nature communications

Article https://doi.org/10.1038/s41467-023-41097-w

Metallic W/WO, solid-acid catalyst boosts
hydrogen evolution reaction in alkaline
electrolyte
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The lack of available protons severely lowers the activity of alkaline hydrogen
evolution reaction process than that in acids, which can be efficiently accel-
erated by tuning the coverage and chemical environment of protons on cat-
alyst surface. However, the cycling of active sites by proton transfer is largely
dependent on the utilization of noble metal catalysts because of the appealing
electronic interaction between noble metal atoms and protons. Herein, an all-
non-noble W/WO, metallic heterostructure serving as an efficient solid-acid
catalyst exhibits remarkable hydrogen evolution reaction performance with an
ultra-low overpotential of -35 mV at -10 mA/cm? and a small Tafel slope
(=34 mV/dec), as well as long-term durability of hydrogen production (>50 h)
at current densities of =10 and —50 mA/cm? in alkaline electrolyte. Multiple in
situ and ex situ spectroscopy characterizations combining with first-principle
density functional theory calculations discover that a dynamic proton-
concentrated surface can be constructed on W/WO, solid-acid catalyst under
ultra-low overpotentials, which enables W/WO, catalyzing alkaline hydrogen
production to follow a kinetically fast Volmer-Tafel pathway with two neigh-
boring protons recombining into a hydrogen molecule. Our strategy of solid-
acid catalyst and utilization of multiple spectroscopy characterizations may
provide an interesting route for designing advanced all-non-noble catalytic
system towards boosting hydrogen evolution reaction performance in alkaline
electrolyte.

M Check for updates

As a clean and sustainable energy carrier, hydrogen is one of the most
promising alternatives to traditional fossil fuels for addressing global
energy crisis and environmental pollution’. One of the most econom-
ical and effective strategy of hydrogen production is electrocatalytic
hydrogen evolution reaction (HER), which is driven by electricity from
sustainable energies (i.e., solar and wind) without any emission of

carbon dioxide, satisfying the mission of global carbon neutrality**.
Alkaline HER process can avoid the acidic corrosion and dissolution
issues of catalysts, and achieve high-purity hydrogen gas (>99.7%),
showing an attractive and extensive application*®. HER electrocatalysis
usually demands the usage of noble-metal-based catalysts to lower the
applied overpotentials, but the high cost and low reserve have
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restricted their widespread utilization. Moreover, compared to the
direct proton-coupled electron reaction (2H +2e~ — H, +* where
xrepresents the active site) in acidic electrolyte, it is worth noting that
an additional water dissociation step (H,0+*+e~ — H +OH", also
known as Volmer step) is required to produce available protons before
hydrogen generation in alkaline HER process®, while noble platinum
catalyst is kinetically inefficient for the cleavage of H-OH bonds’,
usually leading to two or three orders of magnitude lower activity of
alkaline HER process than that in acids®. Therefore, the exploration of
cost-effective catalysts towards efficiently breaking H-OH bonds for
proton generation is valuable and significant in alkaline HER process.

Transition metal oxides have long been advocated as highly effi-
cient HER catalysts due to their flexible chemical and electronic
structures with fascinating physical and chemical properties’. In par-
ticular, tungsten (W), remarkable for its complex electronic structure
featuring open d and f shells'’, can form rich oxidation states ranging
from +6 to 0 (WO;,, 0<x<3)" Tungsten oxides with substoichio-
metric phases have been demonstrated as potential alternatives to
commercial platinum catalyst in acidic HER process”™, benefiting
from these abundant oxygen vacancies that can afford substoichio-
metric WO3. catalysts with favorable hydrogen adsorption energies
and improved conductivity”. However, their alkaline HER activities
have been rarely explored, because tungsten oxides featured with
acidic-oxide property will be gradually dissolved in alkaline
electrolyte'*™®, Although first-row (3d) transition metals (Fe, Co, Ni) as
additives have been proven to significantly improve the alkaline HER
performance of tungsten oxides”, the introduction of foreign atoms
probably obscures the catalytic mechanism, since the identification of
doping state of low-atomic-number 3d metals among tungsten arrays
is rather challenging?. Therefore, it is still unclear that whether
tungsten-oxide-dominant materials can be employed as stable cata-
lysts for highly-efficient and stable alkaline HER process, when the local
chemical environment of W atoms is altered.

To this end, we have focused on a special form of W/WO, metallic
heterostructure. Unlike previously reported acid-like catalyst surface
constructed by metal-oxide matrix supported noble-metals'®*, where
metal oxides are expected to provide an acid-like catalyst surface
under neutral or alkaline conditions, while noble metals are essentially
required as active sites due to the energy-favorable interactions of
noble-metal and produced protons on catalyst surface’>. The W/WO,
metallic heterostructure can spontaneously construct a dynamic
proton-concentrated surface only by tungsten-atom itself, thus
enabling kinetically fast HER process in high-pH conditions, which can
be understood in the viewpoint of solid-acid catalyst: (i) featured by
unusual metallic and acidic-oxide properties, the WO, component can
serve as highly-active Lewis acid sites for the adsorption and cleavage
of H,0 molecules®?** (proton generation), facilitating the formation of
hydrogen tungsten bronze (H,WO,) intermediates™ (proton storage);
(i) the in-situ generated H,WO, intermediates are considered as
Brgnsted acid sites with reversible adsorption/desorption behaviors of
protons®*?; (iii) considering the relatively sluggish hydrogen deso-
rption kinetics of H,WO, intermediates, the introduction of zero-
valence W (W°) sites can further accelerate the deprotonation kinetics
of Brgnsted acids for the cycling of active sites due to the optimized
electronic interactions between W° atoms and protons at the W/WO,
interface”® (proton donation and regeneration of active sites). In
addition, compared to traditional semiconducting tungsten oxides,
the metallic feature of WO, component can also afford the tungsten-
oxide matrix with improved alkaline leaching resistance
(WO, + OH > WO0,* +H,0), because the aggressive hydroxyl species
from produced OH™ intermediates and electrolyte can be rapidly
repulsed from the electron-rich catalyst surface at the cathode?*.

Herein, we report a feasible pyrolysis-reduction strategy to syn-
thesize W/WO, metallic heterostructure on Ni foam. Owing to the
solid-acid sites with strong abilities of proton generation and

reversible behaviors of hydrogen adsorption/desorption, a dynamic
proton-concentrated surface is constructed on W/WO, solid-acid cat-
alyst, which enables the all-non-noble W/WO, catalyst to show superior
HER activity with an ultra-low overpotential of -35 mV at -10 mA/cm?
and a small Tafel slope (-34 mV/dec) in alkaline electrolyte. Moreover,
the solid-acid catalyst is exceptionally stable in alkaline electrolyte,
showing no significant activity degradation for hydrogen production
at —10 and —50 mA/cm? over 50 h. To the best of our knowledge, this is
the first time that a tungsten-oxide-dominant material serves as a solid-
acid catalyst with a remarkable HER performance in alkaline electro-
lyte, outperforming all tungsten/molybdenum oxides and most 3d-
metal oxides reported to date.

Results

Morphological characterization of W/WO, metallic
heterostructure

W/WO, metallic heterostructure was synthesized by a pyrolysis-
reduction method using W;3049 nanowires (NWSs) as parent materials
(Supplementary Fig. 1). In brief, W1g040 NWs were homogeneously
coated on the pre-treated Ni foam (Supplementary Fig. 2), followed
by stirring in the mixture solution of polyethylene oxide-co-
polypropylene oxide-co-polyethylene oxide (Py3, carbon source),
2-amino-2-hydroxymethyl-propane-1,3-dio (Tris) and dopamine (DA,
carbon source) for 24 h to coat organic carbon source over W;gOy49
materials. Afterwards, the desired W/WO, metallic heterostructure
was obtained by pyrolyzing the free-standing organic-tungsten pre-
cursor at 700 °C under a mixture of Ar/H, (v/v = 8:1) atmosphere for
2h (Supplementary Fig. 2), where the reduction reactions can be
simplified as the equations (C+WO,4 — W+WO,+CO, 1,
H, +W;g049 —> W+WO, +H,0 *). In the pyrolysis process, carbon
can cause the reduction of parent high-valence W;g049 parent
materials for the generation of desired W and WO, products. In the
following alkaline HER process, the produced graphite carbon layers
not only improve the electrocatalytic charge transfer, but also alle-
viate the alkaline-leaching rate of inner W/WO, materials. Meanwhile,
the possibly formed tungsten-carbide by-products (e.g., WC, W,C)
are excluded by X-ray photoelectron spectroscopy (XPS) and Raman
characterizations (Supplementary Fig. 3). For comparison, WO,
nanorods and W NPs were also synthesized under different condi-
tions, respectively (seen in the method section).

The crystal structure of W/WO, heterostructure was verified by
X-ray diffraction (XRD) pattern. As shown in Supplementary Fig. 4,
besides of the predominant characteristics of underlying Ni foam,
the XRD pattern of WO, sample reveals a set of characteristic signals
at 25.8°,37.1°, 52.9°, and 59.7°, which are indexed to the (011), (-211),
(220), and (031) facets of monoclinic structured WO, phase (JCPDS
No. 32-1393), respectively, while metallic W NPs present a simple
cubic phase with lattice parameters of a=b=c=3.16A (JCPDS no.
89-2767). W/WO, metallic heterostructure shows hybrid signals
containing WO, and W phases, indicating the coexistence of two
types of tungsten-based phases. The overall morphology of W/WO,
product was characterized by scanning electron microscopy (SEM).
From low-magpnification SEM image, the Ni skeletons are closely
coated by W/WO, products (Supplementary Fig. 5a, b), and the high-
magnification SEM image and corresponding energy dispersive X-ray
spectra (EDS) show one-dimensional (1ID) nanorod structure of the
as-obtained W/WO, materials with radial lengths over 500 nm (Sup-
plementary Fig. 5c, d), indicating the 1D nanostructure of tungsten-
oxide precursor is still retained after high-temperature pyrolysis
treatment. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) can allow us to observe the
hybrid structure of W/WO, metallic heterostructure at atomic level.
As shown in Fig. 1a, high density of nanoparticles with sizes less than
10 nm are dispersed on tungsten-based nanorods, and two sets of
lattice fringes with spacing values of 0.22 and 0.34 nm can be seen
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a

Fig. 1| Morphological characterizations of W/W0O,, WO, and W counterparts.
Low-magpnification STEM images of a W/WO,, d WO,, and f W NPs. High-resolution
STEM images of b W/WO,, e WO,, and g W NPs, with the corresponding FFT

patterns in the insets. ¢ STEM-EDS mapping of W/WO, showing the homogeneous

distribution of C (blue), O (red) and W (green) elements. h Structural illustrations of
W/WO, (blue and deep blue), WO, (blue) and W NPs (deep blue) embedded on
carbon matrix.

from the high-magnification STEM image (Fig. 1b). Combining the
analysis of corresponding fast Fourier transform (FFT) pattern (inset
in Fig. 1b), we can conclude that the observed lattice fringes should
be attributed to the (110) and (011) facet of supported W NPs and
underlying WO, matrix, respectively. Meanwhile, the homogeneous
distribution of C, O, and W elements over the entire W/WO, metallic
heterostructure is visualized by the STEM-EDS mapping images
(Fig. 1c). In addition, the morphology of WO, nanorods and W NPs
were also examined. Figure 1d shows a typical carbon-encapsulated
WO, nanorod, and the corresponding high-magnification STEM
image and FFT pattern evidence the single-crystalline phase of WO,
species (Fig. 1f). In contrast, numerous W NPs with lateral dimension
below 5 nm are immobilized on carbon matrix (Supplementary Fig. 6,
Fig. 1f, g), indicating the 1D W;3049 precursors have been disin-
tegrated into ultrasmall W NPs under high-temperature reducing
conditions. Therefore, based on above crystal structure and mor-
phological characterizations, three types of tungsten-based catalysts
(W, WO,, and W/WO,) are indeed obtained (Fig. 1h).

Structural characterizations of W/WO, metallic heterostructure
X-ray photoelectron spectroscopy (XPS) and X-ray adsorption spec-
troscopy (XAS) were performed to gain insight into the subtle change
of the local chemical and electronic structures for the above three
tungsten-based materials in. As shown in Fig. 2a, W and WO, samples
exhibit W° and W** signals at low (31.4 eV for W° 4f;, and 33.5 eV for W°
4fs/>) and high (32.7 eV for W* 4f;,, and 34.8 eV for W** 4f;,,) binding
energies after deconvolution, respectively. In addition to the intrinsi-
cally characteristic peaks, the inevitable surface high-valence oxidation
species (35.5 eV for W¢* 4f5, and 37.6 eV for W*" 4f5,,) are also observed

on W and WO, samples®. As expected, W/WO, sample contains fea-
tures of both W and WO, species at the same binding energies after
deconvolution, thus demonstrating the coexistence of W and WO,
components in W/WO,. The normalized X-ray absorption near-edge
structure (XANES) profiles of W L;-edge reveal that the white line
intensity of W/WO, sample is much higher than that of metallic W NPs,
but slightly lower relative to that of WO, counterpart (Fig. 2b), indi-
cating the average oxidation state of tungsten atoms in W/WO, is
between 0 and 4 +. Also, the whole W L3-edge XANES profile of W/WO,
extremely resembles that of WO, rather than metallic W, further sug-
gesting that W atoms of WO, and W/WO, materials may have similar
chemical state®. Correspondingly, from the viewpoint of coordinated
oxygen atoms, the O K-edge near edge X-ray absorption fine structure
(NEXAFS) spectroscopy can give additional information on the che-
mical structures of W atoms in above-mentioned tungsten species
(Fig. 2c). One can see that both WO, and W/WO, samples exhibit split
peaks located at energies ranging from 530 to 535 eV, where the peak
at low energy (530.7eV) originates from the overlapping band
between W5d and O2p orbitals, corresponding to the W-O bonds, while
the superoxide (O,) species neighboring to surface oxygen vacancies
should be responsible for another one at high energy (532.2eV)™.
Comparing to the O K-edge NEXAFS spectroscopy of WO, counterpart,
W/WO, metallic heterostructure exhibits decreased intensity of W-O
bonds but increased signal of O, species, indicating the formation of
rich oxygen vacancies. Meanwhile, such an enrichment of oxygen
vacancies in W/WO, metallic heterostructure is also resolved by elec-
tron spin resonance (ESR) spectroscopy (Supplementary Fig. 7), which
exhibits a strong and symmetrical ESR signal at g =2.002, manifesting
rich unpaired electrons trapped on vacancies around W centers®.
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Fig. 2| Structural characterizations of W/WO,, W and WO, counterparts. aW 4 f
core-level XPS spectra. b W L3-edge XANES spectra. ¢ O K-edge NEXAFS spectra.d R
space profiles of W (light blue), WO, (blue), and W/WO, (red) extracted from the

corresponding W L;-edge EXAFS spectra. e WT-EXAFS plots. f The calculated ELF
images of W, WO,, and W/WO.,. Green to red indicates the gradually increased
electron localization.

Further, the subtle difference of local coordination structure in W,
WO,, and W/WO, samples were discriminated by the Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS)
spectra (R-space) (Fig. 2d). As can be seen, W sample exhibits a distinct
peak at 2.6 A, corresponding to the W-W scattering path, while a pre-
dominant peak at approximately 1.6 A is presented on WO, sample,
which can be assigned to the W-O coordination. Meanwhile, we also
observe a weak but still visible W-W coordination at 2.4 A on WO,
sample, which is almost absent in stoichiometric WO; reference
(Supplementary Fig. 8), demonstrating the metallic property of WO,
phase. As expected, the R-space profile of W/WO, heterostructure
exhibits the combined features of W and WO, counterparts. However,
comparing to WO, sample, W/WO, sample exhibits a relatively weak
W-0O coordination but significantly increased intensity of W-W scat-
tering path, implying the introduction of W NPs probably breaks the
homogeneity of local W-O coordination structure, and further enhance
the metallic property of WO, matrix. Wavelet transform (WT)-EXAFS
with high-resolution in both k and R spaces can be used to visually
examine the atomic configuration of W atoms. In line with the FT-
EXAFS analysis, the WT-EXAFS contour plot of W/WO, sample shows
an increased intensity of W-W scattering path centered at about
k=14.3A" relative to that of WO, sample, further suggesting the

increased metallic feature. Moreover, W/WO, sample exhibits intensity
maximum at k=5.6 A for W-O coordination, which is definitely dif-
ferent from WO, sample (k= 6.3 A™), suggesting the local W-O bond-
ing configuration of WO, matrix has been altered due to the
introduction of W NPs. Finally, the electronic structures of three
tungsten-based materials were also examined by the electron locali-
zation function (ELF) calculations. Unlike the uniform electronic
structures of W and WO, counterparts, W/WO, model exhibits dis-
tinctly modified electronic structures at the interface, where the
coexistence of electron localized (O atoms in WO,) and delocalized
(W° atoms in W metal) states can afford W/WO, heterostructure with
synergistic effort for kinetically fast water dissociation and hydrogen
desorption steps in alkaline HER process.

Evaluation of alkaline HER electrocatalysis using W/WO,
catalyst

The HER performance of free-standing W/WO, solid-acid catalyst was
evaluated in 1.0M KOH electrolyte using a typical three-electrode
setup, where bare carbon coated Ni foam (C@Ni), W NPs, WO,, and
PtRu/C catalysts were also measured under the same conditions for
comparison. As shown in Fig. 3a, bare C@Ni sample exhibits a negli-
gible alkaline HER activity, although W and WO, catalysts exhibit
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Fig. 3 | The evaluation of HER performance of W/WO, solid-acid catalyst in
1.0 M KOH electrolyte (pH =14, Rs = ~4.0 Q, mass loading = 3.2 mg/cm?).

a polarization (LSV) curves of C@Ni (wine red), W (light blue), WO, (deep blue),
W + WO, (green), W/WO, (red) and commercial PtRu@C (black) catalysts. b TOF
plots of W, WO,, and W/WO, catalysts at overpotentials of 0 - 0.4 V. ¢ Comparison
of overpotentials (10 mA/cm?) and Tafel slopes of W/WO, solid-acid catalyst and
previously reported excellent transition-metal-oxide based HER catalysts in alkaline
electrolyte. d Tafel plots of C@Ni (wine red), W (light blue), WO, (deep blue),
W+ WO, (green), W/WO, (red) and commercial PtRu@C (black) catalysts. e The

determination of Cy, by plotting the current density variation (Aj) against the scan
rates (10-100 mV s™). f Nyquist plots (the inset shows the equivalent circuit for the
simulation) and g the corresponding Bode phase plots of W/WO, solid-acid catalyst
with the increase of applied overpotentials at O (black), -10 (red), 20 (deep blue),
-30 (green), 40 (purple), =50 (light purple), and -60 (orange) mV. h LSV curves of
W/WO, solid-acid catalyst before (deep blue) and after (red) 1000 CVs.

i Chronopotentiometry measurements of W/WO, solid-acid catalyst at current
densities of —10 (black), -50 (blue), and 200 (red) mA/cm?, and the red dashed
circle indicates the extraction of electrolyte for ICP detection.

enhanced alkaline HER activities with decreased overpotentials at
-10 mA/cm? (W: 130 = -183 mV; WO5: ;0 = —106 mV), their activities are
still inferior to other W-/Mo-based catalysts and conventional 3d-metal
(Fe, Co, Ni) oxides reported to date (Fig. 3c and Supplementary
Table 1). Encouragingly, the as-obtained W/WO, solid-acid catalyst
displays a superior alkaline HER activity with value of n;9 as low as
-35mV, excelling all previously reported tungsten oxide catalysts and
most state-of-the-art non-noble oxide catalysts (Fig. 3c and Supple-
mentary Table 1), and even being comparable to commercial PtRu/C
(=11 mV). In addition, the alkaline HER activity of the physical mixture
of W and WO, (W +WO,) was also examined under the same condi-
tions, where the values of n;0 and Tafel slope are determined to be
-153 mV and -135 mV/dec, respectively, and the markedly improved
Tafel slope may be attributed to the synergistic effect of WO, and W
components for water dissociation and hydrogen desorption steps in
alkaline HER process. However, the alkaline HER activity of W + WO, is
still inferior to W/WO, catalyst, suggesting the W/WO, interfaces
constructed by chemical bonds can improve the alkaline HER activity
intrinsically. The turnover frequency (TOF) plot of W/WO, solid-acid

catalyst has been calculated at overpotentials of 0~-0.4V (Fig. 3b,
calculated detail seen in method section), where W/WO, solid-acid
catalyst exhibits a high TOF value of 0.013 s at overpotential of -100
mV, nearly 4.6- and 15.1-fold higher than WO, and W counterparts,
demonstrating the high intrinsic activity of W/WO, solid-acid catalyst.
Further, the accelerated reaction kinetics of alkaline HER process on
W/WO, solid-acid catalyst was revealed by Tafel slope. W/WO, solid-
acid catalyst exhibits a sharply decreased Tafel slope (-34 mV/dec)
relative to those of W (=170 mV/dec) and WO, (-190 mV/dec) coun-
terparts (Fig. 3d), even being comparable to the value of commercial
PtRu/C catalyst (-27 mV/dec). This result indicates the high energy
barrier of additional water dissociation has been substantially wea-
kened, and the concomitant hydrogen production follows the fastest
kinetics of Tafel pathway due to the coverage of rich protons on W/
WO, catalyst surface. Moreover, the HER performance of W, WO,, and
W/WO, powders were also examined using the rotating disk electrode
technique in 1M KOH electrolyte (Supplementary Fig. 9). As can be
seen, W/WO, catalyst still exhibits a remarkable alkaline HER activity
with a low overpotential (-60 mV) at -10 mA/cm? and a small Tafel
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slope (-54 mV/dec), which are more excellent than those of W and
WO, counterparts, and still excelling most previously reported metal
oxides (Fig. 3¢).

In order to better understand the proton coverage on W/WO,
catalyst surface, double-layer capacitance (C) and electrochemical
impedance spectroscopy (EIS) of W/WO, catalyst were examined, with
W and WO, counterparts as references. The larger value of C usually
implies the higher electrochemical surface area (ECSA) for alkaline
HER process. The C4 value of catalyst can be extracted from the cyclic
voltammetry (CV) curves with different scan rates at non-Faradaic
voltage windows (Supplementary Fig. 10). The Cy value of W/WO,
catalyst is determined to be up to 87.5 mF/cm?, nearly 3.7- and 2.1-fold
enhancement than those of W and WO, counterparts, respectively
(Fig. 3e), suggesting the construction of W/WO, metallic hetero-
structure can provide rich active sites for the adsorption of H,O
reactants and reaction intermediates in alkaline HER process®. The
electrochemical impedance spectroscopy (EIS) measurements were
then performed to track the accumulation of protons deriving from
the activation of H,O reactants on W/WO, catalyst surface®. All
Nyquist plots of W/WO, samples were simulated by a double-parallel
equivalent circuit model in accordance with previous reports®,
where R; represents the uncompensated solution resistance (R;), the
first parallel components (constant phase element (CPE) and R,)
indicate the charge transfer resistance caused by the adsorption and
activation of water molecules at low frequencies®®*?, and the second
parallel ones of R, and C,, are attributed to the hydrogen adsorption
resistance and pseudo-capacitance at high frequencies, respectively
(Fig. 3f and Supplementary Table 2). As expected, all electrochemically
treated W/WO, samples exhibit the similar R; value (-4.0 Q), and the
small values of R, for all W/WO, catalysts suggest the fast charge
transfer kinetics between catalyst surface and H,O molecules. In par-
ticular, R, decreases to 4.4 Q sharply with a negligible water diffusion
resistance at applied overpotential of -20 mV, indicating the adsorp-
tion and activation of water molecules on the W/WO, catalyst surface
can be achieved under low overpotentials. Further, we also notice that
Rsand C,, are largely overpotential-dependent, where W/WO, catalysts
exhibit significantly decreased R; with increased C,, when increasing
the applied overpotentials, in particular, the value of R3 can be as low
as approximately 1.8 Q, while C, is up to 0.017 F at an overpotential of
-30 mV, suggesting the hydrogen adsorption resistance is very small,
and the pseudo-capacitance of proton coverage is very large on W/
WO, catalyst surface under low overpotentials. In contrast, both W and
WO, counterparts show a sluggish alkaline HER kinetics with large
values of R, and high negative phase angles on the Nyquist and Bode
plots, respectively (Supplementary Fig. 11), suggesting a sluggish HER
kinetics in an alkaline environment.

Besides of high electrocatalytic activity, catalyst durability is
another significant concern for practical application. In order to
evaluate the durability of the W/WO, solid-acid catalyst, the as-
obtained catalyst was firstly performed by 1000 cyclic voltammo-
grams (CVs) in the voltage window from O to —0.2V (versus RHE)
with a scan rate of 100 mV/s. As can be seen, the HER polarization
curve of W/WO, almost overlaps with the original one after 1000
potential cycles (Fig. 3h), suggesting the stable proton-coupled
electron redox activity of W/WO, solid-acid catalyst in alkaline
electrolyte. A prolonged chronopotentiometry measurement was
further applied to evaluate the long-term durability of the catalysts at
current densities of 10, 50 mA/cm?. It can be seen that the superior
alkaline HER activity is well retained on W/WO, solid-acid catalyst
after continuous hydrogen production for more than 50 h. The
relatively good stability of W/WO, solid-acid catalyst in alkaline
electrolyte is also confirmed by the inductively coupled plasma-
optical emission spectroscopy (ICP-OES). After long-term hydrogen
production, the initial electrolyte, used electrolyte, and refreshed
electrolyte (indicated by red dashed circle) shows no significant

increase in the concentrations of dissolved W species with values of
7.5x107, 9.8 x107%, and 6.3 107 mol/L, respectively. In particular,
the rather low concentration (6.3 x 107 mol/L) of dissolved W species
in the refreshed electrolyte directly suggests the structural robust-
ness of W/WO, catalyst after long-term hydrogen production in
alkaline electrolyte. In addition, we also evaluate the stability of W/
WO, catalyzing alkaline HER process at a current density of
-200 mA/cm? (the lower limit for industrial water electrolysis). No
significant activity loss can be observed on W/WO, catalysts after
long-term hydrogen production, suggesting the good catalytic sta-
bility at industrial current density. For the characterization of used
catalyst, a rough catalyst surface with rich defects is observed on the
used W/WO, solid-acid catalyst (Supplementary Fig. 12), suggesting
the insertion of hydrogen may alter the local chemical structure of
W/WO, solid-acid catalyst. Meanwhile, the enhanced signal of oxy-
gen vacancies detected by ESR and O K-edge NEXAFS demonstrates
that the proton-coupled electron reaction of HER process might have
caused a slight reduction of underlying WO, matrix (Supplementary
Fig. 13). Therefore, based on the comprehensive evaluations of
alkaline HER activity and stability on W/WO, materials, the sig-
nificantly improved structural robustness of our well designed W/
WO, composites in high-pH solutions can be attributed to the fol-
lowing two reasons: (i) W/WO, heterostructures have intrinsically
good oxidation resistance with co-existence of metal and oxide fea-
tures and the protection of surface carbon layers'>**%*!, meanwhile,
the strong chemical and electronic interactions of W and WO,
components within W/WO, may further improve the structural
robustness in alkaline solutions*>*%; (ii) unlike the naturally alkaline
leaching under circuit potential condition, the negative potentials at
cathode can provide rich electrons to avoid the oxidation and dis-
solution of low-valence tungsten species during alkaline HER
process.

Multiple spectroscopy characterizations discovering electro-
catalytic mechanism

Comprehensive characterizations were performed to gain insight into
the origin of significantly enhanced alkaline HER activity on W/WO,
metallic heterostructure. Firstly, the deuterated-effect-induced infer-
ior alkaline HER activity suggests that the fast HER kinetics of water
dissociation has been lowered on W/WO, catalyst surface because of
the larger zero-point energy of OD* relative to the OH* intermediates
(difference of -1400 cal) (Supplementary Fig. 14a)**. Besides, we also
observe that the deuterated effect has more negative influence on the
Tafel slope of W/WO, catalyst relative to W and WO, counterparts
(Supplementary Fig. 14b), because the sluggish kinetics of water dis-
sociation hampers the proton coverage on W/WO, catalyst surface,
which severely lowers subsequent hydrogen desorption kinetics. Sec-
ondly, near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) measurement was performed to investigate the adsorption and
cleavage of H,O molecules on W, WO,, and W/WO, catalyst surface
under a water pressure of 0.1 mbar (Fig. 4a), with the core-level XPS
spectroscopy recorded under an ultrahigh vacuum (UHV) condition as
a reference®. For the referenced O 1s XPS profile of W/WO, sample
under an UHV condition. It exhibits two peaks at 530.3 and 531.3 eV
after deconvolution (Fig. 4b), corresponding to the lattice oxygen (W-
0) species and oxygen vacancies (O,), respectively®. After introducing
0.1 mbar H,O molecules (Supplementary Fig. 15), W/WO, metallic
heterostructure exhibits a vanished O, signal but significantly
enhanced concentrations of W-OH (532.3 eV) and H,O (533.3 eV) spe-
cies at higher binding energies (Supplementary Table 3), indicating O,
have served as the adsorption sites of H,O molecules, and the cleavage
of H-OH bonds is easily proceeded on W/WO, catalyst surface. Also,
such an accelerated water dissociation kinetics of W/WO, catalyst has
been confirmed by the obvious decrease of low-valence tungsten
species in the corresponding W 4.f core-level XPS spectra (Fig. 4c). In
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Fig. 4 | Multiple high-resolution spectroscopy characterizations tracing the
coverage and chemical state of protons on W/WO, solid-acid catalyst.

a Schematic illustration of the in situ NAP-XPS measurement under 0.1 mbar H,O
atmosphere. b O I sand ¢ W 4 fXPS spectra of W/WO, recorded under UHV and 0.1
mbar H,O conditions, respectively. d TOF-SIMS profiles of W/WO, reference (black)
and electrochemically treated sample (red), and the inset shows the enlarged sig-
nals ranging from 18.9 to 19.1, where the fluorine (F, m/z=19.00) signal may be
originated from the inevitable contamination of fluorine-containing sealing ring in
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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. e 2D distribution
images of H30" species on W/WO, only soaked in alkaline electrolyte and f W/WO,
after alkaline HER process. g REELS spectra, h 'H MAS NMR, and i Py-IR spectra of
W/WO, catalysts after electrochemical treatments by the gradually increased
overpotentials, where soaked, 0, -10, -20, and -30 mV are represented by deep blue,
pink, orange, light blue, and red colors, and the black color stands for commercial
H,WO, sample.

contrast, W and WO, counterparts display inferior activities of water
dissociation kinetics (Supplementary Fig. 16 and Supplementary
Table 3), in particular, only an extremely weak W-OH signal is observed
on W catalyst surface after exposure in 0.1 mbar H,O atmosphere,
because W° (W) sites with more filled d orbitals have weaker electro-
static affinity to electron-rich H,O molecules than W* (WO,) atoms*®.

Finally, with the clear elucidation of proton production on W/WO,
catalyst surface in water dissociation step, the coverage and chemical
environment of produced protons determine the activity of sub-
sequent hydrogen generation on W/WO, solid-acid catalyst surface®.
Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) is very
sensitive to the examine the hydrogen species after alkaline HER
process. In order to eliminate the interference of adsorbed H,O
molecules and OH anions (electrolyte), W/WO, sample only soaked in
KOH electrolyte was selected as a reference. We can observe that the
electrochemically treated W/WO, catalyst exhibits markedly increased
signals of hydrogen-containing intermediates, i. e., OH, H,0, H30", in

particular, the sharply increased H;O" signal directly suggests the
formation of proton-concentrated catalyst surface” (Fig. 4d). In order
to visually display the distribution of H30" on the electrochemically
treated W/WO, catalyst surface, two-dimensional (2D) image analysis
of the soaked and electrochemically treated W/WO, samples are also
provided in Fig. 4e, f. Obviously, one could notice that the con-
centration of H30" species on the electrochemically treated W/WO,
catalyst is much higher than that of the only soaked counterpart,
indicating the achievement of proton-concentrated catalyst surface on
W/WO, solid-acid catalyst. Multiple spectroscopy characterizations
were further performed to analyze the property of the produced
protons on the used W/WO, catalyst surface treated by increased
applied overpotentials (y=0, -10, 20, -30 mV), with W/WO, sample
only soaked in KOH electrolyte and commercial tungstic acid (H,WOy,)
as the references. The reflection electron energy loss spectroscopy
(REELS) can break the limitation of conventional XPS technique for the
detection of H element. As shown in Fig. 4g, the REELS plot of W/WO,
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soaked sample only exhibits a predominantly elastic peak, while an
obvious H signal neighboring to elastic peak is observed on commer-
cial H,WO, sample*’*°, indicating the hydrogen concentration of W/
WO, soaked sample is lower than the detecting limitation (molar ratio:
~20%) of REELS technique. As expected, all electrochemically treated
W/WO, catalysts exhibited gradually enhanced H signals when
increasing the applied overpotentials (0 to -30 mV), indicating a
proton-concentrated surface could be constructed on W/WO, metallic
heterostructure under an ultra-low overpotential, which is in good
consistency with the analysis of EIS measurement. Note that the major
contributor of detected H signal should be attributed to W/WO, spe-
cies rather than underlying carbon matrix, as evidenced by the REELS
measurements of bare carbon materials after treatments under
increased overpotentials (Supplementary Fig. 17). Solid-state 'H magic-
angle-spinning nuclear magnetic resonance (*H MAS NMR) spectra
exhibits two broad bands at approximately -1.3 and 3.4 ppm on soaked
W/WO, sample (Fig. 4h), in which the peak at lower chemical shift can
be attributed to the mixture of terminated hydroxyl (W-OH and/or
C-OHr) species on WO, and carbon matrix, while the higher one ori-
ginates from the lattice hydroxyl (W-OH,) species in WO, matrix.
Similar to REELS characterization, all electrochemically treated W/WO,
samples exhibit significant increased signals of W-OHt and W-OH,_
species under increasing overpotentials, indicating the increased
coverage of protons over W/WO, catalyst surface. Meanwhile, we also
notice that the proportion of W-OH/W-OH, decreases with the
increase of applied potentials, which may be attributed to the con-
tinuously increased coverage of produced protons. The increasing
negative potentials can result in more water molecules being adsorbed
on W/WO, catalyst surface, and the water molecules rapidly react with
electrons for the cleavage of H-OH bonds, then the produced H*
intermediates insert into the lattice of tungsten oxides (W-OH) for
constructing proton-concentrated catalyst surface with electronic and
chemical environments approaching to those of H,WO, materials.
While the terminated electron-rich hydroxyl species, such as the pro-
duced OH* intermediates and chemically/physically adsorbed OH
molecules (W-OHr) cannot follow the increasing tendency because of
the enhanced Coulomb effect at cathode. In addition, '"H MAS NMR
profiles collected at overpotentials of -10, —20, and -30 mV become
extremely similar to that of commercial H,WO, reference (Supple-
mentary Fig. 18), demonstrating the chemical environment of protons

on W/WO, catalyst surface is approaching to commercial H,WO,
reference. All Py-IR spectroscopy of electrochemically treated samples
exhibit typical adsorption peaks in the wavenumber range of
1400 ~ 1650 cm™, where peaks at 1450, 1577, and 1613 cm™ are ascribed
to the chemisorption of pyridine at surface Lewis acid sites (L), while
peaks at 1540 and 1638 cm™ indicate the presence of Brgnsted acid
sites (B), and the signal at 1494 cm™ contains contribution of Lewis acid
and Brgnsted acid sites (Fig. 4i and Supplementary Fig. 19). Impress-
ively, the electrochemically treated W/WO, catalysts also exhibited
enhanced concentrations of Brgnsted acid sites with the increase of
applied overpotentials (Supplementary Table 4), indicating the pro-
duced protons of water dissociation mainly serve as Brgnsted acids
with reversible behaviors of hydrogen adsorption and desorption on
W/WO, solid-acid catalyst surface**”.

DFT calculations

Such a significant enhancement of alkaline HER activity of W/WO,
solid-acid catalyst was also elucidated by first-principle density func-
tional theory (DFT) calculations, with simulations of W and WO,
models as references (Fig. 5a, Supplementary Fig. 20). Specifically,
more detailed front, side and top structures of W/WO, interface were
also calculated in Supplementary Fig. 21. WO, (-0.33 eV) and W/WO,
(-0.32 eV) materials exhibit more negative adsorption energies of H,O
molecules than that of W sample (-0.14 eV) (Fig. 5b), which suggests
the WO, and W/WO, catalyst surfaces are beneficial for the adsorption
and activation of H,O reactants®**". As expected, W exhibits a sluggish
kinetics of prior water dissociation step with energy barrier (AGy,0) up
to 0.84 eV, while the activation energy barrier of H,O molecules can be
sharply reduced to 0.06 eV on WO, model (Fig. 5b), indicating oxygen-
vacancy-rich WO, is generally effective for the cleavage of H-OH
bonds. Encouragingly, the energy barrier of water dissociation is fur-
ther decreased to 0.02 eV on W/WO, catalyst surface (Supplementary
Table 5), excelling most previously reported noble metal alloy
catalysts®>*>, With an ultra-low energy barrier of water dissociation
benefiting the formation of available protons on W/WO, catalyst sur-
face, the following proton detachment will determine the reaction rate
of alkaline HER process, where hydrogen adsorption free energy (AGy)
of H* intermediates is a good descriptor to evaluate the HER activity,
and the optimum AGy, is usually around thermoneutral value (0)*. In
contrast to the calculations of water dissociation, W catalyst exhibits a
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Fig. 5 | DFT calculations of alkaline HER activities on W, W0O,, and W/WO,
models. a Schematic pathway for alkaline HER process on W/WO, interface, where
H,0 molecule undergoes water adsorption, activated H,O adsorption, produced
OH and H adsorption in alkaline HER process. The corresponding calculated free
energy diagrams for b water adsorption and dissociation, and ¢ hydrogen

desorption steps on W/WO, interface, W (110) and WO, (01-1) facets, respectively.
d H desorption (white) models and e the corresponding calculated free energies
tuned by continuously increased neighboring Brgnsted acid sites (pink). Panel

a and d are created by VESTA software™.
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Fig. 6 | Schematic illustration of the dynamic proton-concentrated catalyst
surface. The cleavage of water reactants is proceeded on WO, surface for the
generation of protons (light blue surface), where the aggressive OH' species can be
rapidly repulsed from the electron-rich catalyst surface (orange layer), while the
highly active protons prefer to transfer to the interface of WO, (light blue) and W
(deep blue) components for the proton recombination and release of hydro-

gen gas.

lower hydrogen adsorption energy (—0.51 eV) than that of WO, catalyst
(-1.24 eV) (Fig. 5c), implying zero-valence W sites are more beneficial
for hydrogen desorption. Accordingly, the calculated AGy (-0.41eV)
decreases sharply when coupling W and WO, components as hetero-
structures (Fig. 5c), indicative of significantly improved hydrogen
desorption kinetics on W/WO, catalyst surface. Encouragingly, we
observe that the AGy value (-0.27 eV) of W/WO, is extremely closer to
thermoneutral value (0) after the W/WO, interface inserted by H*
atoms (W/H,WO,) (Fig. 5d, e), indicating the neighboring Brgnsted
acid site can further improve the hydrogen desorption kinetics on W/
WO, catalyst surface. Moreover, the hydrogen desorption activities of
W/WO, interface can be further tuned by the amounts of neighboring
Brgnsted acid site (Fig. 5e), demonstrating the coverage of Brgnsted
acids also plays a vital role in the hydrogen desorption step, which
agrees well with aforementioned experimental characterizations
(Figs. 3a, e, f and 44, e, f).

Based on above comprehensive characterizations in solid
experimental evidences and theoretical simulations, a well-defined
dynamic proton-concentrated surface is constructed on W/WO, solid-
acid catalyst, where the dynamic feature of proton-concentrated sur-
face facilitates the proton transfer for the cycling of active sites on
catalyst surface (Fig. 6). First, the oxygen-vacancy-rich WO, compo-
nent mainly serves as highly active Lewis acid sites for the adsorption
and cleavage of H,O molecules (proton generation). Second, protons
can be enriched on W/WO, catalyst surface under ultra-low over-
potentials due to the strong hydrogen storage ability of HxWOy
intermediates (Brgnsted acid sites, proton storage). Finally, the
appealing electronic interaction between zero-valence W atoms and
protons accelerates the deprotonation kinetics of Brgnsted acids for
the cycling of active sites (proton donation and regeneration of
active sites).

Discussion

In summary, a facial pyrolysis-reduction method is used to prepare
free-standing W/WO, solid-acid catalyst on Ni foam. Owing to the in
situ constructed solid-acid catalyst surface with reversible adsorption/
desorption behaviors of protons in alkaline HER process. The well-
designed W/WO, heterostructure catalyzing hydrogen production
follows the kinetically fast Volmer-Tafel pathway with an ultra-low
overptential at —10 mA/cm? and a small Tafel slope (-34 mV/dec), as
well as a long-term electrocatalytic stability (>50 h) in alkaline elec-
trolyte, outperforming all tungsten/molybdenum oxide catalysts and
most of 3d-metal oxides reported to date. Moreover, multiple spec-
troscopy characterizations combined with DFT calculations discover

that the dynamic proton-concentrated surface can be constructed on
W/WO, metallic heterostructure under low overpotentials, enabling
W/WO, catalyzing alkaline hydrogen production to follow kinetically
fast Volmer-Tafel pathway. Our strategy of solid-acid catalyst and uti-
lization of multiple spectroscopy characterizations may provide a
valuable route for designing advanced all-non-noble catalytic system
towards boosting HER performance in alkaline electrolyte.

Methods

Chemicals

Tungsten chloride (WClg 99%, Aladdin, USA), Polyvinylpyrrolidone
(PVP, Macklin, China), polyethylene oxide-co-polypropylene oxide-co-
polyethylene oxide (P13 98%, Adamas Reagent, China), dopamine
hydrochloride (DA 98%, Aladdin, USA), and 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris 98%, Aladdin, USA).

Preparation of W;5049 NWs

In a typical procedure, a mixture of WClg (500 mg) and PVP (20 mg)
precursors was dissolved in absolute ethanol (50 mL), and a homo-
geneous yellow solution was obtained after stirring for 30 min. After-
wards, the obtained solutions were transferred into a 100 mL Teflon-
lined autoclave and heated at 180 °C for 24 h. The resultant blue
W1s049 product was collected after purification and centrifugation.

Preparation of W;g0,9@Ni foam

The Ni foam (2cm x4 cm) was treated by 0.1M HCI solutions, and
washed with absolute ethanol and distilled water before drying at
60 °C. A total of 50 mg W;3049 powder was re-dispersed into 2 mL
ethanol by sonication, and the homogeneous ink was dropped onto
the pre-treated Ni foam (2cmx4cm). In order to better lock the
W1s049 precursor, Ni foam supported W;s0,49 powder was pressed into
a thinner foil structure (Supplementary Fig. 3).

Preparation of W15049@PDA@Ni foam

The fabricated W;3049@Ni foam was immersed into mixture solutions
(250mL) of DA (100 mg), P;3 (160mg), and Tris (40 mg), and
Wis040@PDA@Ni foam was obtained after stirring for 24 h. In addi-
tion, Wig049 powder was also added into the same mixture solutions
containing DA, Py,3, and Tris components with continuous stirring for
24 h. After that, W1g04,9@PDA powder was collected by purification
and centrifugation.

Preparation of W/WO, metallic heterostructure

Both W/WO, powder and free-standing electrode were prepared in
accordance with the following thermal treatment. The desired W/WO,
metallic heterostructure was obtained by pyrolyzing the
Wig040@PDA@Ni foam (W1g049@PDA powder) precursor at 700 °C
under a mixture of Ar/H, (v/v=_8:1) atmosphere for 2 h. For compar-
ison, power and free-standing types of WO, sample were synthesized
at 700 °C under a pure Ar atmosphere for 2 h, while W sample was
collected at high temperature of 750 °C under a mixture of Ar/H, (v/
v=28:1) atmosphere for 2h. The total loading mass of supported
materials (W/WO, and C, 32 mg) can be determined by the mass dif-
ference of bare Ni foam (2 x 4 cm, 250 mg) and Ni foam supported W/
WO, materials (2 x4 cm, 282 mg). The loading mass of tungsten ele-
ment was 3.2mg/cm? in accordance with the ICP-MS analysis (W:
79.1wt%).

Characterization

XRD pattern was recorded on a Bruker AXS D8 Advance X-ray dif-
fractometer with a Cu Ka radiation target (40V, 40A). TEM char-
acterization was performed using an FEI Tecnai G2F20 microscope.
Atomic-level HAADF-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
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probe convergence angle was 80 mrad, and camera length was 115 mm
in the STEM mode. The loading mass of W atoms in W/WO, materials
and the dissolved W species were measured by the ICP-OES measure-
ments (Agilent ICP-OES730). 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. W L;-edge X-ray adsorption spectra including XANES and EXAFS
profiles were collected at BL11B station at the Shanghai Synchrotron
Radiation Facility (SSRF).

For NAP-XPS characterization, in situ NAP-XPS measurements
were conducted on a SPECS NAP-XPS instrument, where the photon
source is the monochromatic X-ray source of Al Ka (1486.6 eV), and the
overall spectra resolution is Ag 3d5/2, <0.5 eV FWHM at 20 kcps@UHV.
The dried sample was transferred to the analysis chamber of XPS, and
then W 4f, C 1s, 0 1sXPS profiles were simultaneously recorded under
the pressure of 1x107° mbar. After introducing water molecules, the
corresponding XPS signals were collected under the water atmosphere
with a pressure of 1x10™ mbar.

For TOF-SIMS characterization, TOF-SIMS measurement was
performed on a TOF-SIMS 5-100 instrument (ION-TOF GmbH) using a
30-keV Bi** as analysis beam for negative and positive polarity mea-
surements. The analysis beam current, raster size, and incident angles
of all beam are 0.7 pA, 50 x 50 pm?, and 45°, respectively.

For REELS characterization, the electrochemically treated mate-
rials were dried, and then transferred to the analysis chamber for
REELS characterization using ESCALAB Xi equipment (Thermo Scien-
tific). In detail, approximately 1000 eV electrons were incident on the
surface of samples, the XPS analyzer would investigate the elastic and
non-elastic scattering, corresponded to the elastic signal and energy
loss peak (H loss). In our measurements, all parameters, such as the
total acquisition time, energy step size, number of energy steps, and
number of scans were set to be 2mins, 0.02eV, 1001, and 4,
respectively.

For NMR characterization, 'H Magic angle spinning nuclear mag-
netic resonance (MAS NMR) spectra was collected on a Bruker AVANCE
NEO 400 MHz Wide Bore spectrometer operating at a magnetic field of
9.40 T. The chemical shifts for 'TH MAS NMR spectra was referenced to
tetramethy (TMS).'H MAS NMR spectra was acquired at a spinning rate
of 15 kHz with a /2 pulse width of 3.5 ps and s recycle of 5s.

For Py-IR characterization, Py-IR measurements were performed
on a Nicolet 380 FT-IR instrument (Thermo Co., USA). The catalyst
sample was pretreated at 353 K for 2 h under a vacuum condition, and
background spectra were recorded in the ranging of 1700-1400 cm™
before adsorbing pyridine molecules. After reaching the adsorption
equilibrium, the catalyst sample was retreated at 353 K for 4 h under a
vacuum condition for the complete remove of physically adsorbed
molecules, and the Py-IR spectra of pyridine chemisorption was
obtained.

Evaluation of HER performance

Electrochemical measurements were conducted on a CHI760E elec-
trochemical station (Shanghai Chenhua Co., China) using a standard
three-electrode system in 1 M KOH electrolyte, where free-standing W/
WO, electrode (0.5cmx1.0cm, area immersed in electrolyte is
0.5cmx 0.5 cm), Ag/AgCl electrode, and a carbon rod were used as
working, reference, and counter electrodes, respectively. For the fab-
rication of free-standing electrode for the physical mixture of W and
WO, powders (tungsten loading mass: 3.2 mg/cm?), W (5 mg) and WO,
(5 mg) were dispersed into in a mixture of 800 uL ethanol, 170 uL
water, and 30 pL nafion, followed by sonication treatment at least
30 min for preparation of the homogeneous catalyst ink. Then, 200 pL
of the mixture catalyst ink was dropped onto the pre-treated Ni and
pressed into a thinner foil for the following electrocatalytic measure-
ment. For the HER measurement of commercial PtRu/C catalyst,
3.2mg of PtRu/C powder was dispersed in a mixture of of 800 pL

ethanol, 170 pL water, and 30 pL Nafion, followed by sonication for at
least 30 min to form a homogeneous catalyst ink. Then, all the catalyst
ink was dropped onto the pre-treated Ni foam and pressed into a
thinner foil for further measurement. For the preparation of W, WO,,
W/WO, catalyst ink, 5 mg of the powder materials is dispersed in the
mixture of 800 pL ethanol, 170 uL water, and 30 uL nafion, followed by
sonication treatment at least 30 min for the preparation of homo-
geneous catalyst ink. Then, 20 pL of the catalyst ink was dropped on
the polished glassy carbon rotating disk electrode for electrocatalytic
measurements at 1600 rpm. All potentials were recorded against the
Ag/AgCl electrode and calibrated with respect to a reversible hydrogen
electrode (RHE) in accordance with the Eq. (1):

Eguie = Eag/aga +1.02V 1)

TOF calculations

The H, conversion efficiencies of W, WO,, and W/WO, can be eval-
uated from the TOF values, which were obtained according to the
following Eq. (2):

TOF(s ™) = zjﬂ 2

where j (A) is the current at a given overpotential, 2 is the number of
electrons consumed to form 1 mol H,, F represents the Faraday con-
stant (96500 C/mol), n (mol) is the number of moles of loaded metals,
which can be evaluated based on the analysis of ICP-OES measure-
ments (W wt%: W (80.8%), WO, (78.7%), W/WO, (79.1%))»

DFT calculations

All computations were performed by applying the plane-wave-
based DFT method as implemented in the Vienna Ab Initio Simula-
tion Package (VASP) and periodic slab models. The projector aug-
mented wave potentials with the Perdew-Burke-Ernzerhof form of
the exchange-correlation functional were employed in all the
simulations with the energy cut-off of 450 eV, and the long-range
van der Waals (vdW) interaction was described with the DFT-D3
method. The k-point meshes were generated using the VASPKIT tool
with the grid separation of 0.04 A™ for the geometry optimizations
and self-consistent field energy calculations, in which the total
energy convergence and interaction force were set to be 10"°eV and
102eV/A, respectively.

Based on the experimental TEM analysis, the structures of W and
WO, substrates were built by cleaving the (110) plane of bulk W and
(01-1) bulk WO,, respectively. A vacuum region of 15 A was set along
the z direction to avoid the interaction between periodic images. Since
the lattice parameters of WO, (01-1) plane were 7.38 A and 5.58A, a
2 x 2 supercell was built as the WO, substrate for constructing the W/
WO, interface. The (110) plane of W with the lattice parameter of 2.70 A
was enlarged to build a 3 x 4 supercell, which was then cleaved (100)
surface to build a W slab whose (110) and (110) surfaces were exposed.
The W/WO, interface was constructed by placing the W slab on the
WO, substrate. The lattice mismatch between W slab (10.8 A) and WO,
substrate (11.2 A) was only about 3%. The structures of constructed W/
WO, interface with front, side, and top images can be observed in
Supplementary Fig. 21.

For evaluating the H,O dissociation energy barrier, the transi-
tional state was located using the Nudged Elastic Band method. The
free energy of adsorbed H (AGy) on surfaces is expressed as Eq. (3):

AGy, = AEy, + AE s — TAS 3)

where AEy is the hydrogen adsorption energy, AEzpg and AS are the
zero point energy difference and the entropy difference between the
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adsorbed state and the gas phase, respectively, and T is the system
temperature (298.15K).

Data availability

Data reported herein have been deposited in the Figshare database,
and are accessible through https://doi.org/10.6084/m9.figshare.
23578770. Source data are provided with this paper.
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