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Water splitting with proton exchange membrane water electrolyzers (PEMWE) is regarded as a promising
pathway for sustainable hydrogen conversion. Additionally, oxygen evolution reaction (OER) is considered
as the dominant factor during the whole process due to the sluggish kinetics. Among the catalysts, Ru-
based catalysts draw special attention because of their excellent activity and relatively low price. How-
ever, the limited stability impedes their further commercialization and tremendous efforts have been
devoted to overcome this challenge. This review firstly introduces the basic mechanisms of OER. Then
the evaluation protocols and techniques to investigate the stability of Ru-based catalysts are summarized.
A detailed elucidation of the possible degradation mechanisms is also critically analyzed. Furthermore,
effective strategies to design durable Ru-based catalysts for acidic OER are discussed. Such as heteroatom
doping, phase and facet engineering, heterostructure building and support optimization. Finally, promises,
perspectives and challenges in developing highly durable Ru-based catalysts for acidic OER are outlined.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The rapid development of society stimulates the increasing de-
mand for energy. However, around 80% of the total energy derive
from unsustainable carbon-based fossil sources and the continuous
combustion of fossil fuel accelerates the escalation of environmen-
tal problems like greenhouse effect and unbalance of ecosystem
[1,2]. Under such circumstance, more sustainable energy such as
solar, wind and hydro power are desired to mitigate carbon emis-
sion [3,4]. Moreover, to furtherly realize carbon neutrality, hydro-
gen as a promising candidate with ultrahigh mass energy density
(142 MJ/kg), low chemical complexity and environmental friendli-
ness, is capable of storing and providing steady and sufficient en-
ergy [5-7]. However, steam reforming and coal gasification are cur-
rently the main approaches to produce 96% of the hydrogen in in-
dustry with fossil fuel as raw materials, accompanying with the
simultaneous and inevitable production of sulfur dioxide and car-
bon dioxide which can cause critical deterioration of environmen-
tal issues aforementioned [8,9]. Alternatively, water electrosplitting
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producing high purity hydrogen with no contamination shows out-
standing potential to compete with conventional methods [10-13].

Water electrolysis involves two steps, the oxygen evolution re-
action (OER) at the anode side and the hydrogen evolution reac-
tion (HER) at the cathode side. Compared to HER with two elec-
trons transfer, OER displays more complicated mechanisms and
more sluggish kinetics due to the four electrons pathway in such
reaction, which is regarded as the dominant factor during the
whole process [14-17]. On the other hand, alkaline electrolyzers
and proton exchange membrane water electrolyzers (PEMWE) are
currently the most widely used water splitting devices. Compared
with alkaline electrolyzers, PEMWE is more promising because of
small gas crossover, high proton conductivity, compact system de-
sign, rapid system response and the large load range [18-20]. Nev-
ertheless, the rational OER catalyst design for PEMWE is even more
challenging due to the restricted range of elements in oxidized
and acidic environment [21]. To date, Ir-based and Ru-based ma-
terials are regarded as two state-of-the-art catalysts for acidic OER
[22,23]. Ir-based materials possess balanced activity and stability,
thus they can maintain their performance over long term indus-
trial applications [24,25]. However, the expensive price ($4557 per
troy ounce) and the scarcity in the Earth’s crust (0.0004 ppm) of Ir
impede its further commercialization as the Catalyst Coated Mem-
brane (CCM) accounts for 45% of the whole expenditure in PEMWE
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and it requires 700kg of Iridium when one gigawatt of hydrogen
energy is generated [26]. In contrast with Ir, Ru-based catalysts
exhibit lower price ($457 per troy ounce for Ru), richer reserves
(0.001 ppm) and more excellent activity to ensure practical usage
[26-28]. Despite such advantages of Ru, large-scale application is
still not implemented on account of its limited stability due to the
formation of soluble RuO42~, participation of lattice oxygen, ac-
tive sites dropping and structural reconstruction [29-31]. To ad-
dress these challenges, significant efforts have been devoted to the
structural engineering of Ru-based catalysts [32-34]. However, a
systematic and comprehensive summary on the degradation mech-
anisms and stability enhancement strategies of Ru-based OER cat-
alysts in acidic environment is still lacking.

In this review, recent advances on the development of stable
Ru-based catalysts for OER in acidic environment are summarized.
Firstly, different OER mechanisms are comprehensively introduced.
Next, evaluation protocols and techniques to the investigation of
stability are reviewed. Then, a detailed elucidation of the possi-
ble degradation mechanisms is summarized. Efficient strategies to
ameliorate the stability issues of Ru-based catalysts in PEMWE are
also presented. Lastly, perspectives on the existing challenges and
opportunities for Ru-based acidic OER catalysts are outlined.

2. Mechanistic studies on the stability of Ru-based OER
catalysts

2.1. Mechanism of the oxygen evolution reaction in acid

The OER is a complex multi-electron transfer process with dif-
ferent intermediates produced occurring at the anode. The reac-
tion kinetics is sluggish with the absence of catalysts, resulting in
a high overpotential, thus this half-reaction is a key factor limit-
ing the efficiency of water splitting [20,35,36]. In contrast to OER
in alkaline environment, OH,4, intermediate needs to be obtained
by water dissociation in acidic conditions leading to slower kinet-
ics [36,37]. Here we choose the most classical and accepted model
as the example to elaborate OER mechanisms in acidic media [38].

*4+Hy0— OH,gs +H + €~ (1)
OH,gs = O,qs +HT + e~ (2)
0,45 + HO — OOH 4, + H* + e~ 3)
OOH,4s — *+0, +H" + e~ (4)
Oags + Orat — 02 + Vo (5)
Vo +H;0 — Hygs +HT +e~ (6)
Hags = *+H" +e~ (7)
Overall: 2H,0 — 4H* + 0, +4e~ (8)

where the * represents the active sites on the catalyst surface, and
the “ads” represents adsorbed state of intermediates, the “Op,”
represents lattice oxygen, the “Vy” represents oxygen vacancy. The
above equations show two common mechanisms: adsorbate evolu-
tion mechanism (AEM, Eqgs. 1-4 and lattice oxidation mechanism
(LOM, Egs. 1, 2 and 5-7, the vast majority of current literatures re-
porting OER are based on them. Both of them enable efficient elec-
tron transfer processes by changing the electronic states around
the Fermi level. Typically, the OER undergoes AEM when there is
a metal band around the Fermi level and electrons transfer occurs
only through metal redox. Relatively, LOM would occur when there
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is an oxygen band around the Fermi level and electrons transfer
through metal or oxygen redox (Figs. 1a and b) [39].

Both AEM and LOM start with two sequential deprotonation
steps to form 0,4, in acidic media as Eqs. 1 and 2, followed by the
selection of corresponding reaction path. For AEM, it will undergo
Egs. 3 and 4, with surface-adsorbed O further reacting with H,O
to form OOH,4s and finally deprotonates to release O,. In contrast,
LOM will undergo Eqs. 5-7, which involves the direct reaction of
surface-adsorbed O with lattice oxygen to produce O, and the con-
comitant formation of oxygen vacancies, which will then be filled
with OH,q4s by the deprotonation of adsorbed water [40-42]. The
detailed process is illustrated by the OER of the RuO, (110) surface
(Fig. 1c) [41].

A critical difference between AEM and LOM is the source of
oxygen molecules, which is derived from water molecules for the
former and additionally originated from the lattice oxygen of ox-
ides for the latter [35,43]. From the above equations, it can be seen
that the conventional AEM mechanism involves multiple oxygen-
containing intermediates, such as OH,45, OOH,q4s, O,¢s. The binding
energies of the intermediates are linearly correlated with a scal-
ing relationship of AGgoy = AGpy +3.2+0.2eV [44], which means
that it is not possible to individually modulate the binding en-
ergy of a single intermediate, leading to high theoretical OER po-
tential of ~1.6V. Obviously, the LOM mechanism does not contain
OOH,4, intermediates, so it can break the above scaling relation-
ship between the binding energies of the OER intermediates and
reduce the energy barrier of the rate-determining step, thus re-
sulting in a reduced overpotential [3,45,46]. Generally, LOM tends
to occur in RuO, and Ru-based perovskites due to their structural
flexibility and weak Ru-O bonds, while for catalysts with more sta-
ble structures such as IrO,, AEM is more preferred [47,48]. There-
fore, the activity of Ru-based catalysts is superior to that of Ir, but
there is deficiency in terms of stability for Ru-based catalysts as
the dynamic formation and accelerated migration of a large num-
ber of bulk-phase Vg are usually accompanied by more severe
metal dissolution and structural collapse [40,49-54]. In addition,
the Vg generated in the LOM further induce over-oxidation of Ru,
and high-valent Ru dissolves in the electrolyte, which exacerbates
catalyst deactivation. Therefore, vast methods with electronic and
structural modulation such as doping with heteroatoms, construct-
ing heterogeneous interfaces, optimizing carriers, phase and facet
engineering are applied to mitigate metal dissolution, bulk lattice
oxygen migration, structural reconstruction and catalyst dropping
[55-59].

2.2. Evaluation protocols and techniques for the stability

Chronopotentiometry (CP), chronoamperometry (CA), accel-
erated stress test (ATL), stability-number (S-number), activity-
stability factor (ASF), etc. are usually used to evaluate the stabil-
ity of catalysts [60-65]. For CP tests, the current density of the
electrode is kept at a constant value such as 10 mA/cm?, then the
variation of overpotential is measured as an indicator to estimate
the durability of catalysts. The increase in overpotential during the
testing process corresponds to performance degradation [66,67].
Besides, CA is another reasonable method to assess the stability
[68]. A constant potential is applied to the electrode and the sta-
bility is then evaluated by comparing the retention of the cur-
rent [69]. AST is also a common employed approach by switch-
ing the potential between low and high value for a period of time
and measuring the retention of activity. It can simulate the fre-
quent start-up and shut-down process of practical PEMWE accord-
ing with the actual situation [70]. Additionally, in order to establish
a bridge between activity and catalyst dissolution, Geiger et al. in-
troduced the S-number defined as the ratio between the amount
of evolved oxygen and dissolved metal atoms in electrolyte. The S-
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Fig. 1. Schematic illustration of OER routes. Traditional (a) AEM (metal redox and (b) LOM (oxygen redox routes. The bonding bands exhibiting oxygen character are denoted
as (M-0). Owing to the on-site electron repulsion within the d orbitals, antibonding bands will split into empty upper and filled lower Hubbard bands (denoted as UHB and
LHB, respectively). ONB shows the non-bonding oxygen state. Reproduced with permission [39]. Copyright 2022, Springer Nature. (c) Schematic illustration of AEM and LOM
for OER on the RuO, (110) surface. Grey, red and white balls represent Ru, O and H atoms, respectively. Reproduced with permission [41]. Copyright 2023, Springer Nature.

number is independent of the surface of catalysts, amount of active
sites and catalyst loadings, thus it can elucidate the intrinsic stabil-
ity. The higher the number, the more stable the catalysts [33,34].
Similarly, the ASF defined as the ratio between the rate of oxy-
gen production and metal dissolution is also applied as a metric
to describe the stability [71]. Compared with the CP, CA and ATL,
dissolution of metal cations is regarded as the sole catalyst degra-
dation mechanism in the ASF and S-number. Nevertheless, partici-
pation of lattice oxygen, catalyst particles dropping and structural
reconstruction are also related with the attenuation of activity [68].
Therefore, using a single dimension is not appropriate to describe
the stability of catalysts precisely, and a cooperation of multidi-
mensional approaches should be considered comprehensively.
During the process of OER, surface reconstruction and elec-
tron transfer caused by strong oxidation and corrosive acidic en-
vironment are accompanied by water electrolysis [72]. The conse-
quential variation of atomic rearrangement and electronic state are
closely related to the stability of catalysts. Therefore, many struc-
tural characterization techniques have been introduced to evalu-
ate the durability [73,74]. For example, the X-ray diffraction (XRD),
transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS) images of the catalysts pre- and post-OER can
be analyzed to illustrate the changes in crystallinity, surface mor-
phology and electron distribution of the catalysts, which can reflect
the stability. Liu et al. reported a trace sulfur doped RuO,-based
nanosheet with long-term stability in acidic OER. To further prove
the superb stability, many ex situ methods such as Ru 3p and O
1s XPS, TEM, high-angle annular dark-field scanning transmission

electron microscopy energy-dispersive X-ray spectroscopy elemen-
tal mappings (HAADF-STEM-EDS), inductively coupled plasma (ICP)
were performed for the catalysts before and after stability test, and
almost no change in chemical valence, morphology, phase and ele-
ment distribution could be detected [75-77].

Moreover, by the virtue of in situ and Operando technology, re-
searchers can additionally characterize the dynamic and instan-
taneous variation aforementioned. Elucidating the kinetic process
of electrocatalysts at the electrode-electrolyte interface precisely is
the precondition to deeply understand its degradation mechanisms
but traditional ex situ techniques are unable to obtain sufficient
and consecutive information. Thus advanced in situ and Operando
tools are furtherly applied to provide critical understanding for the
design of highly stable OER catalysts [78]. Suntivich et al. [79] in-
vestigated the surface crystalline-to-amorphous evolution of SrirO3
during potential cycling (Fig. 2a) by using quasi in situ identical lo-
cation transmission electron microscope (IL-TEM). This phase re-
construction is confirmed to be related with the decreased sta-
bility due to the promoted dissolution of active sites and struc-
tural collapse. Shao-Horn and coworkers detected the structural
oscillations caused by the bubble generation and collapse using in
situ time-resolved environmental transmission electron microscope
(ETEM) (Fig. 2b) [80]. In addition to microscopy techniques, in situ
and Operando X-Ray techniques are also widely utilized to investi-
gate the evolution process and the degradation mechanism of the
catalysts. For example, Operando X-ray absorption near-edge struc-
ture spectroscopy (XANES) was performed to analyze the electronic
state of sodium-decorated amorphous/crystalline RuO, and found
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Fig. 2. (a) Visual summary of the X-ray thicknesses of amorphous IrOx layer and cross-section transmission electron microscopy (TEM) images of the pristine SrlrO; film after
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Reproduced with permission [81]. Copyright 2021, Wiley-VCH.

there was almost no change on the Ru K-edge XANES spectra in
the process of OER (Fig. 2c), which confirmed the excellent stabil-
ity resulted by the introduction of sodium element [81].

2.3. Degradation mechanism

The degradation mechanisms of Ru-based catalysts have been
the research focus for acidic OER electrocatalysis, which are cat-
egorized into four aspects in this paper, including dissolution of
Ru ions, lattice oxygen participation, reconstruction of catalysts and
peeling of catalysts, which will be described in the following sec-
tions. However, it should be noted that they do not act alone and
have an impact on each other, and in high potential corrosive envi-
ronments, one degradation usually leads to the occurrence of sev-
eral others. For example, the oxygen vacancies induced by cata-
lysts undergoing the LOM mechanism can aggravate the dissolution
of Ru particles thereby bringing about structural collapse, catalyst
peeling from the carrier, and other problems [82]. Therefore, it is
necessary to consider the stability of Ru-based catalysts from mul-
tiple perspectives.

2.3.1. Dissolution of ruthenium ions

It is found that the onset OER potential is always accompanied
by the dissolution of active sites, which is related to the nature,
morphology, structure and oxidation state of noble metals [83].
Mayrhofer et al. [84] investigated the dissolution of catalysts under
acidic OER environment by scanning flow cell/inductively coupled
plasma mass spectrometry (SFC/ICP-MS) and established a correla-
tion between stability and the Tafel slope for different noble metals
(Fig. 3a). Among them, Ru with the lowest Tafel slope exhibits the
least stability and the dissolution rate of RuO,(110) is 4.4 mL/h and
1.5mL/h at 1.8 Vyyg [85] and 1.6 Vgyg in 0.05 mol/L H,SOy4, respec-
tively [86].

The Pourbaix diagram of RuO, is shown in Fig. 3b [87], from
which the changes of the oxidation state for Ru at full pH and
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Fig. 3. (a) Correlation between stability and the Tafel slope for the OER for the no-
ble metals. Reproduced with permission [84]. Copyright 2014, Wiley-VCH. (b) Calcu-
lated Pourbaix diagrams of RuO, OER catalysts that resemble closely the experimen-
tal Pourbaix diagrams. Reproduced with permission [87]. Copyright 2020, Springer
Nature. (c) Sr, Ru, and O phases computed using DFT calculations. Black and red
dots represent thermodynamically stable phases and unstable phases, respectively.
(d) Chemical stability of SRO in contact with electrolytes. CV at 10mV/s was exe-
cuted at 0, 2, 4, 6, 8, 12, and 24h after the initial contact with the synthetic air
saturated electrolyte without agitation in HCIO4. Insets show the decrease of the
current density at 1.45 Vyye for every time interval (indicated by colored dots in
the black line) and the OCP collected during those contact periods (hollow blue
dots in the blue line). Reproduced with permission [92]. Copyright 2017, American
Chemical Society.

applied potential can be found. Metal Ru and RuO, are consid-
ered to be thermodynamically stable. However, potential-induced
dissolution would occur in the electrolyte during OER [88]. Al-
though the high-valent Ru obtained by oxidization can exhibit
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products for ReggsRugge40, and RuO, catalysts in H,'80 aqueous sulphuric acid elec-
trolyte. Reproduced with permission [95]. Copyright 2023, Springer Nature.

higher OER activity [55], due to the flexible redox state of Ru-based
catalysts, they will not form thermodynamically stable oxides dur-
ing the generation of O(H) ligands or oxidized lattice oxygen, but
tend to dissolve as HyRuO,%* and H,RuOs in acidic environment
with increased anodic potential. It has been suggested that the
over-oxidation of Ru-based catalysts in acidic electrolyte is mainly
caused by lattice oxygen oxidation, which means the generation
of oxygen vacancies would expose more surface Ru atoms during
OER that are susceptible to over-oxidation to produce high-valence
Ru oxides [29,68,89-91]. In addition to Vp-induced dissolution, va-
cancies generated with the dissolution of other metal ions in mul-
tivariate Ru-based catalysts will also exacerbate the peroxidation
of Ru. It has been reported that Sr-ruthenium oxides (SRO) films
have extremely high OER activity whether in acidic or alkaline en-
vironment and exist many thermodynamically stable phases (Fig.
3c) [92]. However, it exhibits poor stability in acidic OER processes,
and this trend can be seen in Fig. 3d, which clearly demonstrates
the rapid decay of SRO in acidic environment by CV and OCP curve.
It has even been reported to lose more than 85% of its initial ac-
tivity after 20 consecutive cycles in acid. The main reason for the
poor stability is the conversion of Ru*t into Ru™>+4 at high poten-
tial (above 1.3-1.4V) following the dissolution of Sr leading to per-
ovskite decomposition, thereby giving rise to the collapse of mixed
oxide structure.

2.3.2. Lattice oxygen participation

OER has two different pathways, the conventional AEM without
participation of lattice oxygen and the LOM that most Ru-based
catalysts prefer with lattice oxygen serving as active sites. The Ru-
O covalency is the key factor of LOM-based catalysts. When the
covalency is strengthened, an increased hybridization between Ru
4d and O 2p appeared. At this time, electrons can transfer from
oxygen to metal cations during OER, causing a redox reaction. The
reduced oxygen has higher degrees of freedom thus is prone to
release from the lattice accompanied with the formation of oxygen
vacancy. It is worth noting that the O 2p center should be high
enough, otherwise the escape of O from lattice would be restrained
(Fig. 4a) [93]. Due to the involvement of lattice oxygen, the scaling
relationship is broken up, leading to an elevation in OER activity
[72].
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However, lattice oxygen participation in LOM will decrease the
stability of catalysts compared with AEM. Notably, a reversible oxy-
gen vacancy refilling process would happen spontaneously in the
framework of LOM. Rong et al. discussed this refilling phenomenon
in perovskite and found that vacancies are thermodynamically un-
stable thus the ambient O in electrolyte would be prone to fill
the vacancies [51]. However, the rate of refilling is lower than
that of generation, hence adjacent unsaturated coordinated metal
cations dissolve quickly in the electrolyte. Therefore, the forma-
tion of oxygen vacancies would destroy the structure of catalysts
and reduce its corrosion resistance in acidic and oxidized envi-
ronment [51,55,94]. To further confirm this influence on catalysts,
the structural reconstruction of RuO, was researched after long-
term OER tests and the obvious transformation from crystalline
to amorphous phase could be observed (Fig. 4b). This difference
of structure originates from the escape of lattice oxygen and col-
lapse of structure, which is further demonstrated by isotope label-
ing method due to the prominent signals for 360, from reaction
product (Fig. 4c) [95]. In addition, with the deterioration of cata-
lyst structures, its affinity with support will also be affected due to
the occurrence of more flexible structure and bubbles, thus peel-
ing of catalysts from supports is inevitable, leading to the rapid
activity decline [88]. Paoli et al. observed the morphological alter-
ation of the as-deposited Ru under OER condition by electrochem-
ical scanning tunneling microcopy (EC-STM), and found that with
the increase of potential, Ru particles would disappear in the im-
age, which meant catalysts dropping from the support material due
to the more deteriorating Ru-O structure along with massive lat-
tice oxygen participation during OER [96]. Consequently, improving
OER activity by LOM at the expense of stability needs more con-
sideration, and it is urgent to set up a suitable tradeoff between
stability and activity.

2.3.3. Reconstruction of catalysts

Catalyst reconstitution typically refers to spontaneous changes
in terms of geometry, crystalline phase, components and electronic
structures at a given anode potential [97]. And metal catalysts
might form metal oxides or (oxy)hydroxides during the OER pro-
cess with a high oxidation potential. This process can be verified
by physicochemical analysis of the catalysts before and after the
reaction. Lee et al. [49] used time-dependent elemental analysis
method and found that Ru/MnO, underwent an in-situ dynamic
cation exchange reaction during the OER, triggering the reconfigu-
ration of Ru atoms into an ordered array of RuO, (Fig. 5a). Most of
the reconstructions facilitate the generation of new superior active
sites, resulting in increased activity [98,99]. But one of the great
challenges for surface reconstruction is the high rate of catalyst
dissolution thus leading to catalytic instability, which is known as
"transient dissolution mechanism". Cherevko et al. [84] tested the
dissolution profiles of Ru, Pt, Ir and found transient dissolution of
Ru-based catalysts can be observed at the potential lower than OER
potential, suggesting that the structural decay of the catalysts is
not only caused by the oxygen evolving process, but also related
to the oxidation and reduction process on their surfaces. The dis-
solved atoms may redeposit on larger particles in order to reduce
the surface free energy, which is the so-called Ostwald ripening
[100], leading to a rapid increase in particle size and catalyst deac-
tivation. Among the precious metals, Ru is relatively more suscep-
tible to agglomeration due to its high cohesive energy [101].

2.3.4. Peeling of catalysts

To prevent the diffusion, overoxidation and aggregation of ac-
tive sites in OER, the catalysts are usually anchored on a conduc-
tive substrate, and the interaction between substrates and cata-
lysts can also modulate the electronic structure of the active site
and further optimize their performance [102]. However, catalyst
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Fig. 5. (a) Schematic illustration for the in-situ reconstruction process of Ru/MnO,. Ey represents the standard redox potentials at 298.15K and a pressure of 1atm. Re-
produced with permission [49]. Copyright 2021, Springer Nature. (b) The contact angles of water droplets and underwater contact angles of gas bubbles on NF, Ru/NF,
¢-Ti3C,Tx/NF, and Ru/c-Ti3C,Tx/NF electrodes [109]. Copyright 2021, Elsevier. (c) Side views and top views of oxygen bubbles at 400 mA/cm?. (d) Time transition of transport
overpotential at 400 mA/cm? [110]. Copyright 2021, Elsevier. (e) Gas distribution radiographs through the anode PTL during operation. The top border is the PTL-Flow field
interface and the bottom border is the CL-PTL interface. Reproduced with permission [111]. Copyright 2020, Elsevier.

dropping from substrate due to the extreme reaction conditions
in acidic OER is one of the prime reasons of performance decay.
Carbon-based materials and transition metal oxides are the most
widely used supports for catalysts, yet they tend to corrode in
acidic and oxidized environment, leading to peeling of active sites.
As the potential increases, deterioration of the substrates becomes
more serious, which critically hinders their long term usage. For
carbon materials, they are likely to be oxidized by water to form
CO at a lower potential, and further oxidized to CO, when the po-
tential is greater than 0.9V [103-105]. For transition metal oxides,
it is arduous to make a trade-off between conductivity and stabil-
ity, such as CeO,, which have excellent conductivity, are prone to
dissolve in acidic environment, while other oxides with intensive
resistance to corrosion, such as TiO,, are limited by their sufficient
electron transfer ability [106].

In addition to substrates corrosion, catalysts would also drop
from the electrode due to the attack of massive bubbles gener-
ated in OER. During the OER, O, produced from active sites would
diffuse through the electrode interface [107]. However, due to the
limited solubility, bubbles prefer to emerge on the heterogeneous
interface with lower forming energy barrier and are evolved via
the sequent steps of nucleation, growth and detachment. The ac-
tive sites could be blocked undesirably by numerous bubbles, ac-
companied by mechanical force attacking to the connection be-
tween catalysts and electrodes or substrates, causing the attenu-
ated durability [108]. To establish the relationship between bubble
parameters and stability of catalysts. Kong et al. analyzed the sur-

face wetting ability and spillover rate of gas bubbles, finding that
the underwater bubble contact angles of Ru/NF is 158°, lower than
that in Ru/c-Ti3C,Tx/NF (169°), and the diameter of bubble de-
creased in the order of Ru/NF (120um) > Ru/c-Ti3C,Tx/NF (60 1m)
(Fig. 5b) [109]. A lager diameter and smaller contact angles im-
plies more tendency in detaching and more violent attack. The im-
pact of bubbles on stability varies with different current density.
At a low current density, the rate of bubble generation is small and
negligible. In contrast, it would be more intense at larger current
density and become the dominant factor of catalyst deactivation.
It is clear that electrodes with larger bubbles show higher overpo-
tential and overpotential fluctuation in Figs. 5c and d [110]. There-
fore, in the commercial PEMWE, the effect of bubbles should not
be neglected due to the complicated assembles and large working
current. The influence of bubbles on the PEMWE was investigated
systematically and the bubbles were proposed to travel from cat-
alyst layers (CL) to porous transport layers (PTL) and then car-
ried away by the water flow in the flow field (Fig. 5e) [111]. Dur-
ing the whole process, a large accumulation of bubbles blocks the
liquid-gas transport channel, and the stress generated due to the
detachment of bubbles can attack the assembles, causing struc-
tural oscillation and performance decay. Thus in the case of dy-
namic loads, bubble accumulation must be taken into considera-
tion. Besides, catalysts can peel from electrode due to the dete-
rioration of ionomers as well. Electrocatalysts should not be ap-
plied directly for electrocatalysis, unless they are uniformly loaded
on the electrode surface. In order to guarantee enough interaction
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and avoid the catalysts detachment, ionomers consisting of poly-
mers and ionic groups are employed as an important component
in electrocatalytic reaction [112-114]. Nafion is widely used in such
region because of its good proton exchange property and excel-
lent ionic conductivity [115,116]. Nevertheless, Nafion would de-
grade continuously in oxidized and acidic conditions. The chemi-
cal degradation of ionic groups may be caused by the nucleophilic
attack of water, oxidation of oxygen radicals and massive bubbles
in PEMWE, and the subsequent collapse of ionomer skeleton struc-
tures and weak interactions lead to the catalysts peeling [117,118].
As a result, the number of active sites on the electrode decreases
substantially, causing a severe activity degradation [88].

3. Strategies to improve the stability of Ru-based
electrocatalysts

As mentioned above, Ru-based catalysts are considered as
promising material to meet the practical application of PEMWE
due to their excellent OER activity in acidic conditions. However,
there is still a gap in stability between the actual level and in-
dustrial requirements. To address this challenge and promote their
further commercialization, many strategies have been attempted to
enhance their durability, including heteroatom doping, phase and
facet engineering, introduction of heterojunction and support opti-
mization [56,83,119-121]. In this section, we summarize the recent
research progress and hope to provide some inspirations for the
rational design of more stable Ru-based catalysts.

3.1. Heteroatom doping

Heteroatom doping, as a prevalent method of material modi-
fication, can not only enhance the activity of Ru-based catalysts,
but also improve their stability remarkably [57]. Lots of researches
have demonstrated that cations/anions doping can modulate the
electronic structure, chemical valence, and even reaction path of
catalysts, therefore suppressing the over-oxidation of active sites,
reducing the participation of lattice oxygen, finally enhancing their
stability [3,119].

By introducing additional elements, electron transfer between
Ru atoms and heteroatoms will occur due to their different elec-
tronic properties such as electronegativity, work function, thus
modulating the electronic structure of the Ru sites. The ternary
RuMoCeOy with different Ru/Mo/Ce ratios through the co-doping
of Mo and Ce into RuO, was fabricated by pyrolysis [57]. Compared
with commercial RuO, which decays quickly after several hours
OER test at 100 mA/cm?2, RuMoCeOy shows negligible change after
100 h test, manifesting its robust stability. The negative shift of Ru
3ds), peaks for RuMoCeOx compared with other samples in Fig. 6a
shows that the co-doped Ce and Mo act as electrons donators and
transfer electrons to Ru in RuMoCeOy. Therefore, Ru exhibits higher
electron density, making it more difficult to be over-oxidized dur-
ing OER and enhancing its resistance of dissolution. In addition to
transition metal cations, alkali cations such as Li* and Na* can
also be introduced to promote the stability of Ru-based catalysts.
Qin et al. reported an electrochemical lithium intercalation method
to form Ligs,RuO, solid solution to elevate the activity and dura-
bility of RuO,, which reached an ultralow overpotential of 156 mV
at 10mA/cm? in 0.5mol/L H,S0,4 and exhibited robust durability
during 70h chronopotentiometry test [122]. The intercalation of
lithium results in a coordination environment of Ru-O-Li and Li
can serve as a donator to transfer electrons to O (Fig. 6b). Hence
less electrons transfer from Ru to O, leading to a longer Ru-O bond
length and a decline in the valence state of Ru, enhancing its disso-
lution resistance. Besides, the doping of non-metallic elements can
also realize long-term operation for Ru-based catalysts. Liu et al.
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found that the limited durability of Ru-based oxides can be im-
proved by pre-trapping RuCl; precursors within an organic cage
compound with functional groups containing silicon, which lead to
well carbon-coated Si-RuOy particles (Si-RuOx@C) after calcination
[123]. Differentiating from the conventional RuO,, Ru is bonded to
one Si and three O atoms in Si-RuOx@C, implying that O in Ru-
O is partially replaced by Si. Since the weaker electronegativity of
Si than O, the average electron density of Ru in Si-RuOx@C is sig-
nificantly higher than that in RuO,, thereby suppressing the over-
oxidation of Ru and improve its corrosion resistance. The overpo-
tential of Si-RuOx@C at 10 mA/cm? merely increases by 10mV after
27,000 CV cycles. ICP test manifests that <2% Ru is lost, corrobo-
rating the preeminent stability.

Selective regulation of the OER path through elemental dop-
ing can also enhance the durability Ru-based catalysts [122]. Ow-
ing to the involvement of lattice oxygen, the catalyst structure is
disrupted and deteriorated, thus the dissolution rate of the cata-
lysts is accelerated, resulting in poorer stability for LOM than AEM.
Therefore, transferring the catalytic pathway from LOM to AEM
and inhibiting the escape of lattice oxygen can effectively enhance
the durability of Ru-based catalysts in acidic OER [83]. As men-
tioned above, the Li-doped RuO, regulates the electronic structure
of Ru to enhance its stability [122]. However, the effect of sup-
pressing the participation of lattice oxygen should not to be ne-
glected. The absorption edge position in the normalized Ru K-edge
XANES has a positive shift for LixRuO, relative to pure RuO, (Fig.
6¢), indicating that the structure of Ru-O-Li can reduce the cova-
lency of Ru-0, so that the participation of lattice oxygen would be
suppressed (Fig. 6d). What is more, Wang et al. reported an in-
genious strategy to stabilize RuO, with interstitial C through the
joint evaporation of Se and combustion of C [124]. It maintains
the activity without any obvious decay after 50 h test under highly
acidic conditions at current densities of 20 and 50 mA/cm?, sub-
stantially surpassing the commercial RuO, without additional dop-
ing. DFT calculation indicates that the dissociation energy of %O
(AGq) for RuO, with interstitial C is 0.8 eV higher than undoped
RuO,, representing the lattice oxygen atom need more energy
to dissociate. Besides, the elongated Ru-O gap owing to the C-O
from introduction of interstitial C can enhance the dissolution re-
sistance. Jin and co-workers changed the OER pathway of RuO,
with Re dopants in RegggRugg40,, leading to a high S-number of
4.0 x 10° noxygen/ng, and negligible attenuation after a continuous
200h test at 10mA/cm? [95]. Different from the static electron re-
distribution in traditional doping, the introduction of Re enables
dynamic transfer of electrons (Fig. 6e). At 1.35-1.5V, Re dopants
accept electrons from Ru, oxidizing and activating Ru sites. At a
high potential region of 1.5-1.6V, electrons transfer from Re back
to Ru to prevent Ru sites from over-oxidization and maintain stable
catalytic performance. In situ attenuated total reflectance surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) further
determines the actual OER pathway on RegyggRugg4O, though
a distinct absorption peak at 1224cm~! attributed to the 0-O
stretching of *OOH (Fig. 6f). The peak intensity increases linearly
when the potential becomes higher, confirming the typical AEM
pathway. Relatively, RuO, demonstrates the unidentifiable *OOH
with weaker intensity after OER on-site, which affirms the LOM
pathway.

3.2. Phase and facet engineering

Solid materials with different atomic arrangements (i.e., crys-
talline phases) usually have different electronic structures, which
not only determine the strength of adsorption of reaction inter-
mediates, but also affect the strength of chemical bonds and al-
lotropic environment, which are related to the stability of the cat-
alysts [125-130].
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Fig. 6. (a) XPS spectra of Ru 3d spectra for RuO,, Ru3CeOx, Ru3;MoOy, and RusMoCeOx [57]. Copyright 2023, Elsevier. (b) The charge density distribution of the O* and
OOH* absorbed on the (110) surface of RuO, (Up) and LipsRuO, (down). (c) Normalized Ru K-edge X-ray absorption near-edge structure (XANES) spectra. Inset: the first
derivatives of the Ru K-edge XANES spectra of RuO, and LixRuO,. (d) O K-edge soft XAS of LixRuO, and RuO,. Reproduced with permission [122]. Copyright 2022, Springer
Nature. (e) Potential dependence of band intensity of characteristic vibration adsorption of surface-adsorbed *OOH. (f) In situ ATR-SEIRAS spectra for RepggRugg40, during
multi-potential steps. Reproduced with permission [95]. Copyright 2023, Springer Nature.

It has been shown that Ru in the face center cubic (fcc) phase
is more stable than Ru in the hexagonal close-packed (hcp) phase
by exposing more low index crystalline surfaces, and that rutile
phase RuO, is more stable than metallic Ru [131-134]. However, in
general, the increase in stability is accompanied by a decrease in
activity, so it is of great value to balance the relationship between
catalytic activity and stability. Cherevko et al. [135] prepared struc-
turally well-defined IryRu;_4O, nanoparticles by the surfactant-free
and rapid flame spray pyrolysis (FPS) method to investigate the
composition- and phase-dependence for OER catalysts. The as-
prepared nanoparticles (IrxRu;_4Oy) present an amorphous coral-
like structure with a hydrous Ir-Ru oxide phase, which transforms
to a rutile-type IryRu;_xO, during post-synthetic thermal treatment
and Ir selectively biases toward its topmost surface (Fig. 7a). Since
RuO, in rutile phase shows better durability compared to amor-
phous Ru oxides, IrxRu; 4Oy presents a higher OER activity and
worsened stability due to the unstable Ir'l/Ru" (oxy)hydroxides,
whereas rutile-type IryRu;_4O, has a lower activity but improved
stability (1000-fold lower Ir/Ru dissolution) as demonstrated by
the almost unchanged nanoparticle morphologies and Ir:Ru surface
compositions before and after cycling (Fig. 7b).

The crystal surface also has a large effect on the stability of
catalysts. High index surfaces with more steps, kinks and defects
are more active in catalysis owing to the more active sites and
lower coordinated numbers. However, due to the defects and un-
coordinated environment, these surface atoms are prone to be
over-oxidized and dissolution, leading to a worse stability [134].
Gloag and co-workers [23,136,137] demonstrate that Ru nanopar-
ticles with a low-index facets actually exhibit higher OER stabil-
ity in acidic electrolytes compared to non-faceted nanoparticles.
They developed a synthetic method to obtain Ru branches with
low-index facets exposed (Fig. 7c) at low ratios of dodecylamine
(DDA) surfactant to Ru precursor. The TEM image in Fig. 7d shows
the successful synthesis of Pd-Ru branched nanoparticles, and the
branches are terminated by low index {0001} and {1011} facets
of a hcp crystal structure (Fig. 7e), resulting in a hexagonal pyra-
mid shape. The selective exposure to {0001} {1011} planes for Au-
Ru and Pd-Ru branched nanoparticles can significantly inhibit the

dissolution of Ru species, which are superior to other amorphous
monometallic Ru. Markovi¢ et al. [82] prepared strontium ruthen-
ate (SrRuO3) single-crystal thin films (SRO(hkI)) with good OER
properties on Nb-doped SrTiO3 single-crystal substrates and found
that the activity of the SRO films increases in the order (001) <
(110) < (111). They conclude that both stability and activity are
controlled by the potential-induced transformation of stable Ru**
to unstable Ru™4*+, which is determined by the co-decision of
electronic effects (surface energy) and morphological effects (sur-
face defects). Because the SRO (001) surface is the least defective
surface, it has the lowest activity. But it is more stable due to the
non-polar feature and the reduced surface energy.

3.3. Heterostructure building

In heterojunction catalysts, electrons can be rearranged at the
heterojunction interface, and the lattice strain will also occur at the
heterogeneous interface of two crystals with mismatched lattice
constants. Therefore, the activity and stability of catalysts would be
optimized through electronic structure effects and surface struc-
tural effects [139]. For Ru-based catalysts, their stability can be im-
proved through heterojunction in two ways. Firstly, another group
of components transfer electrons to Ru through the heterogeneous
interface, thus inhibiting the transition of Ru to higher valence
state and preventing it from dissolving in acidic media [139,140].
Secondly, heterojunctions like core-shell structure can inhibit the
dissolution of Ru [141,142].

There are various strategies for the synthesis of heterostruc-
tures, including seed crystal growth, hydrothermal synthesis, solid-
phase synthesis, chemical reduction, and replacement methods
[143]. Crystal synthesis and solid-phase synthesis are easy to
control the morphology and particle size of heterojunctions; hy-
drothermal method can obtain high crystallinity heterojunctions;
chemical synthesis and replacement method can introduce target
elements into heterojunctions [144]. Ru-based heterojunction cat-
alysts can also be synthesized with these methods, and different
synthetic strategies are chosen according to different needs. Liu
et al. [145] synthesized a Ru/Ru0O,-Co304 heterojunction (Figs. 8a
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in (a). Reproduced with permission [145]. Copyright 2023, American Chemical So-
ciety. (c) Schematic illustration of the regulation of the Ru-O bonding environment
in RuOy and (Ru-W)Oy [146]. Copyright 2023, Wiley-VCH. (d) Schematic illustration
for the in situ synthesis of Sb-SnO,@RuOx on CC [141]. Copyright 2023, American
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and b) by thermal treatment of Ru3* coating ZIF-67 in air using
a cobalt-based zeolite imidazolate skeleton (ZIF-67) as a sacrifi-
cial template. The heterojunction exhibits excellent catalytic activ-
ity and stability toward OER in acidic media (0.1 mol/L HClO4) with
226mV overpotential at 10mA/cm? and small increase in over-
potential after 19h continuous testing. The excellent stability of
Ru/Ru0,-Co304 comes from two aspects: (1) After annealing, the
catalyst surface is covered with a thin carbon layer, which can ef-
fectively protect the catalyst from corrosion; (2) Co304 adjacent
to RuO, provides electrons to reduce the valence state of Ru and
weaken the Ru-O covalency, which greatly inhibits the dissolution
of Ru thus enhancing its stability. Peng et al. [146] fabricated ro-
bust inter-doped tungsten-ruthenium oxide heterostructure [(Ru-
W)0x] by a solution combustion and calcination. The inter-doped
(Ru-W)Ox heterostructure exhibits an overpotential of 1770 mV at
10mA/cm? and excellent stability up to 300h in acidic electrolytes.
More impressively, PEMWE can be stabilized at 0.5 A/cm? for 300h
by using (Ru-W)Ox as the anode, demonstrating its potential for
practical applications. Its excellent stability stems from the high-
valent W species, which alleviates the distorted octahedral RuOg
structural unit by shortening the Ru-O bond length during the OER
process to improve the stability of catalysts (Fig. 8c).

Core-shell structure, as an unique heterostructure with the
main active site located on the exposed outer surface component,
have been widely designed for Ru-based catalysts [147]. When Ru
or RuOy are used as shells, they mainly act as active sites for OER,
and usually the nuclear materials transfer electrons to the shells
in order to inhibit the dissolution of active sites brought about by
excessive oxidation of Ru/RuOy. Bera et al. [141] prepared in situ
crystallized antimony-doped tin oxide (Sb-SnO,@RuOy) core-shell
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structured nanosheets (NSs) (Fig. 8d) with enhanced OER stabil-
ity. The catalyst was synthesized by atomic layer deposition (ALD)
of a Ru conformal films on Sb-doped tin sulfide NSs followed by
controlled heat treatment. Its excellent stability not only comes
from the strong interaction between components resulting from in
situ crystallization, but also the core-layer 2D architecture of Sb-
SnO, restricting the valance transformation from Rue, to RuXt.
When Ru or RuOx act as the nucleus, it generally captures elec-
trons from the shell structure to avoid its own dissolution and reg-
ulates the electronic structure of the shell layer to optimize the
adsorption of reaction intermediates. Qiao et al. [89] constructed a
Ru@IrOyx core-shell structure with a highly strained Ru core and a
partially oxidized IrOx shell. The relatively high-valence state of Ir
in Ru@IrOy makes Ru less prone to be further oxidized into soluble
species to protect Ru core, thus avoiding a significant loss of active
sites.

3.4. Support optimization

As an excellent and impeccable support, it should have out-
standing conductivity, prominent stability, rich specific surface area
to disperse catalysts uniformly, and ability to regulate the elec-
tronic structure of catalysts appropriately [83]. Carbon-based ma-
terials are usually chosen as supports for electrocatalysis because
of their high specific surface area and superior conductivity [104].
Nevertheless, in acid OER, the stability of carbon is not satisfactory
due to the high operation potential caused corrosion. Besides, the
actual oxidation potential of carbon not only depends on the ele-
mental nature itself, but also correlates with its surface properties
such as crystallinity, electron distribution and types of functional
groups [83]. So tremendous efforts have been done to optimize it
or try to find another suitable alternative like metal oxides [106].

Optimizing the surface properties and constructing a robust
catalyst-support interface is extremely effective to improve the cor-
rosion resistance of carbon-based materials [55,75]. Cui et al. re-
ported the electron-rich graphene encapsulated RuNi nanoparti-
cles (RuNi,@G-T) via a controllable oxidation (Fig. 9a) [56]. On one
hand, the presence of graphite shell can effectively inhibit the ag-
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gregation and detachment of metal particles during OER process,
on the other hand, the electron-rich surface can enhance the cor-
rosion resistance of the graphene under harsh acidic environment.
In addition, the interaction between graphite and RuO, results
in electron rearrangement, causing more electrons transfer from
C to Ru and simultaneously maintaining an electron-rich state of
graphite, which prevents Ru atoms from over oxidation and dis-
solution, demonstrating a negligible change of chemical state and
structure after dozens of hours of constant current chronopoten-
tiometry test (Figs. 9b and c). Through heteroatom doping and
modification, the poor stability of C-based materials can be signif-
icantly improved. Ultra-small Sn-doped RuO, particles supported
on the N-doped carbon polyhedral was synthetized using a simple
impregnation method [148]. Compared with pure carbon, the in-
troduction of N not only benefits the formation of porous carbon
structures with relatively large specific surface, but also optimizes
the electron rearrangement between C and RuO,. As a result, suit-
able adsorption strength with intermediates and enhanced corro-
sion resistance are obtained at the same time, which displays an
ultra-stable performance after more than 150h at 10 mA/cm2. In
addition to mono-element doping, carbon materials co-doped with
multiple elements have also been reported in the field of electro-
catalysis, such as ORR, HER, including N, P co-doped carbon ma-
trix, N, O-co-doped graphene nanorings-integrated boxes, B, N co-
doped graphene [149-151]. However, the application of this multi-
element doped C material as a substrate in Ru based catalysts for
acidic OER is still limited and needs future research.

Apart from carbon materials, metal oxides or other compounds
also attract great attention due to their excellent physical and
chemical properties, and have been widely applied in electrocatal-
ysis [152]. For example, TiO, is considered as an ideal support
owing to the high specific surface area and strong corrosion re-
sistance in acidic environment. A defective RuO,/TiO, heterostruc-
ture in situ growth on Ti mesh (D-RuO,/TiO,/TM) was reported and
demonstrated slight change of overpotential after dozens of hour
test [153]. The exciting durability is ascribed to the strong stabil-
ity of TiO, itself and the metal-support interaction induced elec-
tron transfer from TiO, to RuO,, resulting in a decrease in the va-
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Table 1
OER performance of Ru-based electrocatalysts.
Catalyst Electrolyte Overpotential Stability Refs.
(10 mA/cm?)

RuMoCeOy 0.5 mol/L H,SO4 164 100 h@100 mA/cm? [57]

Lip5,Ru0; 0.5 mol/L H,S04 156 70 h@10 mA/cm? [122]
Si-Ru0x@C 0.5 mol/L H,S04 220 100 h@10 mA/cm? [123]
C-Ru0,-RuSe 0.5 mol/L H,SO4 212 50 h@50 mA/cm? [124]
Reg.06RUg.9402 0.1 mol/L HCIO,4 190 200 h@10 mA/cm? [95]

Ru/Ru0,-Co304 0.1 mol/L HClO4 226 19 h@10 mA/cm? [145]
(Ru-W)Ox 0.5 mol/L H,S04 170 300 h@500 mA/cm? [146]
Sb-Sn0, @RuOy 0.5 mol/L H,S0O4 295 10 h@10 mA/cm? [141]
Ru@IrOy 0.05 mol/L H,S04 282 24 h@10 mA/cm? [89]

RuNi, @G-T 0.5mol/L H,SO4 227 24 h@10 mA/cm? [56]

Sng 1-RuO, @NCP 0.5 mol/L H,S04 178 150 h@10 mA/cm? [148]
Ru0,/D-TiO, 0.5 mol/L H,S04 180 100 h@200 mA/cm? [154]
s-Ru0,/ATO 0.1 mol/L HClO4 198 150 h@10 mA/cm? [58]

SrRug51rg 503 0.1 mol/L HCIO,4 242 50 h@10 mA/cm? [162]
IrRu@Te 0.5 mol/L H,S04 220 20 h@10 mA/cm? [66]

(Ru, Mn),;03-250 0.5 mol/L H;S04 168 40 h@10 mA/cm? [163]
Mn/Ru/RuO, @CNT 0.5mol/L H,S04 177 100 h@10 mA/cm? [164]
IrRu@CM 0.1 mol/L HCIO,4 210 120 h@10 mA/cm? [165]
RuCoO4@LLCF 0.1 mol/L HClO4 256 110 h@10 mA/cm? [166]
Mn-Rulr NCT 0.1 mol/L HCIO4 198 180 h@10 mA/cm? [167]
Sr—Ru-Ir oxide 0.5mol/L H,S04 190 1500 h@10 mA/cm? [168]
Ru-Ui0-67-bpydc 0.5 mol/L H,S04 200 140 h@50 mA/cm? [169]
Ru@Ir-0 0.5 mol/L H,S0, 238 40 h@10 mA/cm? [170]
Ru/Se-Ru0, 0.5 mol/L H,SO4 190 24 h@10 mA/cm? [171]
Rug51rg 50, 0.5 mol/L H,S04 151 620 h@10 mA/cm? [172]
PtCo-Ru0,/C 0.5 mol/L H,S04 192.5 100 h@10 mA/cm? [59]

Y,MnRuO; 0.1 mol/L HCIO,4 270 40 h@10 mA/cm? [173]
RugsW17.4049.5 0.1 mol/L HCIO,4 252 45 h@10 mA/cm? [174]
RuCoOy 1 mol/L HCIO4 200 100 h@10 mA/cm? [175]
CdRu,IrOx 0.5 mol/L H,S04 189 1500 h@10 mA/cm? [176]
Ru/TiO, 0.5 mol/L H,S04 174 37 d@10 mA/cm? [177]
Nbg 1 Rug 90, 0.5 mol/L H,S04 204 360 h@200 mA/cm? [178]
Mn-Ru0, 0.5mol/L HyS04 143 480 h@10 mA/cm? [179]
NC@Vo--Ru0, /CNTs-350 0.5 mol/L H,S0, 170 900 h@10 mA/cm? [180]

lence state of Ru and an improvement in over-oxidation resistance.
Despite excellent stability, TiO, shows unsatisfied activity due to
the poor conductivity compared to carbon materials. Therefore, it
is necessary to modify TiO, to boost its electron transfer dynamics
thus balancing the OER activity and stability. Wang et al. modified
the electronic properties of TiO, by introducing oxygen vacancies
(D-TiO,) and dispersing RuO, nanoparticles on it evenly (Figs. 9d
and e) [154]. XPS results in Fig. 9f indicate that compared with or-
dinary TiO,, the one rich in oxygen vacancies can lead more elec-
trons transfer from Ru to the neighboring Ti sites at the RuO,/D-
TiO, interface, achieving the electron redistribution and improv-
ing the adsorption energy between active sites and intermediates.
Consequently, the inactivation resistance and electron transfer ki-
netics are optimized. A minimal voltage variation of 16 mV is ob-
served for RuO,/D-TiO, after 100 h of stability tests at 200 mA/cm?
in a PEM electrolyzer even at 80°C under ambient pressure, con-
firming the possibility of improving both catalyst activity and sta-
bility simultaneously by support optimization. Heteroatom dop-
ing is also an available strategy to regulate the electron configu-
ration of metal oxides. Huang et al. reported the tensile strained
RuO, nanorods growing on antimony-tin oxide (ATO) particles us-
ing the Co-hexamethylenetetramine metal-organic framework (Co-
HMT) as precursor via fast-quenching method [58]. PEMWE using
s-Ru0,/ATO as the anode shows no significant decline even af-
ter 40h due to the incorporations of ATO substrate. In addition
to ATO, other heteroatoms doped tin oxide such as FTO (fluorine-
doped tin oxide) and ITO (tin-doped indium oxide) also exhibit
superior conductivity and are expected to be used for acidic OER
in the future research [155,156]. Compared to metal oxide, other
metal compounds like transition metal carbides are also regarded
as promising substrates for acidic OER by virtue of their intriguing

1

electron transfer dynamics and corrosion resistance [157]. The de-
pendence of common transition metal carbides between stability
in electrolytic solutions and pH was explored and the carbides of
group VI transition metals showed a robust durability under a wide
pH and electrochemical potential range. Furthermore, WC displays
the largest region of stability at low pH through the CP and CV
tests [158]. Based on the above experimental results, Sun et al.
successfully anchored RuO, particles on WC, achieving the elec-
tron transfer from WC to Ru atom and optimizing the surrounding
electronic structure due to the strong metal-support interaction,
which not only reduced the reaction barrier, but also prevented Ru
sites from over-oxidation and dropping to realize the durable OER
performance in acidic media [159]. Other transition metal carbides
such as VC, TiC, TaC, have also been reported as promising sup-
port materials. Moreover, the modification of metal carbides, like
N-doped WC, has demonstrate sufficient activity and stability as
well in acidic OER and HER [160,161]. However, there are still few
reports on metal compounds supported Ru based catalysts in such
fields, and more efforts are needed to push the stability of catalysts
to the next stage.

In order to visualize the activity and stability of a variety of
Ru-based catalysts in acidic environment, Table 1 summarizes the
OER performance of Ru-based catalysts reported in the previous
literatures [56-59,89,95,122-124,141,145,148,154,162-180].

4. Conclusions and perspectives

High performance acidic OER electrocatalysts plays a key role in
realizing the wide application of PEMWE. Ru-based catalysts have
excellent activity and relatively lower cost among the currently re-
ported noble metal-based catalysts. The problem hindering their
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further commercialization is their limited stability. In this paper,
four deactivation mechanisms of Ru-based catalysts are presented,
including dissolution of ruthenium ions, lattice oxygen participa-
tion, reconstruction and peeling of catalysts. Based on the elec-
tronic effects (electron transfer between other components and Ru)
and structural effects (the arrangement of atoms for Ru-based cat-
alysts), four methods to improve the stability of Ru-based cata-
lysts are summarized, in terms of heteroatom doping, phase and
facet engineering, heterostructure building and support optimiza-
tion. By improving the stability of Ru-based catalysts through the
above-mentioned engineering without sacrificing their activity, we
believe that Ru-based catalysts will be the key asset for acidic OER.
Although great progress has been made in Ru-based electrocata-
lysts, there are still several problems for their further development.

First, more in-situ characterization techniques should be carried
out. The reaction mechanism of OER which is an important guide
for designing highly stable materials is still ambiguous. In recent
studies, more and more experimental results have revealed that
catalysts would undergo reconstruction during the reaction and
dynamic chemical changes on the surface occur throughout the
process, which would challenge the traditional mechanism based
on the assumptions of well-defined electrode and electrolyte in-
terface. Most characterization techniques can only show the state
of catalysts before/after the reaction, and the active site may ex-
hibit reversible structural changes during the OER process, so this
cannot infer a complete dynamic degradation process. On the other
hand, catalysts will inevitably be exposed to air before being trans-
ferred into overhead devices, so the detected surface structure is
not completely realistic. In-situ characterization techniques of de-
tecting the catalytic structure changes in a real-time manner are
still scarce and more test techniques need to be upgraded to fol-
low the changes in active sites during acidic OER.

Second, the disparity between laboratory test environment and
industrial applications should be closed. The corrosion mechanism
of catalysts is closely related to the current density, meaning that
catalysts with stable performance in laboratory scale testing may
not be stable under industrial operating conditions with high cur-
rent densities. Anode catalysts are subjected to very harsh op-
erating conditions in practical applications, including mechanical
stresses formed by oxygen bubbles, as well as potential gas pock-
ets in the porous structure of the catalyst layers, and localized hot
spots due to high current densities or the resulting complexation
of oxygen and hydrogen in the membrane. In addition, membranes,
impurities, and ionomers will all have an effect on the stability
of PEM-based electrolyzers. In particular, the stability of mem-
branes is critical, as free radical intermediates such as hydroxyl
(HO) would attack the backbone of the ionomer, leading to chain
breakage, decompression, loss of functional groups and membrane
thinning. Therefore, more research is needed to narrow the gap
between laboratory scale and practical application of electrolyzers
component design.

Third, descriptors on stability should be extended. Several ex-
isting descriptors for evaluating the stability of catalysts are mostly
affected by their ECSA and loadings, and it is crucial to establish a
unified benchmark for comparing the intrinsic stability of various
catalysts, similar to S-number. Whereas in terms of the OER mech-
anism, the solvation of lattice oxygen by the LOM poses a great
challenge to stability, and the strength of the Ru-O bond, the crys-
tallinity of the materials, the vacancy formation energy, etc. can
all be used as important indicators to evaluate their stability. The
unification of these factors is of great significance for the design
of stable Ru-based catalysts with high activity. There are fewer de-
scriptors to comprehensively assess the stability of catalysts, which
results in relatively homogenous stability tests and one-sided re-
sults, so it is also critical to establish and develop additional as-
sessment metrics.
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