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a b s t r a c t

Precisely tailoring the surface electronic structures of electrocatalysts for optimal hydrogen binding
energy and hydroxide binding energy is vital to improve the sluggish kinetics of hydrogen oxidation reac-
tion (HOR). Herein, we employ a partial desulfurization strategy to construct a homologous Ru-RuS2
heterostructure anchored on hollow mesoporous carbon nanospheres (Ru-RuS2@C). The disparate work
functions of the heterostructure contribute to the spontaneous formation of a unique built-in electric
field, accelerating charge transfer and boosting conductivity of electrocatalyst. Consequently, Ru-
RuS2@C exhibits robust HOR electrocatalytic activity, achieving an exchange current density and mass
activity as high as 3.56 mA cm�2 and 2.13 mA lg�1

Ru , respectively, exceeding those of state-of-the-art
Pt/C and most contemporary Ru-based HOR electrocatalysts. Surprisingly, Ru-RuS2@C can tolerate
1000 ppm of CO that lacks in Pt/C. Comprehensive analysis reveals that the directional electron transfer
across Ru-RuS2 heterointerface induces local charge redistribution in interfacial region, which optimizes
and balances the adsorption energies of H and OH species, as well as lowers the energy barrier for water
formation, thereby promoting the HOR performance.
� 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Benefitting from their superior H2 utilization efficiency and eco-
friendly emission, hydrogen fuel cell technologies are deemed crit-
ical in driving the low-carbon-emission hydrogen economy [1,2].
Among various fuel cells, proton exchange membrane fuel cell
(PEMFC) and alkaline exchange membrane fuel cells (AEMFC)
stand out as the primary techniques for hydrogen utilization
[3,4]. However, the widespread adoption of PEMFC is inevitably
thwarted by expensive Pt-based materials and per-fluorinated
membranes [5,6]. AEMFCs, as a potentially more cost-effective
substitute, have gained significant interest for their allowable use
of more economical air loops and bipolar plates, along with oper-
ating in less-corrosive alkaline environment [7,8]. Regrettably,
the kinetics of anodic hydrogen oxidation reaction (HOR) in
AEMFCs is decreased substantially when transitioning from acidic
to alkaline medium [9,10]. Hence, exploiting efficient and cost-
effective HOR electrocatalysts in alkaline medium remains a key
pursuit in advancing AEMFCs.

Ruthenium (Ru) has stimulated substantial attention by merits
of its suitable Ru–H bond strength, higher CO tolerance, as well as
more extensive reserves than Pt [10,11], and its HOR activity may
be boosted to rival or even surpass the state-of-the-art Pt/C after
fine-tuning [9,12]. Generally, the electrocatalytic performance of
catalysts largely hinges on the surface charge states of the building
materials [13,14]. Adjusting these states through surface modifica-
tions involving phase control [15], heteroatom doping [16,17], and
heterointerface construction [18,19] is a productive strategy. In
particular, heterojunction systems constructed by two phases with
disparate work functions (WF) can generate a built-in electric field
(BEF) with varying surface charge distributions at the interface,
which promotes electron transport during the electrocatalytic
process and fine-tune the electronic structure of the catalysts,
leading to optimized hydrogen binding energy (HBE) [20–22].
For instance, Li et al. constructed polymorphism-interfaced
reserved.
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fcc-hcp-Ru nanocatalysts with significant WF differences. The
unique built-in electric field at the polycrystalline interface enables
it to yield remarkable HOR performance [23]. It is therefore antic-
ipated that heterostructure composed of Ru-based compounds
with appropriate interfacial coupling effects will significantly
improve intrinsic catalytic activity for HOR.

In light of above factors, we created an innovative Ru-RuS2
heterostructure encased in three-dimensional (3D) hollow meso-
porous carbon nanospheres via a partial desulfurization strategy.
This unique hollow mesoporous structure established a viable
three-phase interface and offered a larger specific surface area,
minimizing the diffusion resistance and exposing more active sites.
As expected, the resulting Ru-RuS2@C heterostructure performed
considerable catalytic activity toward HOR in the alkaline elec-
trolyte. Moreover, the Ru-RuS2@C also demonstrated a commend-
able long-term stability, along with exceptional CO tolerance.
Experimental and theoretical findings collectively confirmed that
the charge redistribution at the interface derived from the differing
WF of the two species on tunable Ru-RuS2, which resulted in weak-
ened HBE and improved hydroxide binding energy (OHBE), thereby
substantially improving HOR performance in alkaline electrolytes.
2. Experimental

2.1. Reagents and materials

All chemicals and reagents were utilized as purchased without
any further purification. These included tetraethyl silicate (TEOS),
ammonia solution (NH4OH), 3-hydroxytyramine hydrochloride
(C8H11NO2�HCl), ruthenium trichloride (RuCl3�xH2O, AR, 99%, �40
wt% Ru), L-cysteine (C3H7NO2S, AR, 99%), ethanol absolute (AR,
99.5%), commercial Pt/C (20 wt% Pt), nafion solution (5 wt%), and
potassium hydroxide (KOH, AR, >90%). The deionized water
(18.25 MX cm�1) from a water purification system (Ulupure)
was used throughout the whole experiment.

2.2. Preparation of 3D hollow mesoporous carbon nanospheres
(HMCN)

HMCN were fabricated based on previously reported work with
slightly modification [24]. Specifically, 5 mL of TEOS was rapidly
added to a mixed solution of ethanol (100 mL), deionized water
(30 mL), and NH4OH (5 mL) under vigorous stirring. After 1 h,
500 mg of 3-hydroxytyramine hydrochloride was introduced to
the mixture, and stirred for another 12 h at room temperature.
The black powder was harvested via centrifugation, washed sev-
eral times with deionized water and ethanol, and dried overnight
at 60 �C. The obtained sample was then annealed in a N2 atmo-
sphere at 400 �C for 2 h with a ramp rate of 5 �C min�1, and subse-
quently heated to 800 �C for 3 h to acquire SiO2 spheres. Finally,
HMCN were prepared by thoroughly removing SiO2 with 3 M
NaOH.

2.3. Preparation of Ru-RuS2@C hollow heterostructure, RuS2@C and
Ru@C

Typically, a specific amount of HMCN was dispersed in 70 mL of
mixed solution (deionized water: ethylene glycol: ethanol = 3:1:1
v/v/v) containing 30 mg RuCl3�xH2O and 73.5 mg C3H7NO2S, and
then sonicated for 30 min to uniformly disperse the carbon spheres
in the solution. The mixture was then transferred to a 100 mL
Teflon-lined autoclave and heated at 160 �C for 9 h. The resultant
Ru-RuS2@C hollow heterostructure was harvested by centrifuga-
tion, washed several times with ethanol, and dried in vacuum oven
overnight. The precursor was then annealed at 800 �C for 2 h at a
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heating rate of 5 �C min�1 in an Ar atmosphere. After naturally
cooling, the obtained sample was denoted as Ru-RuS2@C, with a
specific Ru content of 4.95 wt%, which was verified by inductively
coupled plasma (ICP) measurements.

As a control, the synthesis of RuS2@C was similar to that of
Ru-RuS2@C, except that the temperature was changed to 700 �C.
Contemporary, Ru@C can be obtained without adding S source
(L-cysteine).
3. Results and discussion

3.1. Synthesis and structural characterization

The Ru-RuS2@C heterostructure was synthesized through
hydrothermal and high-temperature carbonization approaches to
load Ru-RuS2 species onto 3D hollow mesoporous carbon nano-
spheres (HMCN). Specifically, RuCl3 precursor and L-cysteine (C3-
H7NO2S) were sonically dissolved in a mixed solvent containing a
certain amount of HMCN to produce pre-Ru-S@C via a straightfor-
ward hydrothermal process. The HMCN with a large accessible
inner cavity can accommodate foreign active metals effectively
[3]. Ultimately, the resulting pre-Ru-S@C hybrid was annealed
under argon to activate the metal sites to obtain Ru-RuS2@C
heterostructure (Fig. 1a). Counterparts, RuS2@C and Ru@C were
fabricated using a similar method. The X-ray diffraction (XRD) pat-
terns of the Ru-RuS2@C, RuS2@C, and Ru@C catalysts were revealed
in Fig. 1(b). The diffraction peaks of RuS2@C and Ru@C matched the
RuS2 phase (JCPDS: 80-0669) and Ru phase (JCPDS: 88-1734),
respectively. The peaks of the Ru-RuS2@C compound was indexed
to above RuS2 and Ru phase, indicative of the successful formation
of Ru-RuS2 heterostructure. Notably, the XRD pattern of Ru-
RuS2@C revealed a high angular shift of the characteristic peak
(101) of Ru, indicating a decrease in the unit volume of the Ru lat-
tice. This variation may be attributed to the doping of RuS2 into Ru,
forming a Ru-RuS2 heterostructure, which led to the contraction of
the Ru lattice. To validate the preparation of a single RuS2@C com-
ponent, we conducted additional XRD analyses at various temper-
atures (Fig. S1). Results indicated that Ru diffraction peaks began to
emerge and increased at temperatures equal to or greater than
750 �C. Conversely, it showed no signs of metallic Ru peaks when
the temperature was at or below 700 �C. Subsequent analysis of
high-resolution image (Fig. S2) of samples calcined at 700 �C
revealed lattice fringes exclusively attributable to RuS2, with no
detected lattice fringes indexed to metallic Ru. Consequently, we
designated samples calcined at 700 �C as single RuS2@C.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to probe the morphology of Ru-
RuS2@C. As depicted in Fig. S3, SiO2@DA (DA: dopamine) showed a
monodispersed spherical morphology. After annealing and wiping
off nucleated SiO2 by alkali-steeping, the original solid spherical
evolved into the hollow nanospheres with smooth surfaces and
uniform dispersion (Fig. S4). Especially, upon loading the Ru-RuS2
heterojunction onto HMCN, its morphology was well inherited
(Fig. 1c). With the elimination of the inert lumpy interior, the
monodispersed hollow spherical morphology offers a merit over
a solid sphere in reducing the transport distance of the reactants
[24]. Further TEM observations in Fig. 1(d) confirmed the hollow
spherical nature of Ru-RuS2@C. In Fig. S5 and the illustration, the
Ru-RuS2 particles were evenly distributed throughout the entire
hollow structure, exhibiting a small average particle size of
2.82 nm. Benefiting from the synergistic effect between Ru and
RuS2 species, Ru-RuS2@C encapsulated ideal nanoscale Ru-RuS2
heterojunction particles homogeneously anchored on the carbon
carrier, significantly improving atom utilization efficiency and cat-
alytic activity. In contrast, single component such as RuS2@C



Fig. 1. (a) Schematic illustration of the preparation of Ru-RuS2@C. (b) XRD patterns of Ru-RuS2@C, RuS2@C, and Ru@C. (c) SEM and (d) TEM images of Ru-RuS2@C. (e) High-
resolution TEM image and corresponding lattice fringes of Ru-RuS2@C. (f) N2 adsorption-desorption isotherms and pore size distribution (inset) of Ru-RuS2@C. (g) Elemental
mappings of Ru-RuS2@C.
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(�6.06 nm) or Ru@C (�4.99 nm) tends to agglomerate on the car-
rier, resulting in a significantly larger nanoparticle size of the sur-
face particles. This agglomeration phenomenon may cover many
active sites, leading to inferior electrochemical performance com-
pared to Ru-RuS2@C. High-resolution TEM (HRTEM) image inspec-
tion (Fig. 1e) revealed the lattice fringes of 0.204 and 0.229 nm at
the Ru-RuS2 heterogeneous interface, corresponding to the (101)
plane of Ru and the (211) plane of RuS2, respectively. N2 adsorp-
tion/desorption isotherm indicated the IV-type curves with an
apparent hysteresis loop, suggesting the mesoporosity of Ru-
RuS2@C nanospheres (Fig. 1f) [25]. This mesoporosity might be
related to the etching of SiO2 core. Furthermore, Ru-RuS2@C pos-
sessed the highest Brunauer-Emmett-Teller (BET) surface area of
269.22 m2 g�1 compared to RuS2@C (244.44 m2 g�1) and Ru@C
(218.02 m2 g�1), which aided in increasing the attainability of
active sites (Fig. S6) [26]. To showcase the superiority of the hollow
structure carriers, we substituted XC-72R carbon black and
unetched silica solid spheres for comparison. Evidently, the specific
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surface area of Ru-RuS2@C significantly exceeds that of Ru-
RuS2@XC-72R and Ru-RuS2@SiO2. The mesoporous structure of
Ru-RuS2@C was further verified by pore-size distribution, which
could be beneficial for H2 molecule adsorption and the electrons/
mass transport in the heterogeneous interface, thus strengthening
its catalytic performance [27]. As exhibited in Fig. 1(g), the high-
angle annular dark-field scanning TEM (HAADF-STEM)-energy
dispersive X-ray mappings indicated the coexistence of C, O, S,
and Ru elements throughout the whole heterostructure.

Raman spectra of the as-synthesized three catalysts were plot-
ted in Fig. S7. Broad D (�1342 cm�1) and G (�1588 cm�1) bands
generally reflected the disorder/defects and graphitization degree
of carbon species, respectively. Ru-RuS2@C presented the lowest
ID/IG values compared to RuS2@C (0.86) and Ru@C (0.91), implying
that Ru-RuS2@C had more sp2 hybridized carbon, facilitating accel-
erated charge transfer [28]. X-ray photoelectron spectroscopy
(XPS) was carried out to elucidate the surface constitution and
chemical states of the samples [29]. XPS survey spectrum



Y. Liu, L. Cheng, S. Zhou et al. Journal of Energy Chemistry 94 (2024) 332–339
(Fig. S8) of Ru-RuS2@C further affirmed the presence of C, O, S, and
Ru elements. Fig. 2(a) showed the high-resolution Ru 3p XPS spec-
trum of Ru-RuS2@C. The deconvoluted peaks situated at approxi-
mately 461.1 and 483.4 eV corresponded to the 3p3/2 and 3p1/2
orbitals of metallic Ru, respectively, while the peaks situated
around 464.1 and 487.4 eV accounted for the 3p3/2 and 3p1/2 of
Ru4+ [30]. For comparison, the binding energy of Ru species in
Ru-RuS2@C was lower than that in pure Ru@C, but higher than that
in RuS2@C, indicating the electron interaction between Ru and
RuS2, which further verified the formation of Ru-RuS2 heterostruc-
ture (Fig. 2b). This suggested the electron transfer from RuS2 to Ru.
With respect to the S 2p XPS spectra (Fig. 2c), four independent
subpeaks were concentrated at 162.27, 163.42, 164.32, and
167.79 eV, associating with the 2p3/2 and 2p1/2 of Ru–S, C–S–C,
and S–O species, respectively [21]. To deeply profile the effect of
heterogeneous interfaces on HOR activity, ultraviolet photo-
electron spectroscopy (UPS) was conducted to determine the work
function (WF) of different materials. As exhibited in Fig. 2(d) and
the illustration, the WF values of RuS2@C and Ru@C were deter-
mined to be 4.22 and 4.56 eV, respectively, further corroborating
the surface electron transfer from RuS2 to Ru. Owing to the dis-
crepant WF at the two-phase interface, a built-in electric field
(BEF) was formed, and the electrons at the interface were trans-
ferred from high to low positions, resulting in a redistribution of
surface charge density (Fig. 2e) [23]. Furthermore, we measured
the work function of Ru-RuS2@C heterostructures (Fig. S9). Relative
to RuS2@C and Ru@C, the decrease in the WF value of Ru-RuS2@C
heterogeneous catalysts can reduce the zero-charge potential and
promote alkaline HOR at a lower interfacial water reionization bar-
rier [31].

3.2. Electrochemical HOR performance

The role of heterogeneous engineering in electrocatalysis was
explored by systematically investigating the HOR electrocatalytic
properties using a standard three-electrode technique. The reversi-
ble hydrogen electrode (RHE) calibration was conducted before
measurements (Fig. S10). All electrochemical data of HOR were
Fig. 2. High resolution XPS of Ru 3p in (a) Ru-RuS2@C, (b) Ru-RuS2@C, RuS2@C, and Ru@
RuS2@C and Ru@C and corresponding work function. (e) Schematic illustration of the bu
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iR-corrected (Fig. S11). Initially, we examined the impact of varying
reaction conditions on the catalytic performance of Ru-RuS2@C.
The optimal reaction temperature of Ru-RuS2@C was fixed at
800 �C (Fig. S12). Speak of the effect of Ru content, we noted a dis-
tinct volcano-shaped trend in catalytic performance, peaking at
4.95 wt% Ru loading (Fig. S13 and Table S1). Suboptimal perfor-
mance below this level suggested inadequate active sites, while
excessive Ru led to species agglomeration, covering active sites.
The optimal Ru content likely facilitated uniform distribution of
Ru-RuS2 heterojunctions, maximizing active site exposure. The
finding was consistent with previous reports [32]. Additionally,
we optimized the support and identified hollow multihole carbon
spheres as the optimal carrier for this study (Fig. S14). Generally,
the peaks of hydrogen under-potential deposition (Hupd) on the
cyclic voltammetry (CV) curve directly related to the HBE. The peak
at lower potential in the Hupd region corresponded to attenuated
HBE, which was more favorable for HOR [3,33]. In Fig. S15, the Hupd

peak potentials of Ru-RuS2@C were more negative than that of
Pt/C, reflecting the weaker hydrogen adsorption ability on Ru sites.
On the contrary, RuS2@C and Ru@C showed the unremarkable Hupd

peaks, suggesting that the strong electronic interaction between
RuS2 and Ru species can weaken the HBE [34]. Linear sweep
voltammetry (LSV) was executed to achieve HOR polarization
curves for various electrocatalysts in H2-saturated 0.1 M KOH
(Fig. 3a). Ru-RuS2@C exhibited the highest anodic current density
throughout the potential range, and the onset potential as low as
0 V vs. RHE. This extraordinary capacity even exceeded that of
commercial Pt/C. We further recorded the HOR polarization curve
in N2-saturated electrolyte as a control experiment (Fig. S16).
Ru-RuS2@C revealed a negligible current-voltage feature, affirming
that anode current mainly rooted in H2 oxidation rather than other
species in the system [35]. Furthermore, we measured the HOR
polarization curves of Ru-RuS2@C at different rotating speeds to
analyze the catalytic process (Fig. 3b), where the limiting current
density increased with increasing rotational rate, verifying a H2

mass-transfer-controlled process [12,36]. The Koutecky-Levich
(K-L) plot at 50 mV vs. RHE yielded a slope of 4.59 cm2 mA�1 s�1/2

(theoretical slope value of �4.87 cm2 mA�1 s�1/2), corroborating
C. (c) High resolution XPS of S 2p in Ru-RuS2@C and RuS2@C. (d) UPS spectra of the
ilt-in electric field and charge redistribution.



Fig. 3. (a) HOR polarization curves in H2-saturated 0.1 M KOH at a scan rate of 10 mV s�1 and a rotating speed of 1600 r min�1. (b) Polarization curves of Ru-RuS2@C at
different rotation speeds. Inset shows corresponding Koutecky-Levich plot. (c) Tafel plots. (d) Linear fitting curves in micropolarization region. (e) Comparison of jk and j0 of
the studied electrocatalysts. (f) Accelerated durability test and chronoamperometric curve at 50 mV response of Ru-RuS2@C. (g) Comparison of the mass activity and j0 with
other recently reported alkaline HOR electrocatalysts. (h) Polarization curves of Ru-RuS2@C and commercial Pt/C in 1000 ppm CO/H2-saturated 0.1 M KOH.
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that the HOR electrolysis on Ru-RuS2@C abided by an approximate
two-electron transfer HOR process (Fig. 3b and the insert).

Fig. 3(c) summarized the kinetic currents (jk) of all studied cat-
alysts at 50 mV, and the Ru-RuS2@C displayed the highest geomet-
ric jk (26.48 mA cm�2) compared to RuS2@C (8.46 mA cm�2), Ru@C
(4.62 mA cm�2), and Pt/C (13.03 mA cm�2), proving the quickest
HOR kinetics on Ru-RuS2@C [37]. Subsequently, we calculated
the exchange current density (j0) by extracting linear fit data in
micropolarization range according to the simplified Butler-
Volmer formula (Fig. 3d). As anticipated, Ru-RuS2@C reached the
desired geometric j0 of 3.56 mA cm�2, suggesting the remarkable
inherent activity of Ru-RuS2@C (Fig. 3e and Table S2) [38]. An
accelerated durability test (ADT) was operated by performing
1000 CV cycles (Fig. 3f) and chronoamperometry (j-t) measure-
ments (insert in Fig. 3f) in 0.1 M H2-saturated KOH electrolyte. It
was unexpected to observe nearly overlapping polarization curves
for the two HOR conditions after 1000 cycles. Moreover, the limit-
ing current density showed only a slight decrease even after 5000
cycles (Fig. S17). Meanwhile, Ru-RuS2@C showed only a slight cur-
rent density decay, contrasting sharply with the significant decline
observed in commercial Pt/C, which suggested the durable stability
of Ru-RuS2@C. In Fig. S18, Ru-RuS2@C-After HOR retained its initial
morphology with some structural collapse. Meanwhile, we also
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found that the signals of Ru, Ru4+, and S were still present in Ru-
RuS2@C after 1000 CVs (Fig. S19). These findings affirmed the
robust surface structure of the catalysts, safeguarding the active
center against alkali corrosion during HOR. It is worth noting that
the mass activity (2.13 mA lg�1

Pt ) at 50 mV and exchange current
density of Ru-RuS2@C substantially surpassed most documented
Ru-based catalysts (Fig. 3g and Table S3). Due to the inevitable
infiltration of CO impurity in hydrogen fuel systems, CO tolerance
was another crucial characteristic for evaluating high-efficiency
HOR catalysts [39]. As illustrated in Fig. 3(h), the anodic current
density of commercial Pt/C declined sharply compared with the
incipient state. This result explained that the active sites on the
catalytic surface were almost occupied or poisoned by CO, which
consequently impeded the sites for hydrogen adsorption/dissocia-
tion [40]. As a stark contrast, the LSV polarization curve of Ru-
RuS2@C was basically consistent with the initial curve even at
the same CO concentration as that of Pt/C catalysts, implying an
admirable tolerance and resistance to CO poisoning [41].

Given the high hydrogen concentration in the H adsorption/des-
orption potential region, Ru is easily oxidized and it is not suitable
to calculate electrochemistry active surface area (ECSA) by measur-
ing the charge associated with this region [42]. Contemporary,
numerous research had manifested that OHad species can expedite
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the removal of COad intermediates on metal surfaces, and the CO
stripping potential was directly associated with the strength of
OH� adsorption [43]. Therefore, CO-stripping experiments were
performed to determine the ECSA values and monitor the *OH
binding strength on the studied catalysts. As demonstrated in
Fig. 4(a and b), an ECSA value of Ru-RuS2@C was assessed to be
75.14 m2 g�1, which was higher than that of RuS2@C (36.72 m2

g�1), Ru@C (47.28 m2 g�1), and commercial Pt/C (38.71 m2 g�1).
A higher ECSA represented more catalytic reactive sites, which
favored the close contact between reactants and electrolyte [44].
As shown in Fig. 4(c and d) and Fig. S20, compared with the RuS2@-
C (0.67 V) and Ru@C (0.71 V), the peak potential of CO stripping on
Ru-RuS2@C heterostructure (0.58 V) was smaller. Moreover, Ru-
RuS2@C (�20.76 mV) had more negative zeta potential than
RuS2@C (�16.34 mV) and Ru@C (�11.52 mV). All of these observa-
tions reflected that all these catalysts interacted with OH*, and
demonstrated the strongest OHBE on Ru-RuS2@C. Interestingly,
the order of OHBE (Ru-RuS2@C > RuS2@C > Ru/C) matched the
trend of alkaline HOR activity, verifying that the enhanced OHBE
was conducive to promoting alkaline HOR kinetics.

3.3. Theoretical study

To clarify the improvement of alkaline HOR on Ru-RuS2@C
heterostructure, density functional theory (DFT) calculations were
performed to elucidate the mechanism and active sites [45]. The
interface based on Ru (001) and RuS2 (200) direction was estab-
lished to simulate the Ru-RuS2 heterostructure. Three types of the-
oretical models for Ru-RuS2@C heterostructure, RuS2@C, and Ru@C
were shown in Fig. S21. The charge-density distribution disclosed
that electron accumulation occurred at the Ru-RuS2 heterointer-
Fig. 4. CO stripping curves in CO-saturated 0.1 M KOH of different studied catalysts. (a)
potential of Ru-RuS2@C, RuS2@C, and Ru@C.
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face (Fig. 5a), suggestive of a strong bonding effect between RuS2
and Ru components. The electronic properties of the Ru-RuS2@C,
RuS2@C, and Ru@C were inspected through the density of states
(DOS). The calculated DOS was consecutive near the Fermi level,
revealing the intrinsic metallic property on three studied eletrocat-
alysts (Fig. 5b) [46]. Among them, Ru-RuS2@C possessed more elec-
tronic states spanning the Fermi level, showing the enhanced
conductivity, improved electron transport capability, and faster
kinetics in HOR process [47]. Based on the d-band theory, the posi-
tion of the d-band center reflected the binding strength of adsorp-
tion intermediate [40]. Compared to RuS2@C (�1.37 eV) and Ru@C
(�2.69 eV), Ru-RuS2@C exhibited an appropriate d-band center at
�1.65 eV (Fig. 5c), which can adjust the H intermediate adsorp-
tion/desorption behavior, balancing and boosting the HOR catalytic
characterization [48]. According to Sabatier’s principle, the free
energyDGH* of an ideal HOR electrocatalyst should be close to zero.
Although the specific reaction mechanism of basic HOR was still
controversial, it was increasingly believed that the adsorbed
hydroxyl group (OH*) played a crucial role in promoting the forma-
tion of water, which was a key step in alkaline HOR. Therefore, HBE
and OHBE were considered as two vital descriptors on alkaline
HOR. Fig. 5(d) and Figs. S22 and S23 displayed the preferential
adsorption sites of H and OH, as well as the optimized configura-
tions on Ru-RuS2@C, RuS2@C, and Ru@C. Among them, the HBE val-
ues of Ru and RuS2@C are �0.43 and 0.36 eV, respectively,
indicating that their Ru surfaces had strong HBE thus leading to
poor HOR performance, which was consistent with previous stud-
ies [32,49]. Meanwhile, the HBE values of Ru-RuS2@C was�0.07 eV
close to zero, implying a favorable HOR process. In addition, the
hydroxyl group adsorption capacity on RuS2@C and Ru@C was
too weak, with OHBE values of 0.08 and 0.31 eV, respectively,
Ru-RuS2@C, RuS2@C, and Ru@C. (b) Pt/C. (c) CO tripping peak potential and (d) zeta



Fig. 5. (a) Charge-density distribution of the Ru-RuS2@C model. (b) The density of state (DOS) plots. (c) The d-band center value of Ru in Ru-RuS2@C, RuS2@C, and Ru@C. (d)
Calculated HBEs and OHBEs value on Ru-RuS2@C, RuS2@C, and Ru@C models. (e) Gibbs free energy profiles of basic HOR on the surfaces of Ru-RuS2@C, RuS2@C, and Ru@C. (f)
Schematic illustration of the basic HOR mechanism on Ru-RuS2@C.
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which hindered the catalytic effect of HOR. As a comparison, the
OHBE value of Ru-RuS2@C was �0.13 eV, indicating that the Ru-
RuS2@C heterostructure possessed a stronger OH adsorption
capacity. Such enhanced OH* adsorption behavior will facilitate
the trapping of OH* species on Ru-RuS2@C surface, thereby acceler-
ating the Volmer step in alkaline HOR process through a bifunc-
tional mechanism.

Previous advances demonstrated that alkaline HOR process
generally abided by the Tafel-Volmer mechanism, i.e., the adsorp-
tion of H species (H2 ? 2Had) followed by the formation of water
(Had + OH� ? H2O + e�) [50,51]. Therefore, we calculated the Gibbs
free energy of the HOR process on three models of Ru-RuS2@C,
RuS2@C, and Ru@C (Fig. 5e). The H* + OH* and water desorption
steps for Ru-RuS2@C were endothermic, while the water formation
was exothermic, following the same trend as RuS2@C and Ru@C.
On this basis, OH adsorption steps were considered as the rate
determining step (RDS) for three studied catalysts. Ru-RuS2@C
exhibited the lowest energy barriers of 0.30 eV among those, which
associated with its augmented OHBE. Consequently, the
remarkable HOR performance of Ru-RuS2@C was mainly owing to
the stronger OHBE and lower RDS energy, which originated from
the electron interaction between RuS2 and Ru species. Integrating
the above results, it can be concluded that the charge
redistribution at the Ru-RuS2 heterointerface synergistically
optimized the adsorption of H and OH species, thereby boosting
the basic HOR kinetics (Fig. 5f).
338
Taken together, Ru-RuS2@C delivered robust HOR electrocat-
alytic properties owing to following combined effects. Firstly, the
hollow mesoporous spherical structure of Ru-RuS2@C provided
an active cavity for the reactants, shortening the ion transport path
and promoting HOR kinetics [25,52]. Secondly, the strong elec-
tronic interaction between RuS2 and Ru species tuned the elec-
tronic structure, leading to accelerated electron/mass transport
and fast reaction kinetics, lowering the energy barrier [53]. Thirdly,
the disparate work functions on the heterostructure brought about
the spontaneous formation of a unique built-in electric field, which
expedited charge transfer and enhanced the conductivity of the
electrocatalyst [54]. Finally, the synergistic interplay of moderate
HBE and OHBE at the Ru-RuS2@C heterogeneous interface gave
great impetus to the Volmer step, which was the rate determining
step in alkali HOR process [3,55].
4. Conclusions

In summary, we successfully demonstrated the effectiveness of
Ru-RuS2@C heterostructure as an efficient electrocatalyst for HOR
in alkaline environment. The fabricated Ru-RuS2@C exhibited
impressive HOR performance with significantly high exchange
current density and electrochemical surface area, surpassing its
counterparts and even the commercial Pt/C catalyst. The distinc-
tive features of Ru-RuS2@C were attributed to the synergistic
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interaction between Ru and RuS2 at the heterointerface, leading to
a redistribution of surface charge density. This redistribution was
proven to optimize the adsorption of H and OH species, which
were critical factors in enhancing the kinetics of the basic HOR pro-
cess. DFT calculations further supported the experimental results,
confirming that the Ru-RuS2@C heterostructure possessed appro-
priate binding energies for H and OH species and exhibited a lower
energy barrier for the RDS in the HOR process compared to the
other studied catalysts. Moreover, Ru-RuS2@C demonstrated
admirable long-term stability and high tolerance to CO, making it
a promising candidate for practical applications in fuel cells. There-
fore, this work provided valuable insights into the design of
advanced catalysts for efficient hydrogen fuel utilization, con-
tributing to the advancement of a low-carbon-emission hydrogen
economy.
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