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Direct impure water electrolysis at industrial scale
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Without reliance on freshwater, direct impure water electrolysis (DIWE) enriches the vision of sustainably

producing green hydrogen in regions with a geographical mismatch between freshwater and renewable

resources. However, the roadmap of industrialization is fraught with a pyramid of interconnected

challenges, especially stemming from performance degradation. Herein, this review provides a timely

appraisal of diverse impurities present in seawater and wastewater. The specific impacts of impurities

were reassessed to highlight the synergistic optimization toward industrial-scale implementation.

Moreover, we pioneered a lucid industrial pathway based on the impurity-induced interplay. The

technical and economic viability of integrating the DIWE process into existing industrial workflows was

emphasized to outline promising avenues for future research.

1. Introduction

A rapid transition from fossil fuels to renewable electricity
holds promise for global decarbonization.1–3 However,

particularly in aviation and shipping, carbon emissions cannot
be effectively alleviated by electrification alone.4–9 Hydrogen
(H2), a feedstock for fertilizer production and oil refining, has
been extensively explored as a complementary candidate for
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bolstering energy security in the near-term future.10–13 The
world’s major economies (the USA, China, the EU, and Japan)
have published their national strategies.14 International H2

supply chains are projected to be established with at least
148 Mt per year by 2050.15–17 Unfortunately, conventional
industrial-scale grey and blue H2 production has adverse envir-
onmental effects.18–20 The widely-used approaches, such as coal
gasification (2C + O2 + 2H2O - 2H2 + 2CO2) and steam
methane reforming (CH4 + 2H2O - 4H2 + CO2), inevitably
incorporate consequential carbon emissions.21–24

As an environmentally-friendly method to sustainably pro-
duce H2, renewable-electricity-powered water electrolysis
(2H2O - 2H2 + O2) has gained more attention due to the avail-
ability of ample renewables (e.g., wind and solar power).25–28

As shown in Fig. 1, this promising approach revolutionizes the
usage of green H2 in extensive scenarios, involving metallurgy
in the steel industry, alternative fuel in cement production,
chemicals production, long-duration energy storage, personal
vehicles, heavy-duty and long-haul transport.29–35 Nonetheless,
commercial high-purity water electrolysis (HPWE), such as

proton exchange membrane (PEM)-based and alkaline (ALK)-
based systems, necessitates a freshwater-intensive supply to
meet the conductivity threshold below 1 mS m�1 for ALK
systems and an even lower threshold of 0.1 mS m�1 for PEM
systems.36–40 The readily accessible freshwater accounts for
only 0.01% of the global water resources.41 It is estimated to
consume B3.7 Mt of freshwater per day to achieve the goal of a
minimum of 148 Mt H2 per year, exacerbating the shortage
of global freshwater resources.42 Notably, a geographical
mismatch exists between renewable energy and freshwater
resources.43–47 China serves as a key example, where major
wind and solar resources are located in freshwater-scarce east-
ern offshore and inland arid regions.44 Similarly, worldwide
regions, such as North Africa and the Middle East, also exhibit
resource mismatches: rich renewable sources but limited
freshwater.48–51 Therefore, this issue has sparked extensive
research interest in the exploration of alternative feedwater
sources.

Impure water electrolysis (IWE) is one of the most promising
strategies to ameliorate reliance on ultrapure water.52 Seawater,
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accounting for 96.5% of water reserves, implies an almost
infinite water resource.53 The abundant natural seawater could
be exploited in offshore platforms for H2 production, reducing
both operational expenditure (OPEX) and capital expenditures
(CAPEX) of seawater desalination.54 When deeply integrated
into offshore-generated renewable power, H2 produced from
seawater electrolysis further plays a crucial role as a dispatch-
able energy storage to surmount the intermittency of renewable
power, minimizing grid losses and enhancing energy effici-
ency.55–58 Conversely, natural water reserves are limited in
many inland arid areas. Against this background, the high-
efficiency recycling of limited water sources is indispensable.59

In particular, diverse wastewater represents over 50% of total
freshwater withdrawals.60–62 However, it is reported that only
11% of wastewater worldwide is recycled.63 Nearly half of
untreated industrial, agricultural, and domestic wastewater still
ends up in natural water bodies, resulting in groundwater
contamination.64 Consequently, should we rationally valorize
wastewater to produce green H2 and high-value-added by-
products, a win-win synergy between water remediation and a
sustainable hydrogen economy will be realized.65

Despite the encouraging prospect of the IWE-based techni-
cal route, there is a large gap from lab to market.66 Compared
to HPWE, IWE faces more formidable challenges in dealing
with water impurities.67 Crucially, both seawater and waste-
water contain a wide variety of ions.68 For instance, anions and
cations, including halide ions (e.g., Br�, Cl�) and metal ions
(e.g., Ca2+, Mg2+), are known to undergo side reactions and form

inorganic precipitates, compromising operational lifespan.69

Analogously, other impurities, including organic compo-
unds,70–73 microscopic organisms,74 dissolved gases,75 micro-
plastics,76 etc., can potentially provoke unwanted impacts.
Concomitantly, in situ-generated impurities derived from the
dissolution of metal-based device components carry the risk of
impairing system performance.77 Furthermore, various unde-
sired gaseous by-products can contaminate H2, leading to
additional gas purification.78–80 Aside from these inherent
challenges, the reliability of indirect IWE remains subject to
debate. The reverse-osmosis (RO) system has been widely
employed for desalination to achieve a lower concentration of
ionic impurities than that of seawater.81 Qiao’s group proposed
a two-complementary-protection strategy for stable electrolysis
of RO water in the PEM system.82 However, when the water
purification system goes down, elevated impurity levels in
feedwater can inevitably elicit serious performance deterio-
ration.83 Therefore, additional purification steps, with the
incremental cost of installation and maintenance, raise the
question of whether the indirect IWE meets the requirements
for large-scale industrial applications.

Obviously, removing all impurities to obtain ultrapure water
going into the electrolyzer remains impractical. Metal catalysts
are prone to deactivation due to metal leaching into the
electrolyte during long-term operation, compromising the ori-
ginal purity of the feedwater in the HPWE system.84–86 Due to
the difficulty of maintaining the high-purity of the feedwater,
developing direct impure water electrolysis (DIWE) is thereby

Fig. 1 Schematic illustrations of the production and utilization of H2 in practical scenarios. H2 plays a crucial role in achieving a carbon-neutral society.
As compared to grey and blue H2, green H2 produced by renewable energy is anticipated to be applied for industry and transportation in a more
environmentally friendly way. In this context, direct impure water electrolysis, such as electrolysis of seawater and wastewater, holds great potential to
circumvent the use of high-purity feedwater in offshore and arid areas.
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proposed to reduce costs, simplify processes, and provide
meaningful guidance for HPWE-related research. Despite some
debates about the negligible cost reduction, it is crucial to
clarify that the development trajectory of DIWE should not be
limited to obtaining cheaper H2. Moreover, the high tolerance
to varying water qualities undoubtedly broadens the applica-
tion scope. Ling’s group consecutively claimed a series of
strategies towards highly efficient direct seawater electrolysis
(DSE) and the PEM system with cationic impurities.87–89 Regret-
tably, the current studies on impurity-induced degradation
mechanisms, cost-effective catalysts, durable electrolyzers, and
process integration are still in their infancy.90 As shown in Fig. 2
and the comparison table (Fig. S1, SI), most reviews are either too
outdated to reflect the recent progress or partially focus on
performance enhancement with a lab mindset.91–94 Consequently,
a broader consensus on the role that DIWE will play within the
future landscape of the H2 economy should be reached.95–97

Based on the aforementioned discussion, we first analyzed
the advantages of DIWE among mainstream technologies and
corresponding impurity-induced challenges in this timely
review. Subsequently, to tackle the above challenges, the
advances in the development of scenario-oriented electrocata-
lysts and function-oriented electrolyzers were summarized.

Lastly, underpinned by impurity-induced interaction mechan-
isms, we pioneered the collaborative optimization of device
components to integrate DIWE technology into existing indus-
trial workflows. The future outlook further paves the way for the
goal of fully realizing the industrial application.

2. Importance of using impure water

As warned by the latest report from the United Nations research
agency, our planet is entering an era of global ‘‘water bank-
ruptcy’’.98 Long-term water consumption has not only out-
stripped the water renewal capacity of the planet, but may
have also crossed an irreversible threshold. With the develop-
ment of green H2, a large amount of high-purity water is
consumed, aggravating the water scarcity, especially in areas
with uneven freshwater distribution. As for offshore and inland
arid regions with ample solar and wind resources, impure water
has been a promising candidate for sustainably producing H2,
such as natural seawater and wastewater. In this section, a
comprehensive analysis of the advantages of DIWE technology
over other mainstream technologies was conducted. A systema-
tic comparison was subsequently performed in terms of techno-

Fig. 2 Schematic summary of the impurity-induced interplay for impure water electrolysis at industrial scale. As compared to other review papers, we
provided a comprehensive summary of impurity-induced interplay. The gap between the lab and industry was also bridged. Synergistic optimization for
realizing full-chain improvement in real-world conditions was highlighted.
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economic and environmental impact. Based on our academic
and industry experience, the potential impurity-induced chal-
lenges were ultimately introduced.

2.1. Advantages of DIWE technology

The pivotal role of green H2 has attracted widespread attention
from global energy suppliers. However, the production costs
pose a major hurdle to developing the H2 economy. In the
current HPWE process, high-quality feedwater is usually
required to ensure the lifespan of the H2 plant infrastructure.
Expensive deionization processes are commonly carried out to
remove undesired ions to maintain a conductivity thresh-
old.99–102 More importantly, the in situ-generated impurities
during the HPWE process could also compromise the high
purity of feedwater. Accordingly, from the perspective of
techno-economic feasibility and environmental impact, the
advantages of developing DIWE technology were demonstrated.

2.1.1. Techno-economic feasibility. As shown in Fig. 3,
offshore and inland arid regions possess ample renewables
but limited freshwater. To leverage renewable power in
freshwater-rich regions, long-distance power transmission will
potentially cause grid losses. Provided that we select commer-
cial HPWE technologies for on-site production, freshwater
transport will be ineluctably needed for preparing electrolytes.
Due to the increased production costs of green H2, the above
plans are unfavorable towards industrial-scale implementation.
Indirect IWE technology, such as the RO system for desalina-
tion, is considered a viable route to employ the local impure
water sources. Specifically, Md Golam Kibria’s group compre-
hensively analyzed the seawater RO technology coupled with

PEM system (SWRO-PEM), including the daily energy require-
ment, direct capital cost, operating costs, and levelized cost of
H2.103 0.1% of total energy, B3% of total direct CAPEX, B0.2%
of the total OPEX, and 0.6% of the cost of H2 are needed by
SWRO (Fig. S2, SI). The levelized cost of H2 reached BUS$3.83
kg�1, predominantly governed by electricity consumption
(79.6%). Lei et al. further conducted a techno-economic assess-
ment of the offshore H2 production cost for ALK and PEM
system (Fig. S3, SI), including electricity, seawater desalination,
replacement, operation and maintenance (O&M) capital costs,
and offshore platform building.104 Analogously, electricity
expenditure constitutes the predominant proportion of H2

production costs, which is 70.5% (ALK) and 57.6% (PEM).
The offshore H2 production costs were calculated to be
BUS$3.64 kg�1 (ALK) and BUS$4.13 kg�1 (PEM). Despite the
reduced electricity consumption of the PEM system, higher
costs of capital investments, O&M, and desalination than those
of the ALK system collectively raise offshore H2 production
expenses.

Notably, the ionic impurity level of RO water, involving
cations (e.g., Na+, Ca2+, and Mg2+) and anions (e.g., Cl�, F�,
and NO3

�), is considerably lower than that in natural seawater.
Nevertheless, even trace ionic impurities can cause severe
degradation of the PEM-based system, especially at high
potentials.82 The installation costs and operational complexity
of the further deionization process can remarkably limit the
development of indirect IWE.105–107 Given the complexity of
real-world conditions, a continuous supply of ultrapure water
into the electrolyzer can hardly be sustained. The failure of
additional purification and deionization processes can lead to

Fig. 3 Schematic summary of the advantages of DIWE technology. Compared with mature technologies, including SWRO-PEM and ALK, this review
analyzed the strengths of DIWE in techno-economic viability and environmental effects, verifying the necessity of promoting DIWE technology.
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elevated impurity levels, compromising the long-term opera-
tion durability. Accordingly, the DIWE technology that directly
leverages local impure water showcases a promising route for
H2 production with a streamlined process flow. Concomitantly,
tolerance to different grades of feedwater is enhanced by
developing suitable device components. As compared to the
HPWE system with only H2 and O2 as final products, a wide
range of impurities is poised to produce high-value-added by-
products to boost economic efficiency. Furthermore, develop-
ing DIWE technology is expected to inspire the HPWE-related
studies to overcome durability issues induced by in situ-
generated impurities around the reaction microenvironment.

Admittedly, owing to the failure of rapid translation into
commercial benefits, the DIWE sparked intense debate.108

Critics contend that removing the purification step brings
about insignificant cost savings. Sustaining long-term durabil-
ity toward complicated impurities gives rise to additional costs.
Fortunately, their concerns have gradually been allayed by the
technological breakthroughs in this field. Recent studies on
DIWE have verified that the H2 production cost could be
reduced to the 2030 target of $1 kg�1 (Table S1, SI) stipulated
by the U.S. Hydrogen Shot programme.14 For example, Tang’s
group developed a microscopic bubble/precipitate traffic sys-
tem that sustained over 150 h at 500 mA cm�2 in natural sea-
water, with an estimated H2 production cost of US$1.8 kg�1.109

Sun’s group further proposed a hexafluorophosphate additive
strategy, achieving stable operation over 1000 h at 1.0 A cm�2.110

The H2 production cost was calculated to be approximately
US$1.07 kg�1. More encouragingly, Lu’s group has achieved the
simultaneous production of H2 and high-purity Mg(OH)2 from
seawater over 1000 h. This co-production electrolysis system
reduced the cost to US$0.61 kg�1, far below the 2030 target.111

Over the past four years, sustained research advances have
greatly promoted the industrial application. Stable operation
for 10 000 hours can be realized simply via catalyst modifica-
tion of non-noble metal materials in mature membrane elec-
trolyzers. This strategy does not significantly raise the energy
expenditure arising from impurity interference, catalyst degra-
dation, and maintenance.112 Phase-transition strategy further
enables a H2 production scale of 1.2 Nm3 h�1 in a real ocean
fluctuation environment.113 In particular, China is projected to
reach a cumulative installed capacity of 1880 GW for solar
power and 766 GW for wind power, yielding B4.9 PWh per year
by 2030.114 Due to the dominant proportion of electricity costs,
directly integrating low-cost renewable electricity with locally
available impure water sources will emerge as one of the
mainstream approaches for industrial-scale H2 production in
the near future.

Overall, cost reduction lays a solid foundation for the
commercialization of DIWE technology. In this context, six
strategies, including plant siting, scaling up, operational optimi-
zation, efficiency enhancement, technological advancements, and
digital empowerment, are summarized for further cost reduction
(Fig. S4, SI). Priority should be given to the rational siting of H2

production plants. Locating facilities in regions with low electri-
city prices and abundant water sources could substantially reduce

the total cost. Large-scale deployment of electrolyzers, prolonged
operating hours, improved operational efficiency, and technolo-
gical breakthroughs will collectively drive down the total costs.
More notably, the adoption of digital technologies can effectively
curtail operation and maintenance expenses.

2.1.2. Environmental impact. Beyond the techno-economic
viability, the benefits in terms of environmental sustainability
are equally remarkable. The environmental impact of HPWE is
easily ignored by research communities. Specifically, the acidic
or alkaline electrolytes over long-term operation can poten-
tially deviate from their original purity level.115–117 The post-
treatment of used electrolytes should be carefully performed to
prevent direct discharge from damaging the ecosystem. More
importantly, in the indirect IWE system, disposal of brine
generated by the desalination process can potentially jeopar-
dize the local ecosystem.118 Instead, as a more promising
alternative to HPWE and indirect IWE, DIWE offers a more
sustainable and flexible solution. In addition to reducing the
H2 production costs, the design philosophy of DIWE techno-
logy is also based on counteracting the impact of impurities
and delivering the circular concept across the full lifecycle.
Distinct-grade impure water is expected to be treated in specific
scenarios based on the DIWE technology. Notably, the afore-
mentioned acidic or alkaline waste electrolyte from the HPWE
system can be repurposed by utilizing robust catalysts and
impurity-resistant electrolyzers. Besides, every city has its own
wastewater treatment plant, where the reclaimed water can be
directly electrolyzed by simply acidifying wastewater effluent to
suppress the negative impact of cationic impurities.119 With
relatively well-defined impurities, abundant natural seawater
also holds potential to be leveraged in the anti-corrosion
electrolysis system.120 Therefore, the environmentally benign
principle of advancing water recycling represents another com-
petitive advantage of DIWE technology.

2.2. Impurity-induced challenges

Despite the advantages of DIWE technology, the specific impact
of impurities remains ambiguous. In this section, the main
impacts and potential challenges incurred by a wide range of
complicated impurities were first summarized in terms of
catalysts and relevant electrolyzer components. The system
fluctuation was subsequently considered to reveal the interfa-
cial dynamic evolution. The most harmful impurities for both
seawater electrolysis and wastewater electrolysis were summar-
ized in the comparison table (Fig. S5, SI), demonstrating where
the field still disagrees and pointing out the biggest knowledge
gaps. The potential bottleneck issues in this section, such as
electrode corrosion and electrolyzer failure, were comprehen-
sively analysed, paving the way for the following discussion of
the synergistic optimization.

2.2.1. Cations. Cations are one of the most common impu-
rities in both seawater and wastewater. Take seawater as an
example, sodium (Na+) accounts for 30.59% of the major compo-
nents, followed by magnesium (Mg2+, 3.68%), calcium (Ca2+,
1.18%), and potassium (K+, 1.11%).121 Similarly, those cations
could also be detected in diverse wastewater from industrial,
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agricultural, and domestic areas, as shown in Fig. 4a. Moreover,
ammonium (NH4

+), a product from the hydrolysis of urea in
human and animal excreta, is the main form of nitrogen from
sources such as fertilizer manufacturing, domestic sewage, live-
stock, and poultry farming.122–126 Furthermore, some metal
cations, such as copper (Cu2+), iron (Fe2+/Fe3+) and silver (Ag+),
originate from agricultural and industrial wastewater, involving
pesticides, electroplating, metallurgy, tanning, electrical solder-
ing, battery manufacturing, pigment production, etc.127–131

Notably, heavy metal cations, with strong biological toxicity, are
detrimental to human beings, potentially causing accumulation
in the biological chain.132

The impact and persistent challenges provoked by specific
cationic impurities were subsequently revealed in practical
scenarios. Abundant alkali metal cations in natural seawater,
such as Na+ (B0.47 mol L�1) and K+ (B0.01 mol L�1), can serve

as raw materials for chemical synthesis. Seawater also contains
a low concentration of lithium (Li+, B0.0025 mol L�1) that
possesses high economic value for the battery industry.
Nakamura’s group has recently demonstrated that alkali
cations could regulate chloride diffusion, resulting in a signifi-
cant improvement in the selectivity of the water oxidation
reaction.133 Li+ possessed the strongest diffusion barrier among
the other examined cations (e.g., Na+ and K+), implying that the
selectivity could be increased in the presence of Li+. However,
further spectroscopic verification and generalization are lacking
to strategically leverage certain ionic imuprities for enhanced
electrocatalytic processes. Additionally, Boettcher’s group claimed
that electrolytes containing the alkali metal cations (Na+ and K+)
yielded dramatically lower overpotentials in alkaline media.134

When penetrating the layered structure of Ni–Fe oxyhydroxide in
alkaline media, Na+ and K+, with an optimal acidity and size,

Fig. 4 Summary of the representative ionic impurities and impurity-induced challenges. (a) and (b) Common cationic and anionic impurities in natural
seawater and various wastewater from domestic, agricultural, and industrial sources. (c) The list of representative ionic impurities and their main impacts
and potential challenges toward the electrolysis system was presented. We comprehensively summarized the positive and negative roles of some ionic
impurities, as well as the under-researched mechanism.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 1
1:

39
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs01553g


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

ensured not to bind too strongly or to alter the stability
of reaction intermediates. Nonetheless, most cationic ions
(e.g., Na+, K+, Ca2+, etc.) can potentially disrupt proton transport
and reduce electrochemical reaction rates in PEM-based
electrolyzers.52

As compared to alkali metal cations, Mg2+ (B0.053 mol L�1)
and Ca2+ (B0.01 mol L�1) are also rich in natural seawater.
They are indispensable to pharmaceuticals, food additives,
paper, plastics, and the construction industry. However, during
the hydrogen evolution reaction (HER) process, the local pH
value can increase significantly due to the rapid consumption
of protons. Mg2+ and Ca2+ are susceptible to reacting with
hydroxide ions (OH�) to form the insoluble metal hydroxides
on the cathode surface. These precipitates are non-conductive,
thereby triggering the blockage of active sites to inhibit
HER.135–138 Although acidic conditions can effectively suppress
the formation of metal hydroxides, a striking fluctuation of
local basic pH values (ZB9.5) will potentially lead to
undesirable hydroxide precipitation.109,139–141 Recently,
Gao’s group reported that NH4

+ could be hydrogen-bonded
with OH� from the interfacial H2O dissociation and thereby
inhibited the formation of hydroxide precipitates.142 Mean-
while, these NH4

+ groups were able to boost the connectivity
of hydrogen-bonded networks in the electric double layer
(EDL), lowering the proton transfer barrier and improving the
HER energetics. Regrettably, increased concentration of such
non-metallic cations can also undermine the membrane
conductivity.143–145

In addition, some reducible cation contaminants with suffi-
ciently positive standard electrode potential, such as Ag+ and
Cu2+ in tap water, are prone to being deposited during the
HER process, inducing unwanted activity degradation.100 More
intriguingly, the dynamic role of cationic Fe impurities has
attracted extensive attention. Boettcher’s group found that the
introduction of Fe into the Ni-based hydroxides could incur
a variation in the activity of the oxygen evolution reaction
(OER).146 Besides, Mullins’s group also discovered that Fe
impurities served as a conducive factor to enhance the OER
activity when tested in Fe-unpurified alkaline electrolytes.147

Besides, the adverse effect of Fe impurities cannot be over-
looked. Fe2+, possibly leaching from stainless steel bipolar plate
corrosion, would initiate Fenton reactions, producing hydroxyl
radicals that degrade the perfluorosulfonic acid (PFSA) back-
bone of the membrane.148 Analogously, cationic impurities in
industrial wastewater, such as chromium (Cr3+/Cr6+), lead
(Pb2+), cadmium (Cd2+), etc., can also adversely affect electro-
lyzer components, posing tremendous challenges in further
developing DIWE technology.

2.2.2. Anions. Anions exert an equally critical influence on
catalysts as well as relevant electrolyzer components. Chloride
(Cl�) accounts for 55.03% of the major ion composition of
seawater, which is followed by sulfate (SO4

2�, 7.68%), bicarbo-
nate (HCO3

�, 0.41%), and bromide (Br�, 0.19%).121 Those
anions could also be discerned in various wastewater sources
from industrial, agricultural, and domestic areas, as shown in
Fig. 4b. Also, nitrate (NO3

�) and nitrite (NO2
�) are considered

as the main anionic components from the nitrification of
NH4

+.149 Phosphate (PO4
3�) is easily detected in phosphorus-

containing detergents and human excrement.150–153 Further-
more, other anions, such as dihydrogen/monohydrogen phos-
phate (H2PO4

�/HPO4
2�), chromate/dichromate (CrO4

2�/
Cr2O7

2�), fluoride (F�), sulfide/bisulfide (S2�/HS�), oxalate
(C2O4

2�), acetate (CH3COO�), alkylbenzenesulfonate (R–C6H4–
SO3

�), etc., are easily detected in agricultural and industrial
wastewater, involving phosphate fertilizers, electroplating,
semiconductors, fluorine chemicals, petroleum refining, food
processing, and the cleaning industry, etc.154–157

The main impacts and persistent challenges engendered by
specific anionic impurities were subsequently revealed in prac-
tical scenarios. Cl� is an abundant anion in natural seawater
(B0.55 mol L�1) and wastewater.69 As a formidable challenge,
the electro-oxidation reaction of Cl� (ClOR), a rapid two-
electron transfer process, can kinetically outcompete inherently
sluggish four-electron OER in acidic electrolytes.158 Conversely,
the OER is thermodynamically more favorable than the ClOR in
alkaline media, with a potential difference of 0.48 V. None-
theless, achieving the amper-level current density with a lower
overpotential is considered a challenging task.66 The genera-
tion of corrosive species, including hypochlorite (ClO�) species
in alkaline medium and chlorine (Cl2) in acidic medium,
further elicits electrode degradation and breakdown of electro-
lyzer components, diminishing electrolysis efficiency and
durability.100 Furthermore, the electrode corroded by a low
concentration of Br� (B0.00084 mol L�1) in natural seawater
is easily overlooked. Lu’s group ascertained that Br� poses a
greater threats to non-noble-metal anodes.159 Due to the faster
corrosion kinetics, extensive etching of Br� resulted in shallow-
wide pits, as compared to narrow-deep pits by local Cl� corro-
sion. More detrimentally, halides (e.g., Cl� and Br�) and their
derivatives can also compromise the properties of membranes
(ionic conductivity and durability).160

Oxyanion impurities, such as sulfate (SO4
2�, B0.028 mol L�1)

and bicarbonate or carbonate (HCO3
�/CO3

2�, B0.002 mol L�1) in
natural seawater, have been regarded as positive additives for
enhancing durability. Chen’s group affirmed that remarkable
improvement of stability was achieved by adding SO4

2�. The
preferential adsorption of the SO4

2� repulsed Cl� attack by the
electrostatic repulsive forces.161 However, specific adsorption of
SO4

2� on noble metal catalysts can potentially shift the onset with
undesired performance degradation.162–164 The intercalation of
other anionic impurities into layered catalysts, such as HCO3

�/
CO3

2�, and PO4
3�, has been evidenced as another effective

strategy to suppress Cl� adsorption.165–169 F�, at a low concen-
tration of (B0.00007 mol L�1) in natural seawater, possesses
high electronegativity.69 Utilizing this unique property was
proven to be an efficient strategy for tailoring the OER
selectivity. The introduction of F� was verified to boost the
free water content and regulate the hydrogen bond network
with favorable OH� transportation.170 Despite its widespread
adoption as an ion-repelling strategy, this method remains
subject to debate over plausible hypotheses instead of con-
firmed mechanisms. Sufficient direct evidence from both
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operando experiments and theoretical calculations has rarely
been reported to reveal the dynamic variation of surface
charges around the reaction microenvironment. More
adversely, as crucial electrolyzer components in the PEM-
based system, the porous transport layer and bipolar plate
(PTL/BPP) are usually made of titanium (Ti)-based materials.
F� was evidenced to corrode the titanium oxide (TiO2) passive
film (corrosion protective layer), with a threshold corrosion
concentration of 0.0005–0.02 mol L�1 F� in 0.05 M H2SO4 and
0.001 mol L�1 F� in 1 M HClO4.171–174

Organic anionic impurities, with negatively charged organic
molecules, are commonly distributed in various industrial
and municipal wastewater. For example, C2O4

2�, regarded as
a chelating agent and pH regulator, is widely used in the textile
and leather industries.175 Tang’s group reported an in situ self-
transformation tactic, converting C2O4

2� to CO3
2� for suppres-

sing the unwanted ClOR.140 Besides, surfactants pollute water
during household and industrial washing processes. Linear
alkyl benzene sulfonate (LAS, R–C6H4–SO3

�), characterized by
a hydrophobic ‘tail’ and a hydrophilic ‘head’, is the largest
group of anionic surfactants in detergents, with a concen-
tration of 3–21 mg L�1 in domestic sewage.176 Our group has
carried out a performance test in alkaline domestic dishwash-
ing wastewater to corroborate the applicability of non-noble
metal catalysts.177 Despite the outstanding activity and stability
of the as-prepared catalysts, the specific impact of the organic
anions remains ambiguous due to their complicated physico-
chemical properties.

Consequently, the main impacts and potential challenges
of the above-mentioned cationic and anionic impurities are
outlined in Fig. 4c. Despite the partial summarization, it is
impractical to include all the ionic impurities owing to the
complexity and diversity of impure water sources. The intro-
duction of representative ionic impurities and their specific
impact has systematically pointed out the most common
impurity-induced challenges, paving the way for the subsequent
development of catalysts and relevant electrolyzer components.

More crucially, it is advisable to comprehensively evaluate both
favorable and adverse impacts of impurities across the entire
system.

2.2.3. Non-ionic impurities. Impurities are generally clas-
sified into two different types: exogenous and endogenous
impurities.52 Exogenous impurities are identified as those
originally contained in distinct-grade water. Apart from the
above-mentioned ionic impurities, organic impurities, mainly
from conventional organic wastewater, biomass wastewater,
and nitrogenous wastewater, are able to exert impending
threats to the system performance.178 As shown in Fig. 5, those
small molecules, with a lower thermodynamic potential than
that of the OER, are preferentially oxidized at the anode, redu-
cing the voltage required to obtain the same current density.
However, the products, carbon monoxide (CO) and carbon
dioxide (CO2), can potentially poison active sites via strong
adsorption, diminishing catalytic activity.179 More adversely,
gaseous products can cross over to the cathode, lowering the
quality of H2 and requiring additional purification processes.
Those organic compounds are vulnerable to reacting with
membrane materials, affecting the ionic conductivity and
thereby causing degradation.52

As for natural seawater, it contains large amounts of dis-
solved gases such as nitrogen (N2), oxygen (O2), argon (Ar), etc.
The concentration of those gaseous impurities ranges from
nmol L�1 to mmol L�1. Although chemically inert gases can
hardly threaten the systematic performance, they will lower the
H2 quality to meet stringent standards.52 Moreover, the variety
of biological substances in seawater is often overlooked.
Biofouling has been evidenced to clog the active sites and the
pores of the membrane, triggering significant performance
degradation.180–182 To date, little research has been carried
out to reveal the specific impact of biofouling on device
components, as well as anti-biofouling measures. In addition,
endogenous impurities are usually regarded as the species
generated during the degradation process within the electro-
lyzer system. Although seawater typically undergoes simple

Fig. 5 Summary of the representative non-ionic impurities and impurity-induced challenges. Organic impurities, dissolved gas, microorganisms, and
solids were introduced to analyze the frequently overlooked impact and potential challenges.
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filtration to remove inert solid impurities (e.g., sand and
microplastic particles) before use, errors in system design and
improper maintenance may also introduce solid impurities
during long-term operation.101 Concomitantly, those solid
impurities in the electrolyte can continuously accumulate, thus
obstructing porous transport channels and causing mass trans-
fer issues.52

Therefore, it has been shown that both ionic and non-ionic
impurities in distinct-grade water would pose enormous chal-
lenges to device components.183 Simultaneously, it is urgent to
develop an effective approach that not only minimizes the
adverse impacts but also capitalizes on inherent impurities,
realizing a win–win synergy of pollutant degradation and clean
energy production.

2.2.4. Interfacial dynamic evolution. Real-world operating
conditions, including seasonal, geographical, and environmen-
tal fluctuations, can potentially lead to significant dynamic
evolution of impurities around the reaction microenvironment.
Specifically, DIWE, driven by renewable energy, suffers from
fluctuating power input.184–186 Our group recently discovered
that the cathode typically underwent oxidation when the redu-
cing potential was discontinued. Due to pseudocapacitive prop-
erties of redox-active electrodes, halide ions (e.g., Cl� and Br�)
tended to adsorb onto the cathode during shutdown and
discharge processes, causing catalyst deactivation.112 More
adversely, continuous consumption of fresh impure water dur-
ing the DIWE process provokes a significant increase in salinity
levels in the electrolyte, resulting in undesired interfacial
corrosion.187

Stabilizing interfacial pH fluctuation occurring near the
electrodes is another formidable challenge during the DIWE
process. Due to the lack of abundant buffering agents and slow
transfer of H+ and OH�, the ionic impurities alone in natural
seawater (pH = 8.0–8.3) can hardly regulate the local pH
gradient.68 Rapid consumption of protons under high current
density drives the local pH to increase remarkably, thus insti-
gating the cationic impurities (e.g., Mg2+ and Ca2+) to form
hydroxide precipitates. This knock-on effect, driven by inter-
facial dynamic pH variations, alters the concentration of ionic
impurities and blocks the active sites, exacerbating perfor-
mance degradation. Consequently, incorporating buffering
agents and circulating electrolytes constitutes a key factor in
modulating pH gradients.188

3. Scenario-oriented electrocatalyst
development

Electrocatalysts are one of the most widely studied com-
ponents.189 To resist the influence of various impurities in
complex environments, it is essential to develop cost-effective
electrocatalysts based on diverse criteria.190–192 In this section,
by fully drawing on the theoretical framework of mature HPWE
technology, the impurity-induced interplay on electrocatalyst
design was reassessed for the DIWE process. Moreover, recently
reported strategies targeting typical challenging scenarios are
comprehensively reviewed, guiding the electrocatalyst develop-
ment under complicated real-world conditions.

3.1. Undesired precipitation at the cathode

As the cornerstone in producing H2, the HER consumes the
dissociated H+, thereby engendering an increase in local pH.193

Platinum (Pt)-based materials are generally used as the cathode
for commercial implementation owing to their optimal adsorp-
tion of hydrogen and outstanding stability.194 Despite numer-
ous efforts devoted to developing non-noble metal materials
(e.g., Ni, Co, and Fe) to replace the expensive Pt-based materi-
als, there is still a large room for further improvement towards
industrial deployment.195 Regrettably, the development of
cathodic catalysts toward DIWE is more challenging. Due to
interfacial pH gradients, cationic impurities (e.g., Mg2+ and
Ca2+) can react with residual OH� to form unfavorable hydro-
xide precipitates at the cathode. Although the pre-treatment
could remove those alkaline earth metals by simply introducing
alkali additives to form hydroxide precipitates, this electrolyte
refining process requires the additional cost of alkali (e.g., US$
800 ton�1 of potassium hydroxide, KOH).69

To overcome this knotty problem, promoting reaction
kinetics and limiting local pH increase are key to obviating
catalyst deactivation. To date, several strategies have been
suggested to confine Mg2+ and Ca2+ or OH� around the reaction
microenvironment, empowering cathode anti-precipitation
properties.196 As shown in Fig. 6, Tang’s group constructed a
microscopic bubble precipitate traffic system (MBPTS) on the
cathode to repel nearby inorganic precipitates by forming
strong localized airflows.109 An industrially-relevant stability at
500 mA cm�2 for 150 h was achieved to produce cheaper H2.
Qiao’s group conceived a localized acidic microenvironment by

Fig. 6 Schematic illustration of strategies to inhibit undesired metal hydroxide precipitation on the cathode surface. Four commonly reported strategies,
including the microscopic bubble precipitate traffic system (MBPTS), local-pH regulation, solidophobic surface, and tip effect, were summarized to reveal
the metal precipitation at the cathode.
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incorporating a tungsten oxide (WO2) substrate, where a
dynamic proton-buffering system was constructed.197 The accu-
mulation of OH� was thereby inhibited with optimized adsorp-
tion energetics. This self-regulated proton regulation strategy
enabled long-term operation at 100 mA cm�2 for 500 h. Regu-
lating wetting properties and micro-nano morphologies was
also shown as effective approaches for mitigating cathodic
precipitation. Lu’s group constructed a nanoconfined hydra-
tion layer between the electrode and precipitates, initiating
hydration-mediated repulsive forces to suppress heterogeneous
nucleation and scale adhesion.198 Such a solidophobic strategy
allowed stable operation over 1000 h in concentrated Ca2+/Mg2+

solutions without conspicuous scale adhesion. Feng’s group
articulated a tip-effect-enhanced electrostatic repulsion strategy
by creating nanostructures with high curvature on the
cathode.199 The enhanced electric field, evoked by the tip effect,
suppressed the accumulation of OH� on the electrode surface,
thus alleviating metal hydroxide formation and preventing
electrode clogging.

Notably, high-purity magnesium hydroxide (Mg(OH)2) has a
significant economic value (US$ 1000–1500 ton�1) due to
its widespread industrial applications.200 The solidophobic
strategy proposed by Lu’s group has been regarded as an
effective way to recover high-purity Mg(OH)2 along with H2

production.111 Nonetheless, sufficient direct evidence from
operando experimental observation is lacking to reveal how
the Pt-I catalysts precisely control the local pH value within
the range of Mg2+ precipitation (B9.3) and Ca2+ precipitation
(B12.0). Therefore, metal resource recovery will help lower H2

production costs, facilitating wider industrial deployment of
DIWE technology.

3.2. Side reaction of chloride oxidation at the anode

The development of OER catalysts is also confronted with
impurity-induced challenges. As mentioned in Section 2, the
pH of the electrolyte is an essential factor in determining the
selectivity of OER. In acidic conditions, the expensive iridium
and ruthenium (Ir/Ru)-based catalysts are commonly used due
to their stronger durability.201 However, catalysts with OER
activity (1.23 V versus the standard hydrogen electrode (SHE)
at pH 0) are susceptible to the ClOR side reaction (1.36 V versus
SHE at pH 0) at high applied potentials. In neutral media, the
ClOR shifts to the HClO pathway with a broader potential

window for the OER as compared to acidic conditions. None-
theless, the OER process causes a local pH drop at the anode,
making the ClOR more competitive. Highly alkaline conditions
are more favorable for OER (0.40 V versus SHE at pH 14) as
compared to the ClOR (0.89 V versus SHE at pH 14) in the DIWE
process.202–204 Unfortunately, corrosive ClO� would form on
the anode under high potential conditions, leading to unfavor-
able competition with the OER. This conspicuous impact may
be attributed to active sites being shared by both ClOR and
OER. Correspondingly, a two-electron transfer process with by-
products can elicit catalyst poisoning or corrosion of the
electrode. Beyond the requirement of high activity and stability,
the Faradaic efficiency and selectivity of the anodic catalysts
toward ClOR should be fully taken into consideration for the
DIWE process.

To date, several strategies have been reported to alleviate the
ClOR. As shown in Fig. 7, intensive studies have focused on
incorporating the negatively charged layer (e.g., PO4

3�, SO4
2�,

MoO4
2�, etc.) anchored onto the anode surface.205–209 Lever-

aging electrostatic exclusion to repel Cl� adsorption is con-
ceived as the core function of those negatively charged layers.
Moreover, Lewis acid oxides (e.g., MnO2, Cr2O3, V2O3, etc.) have
been proposed to shield active sites from Cl� attack and sustain
OH� enrichment.210–212 This simple modification strategy has
been regarded as an effective way to construct a local alkaline
environment, which is conducive to enhancing both OER
kinetics and resistance to Cl� corrosion.213 More ingeniously,
Lu’s group heralded a novel approach to capture free Cl� via
AgCl precipitation and subsequently suppress Cl� adsorption.
This common-ion repulsion effect significantly improved corro-
sion resistance, with negligible performance degradation over
5000 h at 400 mA cm�2.214 In addition, encapsulation of the
metal active sites in armored shells, such as graphite, carbon
nanotubes (CNT), manganese oxide (MnOx), silicon oxide
(SiOx), and phthalocyanine, has recently garnered attention
for preparing robust catalysts towards harsh real-world
conditions.215–221 When integrated with the above-mentioned
methods, multifunctional protective layers could be con-
structed. Tang’s group proposed a triple-protected design
philosophy.222 Filtering out Cl� via PO4

3� barriers and nano-
sized MnO2 alleviated corrosion issues. Tip-connected nano-
wires with cage-like architectures further minimized the
physical destruction from the bubble impingement. Despite

Fig. 7 Schematic illustration of strategies to repel Cl� adsorption on the anode surface. Four commonly reported strategies, including negative charge
layer modification, local-pH regulation, Cl� fixation, and protective layer construction, were summarized to reveal the side reaction of chloride oxidation
at the anode.
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various methods developed to mitigating Cl� corrosion, dense
metal oxide layers might obstruct active sites with limited OER
activity. More adversely, anions might suffer from depletion
under high current density owing to gas evolution and electro-
lyte flow. Therefore, it is essential to design electrocatalysts that
can maintain high activity, durability, and selectivity for
industrial-scale deployment.223

3.3. High-potential dissolution at the anode

Improving the working potential of OER catalysts is crucial for
enhancing water splitting efficiency and cutting costs. Unfortu-
nately, the high-potential dissolution issues (thermodynamic
material instability) of OER catalysts can hardly be overlooked
under intricate reaction microenvironments.224 Unlike HPWE,
DIWE is affected by the dual challenges of impurity corrosion
and high-potential dissolution. Specifically, due to the in situ-
formed highly active Ni/Co hydr(oxy)oxide phases with tunable
electronic structure achieved by Fe3+ incorporation, Ni/Co-Fe
layered double hydroxides (LDHs) have been regarded as the
benchmark of non-noble metal catalysts in alkaline media.225–228

However, these highly active OER catalysts suffer from dissolution
under high potential conditions. As shown in Fig. 8a, Markovic’s
group discovered a dynamically stable interface with dissolution
and redeposition of active sites.229 In Fe-free electrolytes, an 80%
decline in OER activity was observed alongside a roughly 80% loss
of iron species from the catalyst surface. Intriguingly, when tests
were performed in an electrolyte with 0.1 ppm Fe, no conspicuous

changes in the catalysts were found. Concomitantly, even a modest
activity enhancement was detected. The subsequent experiments
on the ternary hydr(oxy)oxides (M1–M2–M3–OxHy) further eluci-
dated that OER activity monotonically increased according to the
3d transition metal family, following the order: Ni–Fe–Cu 4 Ni–Fe
4 Ni–Fe–Co 4 Ni–Fe–Mn. This improved OER activity was
ascribed to the enhanced Fe adsorption, thus entailing a higher
surface concentration of Fe active sites.

Beyond leveraging metal cationic impurities to strengthen
dissolution resistance, Sun’s group pioneered single-anion
engineering to tailor the interlayer and surface of the LDH-
based materials.110 The layered and positively charged nature
of LDH-based materials facilitated anion intercalation.
Initiated by a low applied electric field, hexafluorophosphate
(PF6

�) could easily intercalate into the interlayers and adsorb
onto the surface of the Ni–Fe LDHs, as shown in Fig. 8b. PF6

�

exhibits weak coordination with Fe sites, inhibiting undesired
Fe segregation. The accumulation of PF6

� ions further excludes
Cl� penetration during the seawater oxidation process. This
bifunctional design philosophy maintained stable operation
over 5000 h.

Notably, electrolyte-induced strategies, such as utilizing Cl�,
have recently been reported to stabilize the active sites.230

Despite being traditionally regarded as harmful anionic
impurities in the DIWE system, the positive role of Cl� was
uncovered by Qiao’s group.231 According to the operando spec-
troscopic results, the specific adsorption of Cl� on Fe sites

Fig. 8 Schematic illustration of the effect of ionic impurities in the electrolyte on the degradation of hydr(oxy)oxide OER catalysts. (a) Fe impurity-
induced dissolution and readsorption. Adapted with permission from ref. 229, copyright 2020 Springer Nature. (b) Interlayer and surface adsorption of
PF6

�. Adapted with permission from ref. 110, copyright 2025 Springer Nature. (c). Utilization of Cl� to stabilize the active sites. Adapted with permission
from ref. 231, copyright 2023 John Wiley & Sons, Inc. (d) Water-hydroxide trapping strategy to suppress Co dissolution. Adapted with permission from ref.
86, copyright 2024 American Association for the Advancement of Science.
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could enhance the valence of Ni and lower Fe valence. As shown
in Fig. 8c, driven at high potential, the increased Fe valence
becomes a hard acid and is easily attacked by OH� (hard base),
resulting in unwanted leaching and poor durability. In alkaline
seawater, however, the leaching could be suppressed by the
protection of adsorbed Cl�. Meanwhile, increased Ni valence
and the transition from the lattice oxygen mechanism (LOM)
to the adsorbate evolution mechanism (AEM) were further
verified to be responsible for the enhanced OER activity.
Analogously, the cobalt-based oxides (CoOx) are regarded as
a promising alternative to expensive Ir/Ru catalysts for acidic
OER. Nonetheless, as shown in Fig. 8d, Co3O4 is prone to
H+/H3O+ attack with severe Co ion dissolution in acidic media.
In this regard, Arquer’s group successfully incorporated the
high-valence sacrificial element tungsten (W) to form a
CoWO4 (CWO) crystal structure.86 This sacrificial element
could be selectively removed by the water-hydroxide-WO4

2�

anion exchange process, subsequently evoking structural dela-
mination, trapping, and stabilization of water-hydroxide in
the defect network. This water-hydroxide shielding strategy
inhibited Co ion dissolution and achieved stable operation for
608 h at 1000 mA cm�2.

3.4. Anodic oxidation of organic impurities

Owing to sluggish four-electron-transfer kinetics with a high
theoretical potential (1.23 V vs. the reversible hydrogen elec-
trode (VRHE)), it is impractical for OER catalysts to completely
circumvent detrimental competition with the ClOR.232 To fix
this bottleneck issue, the hybrid electrolysis strategy paves the
way for breaking the limit of OER. Since rich organic impurities
already exist in some wastewater sources, it is highly possible

that these organic molecules can be oxidized at a lower
potential to replace OER at the anode.233 Qiao’s group devel-
oped a Co-doped Cu3P catalyst as both the anode and cathode
to couple seawater electrolysis with formaldehyde (HCHO)
oxidation. As shown in Fig. 9, the theoretical potential of partial
oxidation to generate formate is only �0.22 VRHE, remarkably
negative compared to the OER (1.23 VRHE).234 More subtly,
integrating seawater electrolysis with upcycling of polyethylene
terephthalate (PET) waste was reported by Chen’s group.235 The
as-prepared Pd–CuCo2O4 catalyst boosted the adsorption of
PET-derived ethylene glycol (EG) and subsequently facilitated
the partial oxidation to form GA. This EG-to-GA process man-
ifested an ultralow theoretical oxidation potential (0.065 VRHE),
effectively obviating corrosion of the anode. Analogously, abun-
dant urea-bearing wastewater acts as another promising candi-
date for oxidation at the anode for energy-saving.236 Urea is
detected as the main component of urine (B150–580 mM) with
favorable theoretical oxidation potential (0.37 VRHE).237 Aside
from this organic impurity in urine, large amounts of ionic
impurities, such as Cl� (B40–280 mM), SO4

2�, NH4
+, PO4

3�,
and Ca2+ (B2–56 mM), were present.238 Notably, the rich Cl�

impurities in urine can also give rise to the degradation of the
electrode. In this regard, Qiao’s group claimed an interfacial
microenvironment strategy by leveraging a Lewis acid to modify
Ni phosphide catalysts.239 The as-prepared catalysts required
only 1.62 V to reach the current density of 3000 mA cm�2 and
exhibited a long-term durability for 1000 h. As compared to the
electrooxidation of urea with carbon emissions, hydrazine
oxidation (HzOR) possesses a negative theoretical oxidation
potential (�0.33 VRHE). Besides, the electrooxidation of hydrazine-
rich industrial wastewater can further alleviate environmental

Fig. 9 Summary of the representative organic impurities and their theoretical oxidation potential. Commonly reported organic impurities, including but
not limited to formaldehyde, ethylene glycol, urea, hydrazine, etc., were summarized with the lower theoretical potential to replace the OER. Additionally,
ML-assisted catalyst design was suggested to accelerate the development of organic oxidation reactions.
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pollution. Qiu’s group integrated HzOR with neutral seawater
electrolysis.240 The as-prepared NiCo/MXene-based catalyst
showcased a low electricity expense of 2.75 kWh m�3 H2 at
500 mA cm�2, reducing the energy input by 48% in contrast to
commercial alkaline water electrolysis.

Although substantial progress has been made by utilizing
diverse organic impurities to assist H2 production, a severe
challenge is to separate and purify the products from the
electrolyte. Due to a wide range of organic impurities in
distinct-grade wastewater, the impurity-induced interference
merits sufficient attention. Furthermore, it is laborious to
develop the optimal catalyst for hybrid electrolysis based on
trial-and-error practice. This labor-intensive field usually
involves time-consuming experimental synthesis and evalua-
tion, deeply relying on the chemical intuition of investigators.
In this context, applying machine learning (ML) could be an
effective tool to manage complex systems with multiple
variables.241 This new research paradigm aims to figure out
hidden correlations among high-dimensional datasets, filling
the gap between simplified models and optimal catalysts for
multiple electrooxidation reactions of organics. However, ML-
driven electrocatalyst design has barely been touched upon in
this field. High-fidelity datasets and reliable ML models are
required to help researchers wisely choose synthesis recipes
of the catalysts according to the specific scenario.

4. Function-oriented electrolyzer
development

Despite substantial efforts devoted to catalyst development,
further innovation of the functional electrolyzer is indispensa-
ble for the abovementioned challenging scenarios.160 As com-
pared to the HPWE technology, electrolyzer design for DIWE is
confronted with a pyramid of interconnected issues provoked
by various impurities. In this section, building upon the
recently reported advances in this field, mature membrane-
based water electrolyzers were first elucidated. The notable
knowledge gap between the specific impact of impurities and
the membrane degradation mechanism was bridged. The
emerging novel design philosophy was subsequently reviewed
to develop functional electrolyzers for the DIWE system.

4.1. Membrane-based electrolyzer

Membrane-based electrolyzers are commonly leveraged to sepa-
rate the gaseous products from the cathode and anode (H2 and
O2), involving proton exchange membrane water electrolyzers
(PEMWE), alkaline water electrolyzers (AWE), anion exchange
membrane water electrolyzers (AEMWE), and bipolar mem-
brane water electrolyzers (BPMWE). The crossover of active
species can be obviated, concomitantly achieving higher cur-
rent density by minimizing ohmic losses.96 Notably, there is
growing interest in improving membrane technology to meet
the requirements of the DIWE process.100 However, engendered
by uncontrolled migration of impurities, membranes are fragile
and even deteriorate before other electrolyzer components.
In this context, a more efficient and feasible functional
membrane-based electrolyzer is instrumental in scaling up
DIWE.97

4.1.1. PEMWE. Emerging from NASA’s space programs in
the 1960s, PEMWE is expected to account for 40% of the green
H2 market.242 In the commercial PEMWE-based system, the
expensive cathode (e.g., Pt) and anode (e.g., iridium oxide(IrO2))
are separated by a costly Nafion membrane that is composed of
PFSA polymers.119 As shown in Fig. 10, the H+ goes through the
membrane and couples with electrons at the cathode to form
H2. This simple configuration enables high current densities
(up to 3000 mA cm�2) and exhibits fast dynamic response,
highlighting its strong potential for industrial-scale produc-
tion of high-purity H2 (499.9%).243–245 Regrettably, stringent
requirements for water purity impose enormous challenges
for the application with impure feedwater. Although the inso-
luble hydroxides could be effectively suppressed at the cathode
under acidic conditions, the Nafion membrane is extremely
sensitive to cationic impurities (e.g., Na+ and Fe2+). The proton
conductivity would be severely jeopardized by those cationic
impurities during long-term operation. Additionally, most
metal catalysts suffer from dissolution in acid medium with
poor durability.246 Restricted choices among noble metal cata-
lysts further elevate capital expenditure in PEMWE systems.247

More adversely, the competing ClOR in acid conditions dete-
riorates OER selectivity, provoking unwanted corrosion in
device components. Collectively, the above negative factors
contribute to the poor lifespan of PEMWE toward industrial-
scale DIWE application.

Fig. 10 Schematic illustration of the configuration of membrane-based electrolyzers. Four commonly reported membrane-based electrolyzer
configurations, including PEMWE, AWE, AEMWE, and BPMWE, were summarized to reveal the challenges toward the DIWE process. The characteristics
of each membrane-based electrolyzer were introduced in terms of cell configuration and ion transport.
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4.1.2. AWE. Commercialized since the 1950s, AWE has
become one of the most widely employed electrolyzers for
large-scale hydrogen production.116 Electrodes, comprising
non-noble metal-based materials (e.g., Ni, Co, Fe), are separated
by the porous diaphragm (e.g., Zirfon).248 Liquid alkaline
electrolyte (e.g., 30–40% KOH) is thereafter incorporated into
the two-compartment cell. Generally, H2O is split into H2 and
OH� at the cathode. OH� subsequently passes through the
porous diaphragm and is ultimately oxidized at the anode to
form O2. As compared to the PEMWE, AWE is well-suited to be
scaled up owing to the utilization of low-cost catalysts and non-
ion-exchange membranes.249 Also, the alkaline environment
creates the conditions for pre-treatment to remove Ca2+/Mg2+.
The OER selectivity could also be enhanced in alkaline media.
Those advantages of the AWE hold great potential to be applied
in the DIWE system. Nonetheless, the inherent cell configu-
ration impedes the operation at large current densities. High
permeability can lead to uncontrolled ion migration, such as
Na+, H+, OH�, and Cl�. The wide range of impurities further
imposes challenges related to membrane blockage and gas
crossover.250

4.1.3. AEMWE. Combining the advantages of PEMWE and
AWE, AEMWE has attracted more attraction for application in
the DIWE system.251 Water is reduced at the cathode with the
formation of H2 and OH�. The OH� thereafter migrates
through the AEM and is oxidized to O2 at the anode. When
moving to a larger-scale system for industrial implementation,
water is usually supplied to the anode to collect high-purity H2

at the cathode. The AEM, with the inherent water uptake and
transport properties, allows water to pass from the anode to the
cathode. The OH� generated from the splitting of H2O can
subsequently return to the anode.90 Operating in alkaline
environments with high ion conductivity, AEMWE can use
non-noble-metal catalysts to achieve large current densities
without conspicuous gaseous crossover. The activity and selec-
tivity of OER would further be enhanced in the alkaline
medium. Unfortunately, inevitable Cl� crossover through the
AEM would facilitate the formation of ClO� and anode
corrosion.252 When directly supplying chloride-rich feedwater
to the anode, unwanted ClOR and corrosion risks would be
intensified.

4.1.4. BPMWE. Building upon the above discussion, the
dynamic evolution of the local pH environment imposes per-
sistent challenges. In this context, BPMWE, comprising AEM
and PEM, has been designed to achieve the optimal pH
environments for each half-reaction.253,254 Water is split at
the interface between AEM and PEM.255 The undesired ClOR
would be suppressed at the anode by the local alkaline environ-
ment with the use of AEM. Concurrently, the precipitation of
hydroxides can be suppressed at the cathode by the local acidic
environment generated by the proton flux from the PEM.
Integrating the merits of PEMWE and AEMWE, BPMWE is
regarded as a promising candidate for the DIWE system.
Regrettably, impurity-induced impact can potentially impede
its further scalability. BPM is susceptible to inorganic and
organic impurities. The degraded ion conductivity would result

in poor durability over long-term operation. Similar to AEMWE,
when a chloride-rich electrolyte is directly supplied to the
anode, corrosion risks and the ClOR at high potentials remain
unresolved. Correspondingly, degradation mechanisms and
strategies necessitate further investigation to adapt the BPMWE
to the DIWE system.

4.2. Novel functional electrolyzer

Based on the discussion of conventional membrane-based
electrolyzers, it is concluded that they share common issues
elicited by impurities. The overwhelming focus on catalysts
often overshadows the equally critical role of other device
components. On this point, an efficient and sustainable DIWE
system is supposed to possess facile device configurations with
suitable components. Different grades of feedwater can be
supplied as an electrolyte with minimal treatment. An industrial-
scale current density with low energy consumption is expected to
be sustained without conspicuous degradation over long-term
operation. Consequently, to develop novel functional electrolyzers
toward the DIWE process, a series of design strategies is compre-
hensively reviewed in this section.

4.2.1. Direct and indirect water-vapor electrolysis cells.
As shown in Fig. 11a, distinct from conventional water-liquid
electrolysis (WLE), solid oxide electrolysis cells (SOEC), operat-
ing at high temperature (400–800 1C), directly split water vapor
at the cathode to form H2 and O2�.256–258 The O2� subsequently
passes through the solid oxide electrolyte to the anode and is
ultimately oxidized to O2. In contrast to the abovementioned
membrane-based electrolyzers, gaseous water molecules are
supplied into cells instead of aqueous feedwater.259 This inher-
ent merit of water-vapor electrolysis (WVE) potentially separates
water from other impurities (e.g., Cl�, Ca2+, Mg2+). Also, the
introduced thermal energy input allows a higher electrolysis
efficiency. Despite its notable merits over conventional electricity-
driven electrolyzers that operate below 100 1C, the higher operat-
ing cost associated with high-temperature working conditions
imposes limitations on its widespread application. High operating
temperature engenders a limited range of catalysts with high
thermal stability. Furthermore, even a trace amount of salt
particle contaminants, mixed with the gas flow, can potentially
clog the inlet and result in system failure.90 Accordingly, these
device-level challenges necessitate a suitable gas flow design and
pre-treatment strategies to preclude potential performance
degradation.

To circumvent the limitations brought by high temperature,
as shown in Fig. 11b, low-temperature (o100 1C) WVE has
garnered extensive attention. Logan’s group proposed the
vapor-fed anode configuration coupled with a saltwater
catholyte.260 The humidified gas stream is directly pumped
into the anode with the generation of protons and oxygen. The
formed protons subsequently migrate through the PEM to the
cathode chamber. The water required at the anode is supplied
by the water vapor, as well as the water diffusing from the
saltwater catholyte through the membrane. This unique con-
figuration for saltwater electrolysis exhibited comparable per-
formance to a conventional PEMWE. More beneficially, the
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migration of Cl� from cathode to anode is prevented by the
charge repulsion of the PEM. Pronton transfers from the anode
and alleviates the undesired migration of Na+ through the PEM.
As shown in Fig. 11c, Shao’s group further introduced a
semi-vapor electrolysis (SVE) system based on the PEMWE
technology.261 In this SVE system, low-temperature vapor elec-
trolysis takes place at the anode while liquid water is circulated
at the cathode. Notably, the generation of ultrapure water vapor
from non-volatile impurities (e.g., salts, precipitation, etc.)
creates the possibility of direct electrolysis of various impure
water sources. By recycling O2 products as the vapor carrier gas,
performance identical to that obtained using N2 or air was
measured. More favorably, the sufficient waste heat generated
during the electrolysis process could be a suitable energy
source for low-temperature vapor production, while simulta-
neously yielding pure water as a by-product. The above opti-
mized workflow further mitigates energy consumption and
system complexity.

Intriguingly, as shown in Fig. 11d, Xie’s group introduced a
hydrophobic porous waterproof breathable membrane (WBM)
to separate the seawater and self-damping electrolyte (SDE).262

The interfacial vapour pressure (Pvapor) difference enables
the escape of water vapor from seawater to SDE, without extra
energy consumption. The water vapor is subsequently re-
liquified by the adsorption of the SDE. As an indirect WVE
process, water vapor is converted into pure water for subse-
quent electrolysis. In contrast to the above direct WVE system,
this novel electrolysis configuration relies on a self-driven
phase transition mechanism, realizing in situ water purification
and electrolysis processes. The impurity-induced challenges
during the DSE process are effectively ameliorated. Nonethe-
less, the optimal working temperature (70–90 1C) for vapor-
phase water transfer impedes the direct utilization of natural
seawater in offshore regions. Concurrently, the deployment of a
strongly alkaline electrolyte potentially poses a threat to the

ocean ecosystem due to the occurrence of uncontrolled leakage
under unexpected fluctuations.

4.2.2. Novel ionic-conducting electrolyzer. Alternatively,
developing novel ionic-conducting electrolyzers has become
an effective tool to sustain ionic balance and inhibit the
unfavorable crossover.263–266 As shown in Fig. 12a, Qiao’s group
proposed an ion-selective gate (ISG) strategy toward the electro-
lysis of impure water.267 This facile configuration features the
direct coating of commercial catalysts with ionomers. At the
cathode, anion-selective ionomers boost the OH� migration
and prevent cationic impurities (e.g., Ca2+/Mg2+) from forming
hydroxide precipitates. At the anode, cation-selective ionomers
enhance the H+ migration and prevent the Cl� attack. The
stable interface across both electrodes exhibits broad applic-
ability for diverse impure water sources. However, this ISG-
based electrolyzer still lacks degradation monitoring to deal
with unexpected perturbations under intricate environments,
necessitating further enhancement to sustain the durability
and selectivity.

Designing novel ion exchange membranes also plays a
crucial role in improving the electrolyzer performance. Cation
exchange membranes (CEM) are known for selectively allow-
ing cations, particularly Na+, to go through during the DIWE
process.268 Recently, by utilizing the Na+-conducting membrane,
Li’s group has developed an asymmetric electrolyzer with a dual
electrolyte configuration.269 As shown in Fig. 12b, sodium hydro-
xide (NaOH) is selected as the anolyte. Meanwhile, the natural
seawater serves as the catholyte. Driven by the applied potential,
OH� is converted to O2 at the anode. Na+ subsequently passes
through the Na+-conducting membrane from the anode to the
cathode. Concurrently, H2 and OH� are formed at the cathode.
This novel asymmetric configuration suppresses Cl� migration
to the anode, preventing the undesired ClOR. More beneficially,
the circulation of seawater alleviates the fluctuation of local pH,
deterring the unwanted hydroxide precipitation at the cathode.

Fig. 11 Schematic illustration of the direct and indirect water-vapor electrolysis cell. (a) SOEC. (b) Vapor-fed anode. Adapted with permission from
ref. 260, copyright 2025 Royal Society of Chemistry. (c) Process flow chart of the SVE system. Adapted with permission from ref. 261, copyright 2024
Royal Society of Chemistry. (d) WBM. Adapted with permission from ref. 262, copyright 2022 Springer Nature.
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However, intricate environments pose greater threats to the
durability and selectivity of the CEM, inducing unexpected ionic
crossover and electrolyte leakage. These risks might eventually
cause failure of system performance. Therefore, periodic evalua-
tion during electrolysis, including real-time monitoring of
membrane fouling and electrolyte leakage, is crucial, particularly
with the aid of ML model predictions.270

Concerning the strong alkaline electrolyte leakage, Xie’s
group further improved their previous strategy by incorporating
the gel electrolyte.271 As shown in Fig. 12c, the external
seawater is isolated from the internal electrode and the gel
electrolyte by deploying hydrophobic breathable membranes.
In this optimized configuration, the gel electrolyte, made of
KOH modified polyvinyl alcohol (KOH-PVA), is shown to con-
duct ions, mediate water migration, and prevent gas crossover.
The vapor pressure difference between the gel electrolyte and
seawater drives the migration of water vapor from the seawater
to the gel electrolyte. Induced by concentration gradients, water
molecules arrive at the electrode through dissociation and
association with the OH� ions in the gel. The water is ultimately
split into O2 at the anode and H2 at the cathode. Concomitantly,
the OH� in the gel migrates from the cathode to the anode with
the formation of an ion pathway. The as-prepared gel electrolyte
manifested the capability of producing H2 directly from the
humidified gas atmosphere over 220 h. Regrettably, gel-based
materials are inherently vulnerable to dehydration under high-
temperature and dry environments, thereby triggering the altera-
tion of their physicochemical properties.272–274 Given the unex-
pected perturbation in real-world environments, there is still a
large gap before extensive industrial applications.

4.2.3. Novel membraneless electrolyzer. Building upon the
above discussion, employing membranes or similar functional
media plays an essential role in inhibiting the hazardous
mixing of H2 and O2. However, their degradation under
complex conditions is also identified as the main source of

system failure. Accordingly, the membraneless electrolyzer has
emerged as a promising alternative to reduce capital invest-
ment costs and enhance the lifespan of the system.275

To ameliorate the membrane dependence, the conventional
methods mainly focus on the optimization of cell configura-
tions with the specific flow-field designs and bubble manage-
ment. For example, as shown in Fig. 13a, buoyancy forces are
employed in an angled cell to drive O2 and H2 bubbles into gas
reservoirs.276 More intriguingly, as shown in Fig. 13b, fluid
dynamic forces are deployed in microfluidic cells to trigger
laminar flows of O2-containing anolyte and H2-containing
catholyte that ultimately separate in the T-shaped channels.277

As shown in Fig. 13c, flow-through cells are further designed to
drive the flows of the anolyte and catholyte through porous
anodes and cathodes to realize the separation of O2 and H2.278

Recently, decoupled water electrolysis (DWE) with the
supply of the same electrolyte in undivided cells has garnered
extensive attention for membraneless electrolysis.279 In the
DWE system, solid-state redox mediators are usually introduced
as auxiliary electrodes, temporally and spatially regulating the
exchange of H+ or OH� with the cathode and anode.280 For
instance, Yang’s group developed a decoupled seawater direct
electrolysis (DSDE) system with a membrane-free configuration
and desalination-free operation.281 They employed TQBQ-COF
(Covalent Organic Framework) as a solid-state redox mediator to
successfully decouple the HER and ClOR in acidic conditions.
As shown in Fig. 13d, coupling with ClOR at the anode, the COF-
based mediator first undergoes protonation. Subsequently, it
deprotonates to couple with HER at the cathode. This spatial and
temporal isolation of the production of H2 and high-value Cl2

circumvents the use of costly and fragile PEM, demonstrating
promising compatibility with seawater. Regrettably, the solid-
state redox mediators potentially suffer from limited capacity
and rate, necessitating regeneration in the batch process.282 In this
regard, the soluble redox mediators have emerged. As shown in

Fig. 12 Schematic illustration of novel ion-conducting configurations. (a) ISG. Adapted with permission from ref. 267, copyright 2025 Springer Nature.
(b) CEM. Adapted with permission from ref. 269, copyright 2023 Springer Nature. (c) Gel electrolyte. Adapted with permission from ref. 271, copyright
2025 Royal Society of Chemistry.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 1
1:

39
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs01553g


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

Fig. 13e, Rothschild’s group proposed a bromide/bromate
(Br�/BrO3

�) redox couple to facilitate H2 and O2 production
in separate electrolytic and catalytic cells.283

In this novel cell configuration, the BrO3
�migrates from the

electrolytic cell to the catalytic cell, where it is catalyzed to
bromide and subsequently moves back to the electrolytic cell.
More ingeniously, the cathode coated with a semipermeable
thin layer of chromium hydroxide (Cr(OH)3) could prevent the
reduction of BrO3

�, sustaining the HER activity. Despite the
merits of the DWE system, the inherent characteristics of
discrete water electrolysis, such as two subprocesses in separate
cells or sequentially in different stages, increase the complexity
of electrolyzer development. More adversely, only a few DWE
systems with larger stacks can achieve ampere-level current
density, impeding the cost-competitive prospects as compared
to conventional electrolyzers.282 The lower energy efficiency
induced by excess voltage might be a warning for researchers
to reconsider the suitable redox mediators for large-scale
implementation.284,285

5. Pathway of DIWE: from lab to
industry

To date, numerous studies have been reported on green H2

production, with particular emphasis on DIWE technology.
However, the majority of those works prioritize the develop-
ment of highly active catalysts or the optimization of a single
device component. Such a narrow focus on individual compo-
nents has overshadowed the equally vital importance of coher-
ent industrial-scale process integration. Therefore, bridging the
gap between textbook knowledge and industrial deploy-
ment remains far from complete. In this section, we identify

requirements for device components (e.g., electrocatalysts,
membranes, electrolyzers) at an industrial scale. Electrolysis
system integration and synergistic optimization for realizing
full-chain improvement are emphasized in real-world applica-
tion scenarios.

5.1. Gap between lab findings and industrial application

In the laboratory, the traditional membraneless and H-type
electrolyzers with limited catalytic areas (1 cm�2) are usually
employed for feasibility verification. The most frequently used
metrics are the overpotentials at a certain current density (e.g.,
10 mA cm�2) to evaluate the activity of the as-prepared cata-
lysts. Ultrapure water (18.2 MO cm) is used to prepare simu-
lated seawater by adding defined chemicals, such as sodium
chloride (NaCl) solutions.269 Optimal catalyst formulations are
selected based on the criteria of minimal overpotential or
maximal stable operating time. Unfortunately, lab findings
can hardly be applied to direct industrial implementation.
As shown in Fig. 14a, a broad range of impure water sources,
including tap water, wastewater from municipal, industrial,
and agricultural sources, natural seawater, etc., interfere with
device components. Practical hurdles, involving scaling, foul-
ing, and upkeep, remarkably impede large-scale applications.
For example, Xie’s group presented a scaled floating platform
under a fluctuating ocean environment.113 This pilot system,
based on their previously reported phase-transition strategy,
showcased an electrolysis capacity of 6 kW, a hydrogen pro-
duction rate of 1.2 Nm3 h�1, an energy consumption of
5 kWh Nm�3 H2, a high purity of H2 (99.99%), and a stable
operating time of 240 h in Xinghua Bay. However, contamina-
tion and wetting of the membrane were discovered during long-
term operation. The attachment of microorganisms or scaling

Fig. 13 Schematic illustration of the configuration of membraneless electrolyzers. (a) Angled electrolysis cells. Adapted with permission from ref. 276,
copyright 2018 Elsevier. (b) Microfluidic cells based on the Segré-Silberberg effect. Adapted with permission from ref. 277, copyright 2015 Royal Society
of Chemistry. (c) Divergent electrode-based flow through cells. Adapted with permission from ref. 278, copyright 2015 Elsevier. (d) COF mediator-based
decoupled water electrolysis. Adapted with permission from ref. 281, copyright 2025 John Wiley & Sons, Inc. (e) The bromide/bromate decoupled water
electrolysis. Adapted with permission from ref. 283, copyright 2024 Springer Nature.
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significantly degraded the water migration ability, aggravating
membrane aging and increasing subsequent upkeep costs.204

Additionally, cationic species exhibit a stronger thermody-
namic affinity to PFSA than protons, thus resulting in coordi-
nation with sulfonate groups (–SO3

�, PFSA functional groups)
and replacing protons through ion exchange, eventually dimin-
ishing proton conduction through the membrane.286 More
critically, as only protons are consumed for HER, cations would
accumulate with a concentration gradient at the cathode. The
applied electric potential must drive those cations against the
concentration gradient, thus raising the membrane potential
needed for ion transport. Collectively, these factors increase the
cell resistance and jeopardize the stability of the electrolyzer.
To mitigate the undesired impact of cationic impurities, Ren’s
group proposed the approach of acidifying reclaimed water
(RW) to boost proton availability for RW electrolysis. The excess
protons were evidenced to facilitate the proton migration and
suppress cation interference. Stable operation was demon-
strated for 300 h at 150 mA cm�2. This acidification step
eliminated multi-stage RW pre-treatment, cutting costs by
46.9% and energy intensity by 61.8%. Analogously, Ling’s group
proposed a local pH-regulated PEM electrolyzer that delivered
durable operation in untreated tap water for more than 3000 h
at 1000 mA cm�2, on par with pure-water-fed PEM systems.
Local acidity provided by Brønsted acid oxides shields the
membrane from cationic impurities. This local pH-regulated
PEM electrolyser is projected to lower the levelized cost
of hydrogen (LCOH) by 0.3–8.19%, corresponding to annual
savings of roughly US$42 000–321 000.88

Apart from complicated impurity-induced interplay, opera-
tion at industrial-level current densities (above 500 mA cm�2)

with long-term durability tests (above 1000–5000 h) are often
ignored in the lab-scale stage. When the best-performing
sample, selected based on the lab metrics, is scaled to stack
level, non-uniform gradients of physical fields, such as tem-
perature, pressure, voltage, current density, etc., would instigate
system failure. This breakdown might not only be rooted in
catalyst deactivation, but also in knock-on effects among device
components. More seriously, the complicated real-world con-
ditions (e.g., fluctuating power input) can potentially provoke
local pH changes and the alteration of the interfacial concen-
tration of reactants or intermediates. Those intricate external
factors further impose difficulties in the diagnosis of specific
components.

Market-oriented research and development (R&D) further
represents the golden key to unlocking the pathway toward
industrial-scale implementation. Driven by clean hydrogen
policies worldwide, the blueprint of market demand has been
depicted as shown in Fig. 14b. In the short term, from now to
2030, the H2 feedstock would be mainly supplied for the
chemical industry, such as fertilizers and petrochemicals.
According to Hydrogen Europe’s strategic innovation, the goals
of lowering H2 costs to less than h3 kg�1 by 2030 have been
established by the research agenda.52 In the medium term,
from 2030 to 2040, the extended demand for energy carriers
(e.g., transport and power storage) is expected to be a new
growth point with more economic competitiveness than con-
ventional energy. After 2040, aside from a wide range of
application scenarios, the prosperity of the H2 economy is
anticipated to facilitate the net-zero targets by 2050.97 There-
fore, the transition from lab findings to industrial application
is a complex system-level engineering challenge. Based on

Fig. 14 Schematic illustration of the pathway from lab to industry. (a) Impurity-induced interplay on each device component. (b) Three stages of market
demand: now to 2030, 2030–2040, and after 2040. (c) What is actually required for industrial applications: system integration and synergistic
optimization for realizing performance improvement across the full chain in real-world application scenarios.
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impurity-induced interplay and market-oriented R&D, industrial-
scale application necessitates suitable device components for
stable operation under real-world conditions.

5.2. Requirements for device components

At the lab stage, tons of studies concentrate on the develop-
ment of novel electrocatalysts. However, despite effective stra-
tegies as summarized in Section 3 and Table S1 (SI), assembling
electrocatalysts into industrial-scale electrolysis systems is still
confronted with several challenges. Micro-nano structures are
subject to vigorous bubble scouring under high current den-
sities, which may lead to material detachment. Such dynamic
interfacial evolution should be fully considered when exploring
strategies for performance enhancement. Interface microme-
chanisms obtained in simulated impure electrolytes (e.g., NaCl
solutions mimicking natural seawater) can hardly be extrapo-
lated to practical conditions, because other coexisting impu-
rities can potentially affect the active sites. More adversely, non-
uniform contact interfaces, derived from the large-scale elec-
trode fabrication process, would affect electron transport and
ohmic resistance. Therefore, industrial-level evaluation should be
performed from laboratory conditions to realistic environments.

Equally important as electrocatalysts, membranes are
commonly used to separate the anode and cathode. However,
membrane breakdown, induced by complicated impurities,
poses a significant threat to the whole electrolysis system.
During the long-term operation in harsh conditions, the risk
of membrane swelling and fouling is remarkably enhanced,
triggering the penetration of ionic impurities. In particular,
ionic impurities and microorganisms present in natural sea-
water can markedly degrade membrane durability. The inher-
ent defects of membranes, originating from the large-scale
manufacturing process, could further induce the permeation,
thereby compromising ion selectivity. Accordingly, to improve
the anti-fouling and mechanical properties of membranes, it is
imperative to regulate the structure of ion transport channels
and the interaction of polymer chains to block impurities. More
importantly, apart from modifying membrane materials, opti-
mizing the large-scale fabrication process of advanced mem-
branes is also essential to secure their functional performance.

To expedite the industrial application progress of DIWE, the
development of electrolyzers should primarily rely on the
improvements to mature technologies, such as PEMWE, AWE,
and AEMWE. Analogously, design considerations regarding
plate corrosion, flow fields, and reactors should be tailored
for long-term operation in harsh environments. Specifically,
halide ions (Cl�, Br�, F�) impose destructive effects on catalysts
and membranes, while also severely corroding electrolyzers.
As discussed in Section 2, porous transport layers and bipolar
plates, made of Ti-based materials, are susceptible to F� corro-
sion in the acid medium. Moreover, in situ-generated impuri-
ties around the reaction microenvironment, involving metal
hydroxide precipitates or detached metal catalyst particles,
represent a potential threat by blocking flow channels.
Concurrently, the application of other novel functional electro-
lyzers, as discussed in Section 4.2, is still far from large-scale

commercialization, necessitating the enhancement of electro-
lysis efficiency and operating durability. From a long-term
perspective, the current kW- or MW-scale electrolyzers are
hard to exert a substantial influence on climate change, thus
requiring continuous deployments to reach the TW scale.96,287

However, the scale-up of electrolyzers and related accessories is
plagued by non-uniform gradients in temperature, pressure,
voltage, and current densities, etc. Consequently, the scale-
oriented development of device components should be empha-
sized. Coupled with experimental validation, computer-aided
numerical simulation enables the optimization of electrolyzer
geometric dimensions, flow channel configurations, and phy-
sical field regulation in terms of temperature, pressure, voltage,
and current density.288

5.3. System integration and synergistic optimization

To facilitate large-scale industrial deployment, as shown in
Fig. 14c, system integration and synergistic optimization should
be emphasized throughout the entire process, circumventing
overemphasis on a single component or process. In particular,
the Cl�-induced lattice oxygen mechanism has recently been
reported for enhancing seawater oxidation reaction.230 However,
as the concentration of Cl� goes up with continuous consump-
tion of water, device components would inevitably be corroded
during long-term operation. Despite significant performance
improvements of electrocatalysts via this Cl� mediated strategy,
potential corrosion issues in the whole electrolysis system
should not be ignored. Also, to enhance the corrosion resistance
of electrodes, additional modification of electrocatalysts is
usually performed in the bench-scale stage. When operating
under industrial-scale conditions, some protective layers of the
modified electrocatalysts are vulnerable to damage and may
detach from the electrode. Those in situ-generated impurities
pose a risk of deteriorating the membrane durability and block-
ing the flow channels of bipolar plates. Therefore, impurity-
driven interactions do not merely occur within a single compo-
nent of the device when conducting system integration. Further
synergistic optimization for realizing full-chain improvement is
still required to fully de-risk the DIWE technology.

A more challenging task is to strike an optimal trade-off
between cost reduction and performance enhancement. Notably,
electrocatalyst modification, as discussed in Section 3, usually
requires an extra cost to prevent corrosion issues in harsh
environments. Meanwhile, thinner membranes with reduced
PFSA usage are conducive to achieving high current densities
and lowering material costs.97 However, thinner membranes are
usually susceptible to degradation and possess unsatisfactory
durability. Besides, the noble metal catalysts can potentially be
avoided in the AWE or AEMWE system as compared to PEMWE.
Conversely, PEMWE can achieve higher current densities, a
rapid response time, and more integrated balance of plants.
Furthermore, the cost of environmental remediation is often
overlooked during the DIWE process. Due to the insufficient salt
concentration in natural seawater, alkaline seawater electrolysis
serves as a commonly used strategy to mitigate limited ionic
conductivity. Nevertheless, the use of strong alkaline electrolytes
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on offshore platforms presents substantial risks not only of the
corrosion of device components but also to marine ecosystems
in the event of electrolyte leakage into the ocean. Also, the
salting-out effect would be intensified with the continuous
consumption of water. Leaving this risk unaddressed would
significantly impair environmental sustainability and long-term
operational stability, thus incurring extra costs for solid and
liquid waste disposal. Consequently, to identify a Pareto-optimal
state enabling high-efficiency operation of electrolysis systems,
trade-offs between competing factors should be carefully taken
into account.

6. Conclusions and outlook
6.1. Overall review

Unlike studies centered on lab-based investigations with lim-
ited attention to market relevance, advances in the DIWE were
systematically explored in this review. The merits of DIWE were
first summarized as compared to the HPWE and indirect IWE
technologies. Meanwhile, the potential impurity-induced chal-
lenges were introduced for a selected list of representative
impurities. The easily overlooked interfacial dynamic evolution,
provoked by the power fluctuations or intricate real-world
conditions, was also mentioned. Based on the aforementioned
challenges, more detailed reviews of the scenario-oriented
electrocatalyst design and function-oriented electrolyzer devel-
opment were comprehensively presented. Our analysis spans
typical bottleneck issues toward cathodic precipitation and side
reactions at the anode. Additionally, we underscored the threat
of high-potential dissolution to the durability of catalysts.
Given the abundant organic impurities existing in certain
wastewater sources, the thermodynamically favorable anodic
oxidation of small molecules was further emphasized to replace
the sluggish OER for energy-saving. Aside from developing
catalysts toward various scenarios, the conventional membrane-
based electrolyzers and corresponding novel functional cell con-
figurations were also elucidated. Ultimately, building upon our
proven track record in both academia and industry, we provided
systematic guidance on integrating impure water electrolysis into
existing industrial workflows. What sets this review apart from
others is that it delivers a multidimensional perspective,

highlighting the impurity-induced interplay among components
for collaboratively achieving industrial-scale DIWE.

6.2. Future outlooks

Developing DIWE exhibits immense potential to advance
prospects for sustainable green hydrogen production, thereby
driving a transformative shift in the global energy paradigm
amid ongoing climate change. However, numerous persistent
challenges remain alongside emerging opportunities, project-
ing our gaze towards several untapped directions. Specifically,
clarifying complex interactions triggered by impurities stands
as the core priority. System-level process integration and long-
term durability evaluation under realistic operating conditions
should be further prioritized in pilot-scale trials. Ultimately,
integrated process technical packages can be established
to underpin subsequent technical iteration and upgrading.
Techno-economic analysis (TEA), life cycle assessment (LCA),
and environmental impact assessment (EIA) are indispensable
before large-scale application.289 Collectively, achieving long-
term service lifespan over 25 years under current densities
exceeding 2000 mA cm�2 is a promising goal in the future. As
illustrated in Fig. 15, standardization and conformity certifica-
tion, autonomous fault diagnosis, intelligent operational main-
tenance, and efficient impurity utilization also provide vital
supplementary directions to speed up the deployment of DIWE.

6.2.1. Standardization and conformity assessment. Despite
encouraging progress, the current studies on DIWE technology
involve different protocols of pre-treatments and performance
evaluation, rendering it challenging to compare the perfor-
mance of device components across studies. For instance, the
majority of experimental data from the laboratory are acquired
by using simulated seawater (B0.5 M NaCl solutions), which is
vastly distinct from natural seawater with complex impurities.
Meanwhile, harsh marine environments, including salt fog and
UV irradiation, are commonly neglected, thereby impeding the
scale-up from laboratory settings to real-world applications.
Low-cost and high-efficiency pre-treatment processes are antici-
pated to mitigate the interference of impurities. The impact of
fluctuating power input on the electrolysis system should also
be comprehensively uncovered. Additionally, some studies
solely rely on the comparison of the adsorption energy of key

Fig. 15 Schematic illustration of the future outlook roadmap. The synergistic optimization that drives full-chain advancement from laboratory research
and pilot-scale verification to large-scale industrial deployment underpins its future development. Beyond core device components, standardization and
conformity evaluation, autonomous fault diagnosis, intelligent maintenance, and impurity resource utilization are also pivotal to the industrial
implementation of DIWE technology.
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intermediates to assess OER selectivity toward ClOR among
various structural models. The dearth of solid experimental
evidence from online product analysis (e.g., faradaic efficiency
of Cl2 or ClO�) precludes the establishment of high-fidelity
structure-selectivity databases. Accordingly, formulating stan-
dardized protocols across the entire process, including reason-
able theoretical modelling, electrolyte composition, electrolyzers,
benchmark catalysts, and testing parameters, is essential for the
precise and quantitative evaluation, thus facilitating the perfor-
mance comparison and obtaining reliable results.

6.2.2. Autonomous diagnosis and intelligent maintenance.
From the perspective of long-term operation, aspects including
safety, efficiency, and reliability constitute requirements for
de-risking. The system-level integration encompasses electro-
lysis cells and the corresponding complementary devices, such
as renewable power systems, gas purification and storage
systems, etc. When dealing with such a large system, real-time
monitoring by manual intervention alone is not feasible. There-
fore, operating parameters or available descriptors are needed
to accurately track the simultaneous processes and interactions
occurring across different scales, spanning from micro-nano
scale interfacial dynamic evolution and mesoscale mass trans-
fer to macroscale multiphysics interplay. Specifically, embra-
cing advanced characterization techniques, such as operando
spectroscopy and electron microscopy, creates the possibility of
understanding the degradation mechanism caused by impu-
rities around reaction microenvironments, involving morpho-
logical evolution, key intermediate adsorption–desorption, and
bubble behaviors. More importantly, online product analysis
plays a crucial role in detecting fluctuations in faradaic effi-
ciency (e.g., Cl2 or ClO�) over long-term operation. Various
sensors are also indispensable for monitoring the variation of
temperature and pressure, as well as unexpected pipe leakage
and pump failure. Benefiting from the superior capability of
deciphering complex multiparametric issues, ML is well-suited
to facilitate autonomous diagnosis and intelligent mainte-
nance. This data-driven approach relies on high-fidelity data-
bases compiled from massive amounts of data collected during
long-term operation.

6.2.3. Utilization of impurities. Driven by the imperative
of cost reduction, H2 production integrated with impurity
valorization for fuels and high-value chemicals has attracted
widespread research attention. Recent studies have demon-
strated the efficient utilization of ionic impurities to synthesize
high-value products, including the recovery of magnesium
hydroxide (Mg(OH)2) and chlorine gas (Cl2), as well as the
extraction of lithium (Li) and uranium (U) from seawater and
wastewater.290,291 Such promising co-production routes call for
a rationally designed integrated system. Meanwhile, it is critical
to optimize the energy consumption of these complex systems
and improve the purity of diversified products. A commonly
overlooked issue lies in the disposal of solid and liquid wastes
generated during the co-production process. Furthermore,
dissolved inorganic carbon and non-ionic impurities such as
dissolved organic contaminants in seawater also possess great
potential for recovery and reutilization.292–294 Apart from

developing strategies to mitigate the adverse effects brought
by impurities, exploring their positive regulatory effects is
equally vital to modulate interfacial reactions and thereby boost
catalytic activity, operational stability, and reaction selectivity.
In summary, although existing technologies are not yet mature
enough to enable large-scale industrial deployment of DIWE,
sustained research efforts and interdisciplinary collaboration
among researchers and engineers will undoubtedly accelerate
relevant technological innovations.
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