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ABSTRACT

Maximizing the utilization of active metals while maintaining efficient catalytic activity is of great importance for electrocatalytic

alkaline hydrogen evolution reaction. Herein, we report a facile pyrolysis strategy to anchor Ru clusters and adjacent Ru single

atoms on a-MoC,, coated carbon nanospheres (termed as Rucgsy/a-MoC,/C). Theoretical calculations combined with in situ

characterizations reveal that an electron-bridging mechanism whereby Ru single atoms donate electrons to the defective a-MoC,_,,

which subsequently transfers electron to Ru clusters, enabling a cooperative modulation of the electronic structure across different

types of Ru sites. Therefore, the dual excitation of Ru single atoms and a-MoC,_, weakens the binding strength between Ru clusters

and H*, accelerates the desorption of H,. The as-obtained 3%-Ru g5y /@-MoC,,/C sample attains an excellent overpotential of 9 mV

at 10 mA cm~2 along with a mass activity of 20.38 A mg~'y, (-100 mV) and a turnover frequency of 1.71 H, s~! at 25 mV, which

is larger than those of 20% Pt/C. Moreover, Both the anion exchange membrane water electrolysis cells and Zn-H,O batteries

employing 3%-Rucgsy/a-MoC,,/C as the cathode electrocatalyst exhibit exceptional performance.

1 | Introduction

Hydrogen energy, as one of the greenest energy sources with the
greatest potential to replace fossil fuels, is of great significance
for reducing air pollution and mitigating climate change [1-3].
Currently, the electrocatalytic hydrogen evolution reaction (HER)
is considered as the cleanest hydrogen production technology
[4, 5], which can sustainably produce hydrogen (H,) using

© 2025 Wiley-VCH GmbH

green electricity from renewable sources including solar, wind,
and tidal. As a critical industrial method to produce high-
purity hydrogen economically and sustainably, alkaline HER has
emerged as a focal point of extensive scientific investigation.
However, the hydrogen generation efficiency of alkaline HER is
lower than that of acidic HER, mainly because of the additional
Volmer step (H,0 + e~ —» H,q4 +OH), which is considered the
rate-determining step for alkaline HER [6-8]. Despite significant
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advances in noble metal Pt-based catalysts for alkaline HER,
their high cost remains a critical barrier to practical application.
Therefore, it is crucial to develop efficient and inexpensive
catalysts for alkaline HER. Ruthenium (Ru), costing only ~30%
of platinum while exhibiting comparable water binding energy
to Pt, emerges as an ideal substitute for Pt in the HER [9-
11]. To date, while Ru-based electrocatalysts have demonstrated
remarkable advancements in acidic HER, their catalytic activity
in alkaline HER remains critically constrained by sluggish water
dissociation, thereby yielding subpar performance [12, 13]. The
underlying challenge resides in inadequate proton availability,
rooted in sluggish H,O dissociation and robust adsorption of
generated OH* during the Volmer step. These factors syner-
gistically induce catalyst poisoning [14-16]. Hence, the rational
design of efficient Ru-based electrocatalysts for alkaline HER
to rival the performance of acidic HER represents a critical
challenge.

Recently, He et al. revealed that Ru single atoms incorporated
into the nickel-vacancy caused localized structural polarization
of Ru sites, reducing the dissociation energy of water and
improving free energy of hydrogen adsorption. This combination
obtained 54 mV at 10 mA cm™2 for an alkaline HER [17].
Additionally, Hu et al. discovered that the electronic structure
of Ru clusters is size-dependent: 1 nm Ru clusters exhibit
superior H,O dissociation capacity and upward-shifted d-band
centers compared to Ru single atoms, while 3 nm Ru clusters
show enhanced HER activity attributed to optimized hydrogen
adsorption-desorption kinetics [12]. Further insights from Zhang
et al. proposed that electrochemical triggering of Ru cluster
regeneration on LaRuSi; surfaces induces optimized charge
delocalization, thereby facilitating water adsorption-dissociation
at Ru active sites while enhancing electrical conductivity and
electrochemical surface area [18]. These findings jointly reveal
the unique size effect and interface regulation mechanism of
ruthenium-based materials in alkaline HER. In view of this,
we speculate that Ru clusters combined with single atoms may
be more conducive to dissociation of water. Nevertheless, the
problems such as OH* poisoning and the easy tendency of indi-
vidual atoms to agglomerate into larger clusters remain enormous
challenges.

Numerous studies have demonstrated that suitable supports
not only anchor metal atoms/clusters to inhibit agglomeration
but also optimize the electronic structure of supported met-
als through strong metal-support interactions (SMSI) [19-22],
thereby regulating OH* adsorption energy barriers to mitigate
poisoning effects. Metal carbides own exceptional stability, out-
standing conductivity and corrosion resistance. Additionally,
carbon has a lower electronegativity compared to that of O, S,
Se and P elements [6], which helps to optimize the electronic
structure of Ru, allowing more d electrons to be involved in HER.
Notably, a-MoC,, with abundant vacancies exhibits intrinsic
HER activity and demonstrates remarkable potential. Further-
more, theoretical analyses show that a-MoC,, can significantly
accelerate the Volmer step kinetics, thereby enhancing the HER
rate [23, 24]. However, constrained by the synthetic challenges
of a-MoC,,, exploratory research on utilizing it as a support to
anchor Ru single atoms and clusters remains extremely scarce.
This directly results in the synergistic mechanisms between them
yet to be clarified.

Herein, we report a facile pyrolysis strategy enabling the anchor-
ing of Ru clusters and adjacent single atoms onto a-MoC,
supports. Benefiting from the spatial confinement and protective
effects of the carbon framework, a-MoC,, nanocrystals with
an approximate size of 5 nm are tightly encapsulated within
the carbon matrix. The vacancy-rich a-MoC,,, functioning as
a distinctive support, not only stabilizes the Ru single atoms
and clusters (designated as Rucgsy/a-MoC,/C) but also directly
participates in charge redistribution via its abundant defect
sites. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) results demonstrate that
Ru clusters and single atoms are successfully anchored on a-
MoC,,,. Density functional theory (DFT) calculations for the
first time predict an electronic bridging mechanism, wherein
Ru single atoms donate electrons to defective a-MoC,,, which
subsequently transfers electrons to Ru clusters, thereby enabling
the synergistic modulation of the electronic structures of different
types of Ru sites. This complementary mechanism is further
corroborated by XPS and XAFS analyses, which validate the
opposite charge transfer directions between single atoms and
clusters as predicted by DFT. Furthermore, by systematically
varying the ruthenium loading, we determine that 3% constitutes
the optimal composition ratio for the balanced coexistence
of single atoms and clusters. The as-prepared 3%-Rucgsa/a-
MoC,,/C displays an overpotential of 9 mV at 10 mA cm™2,
a mass activity of 20.38 A mg~! Ru, and a TOF of 1.71 s at
25 mV in alkaline solution. These values are significantly greater
than those of 20% Pt/C catalysts. Meanwhile, using 3%-Rucgsa /a-
MoC,.,/C as the cathodic catalyst, the anion exchange membrane
water electrolysis (AEMWE) cells maintained a current density
of 1.0 A cm™2 for 550 h. Additionally, 3%-Rucg/ss/a2-MoC,.,/C is
used to construct Zn-H,O batteries in the 1 M KOH, enabling
continuous operation for electricity generation. The constructed
battery reaches up to 22.50 mW c¢cm~2 and achieves sustainable
discharge at 10 mA cm~2 for 20 h, attributed to the exceptional
alkaline HER performance of 3%-Rucgsp/@-MoC,/C catalysts.
This work not only effectively enhances the catalyst’s catalytic
activity at the atomic level via the reverse capture strategy, but also
opens more opportunities for building efficient AEMWE cells and
Zn-H, O batteries.

2 | Results and Discussion
2.1 | Theoretical Prediction

Previous research shows that a-MoC,, has face-centered cubic
(fce) structure (hexoctahedral (Fm3_m) space group) [25], which
is structurally similar to Pt and Ru metal. Driven by SMSI, Pt
and Ru possess the capability to capture electrons, which is very
beneficial for reduction reactions [26-28]. As a demonstration,
a-MoC,, anchored with Ru single atoms, Ru clusters, and
(both Ru single atoms and clusters) are selected as models.
The performance of HER is preliminarily verified through DFT
calculations. The above corresponding theoretical models, which
provides crucial insights and detailed information, are clearly
shown in (Figures S1-S3). The catalyst models (Figure S4)
with three different spacing distances (5.13, 7.20, and 9.93 A)
correspond to hydrogen adsorption energies of -0.54, -0.37, and
-0.56 eV, respectively. The detailed description is included in
the Supporting Information. According to the above structural
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FIGURE 1 | a-d) The differential charge density of a-MoC_y, Rugs/a-MoCy.,, Rucs/a-MoCy and Rucg/sa/a-MoCy (Isosurface unit is 0.007 eA,
the light blue, gray and orange ball represent the Mo, C and Ru, respectively). e) The intermediate products of the primary reaction steps. f) Reaction
energy profiles of the complete HER reaction on the a-MoC, y, Rugs /a-MoCy and Rucg/sa/a-MoC/C models. g and h) The ICOHP values of Rug, /a-
MoCy 4 and Rucg/sa/a-MoCyp. i,j) The d-band PDOS of Rugy /a-MoCy 4 and Rucg/sa/a-MoC/C. k) The d-band centers of the a-MoC, .y, Rugs /a-MoCy ¢

and Rucg/sa/a-MoC/C.

analysis, the charge density difference resulting from the metal-
support interaction was obtained. The observation of the electron
distribution is depicted in Figure la-d. It clearly shows the
significant distribution of the electron cloud at the interface. The
purple electron cloud indicates the dissipation of electrons, while
the yellow electron cloud means the accumulation of electrons.
The pure a-MoC,, model is shown in Figure la. It is worth
noting that Ru single atoms are in a state of losing electrons (0.21
e”) on a-MoC,, which is displayed in Figure 1b. Moreover, Ru
clusters obtain a total of 0.72 e~ based on the a-MoC,, substrate

(Figure 1c). Ru single atoms and clusters are co-embedded in the
a-MoC,, model to investigate the charge transfer and distribution
among the three components. It can be found that Ru clusters
gain 0.78 e~ from the Ru single atom and a-MoC,, substrate,
which is 0.06 e~ more than the charge gain (0.72 e™) of pure Ru
clusters anchored on a-MoC, . The detailed situation of electron
transfer for Ru single atom, Ru cluster and a-MoC,, is displayed
in Figure 1d. Based on comprehensive analysis, we can infer
that the synergistic anchoring effect of Ru single atoms and
clusters on a-MoC,, leads to a-MoC,, extracting approximately
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0.22 e~ from Ru single atoms, inducing the reconstruction of the
surface electronic structure. This in turn enhances the ability
of Ru clusters to acquire electrons from a-MoC,,, ultimately
contributing to a more electron-enriched state on the surface of
Ru clusters. Therefore, it is highly beneficial for the HER process.
To gain a deeper insight into HER kinetics, the intermediate
products of the primary reaction steps (Figure 1e) were calculated
[29]. As presented in Figure 1f, the energy barrier of the Volmer
reaction (H,0*+e”—»H*+OH") for Rucg/sy/a-MoC,,/C (Rucg) is
0.25 eV, which is lower than Rug, /a-MoC,./C (Rug,, 0.50 eV) and
a-MoC,,/C (Mo, 0.61 eV), implying Rucg/sp/@-MoC,,./C (Rucs)
has a stronger ability for water dissociation and the formation
of H* on Ru clusters [30]. The Ab initio molecular dynamics
(AIMD) theoretical simulation and detailed analysis are displayed
in Figure S5. Besides, the H desorption energy barrier (0.06 eV) of
Rugcgsa/a-MoC,/C (Rug) is lower than that of Rug, /a-MoC,/C
(Rugy, 0.15 eV) and a-MoC,, (Mo, 0.52 eV), suggesting that
Ru clusters accelerate the rate-determining step (Tafel reaction)
under the dual action of Ru single atoms and the a-MoC,,
substrate in alkaline conditions. The performance of AG.qyy for
Rugcgsa/a-MoCy,./C (Rugg) is superior to that of Rug, /a-MoC,./C
(Rugy) and a-MoC,,,/C (Mo), revealing the greater H* and OH*
desorption ability. The results of the limiting potential (Figure S6)
indicate that the Ru clusters have the lowest limiting potential
(0.62 eV) compared to Rug,/a-MoC,,/C (Rug,, 0.99 eV) and a-
MoC,,/C (Mo, 1.22 eV). This means that the Ru clusters are more
likely to undergo a HER catalytic reaction. At the catalyst sites,
the obtained Eads(H,Ox) values are shown in Figure S7, which
are -1.09 eV for a-MoC,_, -0.99 eV for Rug, /a-MoC,, and -0.90 eV
for Rucgsp/a-MoC, . All three values are negative, indicating that
water is spontaneously adsorbed on these active sites. The order
of adsorption strength is a-MoC,, > Rug,/a-MoC,, > Rucgsp/a-
MoC,,. Moderate water adsorption is conducive to initiating the
interfacial Volmer step, while preventing active site blockage
caused by excessively strong adsorption. To further comprehend
the influence of Ru single atoms and clusters, crystal orbital
Hamilton population (COHP) analysis was executed to study the
bonding strength between active sites and the H* intermediate
[31]. Therefore, we can make a reasonable inference that the weak
binding between such active sites and adsorbed intermediates
is caused by the change in the electron distribution state of
the catalyst. As shown in Figure 1g,h and Figure S8, the order
of ICOHP values is a-MoC,, (-1.51) < Rug,/a-MoC,, (-1.03) <
Rugcgsa/a-MoCy, (-0.08). According to the ICOHP theory, a less
negative ICOHP value indicates weaker bonding strength. Thus,
Rugcssa/a-MoCy, exhibits the weakest bonding strength. Due to
the weak interaction between MoC-Ru and the H* intermediate,
the formation of H, at the cluster site is very beneficial. Therefore,
projected density of states (PDOS) analysis was also conducted
to clarify the electronic distribution characteristics of the active
centers. As shown in Figure 1i,j and Figure S9, compared with
Rug,/a-MoC,, and a-MoC,, the d-band center of the active sites
in Rucgsa/a-MoC, is farther from the Fermi level (E;). The
d-band variation diagram is clearly shown in Figure 1k. This
electronic distribution phenomenon indicates that the adsorption
strength of reaction intermediates can be optimized by adjusting
the electronic distribution state of the catalyst’s d-band center.
In addition, the comparison of Gibbs free energy for H* adsorp-
tion and COHP among Rucgsp/a-MoC,,, Rugy/a-MoC,,, and
a-MoC,, strongly confirms this point [32]. Consequently, this
weakens the adsorption of H* and significantly promotes the Tafel

process in the hydrogen evolution process. The theoretical results
show that the synergistic effect of co-embedding Ru clusters and
Ru single atoms with a-MoC,,, can enhance Ru cluster HER
activity.

2.2 | Preparation and Characterizations of
X%-Rucg/sa/a-MoCy,/C Samples

The preparation steps of Rucgisa/a-MoC,,/C samples were
schematically illustrated in Figure 2a. Briefly, dopamine and
ammonium molybdate were complexed to form the Mo-precursor
in a water-alcohol mixed solution in the presence of ammonia,
and a-MoC,,/C was formed via high-temperature calcination.
a-MoC,/Cwasused as a carrier to capture ruthenium by impreg-
nation, followed by thermal reduction in 10% H,/Ar to form the
x%-Rucgsa/a-MoC,,./C (x% represents Ru content). The X-ray
diffraction (XRD) patterns (Figure 2b) of x%-Rucgss/a-MoC,./C
and a-MoC,,,/C demonstrate all the diffraction peaks. The Ru
content was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis, as shown in Table
S1. What is noteworthy is that the characteristic peak centered
at 24.81° is generated by the (002) crystal plane of the carbon
substrate. A series of diffraction peaks from a-MoC,,, occurred
at 36.41°, 42.29°, 61.35°, and 73.49°, and perfectly match the (111),
(200), (220), and (311) facets, respectively. Therefore, the given a-
MoC,, is cubic structure with JCPDS 89-2868 [33]. As can be seen,
the X-ray diffraction (XRD) pattern of 3%-Rucgsp/a@-MoC,./C
is similar to that of crystal structure of the pure a-MoC,,/C,
signifying that the atomic Ru was well incorporated into the a-
MoC,, crystal lattice and has a very good match with its lattice
[34]. As described in Figures S10-S13, the holistic morphology of
the synthesized x%-Rucgsp/a-MoC,/C from scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
displays a hierarchical spherical solid structure, which is almost
in agreement with that of the pure a-MoC,,/C (Figure S14). To
characterize the microstructure of the as-synthesized samples,
the TEM and SEM were employed for morphological analysis.
Significantly, the tiny a-MoC,, nanocrystals (around 5 nm)
were wrapped and encapsulated in the carbon matrix, which
are displayed in (Figure 2c,d). a-MoC,, nanocrystals are desig-
nated by the pink circles; the blue range represents the carbon
layer, which is displayed in (Figure S15). Subsequently, HAADF-
STEM was applied to characterize a-MoC,, nanocrystals. As
depicted in Figure S16, the analysis resolved two distinct sets
of continuous lattice fringes with interplanar spacings of 2.03
and 2.34 A-assignable to the (111) and (200) planes of a-MoC,,,
respectively, forming a 54.71° plane angle. Furthermore, 3%-
Rucg/sa/a-MoC,,/C was also characterized at the atomic scale
using HAADF-STEM (Figure 2e), which exhibits two distinct
HAADF signal intensities—a phenomenon inherently linked to
atomic mass contrast, where Ru atoms appear brighter than Mo
atoms due to their higher atomic number. Therefore, Ru species
are easily identified in 3%-Rucgga/a-MoC,,/C (Ru clusters are
specified by the green circles; Ru single atoms are identified by
the yellow circles). The selected (1) white areas for 3%-Rucgsa/a-
MoC,,/C are enlarged in equal proportion, which is exhibited in
Figure 2f. It is evident that Ru clusters and Ru single atoms on
a-MoC,, lattice. The elemental mapping (Figure 2h-k) from the
selected region (Figure 2g) emerges the uniform distribution of
Ru, Mo, C atoms, which can strongly confirm the Ru clusters
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FIGURE 2 | a)Schematic diagram for the synthesis of 3%-Rucs/sa/a-MoCy.,/C. (pink, blue, and green ball corresponding to the C, Mo and Ru
elements, respectively). b) XRD of x%-Rucg/sa/a-MoC,/C. ¢, d) TEM and HAADF-STEM images of the a-MoC,,/C at different scales. e,f) HAADF-
STEM images of the 3%-Rucg;sa/a-MoCy/C at different scales. g) The selected electron diffraction range image. h—j) The elemental mapping images of

3%-Rucg/sa/a-MoCy/C and k) the overlap elemental image of C, Ru and Mo.

and single atoms loaded on the surface of a-MoC,,, and dis-
close the feasibility of Rucgsy/a-MoC,,/C synthesis method. For
comparison, 1%-Rug,/a-MoC,,/C, 2%-Rucgsa/a-MoC,,/C and
4%-Rucg/sp/a-MoC,,/C are also shown in (Figures S17-S19).

2.3 | Electrocatalytic Performance Measurements

The HER performance of 3%-Rucgsa/a-MoC,,,/C and that of
series contrast samples were conducted using a three-electrode
electrochemical cell with linear sweep voltammetry (LSV) in
1 M KOH solution. The a-MoC,,/C-n (n represents C con-
tent) series samples for the correlation test are displayed in
(Figures S20-S22). The best proportion among the a-MoC,,C-
n series samples is selected and named a-MoC,_,/C. Meanwhile,
as illustrated in Figure 3a, the LSV curves indicate that 3%-
Rucgsa/a-MoCy,/C exhibits overpotentials of 9 mV (10 mA cm™2)

and 58 mV (100 mA cm™2), respectively. As expected, this result
is better than other given samples {(2%-Rucg/sp/a-MoC,/C is
36 mV and 103 mV), (4%-Rucg/sp/a-MoC,,/C is 16 mV and 86),
(Ru/C is 78 mV and 176 mV) and Pt/C is 40 and 136 mV)}
under the same condition. The above values are presented in
Figure 3b. Meanwhile, the reaction kinetics are evaluated based
on the Tafel slope obtained from the transformed LSV curve. As
illustrated in Figure 3c, 3%-Rucgsa/a-MoC,,/C displays a low
Tafel slope of only 31.25 mV dec™, outperforming 2%-Rucgsa/a-
MoC,,/C (39.11 mV dec™), 4%-Rucgsp/a-MoC,/C (32.83 mV
dec™), Pt/C (40.07 mV dec™'), and Ru-C (70.24 mV dec™).
This indicates that 3%-Rucgsa/a-MoC,,/C catalyst adheres to
the rapid Volmer-Tafel mechanism. The double-layer capacitance
(Cq) values (Figures S23 and S24) are measured to evaluate the
exposed active sites of the catalyst. Significantly, 3%-Rucg/sa/a-
MoC,,/C has a Cy of 47.22 mF cm™2, far exceeding that of
2%-Rucg/sa/a-MoCy/C (40.11 mF cm™2), 4%-Rucgsp/a-MoCy.,/C
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FIGURE 3 | a) polarization curves of 3%-Rucs/sa/a-MoCy.,/C in comparison with 20 wt% Pt/C and other samples with various Ru loading. b)

Overpotential at the current density of 10 mA cm~2 and 100 mA cm™2, ¢) Tafel plots derived from the corresponding HER polarization curves. d) the
mass activity at -100 mV (vs RHE) with respect to the reference samples. e) TOFs curves with respect to the reference samples. (the different Ru loading).
f) Comparison for HER performance metrics for x%-Rucg/sp/a-MoCy/C (where x% represents the Ru loading ratios of 2%, 3%, or 4%) and commercial

Pt/C electrocatalysts. g) Comparison for HER performance metrics for 3%-Rucs;sa/a-MoCy,/C under alkaline electrolyte and acid electrolyte (0.5 M
H,S0,). h) The chronoamperometry test (I-T) of 3%-Rucg/sa/a-MoC,.,/C and 20% Pt/C at 300 mA cm™2.

(45.32 mF cm™2), and Pt/C (30.93 mF cm~2), indicating that 3%-
Rucgsa/a-MoC,,/C exposes abundant reactive sites, leading to
its superior activity. The Cu underpotential deposition (Cu-UPD)
method was implemented (Figure S25) to determine the ECSA
of 3%-Rucgsp/a-MoC,/C. The calculated ECSA of 3%-Rucgsa/a-
MoC,,/C is 1 cm?, which is higher than that of other obtained
samples. The mass activity and the TOF are equally important
parameters, reflecting the utilization efficiency of noble met-
als and the intrinsic HER performance [14]. As illustrated in
Figure 3d, 3%-Rucg/sp/a-MoC,,/C has a mass activity of 20.38
A mg™!, surpassing 2%-Rucgsa/a-MoC,,/C (13.42 A mg™") and
4%-Rucgssp/a-MoC,./C (9.16 A mg™). Notably, this value is 22.35
times greater than that of 20% Pt/C (0.91 A mg™'). Additionally,
the TOF (Figure 3e) is obtained to assess the catalytic efficiency
of Ru in Rucgsa/a-MoC,,/C. Typically, the TOF value of 1.71

H, s7" for 3%-Rucgsy/a-MoC,./C at -25 mV, outperforming 2%-
Rucg/sa/a-MoC,, /C (0.25 H, 571), 4%-Rucs 54 /a-MoC,,/C (0.71 H,
s} and 20% Pt/C (0.05 H, s™'), indicating the superior catalytic
efficiency of Ru in 3%-Rucgsp /a-MoC,,/C. The comparison of the
HER activity of 3%-Rucgsa/a-MoC,,,/C in alkaline solution (1 M
KOH) with recently reported single-atom catalysts is presented
in Table S2. The comprehensive performance comparison of the
given contrast samples is presented in Figure 3f. The performance
of 3%-Rucg/sa/a-MoC,,/C is optimal. Identification of the main
active species is a critical step in analyzing the high performance
of 3%-Rucg/sa/a-MoC,,/C. The detection of hydrogen desorption
peaks and adsorption peaks is presented in Figure S26, these
results experimentally demonstrate that the enhanced HER activ-
ity of 3%-Rucg/sa/a-MoC,,/C primarily stems from the optimal
proportion of its Ru species. These Ru species serve as the true
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hydrogen adsorption/desorption active sites. Meanwhile, the role
of the a-MoC,, support is reflected in two aspects: stabilizing
the Ru species and providing electronic interactions. To this end,
potassium thiocyanate (KSCN) and ethylenediaminetetraacetic
acid disodium (EDTA) were used to poison the catalyst [28, 35].
As shown in Figure S27, for a-MoC,,,/C, SCN™ nearly elimi-
nated HER activity, demonstrating that Mo sites are effectively
suppressed. In contrast, in 3%-Rucgsp/a-MoC,/C, although the
overall activity decreased significantly, a clear residual HER cur-
rent remained, which can reasonably be attributed to Ru species.
Considering the known stronger hydrogen affinity of Ru, this
suggests that Ru clusters and single atoms are responsible for the
observed residual activity. EDTA poisoning further supports this
conclusion: it strongly affects dispersed Ru single atoms through
chelation, while its influence on stable Ru clusters and lattice-
embedded Mo is limited, leaving partial activity. Taken together,
these results strongly support Ru as the primary contributor to
the residual HER activity. Moreover, Combined characterization
analysis using SCN~ and EDTA reveals that Ru single atoms and
Ru clusters are anchored on the a-MoC, lattice, with interactions
existing among these three components. This structural feature
is a key reason for the catalyst to exhibit excellent hydrogen
evolution reaction (HER) performance. The HER performance
in acidic media was further probed, with key kinetic parameters
summarized in Figures S28-S34. The introduction of Ru single
atoms and clusters modulates the hydrogen adsorption Gibbs free
energy (Figure S35) from -0.52 eV to -0.06 eV. The closer this
value approaches zero, the more efficiently it facilitates hydrogen
adsorption/desorption, providing direct experimental validation
that Rucgsa/a-MoC,,, under acidic conditions aligns with DFT
predictions. The performance of the prepared catalysts and the
relevant detailed discussion are presented in Figure S36, and the
related tests were conducted in 1 M PBS (pH = 7). To unravel
the performance advantages of alkaline media, a comprehen-
sive comparison of HER activity for 3%-Rucg/sa/a-MoC,.,/C was
conducted under acidic and alkaline conditions, as depicted in
Figure 3g. Strikingly, 3%-Rucgsp/a-MoC,,/C exhibits comparable
HER performance in both alkaline and acidic media. This
finding underscores the exceptional H,O dissociation capability
of 3%-Rucgsp/a-MoC,/C, which facilitates rapid hydrogen atom
generation for subsequent HER elementary steps. Additionally,
long-term stability serves as a critical metric for evaluating
alkaline HER performance and gauging the catalyst’s practical
application potential. As shown in Figure 3h, both 3%-Rucgsp /-
MoC,,/C and 20% Pt/C catalysts sustain 110 h of continuous
operation at 300 mA cm™. Significantly, 3%-Rucgss/a-MoCy,/C
demonstrates excellent catalytic stability, with the current den-
sity decay being negligible. Moreover, 3%-Rucgsp/0-MoC,/C
exhibits superior catalytic stability compared to 20% Pt/C, as
further validated by LSV measurements (Figure S37) after 5000
consecutive CV cycles. The results show a negligible overpoten-
tial shift of only 0.40 mV (increased by 0.40 mV), confirming
the catalyst’s exceptional durability. Furthermore, the electrolyte
was analyzed using inductively coupled plasma optical emission
spectrometry (ICP-OES). The results (as shown in Table S3)
indicate that the concentrations of Mo ions in the electrolyte
are 0.02 ppm and 0.06 ppm under the conditions of 100 and
1000 mA cm~2 for 100 h durability, respectively, demonstrating
that the leaching of Mo species is negligible. The LSV curve of
the pure carbon support is presented in (Figure S38), and it was
compared with the LSV curves of a-MoC,,/C and Rucgspa/a-

MoC,,/C, respectively. The detailed description is included in
the Supporting Information. HAADF-STEM (Figure S39) were
performed before and after the HER tests. The statistical analysis
indicates that the Ru nanoparticles exhibit an average particle size
of 2.23 nm before the reaction and slightly increase to 2.42 nm
after the reaction, confirming that the Ru species remain highly
dispersed with only minor aggregation. The above comparison
can well demonstrate the key role of the carbon support for
durability.

2.4 | Mechanism Studies and In Situ Validations
of 3%-Rucg/sa/@-MoC,_,/C Electrocatalyst

Raman spectroscopy (Figure S40a) confirms the presence of
graphitic carbon, with two distinct peaks corresponding to the
D band (1350 cm™) and G band (1580 cm™). The I,,/I; ratio
can reflect the degree of defects generated at the edges of
the carbon framework [36-38]. Notably, a-MoC,,./C and 3%-
Rugcgsp/a-MoCy /C exhibit highly consistent trends, indicating
minimal structural or functional perturbation upon Ru incor-
poration. Furthermore, to determine the elemental composition
and surface chemical states of the obtained materials, X-ray
photoelectron spectroscopy (XPS) was employed. The Mo 3d XPS
spectra (Figure S40b) of pristine a-MoC,,/C and 3%-Rucgsa/a-
MoC,,/C reveal three prominent peaks. The deconvolution of
these peaks yields six components, assigned to Mo?" (at 228.9
and 232.1 eV), Mo** (at 230.0 and 233.2 V), and Mo®* (at 232.1
and 235.3 eV) species, respectively. The C 1s XPS spectra (Figure
S40c) reveals that there is an interaction between Mo and the
carbon support, leading to the formation of Mo-C bonds. It
should be noted that after Ru incorporation induces a positive
shift in the Mo 3d binding energy and an increase in Mo®"
content. As shown in Figure 4a, compared to metallic Ru (Ru®),
the Ru 3p binding energy of the 1%-Rug,/a-MoC,,/C shifts
toward higher energy levels, which is consistent with the electron
donation behavior of Ru single atoms to the a-MoC,, support.
In contrast, the Ru 3p binding energies of the 3%-Rucgsa/a-
MoC,,/C and 4%-Rucgsp/a-MoC,,/C are closer to that of Ru®
and shift toward lower energy levels, which aligns with the
electron enrichment phenomenon of Ru clusters. Furthermore,
compared with the 3%-Rucg/sy/a-MoC,,/C, the 4%-Rucgsa/a-
MoC,,/C exhibits a stronger dominance of Ru clusters. This
stronger cluster dominance reduces the influence of Ru single
atoms on 4%-Rucgsp/a-MoC,,/C, thereby causing the Ru 3p
binding energy of the 4%-Rucgsp/@-MoC,,/C to deviate further
from the characteristic binding energy of Ru® than that of the 3%
Ru sample. This result is in excellent agreement with the charge
transfer directions predicted by DFT calculations. To further
confirm the interaction between ruthenium (Ru) and a-MoC,,,
molybdenum (Mo)-free carbon-supported Ru was prepared as
a control. As shown in Figure S4la, when Ru are anchored
on the carbon matrix without Mo, the valence state of Ru is
close to +3. The result of LSV curves (Figure S41b) suggest that
the effect of Ru in 3%-Ru/C can be almost neglected. These
indicates that the low valence state of Ru in Rucg/ss/a-MoC,,@C
is closely associated with a-MoC,. Notably, the deconvoluted
Ru 3p peaks of 3%-Rucgsp/a-MoC,.,/C exhibit a slight negative
shift relative to Ru**, approaching the binding energies of Ru/C
(Ru), indicating that Ru species in the catalyst gain electrons
from the a-MoC,_, support [25, 39]. X-ray absorption spectroscopy
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FIGURE 4 | a)Ru3pspectraXPS patterns. b) RuK-edge XANES spectra of 3%-Rucg/sp /a-MoCy.,/C, Ru foil, and RuO,. c) The corresponding Fourier

transformed Ru K-edge EXAFS spectra. d) The operando Raman spectra of 1%-Rug, /a-MoCy,/C for interfacial water signals. e) The operando Raman
spectra of 3%-Rucg/sa/a-MoCy/C for interfacial water signals. f,g) Quasi-in situ Mo 3d and Ru 3p XPS spectra analysis of 3%-Rucg/sa/a@-MoCy,/C for

HER. h,i) Mo 3d and Ru 3p XPS spectra in different stages of the HER.

(XAS) was employed to probe the atomic coordination and
electronic configuration of Ru species in 3%-Rucg/sp/a-MoC,.,/C.
During the sample preparation process, the boron nitride (BN)
is sourced from XFNANO Materials. The Ru K-edge X-ray
absorption spectra near-edge structure (XANES) spectra of 3%-
Ruggsa/a-MoC,,/C, Ru foil (metallic Ru®), and RuO, (Ru**) are
presented in Figure 4b, serving as references for valence state and
coordination analysis. The 3%-Rucgsx/a-MoC,,/C lies between

Ru foil and RuO, in the spectrum, with a closer proximity to Ru
foil, indicating that its Ru species exhibit metallic characteristics
and an electron-rich state-consistent with XPS results [40]. The
Ru K-edge XANES spectrum of 3%-Rucg/sy/a-MoC,/C, located
between those of Ru foil and RuO,, shows a closer to Ru
foil, indicating that Ru species maintain metallic characteristics
with an electron-rich state. Furthermore, Ru K-edge Fourier-
transformed EXAFS (Figure 4c) was performed to investigate the
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FIGURE 5 | a) Schematic diagram of an AEMWE device, and H, production by this AEMWE in alkaline media. b) Polarization curves of the
AEMWE measured at 25°C using 3%-Rucg/sa/a-MoCy/C and commercial 20% Pt/C as cathodic catalysts. c¢) Polarization curves of the AEMWE
measured at 60°C and 25°C with 3%-Rucg/sa/a-MoCy/C. d) The durability test of 3%-Rucs/sa/a-MoCy/C at 60°C in the anion exchange membrane

(AEM) based electrolyzer.

local coordination environment of Ru species in the catalyst. The
Ru K-edge EXAFS spectrum of 3%-Rucgsp/a-MoC,,/C features a
main peak at 2.40 A, assigned to Ru-Ru bonding in ultrafine Ru
clusters, and a minor peak at 1.50 A, attributed to Ru-C coordina-
tion from isolated Ru single atoms, confirming the coexistence
of Ru single atoms and clusters. This structural assignment
is in excellent agreement with HAADF-STEM observations.
Notably, the Ru-Ru scattering intensity exceeds that of Ru-C,
indicating that ultrafine Ru clusters constitute the predominant
Ru species. The specific surface areas of 3%-Rucg/sp/0-MoC_/C
and a-MoC,,/C were characterized by Brunauer-Emmett-Teller
(BET) analysis (Figure S42a). The specific surface areas of
the two samples (3%-Rucg/sp/a-MoC,,./C and a-MoC,,/C) are
nearly identical, demonstrating that Ru incorporation does not
significantly affect the surface area. Integrating morphological
and structural insights, the HER mechanism schematic of 3%-
Rucgsa/a-MoC,/C in alkaline media is depicted in Figure
S42b.

For alkaline HER, electrocatalytic performance hinges on the
dissociation of water molecules to supply hydrogen atoms, with
the Volmer step (H,O + e~ — H* + OH") serving as the rate-
determining process. Thus, catalysts must exhibit robust water
adsorption capacity to lower the energy barrier for dissociation,
a prerequisite for overcoming the sluggish kinetics of alkaline
electrocatalysis. Therefore, in situ Raman measurements with
stepwise potential (0 — -70 mV) were employed to assess the H,O
adsorption ability of the catalysts. Raman spectra (Figure 4d,e)
reveal a broad peak at ~3500 cm™, attributed to the O-H
stretching vibration of adsorbed water at the catalyst-electrolyte
interface. This assignment is consistent with the hydrogen bond-
ing interactions between water molecules and active sites on the
catalyst surface [41]. Three distinct peaks in the interfacial water
region are centered at 3225 cm™! (orange), 3450 cm ™! (purple), and
3615 cm™! (pink), corresponding to different hydrogen bonding
environments of adsorbed water molecules. Water molecules
with trigonal and tetrahedral coordination in HER are generally
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cathodic HER and anodic OER in the water electrolyzer powered by three Zn-H,O fuel cells in series. g) Long-term durability tests for Zn-H,O battery

using 3%-Rucg/sa/a-MoCy/C.

assigned to the orange (3225 cm™) and purple (3450 cm™) peaks,
respectively. In contrast, the pink peak (3615 cm™), attributed to
the free O-H bond of interfacial water, is associated with minimal
HER activity due to weak interaction with catalyst surfaces [42].
Remarkably, 3%-Rucgsp/a-MoC,./C (Figure 4d) shows a faster
decline in the pink peak intensity during HER compared to 1%-
Rug, /a-MoC,/C (Figure 4e). Moreover, the directly compared
the Raman spectra of the two catalysts under identical potentials
(Figure S43) can found that the O-H stretching band (~3200-
3600 cm™) is consistently stronger for the 3%-Rucgsp /a-MoCy,/C
than for the 1%-Rug,/a-MoC,,/C. The combination of the two
indicates that enhanced water dissociation kinetics [43].

Quasi-in situ XPS combined with stage-by-stage XPS is used
to monitor the dynamic evolution of the catalyst-electrolyte
interface during the HER. This approach enables the observation
of the evolution of different chemical species on the catalyst

surface, which is essential to understanding the maintenance
of high activity. As depicted in Figure 4f, the Mo 3d spectrum
of the pre-reaction sample (0 V) exhibits three distinct peaks,
while upon increasing the reaction potential from 0 to -70 mV,
the peak at 228.5 eV undergoes a negative shift and intensity
decrease. Additionally, the peak intensity of Mo-oxygenated
species gradually decreases, indicating the further reduction of
these species during HER. Consequently, the two peaks in the
Ru 3p spectrum (Figure 4g) exhibit a negative shift (toward lower
binding energy) as the potential increases from 0 to -30 mV, while
remaining essentially unchanged between -40 and -70 mV. The
stepwise measurements of the Mo 3d XPS (Figure 4h) and Ru
3p XPS (Figure 4i) show that after 15 h of reaction, the Mo 3d
peak at 228.5 eV gradually disappears. Ru 3p shows a rightward
shift within 15 h and then gradually stabilizes. Combining the
changes of the two, we speculate that the reason for maintaining
high activity is that the Ru species gain electrons, and the
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electron-rich state of Ru is conducive to producing an ultra-strong
HER process.

2.5 | Performance Evaluations of
3%-Rucg;sa/a-MoC, ,/C in AEMWE Cells and
Zn-H,O0 Batteries

The AEMWE cells were constructed with 3%-Rucgsa/a-MoC,,/C
cathode and RuO, anode catalyst. The component of the AEMWE
cell is depicted in Figure 5a. The polarization curves of the full cell
with cathode catalysts (3%-Rucgsa/a-MoC,,/C or commercial
20% Pt/C) and anode (the same commercial RuO,) at 25°C are
shown in Figure 5b. Notably, the AEM electrolyzer using 3%-
Rucgsp/a@-MoC,, /C reached an industrial-level current density
of 1000 mA cm~ at an ultralow cell voltage of 2.08 V, much
lower than the 2.42 V required by commercial 20% Pt/C at the
same current density. Furthermore, the assembled cell (RuO,(+)
[ 3%-Rucs/sp/a-MoC,./C(-)) showed a significant performance
enhancement at 60°C, delivering 1000 mA c¢cm™ at 178 V
(Figure 5c), compared to 2.08 V at 25°C. Figure 5d and Figure
S44 display the industrial current density curve of 1000 mA
cm~2 at 60°C with 550 h of continuous operation, demonstrating
that 3%-Rucgspa/a-MoC,,/C is highly promising for AEMWE
applications. Additionally, driven by such an exceptional HER
activity of 3%-Rucgsa/a-MoC,,/C, the integrated device was
fabricated for enabling Zn-H,O batteries to be used in energy
storage and conversion. The reaction principle of the Zn-H,O
batteries is displayed in Figure 6a, which is assembled with as-
prepared 3%-Rucgsp/a-MoC,,/C as the cathode, a Zn plate as
the anode, and 1 M KOH as the electrolyte. This configuration
enables simultaneous power generation from the Zn oxidation
reaction, leveraging the high HER activity of the cathode catalyst.
As shown in Figure 6b, the alkaline Zn-H,O batteries using
3%-Rucgsp/a-MoC,,/C delivers a high open circuit potential
(OCP) of 1.385 V. What is more, the assembled Zn-H,O battery
with a 3%-Rucgsa/a-MoC,,/C cathode delivers a peak power
density of 22.50 mW cm~ (Figure 6c), markedly greater than
the 17.20 mW cm™ of the 20% Pt/C-based Zn-H,O battery.
Meanwhile, as shown in Figure 6d, the as-prepared battery
exhibits a specific capacity of 760 mAh g™!, outperforming the
690 mAh g of the 20% Pt/C-based counterpart. Strikingly, LED
strips (Figure 6e) are continuously illuminated by the integrated
Zn-H,O0 batteries based on 3%-Rucgsp/a-MoC,.,/C cathode. The
integrated battery also enables the design of a self-feeding energy
system for electrocatalytic water splitting (Figure 6f and Figure
S45a). As presented in Figure S45b, the system delivers sufficient
electrical energy to generate abundant bubbles attached to the
cathode (3%-Rucg/sp/a-MoC,.,/C for HER) and anode (RuO, for
OER) in the reaction tank. In a separate battery system (Figure
S46), the cathode spontaneously drives HER. The long-term
discharge curve at 10 mA cm™2 (Figure 6g) displays that the
battery maintains stable operation for 20 h, demonstrating its
promising practical applications.

3 | Conclusions
In summary, Ru clusters with adjacent active Ru sites on

the a-MoC,,, substrate were synthesized via a facile pyrolysis
strategy, serving as an efficient alkaline HER electrocatalyst.

Driven by the ingenious nanoreactor architecture and distinct
local charge redistribution between Ru single atoms/clusters
and a-MoC, . The as-prepared 3%-Rucg;sp/@-MoC,,/C catalyst
demonstrates superior alkaline HER performance, requiring
only 9 mV overpotential at 10 mA cm™ and a low Tafel
slope of 31.25 mV dec™. Moreover, it exhibits exceptional mass
activity (20.38 A mg~'y,) and TOF (1.71 s7!) at -25 mV, along-
side long-term stability (300 mA cm~2 for 110 h). Notably, an
AEM electrolyzer using RuO,(+) and 3%-Rucgsp/a-MoC,,/C(-
) operates continuously at an industrial current density of
1000 mA cm~2 for 550 h, significantly surpassing commercial
20% Pt/C. Meanwhile, the self-feeding Zn-H,O battery system
attains a power density of 22.50 mW cm™ and is accom-
panied by stable discharging performance (10 mA cm~2) for
20 h. This research not only offers a valuable strategy to
synthesize efficient Ru-based catalysts but also expands our
understanding of alkaline HER catalysis from a structure-activity
perspective.
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