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Abstract: The performance of the cathodic hydrogen evolution reaction (HER) in alkaline water
electrolysis, an attractive hydrogen production technology, is highly dependent on efficient cata-
lysts. Ruthenium (Ru), which is more affordable than platinum (Pt) and has a metal–hydrogen
bond strength comparable to that of Pt, shows exceptional catalytic activity for the alkaline HER.
Consequently, in recent years, research in the field of hydrogen production through alkaline water
electrolysis has increasingly focused on Ru as a key element. This review first discusses the funda-
mentals of the alkaline HER, including principles, factors affecting its performance, and regulation
strategies for its performance improvement. The research progress of ruthenium-based catalysts for
the alkaline HER is then summarized with selected examples. The electronic structures of various
ruthenium nanoparticles, ruthenium-M (M = noble metals and transition metals) heterogeneous
catalysts, and ruthenium-based compounds are regulated by modulating the components and ligands
of Ru atoms, aiming to achieve low water dissociation energies and optimal binding energies for
hydrogen (H) and hydroxyl (−OH) groups, thereby enhancing the alkaline HER catalytic perfor-
mance. Finally, the problems, challenges, and future development directions of the alkaline HER
are proposed.

Keywords: ruthenium-based catalysts; alkaline hydrogen evolution reaction; water electrolysis;
electronic structure; components and ligands modulation

1. Introduction

Energy production and storage represent a crucial foundation for the survival and
development of human society. The daily accelerated pace of social development has
precipitated a surge in traditional fossil fuel consumption, causing an energy crisis and en-
vironmental degradation [1–4]. There is an urgent necessity to develop a sustainable green
energy source that could promote future human development. Hydrogen offers several ad-
vantages, including a high calorific value of combustion, pure and non-polluting products,
and abundant resources, which makes it the optimal alternative to non-renewable energy
sources [5,6]. In terms of market share, the existing industrial techniques for producing
hydrogen are steam methane reforming, coal gasification, and water electrolysis [7,8]. The
dominant approaches to hydrogen production are the first two methods. However, they are
associated with significant drawbacks, including a low conversion rate and considerable
environmental contamination. Coupling these methods with the electricity produced by
renewable energy like solar or wind to perform water electrolysis (Figure 1a) for hydrogen
generation is one of the most effective pathways to develop clean hydrogen energy. The
implementation of water electrolysis for hydrogen production is an efficient pathway for
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clean hydrogen energy. This approach lowers greenhouse gas emissions and decreases the
dependence on fossil fuels, working toward an eco-friendly energy future.

Alkaline water electrolysis has become the most prevalent technology for hydrogen
production in the industry largely due to its straightforward operational convenience,
relatively low equipment costs, and extended lifespan [9]. However, the generation of
hydrogen from alkaline water electrolysis necessitates the use of robust catalysts to facil-
itate the kinetically slow water dissociation and, consequently, to enhance the reaction
kinetics [10]. Thus, the focus of research on the alkaline HER is the development of efficient
catalysts to reduce energy consumption while improving economic efficiency. The noble
metals platinum (Pt) and iridium (Ir) possess excellent alkaline HER catalytic performance.
However, their scarcity and expensive price restrict their large-scale application [11,12].
Following the Sabatier principle [13], Pt is deemed to possess the optimal bond strength of
metal–hydrogen, thereby exhibiting the most efficacious HER performance. Nevertheless,
this principle is inadequate for explaining the observation that the HER activity of Pt in
alkaline media is 2–3 orders of magnitude lower than that observed in acidic media. [14].
It has been demonstrated that the generation of hydrogen in alkaline media necessitates
the surmounting of an additional energy barrier for water dissociation compared to that
in acidic media, which represents a pivotal factor limiting the HER kinetics of Pt-based
catalysts under alkaline conditions [15]. It is, therefore, imperative to develop cost-effective
catalysts with high HER performance in alkaline media. The price of Ru is only one-quarter
that of Pt [16], while it displays high water dissociation and hydroxy chemisorption capa-
bility. Lots of Ru-based catalysts have been observed to exhibit enhanced HER performance
in alkaline media compared to Pt [17]. Consequently, Ru-based catalysts have attracted
significant attention in alkaline HER research in recent years.

Despite Ru-based catalysts demonstrating considerable promise in the alkaline HER,
their fundamental investigations and industrial applications are still in the initial stage.
There remains a considerable opportunity and potential for the improvement of the alkaline
HER performance of Ru-based catalysts. Consequently, in this paper, the research progress
of Ru-based catalysts for the alkaline HER is summarized with selected examples to reveal
the structure–performance relationship to guide the design and development of highly
effective Ru-based catalysts with superior performance.

2. Mechanism of Alkaline HER

The cathodic reaction in water electrolysis is a process that can be divided into three
fundamental stages, i.e., the Volmer, Heyrovsky, and Tafel processes. The mechanism of
the HER in alkaline media [18] is illustrated in the diagram below:

Volmer: H2O + e + –* → H* + OH– (1)

Heyrovsky: H* + H2O + e– → H2 + OH + –* (2)

Tafel: H* + H* → H2 + 2* (3)

where H* represents the electrochemically adsorbed hydrogen atom, and * represents the
active site. By calculating the Tafel slope, the HER process can be assigned to either a Volmer–
Tafel or Volmer–Heyrovsky pathway [19,20]. In alkaline conditions, the formation of H*
requires additional energy to facilitate the initial water dissociation, leading to sluggish
alkaline HER kinetics, which is typically 2–3 orders of magnitude slower than in acidic
media due to the significant energy barrier for water dissociation [21]. Nevertheless, the
stability and corrosion issues associated with catalysts and reaction devices are significant
challenges that cannot be circumvented in acidic media. As a result, there is a pressing
need to improve water dissociation kinetics, making it a central focus of current alkaline
water electrolysis research.
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3. Factors Affecting the Alkaline HER Performance of Ru-Based Catalysts and the
Related Regulation Strategies

According to the mechanism outlined above, although the HER solely produces H2,
it encompasses several reaction steps, specifically, adsorption, activation, and desorption.
In alkaline media, in addition to the steps of H* binding and H2 formation, the processes
of H2O adsorption, activation, dissociation, and -OH transportation are all significantly
affected by the properties of Ru-based catalysts. Optimizing the binding energy of reaction
intermediates with Ru-based catalyst surfaces is critical for catalyst design and performance
improvement. The optimization methods include regulating the composition, structure, or
surface properties of the catalyst to create more appropriate active sites for intermediates as
well as regulating the surface coverage of the intermediates and minimizing the competitive
response (e.g., desorption or peroxidation).

3.1. Regulation of H Adsorption Free Energy (∆GH*) on Ru-Based Catalyst Surfaces

The formation and desorption of H∗ are of pivotal importance to the understanding
of the kinetics and mechanism of the HER. The adsorption and desorption capability of
H∗ on catalyst surfaces could be assessed by calculating ∆GH* using density functional
theory (DFT) [22]. As illustrated in Figure 1b, Pt is in the center of the volcano plot of the
hydrogen adsorption free energy, indicating the optimal M-H binding energy (M stands for
metal) [23], and thus has an unparalleled performance of hydrogen evolution in an acidic
electrolyte. Experimental findings and DFT calculations [22,23] show that the M-H binding
energy of Ru is somewhat less pronounced than that of Pt, leading to the inferior acidic
HER performance of Ru than Pt.

The outer electron configuration of Pt is [Xe]4f14 5d9 6s1, and that of Ru is [Kr]4d7 5s1;
therefore, Pt has two unpaired electrons within the outermost stratum, while Ru has four
unpaired electrons. This difference results in a higher empty orbit density above the Fermi
energy level (Ef) of Ru than Pt. Consequently, the adsorption of reaction intermediates on
Ru surfaces is stronger than that on Pt surfaces during the catalytic reaction processes. These
hypotheses are further confirmed by the d-band centers on the surfaces of face-centered
cubic (fcc) Pt (111) and hexagonal close-packed (hcp) lattice Ru (0001), which are the most
stable surfaces of Pt and Ru, respectively. The d-band centers of Pt are about −2.2 eV [24],
while the Ru is −1.41 eV [25], which explains the stronger adsorption of Ru to the reaction
intermediates than Pt. To make Ru behave like Pt in the H adsorption, electrons can be
inserted into Ru’s empty orbitals to weaken the Ru-H bond and promote the desorption
of H* [24–26]. In light of the aforementioned conclusions, a variety of strategies can be
employed to control the ∆GH* and enhance the HER performance, including combination
with carriers, alloying, doping, the construction of heterostructures, etc. [27–32].

3.2. Regulation of H2O Adsorption and Activation on Ru-Based Catalyst Surfaces

It has been reported that the energy barrier of H2O dissociation is greater than that
of H2 desorption and is the rate-limiting step in the alkaline HER. Generally, the O-H
bond is more likely to be cleaved when the H2O molecules are more strongly adsorbed
on the active sites of catalyst surfaces due to the strong electronic interactions between
H2O and active sites, which weaken the electronic interactions within the O-H bond and
facilitate bond cleavage [33]. In most cases, the adsorption of H2O on the active sites of
transition metal catalyst surfaces is through the coordination between the empty orbit of
the metal and the lone electrons pair of O. Consequently, the abundance and variety of
empty orbits of the catalyst that can coordinate with H2O are vital for water adsorption and
dissociation. This information provides an important foundation for the rational design of
H2O adsorption/activation sites on alkaline HER catalyst surfaces. Great effort has been
made to improve the adsorption and dissociation of H2O and the incorporation of transition
metals onto catalyst surfaces is a productive strategy, showing prominent potential for the
alkaline HER.
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3.3. Regulation of Adsorption and Coverage of -OH Species on Ru-Based Catalyst Surfaces

The design of HER catalysts is primarily based on their intrinsic interactions with H2O
and H* species, while the adsorption and desorption of −OH species on catalyst surfaces
are usually neglected. Ru has a good water dissociation capability and a strong −OH
species adsorption capability as well. The substantial binding energy between the active
sites of catalyst surfaces and the −OH species restricts the transfer of −OH species and
inhibits the overall alkaline HER activity [34,35]. Accordingly, the design of alkaline HER
catalysts to relieve the strong adsorption between active sites and −OH species is crucial
for the alkaline HER. The −OH species adsorption and desorption processes involve the
Volmer and Heyrovsky steps of the alkaline HER, which can be modulated using transition
metals with different oxygen affinities. Therefore, designing Ru-based compound catalysts
with multifunctional components (metal Ru and transition metal oxides) to modulate the
interactions between the catalysts and all relevant adsorbates (H2O, H*, and −OH species)
simultaneously can synergistically improve reaction kinetics for the efficient alkaline HER.
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Figure 1. (a) A diagram of the water electrolysis process. (b) The HER Volcano plot for various
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4. Research Progress of Ru-Based Catalysts in the Alkaline HER

To overcome the slow kinetics in the alkaline HER, highly efficient Ru-based catalysts
should follow the following principles: low hydrolysis ionization energy and adequate
binding energy of H and −OH. Ru nanoparticle catalysts of a single component usually
satisfy these principles by modulating the morphology, size, and interaction with the
carriers; however, it is challenging for single-component catalysts to fulfill these intrinsic
functional requirements simultaneously, which could be achieved by heterogeneous and
composite catalysts consisting of different functional components that can favor the alkaline
HER process. In the following sections, we will summarize the research progress of Ru-
based catalysts in the alkaline HER with selected examples, focusing on both metallic
ruthenium and various ruthenium-based compounds.

4.1. Ruthenium Nanoparticles

Ruthenium nanoparticles (NPs) can greatly increase the atomic utilization of Ru
compared to Ru bulk materials. Anchoring Ru atoms to specific carriers and modulating
the electronic structure by altering the metal (Ru)–carrier interactions [36] can also accelerate
the dissociation of water and optimize the adsorption and desorption of H. Ideal carriers
usually possess the following properties: a high surface area to expose more active sites,
substantial metal–carrier bonding for the uniform dispersion of Ru NPs, good electrical
conductivity to accelerate electron transport, and excellent corrosion resistance in the
electrolyte [30,37]. Therefore, ordered porous materials including carbon nanomaterials
(carbon nanorods, carbon nanotubes, etc.) [26,38,39] and crystalline porous materials (metal-
organic frameworks (MOFs) [40,41], covalent organic frameworks (COFs) [42], etc.) are
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generally used. Ma et al. [26] synthesized hollow mesoporous carbon spheres that confined
Ru NPs (Ru/HMCs-500) by embedding Ru nanoparticles on the pores of porous carbon
spheres and found that the pore confinement, high dispersibility, and anchoring effect
ensured high catalytic activity and stability. The Ru/HMCs-500 showed seven times
higher mass activity than that of Pt/C (1606.9 mA mg−1 vs. 228.2 mA·mg−1) and good
stability with a test time of 12 h after 2000 cyclic voltammetry (CV) cycles in alkaline media.
Thalluri et al. [43] deposited 100 cycles of atomic layer Ru on carbon paper (CP100C Ru), in
which the nucleation of Ru was restrained by enhancing the carbonyl (C=O) functionality
on carbon paper and finally allowed the uniform deposition of ruthenium, thus increasing
the specific surface and active sites of catalysts and optimizing the HER performance. In
the alkaline HER, the CP100C Ru had a low overpotential of 4.7 mV at −10 mA·cm−2, a
high turnover frequency (TOF) of 1.92 H2 s−1 at 30 mV, and good stability. Li et al. [44]
fabricated Ru/C with different particle sizes at different temperatures using the reduction–
impregnation method, which efficiently regulated the adsorption of H2 and -OH on Ru
NPs. Researchers found that the particle size of Ru increased with increasing treatment
temperature, among which Ru/C-600 (the size of the Ru particle is 6 nm) showed the best
alkaline HER performance, with an overpotential of 30 mV at −10 mA·cm−2 and a Tafel
slope of 33.7 mV·dec−1.

The introduction of heteroatoms (Boron (B), Nitrogen (N), Phosphorus (P), and Sulfur
(S)) into the carbon carriers can alter the ligand environment and further change the
electronic structure of Ru atoms, hence improving the catalytic performance of Ru. The
d-band center of metal catalysts is intimately associated with its binding energy of H atoms.
The interaction of Ru nanoclusters (NCs) with N-doped carbon carriers results in the decline
of the d-band center and the weakening of H adsorption, leading to the optimization of
alkaline HER performance. Huang et al. [31] loaded Ru NCs on porous N-doped carbon (Ru
NCs/NC), which had an overpotential of 14 mV at −10 mA·cm−2 and showed only a slight
voltage change after an alkaline HER for 50 h. Ye et al. [38] anchored Ru NCs on a B/N-
doped graphene (Ru NCs/BNG) catalyst shown in Figure 2a, which lowered the threshold
energy for H2 generation and altered the HER process by utilizing electronic interactions
between B and Ru. The electrochemical impedance spectroscopy (EIS), shown in Figure 2b,
of Ru NCs/BNG had good electrical conductivity, which led to the enhanced alkaline HER
performance of having an overpotential of 14 mV at −10 mA·cm−2 (Figure 2c) and a Tafel
slope of 28.9 mV·dec−1. Zhao et al. [45] used the colloidal synthesis method to change the
reaction temperature to obtain P-Ru nanoparticles (NPs) with different phosphorus doping
contents to modulate the electronic structure of Ru. The optimization of the free energy of
ruthenium-hydrogen (Ru-H) adsorption was achieved to increase the alkaline HER activity,
among which the catalyst (P-Ru-3/C) synthesized at 320 ◦C showed the highest catalytic
activity with an overpotential of 31 mV at −10 mA·cm−2 and a potential mass activity of
1.03 mA·µgRu

−1 at 50 mV.
Ajmal et al. [46] succeeded in making uniformly dispersed Ru nanoparticles by a

pyrolysis method. The best performance catalyst Ru@N-P-C-800 was obtained on a nitrogen
and phosphorus co-doped thin carbon substrate when the pyrolysis temperature was
800 ◦C. This method promoted the even distribution of Ru NPs on a carbon substrate,
enhanced the electron transfer efficiency, and formed a collaborative effect, which led to
the optimization of the alkaline HER performance of having an overpotential of 45 mV
at −10 mA·cm−2 and a Tafel slope of 115 mV·dec−1. Sun et al. [47] prepared Ru/S-
rGO composites using a one-pot method, where the evolution and wide dispersion of
ultrasmall Ru NPs could be obtained by sulfur doping and a moderate degree of oxidation,
which increased the availability of active sites. Meanwhile, the metal–carrier interactions
among Ru NPs and sulfur-doped graphene led to a decline in the electron density of Ru,
which promoted the breakage of the H-OH bond, resulting in improved alkaline HER
performance with a minimum overpotential of 14 mV at 20 mA·cm−2. Furthermore, the
double-layer capacitance (Cdl) value of Ru/S-rGO was 49.0 mF·cm−2. Li et al. [39] anchored
sulfur-liganded Ru NCs to nitrogen-sulfur co-doped carbon nanosheets via space-confined
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pyrolyzed sheets to obtain Ru-S/N-C, and the kinetics of the HER reaction was accelerated
through an interfacial charge transfer from the cooperative electronic connectivity among
Ru, N, S, and C to Ru. The results show that Ru-S/N-C exhibited an overpotential of 10 mV
at 10 mA·cm−2 and a superior TOF of 2.3 H2 s−1 at 50 mV, as well as durable CV stability.

Crystalline porous materials are applicable candidates for the HER owing to their
ordered frameworks, controllable synthesis, and viable functional enhancement. How-
ever, these materials have the disadvantages of weak reaction sites and poor electron
mobility [48]. The modification of Ru onto the highly ordered porous frameworks as the
catalytic center and the introduction of conductive carbon nanotubes are helpful for reac-
tants to access the internal active center during H2 production. He et al. [49] synthesized
Ru-doped Co-catecholate (Co-CAT) in one step by using the solvent–thermal method to
obtain the Ru-doped Co-catecholate loaded on carbon cloth (RuCo-CAT/CC) catalyst,
which enhanced the electrical conductivity and promoted water dissociation and thus
had an alkaline HER overpotential of only 38 mV at −10 mA·cm−2, which was below the
value of commercial Pt/C (45 mV) [50]. Li et al. [51] obtained CoRu-BPDC (BPDC: 4,4′-
Biphenyldicarboxylic acid) by dispersing Ru atoms into the cobalt-based MOFs shown in
Figure 2d. The special electronic structure formed helped to optimize the attaching strength
of H*. The catalyst thus had an overpotential of 37 mV at −10 mA·cm−2 and can work
stably for 300 and 120 h at −10 and −100 mA·cm−2, as shown in Figure 2e. Sun et al. [52]
grafted Ru-modified bipyridyl COF (TpBpy-Ru) onto carboxyl-functionalized carbon nan-
otubes (CNTs) to obtain c-CNT-0.68@TpBpy-Ru (in which 0.68 represents the mass ratio of
the c-CNTs to COF monomers) and obtained an overpotential of 112 mV at −10 mA·cm−2

and stability of 12 h.
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Figure 2. (a) A schematic illustration of the preparation of Ru NCs/BNG. (b) Nyquist plots of
50 mV and (c) LSV curves of Ru NCs/BNG, Ru NPs/NG, and Pt/C in 1 M KOH at 2 mV·s−1.
(d) The preparation and structure of the CoRu-BPDC/CC catalyst. (e) Chronopotentiometry curves
of CoRu-BPDC/CC electrodes at −100 mA·cm−2 and −10 mA·cm−2 (inset in (e)). Reproduced with
permission from the authors of [38,51]. Copyright © 2019 Elsevier Ltd. and 2023 Wiley-VCH GmbH.
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4.2. Ruthenium-M Heterogeneous Catalysts (M = Noble Metals and Transition Metals)

It has been demonstrated that the combination of Ru with other metal elements to
form heterogeneous catalysts can increase the density of active sites and form heteroatomic
bonds to optimize the composition and electron configuration of the catalyst, which leads
to the redistribution of charges and suitable binding energies with intermediate species,
thus boosting HER performance [53,54]. Chen et al. [53] modified Pt onto highly dispersed
Ru NPs by a cold plasma technique and obtained an excellent HER catalyst of Pt single
atoms on Ru NPs with 0.47 wt% content of Pt loaded on the commercial acetylene black
(Pt0.47-Ru/Acet), as shown in Figure 3a. The catalyst showed excellent alkaline HER per-
formance with a 17 mV overpotential at −10 mA·cm−2 (Figure 3b) and good stability
after 8000 CV cycles, as shown in Figure 3c. Pang et al. [55] applied a liquid laser irra-
diation strategy to anchor isolated Pt atoms to the Ru host on surface-modified carbon
nanotubes (PtRu/mCNTs) and modulated the d-band of Ru by increasing the alloying
degree to enhance the performance. The PtRu/mCNTs displayed excellent activity and
stability with an overpotential of 15 mV at −10 mA·cm−2 and a stable operation for up
to 48 h at −10 mA·cm−2. Li et al. [56] synthesized carbon-cloth-supported PtRu catalyst
(PtRu/CC1500) by an electrochemical deposition method, in which Pt atoms were bonded
to the Ru substrate through Pt-Ru bonds. The formation of Pt-Ru bonds released additional
free electrons for Pt atoms, which proficiently controlled the electronic structure of Ru and
tuned the ∆GH* close to zero to realize the good performance of having an overpotential
of 19 mV at −10 mA·cm−2 and an outstanding mass current density of 198.7 mA·cm−2 at
109.9 mA·mg−1 (59 times superior to that of commercial Pt/C catalysts).

Although Ru showed good hydrolysis dissociation ability, OH* strongly bounded to
Ru, resulting in the tendency of OH* poisoning on the active sites, which can be solved by
doping Mo atoms to precisely modulate the electronic structure of Ru, thereby changing
the association between Ru and OH*. Yang et al. [54] prepared a Mo-doped Ru nanocluster
embedded on an N-doped carbon framework (RuMo/NC) catalyst with a Ru content of
only 0.4 wt% by one-pot pyrolysis. The catalyst exhibited good catalytic activity with an
overpotential of 24 mV at −10 mA·cm−2 and a Tafel slope of 52.8 mV·dec−1. Li et al. [57]
encapsulated phosphomolybdic acid (POM) in bimetallic MOFs, followed by thermal and
etching treatments to combine P and Mo bis-doped ultrasmall Ru NCs into P-doped porous
carbon (P-Mo-Ru@PC), which achieved a low overpotential of 21 mV at −10 mA·cm−2 and
a low Tafel slope of 21.7 mV·dec−1, and the mass activity of P-Mo-Ru@PC (1525 mA·mg−1)
was six times higher than that of Pt/C. The relatively high potential barrier for H2O disso-
ciation on the Ru surface limits the enhancement of the HER kinetics. The RuMo catalysts
have a bi-site synergistic effect, allowing the simultaneous achievement of high activity and
stability [58,59]. Chao et al. [60] used a wet impregnation method to synthesize Ru1-Mo2C
NPs, as shown in Figure 3d. The water dissociated on Mo2C and then the generated
H atoms transferred to the adjacent Ru mono-site for the formation and desorption of
H2, achieving high alkaline HER activity and durability of an ultra-low overpotential of
10.8 mV at −10 mA·cm−2, as shown in Figure 3e, and a stability for more than 200 h at
500 mA·cm−2.

When Mo is incorporated into Ru at the atomic level, the charge is transferred from
Mo to Ru due to the greater electronegativity of Ru, thus changing the electronic structure
of Ru and improving the reactivity of the H2 generation. Embedding metallic Mo atoms
into Ru lattices creates highly active sites through spatial site resistance, resulting in
high bifunctional activity. Okazoe et al. [61] used carbonyl complexes as precursors to
synthesize MoRu solid-solution alloy NPs by thermal decomposition and achieved an
overpotential of 27.1 mV at −15 mA·cm−2 and a low Tafel slope of 21.7 mV·dec−1. Li
et al. [62] synthesized Mo-Ru nanostructured alloys (NSAs) by a wet chemical method,
in which 16 mV was sufficient to drive a current density of −10 mA·cm−2, and stability
for 250 h was kept. The robust interaction between Ru and Co reduced the energy barrier
to hydrolysis, accelerated the formation of H*, and optimized the adsorption of Hads
intermediates to achieve excellent HER activity at the Ru-Co interface [63]. In the alloy, Ru
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atoms were fixed in the metallic matrix and coordinated symmetrically across the plane.
Owing to the lack of symmetry in the Z-axis, the electrical charge migration between the
metal substrate and Ru sites had a direct effect on the charge configuration of the 4 dz

2

orbitals of Ru, which in turn affects the Ru-H binding strength and the HER performance.
Cai et al. [64] utilized a rapid co-precipitation process and a mild electrochemical reduction
technique to prepare RuCo alloy nanosheets (RuCo ANSs) comprising Ru atoms situated
as isolated active sites in Co substrate. Figure 4a illustrates the schematic representation
of the coupling of Ru 4dz2 with H 1s orbitals. RuCo possesses a planar symmetrical and
Z-axis asymmetrical coordination framework, and the optimal 4dz

2 electronic structure
is shown in Figure 4b. The associated optimized hydrogen binding energy is shown in
Figure 4c, which leads to excellent properties of a 10 mV overpotential at −10 mA·cm−2, as
shown in Figure 4d, and a Tafel slope of 20.6 mV·dec−1. Kutyła et al. [63] synthesized the
Ru-Co@Ti2AlC using an electrodeposition method and achieved overpotentials of 25 and
95 mV at 10 and −100 mA·cm−2. Minimizing the size of nano-catalysts and creating ultra-
tiny metal cluster-embedded materials are efficient strategies to enhance the electrochemical
reaction and catalyst utilization. Yang et al. [65] produced amorphous Ru clusters generated
on Co-doped hollow carbon nanocages (a-Ru@Co-DHC), which are rich in defects by an
electrostatic spinning technique and showed the excellent alkaline HER performance of
having a Tafel slope of 62 mV·dec−1, an overpotential of 40 mV at −10 mA·cm−2, and a
high activity of 3.77 mA·µgRu

−1(@100 mV). Zhang et al. [66] obtained atomically dispersed
Ru on cobalt nanoparticles on macro/microporous frameworks (M-Co NPs@Ru SAs/NC)
by carbonization and an electrochemical substitution strategy. The powerful electronic
effects among the bimetals and the unique macro-porous structure influenced the electronic
structure of the molecules and shortened the transport distance of the molecules to achieve
an overpotential of 34 mV at −10 mA·cm−2 and a TOF of 4284 H2 at −0.05 V·s−1.

Incorporating Ni with Ru can alter the pristine lattice structure of Ru by introducing
electronic effects and structural modifications [67], leading to optimal binding energies
of H* and OH* intermediates to the Ru active sites for fast kinetics of the Tafel step.
Additionally, the abundance and affordability of Ni can effectively reduce the material
cost [68], while maintaining or even improving the catalytic performance. Chen et al. [69]
applied a high-temperature solid-phase method to fabricate ordered Ru-Ni, resulting in
the optimal adsorption energy of H* and OH* intermediates on the Ru catalytic center due
to the formation of ordered RuNi cores exerting uniform compression strain on the Ru
interface. The catalyst accelerated the kinetics of the Tafel step and optimized the alkaline
HER performance of having an overpotential of 23 mV, a Tafel slope of 25.9 mV·dec−1

at −10 mA·cm−2, and a mass activity of 4.83 A·mg−1. Wang et al. [70] obtained the
Ru/Ni@C catalyst by anchoring Ru clusters (smaller than 2 nm) on a spherical carbon
shell containing Ni particles, in which electrons transfer from the anchored Ru clusters
in the carbon layer to the core Ni particles. The formation of electron-deficient Ru sites
facilitated the modulation of hydrogen adsorption capability and thus promoted the HER
process with an ultra-low overpotential of 309 mV at 1000 mA, a Tafel slope of 27 mV·dec−1,
and a TOF of 30.5 H2 at −0.1 V·s−1. Liu et al. [71] fabricated a rich array of protrusion
Cu@NiRu core-shell nanotubes by the wet chemistry method shown in Figure 4e. The
unique one-dimensional hollow structure can effectively prevent nanoparticle aggregation,
thus stabilizing the RuNi alloy shell layer (Figure 4f) and obtaining catalysts with the
best performance (Cu@Ni19Ru81 NTs/C). Ni/Cu alloy attenuated the binding of H2 on
the Ru sites, which enabled the dynamic electron exchange between Ru and Ni/Cu and
optimized the electronic structure at the surface by transferring electrons from Ni to Ru.
The Cu@Ni19Ru81 NTs/C had the optimal ∆GH* (Figure 4g), realizing the enhancement
of HER performance with an overpotential of only 22 mV at 10 mA·cm−2, a Tafel slope
of about 29.6 mV·dec−1 (Figure 4h), and good stability after 5000 cycles of voltammetry
(Figure 4i).
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4.3. Ruthenium-Based Compounds

In addition to metallic Ru-based catalysts, Ru-based compounds such as ruthenium
oxide (RuO2), ruthenium complex hydroxides, ruthenium phosphide, ruthenium sulfide,
and ruthenium selenide can enhance the electronic structure of metallic Ru and have higher
stability than metallic catalysts, thus providing excellent electrocatalytic performance.

The formation of a metal/metal oxide interface facilitates the efficient adsorption
of H* at the interface and releases H2 from the catalyst surface with ∆GH* approach-
ing zero, which is a reliable technique to boost the effectiveness of HER in non-acidic
environments [72,73]. Dang et al. [74] employed a combination of heating and in situ
electrochemical reduction in an anoxic environment to achieve a partial reduction in RuO2.
The Ru/RuO2 interface exhibited robust active sites for water adsorption and dissociation,
coupled with an optimal H and OH binding energy, thus exhibiting good alkaline HER
performance. It also had adequate −H and −OH stabilization energies and thus exhibited
superior activity with an overpotential of 17 mV to reach a current density of 10 mA·cm−2

and a Tafel slope value of 35 mV·dec−1. Li et al. [75] assembled sub-nanometer-sized RuO2
shells with oxygen-rich vacancies onto linked Ru clusters/carbon hybridized microchips
(Ru@V-RuO2/C HMS), as shown in Figure 5a. The shells of the oxygen-rich exoskeleton
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can synergistically change the electronic structure of the interface to bring the adsorption
of OH intermediates closer to the desired level, which accelerates the H generation kinetics
and enhances the alkaline HER performance with an ultra-low overpotential of 6 mV at
10 mA·cm−2 (Figure 5b) and a decay ratio of the potential of only 0.93% h−1. Chen et al. [76]
reported a novel carbon-loaded Ru/RuO2 nano boomerang (Ru/RuO2 NB/C), in which
Ru/RuO2 NB exposed with a new Janus nanostructure with two arms of Ru and RuO2
active sites independent of each other without inhibiting their activities. The Ru/RuO2 NB
had proper H* and OH* binding energies and showed 5.3 times higher HER metal mass
activity than that of commercial RuO2/C.
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In nickel-based hydroxides, the collaborative impact of Ni(OH)2 and Ru regulates
the electronic structure of the catalyst, optimizes the energy barriers, and accelerates the
charge transfer rate of the catalytic reaction. The special porous structure of nickel foam
substrate [77] can enhance the exposure of active sites and the stability of the material.
Lin et al. [78] synthesized Ru/Ni(OH)2/NF by a high-temperature solid-phase method,
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which had an overpotential of 42 mV at −10 mA·cm−2. Fe(OH)5 significantly improved the
alkaline HER performance of Ru NPs by modulating the electronic structure and establish-
ing a connection between Ru and Fe(OH)5. Liu et al. [79] prepared RuFe@NF via a one-pot
impregnation approach at room temperature, as shown in Figure 5c–f. The performance of
RuFe@NF as an integral water separation of the cathode and anode in a bipolar system has
been investigated (Figure 5g). As illustrated in Figure 5h,i, this system exhibited the best
performance and maintained good stability after 680 h of continuous operation. In addition,
RuFe@NF can reach a current density of −10 mA·cm−2 at 28 mV with a Tafel slope of
63.39 mV·dec−1. Mo et al. [80] used the acid etch-assisted electrodeposition method to
prepare Fe(OH)5 -Ru/Ni(OH)2, which only required low overpotentials of 61, 127, and
170 mV to achieve current densities of −100, −500, and −800 mA·cm−2.

A Ru-H bond energy that is too weak leads to ineffective proton adsorption in the HER
process, while a Ru-H bond that is too strong poisons Ru sites and prevents the formation of
H2 [26]. The strength of the Ru-H bond can be tuned by designing of ruthenium phosphide
or semiconductor sulfide [81] because S and P atoms can extract electrons from Ru to modify
the 4d electronic orbital and the H binding energy of Ru. The interaction of phosphides
with interfacial electrons leads to the charge redistribution of RuP, which results in the
shifting of the d-band center upward to the Fermi level of RuP to have an optimal hydrogen
binding strength. Li et al. [82] obtained RuP/Ru@CNS by a high-temperature solid-phase
method shown in Figure 6a. As influenced by the energy barrier of the hydrogen spillover
at the RuP/Ru interface (Figure 6b), the spillover energy barrier of H* from Ru atoms in
hetero-Ru (site 2) to the ones in hetero-RuP (site 3) is only 0.11 eV, and thus the H* produced
on hetero-Ru can be transferred easily to hetero-RuP and desorbed to generate H2, which
improved the HER kinetics. RuP/Ru@CNS required overpotentials of only 15, 50, and
73 mV at −10, −50, and −100 mA·cm−2 (Figure 6c) and a Tafel slope of 32 mV·dec−1

(Figure 6d). Li et al. [83] obtained RuP/NP-C with the full exposure of active sites and a
rapid mass/charge transfer, which exhibited the respectable HER performance of having an
overpotential of 40 mV at −10 mA·cm−2 and a Tafel slope of 49.0 mV·dec−1. At a constant
current density of 10 mA·cm−2, RuP/NP-C can be largely maintained with only a slight
decay over 18 h.

Zhou et al. [84] used hydrothermal phosphorylation to synthesize Ru/P-TiO2, which
formed a reversible hydrogen spillover mode by the introduction of P to reduce the Tafel
slope and accelerate the hydrogen production from the HER. The overpotential was only
27 mV at −10 mA·cm−2, the Tafel slope was 28.3 mV·dec−1, and the overpotential increased
by only 6 mV after 2000 cycles. Ru atoms within the configuration of Ru2P were displaced
by M = Co, Ni, or Mo to fabricate MxRu2−xP nanocrystals. The existence of Co or Ni
in the tetrahedral positions brought forth a charge reallocation of Ru, and metals with
phosphide structures showed positional preferences, where Co and Ni were situated in
the tetrahedral positions of the CoRuP and NiRuP (Ru2P-type), and Ru occupied the
tetragonal cone positions. The positional preferences of Co and Ni lead to a beneficial
alteration of the electronic structure of Ru that shifts the center of the d-band upward.
El-Refaei et al. [85] synthesized a catalyst of M2−xRuxP nanocrystalline catalysts with the
identical orthorhombic crystal structure as Ru2P by pyrolysis, driving current densities of
−10 and −100 mA·cm−2, which required overpotentials of 12.9 and 43.5 mV for CoRuP,
16.0 and 60.8 mV for NiRuP23.7, and 77.6 mV for MoRuP.

Transition metal disulfide compounds (TMDs) have become a trending research theme
in the area of electrocatalysis, especially in the HER due to their remarkable catalytic
performance, chemical stability, and economic efficiency. In addition to their metal active
sites, the abundant sulfur sites and selenium sites in these materials can also serve as
active centers that electronically adsorb and contribute to the acceleration of the overall
kinetics [86]. Doping of Ru induced a partial phase transition of MoS2 from triangular
(2 H) to octahedral (1 T) phases with the simultaneous generation of sulfur vacancies [87].
The induced phase transition not only activated the non-reactive base surface of MoS2 but
also lowered the energy barriers for the adsorption/desorption of H* intermediates. When
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OH* migrated from Ru to MoS2, the poisoning of Ru sites can be alleviated [88]. Apart
from the structural enhancements, the built-in synergistic outcomes connected with the
electronic configuration alteration and defect engineering, along with increased Ru atom
utilization, significantly contributed to the enhanced electrochemical HER performance.
Zhang et al. [89] obtained Ru-MoS2/CNT by high-temperature solid-phase sintering, and
the Ru-MoS2/CNT displayed a small overpotential of 50 mV at −10 mA·cm−2 and a
low Tafel slope of 62 mV·dec−1. Islam et al. [90] used a top-down method for the in situ
preparation of Ru@MoS2/GO, which had an overpotential of 60 mV at −10 mA·cm−2,
a Tafel slope of 38 mV·dec−1, and a remarkable durability during 10 h of continuous
operation at 100 mV potential. Li et al. [91] prepared Ru monolayer islands doped with
MoS2 nanosheets (Ru MIs-MoS2) in a rotating packed bed (RPB) reactor, which had a low
overpotential of 17 mV at 10 mA·cm−2 under alkaline conditions.
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Figure 5. (a) Schematic illustration to prepare Ru@V-RuO2/C HMS. (b) HER polarization curves of
Pt/C, Ru/C HMS, and Ru@V-RuO2/C HMS, and their subsequent curves during different cycles in
1.0 M KOH. The insets in (b) show the corresponding Tafel slope plots. (c) The synthetic process of
RuFe@NF and its TEM images (d–f). (g) A schematic diagram showing the two-electrode system for
water splitting. (h) LSV curves of water splitting for the RuFe@NF, RuFe@NF∥RuFe@NF, Pt/C∥IrO2,
and Ni foam∥Ni foam in 1 M KOH. (i) The stability of the RuFe@NF measured at a current response of
10 mA·cm−2 and 100 mA·cm−2. Reproduced with permission from the authors of [75,79]. Copyright
© 2023 Wiley-VCH GmbH and 2022 Royal Society of Chemistry.

Cai et al. [92] utilized a redox solid-phase interface reaction (SPIR) strategy to pre-
pare highly defective MoS2/RuO2 composite flakes, as shown in Figure 6e, which had
an overpotential of 12 mV at −10 mA·cm−2 (Figure 6f) and a Tafel slope of 50 mV·dec−1

(Figure 6g). Highly graphitized carbon nanotube carriers provided a fast electron transport
pathway. Li et al. [86] synthesized RuSe2 NPs, which uniformly dispersed across the CNTs.
The pyrite-type RuSe2 showed excellent alkaline HER performance with an overpoten-
tial of 29.5 mV at −10 mA·cm−2 and a Tafel slope of 39.2 mV·dec−1. The anchoring of
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RuSe2 on the carbon nanotubes resulted in good stability, and the current density remained
undiminished after performing 2000 CV cycles. Zhao et al. [93] synthesized porous RuSe2
with different crystallinity (amorphous, amorphous/crystalline, and crystalline) using
a direct hydrothermal synthesis approach, followed by an annealing treatment. Results
from comparative experiments illustrated that the porous structure of RuSe2-400 ◦C and
the interfacial spots between the crystalline and amorphous phases simultaneously pos-
sessed abundant unsaturated coordination, which ensured the superior conductance of the
material. The binding energy of the transitional states was optimized by modifying the
electronic structure of RuSe2-400 ◦C. RuSe2-400 ◦C with a crystalline/amorphous structure
exhibited better activity compared to its non-crystalline and crystalline forms, showing an
overpotential of 27 mV and a Tafel slope of 39.2 mV·dec−1 at 10 mA·cm−2. Cu doping and
the combined impact of heterogeneous interfacial structure not only optimized the elec-
tronic structure of the heterogeneous interface and the d-band centers but also lowered the
energy threshold by boosting the adsorption capability for H2O. Wang et al. [33] designed
Cu-doped Ru/RuSe2 heterogeneous NSs, which not only possessed the overpotential of
23 mV, Tafel slope of 58.5 mV·dec−1 at −10 mA·cm−2, and TOF of 0.88 s−1 at 100 mV but
also showed maintained activity after 5000 cycles of potential sweeps. Table 1 summarizes
the alkaline HER performance of partial Ru-based catalysts mentioned in this review.

Table 1. Alkaline HER performances of selected ruthenium-based catalysts.

Catalyst Electrolyte Tafel Plot
(mV·dec−1)

Overpotential (mV)
@10 mA·cm−2 Reference

CP100C Ru 1 M KOH 20.0 4.7 [43]
Ru/C-600 1 M KOH 33.7 30.0 [44]

Ru NCs/NC 1 M KOH 64.7 14.0 [31]
Ru NCs/BNG 1 M KOH 28.9 14.0 [38]

P-Ru-3/C 1 M KOH 105.0 31.0 [45]
Ru@N-P-C-800 1 M KOH 115.0 45.0 [46]

Ru-S/N-C 1 M KOH 36.0 10.0 [39]
RuCo-CAT/CC 1 M KOH 32.1 38.0 [49]

CoRu-BPDC 1 M KOH 73.2 37.0 [51]
Pt0.47-Ru/Acet 1 M KOH 66.0 17.0 [53]
PtRu/mCNTs 1 M KOH 33.5 15.0 [55]
PtRu/CC 1500 1 M KOH 25.0 19.0 [56]

RuMo/NC 1 M KOH 52.8 24.0 [54]
P,Mo-Ru@PC 1 M KOH 21.7 21.0 [57]

Ru1-Mo2C NPs 1 M KOH 38.5 10.8 [60]
Mo-Ru NSAs 1 M KOH 16.1 16.0 [62]
RuCo ANSs 1 M KOH 20.6 10.0 [64]

Ru-Co@Ti2AlC 1 M KOH 105.0 25.0 [63]
a-Ru@Co-DHC 1 M KOH 62.0 40.0 [65]

M-Co NPs@Ru SAs/NC 1 M KOH 55.0 34.0 [66]
Ru-Ni 1 M KOH 25.9 23.0 [69]

Ru/Ni@C 1 M KOH 27.0 15.0 [70]
Cu@Ni19Ru81 NTs/C 1 M KOH 29.6 22.0 [71]

RuO2-300Ar 1 M KOH 35.0 17.0 [74]
Ru@V-RuO2/C HMS 1 M KOH 45.1 6.0 [75]

Ru/RuO2 NB/C 1 M KOH 45.1 54.0 [76]
RuFe@NF 1 M KOH 63.4 28.0 [79]

RuP/Ru@CNS 1 M KOH 32.0 15.0 [82]
RuP/NP-C 1 M KOH 49.0 40.0 [83]
Ru/P-TiO2 1 M KOH 28.3 27.0 [84]

CoRuP 1 M KOH 30.0 12.9 [85]
Ru-MoS2/CNT 1 M KOH 62.0 50.0 [89]
Ru@MoS2/GO 1 M KOH 38.0 60.0 [90]
Ru MIs-MoS2 1 M KOH 63.0 17.0 [91]

MiSC-1 1 M KOH 50.0 12.0 [92]
RuSe2 1 M KOH 39.2 29.5 [86]

RuSe2-400 C 1 M KOH 39.2 27.0 [93]
Cu-doped Ru/RuSe2 1 M KOH 58.5 23.0 [33]
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Catalyst Electrolyte 
Tafel Plot 

(mV·dec−1) 

Overpotential (mV) 

@10 mA·cm−2 
Reference 

CP100C Ru 1 M KOH 20.0 4.7 [43] 

Ru/C-600 1 M KOH 33.7 30.0 [44] 

Ru NCs/NC 1 M KOH 64.7 14.0 [31] 

Ru NCs/BNG 1 M KOH 28.9 14.0 [38] 

P-Ru-3/C 1 M KOH 105.0 31.0 [45] 

Ru@N-P-C-800 1 M KOH 115.0 45.0 [46] 

Ru-S/N-C 1 M KOH 36.0 10.0 [39] 

RuCo-CAT/CC 1 M KOH 32.1 38.0 [49] 

CoRu-BPDC 1 M KOH 73.2 37.0 [51] 

Pt0.47-Ru/Acet 1 M KOH 66.0 17.0 [53] 

PtRu/mCNTs 1 M KOH 33.5 15.0 [55] 

PtRu/CC 1500 1 M KOH 25.0 19.0 [56] 

RuMo/NC 1 M KOH 52.8 24.0 [54] 

P,Mo-Ru@PC 1 M KOH 21.7 21.0 [57] 

Figure 6. (a) The synthesis of RuP/Ru@CNS. (b) The calculated energy barrier for hydrogen spillover
between Ru atoms at the RuP/Ru interface. (c) IR-corrected HER LSV curves and (d) Tafel plots of
Ru@CNS, RuP/Ru@CNS, RuP@CNS, 20.0% Pt/C in alkaline media. (e) The fabrication process of
MiSC-1. (f) HER polarization curves and (g) Tafel plots of MiSC-1, Pt/C, MoS2, RuO2, and aMRO.
Reproduced with permission from the authors of [82,92]. Copyright © 2024 Wiley-VCH GmbH and
2021 Wiley-VCH GmbH.

5. Conclusions and Future Outlooks

In this review, we first discuss the principles, performance-influencing factors, and
regulation strategies for the performance improvement of the alkaline HER in water elec-
trolysis. Then the research progress of ruthenium-based catalysts for the alkaline HER
is summarized with selected examples. The electronic structures of various ruthenium
nanoparticles, ruthenium-M heterogeneous catalysts, and ruthenium-based compounds are
regulated by modulating the components and ligands of Ru atoms, aiming to achieve low
water dissociation energies and optimal binding energies for hydrogen (H) and hydroxyl
(-OH) groups, thereby enhancing the alkaline HER catalytic performance. Fruitful results
have been achieved, while the following problems, challenges, and future development
directions should be paid attention to:

(1) The development of simple and economical synthesis methods for Ru-based catalysts.
At this stage, the assessment of Ru-based catalysts remains in the laboratory stage.
Most catalysts are prepared by complicated and cumbersome methods with high
costs. In particular, the high-temperature pyrolysis of precursors has been commonly
employed to produce Ru-based catalysts for hydrogen generation. At high temper-
atures, metallic Ru is highly susceptible to aggregation despite the use of a carrier
with high conductivity and a large specific surface area. Accordingly, investigating
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low-temperature and scalable synthesis techniques, like electrochemical replacement
reactions and wet chemical reduction, could help avoid the aggregation of Ru, thus
exposing more catalytic sites and improving catalytic efficiency as well as lowering
the cost, making such techniques more likely to enter into practical or industrial
production and applications [94,95].

(2) The standardization of electrochemical measurements and analysis. Standardized
electrochemical measurements and analysis must be performed to accurately and
fairly evaluate the performance of catalysts in different laboratories, including rational
and accurate three-electrode configurations, the geometric area of electrodes, mass
loading, normalized activity, and TOF calculation methods. The utilization of a rotat-
ing disk electrode (RDE) as the working electrode facilitates more precise outcomes
for Ru-based powder catalysts. Furthermore, to obtain experimental results with good
application prospects, the experimental scale should be expanded to narrow the gap
between experimental research and industrial applications. It is recommended to
conduct electrochemical measurements under actual equipment operation, such as a
high current density at the ampere level [12,18,96].

(3) The combination of in situ/operando characterizations with theoretical calculations to
elucidate the structure–performance relationships. In the alkaline HER, the intrinsic
catalytic performance of catalysts is influenced by ∆GH

*, the adsorption and dissocia-
tion of H2O, and the strength of -OH adsorption, and the related reaction mechanisms
of different systems remain unclear. Therefore, it is necessary to characterize the
reaction process in situ/operando to capture the information of interfacial water and
intermediate species such as -H and -OH and, at the same time, combine this infor-
mation with detailed and advanced theoretical calculations to deduce the reaction
pathways and mechanisms, to reveal the structure–performance relationship and to
provide guidance for the design of advanced catalysts. The advancement of material
science, in situ/operando characterization methods, and theoretical simulations will
facilitate a significant expansion in the production of hydrogen from alkaline water
electrolysis. It is anticipated that the metal Ru, which has the potential to serve as an
effective alternative to Pt, will be widely adopted in the large-scale design of alkaline
HER catalysts [97–99].
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