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ABSTRACT 

A new nanocatalyst, which combines the electrocatalytic activity of MoS2 nanosheets and RuS2 

nanoparticles (NPs), was prepared through a safe and scalable, one-step “bottom-up” approach. It 

delivers high current density, with a Tafel slope of 36 mV/dec and a very small overpotential. The 

high exposure of MoS2 edges on the RuS2 NPs, the stronger d character of RuS2 and the electrical 

coupling of these two nanomaterials, grown together, were responsible for the high hydrogen 

production rates of 10.2 l/h (PEM cell 5cm×5cm, current density about 1.1 A/cm
2
, power 

consumption 41.8 W, corresponding to 3.8 KWh/Nm
3 

of
 
energy consumption, efficiency 93 %).  
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Introduction 

Among the different possibilities for hydrogen production, water electrolysis has numerous 

advantages, such as high purity, lack of pollution and it is a simple process. Hydrogen evolution 

reaction (HER) is faster in acidic environment rather than at other pHs [1]. However, because of 

corrosion issues, costly noble metals (Pt, Ir, Ru) are required [2]. Therefore, there is a major need 

for new active and cost-effective electrocatalysts for water splitting, which would offer low 

overpotential for hydrogen evolution in acidic media.  

Ternary transition metal Chevrel-phase chalcogenides of Se and S are well known catalysts for 

industrial removal of oxygen, sulfur and nitrogen from refined petroleum products [3-6]. 

Chalcogenides of transition metals are a fascinating category of electrocatalysts, e.g. for ORR 

applications. MoS2 nanostructures were successfully tested as catalysts for HER in acidic solution 

[7], showing how their electro-activity is dependent on the number of edge catalytic sites [8,9] and 

sulfur vacancies [10]. Numerous strategies have been developed to improve the electrocatalytic 

activity of MoS2 [11]. However, most of these studies can only be proposed for laboratory 

applications and require complex procedures for its preparation. In any case, the main results 

exhibit a Volmer-Heyrovsky HER mechanism, with overpotential, exchange current density and 

tafel slope higher than 0.12 V, 0.2 mA/cm
2
 and 44 mV/dec, respectively. 

In fact, among different metal based chalcogenides, transition metals of group VIII show higher 

activity, e.g in the hydrodesulfuration (HDS) reaction [12]. In particular, the maximum activity is 

achieved by RuS2 [13] because of its d orbitals electronic configuration. Indeed, RuS2 d character, 

which is responsible for the surface coordinative unsaturation degree, is the highest [12,14]. 

Catalytic activity during HDS depends on the surface anion vacancies, allowing coordination with 

sulfur [13,15]. On the other hand, new active sites are generated by H2, by removing sulfur from the 

surface and generating vacancies around the metals [16]. In particular, the interaction between 

hydrogen and catalyst surfaces most likely explains why an active catalyst for HDS is expected and 

still active for HER [10]. Ru–chalcogenides were tested as electrocatalyst materials [17], RuS2 was 
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able to catalyze the oxygen reduction reaction (ORR) [18-21] and, because of its stability [22] even 

higher than that of MoS2 [23], HER in hydrochloric or hydrobromic acids electrolyzes. Ruthenium 

based materials (Ru, RuO2) have been widely used for various electrochemical applications, e.g. 

supercapacitors, sensors,..[24,25]. Although RuS2 is a very stable and active material, it has never 

been tested for HER in H2SO4, nor in combination with MoS2.  

Proton exchange membrane (PEM) systems, which is the most promising technology for small 

scale production of H2, have many advantages in comparison with traditional electrolyzers, e.g. 

pure water is the only reactant, very high purity products, lower costs for power and environmental 

impact, high specific productivity, direct production of high pressure gases and high degree of 

safety [26]. In PEM, due to the strong acidic conditions, platinum is typically used at the cathode to 

promote HER and iridium/iridium oxide at the anode to promote oxygen evolution reaction (OER). 

Different solutions have been proposed until now to reduce the cost of the electrode [27-29].  

However, to the best of our knowledge, nanomaterials combining the promising properties of RuS2  

[30] and of MoS2 nanosheets, have been never examined in PEM configuration. Our nanocatalyst 

enjoys the MoS2 properties [9,31,32] amplified by the high edges exposure on the surface area of 

RuS2 nanoparticles (NPs). In particular, in the nanocatalyst MoS2 amount prevails on the more 

expensive RuS2 [33], which is expected to be even more active. In this paper, we report the 

synthesis of a new nanocatalyst of MoS2 and RuS2 obtained through a one-step safe approach, from 

two solid phase precursors containing Ru, Mo and excess S. It shows very high exchange current 

density during hydrogen production, small Tafel slope and overpotential. The nanocatalysts were 

tested in a PEM configuration and for comparison in a flux of 0.5 M H2SO4 electrolyte, indeed 

measurements in 0.5 M H2SO4 simulate PEM environment, especially at the lower current density 

[34]. The continuous flow system was chosen to avoid bubble effects and better simulate a “real” 

electrolyzer.  



Experimental 

Samples synthesis 

Ethanol (Fluka, 99.8%), hexane (Sigma-Aldrich, >95%), Benzyl ether (Aldrich, 99%), oleic acid 

(Aldrich, 90%), 1,2-hexadecanediol (Aldrich, 97%), oleylamine (Aldrich, 70%), ruthenium (III) 

acetylacetonate (Aldrich, 90%), ammonium tetrathiomolybdate (Aldrich, 99.97% metal basis) were 

acquired and used for the syntheses [35-37].  

In particular: 0.6 mmol of ruthenium (III) acetylacetonate and 2.8 mmol of ammonium 

tetrathiomolybdate were dissolved in  18 mL of benzyl ether. Then, 8 mmol of 1,2-hexadecanediol, 

4 mmol of oleylamine, 4 mmol of oleic acid were added. The solution was rapidly mixed and 

subjected to vigorous stirring to prevent formation of precipitates. The temperature was raised to 

210 °C for 120 min and then to 285 °C for 120 min,  under a nitrogen flow [7]. Ethanol (40 mL) 

was used for washing, followed by centrifugation. Finally, hexane was added (50 mL) and further 

centrifuged. The black/brown mixture was stored in a vial. 

After synthesis, an annealing at 150 °C for 8 h was performed [7,37], preserving inorganic structure 

and morphology and improving electrical properties.  

Characterization  

SDTQ 600 (TA Instruments) Thermobalance (10 °C/min in air, equipped with a mass spectrometer; 

Bruker D8 X-ray diffractometer, Renishaw inVia Micro-Raman spectrometer (514 nm laser 

wavelength), PHI-550 Multitechnique X-ray photoelectron spectrometer, transmission electron 

microscopy (TEM) (FEI Tecnai electron microscope- 200 KV, coupled with an energy dispersive 

X-ray (EDX) probe) were used for characterization [7,37,38]. 

The electrochemical activity was evaluated by using the PGSTAT302N from Autolab 

potentiostat/galvanostat. For the measurements, SPEs (Dropsens (model 110), pseudo-reference 

electrode: Ag wire, counter and working electrodes: printed graphite were connected to the 

potentiostat. The whole apparatus comprises a peristaltic pump to feed a flow-through an 

amperometric cell, particularly designed to accommodate a SPE. Screen-printed electrodes are easy 



to handle and facilitate the fast catalytic activity. The electrolyte flow wets perpendicular the SPE to 

obtain a wall-jet configuration [39]. Teflon with a good resistance in acid media was used for the 

electrochemical cell. A continuous flow of 0.5 M H2SO4 solution was provided by a peristaltic 

pump (DropSens Peristaltic Pump with 12 roller pump), polyethylene tubes were used for the 

electrolyte cycle from a vessel to the nanostructures. For the measurements, an ink was obtained 

mixing 4 mg of material with 80 μl of 5 wt% Nafion solution. For the test, the working electrodes 

were modified by dropping the nanostructures slurry/dispersion onto the surface.  

Measurements have been also performed in a PEM configuration. In this case the whole apparatus 

(see Figure 1) comprises a peristaltic pump to feed to a splittable single unit flow cell at a flow rate 

of 40 ml min
-1

. The PEM cell setup (5 cm×5 cm area) was equipped with a membrane (112 

membrane - 51m thick). The system has the potential to be vastly scaled up for industrial 

applications while incurring a lower cost increase, the capacity is scaled up by simply implementing 

a larger electrolyte tank. For the test, the membrane was modified by dropping the nanostructures 

slurry/dispersion onto one on the membrane surface (2 mg/cm
2
), while the opposite face was 

modified by Ir (IV) oxide (IrO2 >99 % , Alfa Aesar powder) with a fixed loading of 2 mg/cm
2 

[40].  

During HER the output gases were analyzed by a quadruple mass spectrometer (Thermo Scientific 

FOCUS GC-ISQ Single Quadrupole MS), while the chamber was flushed with nitrogen (10 

Ncc/min) [7,41,42]. For H2 evaluation, the areas of m/z = 2 MS was used, after a calibration curve 

evaluation [7,41,42].  

 

Results and discussion 

The morphological and structural characteristics of RuS2@MoS2 was determined by TEM analysis 

(Figure 2). In particular, the TEM images show nanoparticles with size in the range 8-10 nm. MoS2 

nanosheets, mostly monolayer, are clearly visible in Figure 2b and 2c, also MoS2 edges laying on 

RuS2 nanoparticles can be observed in these figures. The typical interplanar spacing of 0.279 nm for 

RuS2 is revealed in Figure 2c. In the sample, free MoS2 can be observed (Figure 2d), too. The 



energy dispersive TEM based X-Ray spectroscopy (EDS) confirms the Ru/Mo ratio ~ 0.21 at., and 

sulfur S/(Ru+Mo) ratio ~ 2 .at.  

XRD was conducted to obtain structural information of ruthenium and molybdenum sulfide. Figure 

3 shows the XRD pattern of the synthesized product.  The characteristic peaks shown in the pattern 

reveals the contemporaneous presence of RuS2 and MoS2. The main peaks coming from a cubic 

phase of RuS2 (JCPDS 19-1107), can be observed. The broadening of diffraction peaks 

demonstrates that the size of the RuS2 crystal is in a nanometer range. The typical peaks of MoS2 

obtained at a temperature lower than  360 °C, can be also seen. In particular, it is possible to assign 

the reflection peaks of the family lattices planes (100), (103), (104), (105), (110) and (112) of MoS2  

(JCPDS 17-0744). 

Raman spectroscopy was used to analyze RuS2@MoS2 nanostructure (Figure 4). This is a very 

useful technique for the evaluation of the structure, bonding and degree of imperfections in 

nanostructures [43]. In general, the Raman spectrum of RuS2 possesses Eg and Ag modes similar to 

those of MoS2, ReS2 and WS2 [44,45]. The Raman spectrum in Figure 3 shows the presence of two 

bands at 376 and 387 cm
-1

 of the Eg and Ag modes of RuS2, respectively. A shift of the sulfur atoms 

is responsible for the Eg mode, whereas the Ag mode corresponds to the stretching vibrational band 

of S-S [45,46]. Moreover, the E
’
2g and A1g modes for MoS2 at about 382 and 402 cm

-1
 [47] can be 

also seen. It has been found [48] that the difference between the positions of these two Raman 

modes is related to the number of MoS2 layers. The frequency difference in cm
-1

 of the A1g and E
’
2g 

modes for MoS2 indicate that most of the sheets have a number of layers between 1 and 2 [49].  

In Figure 5, the X-ray photoelectron spectroscopy (XPS) analysis to evaluate the chemical states of 

the elements present in the RuS2@MoS2 nanoparticles is reported. The deconvolution of the 

spectrum in the range of Ru 3d evidence two peaks at 280.1 and 284.5 eV due to Ru 3d5/2 and Ru 

3d3/2, respectively. Two peaks centered at 461.7 and 484.3 eV correspond to Ru 3p3/2 and Ru 3p5/2, 

respectively [50]. XPS spectrum in the region of Mo 3d shows two peaks at 229.1 and 232.3 eV, 

respectively, that can be attributed to Mo 3d5/2 and Mo 3d3/2. The peak at 226.6 eV can be indexed 



as S 2s [51,52]. The deconvoluted spectrum of sulfur states highlighted the presence of four peaks 

centered at 162.1, 163.3, 162.4 and 163.9 eV corresponding to the S 2p3/2 and S 2p1/2 states for 

MoS2, the first two, and RuS2, the last two. From XPS analysis the atomic ratio between Ru and S 

results in 1:1.97, close to the stoichiometric of RuS2, and it is 1:2.12 for MoS2.  

The thermogravimetric analysis of the RuS2@MoS2 is reported in Figure 6. During the thermal 

analysis of the nanostructures a decomposition/oxidation of the residual surfactants occurs together 

SO2 formation [53]. At ~ 275 °C [53] the oxidation of MoS2 to MoO3 occurs, followed at about 

528°C, by the decomposition/oxidation of RuS2 [22]. The ratio of the weight losses between 275-

528 °C and 528-925 °C, that are due to SO2 release during contemporaneous formations of 

molybdenum and ruthenium oxide respectively, is equal to 0.217, in agreement with the ratio 

between the moles of ruthenium and molybdenum in the sample equal to 0.214. 

Overall, the characterization confirms the successful preparation of a nanocatalyst consisting of 

RuS2 nanoparticles covered by small edge size MoS2 nanosheets. 

 

Electrochemical hydrogen evolution reaction 

Polarization curves for RuS2@MoS2 after IR-correction (i-V plot) are reported in Figure 7. 

RuS2@MoS2 activity for HER results excellent. A negligible overpotential (~ 0.004 V) and high 

rate of growth for cathodic current (840 mA/(V
 
cm

2
))

 can be observed for RuS2@MoS2. Tafel 

equation (η = b log j + a; η overpotential, b Tafel slope, j current density) was used to fit the linear 

region of the Tafel plot (Figure 8a). A Tafel slope of ~36 mV/decade and an exchange current 

density (j0) of ~0.04 mA/cm
2
 (iR-corrected) for RuS2@MoS2 were obtained, very close to the 

platinum behavior [54]. The observed Tafel slope for RuS2@MoS2 suggests that, on its surface, 

HER closely resembles the Volmer-Tafel mechanism [42,55-58], with the desorption step as the 

rate-limiting step.  

It is worth noticing that MoS2 typical Tafel slopes are in the range 50-80 mV/decade [11,35]. On 

the other hand, as far as RuS2 is concerned, it has never been tested in H2SO4 electrolyte, while it 



shows a Volmer-Heyrovsky mechanism in 0.5 HBr [23]. In particular, the sample after annealing 

shows a lower overpotential as a consequence of the reduced electrical resistance (Electrochemical 

impedance spectroscopy (EIS) evaluation, Figure  8b). The Nyquist plot indicated the presence of 

small semicircle at the high frequency region which arises due to the charge transfer resistance. The 

electrode exhibited small solution resistance (Rs) and charge transfer resistance (Rct) of about 0.35 

and 1.9 V, respectively. The straight line or Warburg line (observed at low frequency region) is 

almost parallel to the imaginary axis which is related to the frequency dependent ion diffusion 

kinetics.  

The synthesized RuS2@MoS2 was tested as cathode electrocatalyst in PEM. The performance of the 

RuS2@MoS2 was shown in comparison with commercial Pt/C catalyst in Figure 9. In particular, the 

behavior of 25 cm
2
 PEM cell at 80 °C is reported. The performance of RuS2@MoS2 results quite 

close on that of  Pt/C [40], indicating that the nanocatalyst not only behaves well at low current  

densities, where the behavior shown in 0.5 M H2SO4 and in PEM environment was found highly 

correlated [34] but continues to be efficient also when electrical/ionic resistivity and mass transport 

can affect significantly the electrocatalytic behavior. 

 

Figure 10 shows the hydrogen production rate as a function of current obtained in the electrolyzer 

cell at a temperature of 80 °C. The production rate increases linearly with the increase of the current 

up to 10.2 l/h when the current intensity is about 1.1 A/cm
2
, with a power consumption of 41.8 W, 

corresponding to 3.8 KWh/Nm
3 

of
 
energy consumption and an efficiency of 93 %. 

The tests show for our nanocatalyst electrochemical performances extremely interesting, which 

were allowed thanks to the MoS2 properties, amplified by the high edges exposure on the more 

active, because of its d band character, RuS2 [33] NPs. In particular, they suggest that in the near 

future platinum could be replaced at the cathodes of PEM water electrolyzer.  

 



Conclusions 

An easy and safe approach has been chosen to produce RuS2 nanoparticles covered by small edge 

size MoS2 nanosheets. The nanoparticles of RuS2 have a diameter of 8-10 nm and are mainly 

covered by one layer MoS2. Additional, free MoS2 is present in the sample, while the ratio between 

RuS2 and MoS2 results in agreement with the Ru, Mo molar ration in the precursor. The 

nanocatalyst exhibited a number of remarkable properties: Volmer-Tafel behavior, Tafel slope of 36 

mV/dec and negligible overpotential, high exchange current density during hydrogen formation. 

The performance of the RuS2@MoS2 as cathode in a PEM evidence that the nanocatalyst not only 

behaves well at low energy densities but continues to be efficient also when electrical/ionic 

resistivity and mass transport can affect significantly the electrocatalytic activity.                                                            
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Figure 1 PEM Electrolyser system: (1) electrochemical reaction cell, (2) peristaltic pump and 
water reservoir, (3) potentiostat/galvanostat and (4) computer. 
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Figure 2 TEM images of RuS2@MoS2 nanocatalyst at lower (a) and higher magnifications (b,c,d). 
Schematic representation at the bottom. 
 

 



 

 
Figure 3 XRD diffraction pattern of RuS2@MoS2 nanocomposite. 



 
Figure 4 Raman spectrum of RuS2@MoS2 nanocomposite. 
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Figure 5 XPS spectra of RuS2@MoS2 in the Ru 3d, Ru 3p, Mo 3d and S 2p regions.  
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Figure 6 TG-DTG analysis of the RuS2@MoS2. 
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Figure 7 Polarization curves at 20 mV/sec of RuS2@MoS2 nanocomposite. 
  



 

 
Figure 8 Tafel plot (a) and EIS analysis (b) for RuS2@MoS2.   
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Figure 9 Polarization curve for PEM water electrolyzer of Pt in blue and RuS2@MoS2 in orange at 
80°C.  
  



 

Figure 10 Hydrogen production rate for RuS2@MoS2 PEM water electrolyzer with operation 

current density. 


