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Abstract

The unavailability of high-performance and cost-effective electrocatalysts has impeded the large-scale deployment of
alkaline water electrolyzers. Professor Zidong Wei’s group has focused on resolving critical challenges in industrial alkaline
electrolysis, particularly elucidating hydrogen and oxygen evolution reaction (HER/OER) mechanisms while addressing
the persistent activity-stability trade-off. This review summarizes their decade-long progress in developing advanced elec-
trodes, analyzing the origins of sluggish alkaline HER kinetics and OER stability limitations. Professor Wei proposes a
unifying “12345 Principle” as an optimization framework. For HER electrocatalysts, they have identified that metal/metal
oxide interfaces create synergistic “chimney effect” and “local electric field enhancement effect”, enhancing selective in-
termediate adsorption, interfacial water enrichment/reorientation, and mass transport under industrial high-polarization
conditions. Regarding OER, innovative strategies, including dual-ligand synergistic modulation, lattice oxygen suppres-
sion, and self-repairing surface construction, are demonstrated to balance oxygen species adsorption, optimize spin states,
and dynamically reinforce metal-oxygen bonds for concurrent activity-stability enhancement. The review concludes by

addressing remaining challenges in long-term industrial durability and suggesting future research priorities.

Keywords: Alkaline water splitting; Hydron evolution reaction; Oxygen evolution reaction; Intrinsic activity; Stability

1. Introduction

Since the Industrial Revolution, the extensive
combustion of fossil fuels has powered global devel-
opment, while triggering severe energy crises and
irreversible environmental damage [1-3]. The unsus-
tainable extraction of finite fossil resources now jeop-
ardizes humanity’s sustainable future, necessitating
urgent transitions to renewable energy alternatives
[4-6]. Hydrogen, recognized as an ideal energy carri-
er due to its natural abundance, high energy density,
and zero-carbon footprint, has emerged as a pivotal
solution [7, 8]. While conventional hydrogen pro-
duction relying on fossil fuels poses environmental
risks, electrochemical water splitting offers a cleaner
pathway. Therefore, integrating renewable electricity
from solar, wind, and hydropower enables sustain-
able green hydrogen generation, marking a transfor-
mative shift toward carbon neutrality [9-11].

Water splitting or water electrolysis (WE) can be
divided into three categories: alkaline water electrol-
ysis (AWE) [10], proton exchange membrane water
electrolysis (PEMWE) [12], and solid oxide electrol-
ysis cells (SOEC) [13]. Currently, AWE is the only
commercialized technology owning to its relatively
low manufacturing costs. Thermodynamically, the
potential of water electrolysis (WE) is 1.23 V, while
the cell voltage of industrialized AWE commonly
reaches 2.0 V and is even higher [14]. This mainly
arises from the high overpotential associated with
the hydrogen evolution reaction (HER) at the cath-
ode and the oxygen evolution reaction (OER) at the
anode [15-21]. Therefore, both half-reactions require
highly active electrocatalysts to lower the overpoten-
tials and enhance the overall energy conversion effi-
ciency. Some noble metal-based materials (Pt/C for
HER and RuO, or IrO, for OER) have been employed
in AWE devices. However, their natural scarcity, high

price, and unsatisfactory stability significantly bar-
rier their wide application. Despite the fact that nu-
merous non-noble metals based materials have been
attempted as substitutes for OER/HER electrocata-
lysts, such as transition metallic alloys [22-27], phos-
phides [28-34], carbides [35-41], nitrides [42—-45], and
sulfides [46-50], their performance still needs to fulfil
the requirements of industrialized AWE. This chal-
lenge aligns with the fifth question in the Journal of
Electrochemistry’s “Top Ten Scientific Questions in
Electrochemistry”: How to rationally design efficient
and long-lasting low/non-platinum electrocatalysts
and enable their large-scale production [51]? There-
fore, developing highly active, stable, non-precious
metal electrocatalysts for AWE represents an urgent
research priority.

The Wei’s Group at Chongqing University has
intensively studied alkaline water-splitting mecha-
nisms and advanced electrode engineering, focusing
on overcoming HER/OER challenges in WE for in-
dustrial-scale applications. To tackle the slow HER
kinetics in alkaline electrolytes caused by water
serving as both reactant and solvent, the group has
proposed effective strategies to enhance active wa-
ter’s mass transfer, activate water dissociation, and
optimize hydrogen adsorption and desorption. In ad-
dressing the challenge of the trade-off between OER
activity and stability, the group focuses on modulat-
ing the bonding states of electrocatalysts, balancing
the adsorption strength of multiple intermediates,
and suppressing the lattice oxygen participation in
OER. These approaches allow for the simultaneous
improvement in the activity and stability of the OER
electrolysts. The deep understanding of alkaline wa-
ter electrolysis mechanisms established by the Wei's
group provides a comprehensive theoretical basis
and technical strategy for achieving large-scale ener-
gy conservation and efficiency improvement.
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2. The Critical Characteristics of the
Water-Splitting Mechanism

Electrochemical water splitting (H,O(l) - H,(g)
+ 1/20,(g)), a reaction involving only one water
molecule activation and dual gaseous product gen-
eration, appears deceptively simple in its stoichio-
metric representation. Researchers have extensively
evaluated numerous potential HER/OER catalysts,
testing nearly all electrochemically viable elements
across the periodic table, except alkali metals, alka-
line earth metals, noble gases, and radioactive ele-
ments. Various activity-enhancing strategies have
been proposed, including nanoscale catalyst engi-
neering, exposing more active sites, lattice oxygen
activation, and key intermediate adsorption ener-
gy modulation. However, the ideal electrocatalyst
configuration with optimal elemental composition,
crystal structure, and morphology simultaneously
delivers both high activity and long-term stability
remains elusive. The complexity mainly arises from
the multifaceted nature of the reaction, where the
reaction kinetics and stability depend not mere-
ly on electrode intrinsic properties but crucially
on the dynamic transport processes at electrode/
electrolyte interfaces, especially reactant diffusion
and bubble evolution [47, 52-59]. These factors are
closely linked to gas electrodes’ chemical composi-
tion, state, structure, physical morphology, and me-
chanical strength. To systematically address these
challenges, the Wei's research group has proposed
a “12345 Principle” framework elucidating critical

characteristics in water electrolysis (Fig. 1). This
conceptual model comprises: 1. The participation of
one water molecule in the electrolysis process; 2. The
breaking of two O-H bonds; 3. The involvement of
a three-phase boundary in catalysis; 4. Four effects
can be considered to improve catalytic performance:
electronic, geometrical, electric field, and interfacial
effects; 5. Five adsorbed species participated (H¥,
OH*, O*, OOH¥*, and H,0).

Firstly, dissociating one water molecule into hydro-
gen and oxygen gas under an electric field involves
breaking two types of O-H bonds, whether in an
acidic, a neutral, or an alkaline solution. As summa-
rized in Table 1 regarding currently proposed HER
and OER mechanisms (Reactions 2.1-2.7 for HER and
2.8-2.20 for OER), both the HER mechanism (Reac-
tions 2.4) and OER mechanism (Reactions 2.9, 2.11,
2.13, 2.14, 2.18, 2.19) involve O-H bond cleavage. Re-
action 2.4 represents the formation of hydrogen ad-
sorbates (H*) on the electrocatalyst surface through
water dissociation in alkaline electrolytes, while the
latter describes the generation of oxygen-containing
intermediates during the OER process. Although
these two types of reactions appear mechanistically
distinct, they are fundamentally coupled to sustain
continuous water electrolysis because the HER exhib-
its significant pH dependence, with both its reaction
pathway and kinetics being strongly influenced by
the pH of electrolytes [52]. For example, a 1 mol-L™
or 6 mol-L™ acid electrolyte allows H*(aq.) to support
a maximum capacity of 26.8 Ah or 6 x 26.8 Ah, indi-
cating that without continuous proton replenishment

Table 1. Summary of HER/OER mechanisms

HER mechanism

Acid solutions [52, 53, 60]

Alkaline and neural solutions [61-63]

Electrode reaction 2H*(aq.) +2e” — H,(g);

Volmer H*(aq.) + * + e — H*;
Heyrovsky H* + H*(aq.) + e — Hy(g);
Tafel

21 2H,0() + 2¢- — H,(g) + 20H (aq.); 24
22 H,O(l) + * + e — H* + OH (aq.); 25
23 H,0(l) + H* + e — H,(g) + OH (aq.); 26
H* + H* — H(g) 2.7

OER mechanism

Adsorption Evolution Mechanism
(AEM) [11, 64, 65]

Lattice Oxygen Oxidation Mechanism
(LOM) [66-68]

Oxide Path Mechanism
(OPM) [69-71]

(V, + O""H*) + OH(aq.) + * —

- * * — = * * * —
Stepl  OH7(aq.) + *—> OH* + € 2.8 (V. + ORH*) + OH* + ¢ 212 OH<(aq.) +2* > OH*+ * + &7 2.16
OH* + OH (aq.) — O* + (V. + O"'H*) + OH* + OH-(aq.) R . e

Step2 HZO(l) +es 29 (Vo + OlanOH*) + HZO te 2.13 OH* + OH (aq) +* - 20H*+e 5 217

) ) (V. + O"*OH*) + OH-(aq.) — O™'O 20H* + OH-(aq.) — OOH* + 218

* * . o
Siepd  O%+OH(aq) ~ O0H* +e; 210 B0 W0 ) 214 4oL,
* - - _

Steps OO +OH@Q)=O@)+ 511 v OH(aq) = (V,+O"H" +e; 215 OO +*+OH@a) =0+ 519

HO(0) +* +e

Electrode reaction

H,0() +2* + e

40H(aq.) —» 2H,0() + O,(g) + 4e” 2.20
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Fig. 1. The “12345 Principle” framework for critical characteristics in
water electrolysis.

via O-H bond cleavage in OER, industrial-scale elec-
trolysis at 500 mA-cm™ can only sustain hydrogen
evolution for 26.8 hours or 6 x 26.8 hours, correspond-
ingly. Furthermore, continuous H(aq.) consump-
tion at the cathode during the HER will progres-
sively increase the electrolyte’s pH without timely
proton replenishment through the OER. This pH ele-
vation will ultimately alter the rate-determining step
of the HER, increase cell voltage, and reduce the hy-
drogen production rate. Therefore, water electrolysis
in both acidic and alkaline electrolytes must over-
come the energy barrier of breaking two O-H bonds
in water.

Due to the breaking of O-H bonds involving the
participation of H*(aq.), the pH value of the elec-
trolyte affects the reaction kinetics. Mayrhofer et al.
discovered that the current density at the same over-
potential decreases with increasing electrolyte pH.
Moreover, a plateau in the potential range of 0.4 V
to 0.9 V (vs. SHE) can be observed in the measured
polarization curves when the electrolyte’s pH value
is between 2.5 and 10.5, suggesting that HER activity
in this range is controlled by the mass transport of
H*(aq.) rather than charge transfer reactions. When
the applied potential is further increased, a steep rise
in HER current density can be observed [72]. Undis-
puted results have also been obtained by Strmcnik’s
groups [62, 63]. These results demonstrate that wa-
ter molecules accept electrons to generate hydrogen,
contributing to the sharply increasing current den-
sity in near-neutral electrolytes when the applied
overpotential overcomes the energy barrier of water

dissociation. Consequently, water molecules in HER
act as both reactants and solvents simultaneously.
This dual role can affect water molecule activation,
impede proton transfer, and compete with adsorbed
hydrogen (H*), and ultimately lead to HER rates in
alkaline electrolytes being 2 to 3 orders of magnitude
slower than those in acidic solutions.

Secondly, all reactions occur at the three-phase
boundaries (TPBs) of the electrode, electrolyte, and
gas (solid-liquid-gas interfaces), as both HER and
OER involve gas product release. Unlike the stable
and continuous solid-liquid interfaces in traditional
systems, TPBs are dynamic and intermittent under
industrialized conditions in which current densities
reach 300 mA-cm™ or higher [29, 55]. These TPBs
significantly influence the cell voltage during wa-
ter electrolysis. Gas products accumulating at TPBs
can block ion-conducting pathways, leading to ad-
ditional energy losses and elevated cell voltages.
Furthermore, the massive bubbles generated at the
anode and cathode create substantial shear forces
that induce local strain, potentially detaching elec-
trocatalysts from conductive substrates and reduc-
ing their stability.

Finally, water electrolysis performance can be en-
hanced through four distinct effects: electronic, geo-
metric, electric field, and interfacial effects. These ef-
fects collectively regulate five key intermediates: H*,
OH*, O*, OOH*, and H,0. According to established
theories, electrocatalyst activity primarily depends
on the adsorption energy of reaction intermediates
(AE, representing adsorbed species), which should
ideally exhibit moderate strength (neither too strong
nor too weak). However, AE_ values for different
intermediates are interdependent [65, 73], exhibit-
ing linear scaling relations, competitive adsorption
behaviour, or adsorption-desorption trade-offs. A
well-known example is the relationship between the
adsorption energies of OH* and OOH* during the
OER, represented as AE .. = AE ., + 3.1+ 0.2 eV. This
scalingleadstoahigh OER overpotential of about370 +
100 mV [66].

Factors such as the equilibrium between H* ad-
sorption and desorption, and the competition be-
tween H,O activation and H* adsorption also play
critical roles in the HER. Owning multiple chemical
effects, the chemical statement of the electrode is
dynamically changed [74]. Precisely regulating the
four mechanisms at the three-phase interface of the
electrodes under working conditions, optimizing the
multidimensional interactions of the five key inter-
mediates, and improving the efficient breaking of the
two O-H bonds in the water molecule is essential for
promoting the large-scale application of electrolytic
water for hydrogen production.
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Fig. 2. Scheme illustration of the alkaline HER mechanism and activity enhancement strategies.

3. Alkaline HER Mechanism and Activity
Enhancement Strategies

The HER rate in an alkaline solution is 2-3 orders
lower than that in an acidic solution, primarily due
to water’s dual function as both reactant and solvent
[61]. The low concentration of protons, unfavour-
able water dissociation, and competitive adsorption
among different intermediates (H,O, H*, and OH*,
as illustrated in Fig. 2) contribute to the slow kinet-
ics of alkaline HER [75-77]. In this case, the active
sites of catalysts must balance the H adsorption and
H, desorption, and facilitate water activation and
dissociation. At the same time, the water activation
and H adsorption/desorption kinetics should be well
matched. Then, constructing hetero-active sites that
selectively adsorb H* and H,O is the key to satisfying
the above requirements and enhancing the activity
for alkaline HER.

3.1. Chimney effect

Wei’s group revealed that charge transfer at the
metal/metal oxide interface creates distinct elec-
tronic structures, which only selectively adsorbs H*
among the three key intermediates, H,O, OH*, and
H* as shown in Table 2, resulting in a “chimney ef-
fect” around the metal/metal oxide interface, where
H* species are adsorbed, combine into H,, and then
evolute efficiently without the interruption of H,0O
and OH* [31, 61]. It significantly enhances HER activ-
ity. As shown in Fig. 3a, the interface’s unique chem-
ical environment forms a dedicated reaction channel,
which benefits H adsorption/desorption, migration,
and facilitates rapid H, formation and release. Unlike
the “spillover effect,” which describes the phenom-
enon of a hydrogen atom migrating from one active
site to another due to varying adsorption strengths
on the catalyst’s surface [76], the “chimney effect”

Table 2. Adsorption energies of H,O, OH*, and H* on metal/metal oxides

Adsorption energy/E_, (eV)

System H,O* OH* H*
Ni(001) —0.288 -3.992 -3.983
Bare RuO, cluster -0.781 -3.380 -3.151
RuO,/Ni(001)

Ni sites at non-interface -0.300 -3.961 -3.927

Ni sites at interface non-absorbable non-absorbable -3.687

Ru sites —0.472 —2.719 -3.852
NiO/Ni(001)

Ni sites at non-interface —0.482 —4.487 -3.967

Ni sites at interface non-absorbable non-absorbable -3.592
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Fig. 3. (a) Schematic diagram of the proposed “chimney effect” on the metal/metal oxide catalysts; (b) Calculated free energy (AG,,,) diagram for HER at
the equilibrium potential for metal/metal oxides; (c) Comparisons of the number of Ni/NiO interface species on the prepared samples’ surfaces and their
activities. Reproduced with permission [61]. (d) The transmission electron microscopic (TEM) image of Ni-VC@C/Ti electrode; (e) The linear sweep
voltammetric (LSV) curves of Ni-VC@C/Ti electrode and Pt/C in 1 mol-L KOH. Reproduced with permission [37]. (f) The H adsorption free energy
(AG,,) plots, E and Q,, for each X/Ni(100) system; Reproduced with permission [78].

creates a dedicated reaction channel at the metal/
metal oxide interface, which discloses the difference
in the adsorption energies of H,O, OH*, and H* on
metal /metal oxides rather than only addresses the
behavior of species H* as described by the spillover
effect (Fig. 3b, 3¢) [61].

The “chimney effect” observed at metal/metal ox-
ide interfaces also exhibits broad applicability to other
metal/compound composite catalysts. The modula-
tion strength of HER activity varies depending on the
transition metals and nonmetallic elements forming

the composite interface. For example, Ni-doped Mo,C
nanowires demonstrated an enhanced HER catalytic
activity, achieving a low onset overpotential of 21 mV
and requiring only 150 mV to reach 100 mA-cm™.
The Ni and Mo,C interaction promotes charge redis-
tribution, optimizing the hydrogen adsorption free
energy (AG,,,) toward thermoneutral values [38]. This
modulation strategy is further validated by graphi-
tized carbon-coated Ni-doped vanadium carbide
(Ni-VCe@C, Fig. 3d, 3e) [37]. Similar enhancements oc-
cur with other metal dopants (e.g., Fe in CoP and Mo
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Fig. 4. SEM (a) and TEM (b) images of Ni(OH),/NiMoPO_ after electrochemical CV activation (Insert: SEM image of Ni(OH),/NiMoPO_ before
CV activation); (c) LSV curves with iR correction for NiMoO /NF, NiMoPO /NF, Ni(OH),/NiMoPO /NF, 20% Pt/C/NF and NF. Reproduced with
permission [31]. (d) Adsorption free energy (AG,,) plots of H, OH, and H,O on Pt/O-TiO, and Pt/Ti-TiO, (Insert: schematic diagram of Pt/O-TiO, and
Pt/Ti-TiO,); (e) Free energy diagrams of the HER pathway on Pt/O-TiO, and Pt/Ti-TiO,. Reproduced with permission [81].

in metallic Ni) [26, 79]. For nonmetal doping, Wei’s
group systematically investigated X/Ni(100) systems
(X=B,C,N,O,S, Se, Te; Fig. 3f), identifying electro-
negativity (y,) and principal quantum number (n,) as
key descriptors for predicting HER activity. Notably,
VIA-group X atoms (S, Se, Te) significantly boost X/
Ni catalytic performance compared to second-period
elements, owing to their larger y, or n, values [78].
The “chimney effect” can be further enhanced
by increasing interface density, tuning doping ele-
ments, and modifying interfacial bonding configura-
tions. As demonstrated in Fig. 4, various composite

electrocatalysts, including M-MoPO_ (M = Fe, Co,
Ni, Mn) [31], NiO-Ni,S, [80], and FeO_/Cu,P hy-
droxide compounds [30], were developed to system-
atically engineer these interfaces. For the M-MoPO,_
system, in situ electrochemical CV activation within
a specific potential range generated composite inter-
faces (Fig. 4a, 4b), where different metal elements
(Fe, Co, Ni, Mn) modulated the M(OH) /M-MoPO,
interface properties. Combined theoretical and ex-
perimental studies revealed that hydroxide incor-
poration enhanced water dissociation capability
at the M(OH) /M-MoPO_ interface and optimized
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hydrogen adsorption energetics (H*) in the NiMoP
catalyst. The resulting Ni(OH),/NiMoPO_ catalyst
achieved exceptional alkaline HER performance
(65 mV@10 mA-cm™) and stability, surpassing com-
mercial Pt/C (Fig. 4c) [31]. Similarly, the binder-free
FeO_/Cu,P@Cu catalyst exhibited outstanding HER
activity in 1 mol-L™* KOH, requiring only 48 mV
overpotential at 10 mA.cm™? and outperforming
Pt/C at high current densities [30].

The interfacial bonding configuration can also affect
the “chimney effect” (Fig. 4d). In Pt/ TiO, systems, the
dominant bonding type dictates distinct catalytic be-
haviours. When metal-metal (Pt-Ti) bonding prevails
at the interface, delocalized electrons induce partial
negative charges on interfacial Pt atoms. This elec-
tronic environment promotes H migration and water
adsorption/activation, thereby accelerating the Vol-
mer step (Fig. 4e). Conversely, interfaces dominated
by metal-oxygen (Pt-O) covalent bonding exhibit
localized electron transfer, resulting in partially pos-
itive Pt atoms. This configuration weakens water ad-
sorption while optimizing H adsorption/desorption,
enhances oxidation resistance, and facilitates the Tafel

step (Fig. 4e) [81]. This bonding modulation strategy
extends to hydrogen oxidation reaction (HOR) cata-
lysts by precisely balancing H and OH adsorption.
A representative example is the Ir/MoO, catalyst
with Ir-O interfacial bonding, where the downshift-
ed d-band centre of surface Ir atoms weakens both H
and OH adsorptions. The resulting catalyst achieves
exceptional HOR activity (exchange current density:
1.96 mA-cm=__,), surpassing counterparts with Ir-

ECSA
Mo or mixed interfacial bonding [82].

3.2. Local electric field enhancement effect

Beyond selectively adsorbing key intermediates,
the interface can also generate a local electric field en-
hancement effect. This phenomenon promotes water
enrichment and reorientation the adsorption configu-
ration of water molecules at the metal/oxide interface,
synergizing with the “chimney effect” to significantly
enhance alkaline HER performance (Fig. 5a). Water
adsorption configurations are categorized into three
types based on hydrogen atom orientation (Fig. 5b):
“H-up” (hydrogen away from the electrocatalyst

Fig. 5. (a) Illustration of interfacial water enrichment and reorientation on Pt/C catalysts induced by metal oxides participation; (b) Radial distribution
Sfunction (RDF) of Pt(111)-water and TiO,-water for Pt(111) and TiO,-Pt(111) in KOH solution (Top are the schematic illustrations of the three

s

adsorption configurations of water molecules: “H-up”, “H-parallel”, and “H-down”); (c) The energy barrier plots of water dissociation (Volmer step) on
TiO,-Pt(111) and Pt(111). The illustration shows the corresponding structure. The navy blue, gray, white, and red spheres represent Pt, Ti, H, and O

atoms, respectively. Reproduced with permission [75].
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surface), “H-down” (hydrogen toward the surface),
and “H-parallel” (hydrogen parallel to the surface).
Wei’s group revealed that the adsorption configura-
tions of interfacial water molecules critically influ-
ence HER water dissociation kinetics, which is called
the local electric field enhancement effect (Fig. 5a)
[75]. This explains why Pt/C catalysts, despite their
high intrinsic activity, exhibit slower alkaline HER ki-
netics under high polarization compared to transition
metal catalysts. Unlike transition metal compounds,
Pt maintains a metallic character even under strong
cathodic polarization. As a result, water molecules
primarily adopt two unfavorable adsorption con-
figurations on its surface: “H-up” and “H-parallel”
(Fig. 5b). DFT calculations indicate that these config-
urations impede efficient water activation and disso-
ciation, as shown in Fig. 5c [75].

In contrast, transition metal compounds (oxides or
phosphides) retain their oxide surfaces even under
high cathodic overpotentials. At these oxide surfaces,
interfacial water molecules predominantly adopt an
“H-down” orientation, with hydrogen atoms directed
toward the catalyst - a configuration that significantly
facilitates water activation and dissociation. This ex-
plains why numerous studies have observed superior
HER kinetics in transition metal compound catalysts
compared to Pt/C at high current densities [75].

Guided by these findings, they decorated Pt/C cat-
alysts with hydrophilic metal oxides (MO ) to create
composite interfaces. This strategy combines Pt/C’s
intrinsic HER activity with enhanced performance
at high current densities. The MO /Pt interface gen-
erates a local electric field that promotes hydrated
cation diffusion, enriching active water at the inter-
face (Fig. 6a, 6b). MO_ electrostatically rearranges
interfacial water within the compact layer into the
“H-down” orientation, facilitating water dissociation
(Fig. 6¢, 6d). Protons then migrate to the interface,
where the “chimney effect” accelerates H, formation
and desorption. These synergistic effects dramatically
improve HER performance under industrial condi-
tions [75]. For instance, TiO,-CoP composite catalysts
lowered the overpotential from 107 mV to 61 mV@
10 mA-cm™. Similar improvements were achieved by
incorporating small amounts (< 10 at%) of amorphous
oxides (WO,, TiO,, CeO,, NiO) into Pt/C catalysts.
Notably, TiO,-Pt/C reduced the overpotential at 500
mA-cm™ from > 400 mV to just 100 mV, demonstrat-
ing remarkable kinetic enhancement (Fig. 6e) [77].

Further coupling the “chimney effect” and local
electrical field induced by the composite catalysts by
modulating the density of the interfacial active sites
can effectively strengthen the mass diffusion, interfa-
cial water reorganization, and H, evolution to boost
HER activity in industrial conditions. Departing from

conventional vertically aligned nanoarray fabrication
methods, the Wei's group pioneered a novel synthe-
sis of Fe-rich macroporous CoFeP triangular plate
arrays (Macroporous CoFeP TPAs/Ni) as high-per-
formance bifunctional water-splitting catalysts. Us-
ing CoFe bimetal-organic framework triangular plate
arrays (CoFe-MOF TPAs/Ni) as precursors, they
selectively etched organic ligands to create intercon-
nected macropores, followed by phosphorization to
yield the final catalyst. This structure enhances the
local electric field effect, enriching active water and
optimizing interfacial water orientation, which, com-
bined with the “chimney effect”, dramatically boosts
alkaline HER activity. The resulting Macroporous
CoFeP TPAs/Ni demonstrated exceptional HER per-
formance, requiring overpotentials of just 43, 113, and
263 mV to achieve current densities of 10, 100, and
900 mA-cm™, respectively (Fig. 6f) [79]. Morphological
control can further create superaerophobic structures
to improve bubble release and electrolyte transport.
For example, Ni-Co-P hollow prismatic nanoneedle
arrays (Ni-Co-P HPONs) were synthesized using
NiCo-MOF microprisms as self-sacrificing templates.
After urea-assisted hydrothermal transformation, the
solid precursors evolved into hollow structures with
ordered nanoneedles, enabling outstanding HER ac-
tivity (205 mV @ 800 mA-cm™) [54].

4. OER Mechanism and Performance
Improvement Strategies

Serving as the anode counterpart to HER, OER fac-
es persistent challenges in balancing catalytic activ-
ity with operational stability. Despite decades of re-
search and extensive exploration of diverse materials,
few OER electrocatalysts meet the stringent require-
ments for alkaline water electrolysis (AWE) systems.
In stark contrast, advanced HER catalysts already
achieve overpotentials below 50 mV at —-10 mA-cm™
and even can be less than 10 mV [83-87].

The OER exhibits significantly higher overpoten-
tials (several hundred millivolts) than HER at equiva-
lent current densities while facing persistent stability
challenges. Nearly all OER electrocatalysts undergo
surface reconstruction to form amorphous hydrox-
ides, activating lattice oxygen that participates in
oxygen generation. This irreversible lattice oxygen
release structurally destabilizes catalysts, ultimately
causing deactivation [68, 88-90]. Critical stability lim-
itations further arise from the dissolutions of active
sites across both noble metals (Ru, Ir) and non-noble
elements (Fe, Mo, V) [91-96]. Serhiy Cherevko’s team
demonstrated that even state-of-the-art IrO, and
RuO, could be gradually dissolved in acidic/alkaline
electrolytes, with RuO, exhibiting faster degradation
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Fig. 6. Simulated distributions of potential (a) and hydrated K* concentration (b) by the finite-element method (FEM) for TiO,-Pt/C at an applied electrode
charge density of =1 x 10* C-m; The longitudinal distributions of the absolute value of an induced electric field (c) and hydrated K+ concentration
(d) difference from the electrode surface to solution bulk for TiO,-Pt/C at applied electrode charge densities of 1 x 10 C-m? and -2 x 107 C-m?,
respectively. Reproduced with permission [75]. (e) LSV curves of Pt/C, TiO,-Pt/C, NiO-Pt/C, CeO,-Pt/C, and WO -Pt/C. Reproduced with permission
[771. (f) LSV curves of Macroporous CoFeP TPAs/Ni and the benchmark of Pt/C electrocatalysts. Reproduced with permission [79].

than IrO, [96]. Similarly, Curtis P. Berlinguette’s group
revealed Fe dissolution from NiFe-based catalysts at
currents below 10 mA-cm™ [92]. These processes al-
ter active sites” chemical states at molecular scales.
Therefore, Enhancing OER stability necessitates two
critical strategies: controlled managements of surface
reconstruction and suppression of lattice oxygen ac-
tivity, which collectively address structural degrada-
tion mechanisms.

4.1. Self-Terminating surface construction

Wei's group discovered that heterointerface en-
gineering can mitigate surface deterioration while

balancing lattice oxygen activation and dissociation,
as the V,O,/CoOOH heterointerface exemplifies. The
team developed a highly active Fe/V-doped CoOOH
phase for OER through in situ reconstruction of
Fe-modified Co,VO, precursors (Fig. 7a) [97]. During
reconstruction, partial V leaching accelerates surface
restructuring, while residual V forms alkali-resistant
V,O, within the CoOOH layer, enabling dynamic
charge compensation to prevent excessive lattice ox-
ygen loss and Co dissolution (Fig. 7a). Fe doping pro-
motes Co pre-oxidation and enhances lattice oxygen
participation by elevating the O 2p band centre, confer-
ring structural flexibility. The optimized Co,Fe .V, ..O,

0.25 ° 0.75
electrode achieves exceptional performance, requiring
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Co,Fe,,.,V,.,0, and Co,FeO, electrodes in the three-electrode system

(d) and mdustrialized electrolyzer (e). Reproduced with permission [97].

overpotentials of merely 205 mV and 320 mV to reach
10 and 500 mA-cm™?, respectively (Fig. 7b). In a prac-
tical alkaline electrolyzer (Co,Fe .V .O,Pt/C), a
current density of 500 mA-cm™ was sustained at a
low cell voltage of 1.798 V, outperforming commer-
cial RuO,|[Pt/C systems (Fig. 7c). Stability tests further
demonstrated 600-hour durability in a three-electrode
configuration (Fig. 7d) and 300-hour operation in in-
dustrial electrolyzers (Fig. 7e) [97].

Building on the advantages of heterointerface
engineering, Wei’s group developed a coral-like

FeNi(OH) /Ni heterostructure through a combined
hydrogen- -bubble-assisted deposition and Fe(NO,),-
mediated mild corrosion strategy [98]. The resultmg
heterointerface features amorphous FeNi(OH), shells
strongly bonded to crystalline Ni cores, forming a bind-
er-free hierarchical architecture when integrated with
an electrodeposited coral-like Ni skeleton and macro-
porous Ni foam substrate. This unique design simulta-
neously maximizes active site exposure, enhances mass
transport efficiency, facilitates gas bubble release, and
improves operational stability [98].

4.2. Inhabiting lattice oxygen

Beyond heterointerface engineering, modulating
metal-oxygen (M—-O) bond states offers an effective
approach to balancing lattice oxygen activation and
dissociation, enhancing activity and stability. Wei’s
group demonstrated this through an interstitial sil-
icon-doping strategy in RuO,, which suppresses
lattice oxygen oxidation while preserving catalytic
sites (Fig. 8a) [68]. Band structure analysis reveals
that Si doping upshifts the Ru 4d band centre (e,)
from -1.759 eV to —1.626 eV and downshifts the O
2p band centre (8 ) from —3.365 eV to —3.850 eV. This
can enlarge the gap between the Ru 4d band centre
(¢,) and the O 2p band centre (sp), and reduce the co-
valency of Ru-O in Si-RuO,. Furthermore, the stron-
ger Si-O bond dissociation energy (798 kJ-mol™ vs.
Ru-O’s481k]-mol™) enhanceslattice oxygenanchoring
(Fig. 8b). These dual effects significantly suppress
lattice oxygen activation in Si-RuO -0.1, as evidenced
by differential electrochemical mass spectrometry
(DEMS), showing a 95% reduction in lattice oxygen
oxidation compared to commercial RuO, (Fig. 8c).
The optimized Si-RuO,-0.1 catalyst achieved excep-
tional performance: a low overpotential of 226 mV
at 10 mA-cm™ (Fig. 8d) and minimal degradation
(~52 nV-h™) over 800 hours (Fig. 8e). This strategy
uniquely weakens Ru-O covalency without compro-
mising Ru-O structural integrity, providing a blue-
print for designing stable OER catalysts [68].

4.3. Dual-Ligand synergistic modulation

A critical challenge in industrial OER catalyst
development lies in overcoming the fundamental
activity-stability trade-off. Oxygen gas is paramag-
netic and can be attracted to ferromagnetic materi-
als like nickel and iron-based OER electrocatalysts.
This attraction can block the active sites of the cat-
alysts and reduce their activity [99]. Wei’'s group
addressed this limitation through an innovative
dual-ligand synergistic modulation strategy, which
concurrently enhances activity and stability (Fig. 9a)
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Fig. 8. (a) Crystal structures of RuO, (top) and Si-RuO, (bottom), and their corresponding band structures of Ru and O. (b) The four electrons mechanism
of OER in an acidic solution. (c) DEMS signals of O, (*O*0) and O, (**O™O) from the produced oxygen gas for the *O-labeled Si-RuO,-0.1 (b) and
Com-RuO, (c) catalysts in 0.1 mol-L™ HCIO, electrolyte containing H,"O as well as the percentage of O, gas through the LOM pathway in the OER.
(d) LSV curves of Si-RuO, and Com-RuO, (with a loading of 0.30 mg,-cm™). (e) Chronopotentiometric stability curves of Si-RuQ,-0.1 and the control

samples at 10 mA-cm™. Reproduced with permission [68].

[48]. The NiCo,(SOH)_ catalysts combine metal hy-
droxides’ stability and metal chalcogenides’ activity,
resulting in higher OER activity and stability than
mono-ligand catalysts and commercial precious
metal ruthenium oxides. Firstly, the dual-ligand

strategy can transfer electrocatalysts’ magnetic
structure to an antiferromagnetic state. After doping
S into Co(OH),, the magnetic structure of Co,(SOH)_
becomes an antiferromagnetic state (Fig. 9b). It elim-
inates the paramagnetism of catalysts, weakening
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Fig. 9. (a) Schematic diagram of modulating the magnetic structure
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3 4"
programmed desorption (TPD) plots of O atoms adsorbed on NiCo,(OH) ,
NiCo,(SOH) , and NiCo,S,. Reproduced with permission [48].

the adsorption strength of the O, product with para-
magnetism and facilitating the release of active sites
(Fig. 9¢c) [48]. In addition, the dual ligands of OH
and S lead to the transfer of electrons from the M-S
anti-bonding orbital to the M-O anti-bonding orbit-
al (Fig. 10a). This electron transfer relatively weak-
ens the super-strong M-O bonding while signifi-
cantly strengthening the M-S bonding, achieving
much-improved stability (Fig. 10b, 10c). At the same
time, the transfer optimizes the binding energy of
key intermediates (OH*, O*, and OOH¥*, Fig. 10d)
[48]. DFT calculation revealed that the elaborately
designed S and OH dual-ligand NiCo,(SOH)  cat-
alyst lowered the potential determined step of the
OER from 0.7 eV for the mono-ligand catalysts to
0.3 eV for the dual-ligand catalysts (Fig. 10d). The

NiCo,(SOH)_ exhibited an excellent OER activity
with a very small overpotential of 0.29 V at a current
density of 10 mA-cm™ in Fig. 6fand a strong durabil-
ity even after 30-hour accelerated ageing at a large
current density of 100 mA-cm (Fig. 10e) [48].

The effectiveness of the dual-ligand synergistic
modulation strategy is further demonstrated with
other anions like carbon and phosphorus. In C-Ni,S,,
carbon doping reduces charge transfer from nickel to
oxygen atoms, thereby weakening OH* and OOH*
adsorption. This modification yields superior theo-
retical OER activity among X-Ni,S, (X = C, P, N, O)
systems, achieving the lowest theoretical overpoten-
tial (0.46 eV) [46]. Similarly, metal-organic framework
(MOF)-derived porous Ni-Co-Fe ternary phosphide
nanobricks (Ni-Co-Fe-P NBs) exhibit exceptional
OER performance in 1.0 mol-L* KOH. DFT calcula-
tions confirm that coordinated Ni/Fe/P incorpora-
tion promotes the formation of catalytically active
Co** sites while stabilizing oxygen-containing inter-
mediates (OH*, O*, OOH*). The optimized Ni-Co-
Fe-P NBs required remarkably low overpotentials of
187, 221, and 262 mV to achieve current densities of
10, 100, and 800 mA-cm™, respectively, coupled with
an ultralow Tafel slope of 29 mV-dec™ [28].

5. Conclusions and Perspectives

This review summarizes the achievements con-
tributed by Professor Wei’s group in efforts towards
enhancing alkaline water electrolyzers’ activity and
stability. Through a series of comprehensive mecha-
nistic studies for HER and OER processes, the team
has identified key performance descriptors and de-
veloped feasible strategies focusing on optimizing
the selective adsorption of critical intermediates, bal-
ancing the competing adsorption and desorption of
multiple intermediates, enhancing the enrichment
of activation species, modulating the surface orbital
states of catalysts, and strengthening the coupling of
intrinsic activity and mass transfer. Central to their
discoveries is the recognition that metal/compound
interfaces generate unique effects, particularly, the
“chimney effect” and “local electric field enhance-
ment”, which dramatically improve HER perfor-
mance under industrial operating conditions. For
OER, the group has developed transformative strat-
egies, including dual-ligand synergistic modulation,
lattice oxygen suppression, and self-terminating sur-
face reconstruction, all achieving simultaneous im-
provements in both activity and stability. Notably, the
resulting catalysts surpass commercial benchmarks,
demonstrating lower overpotentials than both Pt/C
for HER and RuQO, for OER at industrially relevant
current densities.
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Fig. 10. (a) Total energy changes during the desulfuration processes of S* in Co,S, (upper) and Co,(SOH)_(bottom) replaced by OH;
(b) Chronoamperometric curves of Ni, NiCo,(SOH)_and NiCo,S, at a current density of 100 mA-cn; (c) the corresponded high-resolution S 2p XPS
spectra of NiCo,(SOH) _ before and after ageing; (d) Reaction steps and corresponding free energy diagrams of the OER process on the pristine Co(OH),,

Co,(SOH),, NiCo,(SOH),, and Co,S

3V

Nevertheless, sustaining HER/OER electrode ac-
tivity in industrial alkaline water electrolyzers re-
mains challenging. Reducing the gap between labora-
tory research and practical implementation demands
continued efforts to design high-performance HER/
OER electrodes, to understand reaction and deactiva-
tion mechanisms, and to develop new stability test-
ing strategies. Here are some suggestions:

1) Developing novel strategies to enhance both ac-
tivity and stability in electrocatalysts remains a criti-
cal priority. Current methods for improving electrode
activity, such as doping, creating defects, increasing
the exposure of active sites, and enlarging the elec-
trochemically active surface area, often undermine
stability. Issues like dopant leaching, oxygen vacancy

(e) LSV curves of Ni, NiCo,(SOH)  and NiCo,S . Reproduced with permission [48].

filling, and nanomorphology destruction are signifi-
cant drawbacks. Therefore, there is a pressing need
for new strategies that can achieve simultaneous im-
provements in both activity and stability. The strate-
gy of constructing metal/oxide interface introduced
in this work significantly boosts activity without
compromising stability. However, the level of activ-
ity enhancement directly depends on the density of
these metal/oxide interfaces. Thus, it is essential to
increase the interface density to maximize the catalyt-
ic activity of these materials.

2) Strengthening the adhesion between electrocat-
alysts and current collectors demands focused at-
tention in ongoing research. The current densities in
industrialised AWE can reach up to 500 mA-cm™. At
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such a high current density, the abundant gas bub-
bles generated on the surface of the electrocatalyst
can cause intense scouring, leading to the detach-
ment of the electrocatalyst from the current collector.
Currently, many reported electrocatalysts have high
electrochemically active surface areas, which makes
them prone to peeling off from the current collectors
and ultimately leads to electrocatalyst deactivation.
Therefore, enhancing the bonding strength between
electrocatalysts and current collectors is a critical fo-
cus for future research. Several potential methods can
create a strong bond with current collectors, such as
electrodeposition, physical or chemical vapour depo-
sition, and hot-dip coating. However, further investi-
gation is still required for strategies that can produce
large-area, highly active, and long-term electrodes at
the lowest cost.

3) Intensifying research on electrocatalyst stability
to meet industrial operating needs increased efforts.
Currently, the evaluation of AWE electrocatalysts is
mostly conducted using a three-electrode system un-
der mild conditions, specifically, at temperatures of
25-30 °C and with an alkaline electrolyte concentra-
tion of 1 mol-L™'. However, industrialised AWE typi-
cally operates under high-temperature (85 ~ 95 °C) and
high-concentration (7 mol-L™) alkaline environments
because it can enhance ionic conductivity, reduce
solution resistance, and lower cell voltage, thus im-
proving energy conversion efficiency. Unfortunately,
the high temperatures and strong alkaline conditions
accelerate the corrosion of electrocatalysts, promote
the dissolution of active sites, and ultimately degrade
stability. Therefore, the stability data obtained from
traditional mild three-electrode systems cannot be
directly applied to industrial-scale AWE. An in-depth
investigation of the long-term stability of currently
developed electrocatalysts under high-temperature,
strong-alkaline conditions is urgently required.

4) Enhancing the chemical stability of electrocata-
lysts under high potentials constitutes a fundamen-
tal requirement for industrial deployment. In addi-
tion to high temperatures and strong alkalinity, the
elevated potentials during industrial operations can
alter the chemical state of catalysts, leading to de-
activation. The cell voltage in industrial AWE typi-
cally ranges from 1.8 to 2.0 V. At this voltage range,
the working potential of the cathode catalyst is gen-
erally below 0.1 V vs. RHE, while the anode poten-
tial often exceeds 1.8 V vs. RHE. Under such high
potentials, electrocatalysts can be transformed into
lower-activity compounds. For example, Ni(OH), in
Ni/Ni(OH), electrocatalysts can easily be reduced
to metallic Ni during HER, since the electrode po-
tential for the Ni(OH),/Ni pair is 0.1088 V vs. RHE.
Similarly, in NiFe-Layered Double Hydroxide (LDH)

electrocatalysts, iron can be readily oxidised to fer-
rate ions (FeO,*), given that the electrode potential
for FeO,*/Fe(OH), pair is 1.5488 V vs. RHE. There-
fore, maintaining the stability of the electrocatalyst’s
chemical state under high potentials is a key strategy
for enhancing its overall activity and longevity. The
Quantum Well Catalytic Structure (QWCS) recently
proposed by the authors, offers a novel approach to
tackling this challenge.

5) Establishing rapid evaluation strategies for
electrocatalyst stability represents an urgent need.
Industrial AWE electrocatalysts must maintain a
cell voltage increase of less than 10% over 10 years
of continuous operation. While laboratory methods
like galvanostatic testing and cyclic voltammetry
effectively assess initial catalyst activity, validating
decade-long stability through real-time operation
remains impractical due to prohibitive time and cost
constraints. Consequently, establishing a systematic,
accelerated stability assessment strategy is critically
needed to expedite the development of highly active,
long-lived catalysts.
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