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1. Introduction

In response to increasing levels of green-
house gas emissions and rising global 
energy demands, various advanced tech-
nologies for generating environmentally 
friendly power have been developed. 
However, the fluctuating and intermit-
tent, nature of renewable sources such as 
solar, wind, and tidal energy means these 
cannot be effectively collected and uti-
lized. Fortunately, power-to-gas projects 
have been strongly encouraged, aiming 
to convert such fluctuating energy into 
hydrogen gas via water electrolysis.[1–3] 
The hydrogen can easily be stored in 
pressurized tanks, serving as a raw mate-
rial for the chemical industry or for the 
synthesis of various hydrocarbon fuels, 
but also being reconverted to electricity 
when needed via fuel cells.[4,5] Traditional 
water electrolysis devices usually operate 
using liquid electrolyte, which has sev-
eral drawbacks, including electrolyte 

leakage, sensitivity to CO2 (especially in alkaline conditions), 
and low stability. Comparatively speaking, recently developed 
proton exchange membrane (PEM) and anion exchange mem-
brane (AEM) electrolyzer techniques have notable advantages, 
including a high-purity H2 product, and a safe, simple compact 
system.[6–11] Within an electrolyzer, the cathode hydrogen evo-
lution reaction (HER) is a very significant step for water split-
ting and requires efficient catalysis.[12–15] To date, Pt remains 
the best electrocatalyst for the HER in acidic media; however, 
its high cost and scarcity seriously limit its use. More critically, 
in alkaline media, Pt exhibits two to three orders of magnitude 
lower HER conversion efficiency than in acidic media.[16,17]

Pyrite-phase metal dichalcogenides MX2 (M = Fe, Co, Ni; 
X = S, Se, Te)[18–22] have demonstrated a certain degree of ability 
to catalyze the HER. Theoretical calculation and experimental 
results have proved that in addition to their active metal sites, 
the material’s abundant sulfide and selenium can also serve 
as active centers to enable fast proton/electron adsorption and 
help accelerate the overall kinetics.[23–25] However, their activity 
and durability are still far from satisfactory in comparison with 
Pt. Moreover, the HER performance of MX2 catalysts in acidic 
electrolytes is generally inferior.

The hydrogen evolution reaction (HER) is a significant cathode step in 
electrochemical devices, especially in water splitting, but developing efficient 
HER catalysts remains a great challenge. Herein, comprehensive density 
functional theory calculations are presented to explore the intrinsic HER 
behaviors of a series of ruthenium dichalcogenide crystals (RuX2, X = S, Se, 
Te). In addition, a simple and easily scaled production strategy is proposed 
to synthesize RuX2 nanoparticles uniformly deposited on carbon nanotubes. 
Consistent with theoretical predictions, the RuX2 catalysts exhibit impressive 
HER catalytic behavior. In particular, marcasite-type RuTe2 (RuTe2-M) achieves 
Pt-like activity (35.7 mV at 10 mA cm−2) in an acidic electrolyte, and pyrite-type 
RuSe2 presents outstanding HER performance in an alkaline media (29.5 mV 
at 10 mA cm−2), even superior to that of commercial Pt/C. More importantly, 
a RuTe2-M-based proton exchange membrane (PEM) electrolyzer and a 
RuSe2-based anion exchange membrane (AEM) electrolyzer are also carefully 
assembled, and their outstanding single-cell performance points to them 
being efficient cathode candidates for use in hydrogen production. This work 
makes a significant contribution to the exploration of a new class of transition 
metal dichalcogenides with remarkable activity toward water electrolysis.

Small 2021, 17, 2007333

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202007333&domain=pdf&date_stamp=2021-02-15


2007333  (2 of 10)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

Very recently, Ru-based electrocatalysts have been extensively 
explored because of their Pt-like hydrogen binding strength 
and their good corrosion resistance in both acidic and alka-
line media.[26–32] Most importantly, Ru is the least expensive 
platinum-group element. Yet, much less attention has been 
focused on ruthenium dichalcogenides (RuX2, X = S, Se, Te) for 
the HER. Although a few papers have mentioned the synthesis 
of ruthenium disulfide for the HER,[33,34] the reported catalysts 
showed large particles and poor distribution on supports, so 
they could not realize their actual electrocatalytic capability. 
Hence, further efforts are much needed. With respect to ruthe-
nium diselenides, no research about their HER performance 
has yet been reported. Ruthenium disulfide and diselenide 
have only a pyrite-type structure; whereas ruthenium ditellu-
rides have two structures—the marcasite-type and the pyrite-
type, but studies of their catalytic activity toward the HER are 
relatively few, especially for pyrite-type RuTe2. The majority of 
ruthenium and tellurium-based catalysts are generally synthe-
sized using telluride nanorods or nanoribbons as templates or 
supports,[35–37] which not only makes the preparation process 
more complicated but also implants large amount of inactive 
elemental Te. To date, no relevant theoretical analysis of their 
HER catalytic properties has been conducted, making a com-
prehensive theoretical and experimental study focused on this 
new family of RuX2 catalysts for hydrogen electrolysis highly 
desirable as well as challenging.

We therefore undertook a through theoretical investigation of 
the intrinsic HER catalytic behaviors of RuX2, including pyrite-
type RuS2, RuSe2, and RuTe2, and marcasite-type RuTe2 using 
density functional theory (DFT) calculations. This included a 
detailed analysis of the binding energies of H, H2O, and OH-, 
as well as H2O dissociation on the RuX2 surfaces. Based on this 
analysis, we proposed a simple general strategy for fabricating a 
series of RuX2 catalysts anchored on carbon nanotubes (CNT).  
We then carried out HER evaluation with a three-electrode 
configuration and we found that the RuX2 exhibited impres-
sive performance. Of these, the marcasite-type RuTe2 catalyst 
demonstrated Pt-like HER activity (35.7 mV at 10 mA cm-2) in 
an acidic electrolyte, and the pyrite-type RuSe2 displayed the 
best performance in an alkaline medium, with a small over
potential of 29.5 mV at 10 mA cm-2 superior to that of commer-
cial Pt/C. We then use the marcasite-type RuTe2 and the RuSe2 
as cathode catalysts to constructed PEM and AEM electrolyzers, 
respectively. The catalysts’ notable single-cell performance 
showed their strong potential for use in actual electrochemical 
water splitting.

2. Results and Discussion

2.1. Theoretical Calculation of RuX2 Catalytic 
Activity toward the HER

Comprehensive DFT calculations were conducted to explore 
the intrinsic HER catalytic behavior of the ruthenium dichalco-
genides. As shown in Figure 1a, RuS2 and RuSe2 exist as single-
phase pyrite-type structures, while RuTe2 has both pyrite-type 
and marcasite-type structures. These structural and composi-
tional differences result in different electronic properties and 

catalytic features. For convenience, the pyrite-type RuS2, RuSe2, 
and RuTe2 are denoted simply as RuS2, RuSe2, and RuTe2, and 
the marcasite-type RuTe2 is denoted as RuTe2-M.

It is generally accepted that metal–hydrogen (M–H) binding 
energy is the sole descriptor for the hydrogen reaction in acidic 
media, and that Pt possesses optimal M–H strength, neither 
too weak nor too strong. Optimal HER activity can be achieved 
with a Gibbs free energy of hydrogen adsorption (∆GH*) value 
close to zero.[38,39] The strongest main peaks in the standard 

Figure 1.  a) Crystal structures with exposed (002) planes. b–e) Free energy 
diagrams of H adsorption for RuS2, RuSe2, RuTe2-M, and RuTe2. f) H2O 
binding energy and g) energy diagram of water dissociation for RuX2.
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XRD patterns were selected as the crystal surfaces. We consid-
ered all of the initial adsorption sites for H atoms on the sur-
faces. The computed ∆GH* values are listed in Tables S1–S4, 
Supporting Information. The values of ∆GH* closest to 0 indi-
cating the most favorable sites on the various planes are pro-
vide in Figure  1b–e. For RuS2, the ∆GH* values of the (200) 
and (311) planes are 0.069 and -0.120  eV, very close to that of 
Pt (-0.09 eV),[40] implying a fast HER kinetic process. The (111) 
plane presents a comparable negative ∆GH* (-0.386  eV), sug-
gesting stronger H binding ability; this creates the obstacle 
of thermodynamic H* desorption. The computed results for 
RuSe2 confirmed that, the (111), (210), (211), and (311) planes 
deliver nearly zero ∆GH* values, making them efficient active 
sites for boosting the HER. The marcasite-type RuTe2-M yields 
a negative ∆GH* (-0.078  eV) on the (101) surface, and slightly 
positive values on the (111) and (211), but still close to zero. 
However, the ∆GH* on (200) is 0.519  eV, meaning H is disin-
clined to be adsorbed in the initial step. Similarly, based on the 
computed ∆GH* values, the pyrite-type RuTe2 provides mod-
erate hydrogen binding on several planes.

For the computed H adsorption free energies of RuX2, from 
RuS2 to RuTe2, the active sites show a possible switch from 
chalcogenide atoms to Ru atoms, which can be explained by the 
electron distribution and valence state. For chalcogenide atoms, 
the electronegativity is in the order of S > Se > Te, meaning 
that S may attract more electrons, thus enabling the higher 
oxidation state of Ru atoms. This phenomenon will be further 
elaborated by the later X-ray photoelectron spectroscopy (XPS) 
results. For the RuX2 crystals, chalcogenide atoms can bring 
about difference on their catalytic performance. In addition to 
the above-mentioned electron distribution, the bonded dichal-
cogenide atoms can affect the electrical conductivities of RuX2 
crystals. Pyrite-type RuS2 and RuSe2 possess the bandgap of 
0.68 and 0.48 eV, respectively, indicating a semiconductor char-
acter. However, RuTe2 and RuTe2-M exhibit the bandgap of 0.14 
and 0.32 eV, implying Ru–Te are more metallic than RuS2 and 
RuSe2. Sufficient electrical conductivity could favor fast electron 
transport and promote catalytic process.

When the electrolyte is changed to an alkaline solution, 
the HER proceeds via the following Volmer–Tafel or Volmer–
Heyrovsky mechanisms:[41]

Volmer : H O * H OH2 adse+ + ↔ +− − � (1)

Heyrovsky : H H O H OH *ads 2 2e+ + ↔ + +− − � (2)

Tafel : 2H H 2 *ads 2↔ + � (3)

In detail, the reaction pathway involves the adsorption of 
H2O, the dissociation of H2O into adsorbed OH- and H atoms, 
the desorption of OH- to leave a clean surface and the formation 
of H2 from adsorbed H atoms.[42,43] Hence, in addition to M–H 
binding, M–H2O/OH- and water dissociation also matter.[44–46] 
Pt suffers from poor water dissociation ability, leading to dra-
matically decreased kinetics in alkaline media.[18] According to 
DFT calculations, the H2O molecule binding energies (∆EH2O*)  
of RuS2, RuSe2, RuTe2-M, and RuTe2 are -0.653, -0.673, -0.800, 
and -0.661 eV (Figure 1f). Such negative ∆EH2O* values indicate 

that RuX2 can easily capture H2O, facilitating the fast Volmer 
process to generate protons. Water dissociation is a crucial sub-
sequent step to break the OH−H bond and generate adsorbed 
OH* and H* species; the energy barrier for this is denoted as 
∆Gw. As illustrated in Figure 1g, RuS2, RuSe2, and RuTe2 exhibit 
very low ∆Gw values of 0.281, 0.199, and 0.111 eV smaller than 
that of Pt (0.66  eV).[47] However, the ∆Gw of RuTe2-M is rela-
tively large, suggesting inferior H2O dissociation ability at the 
surface of the (200) plane. Low M–OH binding energy should 
also be preferable, as it allows the surface to be refreshed more 
easily. We therefore also constructed models of OH. As shown 
in Figure S1, Supporting Information, compared with the sig-
nificantly ∆EOH* of Pt (–1.09  eV),[47] RuX2 exhibit relatively 
weaker ∆EOH*. Their moderate H2O/OH- binding energies 
and low water dissociation energy barriers ensure fast kinetics 
during the Volmer step in an alkaline electrolyte. In summary, 
the above DFT calculations forecast that ruthenium dichalcoge-
nides should possess superior intrinsic activity for the HER in 
both acidic and alkaline media.

2.2. Preparation and Characterization of RuX2 Catalysts

A schematic diagram of the facile preparation of RuX2 nano-
particles anchored on CNT support is depicted in Figure  2a. 
Commercial CNT support was first mildly oxidized through a 
modified Hummers method[48] to introduce oxygenated func-
tional groups on their surface, which both enhanced their 
hydrophilia and encouraged the absorption of Ru3+ ions. The 
CNT/Ru3+ mixture was subsequently dried by lyophilization. 
Afterwards, the product was further annealed under an Ar 
atmosphere in a tube furnace, in which the S/Se/Te precursor 
was placed in the upstream section (Figure  2b). After the 
annealing treatment, RuX2(X = S, Se, Te) nanoparticles were 
formed and uniformly deposited on the surface of the reduced 
oxidized-CNT.

The crystal structures of the RuX2 were identified using 
powder X-ray diffraction (XRD). As illustrated in Figure  2c, 
all the catalysts exhibited two broad peaks at about 25.8° and 
43°, which belong to the carbon diffractions of the CNT sup-
port. For RuS2 annealed at 700 °C, several diffraction signals at 
27.5°, 31.8°, 35.8°, 45.7°, and 54.1° can be assigned to the (111), 
(200), (210), (220), and (311) planes of cubic RuS2 (JCPDS, no. 
73-1677). When Se powder was used at 700 °C, the resulting cat-
alyst shows characteristic peaks centered at 30.1°, 33.7°, 37.0°, 
43.1°, and 51.0°, which correspond well to the (200), (210), (211), 
(220), and (311) planes, indicating the formation of cubic RuSe2 
(JCPDS, no. 80-0670).

As mentioned in the calculation section, RuTe2 pos-
sesses both a pyrite-type cubic structure and a marcasite-type 
orthorhombic structure. In the XRD pattern of RuTe2 annealed 
at 700 °C,  the main peaks at 21.8°, 27.8°, 31.3°, 32.7°, 33.9°, 
and 43.3° index to the (110), (101), (111), (120), (200), and (211) 
facets of orthorhombic RuTe2 (JCPDS, no. 88-1380). To syn-
thesize cubic RuTe2, a series of annealing treatments under 
various temperatures was carried out. The XRD patterns of 
the resulting catalysts are shown in Figure S2, Supporting 
Information. When the temperature was increased to 850 °C, 
the diffraction signals related to marcasite-type RuTe2 nearly 
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disappeared, leaving the peaks consistent with cubic RuTe2 
(JCPDS, no. 19-1108), which suggested the major product at 
this temperature was pyrite-type RuTe2. As the temperature was 
further increased, the cubic RuTe2 was gradually reduced to 
become hcp Ru metal (JCPDS, no. 06-0663). In summary, pure 
pyrite-type RuX2 and marcasite-type RuTe2 were synthesized 
by regulating the annealing conditions. This is the first time 
a facile method for systematically designing and synthesizing 
the whole crystal structures of ruthenium dichalcogenides has 
been reported.

The morphologies of RuX2 were characterized by scanning 
electron microscopy (SEM) and transmission electron micros-
copy (TEM). The SEM images (Figure S3, Supporting Infor-
mation) exhibit the characteristic features of CNT structures, 
with smooth, clean surfaces. Energy-dispersive X-ray spectros-
copy (EDS) (Figure S4, Supporting Information) verified that 
the atomic ratios of Ru to X were just slightly larger than but 
greatly approximate to 1:2. The slight additional X component 
will be discussed later in relation to our XPS analysis. Notably, 
the low-resolution TEM image (Figure  3a) shows RuS2 nano-
particles uniformly dispersed on the surface of the CNT sup-
port. The size of the major nanoparticles was concentrated in 
the narrow range of 2–5  nm, with an average size of 3.3  nm. 
Small particle size and homogeneous distribution may have 
favored the exposure of sufficient active sites, while the CNT 
would have enabled fast electron transport, thereby synergis-
tically accelerating the catalytic process. The high-resolution 
TEM (HRTEM) (Figure  3b) image clearly reveals multiple 
layers with a space of 0.34 nm, corresponding to the (002) plane 
of carbon, suggesting the CNT’s high degree of graphitiza-
tion. Lattice fringes with spacings of 0.25 and 0.28 nm are also 

observable, associated with the (210) and (200) crystal planes 
of cubic RuS2. The TEM image (Figure 3c) for RuSe2 shows a 
broader size range (3–12 nm) as well as a larger average size of 
6.7  nm. Apart from the (002) planes of carbon, lattice fringes 
with spaces of 0.26, 0.29, and 0.34 nm were present, as shown 
in Figure 3d, consistent with the distances of the (210), (200), 
and (111) planes of pyrite-type RuSe2.

In comparison, after Ru was alloyed with Te at 700 °C,  the 
resulting RuTe2-M catalyst (Figure  3e) demonstrated less 
homogeneity of particle size, and the average size increased to 
approximately 7.1 nm. As can be clearly seen in Figure 3f, mar-
casite-type RuTe2-M particles were closely anchored on the CNT 
surfaces, and the (101), (111), and (200) facets of RuTe2-M could 
be identified. When the temperature was increased to 850 °C, 
the as-prepared RuTe2 displayed larger aggregate particles with 
an average size of about 12.8 nm (Figure 3g). The lattice fringes 
with a spacing of 0.26 nm displayed in Figure 3h are consistent 
with the (211) crystal planes of cubic RuTe2.

To further explore the chemical composition and electronic 
configuration of RuX2, we carried out XPS measurements. The 
high-resolution Ru 3p spectra of the RuX2 catalysts shown in 
Figure 4a indicate the existence of two obvious Ru 3p1/2 and Ru 
3p3/2 regions, which can be fitted to two doublets. The peaks 
of Ru 3p1/2 for RuS2 and RuSe2 exhibit positive shifts (0.9 and 
0.5 eV, respectively) to higher binding energy compared to that 
of RuTe2, strongly confirming the electron transfer from Ru to 
S. In the high-resolution S 2p spectrum of RuS2 (Figure  4b), 
two main peaks located at 163.8  eV (S 2p1/2) and 162.6  eV (S 
2p3/2) can be observed, assignable to the RuS bond. A SC 
signal was also detected, implying the doping of S into the 
CNT; this is why the EDS results showed the number of S 

Figure 2.  Synthesis and structure of RuX2 catalysts. a,b) Schematic illustrations of the synthesis procedure and annealing treatment. c) XRD patterns 
of RuS2, RuSe2, and RuTe2-M obtained annealed at 700 °C, and of RuTe2 annealed at 850 °C.
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atoms to be slightly larger than twice the amount of Ru. The 
existence of a SO signal was due to unavoidable surface oxi-
dation.[49] Figure 4c presents the Se 3d spectrum, in which two 
peak regions at 55.8 and 55.0  eV correspond to Se 3d3/2 and 
Se 3d5/2, respectively, in the RuSe bond.[50] Peaks at 59.1 and 
58.3  eV arose from SeO2 caused by surface oxidation under 
ambient conditions.[51] Apart from the above Se species, a small 
amount of Se was observed, possibly due to excess deposition 
during annealing. The high-resolution Te 3d spectra for RuTe2-M 
and RuTe2 (Figure  4d,e) show four peaks: a pair at 584.1 and 
573.7 eV, corresponding to the RuTe bond, and another pair at 
586.7 and 576.3 eV, indexed to the TeO2 oxidation state.[52]

The nitrogen (N2) adsorption-desorption isotherms of the 
RuX2 as-prepared catalysts were also obtained to investigate 

the Brunauer-Emmett-Teller (BET) specific surface areas 
(Figure S5, Supporting Information), which were calculated to 
be 118.5, 173.1, 123.8, and 134.8 m2 g−1 for RuS2, RuSe2, RuTe2-M, 
and RuTe2. All of the BET results are listed in Table S5, Sup-
porting Information. Overall, the CNT support played crucial 
roles: 1) the oxygenated functional groups on their surface 
favored the anchoring of Ru species and enabled the uniform 
distribution of RuX2 particles during annealing; 2) CNT sup-
port with a high degree of graphitization provided fast elec-
tron transport pathways; 3) the CNT’s high surface area and 
sufficient pores facilitated contact with the electrolyte and the 
release of hydrogen gas.

2.3. HER Investigation of RuX2 Catalysts Using 
Three-Electrode Configuration

The electrochemical HER performance of the RuX2 catalysts 
was investigated in Ar-saturated acidic 0.5 m H2SO4 and alka-
line 1.0 m KOH using a three-electrode configuration. For com-
parison, commercial Pt/C catalyst was also evaluated under the 
same conditions. Figure 5a shows the LSV curves (iR compen-
sated) of RuX2 and Pt/C in 0.5 m H2SO4. The RuX2 catalysts 
clearly exhibited distinct HER behavior. To drive a current den-
sity of 10 mA cm–2, RuS2, RuSe2, RuTe2-M, and RuTe2 required 
overpotentials of only 54.5, 87.8, 35.7, and 51.7  mV. Notably, 
RuTe2-M showed the best HER activity, with only a small over-
potential of 92.3 mV at a high current density of 100 mA cm–2, 
very close to that of Pt/C. Figure 5b presents the Tafel plots of 
the corresponding polarization curves. Commercial Pt/C deliv-
ered the lowest Tafel slope of 33.7  mV dec–1, suggesting the 
Volmer–Tafel mechanism as the HER pathway. For the RuX2 
catalysts, the resulting Tafel slopes were 65.3, 70.3, 46.6, and 
56.4 mV dec–1 for RuS2, RuSe2, RuTe2-M, and RuTe2, indicating 
the Volmer–Heyrovsky mechanism for HER. The exchange 
current densities were derived by extrapolation of the Tafel 
plots and are shown in Figure  5c. RuTe2-M delivered a high 
exchange current density of 1.71 mA cm–2. We also conducted 
electrochemical impedance spectroscopy (EIS) measurements 
with an overpotential of -25 mV. The Nyquist plots (Figure S6, 
Supporting Information) confirmed that RuTe2-M exhibited the 
lowest charge transfer resistance among the RuX2 catalysts, 
which was consistent with the trend in their HER activities. 
The durability of the materials’ HER catalytic performance in 
the acidic electrolyte was investigated by conducting continuous 
cyclic voltammetry (CV) at a scan rate of 50 mV s–1. The LSV 
plots of RuX2 after 2000 cycles (Figure S7, Supporting Informa-
tion) showed only very slight degradation. In addition, the time-
dependent current density curves for RuTe2-M indicated only 
negligible attenuation after 15 h (Figure S8, Supporting Infor-
mation), implying its outstanding stability.

XRD patterns for RuX2 after stability testing in acidic electro-
lyte are provided in Figure S9 in the Supporting Information. 
We found that RuS2, RuSe2, RuTe2 catalysts maintained their 
pyrite-type structure, and RuTe2-M still displayed its marcasite-
type crystallinity. XPS measurements (Figure S10, Supporting 
Information) after HER test are also presented. No apparent 
variation was found for the binding energy of Ru element, sug-
gesting good stability. For Te element of RuTe2-M and RuTe2, 

Figure 3.   TEM images for a,b) RuS2, c,d) RuSe2, e,f) RuTe2-M, and g,h) RuTe2. 
Insets in (a, c, e, g) are the corresponding particle size distributions.
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Figure 4.  XPS spectra of a) Ru 3p, b) S 2p of RuS2, c) Se 3d of RuSe2, d) Te 3d of RuTe2-M, and e) Te 3d of RuTe2.

Figure 5.  Electrochemical HER performance using a three-electrode system: a) polarization curves, b) corresponding Tafel plots, c) overpotential at 
10 mA cm-2 and exchange current density of RuX2 and Pt/C catalysts in Ar-saturated 0.5 m H2SO4 solution. d) Polarization curves, e) corresponding 
Tafel plots, f) overpotential at 10 mA cm-2 and exchange current density of RuX2 and Pt/C catalysts in Ar-saturated 1.0 m KOH.
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there was no obvious change on the binding energy, while the 
content of oxidized Te was clearly decreased, which was due to 
the partial reduction of surface oxidation for Ru–Te under HER 
reduction conditions.

In the DFT calculation prediction, RuTe2 exhibits mod-
erate hydrogen binding and seems to have a better activity for 
HER; however, experimentally, RuTe2-M catalyst showed the 
best HER activity in acidic condition. In this work, in order to 
predicate the HER activity and simplify the computations, we 
constructed the models only based on the pure pyrite-type and 
marcasite-type RuX2 crystals. However, during the actual cata-
lyst preparation, the CNT support, the interface effect between 
CNT and RuX2, and even the excessive chalcogenide atoms or 
their oxides can be more complicated and may lead to a cer-
tain degree of influence on HER performance. For example, 
the doping of X atoms into the CNT may occur during high-
temperature annealing treatment, especially for RuS2. The 
∆GH* of pure CNT support is too positive and cannot efficiently 
absorb H*. The X dopants into CNT can introduce structure 
defects, which are related to the active sites[53,54] and meanwhile 
generate an interface effect between CNT and RuX2 nanopar-
ticles. In addition, X atoms are easily and inevitably oxidized 
while being exposed with air, leading to the formation of S-Ox, 
Se-Ox and Te-Ox, which have been identified by the XPS results. 
According to the Te 3d spectra in Figure 4d,e, the intensity of 
TeO bond peaks for RuTe2-M is relatively higher than that of 
RuTe2. Hence, we speculate that the surface oxidation of Te spe-
cies may also cause an influence on the H* absorption. More-
over, RuTe2 showed relatively poor HER stability, and the Te 3d 
spectra indicated that the surface oxidized Te species were evi-
dently reduced, again proving the suitable surface oxidation is 
another factor responsible for the HER activity.

We also measured the RuX2 catalysts’ activity toward the 
HER in an alkaline environment. The potential was calibrated 
with respect to a reverse hydrogen electrode (RHE; details of 
the RHE calibration can be found in the experimental section 
and Figure S11, Supporting Information) and corrected with 
iR compensation (Figure  5d). Compared with the results 
in the acidic solution, commercial Pt/C provided inferior 
HER activity, requiring overpotentials of 35.3 and 154.7  mV 
to drive current densities of 10 and 100  mA cm-2. Notably, 
the RuX2 catalysts performed well in the alkaline electrolyte. 
Specifically, at a current density of 10  mA cm-2, RuS2, RuSe2, 
RuTe2-M, and RuTe2 displayed overpotentials of 49.6, 29.5, 
46.3, and 45.1  mV. Importantly, RuSe2 presented the highest 
HER activity, requiring only 90.1 mV at a high current density of 
100 mA cm-2, much lower than Pt/C. After fitting (Figure 5e), 
Tafel slopes of 54.0, 39.2, 53.2, and 51.1 mV dec-1 were obtained 
for RuS2, RuSe2, RuTe2-M, and RuTe2. The value of the Tafel 
slope for RuSe2 was between 30 and 40  mV dec−1, implying 
that its HER behavior in an alkaline medium followed the effi-
cient Volmer–Tafel mechanism. Notably, the exchange current 
density of RuSe2 (1.79 mA cm–2) was higher than that of Pt/C 
(1.70  mA cm-2) (Figure  5f). EIS measurements were also car-
ried out in the alkaline electrolyte using an overpotential of 
-25 mV, and the results are provided in Figure S12, Supporting 
Information. As expected, RuSe2 exhibited the smallest charge 
transfer resistance, again confirming its outstanding HER 
activity. The RuX2 catalysts’ remarkable HER performance in  

alkaline media—comparable and in some cases superior to 
that of Pt/C—was consistent with the theoretical predictions 
and largely attributable to the synergistic effect associated with 
favorable H binding energies and low water dissociation energy 
barriers. We tested the stability of their HER performance using 
continuous CV. After 2000 CV cycles, RuS2 and RuSe2 demon-
strated better stability than RuTe2-M and RuTe2 (Figure  S13, 
Supporting Information). In addition, after lengthy i–t testing 
(Figure S14, Supporting Information), the current density of 
RuSe2 was undiminished, confirming its good electrochemical 
HER stability. After HER test, the crystal structures of RuX2 
remain unchanged according to the XRD patterns (Figure S15, 
Supporting Information). For the elemental valence states 
(Figure S16, Supporting Information), the decrease of Te–O 
content was also observed, which is due to the reduction of par-
tial surface oxidation. Notably, the HER performance values of 
RuX2 catalysts compare favorably with those of most previously 
studied Ru-based HER catalysts in both acidic and alkaline 
media (Tables S6 and S7, Supporting Information).

2.4. PEM- and AEM-Based Electrolyzer Measurements

To further demonstrate that these catalysts have advanced 
practical use for hydrogen production, PEM and AEM-based 
electrolyzer devices with oxygen and hydrogen evolution elec-
trodes were carefully assembled. RuTe2-M and RuSe2 were 
chosen as the HER catalysts for the PEM and AEM electro-
lyzers, respectively. For the anode catalyst, commercial IrO2 
was used to catalyze the oxygen evolution reaction (OER). Pho-
tographs of a homemade electrolyzer and prepared catalyst-
coated membranes (CCMs) are displayed in Figures S17 and 
S18, Supporting Information.
Figure 6a is a schematic diagram of the components in the 

PEM electrolyzer. A cross-sectional SEM image of the cor-
responding CCM (IrO2//RuTe2-M) is shown in Figure S19a, 
Supporting Information. During operation, deionized water 
was consistently pumped into the anode side, where it was 
split via the OER to produce sufficient protons. The resulting 
protons moved from anode to cathode through the PEM and 
were reduced to H2 gas at the cathode. At 80 °C, the cell deliv-
ered current densities of 0.68 and 0.25 A cm-2 at voltages of 
1.8 and 1.6  V (Figure  6b). The performance clearly improved 
as the operation temperature increased from room tempera-
ture to 80  °C. Figure S20a, Supporting Information, presents 
the Nyquist plots measured at different temperatures with a 
voltage of 1.6 V. The charge transfer resistance decreased with 
increasing temperature, which accords with the results of the 
polarization curves.

Figure  6c shows the components of the AEM electrolyzer 
and Figure S19b, Supporting Information, presents a cross-
sectional SEM image of the actual corresponding CCM (IrO2//
RuSe2). Unlike with the PEM electrolyzer, an alkaline solution 
needed to be consistently injected into the cathode side. After 
the cathode HER electrocatalysis process, water was decom-
posed into H2 gas and free anions, and the voltage then drove 
these anions through the AEM to the anode side to supply 
the OER. At room temperature, the AEM electrolyzer exhib-
ited a current density of 0.73 A cm-2 at a voltage of 1.8 V. The 
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performance increased as the temperature rose (Figure  6d). 
Surprisingly, high current densities of 1.78 and 0.74 A cm-2 
were obtained with voltages of 1.8 and 1.6 V at 80 °C. In addi-
tion, Nyquist plots (Figure S20b, Supporting Information) 
revealed decreased charge transfer resistance at higher temper-
atures. These primary HER evaluations with the three-electrode 
configuration and the electrolyzer measurements confirmed 
the RuX2 catalysts’ potential for practical use in electrochem-
ical water splitting. For comparison, we also assembled PEM 
and AEM electrolyzers using commercial Pt/C as the cathode 
catalyst with a final Pt loading of 0.1  mg cm-2. Pt/C showed 
outstanding electrocatalytic HER performance in the acidic 
medium, better than that of RuTe2-M (Figure S21a, Supporting 
Information). However, in the alkaline AEM electrolyzer, Pt/C 
delivered inferior performance (Figure S21b, Supporting Infor-
mation). At 80 °C, the current density of the RuSe2 AEM elec-
trolyzer at 1.8 V was almost 4.5 times that of commercial Pt/C.

3. Conclusion

In this work, we first carried out detailed theoretical calcula-
tions for ruthenium dichalcogenides (RuX2, X = S, Se, Te), 
including their hydrogen binding energies and water disso-
ciation abilities at various lattice planes, the results of which 
verified their strong HER activity in both acidic and alkaline 

media. We also successfully fabricated RuX2 nanoparticles of 
various crystal types (pyrite-type RuS2, RuSe2, and RuTe2, and 
marcasite-type RuTe2) using a simple and easily scalable syn-
thesis process. Three-electrode system testing demonstrated 
that the RuX2 catalysts exhibited notable HER catalytic behavior 
in both acidic and alkaline media. Finally, we achieved excel-
lent performance with a RuTe2-M-based PEM electrolyzer and 
a RuSe2-based AEM electrolyzer, further highlighting the mate-
rials’ strong potential for actual hydrogen production. This 
work provides a roadmap for developing a new generation of 
transition metal-based dichalcogenide catalysts with superior 
performance toward electrochemical water splitting.

4. Experimental Section
Synthesis of RuX2 (RuS2, RuSe2, RuTe2-M, and RuTe2) /CNT: The 

multiwalled CNTs were oxidized by a modified Hummers method. The 
oxidized CNTs (100 mg) were dispersed in water (50 mL) by sonication 
for 20 min and magnetic stirring for 30 min. Then RuCl3·xH2O aqueous 
solution (5  mg mL-1, 6  mL) was injected slowly under stirring. This 
mixture was further magnetically stirred for 6 h at room temperature. 
After that, the resulting precursor was dried by lyophilization. The 
obtained mixture was put into a porcelain boat, which was then placed 
at the center of a quartz tube in a horizontal tube furnace. L-cysteine/
Se powder/Te powder were used as the S/Se/Te precursors, respectively, 
and each was placed in the upstream region of the furnace. Afterward, 
the samples were annealed at 700 °C  for 1 h under an Ar atmosphere, 

Figure 6.  a) Schematic diagram of single-cell components and b) polarization curves operated at different cell temperatures in a PEM electrolyzer 
(IrO2//RuTe2-M). c) Schematic diagram of single-cell components and d) polarization curves operated at different cell temperatures in an AEM elec-
trolyzer (IrO2//RuSe2).
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then allowed to cool naturally to room temperature. For the Ru–Te/
CNT samples, the precursors were also annealed at 800, 850, 900, 
and 1000 °C. The samples of RuS2 (700 °C), RuSe2 (700 °C), and RuTe2 
(850 °C) possessed a pyrite-phase structure; these are denoted simply as 
RuS2, RuSe2, and RuTe2. The RuTe2 product annealed at 700 °C exhibited 
a marcasite structure, which is denoted as RuTe2-M.

Materials Characterizations: The catalysts’ morphologies were 
characterized by a TESCAN field emission scanning electron microscope 
(SEM). Transmission electron microscopy (TEM) and high-resolution 
transmission electron microscopy (HRTEM) were conducted using a 
JEOL-2100F instrument. Powder X-ray diffraction (XRD) for structural 
identification was performed on a Bruker AXS D8-Focus with Cu Kα 
radiation (γ  = 1.54056 Å). X-ray photoelectron spectroscopy (XPS) 
measurements were carried out with a PHI 5000 Versa Probe III. The 
specific surface area and pore size distributions were obtained from 
nitrogen adsorption-desorption isotherms collected at 77 K on a 
Micromeritics ASAP 2020 physisorption instrument using the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods.

Three-Electrode Electrochemical Measurements: Electrochemical 
measurements were carried out with a Solartron electrochemical 
workstation under ambient temperature using a typical three-electrode 
configuration, in which a glassy carbon rotating disk electrode (RDE) 
with a diameter of 5  mm (a disk geometric area of 0.196 cm2), and a 
graphite rode were applied as the working electrode, and counter 
electrode, respectively. A reversible hydrogen electrode (RHE) and a Hg/
HgO electrode were used as the reference electrode in acidic and alkaline 
media, respectively. The potential of Hg/HgO detected was calibrated 
with respect to RHE. Specially, a Pt foil was used as the working electrode, 
and high-purity hydrogen gas was continuously pumped into the 
electrolyte. Cyclic voltammetry (CV) testing was performed at a scan rate 
of 1 mV s-1, and the average value of the two potentials corresponding to 
zero current was taken as the thermodynamic potential for the hydrogen 
electrode reactions. For the catalyst ink preparation, each catalyst (5 mg) 
and 50 µL of Nafion solution (5 wt%) were dispersed in 1 mL of water/
ethanol (v:v, 1:3) solution. After sonication for 30  min in an ice bath, 
the catalyst ink (18 µL) was then dropped onto the surface of the RDE. 
For the HER measurements, linear sweep voltammetry (LSV) was 
recorded at a scan rate of 5 mV s-1 at room temperature. Ar-saturated 
0.5 m H2SO4 and 1.0 m KOH were used as the acidic and alkaline 
electrolytes, respectively. Electrochemical impedance spectroscopy (EIS) 
was conducted in a frequency range of 10 0000–0.1 Hz. The polarization 
curves were all corrected with iR-compensation according to the EIS 
results. The Tafel slopes were fitted based on the Tafel equation (η = a + 
b log(j)), where η (mV) indicates the applied overpotential, j (mA cm-2) 
denotes the current density, and b (mV dec-1) is the Tafel slope.

Single-Cell Electrochemical Measurements: For the PEM water 
electrolyzer, IrO2 was used as the anode catalyst for the oxygen evolution 
reaction (OER) and RuTe2-M was used as the cathode HER catalyst. For 
the anode, 50 mg of IrO2 powder was homogeneously dispersed in 5 mL 
of water/isopropyl alcohol (IPA) (v:v, 1:9) solution with the addition 
of 125  mg of Nafion (10 wt%) solution under sonication for 1h. For 
the cathode, 10  mg of RuTe2-M was added into to 2  mL of water/IPA 
solution with the addition of 45  mg of Nafion solution. Afterwards, a 
PEM (Gore M820.15) was fixed onto a heating plate. The catalyst inks 
were directly air-sprayed on both sides of the PEM, with an IrO2 loading 
of 2.5 mg cm-2 for anode and a RuTe2-M loading of 2 mg cm-2 for the 
cathode. The resulting catalyst-coated membrane (CCM) was then hot-
pressed at 160 °C with 60 psi for 30 s.

For the AEM water electrolyzer, FAA-3-50 (Fumatech, Germany) was 
used as the AEM. The AEM was pretreated in 1.0 m KOH solution at 
80  °C for 1 h, and then washed with water three times. The catalyst 
slurry preparation was similar to that of the PEM-based CMM, except  
FAA-3-Br was used as the anion polymer, and RuSe2 was used as the 
cathode catalyst. For comparison, commercial Pt/C (10 wt%) was also 
used as the cathode catalyst for PEM and AEM electrolyzers. The final Pt 
loading was fixed at 0.1 mg cm-2.

The resulting CCMs were then pressed between the anode and 
cathode gas diffusion layers (GDLs) to form the membrane electrode 

assembly (MEA). Finally, the MEAs were fixed by flow field plates, 
fluorinated ethylene propylene gaskets, and end plates using a torque 
of 5 N. During electrolyzer testing, water and 1.0 m KOH solution were 
preheated and then continuously pumped through the PEM and AEM 
electrolyzers, respectively. The electrolyzers were evaluated by stepping 
the voltage from 1.0 to 1.8 V. In addition, EIS measurements were carried 
out over a frequency range from 100 kHz to 10 Hz with an initial voltage 
of 1.6 V.

DFT Calculations: All the calculations on the atomic structure and 
binding energies of the chosen system were carried out using spin-
polarized density functional theory (DFT) with generalized gradient 
approximation (GGA) for exchange-correlation potential embedded in 
Vienna Ab Initio Simulation Package (VASP). The energy cut off for the 
plane-wave expansion was established as 400  eV. All structures were 
allowed to relax during structure optimization, and the maximum force 
on the atoms was set at 0.05 eV Å-1.
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