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A B S T R A C T   

Understanding the non-covalent interactions occurring at electrocatalytic interfaces is important to promote the 
development of advanced hydrogen evolution systems. However, the exact role of non-covalent interaction in the 
electrode–electrolyte interface on the HER kinetics remains obscure at the molecular level, especially for non- 
platinum-based electrodes. This is due to the lack of an effective strategy to decouple the effect of each inter
action (ΔGH, noncovalent interactions) on the HER kinetics. Accordingly, herein, we constructed a model catalyst 
surface (Pd,RuSOy) to decouple the influence of ΔGH and double-layer structure optimization on HER kinetics, 
thus exploring the role of this non-covalent interactions on the HER at the molecular level. We found that hy
drated cations located in the outer Helmholtz plane (OHP) also interact directly with electrode materials and the 
strength of these interactions would also affect the HER activity. Consequently, Pd,RuS2− xOy exhibited 
remarkable electrocatalytic activity toward HER, which delivered low overpotentials of 38 and 82 mV at 10 and 
100 mA cm− 2, respectively. This study not only illustrates the roles of interfacial interactions, but also provides a 
new way for the rational design of advanced electrocatalysts.   

1. Introduction 

Renewable-powered, low-temperature water electrolyzers are 
significantly important alternatives to fossil fuels for green hydrogen 
production [1–3]. Developing cost-effective Pt group metal (PGM)-free 
catalysts for hydrogen evolution reaction (HER) is the key to realizing 
the large-scale application of proton exchange membrane water elec
trolyzers (PEMWEs) [4,5]. Persistent research efforts have uncovered 
that a well-known correlation exists between the HER activity and the 
binding strength of H (ΔGH) on the catalyst surface, which follows a 
‘volcano’ trend (Sabatier principle) [6–9]. Numerous studies have thus 
been performed on enhancing the HER performance of catalysts by 
optimizing the energy of the reaction intermediates (H*) on the surface 
of catalysts [10–12]. Although certain success has been achieved in this 
regard, important kinetic details have been overlooked, and accord
ingly, huge disparity exists between the performances of different cat
alysts located at the apex of the volcano plot [13–18]. In addition, ΔGH 
fail to capture the influence of external parameters (such as pH or the 

presence of Li+ cations in the electrolyte) on HER activity. These issues 
stem from the fact that: in aqueous electrolytes, the catalytic properties 
not only depend on the energetics of interactions between key reaction 
intermediates and catalyst surface(ΔGH), but are also governed by the 
non-covalent interactions between electrode surfaces and hydronium 
ions (H3O+)/water molecules in the electrochemical double-layer (EDL). 
However, our understanding of the impact of weak interactions in 
electrode interface on the HER kinetics remains elusive at the molecular 
level. 

One key challenge for exploring the role of non-covalent interactions 
in electrocatalytic hydrogen evolution reactions on electrode interface is 
the lack of an effective strategy to decouple the effect of the two types of 
interactions (ΔGH, noncovalent interactions) on the HER reaction ki
netics. For instance, our previous study [19] has revealed that the 
introduction of -OH group into MoS2 via Pd,Ru-doping strategy can 
endow the interface with reactant dragging functionality. Meanwhile, 
in-plane inert sulfur sites are also electronically activated by heteroatom 
metal doping (Pd and Ru) to acquire optimized hydrogen adsorption 
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energy. Therefore, in order to draw this molecular understanding for the 
dependence of the HER on the EDL structure, we must first develop 
model catalytic surface to decouple the effect of the two types of in
teractions on the reaction kinetics. 

Considering that the electron-withdrawing O sites can form H bonds 
with H3O+ or H2O on the EDL, O doping can be expected to induce 
interface engineering. Furthermore, a previous study [20] has revealed 
that the chemisorption of O on chalcogen atoms has a relatively weak 
influence on the band structure and geometry configuration of transition 
metal dichalcogenides (TMDs); thus, this O-doped TMDs surface may 
decouple the effect of the two types of interactions on the reaction ki
netics, thereby helping us to the understand the importance of 
non-covalent interactions in controlling the catalytic activity during 
HER. 

Herein, we created a model catalyst surface (Pd,RuS2− xOy) by 
spontaneously incorporating O atoms into ruthenium disulfide (RuS2) 
lattices. Pd,RuS2− xOy comprised sites of optimum H* binding strength, 
which also formed a hydrogen-bonding network with H3O+ or H2O in 
the electrolyte. More attractively, the model catalyst surface decoupled 
the influence of ΔGH and double-layer structure optimization on HER 
kinetics. Specifically, our study highlights that by achieving control over 
the non-covalent interactions between the electrode surface and hy
drated cations located in the outer Helmholtz plane (OHP), electro
catalytic activity at electrified interfaces can be tuned. Correspondingly, 
a significant enhancement in the HER performance of Pd,RuS2− xOy was 
realized (Overpotential: 82 mV at 100 mA cm− 2 and Tafel slope: 62 mV 
dec− 1 in high current density regions), exceeding the HER performances 
of most of the existing PGM-free catalysts in acidic environments. This 
work may provide a way to unleash the electrocatalytic potential of 
TMD materials for efficient hydrogen generation in acidic media. 

2. Results and discussion 

2.1. Design model catalyst surface 

Structurally, the substitution of O for S in the RuS2 lattice is con
ducted to prepare a model catalyst surface. However, realizing O 

substitution on the defect-free basal plane without altering the phase 
structure remains a considerable challenge [8,20]. Based on our previ
ous studies [8,21], herein, we substituted S sites by O sites via a surface 
redox reaction with Pd. Pd interfacial doping can create structural va
cancies on the RuS2 surface, thus making the introduction of O ther
modynamically favorable. To investigate the thermodynamics of the 
introduction of O atoms into RuS2 crystals by Pd doping, we performed 
density functional theory (DFT) calculations. At first, we calculated the 
formation energy of sulfur vacancies (SVs) in RuS2 and Pd–RuS2, which 
was decreased by ~1 eV due to Pd doping (Fig. 1a). Then, we evaluated 
the adsorption energies of the O-containing species on SVs and found 
that the chemisorption of O atoms on the SV site of RuS2 was exothermic 
(Fig. 1b-e and Fig. S1). In contrast, the chemisorption of other species 
(namely, -OH at 0.81–1.61 eV and O2 at 3.2–3.5 eV) to saturate the SVs 
was thermodynamically unfavorable. Furthermore, the higher strength 
of Ru–O bonds as compared to that of Ru–S bonds [20] also facilitated 
the capture of nucleophilic O species by the SV sites. 

Based on the predicted structure of Pd,RuS2− xOy, we synthesized Pd, 
RuS2− xOy, and the synthetic procedures are illustrated in Fig. S2. The 
structure of Pd,RuS2− xOy was examined by transmission electron mi
croscopy (TEM), X-ray diffraction (XRD), and sub-angstrom resolution 
aberration-corrected high-angle annular dark field–scanning trans
mission electron microscopy (HAADF–STEM). TEM images showed that 
the introduction of Pd did not induce noticeable morphological changes 
in RuS2 (Fig. 2a and Fig. S3). Moreover, no Pd particles or clusters were 
observed in the TEM image, thus excluding the possibility of the for
mation of phase-segregated Pd or Pd sulfide (PdS) compounds. To 
exclude the possibility of the formation of the amorphous PdS, the Pd, 
RuS2− xOy sample after heat-treatment at 600 ◦C further characterized 
by XRD (Fig. 2b). The result reveals that Pd was firmly integrated into 
the RuS2 backbone without phase segregation, which also indicated the 
absence of the amorphous PdS. Furthermore, the high-resolution Pd 3d 
XPS spectrum was deconvoluted into two peaks that were assigned to Pd 
3d5/2 (336.7 eV) and Pd 3d3/2 (342 eV) (Fig. 2c), which implied that Pd 
was immobilized as Pd (II) in the RuS2 backbone. Atomic-resolution 
aberration-corrected HAADF–STEM was used to examine the structure 
of Pd,RuS2− xOy. The HAADF–STEM images and corresponding 

Fig. 1. (a) Formation of sulfur vacancies in RuS2 and Pd-RuS2. (b) Formation energies of OH occupying the sulfur defect sites in RuS2. (c) Formation energies of O 
occupying the sulfur defects sites in RuS2. (d) and (e) Formation energies of O2 occupying the sulfur defects sites in RuS2. 
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Fig. 2. (a) Transmission electron microscopy image of Pd,RuS2− xOy. (b) X-ray diffraction pattern of Pd,RuS2− xOy sample after heat-treatment at 600 ◦C. (c) High- 
resolution Pd 3d X-ray photoelectron spectrum of Pd,RuS2− xOy. (d-e) High-angle annular dark field–scanning transmission electron microscopy (HAADF–STEM) 
image and corresponding elemental mapping of Pd, Ru, O, and S, respectively. (f) Atomic-resolution HAADF–STEM image of Pd,RuS2− xOy. 

Fig. 3. (a) In situ diffuse reflectance infrared Fourier transform spectra of Pd,RuS2− xOy acquired using CO as a probe molecule. (b) Fourier transform of the k2- 
weighted Pd K-edge extended X-ray absorption fine structure (EXAFS) spectra. (c) Fourier transform of the k2-weighted Ru K-edge EXAFS spectra. (d) X-ray 
photoelectron spectra of Pd,RuS2− xOy. (e) Photoluminescence spectra of RuS2 and Pd,RuS2− xOy. (f) Fourier transform infrared spectra of Pd,RuS2− xOy. 
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elemental mappings of Pd,RuS2− xOy revealed that the Pd atoms were 
homogeneously distributed and atomically confined into the RuS2 lat
tice (Fig. 2d-f). This finding was verified by in situ diffuse reflectance 
infrared Fourier transform spectroscopy using CO as a probe molecule. 
In the spectrum of CO adsorbed-Pd,RuS2− xOy, a broad peak at 
1870 cm− 2 attributed to the bridge configurations of the CO molecules 
adsorbed on Pd was barely observable (Fig. 3a), indicating that the Pd 
species were not in the form of metallic Pd nanoparticles or clusters. 
Instead, the infrared absorption peaks generally associated with the 
symmetric and asymmetrical stretching of CO adsorption on single Pd 
atoms were obtained in the spectrum of Pd,RuS2− xOy, which again 
confirmed the atomic doping of Pd. 

To ascertain the chemical environment of Pd atoms in Pd,RuS2− xOy, 
extended X-ray absorption fine structure (EXAFS) spectroscopy was 
conducted. Fourier transform (FT) of the k3-weighted Pd K-edge EXAFS 
spectra (Fig. 3b, Fig. S4 and Table S1) for Pd,RuS2− xOy shows the 
disappearance of the first-shell Pd–Pd scattering peak at 2.68 Å when 
compared with that of Pd foil, suggesting that the Pd species were not in 
the form of metallic Pd nanoparticles or clusters. Only Pd− S coordina
tion existed in the first shell (R = 1.85 Å). Moreover, the fitting results of 
k2-weighted Pd K-edge FT spectrum exhibits a similar profile and fitting 
parameters (Pd–S bond distance: 2.3 Å and CN: 4.3) to those of Ru (Ru–S 
bond distance: 2.25 Å and CN: 5.1) (Fig. 3c, Fig. S5 and Table S2), 
implying the substitution of Ru atoms by Pd atoms. In addition, the 
leaching of Ru ions into the final reactant solution was measured by 
inductively coupled plasma mass spectrometry (ICP–MS) (Table S3), 
further validating the substitution of Ru atoms by Pd atoms. ICP–MS and 
X-ray photoelectron spectroscopy (XPS) results verified the successful 
doping of Pd, with the Ru: Pd stoichiometries of 46: 1 and 13:1, 
respectively. A shorter scattering path was also observed in the Ru FT 
EXAFS spectra of Pd,RuS2− xOy. According to the best fitting results, the 
peak at 2.06 Å was satisfactorily interpreted as the scattering path of 
Ru–O, which might have formed owing to the incorporation of O sites 
via the doping of Pd (Fig. 3c and Table S2). O 1 s X-ray photoelectron 
spectrum of Pd,RuS2− xOy was deconvoluted into three peaks 

corresponding to lattice O (M− O) (529.8 eV), O in physically adsorbed 
O2 (O2ads) (532.1 eV), and O in adsorbed water (H2Oads) (530.9 eV) 
(Fig. 3d) [22]. Furthermore, the XPS spectra demonstrated that the 
content of O sites increased with an increase in Pd doping content 
(Fig. S6), indicating the essential role of Pd in the introduction of O sites. 
In contrast, the XPS spectrum of RuS2 did not show the peak of lattice O 
(Fig. S7). Furthermore, the PL spectrum also confirm the introduction of 
O sites is induced by the Pd doping. As shown in Fig. 3e, a strong PL 
emission was observed in the spectrum of pure RuS2 because photoex
citation allowed radiative recombination. However, after Pd doping, the 
PL emission was remarkably reduced, suggesting severe oxidation or the 
formation of defects. To further identify the O-containing species in the 
catalysts, FT infrared (FTIR) spectroscopy was performed. To exclude 
the influence of H2Oads, Pd,RuS2− xOy was pretreated under vacuum 
conditions to eliminate water from the sample. The spectrum of Pd, 
RuS2− xOy showed the absence of the OH peak, further verifying that the 
O-containing surface species in Pd,RuS2− xOy was O atoms (Fig. 3f). The 
abovementioned experimental observations confirm the spontaneous 
incorporation of O atoms into the RuS2 backbone by Pd interfacial 
doping. 

2.2. Catalytic activity of the Pd,RuS2− xOy model catalyst towards 
hydrogen evolution 

HER activities of all catalysts were analyzed in a N2-saturated H2SO4 
solution (0.5 M) using a standard three-electrode setup, and the state-of- 
the-art Pt/C catalyst was used for comparison. The measured polariza
tion curves are shown in Fig. 4a-b. Pd,RuS2− xOy exhibited higher HER 
activity than that of RuS2, requiring the overpotentials of 38 and 82 mV 
to achieve the current densities of 10 and 100 mA cm− 2, respectively. 
Specifically, Pd,RuS2− xOy showed even higher catalytic activity than 
that of Pt/C in the high current density region. To the best of our 
knowledge, the HER performance of Pd,RuS2− xOy in acidic media is the 
highest among those of most of the PGM-free materials reported to date 
(see Table S4 for details) [4,5,11,16,23–25]. Compared with the current 

Fig. 4. (a) Linear sweep voltammetry polarization curves of Pd,RuS2− xOy, RuS2, PdS, and 20 wt% Pt/C. (b) Comparison between the HER activities of Pd,RuS2− xOy, 
RuS2, and 20 wt% Pt/C. (c) Tafel slopes of Pd,RuS2− xOy, RuS2, and 20 wt% Pt/C. (d) Electrochemical impedance spectroscopy Nyquist plots for Pd,RuS2− xOy and 
RuS2. (e) Results of long-time operating stability tests. (f) Inductively coupled plasma optical emission spectra of the dissolved S, Ru, and Pd ions in the electrolyte 
after the stability tests. 
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densities of RuS2 and Pd,RuS2− xOy, the current density of PdS was 
negligible, indicating that the electrocatalytic activity of Pd,RuS2− xOy 
did not originate from the Pd sites. Additionally, Pd,RuS2− xOy demon
strated less CO sensitivity (Fig. S8); this further excluded activity 
interference from Pd sites [19]. To further understand the origin of the 
differences in the overall catalytic performance between Pd,RuS2− xOy, 
and counterpart RuS2 electrodes, we estimated the relative electro
chemically active surface areas of these electrodes via cyclic voltam
metry by calculating the double-layer capacitance (Cdl) at the 
solid− liquid interface (Fig. S9). The relative electrochemically active 
surface area of Pd,RuS2− xOy was similar to that of RuS2, suggesting that 
the higher catalytic performance of Pd,RuS2− xOy was not owing to a 
larger surface area. Tafel slopes (Fig. 4c) can reflect the HER kinetics. In 
a low current density region (1–10 mA cm− 2), Pd,RuS2− xOy demon
strated a lower Tafel slope (61 mV dec− 1) than that of RuS2 (83 mV 
dec− 1), indicating that the kinetic radical step of HER process on Pd, 
RuS2− xOy electrode. Especially, in high current density regions, the 
disparity is more evident. Moreover, the Tafel slope of Pd,RuS2− xOy 
(58 mV dec− 1) was also obviously lower than that of 20 wt% Pt/C 
(121 mV dec− 1) at the same current density. This can be explained as 
follows: the current density in the low potential region was small, the 
reactant is sufficient. The HER at low potentials is mainly controlled by 
the thermodynamic behavior, and the dynamic behavior is not a key 
factor. However, at higher current density, mass transport plays a more 
important role. Considering that the role of O sites is to promote the 
dynamic behavior by facilitating H3O+ transfer, thus Pd,RuS2− xOy 
shows much faster kinetic for HER. Additionally, electrochemical 
impedance spectroscopy (EIS) results also reveal that the electronic 
transport and mass transport resistances of Pd,RuS2− xOy were signifi
cantly smaller than those of RuS2, where the Nyquist plots (Fig. 4d) 
demonstrated a substantial reduction in charge transfer resistance (Rct) 
from 14.6 Ω cm2 for RuS2 to 0.67 Ω cm2 for Pd,RuS2− xOy (Fig. S10 and 
Table S5). Although the positive effect of O sites on the performance 
activation of RuS2 was confirmed, the excessive increase in O concen
tration caused a decline in the performance of RuS2 (Fig. S11). 

The stability of HER electrocatalysts in acidic electrolytes is another 
critical factor to evaluate the performances of these electrocatalysts as S 
leaching occurs in corrosive electrolytes. Pd,RuS2− xOy showed excellent 
long-term cycling stability, and no considerable potential decay was 
observed after 5000 cycles (Fig. S12). The excellent stability of Pd, 
RuS2− xOy was further assessed by Δɳ = ɳfinal–ɳinitial, where ɳinitial and 
ɳfinal represent the final and initial overpotentials, respectively, and Δɳ 
denotes the difference between ɳinitial and ɳfinal, which was determined 
via a chronopotentiometric test at 10 mA cm− 2. As shown in Fig. 4e, Pd, 
RuS2− xOy showed highly durable stability beyond 50 h with an increase 
of only 12 mV in potential. In contrast, RuS2 exhibited low operational 
stability with a large Δɳ of 38 mV. To confirm the fixation of S on Pd, 
RuS2− xOy, ex situ ICP–MS was performed to analyze the concentration of 
dissolved S in the test electrolyte during the 50 h stability test. ICP-MS 
results demonstrated a reduced S concentration (4.312 ppm versus 
2.546 ppm) in the test electrolyte (Fig. 4f), which indicated that Pd, 
RuS2− xOy was more stable than pristine RuS2. Furthermore, no leaching 
of Ru and Pd in the electrolyte was noticed after the tests. XPS was 
employed to examine the valence state of Pd in Pd,RuS2− xOy after 
electrolysis. Notably, neither the content nor the valence state of Pd in 
Pd,RuS2− xOy was altered after the test according to the XPS results, 
suggesting that Pd was strongly doped into the RuS2 lattice and was 
highly stable under working conditions (Fig. S13). The post-XPS results 
of Pd,RuS2− xOy after electrolysis revealed that the O sites were also 
firmly integrated into the RuS2 backbone and were highly stable under 
electrolytic conditions (Fig. S14). Therefore, in addition to having a high 
HER activity, Pd,RuS2− xOy shows excellent HER stability. 

2.3. Role of non-covalent hydrogen bonding interactions 

Herein, we employed a combination of experimental and theoretical 

techniques to explore the role of non-covalent hydrogen bonding in
teractions in the performance enhancement of Pd,RuS2− xOy. Initially, 
we calculated the H adsorption free energy (ΔGH) (Fig. S15-17), which 
was successfully used as a descriptor for predicting the catalytic activity 
of various sites. ΔGH of the O sites in Pd,RuS2− xOy are far from ideal, 
suggesting unfavorable H adsorption. Additionally, the adsorption en
ergies of H on the Pd site and its adjacent S sites were also investigated, 
and the obtained values were also unsatisfactory [6]. Therefore, the 
increased catalytic behavior was not due to the regulation of the ener
getic interaction between reaction intermediates (H*) and the surface 
site. In other words, the increased HER performance was not attributed 
to the introduction of new active sites. Subsequently, DFT calculations 
were conducted to analyze the non-covalent interactions at electro
de–liquid interfaces of Pd,RuS2− xOy catalyst (Fig. 5a and Fig. S18-19)⋅ 
H2O stabilized the adsorption energy, which was lowered to approxi
mately half on the S sites (− 1.006 eV) as compared to that on the O sites 
(− 2.059 eV) of Pd,RuS2− xOy; this implied that water molecules were 
significantly more likely to be absorbed on the O sites. Moreover, strong 
H-bonds with a very short O− H distance of 1.851 Å were noticed. Then, 
we evaluated the electron localization function (Fig. 5b) to provide a 
precise basis for the analysis of wave function and bonding between 
water molecules and O sites. The topological image shows that the V(O, 
H) basin belongs to the O sites in the Pd,RuS2− xOy valence shell sharing 
a boundary with the V(O) basin, which is typical for hydrogen bonding 
[26–28]. To study the bonding and electronic structure between the O 
sites and H2O, projected density of states (pDOS) analysis was executed. 
pDOS analysis results (Fig. S20a and Fig. S21a) demonstrated that the 
delocalized molecular orbitals of O adsorbed on Pd,RuS2− xOy weakly 
interacted with the H 1 s orbital in the − 9.2––9.0 eV energy region, 
thus confirming the presence of non-covalent bonding. Additionally, we 
performed crystal orbital Hamilton population (COHP) analyses (Fig. 5c, 
Fig. S20b and Fig. S21b) based on the wave function obtained from 
periodic DFT calculations [29,30], which enabled the computation of 
the energetic bonding and antibonding contributions of orbital overlaps 
between molecules. The COHP value showed that the antibonding in
teractions (–COHP < 0) of H2O adsorbed on the O sites were consider
ably stronger than the bonding (–COHP > 0) interactions, further 
implying hydrogen bonding interactions between H2O and O sites [31]. 
To model the non-covalent hydrogen bonding interactions between the 
O sites and hydrated cations (H+(H2O)n) located in the outer Helmholtz 
plane (OHP) in the real interfacial environment, we further used the 
double layer water to simulate the electrochemical double layer. Addi
tionally, we also consider the charge-mediated interactions between the 
cation (hydrated cations, H+(H2O)n) and the electrode surface. We then 
used DFT calculations to computed the interaction energies of H+(H2O)n 
and O sites. We found that the introduction of O sites increases the 
no-covalent interaction energies between hydrated cations (or water 
molecules) and electrode surface with respect to the case in which no O 
sites are present, and the interaction energies is larger in the presence of 
O sites that without O sites by 0.26~ 0.59 eV per adsorbed O sites 
(Fig. 5d-f and Fig. S22-23). Furthermore, this change in interaction en
ergies, which are less than 80 kJ mol per adsorbed O sites, further in
dicates that the interaction between O sites groups and adsorbed cations 
can be classified as non-covalent. 

Bader charge analysis (Fig. 6a-b) is also useful for understanding the 
catalytic activity of the sites where non-covalent interactions play an 
important role [32–34]. Bader charge analysis results indicated a strong 
acceptor-type behavior of the O sites, characterized by almost four times 
higher electron affinity (− 1.1604 e-) than that of S atoms (− 0.2944 e-) 
[35]. The locally increased electron affinity can lead to localized nega
tive charges on the O sites, which can substantially facilitate the 
adsorption of H+(H2O)n from the acidic electrolyte. The non-covalent 
interaction was also experimentally investigated by kinetic isotope ef
fect (KIE) [36–40], contact angle, and the potential of zero charge (PZC) 
evaluations. The role of interfacial non-covalent interaction in the HER 
of Pd,RuS2− xOy in aqueous electrolyte was examined via KIE studies by 
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Fig. 5. (a) Interaction energy between H2O and the O sites. (b) Electron localization function evaluation. (c) Crystal orbital Hamilton population bonding analysis 
results. (d) Interaction energy between H+ (H2O)n and the O sites on Pd,RuS2− xOy, Eads = − 1.804554 eV (Top view). (e) Interaction energy between H+ (H2O)n and 
the O sites on Pd,RuS2− xOy (side view). (f) Interaction energy between H+(H2O)n and the S sites on RuS2, Eads = − 1.548834 eV (Top view). Blue, red, white, light sea 
green and yellow balls indicate Pd, O, H, Ru and S atoms, respectively. 

Fig. 6. (a-b) Bader charge analysis of the Pd,RuS2− xOy surface revealing the electron acceptor nature of the O substitution site characterized by − 1.1604 e negative 
charge as compared to − 0.2944 e on the S atoms. Electron localization function evaluation. Blue, red, rosy and purple balls indicate O, Ru, Pd and S atoms, 
respectively. (c) HER polarization curves of the Pd,RuS2− xOy electrode in N2-saturated 0.1 M HClO4 with H2O or D2O. (d) HER polarization curves of the RuS2 
electrode in N2-saturated 0.1 M HClO4 with H2O or D2O. (e) EPZC measured for RuS2 and Pd,RuS2− xOy. (f) contact angel of Pd,RuS2− xOy (~12◦). 
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substituting H2O with D2O in the electrolyte of 0.1 M HClO4. We found 
that the substitution of H2O with D2O in the 0.1 M HClO4 electrolyte 
markedly slowed the HER rate of Pd,RuS2− xOy in an acidic environment, 
specifically in high current density regions (see Fig. 6c). These results 
indicate that the HER kinetic performance of Pd,RuS2− xOy is not only 
governed by the energetic interaction between H and the surface site 
(ΔGH*), but also limited by the mass transport of reactants from the bulk 
electrolyte to the electrode. The O sites endows the interface with 
reactant dragging functionality, through forming strong non-covalent 
hydrogen bonding to the reactants. Thus, the slow diffusion of 
D+(D2O)n will affect the mass transport of the reactants from bulk 
electrolyte to electrode interface, thereby affecting its hydrogen evolu
tion activity specifically in high current density regions [39]. By 
contrast, the HER kinetics of RuS2 does not slow down significantly upon 
substitution of H2O with D2O since it is not limited by the diffusion of 
reactants from the bulk electrolyte to the electrode (Fig. 6d). Further
more, this results also rule out the influence of other noncovalent in
teractions between water molecules (H2O–H2O) or between water and 
the supporting electrolyte cation (H+–H2O) toward HER kinetics. The 
result obtained above supports our claim that interfacial non-covalent 
interactions (H bonding) between H+(H2O)n and O sites increase the 
electrocatalytic activity of Pd,RuS2− xOy. The contact angle test offers a 
macroscopic proof [6], and the corresponding results imply that Pd, 
RuS2− xOy exhibits stronger hydrophilicity than that of pure RuS2 
(Fig. 6e and Fig. S24). This is further reflected in the potential of zero 
charge (PZC) (Fig. 6f), where more polarized Pd,RuS2− xOy represents a 
considerably more positive value at 0.245 V vs. reversible hydrogen 
electrode (RHE) than that of RuS2 (0.102 V) [41]. The potential of zero 
charge of electrode is correlated with interfacial water reorganization 
energetics. Thus, the presence of O sites in Pd,RuS2− xOy improves the 
HER kinetics as these sites form strong non-covalent H bonds with re
actants, allowing a more efficient mass transfer through the double 
layer. 

3. Conclusions 

In summary, herein, using Pd,RuS2− xOy as a model catalyst surface to 
decouple the effect of each interaction (ΔGH, noncovalent interactions) 
on the HER kinetics, the importance of non-covalent interactions in the 
HER performance enhancement of catalysts was thus confirmed. We 
found that hydrated cations located in the outer Helmholtz plane (OHP) 
also interact directly with electrode materials and the strength of these 
interactions would tune the concentration of reactants on the surface 
interface. Owing to non-covalent interaction engineering, Pd,RuS2− xOy 
exhibited remarkable electrocatalytic performance for HER with a 
significantly low overpotential of only 82 at a current density of 
100 mA cm− 2, which is the highest performance among those of most of 
the state-of-the-art catalysts reported to date and even comparable to 
that of Pt/C. Beyond high catalytic activity, the Pd,RuS2− xOy showed an 
outstanding long-term operational stability beyond 50 h with an 
observed potential increase of only 12 mV, rendering it a promising 
candidate for industrial application. Although the present paper has 
centered on the Pd,RuS2− xOy, the concepts and approaches presented in 
our study go well beyond this system, and should be extremely helpful to 
provide a new path for utilizing the electrocatalytic potential of Pt group 
metal-free catalysts for efficient hydrogen generation in acidic solutions. 
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