that of bare Mo,C (0.66 eV)
(Fig. 6d). Meanwhile, the calculation detail demonstrates that the OH
by-products from water dissociation are preferentially adsorbed on
the Alp sites, while the bridging oxygen sites between Mo and Al
hetero-nuclear atoms are responsible for the adsorption of desired H*
intermediates, confirming the pivotal role of Alp sites in Alp-
MoO,@Mo,C composite system for alkaline HER process. The
hydrogen adsorption free energy (AGy) serves as a good descriptor to
evaluate the deprotonation kinetics of Alp-HxMoOy intermediates,
where a moderate AGy value in close to thermoneutral value (0) is
usually predicted to be a notable HER catalyst. Although the oxide
terminations on carbide structures are effective for breaking the H-OH
bond, they are generally inefficient for converting the resultant H*
intermediates to H, molecules, as determined by the more negative
AGy value on MoO,@Mo,C catalyst surface relative to bare Mo,C
model. Encouragingly, the Al-tailored MoO, termination displays a
further optimized deprotonation kinetics with the value of AGy; as low
as —-0.17 eV (Fig. 6e). Interestingly, we observe that the deprotonation
activities of Alp-MoO,@Mo,C model can be further optimized by the
increased amounts of neighboring hydrogen atoms (Fig. 6f, g, Sup-
plementary data 7-9), implying that the accumulation of protons tai-
loring the local acid-like catalytic environment can further accelerate
deprotonation kinetics, thereby boosting the hydrogen production.
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Discussion

In summary, a deliberately customized molybdenum-carbide model-
catalyst system is introduced to validate the possibility of termination-
acidity tailoring strategy for improved alkaline HER process. Our
practical Al,-MoO,@Mo,C composite catalyst with enhanced alkaline-
leaching resistance and surface acidity is synthesized by simple
hydrothermal and carbonization methods. The well-designed Alp-
MoO,@Mo,C composite catalyst shows notbale HER activities, fea-
turing a near-zero onset-potential, a low overpotential (40 mV) at
10 mA/cm?, and a small Tafel slope (45 mV/dec) in alkaline electrolyte.
Moreover, continuous alkaline hydrogen evolution catalyzed by the
Alp-MoO,@Mo,C composite catalyst is maintained over 200 h. The
impressive activity and stability performances demonstrate that the
theory-predicted Pt-like HER performance of metal carbides can
indeed be achieved through a feasible termination-acidity tailoring
engineering with Alp atoms. Our work paves an interesting and valu-
able route for the rational termination tailoring of transition metal
carbides towards highly efficient and stable HER process in alkaline
electrolyte. Benefiting from our findings, this feasible termination-
acidity tailoring strategy holds great promising for extension to
explore other forms of low-cost but highly-active catalysts, with the
aim of replacing benchmark Pt catalyst in high-pH catalytic hydrogen
production and beyond.

Methods

Chemicals

Molybdenum pentachloride (MoCls 99%, Aladdin, USA), poly-
vinylpyrrolidone (PVP, Macklin, China), sodium aluminate (NaAlO,
99%, Sinopharm Chemical Reagent Co. Ltd, China), polyethylene
oxide-co-polypropylene oxide-co-polyethylene oxide (Pp3 98%, Ada-
mas Reagent, China), dopamine hydrochloride (DA 98%, Aladdin,
USA), 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris 98%, Aladdin,
USA) and potassium hydroxide (KOH, 99.999%, Aladdin, USA).

Preparation of AI-MoO,

In a typical procedure, a mixture of MoCls (250 mg), PVP (20 mg), and
NaAlO; (40 mg) compounds was dissolved in absolute ethanol (50 mL)
for the formation of homogeneously green solution after stirring for
30 min. Afterwards, the obtained solution was transferred into a
100 mL Teflon-lined autoclave and heated at 180°C for 12h. The
resultant black Al-MoO, product was collected after purification and
centrifugation. For comparison, MoO, counterpart was also prepared
using the same method without the addition of Al source.

Preparation of DA-AlI-MoO,

The AlI-MoOx powders were immersed into a mixture solution
(100 mL) of DA (80 mg), P;»3 (40mg), and Tris (20 mg) with con-
tinuously stirring for 24 h, then black organic modified Al-MoOy pre-
cursors (DA-Al-MoO,) were collected after treatments by purification
and centrifugation. For comparison, organic modified MoO, pre-
cursors and bare organic materials were also obtained in accordance
with the same method.

Preparation of Alp-MoO,@Mo,C

The desired Alp-MoO,@Mo,C was obtained by pyrolyzing the DA-AI-
MoO, precursors at 720°C for 2h under an Ar atmosphere.
MoO,@Mo,C and bare C counterparts were also obtained under the
identical conditions.

Preparation of Al-MoO,@Mo,C model catalyst

The commercial Mo plate was pretreated by Ar etching and vacuum
annealing for the preparation of flatten surface. Al tailored Mo,C film
was prepared by in situ carbonization of AP* adsorbed pretreated Mo
plate at 873K under 0.3 mbar C,H; atmosphere. The as-obtained
metal-carbide film was then oxidized at 573K under 0.3 mbar O,

atmosphere, and the desired Al-MoO,@Mo,C model catalyst could be
obtained. The referenced Mo,C and MoO,@Mo,C films also could be
collected based on above methods without the addition of Al source.
All composition identifications of Mo,C and MoO, materials are in
accordance with the XPS measurements.

Characterization

The XRD pattern was recorded on a Bruker AXS D8 Advance X-ray
diffractometer with a Cu Ka radiation target (40V, 40 A). High-
resolution STEM images and the corresponding STEM-EDS elemental
maps were measured on an FEI Titan Themis Z 3.1 equipped with a
SCOR spherical aberration corrector and a monochromator. The
probe convergence angle was 80, and camera length was 115 mm in the
STEM mode. X-ray photoelectron spectra (XPS) were collected using
ESCALAB 250Xi XPS instrument with Al Ka X-rays as the excitation
source and with the gun operated at 15kV and 10 mA. The contact
angle and electrical conductivity tests are performed on Biolin Scien-
tific Attension Theta Flex and physical property measurement system
(PPMS, Dyna cool 9T), respectively. BET surface-area test is performed
on micromeritics (TriStar Il Plus Version 3.03). O K-edge NEXAFS
spectra was performed at the Catalysis and Surface Science End-
station at the BL11U beamline in the National Synchrotron Radiation
Laboratory (NSRL) in Hefei, China. Mo K-edge XAS including XANES
and EXAFS profiles were collected at BLI11B station at the Shanghai
Synchrotron Radiation Facility (SSRF).

Preparation of STEM samples by FIB technique

The cross-sectional samples of fresh and post Alp-MoO,@Mo,C
materials were prepared by FIB technique using a lift-out method in
accordance with previous report®®. First, the micro-size sphere pow-
ders were dispersed in the mixture of water and ethanol by sonication,
then the homogeneously distributed solution was dropped onto the
clean Si layer with naturally drying for next operation. Second, the
suitable cutting sample can be determined by the corresponding SEM
image, then carbon and Pt layers were deposited onto the desired
micro-size sphere sample, they can protect the desired cross-sectional
region by providing mechanical stability during milling, thus the as-
obtained STEM sample is composed of upper carbon and Pt deposi-
tions, middle cross-sectional sample, and underlying Si layer. Finally,
the cross-sectional sample was transferred to an Omniprobe copper
half grid, in order to satisfy the characterization requirement of STEM
technique, further Pt deposition was used to weld the slice sample
onto the grid for a safe separation from the nanomanipulator by FIB
milling, besides, Ga* ions (at 5 and 2kV) were used to remove side
damage for a final gentle polish for STEM characterization.

Comprehensive spectroscopy characterizations

TOF-SIMS, NMR, Py-IR characterizations were performed to analyze
the surface chemistry of the fresh and post catalysts in accordance
with previous reports***°. TOF-SIMS 5-100 instrument (ION-TOF
GmbH) with a 30-keV Bi*" as analysis beam was used to conduct the
negative and positive TOF-SIMS measurements, where the beam cur-
rent, raster size, and incident angles are set to be 0.7 pA, 50 x 50 pm?,
and 45°, respectively. 'H and #Al solid-state NMR characterizations
were performed on Bruker AVANCE NEO 400 MHz Wide Bore spec-
trometer and 400 WB spectrometer equipped with a 4 mm standard
bore CP MAS probehead (Bruker BioSpin AG, Fillanden, Switzerland),
respectively. For 'H NMR characterization, which is operated at a
magnetic field of 9.40T using a tetramethyl silane (TMS) as the che-
mical shift reference. In detail, the as-obtained 'H NMR data were
collected at a spinning rate of 15 kHz with a /2 pulse width of 3.5 ps,
and the s recycle of 5s. The reference of Al NMR characterization is
[AI(H,0)]** with standard d value of 0.00. The X channel of Al NMR
characterization was set to be 104.27 MHz, and the pulse sequence
should be changed into one pulse (0.9 ps, 11/12) under a magnetic field
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of 9.39 T at 297 K. The well-prepared powder samples were packed in
the ZrO, rotor closed with Kel-F cap and spun at 12 kHz rate. The ZAl
NMR data for each sample was recorded by a total of 100 scans with 2 s
recycle delay. A Nicolet 380 FT-IR instrument (Thermo Co., USA) was
used to perform the Py-IR measurements. First, the pretreated tem-
perature and time for all catalyst samples were set to be 353K and 2 h
under a vacuum environment, meanwhile, the background spectra was
collected in the wavenumber range of 1700-1400 cm™ prior to pyr-
idine molecule adsorption. Second, the pyridine molecules were
injected for a adsorption equilibrium state on sample surface. Finally,
the physically adsorbed pyridine molecules were fully removed by re-
treating the sample at 353 K for 4 h under a vacuum condition, and the
desired Py-IR data were recorded at 50 and 150 °C, respectively.

Evaluation of HER performance

All electrochemical measurements were performed on a CHI760E
electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd,
China) by a standard three-electrode setup (electrochemical cell:
C002, Tianjin Aida Hengsheng Technology Development Co., Ltd,
China) at room temperature, The working, reference, and counter
electrodes are glassy carbon electrode (CHI104, Shanghai Chenhua
Instrument Co., Ltd, China), Ag/AgCl electrode (CHI111, Shanghai
Chenhua Instrument Co., Ltd, China), and carbon rod (C306, Tianjin
Aida Hengsheng Technology Development Co., Ltd, China), respec-
tively. The electrolyte used is an Ar-saturated 1M KOH aqueous solu-
tion (pH =14 + 0.1), which is freshly prepared prior to electrochemical
test. Detailed preparation of working electrode is described below:
first, Alp-MoO,@Mo,C (10 mg) powder was dispersed into a mixture
solution consisting of ethanol (870 pL), water (100 pL), and Nafion
(30 pL); second, by the assistance of sonication for more than 30 min, a
homogeneous catalyst ink was formed; finally, the catalyst film was
prepared by dropping the catalyst ink (20 pL) onto a polished glassy
carbon electrode (diameter: 3 mm) with loading mass of 2.83 mg/cm?
For comparison, all working electrodes for catalyst counterparts were
prepared using the same method, while the working electrode sup-
porting commercial Pt/C catalyst was prepared by keeping the same
loading to that of desired Alp-MoO,@Mo,C catalyst. In addition, all
potentials in this work were collected against the Ag/AgCl electrode
and calibrated with respect to a RHE in accordance with our potential
calibration test in Supplementary Fig. 20, and the calibration equation
is shown below.

Erne = Eag/agc +1.02V @)

EIS measurements were conducted by applying an AC voltage
with an amplitude of 5mV over a frequency range from 100 kHz to
0.01 Hz. The ECSA value can be calculated by normalizing the double
layer capacitance (C) of the electrode with specific capacitance (Cyyef)
of a flat surface (ECSA = Cy/Cgyrer). Similar to previous work**%?, the
value of Cyper is assumed to be of 40 pF/cm? in our work. All data were
collected without iR correction unless explicitly specified.

DFT calculations

The plane-wave-based DFT method, as implemented in the Vienna Ab
Initio Simulation Package (VASP), along with periodic slab models,
was utilized for all computations in this study. The simulations were
carried out using projector augmented wave potentials with the
Perdew-Burke-Ernzerhof exchange-correlation functional, and set at
an energy cut-off of 450eV. The long-range van der Waals (vdW)
interactions were accounted for using the DFT-D3 approach. The
VASPKIT tool was employed to generate k-point meshes for geometry
optimization and self-consistent field energy calculations, with a grid
separation of 0.04 A™. The convergence criteria for total energy and
interaction force were set at 10 eV and 10 2eV/A, respectively.

On the basis of the high-resolution lattice fringes by TEM char-
acterization, the DFT models of Mo,C and MoO, materials
were established by cleaving the (001) plane of bulk Mo,C and (010)
bulk MoO,, respectively. In experiments, both the XRD pattern and
corresponding high-resolution STEM images have confirmed the
existence of (100), (002), and (101) facets of hexagonal Mo,C phase,
and we have also prepared the crystallized MoO, (weak crystallization)
termination on Mo,C carbide structure with typical (011) and (020)
facets. In theory, both (001)po2c and (010)u002 facets have the similar
hexagonal atom arrangements ((001)yo02c and (010)vo02 facets are
parallel to the observed (002)yo02c and (020)ym002 ONeES, respectively),
and the lattice mismatch of (001)pmo2c and (010)mo002 facets is calcu-
lated to be of 1.37%, which is smaller than that (3.31%) of (001)uo2c and
(01)mo02 counterpart. Therefore, (001)pozc and (010)vo02 (Which
was modified by randomly remove some oxygen atoms) facets
were selected to establish the DFT model. A vacuum region of 15 A
was set along the z direction to avoid the interaction between periodic
images. The optimized in-plane lattice parameters were 5.78 A
and 5.79 A for Mo,C (001) plane, and 5.51A and 5.57A for MoO,
(010) plane. The MoO,/Mo,C interface was constructed by placing the
MoO, slab on the Mo,C substrate, and the interface in-plane lattice
parameters were set to be the average value of those of Mo,C (001)
and MoO, (010) planes, guaranteeing the <3% lattice mismatch. A
2 x 2 supercell was then built to server as the HER reaction substrate.
The doping of Al was modeled by substitute the Mo atoms at MoO,
surface with Al atoms.

For the energy-barrier calculation of water dissociation, NEB
method was used to determine the transition state, where the free
energy of adsorbed H (AGy) on surface is calculated in accordance with
the following Eq. (2):

AGy, = AEy, + AEp — TAS @)

The above-mentioned parameters of AEy, AEzpg, AS, and T are
hydrogen adsorption energy, zero point energy difference, entropy
difference, and system temperature (298.15K), respectively. In addi-
tion, both zero point energy difference and entropy difference are
derived from the comparison of the adsorbed state and gas phase for
adsorbate.

Data availability

Source Data file has been deposited in Figshare under accession code
DOI link. https://doi.org/10.6084/m9.figshare.26510089. Where®* is
the numbered reference of the data in the repository in the refer-
ence list.
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