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The exploration of efficient electrocatalysts for both hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER) is significant for water splitting associated with the storage of clean and renewable energy. Here, we report a simple 

and scalable low-temperature sulfuration method to achieve simultaneous modulation of disorder and defects in pyrite-

type RuS2 nanoparticles to dramatically enhance the HER and OER catalytic activity. The disordered structure can increase 

the electrochemical active surface area, while the defect engineering can effectively regulate the electronic structure and 

thus improve the intrinsic activity, as revealed by combined experimental and theoretical density functional theory (DFT) 

investigations. Through controllable disorder and defect engineering, the optimized RuS2-500 catalyst (with sulfuration 

temperature of 500 °C) supportred on glass carbon electrode exhibits ultra-efficient bifunctional electrocatalytic activity 

with η-10=78 mV for HER and η10=282 mV for OER, superior to the various Ru-based and pyrite-type catalysts. Remarkably, 

when used as both the anode and the cathode in an alkaline water electrolyzer, RuS2-500 delivers 10 mA cm-2 at an 

ultralow cell voltage of 1.527 V with long-term stability, outperforming the benchmark Pt/C//RuO2 couple and most state-

of-the-art overall-water-splitting electrocatalysts ever reported. This work thus provides a new and facile way for 

improving the catalytic activity through a synergistic modulation strategy. 

1. Introduction  

The worldwide energy challenges and environmental problems 

have accelerated the development of new sustainable energy 

technologies.1 Electrochemical water splitting is considered as 

a highly attractive technology to convert electricity produced 

from renewable and intermittent energy sources (e.g., solar 

and wind) into high-purity hydrogen, which is a promising 

clean and renewable energy alternative to traditional fossil 

fuels.2 However, the main limiting aspect of this technology 

lies in the high overpotential (η) originated from two sluggish 

half reactions: hydrogen evolution reaction (HER) on the 

cathode and oxygen evolution reaction (OER) on the anode, 

and thus necessitates the presence of efficient electrocatalysts 

to reduce the overpotential and expedite the reaction rate. At 

present, platinum (Pt) metal and ruthenium/ iridium oxides 

(RuO2/IrO2) are generally regarded as the benchmark  

electrocatalysts for the HER and OER, respectively, but the 

high cost, scarce reserves and especially poor durability have 

seriously hindered their widespread commercial applications.3 

Furthermore, many catalysts only catalyze either HER or OER 

in specific electrolyte media,4-7 and such an incompatible 

integration in water splitting electrolyzer would cause lower 

overall electrochemical efficiency when pairing the two 

different catalysts in the same electrolyte.8 Therefore, from 

the perspectives of system simplification and cost reduction in 

practical applications, it is highly desirable to develop efficient 

catalysts with bifunctional HER and OER activity and favorable 

stability toward water electrolysis in the same electrolyte, 

especially in alkaline media allowing for less corrosive 

environment and more choices of materials. Over the past few 

years, a broad range of materials, including metal 

oxides/hydroxides, phosphides, sulfides, nitrides, borides, 

perovskites, carbon materials, and various composites,8-14 etc., 

have been exploited as potential bifunctional electrocatalysts 

for water splitting. Despite these efforts, most of their 

electrocatalytic activities are still inferior to the noble metal-

based catalysts, which in reverse would increase energy 

consumption and hence decrease economic competitiveness.15  

Pyrite-structured compounds with a general formula of MX2, 

where M is commonly a transition metal of groups 8-12 and X 

is a chalcogen, have aroused great interest in a wide range of 

applications from photovoltaics to energy storage due to their 

diversity, tunable properties and environmental 



ARTICLE Journal of Materials Chemistry A 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

friendliness.16,17 Pyrite-type structure is characteristic of 

cations with octahedral coordination and dianion units. 

Recently, pyrite nanomaterials have also emerged as a new 

category of efficient electrocatalysts for OER and HER, such as 

CoS2, NiS2, FeS2, CoSe2 and NiSe2.16-18 However, the catalytic 

activities of these pristine pyrite-type catalysts are still far 

behind those of benchmark noble metal-based catalysts and 

have seldom been reported to catalyze HER and OER 

simultaneously for overall water splitting. Ruthenium (Ru), the 

cheapest metal among all Pt-group metals (approximately 

1/25 cost of Pt), is the topic of intense study in electrocatalysis 

and Ru-based materials have attracted special attention as 

excellent HER catalysts very recently.15,19-21 Among the family 

of pyrites, ruthenium disulfide (RuS2), a well-known active 

hydrodesulfurization (HDS) catalyst,22 has rarely been studied 

in the field of water splitting likely due to unfavorable HER 

activity resulting from weak H adsorption based on density 

functional theory (DFT) calculations.23,24 Moreover, the 

research on RuS2 for OER is still lacking. Thus, how to boost the 

catalytic performance of RuS2 for overall water-splitting 

remains a significant challenge. 

It is well known that the overall catalytic activity is generally 

determined by two factors: the intrinsic activity of each site 

and the number of active sites.25,26 In view of these two key 

factors, tremendous efforts have been made to improve the 

intrinsic activity and increase the number of active sites 

through various strategies. For example, the intrinsic activity 

enhancement stemming from the main electronic regulation 

could be realized by the composition optimization, element 

doping, defect/phase/interface tuning and coordination states 

tailoring.11,12,27,28 The controlled size and morphology, such as 

0D quantum dots, 1D nanotubes/nanowires, 2D nanosheets, 

and 3D nanoboxes, have been widely reported to increase 

density of active sites and improve the overall catalytic 

activity.8,10-12,17,18 Besides morphology engineering, another 

effective strategy for producing more active sites is to design 

and synthesize amorphous or low-crystalline materials.27,29-31 

Amorphous or low-crystalline materials featuring less 

structural ordering can generate more active unsaturated 

atoms in the disordered structure, which provides the 

opportunity to increase the number of active sites.31 Although 

great progress has been made to promote the catalytic activity 

by various strategies, the adopted preparation methods for 

most catalysts are complicated and demanding, which makes 

cost-effective and large-scale fabrication quite difficult. Thus, a 

simple and economical route is urgently needed to fabricate 

bifunctional catalysts with enhanced HER and OER activity. 

Herein, inspired by the above considerations, a synergistic 

modulation of both the intrinsic activity and number of active 

sites for both HER and OER activity enhancement was achieved 

in RuS2 nanoparticles (NPs) through a simple one-step low-

temperature sulfuration process. By controlling the sulfuration 

temperature, simultaneous manipulation of both disorder and 

defect in RuS2 NPs was realized. Benefiting from the 

controllable disorder and defects in low-crystalline RuS2 NPs 

prepared in low sulfuration temperature, the optimized RuS2-

500 displays highly efficient electrocatalytic activity toward 

HER and OER, comparing favorably to the reported Ru-based 

and pyrite-type catalysts. Detailed experiments and density 

functional theory (DFT) calculations reveal that the enhanced 

HER activity induced by the Ru defect in RuS2 is mainly 

attributed to the upshift of d band center of Ru, which could 

strengthen the H adsorption and produce optimal adsorption 

free energy of H*. Remarkably, when RuS2-500 was used as 

both the anode and the cathode in a two-electrode alkaline 

water electrolyzer, an ultralow cell voltage of 1.527 V is 

needed to achieve the stable current density of 10 mA cm-2, 

serving as one of the best overall water-splitting performance 

reported to date. This work not only provides RuS2-500 as a 

new class of bifunctional electrocatalyst for practical 

application in overall water splitting, but also offers new 

insights to better design efficient electrocatalysts for energy 

production and conversion. 

2. Experimental section 

Catalyst synthesis  

The RuS2-T was prepared by one-step sulfuration route. RuO2 

and excessive sulfur powder were placed at two separate 

positions in a quartz crucible with the sulfur powder at the 

upstream side. The samples were heated at 400-700 °C with a 

heating rate of 2 °C min-1 under a constant flow of Ar carrier 

gas at 50 sccm for 3 h. The RuO2 powder used in this study was 

purchased from Sigma-Aldrich and the Pt/C catalyst was 

purchased from Johnson Matthey Company. 

Characterization 

The prepared powders were characterized by room 

temperature powder X-ray diffraction (D8 Advance, Bruker, 

Germany) with filtered Cu-Kα radiation (λ=1.5418 Å) operated 

at a tube voltage of 40 kV and a current of 40 mA. The 

diffraction patterns were collected by continuous scanning in 

the 2θ range of 10-90° with an interval of 0.02°. Raman spectra 

were measured on a LABRAM inVia micro-Raman system 

equipped with an optical microscope containing a 50× 

objective lens. Scanning electron microscopy (SEM) images 

were obtained on a field-emission scanning electron 

microscope (FEI Nova Nano-SEM 450). High-resolution 

transmission electron microscopy (HRTEM) images and the 

corresponding energy-dispersive X-ray spectroscopy (EDX) 

were obtained using FEI Tecnai G2 F20 operated at an 

accelerating voltage of 200 kV. Nitrogen sorption isotherms 

were measured at 77 K with a Micromeritic Tri Flex surface 

characterization analyzer and the specific surface areas were 

calculated by using the Brunauer-Emmett-Teller (BET) method. 

X-ray photoelectron spectroscopy (XPS) experiments were 

carried out on a Kratos AXIS Ultra DLD system with Al Kα X-ray 

source for radiation and data were fitted by the public 

software package XPSPEAK. PALS experiments were performed 

on an automated EG&G fast-fast coincidence ORTEC system 

with a time resolution of ~220 ps at full width at half-

maximum using a 60Co source. The samples were packed either 

side of a 22NaCl positron source (~20 µCi) sealed in a Mylar 

envelope (source correction 1.614 ns, 3.00%). Each sample 

collected a minimum of 5 x 106 integrated counts. The positron 
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annihilation lifetime spectra were deconvoluted into three 

components and analyzed using the LT-v9 program.32 

Electrode preparation 

Working electrodes for OER and HER tests were prepared by a 

controlled drop-casting approach involving a rotating disk 

electrode (RDE) made of glassy carbon (GC, 0.196 cm2, Pine 

Research Instrumentation). Before use, the GC electrodes 

were pre-polished using aqueous alumina suspension. To 

remove any electrode conductivity limitations within thin film 

electrodes, all the catalysts were mixed with as-received inert 

conductive carbon black (Super P Li) at a mass ratio of 1:1. 

Briefly, the electrocatalyst suspensions were prepared by 

sonication of a mixture of RuS2-T (10 mg), conductive carbon 

(10 mg), Nafion solution (5 wt%, 100 μL) and ethanol (1 mL) for 

about 1 h to generate a homogeneous ink. Next, a 6 μL aliquot 

of as-prepared catalyst ink was dropped on the surface of the 

GC substrate, generating an approximate catalyst loading of 

0.556 mgtotal cm-2 (0.278 mgcatalyst cm-2) and was left to dry 

prior to electrochemical tests. For the working electrodes 

containing commercial 20 wt% Pt/C catalyst, 10 mg Pt/C and 

100 μL of 5 wt% Nafion solution were dispersed in 1 mL of 

ethanol to form a homogeneous ink by sonication. An 6 μL 

aliquot of as-prepared catalyst ink was dropped on the surface 

of the GC substrate, yielding an catalyst loading of 0.278 mgtotal 

cm-2 (0.0556 mgPt cm-2). 

Electrochemical measurements 

HER and OER performance in 1 M KOH solution were 

conducted at room temperature in a standard three-electrode 

electrochemical cell (Pine Research Instrumentation) with an 

RDE configuration controlled by a CHI 760D electrochemistry 

workstation. Catalysts cast on RDE and Ag|AgCl (3.5 M KCl) 

were used as the working electrode and reference electrode, 

respectively. Graphite rod for HER tests and Pt foil for OER 

tests were used as the counter electrodes, respectively. During 

the measurement, RDE electrode was constantly rotating at 

1600 rpm to get rid of the bubbles. The electrolyte was 

bubbled with Ar or O2 for ~30 min prior to HER or OER 

measurements and maintained under Ar or O2 atmosphere 

throughout the test period. HER polarization curves were 

recorded at a scan rate of 5 mV s-1from -0.8 to -1.6 V vs. 

Ag|AgCl and OER polarization curves were collected by 

capacitance-corrected cyclic voltammetry (CV) curves at a scan 

rate of 10 mV s-1 from 0.2 to 0.8 V vs. Ag|AgCl. Polarization 

curves were iR corrected in this work unless noted otherwise. 

The polarization curves were replotted as overpotential (η) 

versus the logarithm of current density (log |J|) to obtain Tafel 

plots. Accelerated durability tests of for HER were performed 

by continuous potential cycling between -0.8 and -1.4 V vs. 

Ag|AgCl at a scan rate of 100 mV s-1 for 1000 cycles. The 

chronopotentiometry tests were conducted at a constant 

current density of 10 mA cm-2. Cycle voltammetry (CV) method 

was used to measure the electrochemical double layer 

capacitance (Cdl). The potential was swept at different scan 

rates of 20, 40, 60, 80 and 100 mV s-1 from -0.8 to -0.85 V vs. 

Ag|AgCl for HER and from 0.2 to 0.25 V vs. Ag|AgCl for OER, 

where no faradic current was observed. The halves of the 

positive and negative current density differences at the center 

of the scanning potential range (i.e., -0.825 V for HER and 

0.225 V for OER) were plotted versus scan rates where the 

slopes represent the double layer capacitance. Electrochemical 

impedance spectra (EIS) were performed from 10 kHz to 0.1 Hz 

under the influence of an AC voltage of 10 mV. The overall 

water splitting tests were performed in a two-electrode 

system with catalysts loaded on carbon paper (mass loading: 

1.5 mg cm-2). Polarization curves were obtained using LSV with 

a scan rate of 5 mV s-1. 

Computational methods 

Density functional theory calculations were performed using 

the Vienna ab-initio Simulation Package (VASP).33,34 Exchange 

and correlation were described using the generalised gradient 

approximation (GGA) with the revised Perdew-Burke-

Ernzerhof (RPBE) functional.35 Core and valence electrons were 

accounted for using the projector augmented wavefunction 

(PAW) method. Van der Waals correction was employed in all 

calculations as parametrized by the Grimme D3 method.36 A 

kinetic energy cut-off of 500 eV was used. Unit cells of RuS2, 

RuO2 and Pt were fully relaxed, and the resulting structures 

were cleaved to along the (100), (110) and (111), respectively. 

We used symmetric slabs that are thick enough (~10 atomic 

layers for RuO2 and RuS2) to decouple the top and bottom 

surfaces, which were sandwiched in about 20 Å of vacuum to 

minimize interactions along the periodic z-direction. Hydrogen 

adsorption was investigated by placing H on various sites on 

the metal and oxides surfaces, and the binding energy was 

calculated as: 

ΔEH = EH∗ − Ebare − 1/2EH2
                                                 (1) 

Where EH∗ , Ebare , and EH2
 are the total energies of an 

adsorbed hydrogen, the bare surface and the energy of a 

hydrogen molecule, respectively. Free energies ΔGH∗ , were 

obtained by adding the zero-point energy (ZPE) and entropic 

correction to the binding energy such as ΔGH∗ = ΔEH +

ΔEZPE − TΔS. The total correction ΔEZPE − TΔS was estimated 

to be 0.24 eV for metals and oxides and this value is used 

consistently throughout.37 Band centres were calculated by 

evaluating the centroid of the projected DOS including valence 

and conduction states relative to the Fermi level. 

3. Results and discussion 

3.1.  Synthesis and characterizations of catalysts 

 

Fig. 1. Schematic illustration of the RuS2 NPs synthesis through a one-step 

sulfuration of commercial RuO2 precursor under different temperatures. The 

blue, yellow and red spheres in the crystal structure represents Ru, S and O 

atoms, respectively. 
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The facile synthesis of RuS2 NPs is schematically described in 

Fig. 1, which mainly involves a one-step sulfuration of the 

commercial RuO2 precursor. The structure and morphology of 

commercial RuO2 are provided in Fig. S1. For clarity in this 

work, the as-prepared samples were labeled as RuS2-T, where 

T denotes the synthesis temperature (400, 500, 600, and 

700 °C). Scanning electron microscopy (SEM) shows all RuS2-T 

samples have a morphology of nanoparticles in the size range 

of 10-100 nm agglomerated into larger aggregates (Fig. S2). 

The pyrite-type RuS2 crystallizes in cubic form and this sulfide 

material displays an important structural singularity with pairs 

of S, not individual S atoms. In the RuS2 structure, the Ru 

atoms occupy the sites of a face-centered cubic sublattice and 

each Ru atom is coordinated by six S-S pairs, while each S atom 

is bonded to three Ru atoms and another S atom (Fig. 2a). The 

formation of RuS2 crystalline phase was confirmed by X-ray 

diffraction (XRD). All the diffraction peaks in RuS2-T can be well 

indexed to the pure cubic pyrite structure with a space group 

of Pa-3 (JCPDS No. 79-0618) (Fig. 2b). The diffraction peaks 

become weaker and broader as the sulfuration temperature 

decreases, suggesting a reduction in crystallinity and an 

increase in disordered structures.31,38 Raman spectroscopy was 

also used to investigate the structural characters, as shown in 

Fig. 2c. Four Raman-active modes at about 365 cm-1 (Eg), 388 

cm-1 (Ag), 404 cm-1 (Tg), and 437 cm-1 (Tg) are present, 

confirming the formation of pyrite structure of RuS2.39,40 

Moreover, the significant intensity reduction and broadening 

of Ag peak in RuS2-400 and RuS2-500 (as compared with RuS2-

600 and RuS2-700) indicate greater structural disorder.30,31,41,42 

Besides, some missing modes (e.g., Tg) in RuS2-400 and RuS2-

500 may be related to a deficient stoichiometry in the 

system.43 The structure of RuS2-T was further studied by the 

high-resolution transmission electron microscopy (HRTEM). 

Magnified HRTEM images (Fig. 2d) taken from the area in Fig. 

S3 show an interplanar spacing of 0.28 nm, which is consistent 

with the d spacing of (200) plane of cubic phase RuS2. It is 

noteworthy that discontinuous crystal fringes (visible as 

randomly distributed dark patches) were observed for RuS2-

400 and RuS2-500, which is quite different from the perfect 

lattice fringes in RuS2-600 and RuS2-700, suggesting the 

existence of crystal defects and disordered atomic 

arrangement.38,44-46 The corresponding fast Fourier transform 

(FFT) patterns also reveal obvious evolution of the degree of 

disorder or crystallinity with sulfuration temperature. The 

structural characterization techniques all strongly support the 

disorder and defect features in the RuS2-400 and RuS2-500 

with low sulfuration temperature.  

Fig. 2. (a) Local coordination environment of the Ru2+ and disulfide S2
2- ion in the pyrite RuS2 structure. (b) XPD patterns of RuS2-T. (c) Raman spectra of RuS2-T. 

Insert is the magnified Ag peak. (d) HRTEM images of RuS2-T outlined from Fig. S3. Insert is the corresponding FFT. (e) PALS spectra of RuS2-T. I2 as a function of the 

temperature for RuS2-T is inserted. XPS spectra of (f) Ru 3p and (g) S 2p for RuS2-T. (h) Elemental molar ratio in RuS2-T determined by XPS and EDX. 
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To gain a better understanding of the existing type of 

defects in RuS2-T, positron annihilation lifetime spectroscopy 

(PALS), a well-established physical technique to characterize 

defects in solid materials,47 was initially employed. The 

positron lifetime spectra (Fig. 2e) was fitted to an exponential 

decay functions of three lifetime components, τ1, τ2, and τ3, 

and the corresponding relative intensities I1, I2, and I3 (Table 

S1). The longest lifetime component (τ3) is attributed the 

positron annihilation in the large voids present in the material, 

and it is considered negligible due to its low contribution of 

approximately 1% intensity. The shorter lifetime component 

(τ1) is attributed to bulk annihilation of the positron, whereas 

the intermediate lifetime component (τ2) is assigned to the 

positron annihilation at defect sites and shows relatively 

consistent lifetimes around 350 ns.44,48 I2 increases as the 

sulfuration temperature decreases, indicative of existing Ru 

vacancy in the low-temperature RuS2 samples. X-ray 

photoelectron spectroscopy (XPS) was also performed to 

elucidate chemical states information on the surface. As 

shown in Fig. 2f, the high-resolution XPS spectra of Ru 3p show 

two main peaks located at about 461.3 and 483.4 eV for RuS2-T, 

which can be attributed to Ru2+ 3p3/2 and Ru 3p1/2, 

respectively.49 However, 0.1-eV shift of Ru 3p toward high 

binding energy was observed for RuS2-400 and RuS2-500 

relative to RuS2-600 and RuS2-700, which implies higher 

oxidation state than Ru2+. In the S 2p spectra Fig. 2g), a main S 

2p3/2 and 2p1/2 doublet at 162.6 and 163.8 eV was seen for 

RuS2-T, consistent with bulk S2
2- dimers fully coordinated by Ru  

(RuCN=3).50,51 The small peak located at 168.1 eV is assigned to 

S-O bonding with the existence of minor amount of sulfate 

species11,12. Notably, an additional peak located at 168.1 eV is 

assigned to S-O bonding with the existence of of minor amount 

of sulfate species.11,12 Notably, an additional peak with binding 

energy of ~161.8 eV is evidently visible for RuS2-400 and RuS2-

500, which is originated form surface S2
2- dimmers with less 

than full Ru coordination (RuCN=2) and taken for aspecial case 

of an Ru-deficient region as reported before.50-53 The curve 

fitting using the above components clearly shows that the 

content of surface S2
2- dimers with RuCN=2 for RuS2-T can be 

significantly increased when the sulfuration temperature is 

reduced (Fig. S4 and Table S2). Besides, the absent peak at 

~163.5 eV indicates there is no polysulfides Sn
2- (n>2) on the 

surface of RuS2-T.50,54 The O 1s spectra of RuS2-T samples (Fig. 

S5) is dominated by a peak near 531.3 eV due to surface 

sulfate, with no shoulder near 529.3 eV, which suggests the 

absence of ruthenium oxide. XPS and energy dispersive X-ray 

(EDX) analysis were further carried out to investigate the 

chemical composition of RuS2-T samples. The 2Ru/S molar 

ratio of RuS2-700 determined by EDS (Fig. S6) and XPS (Fig. 2h) 

is very close to the stoichiometric RuS2 (2Ru/S=1). However, 

RuS2-400, RuS2-500 and RuS2-600 show relatively lower Ru/S 

ratio, especially in case of RuS2-400 and RuS2-500 (2Ru/S ratio 

is ca. 0.93). This result implies the presence of Ru defects (VRu) 

in RuS2, and the concentration is in the order of RuS2-400 ≈ 

RuS2-500 > RuS2-600 ≈ RuS2-700 (= normal RuS2). Therefore, 

the combined PALS, XPS and EDX results unequivocally confirm 

the existence of some defects with the type of Ru vacancy in 

the RuS2-T samples under low sulfuration temperature (e.g., 

RuS2-400 and RuS2-500).  

Fig. 3. (a) HER polarization curves of RuS2-T, RuO2 and Pt/C catalysts in an Ar-saturated 1 M KOH solution. Scan rate, 5 mV s-1. (b) Overpotential of RuS2-T and RuO2 

catalysts at current density of -1 and -10 mA cm-2. (c) Tafel plots of RuS2-T, RuO2 and Pt/C catalysts. (d) HER activity comparison graph showing the Tafel slope with 

overpotential@-10 mA cm-2. (e) Linear fitting of the capacitive currents versus CV scan rates for RuS2-T and RuO2 catalysts. (f) Current-time (i-t) 

chronoamperometric response of RuS2-500 and Pt/C catalysts at -1.2 V vs. Ag/AgCl. Insert is polarization curves of RuS2-500 catalyst initially and after 1000 cycles. 
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3.2. Electrocatalytic HER performance 

To investigate the HER and OER electrocatalytic performance 

of the as-prepared RuS2-T catalysts, we performed detailed 

electrochemical measurements using a typical three-electrode 

system in 1 M KOH solution, where all of the potentials 

reported here are referenced to reversible hydrogen electrode 

(RHE, see Fig. S7 for RHE calibration) unless indicated 

otherwise. The added conductive carbon, which was always 

added to the electrodes to enhance the electrical 

conductivity,2,26 displays negligible HER and OER activities (Fig. 

S8). The HER polarization curves of RuS2-T were first collected 

by linear sweep voltammetry (LSV) measurements at a scan 

rate of 5 mV s-1. For comparison, commercial Pt/C and RuO2 

catalysts were also tested under identical conditions. In Fig. 3a, 

RuS2-500 and RuS2-400 show smaller onset overpotential 

(defined here as the overpotential at -1 mA cm-2) of ~29 mV 

and much greater catalytic current than RuS2-600 and RuS2-

700, suggesting the great effect of the sulfuration temperature 

on HER activity. Noticeably, the HER current of RuS2-500 can 

largely exceed that of the benchmark Pt/C catalyst beyond -

0.12 V. The overpotential (η) required to afford 10 mA cm-2 

current density is always used as a  reference to gauge the 

effectiveness of electrocatalysts in view of its relevance to 

solar-to-fuels conversion.55 Remarkably, RuS2-500 

demonstrates an extremely small η of only 78 mV @ -10 mA 

cm-2 (similar to 79 mV for RuS2-400), much lower than that of 

RuS2-600 (110 mV), RuS2-700 (139 mV) and RuO2 (129 mV) (Fig. 

3b). Identical to the alkaline solution, the RuS2-500 and RuS2-

400 also exhibits much enhanced HER activity than RuS2-600 

and RuS2-700 in acid media (Fig. S9). To elucidate the possible 

catalysis mechanism and rate-determining step, Tafel slopes 

were acquired and presented in Fig. 3c. Generally, HER in 

alkaline media involves two steps: water dissociation (the 

Volmer step) and the concomitant combination of Had into 

molecular H2 (the Heyrovsky or Tafel step).10,56 A Tafel slope of 

~120, ~40, or ~30 mV dec-1 is expected for the Volmer, 

Heyrovsky, or Tafel step, respectively, as the rate-determining 

step for HER.10,56 All RuS2-T catalysts yield similar Tafel slopes 

(close to 40 mV dec-1), implying a similar HER catalysis 

mechanism via Volmer-Heyrovsky for RuS2-T wherein the 

Heyrovsky step serves as the rate-limiting step. Also, small 

Tafel slope of RuS2-500 implies fast HER kinetics. Such 

outstanding HER activity of RuS2-500 rivals well-known Ru-

based and pyrite-based catalysts reported to date (Fig. 3d and 

Table S3), demonstrating that RuS2-500 is among the most 

active alkaline HER catalyst. In addition, the HER behavior was 

also evaluated by estimating the electrochemical active 

surface area (ECSA), which is an important factor in 

determining the overall catalytic activity. The ECSA is 

determined through electrochemical double-layer capacitance 

(Cdl) measurement (which is considered to be directly 

proportional to ECSA), as obtained by a cyclic voltammetry (CV) 

method (Fig. S10)10,27,28, 55,56 The Cdl values are measured to be 

7.47, 7.87, 2.69, 1.46 and 4.43 mF/cm-2 for RuS2-400, RuS2-500, 

RuS2-600, RuS2-700 and RuO2, respectively (Fig. 3e), suggesting 

that low sulfuration temperature could expose more catalytic 

active sites, which is consistent with the result from the BET 

surface areas (Fig. S11) and associated with enhanced 

disorder/defect as discussed below. Apart from the activity, 

the stability is another critical criterion to evaluate the 

practical value of an electrocatalyst. The chronoamperometric 

test reveals high HER operational stability of RuS2-500 with 

higher current retention (relative to benchmark Pt/C) after 10 

h (Fig. 3f). The accelerated durability test (ADT) further 

confirms the reliable stability of RuS2-500 with negligible 

negative shift of HER polarization after 1000 continuous 

potential cycles (Fig. 3f inset). After HER, the crystal and 

surface structure of RuS2-500 remain unchanged, as evident 

from XRD and XPS with no apparent variation (Fig. S12 and Fig. 

S13), indicating good stability of RuS2-500 material itself under 

HER condition. In a word, the optimized RuS2-500 among RuS2-

T is a high-performance HER electrocatalyst with superior 

activity and durability. 
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Fig. 4. (a) Capacitance-corrected OER polarization curves of RuS2-T and RuO2 catalysts in an O2-saturated 1 M KOH solution. (b) Overpotential of RuS2-T and RuO2 

catalysts at current density of 1 and 10 mA cm-2. (c) Tafel plots of RuS2-T and RuO2 catalysts. (d) OER activity comparison graph showing the Tafel slope with 

overpotential@10 mA cm-2. (e) Linear fitting of the capacitive currents versus CV scan rates for RuS2-T and RuO2 catalysts. (f) Current density of 1st and 5th cycles at 

0.8 V (vs. Ag/AgCl) for RuO2 and RuS2-500 catalysts. 

3.3. Electrocatalytic OER performance 

After the assessment of the exceptional HER performance, we 

further evaluated the OER performance of the RuS2-500. OER 

polarization curves were collected by capacitance-corrected 

cyclic voltammetry (CV) curves (Fig. S14).57,58 Similar to HER, 

RuS2-400 and RuS2-500 exhibit smaller overpotential and lager 

catalytic current than RuS2-600 and RuS2-700, implying better 

OER catalytic activity (Fig. 4a). Markedly, the RuS2-500 displays 

the highest OER activity with onset overpotential of 173 mV 

and an overpotential of 282 mV required to achieve the 

current density of 10 mA cm-2, which is even lower than the 

benchmark RuO2 catalyst (Fig. 4b). Tafel slope provides 

another important insight into the OER mechanism.59 The 

general OER mechanism on the metal site usually involves four 

single electron charge-transfer steps with a sequence of 

reaction intermediates, HO*, O*, and HOO* (where * 

represents the catalyst’s active site), followed by an O-O bond 

formation.59,60 The Tafel slope values of RuS2-T catalysts are 

close to 120 mV dec-1 (Fig. 4c), denoting a nearly identical OER 

mechanism. In addition, as seen from Fig. 4d and Table S4, the 

OER activity parameters of RuS2-500 are comparable to those 

of reported representative Ru-based and pyrite-based 

catalysts in the literature, especially for the low overpotential. 

Electrochemical impedance spectroscopy (EIS) measurements 

were further conducted to reveal the reaction kinetics. Nyquist 

plots (Fig. S15) indicate that RuS2-400 and RuS2-500 possess 

smaller charge transfer resistance than RuS2-600 and RuS2-700,  

implying faster charge transfer rate. We also estimated the 

ECSA under OER condition (Fig. S16 and Fig. 4e) and found that 

the order resembles the trend of HER case: RuS2-400 ≈ RuS2-

500 > RuO2 > RuS2-600 > RuS2-700. The evolution of 5-cycle 

continuous OER measurement (Fig. S17) also reflects the 

relatively superior durability of RuS2-500 as compared with 

RuO2. During the period of continuous 5-cycle, the RuS2-500 

displays a decay of only 4.7% whereas a nearly 2.5-fold faster 

decay rate (11.2%) was observed for RuO2 (Fig. 4f). According 

to previous reports, the poor stability of RuO2 is attributed to 

the oxidation of surface Ru4+ to soluble RuO4
2- anion under 

OER conditions.61 Many studies have demonstrated that the 

true catalytically active species of metal non-oxide catalysts for 

OER could be surface metal oxide/hydroxides or core-shell 

structures.11,12,62 To understand the possible active sites of 

RuS2 for OER, we performed a series of post-OER 

measurements. The XRD of post-OER shows the peaks 

assigned to RuS2-500 after OER are still visible but possess 

much weaker intensity, implying the dissolution of some 

species in the catalysts possibly resulting in activity loss (Fig. 

S18). XPS was further conducted to investigate the surface 

structure of post-OER samples. As displayed in Fig. S19, the 

peaks of Ru 3p and S 2p attributed to RuS2 are evidently 

weakened, while the Ru 3p slightly shifts to higher energy 

compared with as-prepared sample, suggesting the enhanced 

surface oxidation level after OER. In addition, the surface 

oxidation after OER can also be reflected in the O 1s XPS 

spectra, where a broad peak with lower energy (representing 

metal-oxygen bond) was observed in post-OER RuS2-500. Thus, 

the formation of surface RuS2/RuOx core-shell structure is 

more likely to be the actual active species for remarkable OER 

activity, which warrants further study using advanced in-

situ/operando characterization techniques. 
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Fig. 5. (a) Side and (b) top view of RuS2 (100) surface. (c) Top view of RuS2 (100) surface with VRu. (d) Calculated free-energy diagram for hydrogen adsorption on 

RuS2, RuO2 and Pt. (e) DOS of Ru 4d on RuS2 (100) and RuS2 (100) with VRu. (f) Relationship between ΔGH* and d-band center. 

 

3.4. DFT calculations 

Based on above comprehensive experimental data, the low-

temperature RuS2-400 and RuS2-500 with controllable disorder 

and defects possess much higher HER and OER activity than 

high-temperature RuS2-600 and RuS2-700. Therefore, the HER 

and OER activity of pyrite RuS2 can be significantly enhanced 

by controllable disorder and defect engineering. The 

disordered structure can provide more accessible active atoms 

as active sites25, leading to an increased ECSA of RuS2 as 

confirmed before, which is considered as an important factor 

for activity enhancement. When the measured activity is 

normalized by ECSA, the RuS2-500 still displays better 

performance than RuS2-700 (Fig. S20), indicative of the effect 

of defects on the intrinsic activity. 

To gain an in-depth understanding of intrinsic influence of 

defects, we resorted to density functional theory (DFT) 

calculations. For HER, the adsorption free energy of H* (ΔGH*) 

is deemed a key descriptor in both alkaline and acidic 

conditions, and a good catalyst should have a moderate free 

energy for H adsorption (i.e., |ΔGH*| is close to zero) to 

compromise the reaction barriers of the adsorption and 

desorption steps.9,11,13,17,18 According to the as-built catalyst 

structural models (Fig. 5a-c), the ΔGH* at the Ru and S sites for 

RuS2 was calculated, along with Pt and RuO2 as references. 

Notably, the (100) surface of RuS2, (110) surface of RuO2 and 

(111) surface of Pt were used in our theoretical investigation 

given that they are among the most  commonly observed and 

most stable ones in both experiments and theoretical 

modeling studies.22,23,63,64 Fig. 5d shows the ΔGH* values on all 

the possible sites for the studied samples. Pt, as the most 

active HER catalyst, has an ideal ΔGH* of ~-0.1 eV. The ΔGH* 

value on Ru and O site for RuO2 is 0.48 eV and -0.8 eV, 

respectively, indicating that the H* adsorption is either too 

weak or too strong. For pristine RuS2, the ΔGH* value on Ru and 

S site is 1.01 eV and 1.07 eV, suggesting too weak H* 

adsorption which is consistent with previous reports.23,24 

However, after the introduction of Ru vacancy, the ΔGH* value 

could be greatly reduced. Impressively, the ΔGH* value on the S 

site of RuS2 with Ru vacancy (VRu) is very close to the ideal 

thermoneutral limit, suggesting an optimum hydrogen 

adsorption strength. The H* adsorption ability of transition 

metal compounds at the metal or non-metal site has been 

reported to relate to the electronic structure, e.g., d-band 

center.65-67 The binding strength of reactants increases as the 

d-band center of the surface is upshifted relative to the Fermi 

level based on the d-band theory.68 As expected, the d-band of 

surface Ru as obtained from the density of states (DOS) is 

upshifted after introducing Ru vacancy, and the d-band center 

increases from -0.93 eV to -0.77 eV (Fig. 5e). Accordingly, as 

seen from the direct relationship between ΔGH* and d-band 

center (Fig. 5f), we can corroborate that Ru-vacancy 

engineering modulates the d-band center upshift to 

strengthen the H adsorption of RuS2 surface with an optimum 

level and thus improves the catalytic HER activity. In addition, 

the increased partial density of states across the Fermi level 

after the introduction of VRu relative to pristine RuS2 surface 

(Fig. 5e) indicates enhanced intrinsic conductivity, which is 

beneficial for charge transfer during electrocatalysis.69,70 

Hence, the improved OER activity may be also related to the 

enhanced intrinsic conductivity induced by VRu. During OER, 

the formed sulfide/oxide core/shell structure integrates the 

high conductivity core for facilitating charge transfer and 

active shell, thus the OER activity of RuS2 is promoted. The 

complete picture of the mechanisms involved here requires a 
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systematic and detailed followup study. It’s worth noting that 

the slightly higher catalytic activity of RuS2-500 relative to 

RuS2-400 may be attributed to slightly increased ECSA as 

discussed earlier as well as enhanced conductivity originating 

from better crystallinity. 

3.5. Overall water splitting performance. 

Given the excellent bifunctional performance of optimized 

RuS2-500 for OER and HER in alkaline media, we accordingly 

assembled a two-electrode electrolyzer device using RuS2-500 

loaded on carbon paper (CP) as both anode and cathode in 1.0 

M KOH solution to better realize the real application. As a 

control, two-electrode electrolyzers comprised of CP//CP, 

RuO2//RuO2, and Pt/C//RuO2 were also configured as 

references. As shown in Fig. 6a, the RuS2-500 electrode 

delivers a water-splitting current density of 10 mA cm-2 at a 

voltage of only ~1.527 V, outperforming the benchmark Pt/C 

(−)//RuO2 (+) couple. In addition, the alkaline electrolyzer 

based on RuS2-500 maintains strong durability with negligible 

performance degradation after continuous electrolysis for 20 h 

at 10 mA cm-2 (Fig. 6b). Remarkably, the ultralow cell voltage 

of RuS2-500 for water electrolyzer is superior to various state-

of-the-art bifunctional electrocatalysts (Fig. 6c and Table S5), 

which demonstrates that RuS2-500 is among the best-

performing overall-water-splitting electrocatalysts reported so 

far. Therefore, in consideration of the activity and durability, 

RuS2-500 holds great promise for practical alkaline water 

electrolysis applications. 

 

Fig. 6. (a) Polarization curves of bare CP//CP, RuO2//RuO2, RuS2-500//RuS2-500 and Pt/C(-)//RuO2(+) for overall water splitting in 1 M KOH at a scan rate of 5 mV s-

1. (b) Chonopotentiometry curve of water electrolysis using RuS2-500 as both anode and cathode at a constant current density of 10 mA cm-2 in 1 M KOH. Insert is 

optical photograph showing the generation of O2 and H2 bubbles on the surface of RuS2-500 electrode. (c) Comparison of the cell voltage to achieve 10 mA cm-2 

among excellent bifunctional electrocatalysts ever reported. 

4. Conclusions 

In summary, controllable disorder and defect engineering were 

achieved in pyrite-type RuS2 NPs for the first time via a facile 

low-temperature sulfuration process to boost HER and OER 

activity simultaneously. By tuning the sulfuration temperature, 

two key factors that affect the catalytic performance (the 

number of active sites and the intrinsic activity of each site), 

are synergistically modulated. Comprehensive 



ARTICLE Journal of Materials Chemistry A 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

characterizations reveal that with increasing degree of 

disorder, more active sites are generated as reflected by 

increased ECSA, while the defect structure leads to the 

enhancement of the intrinsic activity. DFT calculations were 

further performed to uncover the intrinsic influence of defect 

on HER whereby the upshift of the d band center induced by 

Ru vacancy could optimize the H adsorption. Thus, a 

synergistic regulation of these two key factors results in a 

highly efficient bifunctional electrocatalytic activity for the 

optimized RuS2-500 with η-10=78 mV for HER and η10=282 mV 

for OER, which is superior to the reported Ru-based and pyrite-

type catalysts. Remarkably, when RuS2-500 was used as both 

anode and cathode sides for overall water splitting, it reaches 

10 mA cm-2 at a cell voltage of only 1.527 V with long-term 

stability, outperforming the benchmark Pt/C (−)//RuO2 (+) 

couple and acting as among the best-performing overall-

water-splitting electrocatalysts reported to date. This work 

demonstrates the potential application of a new family of 

pyrite-type RuS2 for water splitting and broadens our vision to 

enhance the activity of various electrocatalysts by a synergy of 

structural and electronic modulations. 
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