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Triggering structural asymmetry can induce charge redistribution and modify electronic structures, 
which is of great significance for the design of high-performance hydrogen oxidation reaction (HOR) elec-
trocatalysts. Herein, we propose a dual anion-induced strategy to create an innovative RuS2-RuO2 

heterostructure featuring abundant S–Ru–O interfaces (RuS2-RuO2@C). This RuS2-RuO2@C demonstrates 
an impressive mass activity of 2.61 mA lg 1 Ru and an exchange current density of 2.96 mA cm−2 , surpass-
ing Pt/C and other comparative samples by over 20 times. Durability assessments confirm the superior 
stability of RuS2-RuO2@C, with only minimal performance loss during operation. Density functional the-
ory (DFT) calculations indicate that the asymmetric S–Ru–O configuration optimizes the interfacial elec-
tronic structure and shifts the d-band center closer to the Fermi level, effectively reducing the energy 
barrier of the rate-determining step (RDS) in the alkaline HOR process. Moreover, in situ attenuated total 
reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) characteristics disclose the 
formation of a substantial hydrogen bond network at the S–Ru–O interface, which aids in the desorption 
of H2Oad and facilitates the vital Volmer step in the HOR pathway. 
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 
training, and similar technologies. 
1. Introduction 

Hydrogen is lauded as a prospective low-carbon energy carrier 
due to its high energy density, sustainability, and environmental 
benignity, offering a feasible resolution to the ongoing energy crisis 
and ecological degradation [1,2]. Fuel cells constitute an alluring 
technology for harnessing hydrogen [3]. Among them, anion 
exchange membrane fuel cells (AEMFC) have garnered substantial 
interest because their alkaline electrolytes are less corrosive and 
permit the employment of cost-effective non-precious metal cata-
lysts (M-N-C) as efficacious cathodes [4–6]. As an essential compo-
nent of AEMFC, the anodic hydrogen oxidation reaction (HOR) rate 
directly affects the whole performance. Regrettably, the crucial 
aspect of durability, especially the long-term durability under 
practical application conditions, has not been fully explored. Addi-
tionally, the presence of CO in the hydrogen feedstock also has a 
significant impact on the performance of the AEMFC [1,7]. Despite 
using the most active Pt-based catalysts, the anodic HOR kinetics in 
alkaline conditions is still 2–3 orders of magnitude slower than 
that in acidic settings, thereby mandating a higher Pt loading to 
attain comparable performance [8–10]. Therefore, developing 
low-cost, efficient, and highly stable electrocatalysts for HOR is 
essential for advancing AEMFCs. 

In the alkaline HOR process, it is increasingly recognized that 
the Volmer step (Had +  OH− → H2O  +  e− + *) is pivotal in determin-
ing the reaction rate [11]. Accordingly, the adsorption behavior of 
hydrogen (Had) and hydroxyl (OHad) species is a vital indicator of 
HOR performance, as their adsorption strengths are closely corre-
lated with the activity of electrocatalysts [12]. Ruthenium (Ru) 
exhibits a favorable combination of oxygen affinity and hydrogen 
binding energy (HBE) comparable to platinum (Pt), along with sig-
nificantly lower costs, positioning it as a viable alternative catalyst
reserved, 

https://doi.org/10.1016/j.jechem.2025.03.034
mailto:jyguo@gxnu.edu.cn
mailto:isimjant@sabic.com
mailto:xlyang@gxnu.edu.cn
https://doi.org/10.1016/j.jechem.2025.03.034
http://www.sciencedirect.com/science/journal/20954956
http://www.elsevier.com/locate/jechem


C. Niu, Y. Liu, S. Zhou et al. Journal of Energy Chemistry 107 (2025) 9–17

 

for alkaline HOR [13–15]. However, single Ru catalysts have their 
inherent limitations. For example, under alkaline conditions, they 
have an excessively high hydrogen binding energy and insufficient 
hydroxyl adsorption energy, resulting in slow HOR kinetics and 
making it difficult to be put into practical applications [12,16]. To 
overcome these challenges, researchers explored strategies like 
alloying, vacancy engineering, surface ratio regulation, heteroatom 
doping, and support optimization to improve the interaction with 
Had and OHad, accelerating the application process in fuel cells 
[7,14,17]. Recent studies have shown that metal sulfides (RuS2, 
Ru-RuS2) and oxides (Ru-RuO2) can display remarkable perfor-
mance in alkaline HOR [18–20]. For example, Luo et al. created a 
series of RuS2 model catalysts to systematically examine the rela-
tionship between sulfur vacancies and basic HOR activity [18]. 
Nevertheless, there is currently a lack of research regarding the 
modulation of the d-band center and hydrogen bonding network 
by inducing structural asymmetry. In light of this, adjusting the 
d-band center and hydrogen bonding network continuity through 
constructing asymmetric interfaces holds great promise for creat-
ing efficient catalysts for alkaline HOR. 

Herein, a heterogeneous catalyst (RuS2-RuO2@C) featuring 
abundant S–Ru–O interfaces was successfully synthesized via a 
dual anion-induced strategy. The existence of asymmetric S–Ru– 
O interfaces in RuS2-RuO2@C was verified by X-ray photoelectron 
spectroscopy (XPS) and extended X-ray absorption fine structure 
(EXAFS) spectroscopy. Density functional theory (DFT) calculations 
indicated that the synergistic effect between RuS2 and RuO2, along 
with sufficient S–Ru–O interfaces, optimized the electronic struc-
ture. Specifically, the d-band center was moved closer to the Fermi 
level, which adjusted the adsorption intensity of intermediates and 
reduced the reaction energy barrier during alkaline HOR. Attenu-
ated total reflection surface-enhanced infrared absorption spec-
troscopy (ATR-SEIRAS) characteristics demonstrated that the 
asymmetric S–Ru–O interface strengthened the connectivity of 
the hydrogen bonding network, thus accelerating the desorption 
of H2Oad and promoting Volmer kinetics. As expected, RuS2-
RuO2@C displayed superior catalytic performance in alkaline HOR 
compared to the original RuS2@C, RuO2@C, and Ru-RuO2@C, attain-
ing mass activity and exchange current density values of 
2.61 mA g 1 Ru and 2.96 mA cm−2 , respectively. Therefore, it is antic-
ipated that Ru-based catalysts can remarkably improve HOR per-
formance by introducing asymmetric interfaces. 

l 

2. Experimental 

2.1. Chemicals 

All chemicals and reagents were used as bought without any 
further purification. These chemicals comprised ruthenium trichlo-
ride (RuCl3 xH2O, Aladdin, ∼40 wt% Ru), sublimation sulfur (S, 
Xilong Science, 99%), oleylamine (OAm, Aladdin Industrial, 80%– 
90%), commercial Pt/C (Alfa Aesar, 20 wt%), hexane (Sinopharm 
Chemical Reagent, ≥97%), absolute ethanol (Sinopharm Chemical 
Reagent, ≥99.5%), nafion solution (Alfa Aesar, 5 wt%), and carbon 
black (Vulcan, XC-72R). The deionized water (18.25 MX cm−1 ) 
from a water purification system (Ulupure) was used throughout 
the whole experiment. 

2.2. Synthesis of RuS2-RuO2@C 

In order to adjust the d-band center with the aid of the asym-
metric interface, reduce the adsorption strength of the interme-
diate products, and enhance the catalytic activity of the HOR, we 
designed the following experimental scheme. 20 mg RuCl3 xH2O, 
30 mL ethanol, 15 mg carbon black and 30 mg S were mixed in 
5 mL OAm with stirring at 75 °C  for  20  min  to  achieve  a  un  iform
10
suspension. The mixture was then transferred to a 100 mL 
Teflon-lined autoclave and heated at 160 °C  for  24  h.  The  sample
was harvested by centrifugation, washed several times with 
ethanol, and dried in vacuum oven overnight. The obtained sam-
ple was then annealed at 400 °C for 1 h at a heating rate of 
5 °C  min−1 in an N2 atmosphere. After naturally cooling, the 
obtained sample was denoted as RuS2-RuO2@C, with a specific 
Ru content of 3.59 wt%, which was verified by inductively cou-
pled plasma-mass spectrometry  (ICP-MS)  measurements. Fol-
lowing the same line of thought, we obtained other catalysts at 
different temperatures, labelled RuS2-RuO2@C-350 °C  and  RuS2-
RuO2@C-450 ° C, respectively.

Ru-RuO2@C and RuO2@C were synthesized following the same 
method as RuS2-RuO2@C. For Ru-RuO2@C, no S source was added. 
As for RuO2@C, the S source was omitted and the annealing gas 
was also changed to air. 

2.3. Synthesis of RuS2@C 

The synthesis method of RuS2@C was generally the same as that 
of RuS2-RuO2@C. The main differences were as follows: in the 
solvothermal step, no S source was added. Moreover, during the 
subsequent treatment of the precursor obtained from solvothermal 
synthesis, the precursor and 500 mg of sulfur powder were respec-
tively placed in the middle and upper parts of the quartz tube for 
annealing, rather than following the corresponding operations in 
the synthesis process of RuS2-RuO2@C. 

2.4. Materials characterization 

Powder X-ray diffraction (XRD, Rigaku D/Max 2500 V/PC, 
Japan, Cu Ka radiation over the 2h range of 10°–90°) was mea-
sured to investigate the crystal structure and phase composition 
of samples. Scanning electron microscopy (SEM, FEI Quanta 200 
FEG) and transmission electron microscopy (TEM, JEM-2100F) 
were recorded to characterize the morphology and elemental dis-
tribution of the catalysts. The Ru L3-edge X-ray absorption spec-
tra (XAS) were collected at the 1W1B beamline of Shanghai 
Synchrotron Radiation Facility. The chemical state and electronic 
structure of the samples were analyzed by X-ray photoelectron 
spectroscopy (XPS, JPS-9010 Mg Ka). Metal contents in the cata-
lysts were examined using inductively coupled plasma-mass 
spectroscopy (ICP-MS, PerkinElmer corporation, FLexar-
NexION300X). The Brunauer-Emmett-Teller (BET) method was 
used to measure the specific surface area and pore size distribu-
tion of the samples. Ultraviolet photoelectron spectroscopy (UPS) 
was performed on X-ray photoelectron spectroscopy (PHI5000 
VersaProbe III). 

2.5. Electrochemical test 

All the electrocatalytic measurements were performed in a 
standard three-electrode system by the CHI 760E (Shanghai, China) 
electrochemical analyzer. In this work, glassy carbon electrode 
(GCE, diameter: 5 mm, disk area: 0.196 cm2 ) was chosen as the 
working electrode; graphite rod and saturated KCl-filled with Ag/ 
AgCl were served as counter electrode and reference electrode, 
respectively. Electrochemical impedance spectroscopy (EIS) was 
measured using a multichannel potentiostat (Biologic VMP3) at 
the given potential with frequencies ranging from 200 kHz to 
10 mHz. 

Before HOR measurements, the 0.1 M KOH electrolyte was bub-
bled with ultra-high purity (UHP) H2 gas for 30 min to gain H2-
saturated 0.1 M KOH solution. Cyclic voltammetry (CV) curves 
were recorded between 0 and 1.0 V vs. reversible hydrogen elec-
trode (RHE) in pre-made N2-saturated 0.1 M KOH electrolyte until
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the stable curves were obtained. HOR polarization curves were col-
lected at a sweep rate of 10 mV s−1 ranging from −0.05 to 0.5 V (vs. 
RHE) under 1600 r min−1 of the rotating disk electrode (RDE) rota-
tion rate. The stability was assessed by repeating the potential scan 
from 0 to 1.0 V (vs. RHE) for 1000 cycles at the scanning rate of 
100 mV s−1 . Chronoamperometric characterization was performed 
at 50 mV vs. RHE for 20000 s. 

The methods of the characterization techniques used and the 
details of the electrochemical tests have been outlined in the Sup-
porting Information. 

3. Results and discussion 

3.1. Synthesis and structural analysis 

The RuS2-RuO2@C heterostructure was synthesized using 
solvothermal and high-temperature annealing methods (Fig. 1a). 
Initially, a uniform suspension was created by sonicating RuCl3 
precursor and sulfur powder in a mixed solvent containing XC-
72R through a simple solvothermal process. The resulting precur-
sors were then annealed in nitrogen to produce the RuS2-RuO2@C 
heterostructure. XRD analysis of RuS2-RuO2@C indicated the pres-
ence of both RuO2 (JCPDS: 43-1027) and RuS2 (JCPDS: 19-1107) 
Fig. 1. (a) Schematic illustration of the preparation of RuS2-RuO2@C. (b) XRD patterns of 
RuS2-RuO2@C. (d, e) High-resolution TEM images, (f) SAED pattern, and (g) elemental m
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phases (Fig. 1b), confirming the successful formation of RuS2-
RuO2@C heterostructure. The XRD pattern of XC-72R showed broad 
peaks around 24° and 43°, corresponding to the (0 0 2) and (1 0 1) 
crystal faces [21]. For comparison, Ru-RuO2@C catalyst was pre-
pared without sulphur source, revealing diffraction peaks consis-
tent with Ru (JCPDS: 06-0663) and RuO2 (JCPDS: 43-1027) 
(Fig. S1) [22,23]. 

The morphology of the materials was examined using TEM. 
Loading the catalyst onto the carbon black will result in the forma-
tion of a particulate structure. As shown in Fig. 1(c), the average 
particle size of RuS2-RuO2@C was about 9.26 nm, significantly 
smaller than the average size (13.52 nm) of Ru-RuO2@C (Fig. S2). 
This indicated that dual anion-induced RuS2-RuO2@C heterostruc-
ture was beneficial for reducing the agglomeration phenomenon 
and enhancing the activity [24,25]. Fig. 1(d, e) displayed the lattice 
spacing of RuS2-RuO2@C, showing the interplanar spacing of 0.279 
and 0.214 nm attributed to the (2 0 0) and (0 0 2) planes of RuS2 
and RuO2, respectively [18,26]. Selected area electron diffraction 
(SAED) identified diffraction spots corresponding to RuS2 (2 1 1), 
RuO2 (100), and RuO2 (3 1 1). This indicated the successful synthe-
sis of the RuS2-RuO2@C composite and confirmed the existence of 
the S–Ru–O interface (Fig. 1f) [27]. Additionally, energy-dispersive 
X-ray spectroscopy (EDS) (Fig. S3) and elemental mappings
RuS2-RuO2@C and XC-72R. (c) TEM image and the particle size distribution (inset) of 
apping images of RuS2-RuO2@C. 
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(Fig. 1g) confirmed the presence of C, O, S, and Ru throughout the 
heterostructure. 

To qualitatively detect the existence of sulfur vacancy in 
RuS2-RuO2@C, electron paramagnetic resonance (EPR) measure-
ments were performed (Fig. 2a). The EPR spectrum of RuS2-
RuO2@C presented an apparent paramagnetic absorption signal 
at g = 2.002, while Ru-RuO2@C did not display any significant 
fluctuations, revealing that sulfur vacancy trapped unpaired 
electrons in RuS2-RuO2@C [18]. XPS was conducted to investi-
gate the elemental composition and surface chemical valence 
states of RuS2-RuO2@C.  As  depicted  in  Fig.  S4,  the  high-
resolution S 2p spectrum of RuS2-RuO2@C divulged the contribu-
tions from S2− (162.31 eV), S2 2− (163.46 eV), and S–O (167.75 eV)
[28]. Fig. 2(b) displayed the high-resolution Ru 3p spectrum of 
RuS2-RuO2@C with deconvoluted peaks at approximately 
462.23 and 464.92 eV, corresponding to Ru–S and Ru–O bonds, 
indicating the formation of S–Ru–O bonds at the heterogeneous 
interfaces [22,29]. 

To thoroughly investigate the impact of heterogeneous inter-
faces on HOR activity, UPS was utilized to measure the work func-
tion (WF) of different materials [30]. As exhibited in Fig. 2(c), the 
WF trend was RuS2-RuO2@C (4.35 eV) > Ru-RuO2@C (2.81 eV). This 
Fig. 2. (a) EPR spectra of RuS2-RuO2@C and Ru-RuO2@C. (b) High resolution XPS of Ru 3p 
(d) Ru K-edge XANES and (e) EXAFS spectra of RuS2-RuO2@C and Ru-RuO2@C. Correspond
edge WT-EXAFS of RuS2-RuO2@C, Ru-RuO2@C, RuO2, and RuS2. 
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indicated that the surface valence state of RuS2-RuO2@C was more 
positive compared to Ru-RuO2@C, suggesting that RuS2-RuO2@C 
possessed a greater number of empty d-orbitals than Ru-RuO2@C 
[30]. Consequently, the RuS2-RuO2@C was expected to improve 
the oxidation capacity of the catalyst and hydroxyl adsorption, 
thus accelerating the crucial Volmer step [1,31]. 

To identify the electronic structure and coordination environ-
ment of catalysts, the Ru K-edge X-ray absorption near-edge struc-
ture (XANES) and EXAFS measurements were carried out. As 
revealed in Fig. 2(d), the average valence state of Ru in RuS2-
RuO2@C lied between 0 and +4. The local environment surrounding 
Ru was examined using k3-weighted EXAFS Fourier transform 
magnitude in R-space, as illustrated in Fig. 2(e). Two characteristic 
peaks at 1.48 and 1.81 Å for reference samples RuO2 and RuS2 were 
indexed to Ru–O and Ru–S bonds, respectively [18,20]. RuS2-
RuO2@C displayed an evident broad peak around 1.72 Å, attributa-
ble to Ru–S/Ru–O bonds. Further curve fitting was conducted to 
ascertain specific structural parameters around the Ru atoms 
(Fig. 2f, g), with the results provided in Table S1. In RuS2-RuO2@C 
heterogeneous catalyst, the calculated coordination numbers for 
Ru–O and Ru–S were 1.0 and 4.0, respectively, offering strong evi-
dence for the existence of S–Ru–O interfaces [32]. Diversely, the
in RuS2-RuO2@C. (c) UPS spectra with inset work functions of the different catalysts. 
ing EXAFS fitting curves of (f) RuS2-RuO2@C and (g) Ru-RuO2@C at R space. (h) Ru K-
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coordination numbers for Ru–O and Ru–Ru in Ru-RuO2@C were 
found to be 2.4 and 5.9, respectively. The coexistence of the double 
anion (O and S) in RuS2-RuO2@C significantly weakened the Ru–O 
coordination compared to Ru-RuO2@C, which aided in inhibiting 
Ru solubility and enhancing stability during catalytic process 
[33]. To further validate these findings, wavelet transform (WT) 
analyses were examined on the Ru EXAFS data. The WT signal at 
the Ru K-edge for RuS2-RuO2@C exhibited peak intensity around 
4.97 Å−1 (Fig. 2h and Fig. S5), further indicating the formation of 
a heterogeneous S–Ru–O interface, consistent with the XPS results. 

3.2. Electrochemical HOR performance 

The electrocatalytic peculiarity of the catalysts was evaluated 
via the RDE technique in H2-saturated 0.1 M KOH electrolyte. Ini-
tially, by performing systematic experiments in which the temper-
ature and Ru concentration were varied, we investigated the 
impact of diverse reaction conditions on the catalytic performance 
of RuS2-RuO2@C. We determined that the material prepared from 
RuS2-RuO2@C at the optimal synthesis temperature of 400 °C exhi-
bits the best HOR activity, with a Ru content of 3.59 wt% (Fig. S6 
and Table S2). To in-depth analyze hydrogen adsorption/desorp-
tion behaviors, CV curves were recorded in N2-saturated 0.1 M 
KOH solution. Previous research had indicated that the under-
potentially deposited hydrogen (Hupd) peaks correlated directly 
with HBE, with a stronger HBE observed as the hydrogen desorp-
tion peak potential increased [34,35]. However, a stronger HBE 
was primarily responsible for the slower kinetics of the HOR 
[36]. As depicted in Fig. S7, compared to Pt/C and Ru-RuO2@C, 
RuS2-RuO2@C exhibited a more negative Hupd peak potential. This 
indicates that the HBE on RuS2-RuO2@C is weaker. According to 
the bifunctional theory, this weakened HBE promotes the Volmer 
step in the alkaline HOR [1]. Linear scanning voltammetry (LSV) 
was performed in H2-saturated 0.1 M KOH to obtain HOR polariza-
tion curves for various catalysts. As shown in Fig. 3(a), RuS2-
RuO2@C displayed markedly superior HOR activity compared to 
other control catalysts. Control experiments carried out in elec-
trolytes saturated with N2 verified that the anodic current was neg-
ligible (Fig. S8). This finding strongly attests to the fact that the 
anodic current predominantly originated from the oxidation of 
H2. Furthermore, we evaluated the HOR polarization curves of 
RuS2-RuO2@C with respect to different rotation speeds. It was 
observed that as the rotation rate increased, so did the limiting cur-
rent density. This phenomenon was a clear indication that the pro-
cess is governed by H2 mass-transport (Fig. 3b) [37]. According to 
Koutecky-Levich equation (Eq. (S2)), the calculated slope of RuS2-
RuO2@C was 4.63 cm2 mA−1 s−1/2 , closely aligning with the theo-
retical value of 4.87 cm2 mA−1 s−1/2 , consistent with two-electron 
transfer principles [12]. To explore the catalytic mechanism of 
HOR, Tafel slopes were determined by plotting kinetic current den-
sity (jk) against overpotential for the synthesized catalysts. The 
asymmetrical behavior observed in the Tafel plot indicated that 
RuS2-RuO2@C adhered to the Heyrovsky-Volmer mechanism, with 
the Volmer step identified as the rate-determining step (RDS) 
(Fig. 3c) [38]. As depicted in Fig. 3(d), the geometric j0 values for 
the samples were derived from the micro-polarization region 
(from −5 to 5 mV). As anticipated, RuS2-RuO2@C achieved a j0 of 
2.96 mA cm−2 , underscoring its remarkable inherent activity 
(Fig. 3e and Table S3). Recently, it was reported that S is a pivotal 
site for enhancing HOR activity through S-site blocking experi-
ments [18]. Therefore, we verified this through an S-site blocking 
experiment. By introducing Zn2+ ions, Zn2+ ions were bonded to 
the surface S sites, blocking the adsorbed substances, especially 
H. As expected, after introducing Zn2+ ions, the catalytic activity 
of RuS2-RuO2@C decreased significantly, indicating that the S sites 
13
played a promoting role in enhancing its catalytic activity (Fig. 3f). 
Notably, the mass activity of RuS2-RuO2@C reached 2.61 mA g 1 Ru , 
and the j0 reached 2.96 mA cm−2 , which significantly exceeded the 
currently reported catalysts (Fig. 3g). Moreover, we had summa-
rized the HOR performance parameters of the studied catalysts 
(Tables S4 and S5). Subsequently, we conducted accelerated dura-
bility experiments using chronoamperometry (j-t) measurements 
in H2-saturated 0.1 M KOH electrolyte. Fig. 3(h) revealed that 
RuS2-RuO2@C exhibited only minimal current density degradation, 
starkly contrasting with the commercial Pt/C and Ru-RuO2@C, 
highlighting the remarkable stability of RuS2-RuO2@C. 

l 

3.3. Theoretical study 

Apart from hydrogen adsorption species, the adsorbed hydroxyl 
group (OH*) serves as another crucial indicator for modulating cat-
alytic activity [34]. The behavior of OH* can be assessed using CO 
stripping techniques, as the presence of OH* facilitates CO oxidation. 
A more negative CO stripping peak value signifies a stronger OH* 
adsorption on the surface  of  electrocatalys  t [34,39]. As shown in 
Fig. 4(a), the CO-stripping peak for RuS2-RuO2@C (0.72 V) was more 
negative than that of Ru-RuO2@C (0.79 V), RuS2@C (0.84 V), and 
RuO2@C (0.86 V), indicating a stronger binding affinity for OHads in 
RuS2-RuO2@C. Furthermore, hydroxyl adsorption  on  catalysts  can
be also investigated using zeta potential measurement s [40]. As illus-
trated in Fig. 4(b), RuS2-RuO2@C demonstrated optimized OH adsorp-
tion, with a more negative potential of −23.59 mV compared to Ru-
RuO2@C (−15.19 mV), RuS2@C (−7.32 mV), and RuO2@C (−3.27 mV). 
Collectively, the CO-stripping and zeta potential analyses revealed 
that the strengthened hydroxyl binding energy (OHBE) of RuS2-
RuO2@C can accelerate the rate-limiting Volmer step, thereby 
improving HOR catalysis. 

To gain insight into the mechanism underlying the enhanced 
HOR activity of the RuS2-RuO2@C heterostructure, DFT calculations 
were conducted. In this study, the interfaces based on the crystal-
lographic orientations of RuO2 (1 0 1) and RuS2 (3 1 1) were con-
structed to simulate the RuS2-RuO2@C heterostructure. Fig. S9 
presented the four theoretical models of RuS2-RuO2@C, Ru-
RuO2@C, RuS2@C, and RuO2@C. The differential charge density 
analysis of RuS2-RuO2@C revealed significant charge depletion 
around RuO2, while charge accumulation was observed around 
RuS2, highlighting the strong electronic interaction between the 
RuO2 and RuS2 components (Fig. 4c). The density of states (DOS) 
was employed to investigate the electronic characteristics of the 
four samples. When compared with Ru-RuO2@C, RuS2@C, and 
RuO2@C, RuS2-RuO2@C demonstrated a greater DOS occupancy in 
the vicinity of the Fermi level. This indicates that RuS2-RuO2@C 
has better electrical conductivity, a stronger electron transport 
ability, and more rapid reaction kinetics (Fig. 4d) [19]. Based on 
the d-band theory, the binding strength of the adsorbed intermedi-
ates could be indicated by the position of the d-band center [19]. 
The d-band centers for RuS2-RuO2@C, Ru-RuO2@C, RuS2@C, and 
RuO2@C were found to be −1.51, −1.54, −1.56, and −1.69 eV, 
respectively. In RuS2-RuO2@C, the upward movement of the d-
band center signified a more robust interaction occurring between 
the catalyst and the intermediates. This stronger interaction was 
beneficial for reducing the potential energy barrier, thereby 
enhancing the catalytic efficiency of the HOR [12]. 

Given that H* and OH* are two key reaction intermediates in the 
HOR process, we performed an evaluation of the HBE and OHBE on 
different catalysts. Fig. 4(e) and Figs. S10 and S11 illustrated the 
preferred adsorption sites for H and OH on RuS2-RuO2@C, Ru-
RuO2@C, RuS2@C, and RuO2@C. In comparison, the HBE value for 
RuS2-RuO2@C was −0.27 eV, which was closer to zero than the val-
ues of Ru-RuO2@C (−0.41 eV), RuS2@C (−0.43 eV), and RuO2@C
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Fig. 3. (a) HOR polarization curves. (b) HOR polarization curves for RuS2-RuO2@C at various rotation speeds. Inset in (b) shows corresponding Koutecky-Levich plots at 50 mV. 
(c) Tafel plots of the kinetic current density. (d) Linear fitting curves in the micro-polarization region (from −5 to 5 mV). (e) jk and j0 of different studied catalysts. (f) HOR 
polarization curves of RuS2-RuO2@C before and after soaking in 1 mM Zn(NO3)2 solution for 30 s. (g) j0 and MA compared to other recently reported alkaline HOR 
electrocatalysts (Tables S4 and S5 provide each value and the relevant references). (h) Chronoamperometry (j-t) responses of RuS2-RuO2@C, Ru-RuO2@C, and commercial Pt/C 
at 50 mV. 
(−0.51 eV), indicating a favorable HOR process. Additionally, the 
OHBE values for Ru-RuO2@C, RuS2@C, and RuO2@C were 0.03, 
0.06, and 0.40 eV, respectively, indicating insufficient hydroxyl 
adsorption capability that impeded the HOR process. In contrast, 
RuS2-RuO2@C exhibited an OHBE value of −0.09 eV, demonstrating 
a stronger OH adsorption capacity, which promoted the capture of 
OH* on the surface, so the Volmer step in the alkaline HOR process 
was expedited through a bifunctional mechanism [19]. Subse-
quently, the free energy profiles and reaction pathways for HOR 
on RuS2-RuO2@C, Ru-RuO2@C, RuS2@C, and RuO2@C were calcu-
lated (Fig. 4f). The findings indicated that for RuS2-RuO2@C, the 
steps of H*+OH* and water formation were endothermic, whereas 
water adsorption was exothermic. This was in line with the steps 
seen in Ru-RuO2@C, RuS2@C, and RuO2@C. Consequently, the 
H* + OH* step became the rate-determining step (RDS) for all four 
catalysts. Among these catalysts, RuS2-RuO2@C showed the lowest 
energy barrier, measured to be 0.27 eV. This can be ascribed to its 
strengthened OHBE. As a result, the outstanding HOR performance 
of RuS2-RuO2@C was mainly attributed to the optimized OHBE and 
14
a decreased RDS energy. These results implied that the interfacial 
synergy between the RuS2 and RuO2 components was of great sig-
nificance in regulating the adsorption of H and OH, thus promoting 
the kinetics of the HOR, as depicted in Fig. 4(g). 

3.4. In situ ATR-SEIRAS analysis 

To further explore the H adsorption behavior during the reac-
tion and the impact of interfacial water on the catalyst surface, 
we utilized in situ ATR-SEIRAS (Fig. 5a–d). The mO–H peaks corre-
sponded to weakly hydrogen-bonded water on the Ru surface 
(3600 cm−1 ) and triangular water (3400 cm−1 )  [15,41]. However, 
the water situated on either side of the triangular region can be 
classified as strongly hydrogen-bonded (HB) water [42]. Previous 
reports have indicated that a high concentration of strongly HB 
water contributes to a lower energy barrier for the proton-
coupled electron transfer (PCET) process, facilitated by the 
hydrogen-bond network in interfacial water [42]. Consequently, 
strongly HB water is essential for enhancing the activity of the
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Fig. 4. (a) CO stripping curves of RuS2-RuO2@C, Ru-RuO2@C, RuS2@C, and RuO2@C. (b) Zeta potential of RuS2-RuO2@C, Ru-RuO2@C, RuS2@C, and RuO2@C. (c) Charge-density 
distribution of the RuS2-RuO2@C model (the blue, red, and violet balls represent O, Ru, and S atoms respectively). (d) DOS plots. (e) Calculated HBEs and OHBEs value on RuS2-
RuO2@C, Ru-RuO2@C, RuS2@C, and RuO2@C models. (f) The reaction pathways of RuS2-RuO2@C, Ru-RuO2@C, RuS2@C, and RuO2@C for alkaline HOR. (g) Mechanism diagram of 
RuS2-RuO2@C for the alkaline HOR processes. 
HOR process. Notably, RuS2-RuO2@C exhibited a pronounced signal 
peak around 3400 cm−1 , while Ru-RuO2@C, RuS2@C, and RuO2@C 
did not show a similar peak at this position. These findings mani-
fested that the S–Ru–O interface formed in RuS2-RuO2@C effec-
tively promoted the accumulation of water molecules and 
progressively expedited the hydrogen bond network, thereby facil-
itating reaction kinetics and boosting HOR catalytic activity 
[18,42,43]. 

4. Conclusions 

In summary, we successfully synthesized a heterogeneous cat-
alyst (RuS2-RuO2@C) featuring a rich S–Ru–O interface using a dual 
anion-induced strategy. The presence of asymmetric S–Ru–O inter-
faces in RuS2-RuO2@C was confirmed through XPS and EXAFS spec-
troscopy. DFT calculations revealed that the synergistic effect of 
RuS2 and RuO2, along with the abundant S–Ru–O interfaces, opti-
mized the electronic structure by shifting the d-band center closer 
to the Fermi level. This modulation regulated the adsorption 
strength of intermediates and reduced the reaction energy barrier 
during alkaline HOR. ATR-SEIRAS characterization further demon-
strated that the asymmetric S–Ru–O interface enhanced the hydro-
gen bonding network connectivity, thereby accelerating the 
desorption of H2Oad and facilitating Volmer kinetics. As a result, 
RuS2-RuO2@C exhibited superior alkaline HOR catalytic perfor-
15
mance compared to RuS2@C, RuO2@C, and Ru-RuO2@C, achieving 
mass activity and exchange current density of 2.61 mA g 1 Ru and 
2.96 mA cm−2 , respectively. These findings suggest that the incor-
poration of asymmetric interfaces in Ru-based catalysts holds great 
potential for significantly enhancing HOR performance. However, 
scaling RuS2-RuO2@C for fuel cells faces durability, CO tolerance, 
cost, and integration challenges. While beyond our current 
research, future efforts will focus on stability optimization, CO-
resistant modifications, cost-effective synthesis, and membrane 
electrode assembly (MEA) integration strategies. 
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