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The oxygen evolution reaction (OER), as a four-electron transfer process with large overpotential loss that is

also kinetically sluggish, is one of the most crucial electrochemical processes to convert renewable energy

into chemical fuels. Ruthenium (Ru)-based electrocatalysts for the OER have several advantageous features

including high activity, pH-universality and the lowest price in the noble metal family. However, the

instability of Ru-based catalysts in the OER is a central hurdle limiting their widespread application. This

review focuses on recent developments made in the field of Ru-based OER catalysts. In the coverage,

first the characteristics of Ru-based OER catalysts such as the OER mechanism, intrinsic activity and

stability issue are discussed. Then, recently reported Ru-related catalysts falling in the Ru metal and Ru

compound subclasses are described with special emphasis being given to a discussion of activity/

stability-enhancing strategies. Finally, several challenges and future perspectives in this field are

summarized. It is anticipated that this review will promote a better understanding of Ru-based OER

catalysts and lead to new strategies to design active and stable Ru-materials.
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1. Introduction

Global energy consumption is growing at a dramatic rate.
Because over 80% of energy used in the world originates from
unsustainable fossil fuels, this level will inevitably lead to
exhaustion of supplies and a serious level of CO2 emission.1,2

Thus, clean and renewable energy sources, such as solar and
wind, are attractive sustainable and environmentally clean
alternatives. However, the inherent intermittency and localiza-
tion of energy derived from solar and wind sources are imped-
iments to the utilization of these alternatives.3–5 One very
promising approach to circumvent these drawbacks is to
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transform the energy derived from these sources into storable
and transportable fuels such as H2.6–8 Hydrogen gas produced
by the hydrogen evolution reaction (HER) occurring at the
cathode in electrolytic water splitting, can be stored and ulti-
mately reacted with oxygen using fuel cell technology to
generate clean, carbon free energy.9–11 However, a bottleneck
exists in the H2 production process as a consequence of the
sluggishness of the simultaneous anodic oxygen evolution
reaction (OER), which occurs via a four electron–proton coupled
pathway that requires high energy to overcome a kinetic
barrier.12–15 Therefore, to carry out the HER in an efficient
manner, low-cost, highly active and stable electrocatalysts for
the OER are required.

Ruthenium (Ru), the least expensive member of the Pt-
related noble metal family, has a price that is only 20% that
of Pt.16 Ru-based materials that have suitable binding energies
for reactive intermediates and high thermostability have
emerged as attractive catalysts for many reactions, including the
OER,17–19 HER,20–22 oxygen reduction reaction,23–25 CO oxidation
reaction,26–28 and so on. A large effort has been expended in the
past decade to identify Ru-based materials, particularly RuO2,
which can serve as efficient OER catalysts.29–31 To date, Ru-based
materials are still one of the best OER catalysts owing to the
most suitable adsorption/desorption effect towards oxygen,
thus is close to the top of the volcano among frequently-used
oxides (RuO2, IrO2, Co3O4, Mn3O4, etc.).32 Although numerous
advances have been made in designing and fabricating highly
active Ru-based catalysts, Ru-based materials normally suffer
from serious stability issues especially under harsh water elec-
trolysis conditions. For example, both metallic Ru and RuO2

display extreme instability as anode materials for the OER
because they undergo oxidation at the high overpotentials
required.33,34 Although the development of active catalyst is still
the cornerstone, the focus in recent years is gradually shiing to
the stability of developed catalysts with the rapid development
of advanced characterization technique, which has enabled
more detailed assessments to be made of the properties
responsible for the activities and stabilities of Ru-based OER
catalysts.
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Since research in the eld of Ru-based materials has very
rapidly intensied in recent years and only a few reviews
summarizing the latest advancement of Ru-based OER catalysts
have been published,35,36 an overview of recent progress is
needed to disseminate knowledge about strategies that have
been developed for the design and synthesis of Ru-based cata-
lysts for the OER. In this review, recently developed Ru-based
catalysts with superior OER performance are summarized.
Firstly, the OERmechanism, intrinsic activity and stability issue
associated with the Ru-based catalysts are briey introduced for
the scientic understanding. Then, based on the recent
advances in this research eld, Ru-related materials are divided
into two classications: Ru metals and Ru-based compounds
(Fig. 1). The former classication is divided into four subclas-
sications, i.e., structure/morphology engineering, single-atom
design, alloy construction, heterostructure conguration and
design of Ru–C composites. The latter subclassication
includes Ru oxides, Ru chalcogenides and pyrochlore ruth-
enates. For each part, more attention has been focused on the
discussion of activity/stability-enhancing strategies for catalyst
design via salient examples. Finally, the remaining challenges
and future perspectives in this ourishing eld are proposed.
2. General characteristics of OER
2.1 OER mechanism

During the OER, four electrons are transferred initially from
water and then from several intermediates in stepwise manner
to produce an oxygen molecule.37 It is proposed that the overall
reaction occurs through multiple electron–proton oxidation
processes in conjunction with absorption/desorption of various
oxygen intermediates,38 which is called the absorbate evolution
mechanism (AEM). Difficulties associated with detecting these
intermediates has prevented formulation of a precise pathway
for the OER in both acidic and alkaline/neutral media. Several
possible routes have been suggested for each reaction,39 the
most accepted of which involve the stepwise pathways displayed
in Fig. 2A and B and eqn (1)–(8), where * represents active sites
of the catalyst.40

In acidic media:

* + H2O / *OH + H+ + e− (1)

*OH / *O + H+ + e− (2)

*O + H2O / *OOH + H+ + e− (3)

*OOH / O2 + H+ + e− (4)

In alkaline or neutral media:

* + OH− / *OH + e− (5)

*OH + OH− / *O + H2O + e− (6)

*O + OH− / *OOH + e− (7)

*OOH + OH− / O2 + H2O + e− (8)
J. Mater. Chem. A, 2023, 11, 1634–1650 | 1635
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Fig. 1 Diagram outlining the categories used to review of recent advances made in the development of Ru-based catalysts for the OER.
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In these mechanisms, the adsorbed O-related species that
become bound to the active sites of the catalyst include the
three intermediates*OH, *O, *OOH. In the electrochemical
oxidation process, oxidation of water/hydroxyl ions takes place
to generate *OH, followed by deprotonation and further
Fig. 2 Schematic illustration of AEM pathways for the OER under (A) ac
pathways for OER on (C) oxygen site and (D) metal site.

1636 | J. Mater. Chem. A, 2023, 11, 1634–1650
oxidation to produce *O and *OOH, and eventually O2. In acidic
media, a water molecule undergoes initial loss of an electron,
while in alkaline/neutral media, a hydroxide ion serves as the
oxidation site.
idic and (B) alkaline/neutral conditions. Schematic illustration of LOM

This journal is © The Royal Society of Chemistry 2023
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Recently, an alternative mechanism named lattice oxygen-
mediated mechanism (LOM) has been proposed, which
involves the surface lattice oxygen redox.41–43 In the AEM, the
surface of catalyst is regarded to be stable with only valence
state change of the active site. In contrast, the catalyst surface is
not stable in the LOM, in which the lattice oxygen is activated
and participates in the oxygen evolution process. Two OER
pathway via LOM with different active centers has been
proposed. As depicted in Fig. 2C, activated lattice oxygen can
readily act as an active site, which directly receives OH− by
means of nucleophilic attack to produce the *OOH species.44

The release of O2 generates an oxygen vacancy site, which is
adsorbed by OH− to form *OH intermediate. Other than this
pathway, another LOM mechanism takes the metal site as the
active center to adsorb OH− and then undergoes the deproto-
nation reaction (Fig. 2D).45 The surface reconstruction allows
the conjunction of the *O species and activated lattice oxygen to
generate *OOH species, which is regarded as a newly generated
oxygen molecule to follow the subsequent O2 release. Therefore,
the lattice oxygen of catalysts is activated and participates in
both LOM pathways under OER process.
2.2 Intrinsic activity

Since all steps in the OER mechanism are thermodynamically
uphill, the step with the largest positive DG is rate-deter-
mining.46 Previous studies have shown that differences between
the binding free energies of *OH and *OOH (DG*O − DG*OH) on
many metal oxides are large (3.2 ± 0.2 eV), which is highly
relevant to the OER kinetics.47 As a result, a superior OER
catalyst should not have too strong or too weak bonding ener-
gies for the O-related intermediates. Rossmeisl et al. showed
that the theoretical OER activity can be expressed in terms of the
negative change of the Gibbs free energy (−DG) as a function of
the oxygen binding energy (Fig. 3A).48 Accordingly, catalyst that
have *O binding energies of ca. 2.3 eV should have high OER
activities corresponding to the dashed line in the free energy vs.
binding energy plot. Moreover, the volcano section in the
bottom part of Fig. 3A also demonstrates that OER activity is
inuenced by steps for formation of *O (red line) and *OOH
(green line) for weak and strong *O surface binding energies,
respectively. Based on rst principle calculations, Man et al.
showed that the relationship existing between the negative
theoretical overpotential of metal oxides and their binding free
energy difference (DG*O − DG*OH) correlates with their OER
activities (Fig. 3B).49 Because it has the optimal binding inter-
actions between metal–O species and the intermediates, RuO2

displays the highest activity among various metal oxides. The
very weak bonding interactions between *OOH and the catalyst
cause the generation of the *OOH intermediate (DG3) to be
thermodynamically much more difficult than those of the other
intermediates (*OH, *O) (Fig. 3C).50 Thus, these considerations
suggest that the performance of OER catalysts can be improved
by enhancing surface bonding interactions with *OOH and thus
shiing their chemisorption free energy for *OOH to more
negative values. It is important to note that the performance of
OER catalysts not only correlates with the thermodynamics of
This journal is © The Royal Society of Chemistry 2023
intermediate binding interactions, but it is also inuenced by
other factors such as medium pH, and catalyst crystallinity,
morphology/structure and particle size.51–54
2.3 Stability issue

It is well-known that Ru-based catalysts are highly unstable under
the harsh conditions present in the OER. The benchmark OER
catalyst RuO2 undergoes dissolution at overpotentials above 1.4 V
due to the extensive oxidation,55 and the dissolution rate of
metallic Ru in the OER process is several orders of magnitude
higher than that of its oxides.33 For example, Paoli et al. found
that 90% of metallic Ru dissolves aer 15 min of continuous
electrolysis at 1.5 V, while only 30% of RuO2 is destroyed under
the same operation conditions.55 Over the past decade, great
progress has been made in gaining an understanding of the
details involved in degradation and dissolution of Ru in the OER,
and this has led to formulation of the degradation mechanism
illustrated in Fig. 3D.56 The instability of Ru in this process is
ascribed to the formation of unstable RuO4 species through
involvement of lattice oxygen.57 In the pathway, the formed RuO4

intermediate releases from the electrode and diffuses into the
solution, leading to a reduction of the electrode mass, which can
be quantitatively determined using inductively coupled plasma
mass spectrometry (ICP-MS).58–60 The generation of ruth-
enate(VIII+) ion in the electrolyte solution was also conrmed by
utilizing in situ reection spectroscopy rotating ring-disk elec-
trode measurements.61 Moreover, it was found that the onsets of
OER and dissolution of Ru occur simultaneously, indicating that
dissolution is induced by the OER. Since parts of the dissolved
RuO4 described in Fig. 3D would not be recovered by redeposi-
tion as the reaction progress, the amount of dissolved RuO4

largely hampers the catalyst stability.
A wide range of studies have been conducted to enhance the

stabilities of metallic and oxidized Ru-based catalysts for the
OER, and these efforts have led to development of strategies to
design and fabricate the high-performance Ru-based materials
described in the following sections and summarized in Table 1.
3. Ru metals
3.1 Structure/morphology engineering

Boosting the catalytic performance of Ru metals for the OER
requires that the number and utilization of active sites be
increased, and that corrosion resistance be enhanced.40 Structural/
morphological engineering approaches that enhance specic
surface areas and mass/electron transfer rates can be employed to
alter the properties of Ru metals in favorable ways.88–90

Highly branched Ru nanoparticles with controllable crys-
tallinity and surface facets have been generated by Tilley et al.
using rational adjustment of the ratios of dodecylamine (DDA)
surfactant to Ru precursor in the preparative process.63 In this
effort, polycrystalline Ru nanoparticles were formed using high
ratios of DDA surfactant to Ru precursor, while low ratios lead to
formation of Ru branched nanoparticles that have exposed low-
index facets (Fig. 4A). Compared with polycrystalline Ru nano-
particles, faceted Ru branched analogs exhibit higher activity
J. Mater. Chem. A, 2023, 11, 1634–1650 | 1637
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Fig. 3 (A) Theoretical OER activity, defined as the negative change of Gibbs free energy (−DG), as a function of the oxygen binding energy.
Reproduced with permission from ref. 48. Copyright 2007, Elsevier. (B) “Volcano”-shaped relationships between OER activity and binding energy
of DG*O − DG*OH in some metal oxides. Reproduced with permission from ref. 49. Copyright 2011, Wiley-VCH. (C) Plot of Gibbs free energy of
reactive species and intermediates (horizontal lines) of the OER versus the reaction coordinate. Blue lines and red lines indicate energetics of
a real (typical) catalyst and an ideal catalyst, respectively, at three different electrode potentials. Dashed lines indicate energetics at the electrode
potential where all thermochemical barriers disappear (“thermochemical overpotential”). Reproduced with permission from ref. 50. Copyright
2010, Wiley-VCH. (D) Model for the oxygen evolution and corrosion on Ru and RuO2 electrodes. Reproduced with permission from ref. 56.
Copyright 1983, The Electrochemical Society.
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with an overpotential of 180 mV (Fig. 4B) (note: in this review,
all potentials are versus the reversible hydrogen electrode and
all overpotentials are obtained at a current density of 10 mA
cm−2) and high stability reected in only a 85 mV overpotential
increase aer 4 h. It was observed that Ru atoms on low-index
facet Ru branches are more resistant to dissolution, while
most of those in the polycrystalline Ru branches are readily
dissolved because they are at low coordination sites (Fig. 4C).
The nding that faceted Ru branches with large numbers of
retained active surface atoms display greatly enhanced proper-
ties suggests that controlling the crystallinity and surface
conguration of Ru-based catalysts is a potential strategy for
designing new OER catalysts.

Strain engineering can be utilized to adjust electronic
structures and optimize adsorption abilities of catalysts toward
reaction intermediates by turning atomic distances on the
surface.91,92 This approach has emerged as a powerful tool for
improving the performances of various electrocatalysts.93–95 For
example, Du et al. took the advantage of the laser-ablation-in-
liquid technique to create strain by introducing grain bound-
aries into activity enhanced Ru OER catalysts.62 The prepared Ru
1638 | J. Mater. Chem. A, 2023, 11, 1634–1650
catalyst with numerous grain boundaries operates at a low
overpotential of 202 mV for the OER in acidic media, which is
100 mV lower than that of commercial RuO2 (305 mV) (Fig. 4D–
F). The novel Ru catalyst also displays superior durability, by not
undergoing signicant degradation over a 10 h working period.
Density functional theory (DFT) calculations demonstrate that
compressive strain at grain boundaries increases the electron
density on Ru atoms, lowers the d-band center (Fig. 4G) and
weakens adsorption of OER intermediates (Fig. 4H and I),
ultimately leading to enhanced catalytic performance.
3.2 Single-atom design

Considering that the particle size markedly affects the number
of active sites, decreasing the size of catalysts form their bulk to
ultrane nanoparticles and clusters can provide ultrahigh
atomic utilization and high catalytic performance. Due to the
high surface energy, catalyst supports are important to avoid
aggregation and/or overgrowth of the prepared nanoparticles/
clusters with desired sizes.96,97 Recently, reducing the sizes of
catalyst to singe atoms are becoming rising hotspots, which can
make more efficient use of metal atoms. This design feature has
This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of representative Ru-based electrocatalysts toward OER

Classication Catalyst Electrolyte
Overpotential
(mV) at 10 mA cm−2

Tafel slope
(mV dec−1)

Stability
(V or mA cm−2 @ h) Ref.

Ru metals Ru nanoparticles 0.5 M H2SO4 202 ∼70 10 mA cm−2 @ 10 h 62
Ru branched nanoparticles 0.1 M HClO4 180 ∼52 4 mA cm−2 @ 10 h 63
Ru/CoFe-LDHs 1 M KOH 198 ∼39 200 mA cm−2 @ 24 h 64
Ru1–Pt3Cu 0.1 M HClO4 220 Not given 10 mA cm−2 @ 28 h 29
Ru–N–C 0.5 M H2SO4 267 ∼53 1.5 V @ 30 h 65
High-entropy Ru alloys 0.5 M H2SO4 258 ∼84 10 mA cm−2 @ 10 h 66
RuCu nanosheets 1 M KOH 234 Not given 10 mA cm−2 @ 12 h 67
RuCu nanosheets 0.5 M H2SO4 236 Not given Not given 67
Ru@IrOx 0.05 M H2SO4 282 ∼69 1.55 V @ 24 h 68

Ru oxides RuO2 nanowires 0.5 M H2SO4 234 Not given 5 mA cm−2 @ 20 h 69
RuO2 nanowires 1 M KOH 224 Not given 5 mA cm−2 @ 20 h 69
RuO2 nanosheets 0.5 M H2SO4 199 ∼38 10 mA cm−2 @ 6 h 70
Co-doped RuO2 0.5 M H2SO4 169 ∼47 10 mA cm−2 @ 50 h 71
S–RuFeOx 0.1 M HClO4 187 ∼40 1 mA cm−2 @ 50 h 72
Mn–RuO2 0.5 M H2SO4 158 ∼43 10 mA cm−2 @ 10 h 73
RuIrCaOx 0.5 M KHCO3 250 Not given 10 mA cm−2 @ 200 h 74
(Ru–Co)Ox 1 M KOH 171 Not given 10 mA cm−2 @ 10 h 75
SrRuIrOx 0.5 M H2SO4 190 ∼39 10 mA cm−2 @ 1500 h 76
Cr0.6Ru0.4O2 0.5 M H2SO4 178 ∼58 10 mA cm−2 @ 10 h 77
WErRuO2−d 0.5 M H2SO4 168 ∼67 10 mA cm−2 @ 500 h 78

Ru chalcogenides RuTe2 1 M KOH 275 ∼53 10 mA cm−2 @ 12 h 79
Amorphous RuTe2 0.5 M H2SO4 245 Not given 10 mA cm−2 @ 24 h 80
Amorphous RuTe2 1 M KOH 285 Not given Not given 80
RuS2 1 M KOH 282 ∼103 10 mA cm−2 @ 20 h 81
Ru/RuS2 0.5 M H2SO4 201 ∼47 10 mA cm−2 @ 24 h 82

Pyrochlore ruthenates Pb2Ru2O7−x 0.1 M NaOH Not given ∼45 10 mA cm−2 @ 2 h 83
Y2Ru2O7−d 0.1 M HClO4 190 ∼55 1 mA cm−2 @ 8 h 84
Y1.8Cu0.2Ru2O7−d 1 M H2SO4 Not given ∼52 1 mA cm−2 @ 6 h 85
Y1.7Sr0.3Ru2O7 0.5 M H2SO4 264 ∼45 10 mA cm−2 @ 28 h 86
Nd2Ru2O7 0.1 M HClO4 210 ∼48 1 mA cm−2 @ 6 h 87
Yb2Ru2O7 0.1 M HClO4 310 ∼91 Not given 87
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aroused interest in exploring catalytically active components of
single atoms and interfacial interactions that occur between
active sites and supports.98–100 The construction of Ru single-
atom catalysts not only enhances their OER activity/stability
but also improves the economics of noble metal utilization. In
addition, the catalytic performance of single atom catalysts can
be inuenced by the nature of supporting materials, since the
electronic structures of stabilized single atoms are highly
dependent on the local coordination environments of anchored
sites on supports.

Recently, many supports, such as layered double hydroxides
(LDHs),101–103 metals,29,104 and carbons,105–107 have been devel-
oped to stabilize Ru single atoms and to create superior elec-
trocatalytic performance. LDHs, having two-dimensional
structures, are interesting platforms for stabilization of single
atom catalysts because they contain two-dimensional at facets,
ultrathin thicknesses and high surface areas.108,109 For example,
single atom Ru anchored on the surface of CoFe-LDHs was
prepared by Sun et al. using a simple two-step procedure
involving co-precipitation of CoFe-LDHs and reduction of Ru
precursor (Fig. 5A and B).64 The synthesized CoFe-LDHs con-
taining 0.45 wt% Ru exhibit a very low overpotential of only
198 mV and a negligible loss of activity aer 1000 cycles of
voltage sweeps between 1.35 and 1.5 V in alkaline solution. The
This journal is © The Royal Society of Chemistry 2023
enhanced OER activity and stability of this catalyst can be
attributed to its respective optimal adsorption free energy for
*OOH and improved resistance to formation of high oxidation
states of Ru owing to strong synergetic electron coupling
between single-atom Ru and LDHs (Fig. 5C and D).

In the OER promoted by Ru-based catalysts, oxygen evolu-
tion always occurs along with Ru dissolution.110,111 The latter
phenomenon is linked to oxidative released by the lattice
oxygen evolution reaction (LOER), which leads to peeling off of
active oxygen-coordinated Rumoieties.55 Amethod to lessen the
contribution of the LOER, and thus improve stability, involves
supporting single-atom Ru on a matrix in the absence of oxygen
coordination, such as on an acid-resistant N-doped carbon
where strong Ru–N bonds exist. A single-atom Ru–N–C catalyst
of this type was fabricated by Yao et al. by using incipient
wetness impregnation of a Ru precursor into carbon support
followed by pyrolysis.65 The as-prepared Ru–N–C catalyst has
outstanding OER activity with a 267 mV overpotential and it
does not undergo decomposition aer 30 h operation in acidic
media. The high OER activity and stability of this Ru–N–C
catalyst is a consequence of its O–Ru1–N4 structure which
displays greater charge transfer from Ru though dynamic pre-
adsorption of a single oxygen atom (Fig. 5E–G).
J. Mater. Chem. A, 2023, 11, 1634–1650 | 1639

https://doi.org/10.1039/d2ta07196g


Fig. 4 (A) TEM image of faceted Ru branched nanoparticles (top) and polycrystalline Ru nanoparticles (bottom). (B) Potentiodynamic curves of
the OER performance of faceted Ru branched nanoparticles and polycrystalline Ru nanoparticles, obtained in 0.1 M HClO4 solution. (C)
Schematic of the proposed structural changes affecting the OER activity and stability of faceted Ru branched nanoparticles (top) and poly-
crystalline Ru nanoparticles (bottom). Reproduced with permission from ref. 63. Copyright 2019, Wiley-VCH. (D) TEM and of HAADF-STEM
images of Ru nanoparticles with grain boundaries. (E and F) OER performance of electrodes based on different Ru catalysts. (G) FT k3-weighted
EXAFS spectra of different Ru catalysts. (H) Atomic model of Ru(101)–Ru(100) grain boundaries. (I) Free-energy landscape of near Ru(101)–
Ru(100) grain boundaries, strain-free Ru(101) surface, and monocrystal Ru(101) surface. Reproduced with permission from ref. 62. Copyright
2020, The American Chemical Society.
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Metallic Pt has a dramatically lower dissolution rate than
that of Ru because it undergoes relatively weaker bonding with
oxygen species,60 a property which can be utilized to decrease
the contribution of LOER. In this regard, Li et al. prepared
a series of PtCux/Ptskin core–shell structures containing
dispersed single-atom Ru (Ru1–PtxCuy) via acid or electro-
chemical etching of unstable Cu.29 A volcano relationship was
observed to exist between the lattice constants of the PtCu alloys
and their OER activities. The optimized catalyst, Ru1–Pt3Cu,
displays a 90 mV lower overpotential and 10 times longer life-
time than those of commercial RuO2. These observations
demonstrate that the compressive strain in the Pt skin effec-
tively adjusts the electronic structure and redox ability of the
anchored single-atom Ru, thereby providing optimized
adsorption of oxygen intermediates and high oxidation/
dissolution resistance by efficiently blocking over-transference
of electrons from Ru to O-containing ligands.
1640 | J. Mater. Chem. A, 2023, 11, 1634–1650
3.3 Alloy construction

Alloying other metals is regarded as an effective strategy to tune
the catalytic properties of the host metal because it generates
heteroatom bonds and modies lattice parameters and elec-
tronic structures.21,112–115 Consequently, the electrocatalytic
performance of Ru-based alloys can be remarkably enhanced.

Abruña et al. synthesized a series of Ru–M (M = Co, Ni, Fe)
alloy catalysts using a simple impregnation method.116 Alloying
Ru with metals creates catalysts that have signicantly
improved OER activities in alkaline media in comparison with
that of commercial Ru catalyst. DFT calculations demonstrate
that the enhancement of OER performances of Ru–M alloyed
catalysts can be attributed to weakening of O binding with Ru
caused by Co, Ni or Fe incorporation. Moreover, the electro-
catalytic performance of Ru-based alloys can be further
improved by integrating them into particular structures, such as
a two-dimensional structure, which provide larger surface areas
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) Schematic illustration of the hydrolysis-deposition procedure to form Ru/CoFe-LDHs. (B) The Cs-corrected STEM image of Ru/CoFe-
LDHs nanosheet. (C) The differential charge density of elements in CoFe-LDHs and Ru/CoFe-LDHs from a computational simulation. (D) Gibbs
free-energy diagram for the four steps of the OER on Ru/CoFe-LDHs. Reproduced with permission from ref. 64. Copyright 2019, Springer
Nature. (E) Schematic illustration of the effect of oxygen adsorption on the electronic structure of Ru–N–C. (F) Electron density difference plot of
the O–Ru1–N4. Yellow and light green contours represent electron accumulation and deletion, respectively. (G) Free energy diagram for the
OERs on Ru1–N4, O–Ru1–N4, and HO–Ru1–N4. Reproduced with permission from ref. 65. Copyright 2019, Springer Nature.
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and greater exposure of atoms acting as active sites.117–119 Huang
et al. reported the synthesis of channel rich RuCu bimetallic
nanosheets, which consist of crystallized Ru and amorphous
Cu.67 The RuCu nanosheets have much improved OER activity
in comparison with those of RuCu nanoparticles and
commercial Ir/C in both alkaline and acidic electrolytes. In
addition, the nanosheets display a very small potential increase
during 21.5 h chronoamperometry test at 10 mA cm−2. In this
study, a high ratio of both Ru4+/Ru0 and Cu2+/Cu0/1+, together
with the synergistic effect between Ru and Cu are pivotal factors
leading to the enhanced OER activity/stability.

High-entropy alloys (HEAs) comprised of at least ve
uniformly distributed metals have attracted increasing interest
from both a theoretical and experimental viewpoint.120–122 The
high degree of synergy between each metal endows an HEA with
lattice distortion, high entropy and the cocktail effect, which
lead to a signicant enhancement of catalytic
performance.123–126 Recently, Fujita et al. described novel
nanoporous HEAs with hierarchical porosity that were fabri-
cated by dealloying.66 The HEAs, containing up to 14 elements
This journal is © The Royal Society of Chemistry 2023
including Al, Ag, Au, Co, Cu, Fe, Ir, Mo, Ni, Pd, Pt, Rh, Ru and Ti,
have high catalytic activities and durabilities for the OER in
acidic media that are superior to those of commercial Pt/
graphene and IrO2 catalysts. Characterization studies on these
materials show that their crystal structures, overall morphol-
ogies and element compositions are well retained throughout
a durability test in the acidic media, except for small decreases
taking place in the proportion of Al in the alloy and insignicant
surface roughening possibly caused by the dissolution of
surface Al in the acidic media. The superior OER performance
of these Ru-based catalysts can be ascribed to their unique
features, including hierarchical porous structures, high surface
areas, and highly dispersed elements.
3.4 Heterostructure conguration

Normally, synergistic effects associated with incorporation of
Ru and other materials, such as metals, oxides, suldes, phos-
phides and carbons into heterostructured catalysts effectively
improve electrocatalytic activities and stabilities.35,127–129
J. Mater. Chem. A, 2023, 11, 1634–1650 | 1641
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Qiao et al. reported a study of heterostructured Ru@IrOx

catalysts that undergo charge redistribution between highly
strained and disordered Ru cores and partially oxidated Ir shells
through the metal–metal oxide heterojunction (Fig. 6A).68

Because of the synergistic electronic and structural interactions
associated with the elevated valence of the Ir shell and the
decreased valence of the Ru core, heterostructured Ru@IrOx

require low overpotentials of 282 mV and they display a high
activity retention of 90% over a 24 h period in acidic media
(Fig. 6B and C). The authors suggest that one factor responsible
for the high stabilities of heterostructured Ru@IrOx is the
presence of stable chemical states of both Ru and Ir species,
which hinders generation of high-valence intermediate species
that readily dissolve during OER process. In addition, the core–
shell nanostructure of Ru@IrOx offers efficient surface protec-
tion of active Ru sites toward oxidation/dissolution.

Diverse active materials might be benecial to different
stepwise reactions, while rational design of heterostructures
enables these separate reactions to take place on diverse sites at
close quarters, accordingly accelerating the rates of overall OER
Fig. 6 (A) HAADF-STEM image of a randomly chosen Ru@IrOx core–she
models of tetragonal IrO2 and Ir along their [100] and [110] axes, respectiv
electrocatalysts in N2-saturated 0.05 M H2SO4 solutions. (C) Current–
catalysts at 1.55 V. Reproduced with permission from ref. 68. Copyright 20
F) HRTEM image and STEM image of Ru/RuS2 heterostructure. (G) LSV cur
and after 3000 cycles and inserted i–t chronoamperometric response
RuS2–Ru model. (J) Gibbs free energy diagrams of Ru, RuS2, Ru–RuS2 an
Copyright 2021, Wiley-VCH.

1642 | J. Mater. Chem. A, 2023, 11, 1634–1650
reaction.130 Mu et al. reported that a thin Ru/RuS2 nanosheet
heterostructure can be generated using an isochronous reduc-
tion–sulphuration strategy (Fig. 6D–F).82 The as-prepared Ru/
RuS2 heterostructure has outstanding catalytic performance for
the OER in acidic solution, by exhibiting a very low over-
potential (201 mV) and excellent long-term stability (no obvious
activity decline aer 3000 CV cycles) (Fig. 6G and H). DFT
calculations indicate that charge redistribution over many
interfaces improves the electronic state conguration of heter-
ostructured Ru/RuS2 (Fig. 6I), leading to formation of surface
electron-decient Ru sites for optimized adsorption of oxygen
intermediates (Fig. 6J) that causes a decrease in the thermody-
namic energy barriers, thus enhancing OER performance.
3.5 Design of Ru–C composites

Ru catalysts can also be supported on various carbon substrates
in the form of Ru–C composites, which have been widely re-
ported to be highly active and stabile catalysts.131–136 The carbon
supports used for this purpose, including graphene, carbon
ll icosahedral nanocrystal along the [112] axis and projected structural
ely. (B) LSV curves normalized by using geometrical surfaces of various
time chronoamperometric response of Ru@IrOx and RuIrOx electro-
19, Elsevier. (D) Preparationmethod of Ru/RuS2 heterostructure. (E and
ves with iR correction of various electrocatalysts. (H) LSV curves before
of Ru/RuS2. (I) Charge density difference of two-dimensional slice on
d RuS2–Ru models for OER. Reproduced with permission from ref. 82.

This journal is © The Royal Society of Chemistry 2023
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nanosheet and porous carbon, have many advantageous
features such as super conductivity, high specic area and
strong metal–carbon interactions. However, because carbon is
extremely unstable during the OER, little effort has been
devoted to designing carbon supported high performance Ru-
based OER catalysts.

Very recently, Zou et al. reported the synthesis of Ru nano-
clusters with particle size of 2–3 nm supported on boron and
nitrogen co-doped carbon nanotubes (Ru@B,N-CNTs) by a mild
solution blending and post calcination method.137 The as-
obtained Ru@B,N-CNTs diplays a low overpotential of
315 mV, outperforming the activities of B,N-CNTs (467 mV),
Ru@B-CNTs (378 mV), Ru@N-CNT (409 mV) and commercial
RuO2 (390 mV). Moreover, Ru@B,N-CNTs also exhibits a high
durability by retaining its activity even aer 36 h chro-
nopotentiometry test at 10 mA cm−2 in base media, which is
ascribed to stability enhancement caused by the carbon support
Fig. 7 (A) Schematic illustration for the synthesis procedure of the RuO2

the thickness of RuO2 nanosheets. (C) Schematic showing the origin of O
with permission from ref. 70. Copyright 2020, Royal Society of Chemis
(inset). (E) OER polarization curves of Mn–RuO2, nano RuO2 and com
Reproduced with permission from ref. 73. Copyright 2019, The Americ
Cr0.6Ru0.4O2 electrocatalysts for the OER in acidmedia. (H) Electrocatalyt
from 450 to 650 °C. (I) Chronopotentiometry performance under con
permission from ref. 77. Copyright 2019, Springer Nature.

This journal is © The Royal Society of Chemistry 2023
through synergistic modulation of the electronic structure via
the N and B doping.
4. Ru-based compounds
4.1 Ru oxides

RuO2 have been extensively regarded as an effective catalyst for
OER.138–140 However, both its oxidation at high potentials and
release of lattice oxygen during the OER cause its deactivation
or dissolution to occur readily.33 Therefore, rational designs of
RuO2-based materials that have appropriate morphologies/
compositions and electronic structures might enable circum-
vention of these problems.

In one approach, Li et al. prepared defect-rich ultra-thin
RuO2 nanosheets via a molten salt method involving directly
mixing molten NaNO3 and RuCl3 at room temperature (Fig. 7A
and B).70 As OER catalysts, the RuO2 nanosheets operate at a low
nanosheets. (B) AFM image of RuO2 nanosheets; the inset of (e) shows
ER activity improvement upon introducing a Ru vacancy. Reproduced
try. (D) HRTEM images of Mn–RuO2 and nanocrystal size distribution
mercial RuO2. (F) Plot of Ru oxidation state and absorption energy.
an Chemical Society. (G) Schematic illustration of the preparation of
ic OER activities of Cr0.6Ru0.4O2 nanoparticles annealed at temperature
stant current density of 10 mA cm−2 up to 10 h. Reproduced with

J. Mater. Chem. A, 2023, 11, 1634–1650 | 1643
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overpotential of 199 mV and exhibit 14.9 and 80.6 times
improved specic and mass activity, respectively in comparison
with those of commercial RuO2. Ru vacancies in the RuO2

nanosheets have been shown to play a valuable role by markedly
weakening the binding energy of O* with respect to that of
OOH* (Fig. 7C), which results in a decrease in energy
consumption in the conversion of O* to OOH*, and thereby
improving the OER activity. Because of their high structural
integrity, the RuO2 nanosheets display superior stability,
undergoing only a slightly increase in overpotential at 10 mA
cm−2 current density aer a 6 h chronopotentiometry test.

Doping with heteroatoms has proven to be an effective
strategy to alter the intrinsic electrochemical performance of
RuO2 through modication of surface-active species, the coor-
dination environment and electronic structure.140–143 For
Fig. 8 (A) Schematic illustration of the RuS2 nanoparticle synthesis. (B) H
Reproduced with permission from ref. 81. Copyright 2019, Royal Society
Morphology and composition profile analysis of amorphous RuTe2. (G)
talline RuTe2 porous nanorods and commercial Ir/C in 0.5 M H2SO4. (H)
OER performance via highly efficient site-independent electron-transf
amorphous structure. Reproduced with permission from ref. 80. Copyri

1644 | J. Mater. Chem. A, 2023, 11, 1634–1650
example, Chen et al. showed that Mn-doped RuO2 nanoparticles
have a 158 mV overpotential and display a negligible activity
decline aer long-time operation in an acid media (Fig. 7D and
E).73 The Mn ion dopant in RuO2 causes a change in the d-band
center of active sites on the RuO2(101) lattice and a decrease in
the surface-adsorbate states, which results in a lower free energy
change for the rate-determining step, and improved OER
activity. This study identied two factors that are responsible
for the high stability of this OER catalyst, one being protection
against dissolution of Mn which has a protective effect on Ru.
The other factor is the relatively lower valence of Ru (+3.8)
created upon Mn incorporation (Fig. 7F), which counters the
normal tendency of Ru-based oxides with ultrahigh valence
states to easily dissolve during the OER process.
RTEM images, (C) XRD patterns and (D) of various RuS2 nanoparticles.
of Chemistry. (E) Local atomic configurations of amorphous RuTe2. (F)
OER polarization curves of amorphous RuTe2 porous nanorods, crys-
Schematic diagram illustrating the amorphous RuTe2 enhancement of
er. (I) Schematic diagram of the electronic activity enhancement in
ght 2019, Springer Nature.

This journal is © The Royal Society of Chemistry 2023
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In addition, the electrocatalytic behavior of RuO2 can be
readily regulated by generating mixed metal oxides.75,90,144 Chen
et al. described a low Ru-content binary Cr–Ru oxide material
derived from MIL-101 (Cr) (Fig. 7G), which shows a very low
overpotential of 178 mV and maintains activity aer the 10 h
chronopotentiometry test at 10 mA cm−2 in acidic media
(Fig. 7H and I).77 Ru is pivotal in inducing the generation of
active rutile-structured CrO2 based on the observation that
direct pyrolysis of MIL-101(Cr) precursor results in formation of
only inactive Cr2O3. The higher activity Cr–Ru oxide is related to
its modied electronic structure, which decreases the energy
barrier for the generation of *OOH, and its improved stability
results from the lower occupation of RuO2 at the Fermi level by
incorporation of Cr.
Fig. 9 (A) Schematic illustration of the composition–performance
relationship between Y1.8Fe0.2Ru2O7−d and Y1.8Cu0.2Ru2O7−d. (B)
Schematic rigid band diagram for Y1.8Fe0.2Ru2O7−d and Y1.8Cu0.2Ru2-
O7−d illustrating an upshift of the O 2p band center. Reproduced with
permission from ref. 85. Copyright 2020, The American Chemical
Society.
4.2 Ru chalcogenides

Some ruthenium chalcogenides (RuSx or RuTex) have been
explored as possible OER catalysts.82 For example, a low-
temperature sulfuration method was used by Wang et al. to
prepare pyrite-type RuS2 nanoparticles (Fig. 8A).81 The rational
control of both disorder and defects in RuS2 was achieved by
altering the sulfuration temperature (Fig. 8B–D). Low-crystalline
RuS2, possessing optimized disorder and defects, is produced at
low sulfuration temperature. This material exhibits higher OER
activity with a 282mV overpotential in comparison with those of
various Ru-based and pyrite-type catalysts. It was found that
more active sites are generated in conjunction with an
increasing degree of disorder, while increasing the defects
results in the improvement of intrinsic activity by upshiing the
d-band center of Ru, thereby optimizing adsorption free ener-
gies toward oxygen intermediates. Moreover, during the OER
process, a surface RuS2–RuOx core–shell structure with facili-
tated charge transfer is formed, which is more likely to be the
actual active sites for the outstanding OER activity.

Recently, Huang et al. developed a robust electrocatalyst
based on amorphous RuTe2 porous nanorods with bullet-like
prole (a-RuTe2 PNRs; Fig. 8E and F), which has a low over-
potential of 245 mV for the OER, which is far lower than those of
crystalline RuTe2 porous nanorods and the benchmark elec-
trocatalyst Ir/C (Fig. 8G).80 In this work, the local distortion-
strain effect in a-RuTe2 PNRs adjusts Te–pp coupling and
increases intra- and inter-orbital electron-transfer between Ru
active sites (Fig. 8H and I), thus promoting catalytic activity. A
two-electrode system for acidic overall water splitting
comprised of a-RuTe2 PNRs as both the cathode and anode
material displays enhanced stability in comparison with that of
commercial Ir/CkPt/C. During a 24 h chronopotentiometry test,
Ir/C and Pt/C severely aggregate while the porous structure and
bullet-like morphology of a-RuTe2 PNRs are largely maintained
even in 5.0 M H2SO4 at 60 °C for 1 h because of their excellent
chemical stability. It is noted that the presence of defects in
amorphous structure can be lled with oxygen atoms to
generate RuOxHy species during the OER process, which are
benecial to accelerate the reaction process. Although the
examples described above demonstrate the huge potential of Ru
This journal is © The Royal Society of Chemistry 2023
chalcogenides in accelerating the OER, these materials are still
rare and remain relatively unstudied.
4.3 Pyrochlore ruthenates

Because of their low Ru content and superior performance in
acidic OER, pyrochlore ruthenates with the general formula
A2Ru2O7 have recently become promising alternatives to well-
known RuOx and IrOx catalysts.145–147 Moreover, sectional
substitution of the A site in these materials by other elements
offers many possibilities to adjust their catalytic performance.

Specically, Y2Ru2O7 is the most studied pyrochlore ruth-
enate for the OER, particularly in the acidic media.84,148,149 For
example, Yang et al. reported a high-performance Y2Ru2O7−d

electrocatalyst that exhibits a low overpotential of 190 mV and
superior stability in 0.1 M perchloric acid solution.84 Compared
with commercial RuO2, this pyrochlore has a lower valence state
and a lower band center energy for overlap between Ru 4d and O
2p orbitals. These properties are responsible for the high
activity of Y2Ru2O7 that has an overpotential of ca. 190 mV and
high stability with negligible change of OER activity aer 10 000
voltage sweep cycles. The presence of Y cations plays a bene-
cial role in enhancing the stability of Y2Ru2O7−d under acidic
conditions, by stabilizing the unstable ruthenium oxide
through formation of a pyrochlore structure.

Furthermore, Müller et al. demonstrated that substitution of
the A site in Y1.8M0.2Ru2O7−d (M = Fe and Cu) alters the surface
oxygen vacancy concentration by changing the O 2p band
center, thereby tuning OER activity (Fig. 9A and B).85 Compared
with commercial RuO2, Y1.8M0.2Ru2O7−d has a much higher
OER activity, which can be ascribed to the existence of weaker
M–O bond along with coupling between the M d states and O 2p
J. Mater. Chem. A, 2023, 11, 1634–1650 | 1645
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states. Y1.8M0.2Ru2O7−d also has excellent stability under gal-
vanostatic OER conditions at 1 mA cm−2 for 6 h. In spite of
some losses of the A-site cation from the oxide, the pyrochlore
crystal structure of Y1.8M0.2Ru2O7−d remains unchanged during
a stability test, suggesting that cation loss only occurs at or near
the surface layers. In this respect, an in-depth study is needed to
assess the possibility that reconstruction of the surface struc-
ture of Y1.8M0.2Ru2O7−d alters catalytic ability.

A possibility exists that interactions of non-completely lled
orbitals of rare earth (RE) elements with lled orbitals on Ru
that could modulate the electronic structure of Ru sites and
promote altered electrocatalytic activities.150,151 This idea led to
a study by Sun et al. of pyrochlore rare-earth ruthenates
(RE2Ru2O7) containing a variety of rare-earth elements (Nd, Sm,
Gd, Er, and Yb).87 Because of its weakening effect on Ru–O
bonding, an increase in the radius of RE elements leads to an
increase in the content of defective oxygens from 29.5% to
49.7% in the RE2Ru2O7 group. An increase in the defective
oxygen content increases the gap between the 4d band center
and the Fermi level of Ru, which weakens adsorption of oxygen
intermediates and thereby enhances the OER performance.
Among the RE2Ru2O7 catalysts investigated by Sun et al.,
Nd2Ru2O7 exhibits the lowest OER overpotential of 210 mV,
a value that is 30 times higher than that of the commercial RuO2

catalyst. The results of a stability test, using 1 mA cm−2 in 0.1 M
HClO4, showed that Nd2Ru2O7 maintains its performance over
a 8 h period while the activity of RuO2 decreases in less than 1 h,
demonstrating that RE atoms stabilize Ru active sites by pre-
venting oxidation to form higher valence states that undergo
ready dissolution.

5. Conclusion and perspective

Extensive studies of Ru-based materials have led to the devel-
opment of highly active and stable catalysts for the OER, which
should play a vital role in designing commercially viable water
splitting. This review provides an overview of the latest devel-
opments made in studies of these electrocatalysts. The discus-
sion, divided into two broad families of Ru-based materials
including Ru metals and Ru compounds, gives special
emphasis to the design of activity/stability-enhancing strategies
by focusing on a limited number of recently reported systems.
Notably, most of the strategies included in the review have the
potential of being applicable to the development of other high-
performance OER catalysts.

Despite the signicant progress that has been made in the
eld of Ru-based OER catalysts, several unresolved issues
remain, including insufficient categories of compositions/
morphologies/structures, the lack of in situ monitoring of the
catalyst surface variations, and unsatised long-term stability in
harsh conditions for industrial applications. To address these
issues, the following research directions are recommended.

(1) Exploring new synthetic methodologies that can be employed
to create Ru-based materials with greatly enriched numbers of
active sites found in other noble metal containing materials. For
instance, Pt- and Pd-based nanocrystals with high-indexed fac-
ets, hierarchically porous structures and chemically stable
1646 | J. Mater. Chem. A, 2023, 11, 1634–1650
intermetallic compounds can be readily generated,152–155 while
related Ru-based materials are difficult to prepare. The limited
types of morphologies/structures/compositions that have been
created thus far have greatly retarded the development of more
efficient OER catalysts. Moreover, considering Ru is a noble
metal, the development of efficient strategies for synthesis of
Ru-based catalysts with low Ru loading to save the use of
expensive noble metals is necessary. For example, construction
of non-noble metal@Ru core–shell nanostructures with a thin
Ru shell layer and doping of Ru atoms into transition metal
oxides can improve the utilization rate of Ru, enhanced OER
performance as well as display a higher cost-performance.156–158

(2) Developing theoretical studies to enable predictions of opti-
mized structures/compositions of Ru catalysts with greatly
enhanced activities/stabilities. Current theoretical studies
generally use simplied models that questionably mimic the
complexity of actual systems and processes. Thus, results
arising from these calculations provide limited information to
guide the design of new Ru-based catalysts. To investigate the
physicochemical characteristics of OER catalysts in detail,
models of reconstructed structures rather than pristine struc-
tures should be created. More attention should be paid to the
partially reconstructed catalysts, which consist of the recon-
structed species and pristine materials. Moreover, regarding the
determination of free energy changes for different steps in the
OER, the inuence of other factors such as pH, surface thick-
ness and external electric eld should be considered.

(3) Conducting in situ/operando characterization techniques for
investigating the true nature of catalytic sites and understanding
the structure/morphology/composition evolution during the OER.
Although remarkable improvements have occurred in under-
standing the degradation and dissolution of state-of-art OER
catalysts, particularly in fundamental studies on model elec-
trodes, the recently developed operando/in situ systems display
qualitatively different results on dissolution mechanisms
compared to those arising from experimental studies. More-
over, the current techniques cannot provide sufficient infor-
mation to realize the real-world dynamic reconstruction of
catalysts. Accordingly, to fully understand changes taking place
in the physicochemical properties of catalysts that relate to
activity and durability, advanced in situ/operando characteriza-
tion techniques with high temporal, spatial and energy resolu-
tion are needed.

(4) Evaluating OER performance in real water electrolyzer
systems instead of conventional three-electrode cells in order to
determine bottlenecks that arise in commercial scale water splitting
systems. The complexity of real water electrolyzers hampers full
elucidation of the cause of catalyst deactivation. Thus,
a knowledge bridge should be built between systems employed
for fundamental research and practical applications. In addi-
tion, more research should be carried out to provide informa-
tion needed to design high-performance electrocatalysts in
commercial water electrolyzers. Moreover, compared with other
kinds of catalysts, such as transition-metal-based mate-
rials,159,160 there are few studies dealing with the Ru-based OER
catalysts in seawater, with results which are still far from being
satisfactory. The OER process in seawater is mainly constricted
This journal is © The Royal Society of Chemistry 2023
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by the parallel chlorine evolution reaction (ClER) and electrode
blocking and corrosion by Cl−.161,162 Therefore, the development
of highly OER selective, active and stable Ru-based catalysts for
seawater splitting is highly required.

There is little doubt that investigations of high-performance
Ru-based OER catalysts for electrochemical water splitting will
continue to move forward and that commercial level systems
will become available in the not too distant.
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