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Abstract—Why: Direct seawater electrolysis could simplify
water handling in saline and offshore settings, but activity at
high current is inseparable from oxygen/chlorine selectivity,
halide corrosion, alkaline-earth scaling, gas transport, and
system architecture. Comparisons are further distorted when
raw neutral seawater, alkaline seawater, asymmetric feeds,
ion-separated systems, and desalination-coupled electrolysis
are treated as equivalent. How: We developed a literature-
constrained phenomenological model spanning six normalized
electrode descriptors: intrinsic Kkinetics, site exposure, chloride
exclusion, passivation robustness, transport efficiency, and
microenvironment control. Four representative archetypes
were considered: an unprotected oxyhydroxide, an electronic
heterojunction, an anion-regulated microenvironment, and a
gradient-integrated electrode. With what: The evidence base
comprised 38 references from 2020-2026, condition-qualified
benchmarks, and explicit equations for activity, oxygen
selectivity, a hypochlorite-yield proxy, and degradation.
Descriptor values for the four archetypes were substituted into
the equations, with uncertainty and sensitivity assessed
qualitatively from their structure. What: The deterministic
theoretical outputs for B1, E1, M1, and G1 respectively give
overpotentials of 505.67, 439.19, 399.60, and 342.35 mV at 1.0
A cm—2; oxygen Faradaic efficiencies of 90.27, 93.91, 98.30,
and 99.11%; and predicted 1,000 h retentions of 46.38, 70.45,
94.75, and 97.51%. G1 gives an activity—selectivity—stability
score of 91.42. The equations indicate that intrinsic Kinetics
strongly affects activity, chloride exclusion affects selectivity,
and chloride exclusion together with passivation affects
stability. So what: The results are theoretical inferences
derived from four representative archetypes under literature-
constrained model equations; large-scale design-space scanning
remains a direction for future research. Industrial-current
electrodes should spatially integrate catalytic Kinetics,
controlled ion access, chemically robust passivation, and
bubble/precipitate transport. These hypotheses require
experimental validation and are not certified device
specifications.

Keywords—direct seawater electrolysis, industrial current
density, oxygen evolution selectivity, chloride corrosion,
microenvironment engineering, multiscale electrode design

I. INTRODUCTION

Electrolysis of seawater is often framed as a catalyst
problem, yet its practical difficulty arises from several
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coupled interfaces. The anode must sustain oxygen evolution
reaction (OER) rates while suppressing chlorine evolution
reaction (CER) and broader chloride oxidation reactions
(CIOR), including dissolved hypochlorite formation. The
cathode raises local pH and can precipitate Mg(OH)2 and
Ca-containing deposits. Both electrodes must release gas
through a concentrated, multicomponent electrolyte without
losing conductive contact or exposing a corrosion-prone
substrate. Reviews therefore increasingly organize the field
around the joint requirements of activity, selectivity,
durability, and device configuration rather than a single
overpotential [1] [2] [3].

For this study, industrial current density is operationally
defined as 0.5 — 1.0 A cm —2 geometric area. This range
enables consistent comparison with many recent high-rate
reports, although industrial stacks may exceed 1.0 A cm—2
and may operate at elevated temperature, pressure,
electrolyte concentration, or differential pressure. A current
density alone does not establish industrial relevance.
Electrode area, uncompensated resistance correction, catalyst
loading, gas purity, product crossover, voltage efficiency,
lifetime, duty cycle, and balance-of-plant energy remain
necessary context. Comparative reviews have similarly
emphasized that high-rate claims should include chloride-
derived products and corrosion evidence, not activity alone

[4].

The phrase “ direct seawater electrolysis” also hides
distinct system boundaries. Raw neutral seawater means
untreated or minimally filtered seawater contacting the
electrode without bulk alkalization or acidification. Alkaline
seawater contains added base, commonly KOH, and offers a
larger thermodynamic separation between OER and chlorine
chemistry while changing carbonate equilibria, conductivity,
and scaling. Asymmetric feeds maintain different anolyte
and catholyte compositions across an ion-conducting
separator. lon-separated membrane systems use a membrane
or hydrophobic interface so that seawater supplies water but
aggressive ions do not freely contact the catalyst.
Desalination-coupled  systems remove salts  before
conventional electrolysis and must be assessed at the level of
delivered hydrogen, water coproducts, heat integration, and
maintenance. These categories solve different problems and
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cannot be ranked by mixing half-cell overpotentials, full-cell
voltages, and system energy values [5] [6] [7] [8].

The central scientific tension is that the mechanisms
controlling the three performance domains are coupled but
not identical. Faster intrinsic OER kinetics lowers activation
loss, yet high anodic potential can create defect states,
restructure  precatalysts, or accelerate halide attack.
Excluding chloride can suppress parasitic oxidation and
corrosion, but a dense barrier can also impede hydroxide,
water, electron, or bubble transport. Increasing porosity
exposes sites, yet can create tortuous pockets that trap gas
and precipitates. Moreover, chloride is not invariably
harmful at every site: specific adsorption at Fe in NiFe
layered double hydroxide (LDH) has been associated with
suppressed Fe leaching and a more active high-valence Ni
state under alkaline conditions [9]. The useful design
question is therefore not “How can chloride be completely

removed? ”  but “ How should ion activity, catalytic
reconstruction, passivation, and transport be spatially
regulated?”

This work addresses that question without claiming new
experimental discovery. The workflow first classifies
published evidence by electrolyte and device boundary, then
converts recurring mechanisms into six bounded descriptors.
A transparent coupling model maps those descriptors to
high-current overpotential, Tafel slope, a hypochlorite-yield
proxy, oxygen Faradaic efficiency (FE), degradation,
retention, and a geometric-mean activity — selectivity —
stability (ASS) score. The evidence-to-design workflow is
summarized in Figure 1.

Evidence boundary
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Validation agenda
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Fig. 1. Evidence-to-design workflow for the four-archetype literature-
constrained study.

The mechanistic architecture evaluated by the model is
summarized in Figure 2. It separates electrolyte-facing ion
regulation from catalytic reconstruction, electronic
passivation, current collection, and bubble/precipitate
transport so that each function can be tested independently.
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Fig. 2. Coupled activity — selectivity — stability mechanism proposed for
gradient-integrated direct-seawater electrodes.
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The contribution is threefold. First, it separates evidence
classes and system boundaries before comparison. Second, it
provides explicit equations and four representative parameter
sets for a manually reproducible, mechanistically
interpretable case comparison. Third, it translates the inferred
trade-offs into falsifiable design rules. The model is
deliberately phenomenological: it does not predict a named
composition from first principles, and it does not convert
literature values obtained under incompatible conditions into
pooled experimental statistics. The terms and evidence
classes applied throughout the analysis are defined in Table 1.

TABLE L. TERMINOLOGY AND EVIDENCE CLASSES USED IN THIS
MANUSCRIPT.
Term or class Operatllonal Included evidence !Excluded
meaning inference
05-1.0 A
cm—2
Industrial geometric Condition-qualified Automatic
current density area in this | high-rate electrode or | industrial
study; stacks | cell tests readiness
may exceed
it
Unalkalized, - = Added-KOH
unacidified Direct-contact flow or
Raw neutral . tests
seawater batch tests with stated
seawater . relabeled as
contacting an | source/temperature
raw seawater
electrode
Seawater or
Alkaline simulated Half-cell, full-cell, or | Neutral-feed
seawater seawater AEM tests with base | selectivity
with added | concentration stated claims
hydroxide
Different AEM, membrane- Unrestrlcted
. feeds or an . direct
Asymmetric/ion | . mediated, or
-separated . purification-coupled contact  at
restricts  salt devices both
contact electrodes
. Value stated .
Literature- . Voltage/overpotential | Cross-study
by a verified . L
reported “ima , current, duration, FE | significance
benchmark primary with conditions testing
source
Four archetypes
Deterministi and dl?eCt Nhe “s’ical
Model-derived c output equation Py
result from Section bstituti . [easuremen
4 equations subs l.u 1pns, t or causal
4 qualitative effect
assumptions
Conventional
electrochemistry,
ir;SPCCtl‘\,/v?th 02 and chlorine Completed
Proposed assays, ICP, IC, | experiment
lidati observable ] rtified
validation and  failure RRDE; advanced | or certifie
criterion interfacial probes | specification
only as future
options

II. LITERATURE REVIEW

A. Competitive anodic chemistry and selectivity
measurement

OER competes with chlorine chemistry through both
thermodynamic and kinetic pathways. In acidic or near-
neutral chloride electrolyte, chloride can be oxidized to CI2,
which hydrolyzes and participates in pH-dependent
equilibria involving HOCI and CIO—. In alkaline media, the
often-cited separation between OER and hypochlorite
formation is approximately 480 mV, but that value is a
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thermodynamic interpretation rather than a universal kinetic
ceiling [10] [11]. Local concentrations, interfacial electric
field, adsorption energies, catalyst oxidation state,
temperature, mass transfer, and product residence time can
move the observed onset and alter product distributions.

“No visible chlorine” is therefore not evidence of unity
oxygen FE.

Selectivity measurement is vulnerable to delayed
chemistry. Gas collection can overestimate oxygen
production if dissolved oxidants decompose, while an ex situ
hypochlorite assay can miss a transient product. Rotating
ring-disc electrode detection in simulated near-neutral

seawater showed why time-resolved product analysis matters:

PtRu retained 85.5% OER FE even at 1 M chloride, while
increasing chloride strongly changed current at fixed
potential [12]. A credible selectivity protocol should
combine calibrated O2 quantification with CI2/HOCI/CIO —
analysis, define sampling time and downstream
decomposition controls, and report product crossover. The
absence of detected OCI — under one protocol, as in an
asymmetric alkaline NiFe-LDH anode configuration, is
valuable but remains method- and boundary-specific [13].

Interfacial chloride control follows several routes.
Graphene oxide on FeOOH/Ni — Co hydroxide provided an
early chloride-blocking layer in alkaline natural seawater
[14]. Selective anion-gating with a Ni3N interlayer was later
proposed to preserve OH — access while retarding chloride
access to nickel foam [15]. PF6 — intercalation and bias-
driven adsorption stabilized Fe against segregation during
ampere-level anode oxidation, although the additive-
containing anolyte is not equivalent to raw seawater [16].
These approaches share a goal — lower harmful chloride
activity at vulnerable sites — but differ in permeability,
electronic function, chemical stability, and possible ion
release.

Total exclusion is not a wuniversal mechanistic
requirement. Chloride adsorption at selected Fe sites can
change the steady reconstructed surface and inhibit a
dissolution route [9]. Controlled chloride proximity was also
reported to promote reconstruction of NiS2/NiFe-MOF
nanosheets to dense ~ -NiFeOOH with high OER selectivity
[17]. The distinction is between site-specific, potential-
dependent participation in forming or stabilizing an active
phase and uncontrolled access to defect, substrate, or grain-
boundary sites where M — Cl formation initiates corrosion. A
selective electrode may thus need a spatial gradient rather
than a uniformly impermeable coating.

B. Local pH, alkaline-earth scaling, and microenvironment
control

Bulk pH does not describe the reaction plane at high
current. OER consumes OH— in alkaline operation, while the
cathodic hydrogen evolution reaction produces OH — from
water. Diffusion and convection must replenish or remove
these species through gas-filled pores. At the anode, OH —
depletion can narrow the OER/CIOR selectivity advantage.
At the cathode, high local pH drives Mg(OH)2 precipitation
and can promote calcium carbonate or mixed scale,
depending on alkalinity and dissolved inorganic carbon.
Deposits block sites, change pore wetting, and raise transport
resistance.
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Lewis-acid and proton-accepting interfaces seek to
maintain a favorable local environment without fully
alkalizing the feed. Across MnO2, Fe203, and Cr203 layers
on Co304, lower oxide pKa correlated with stronger OH —
enrichment and lower local chloride concentration [18]. A
Cr203-modified catalyst was reported to capture OH —
through dynamic water dissociation and enabled a raw-
seawater flow electrolyser to reach 1.0 A cm—2 at 1.87 V at
60 ° C, albeit with a 100 h-scale durability demonstration
[19]. Partial alkaline corrosion of amorphous NiMoSx
similarly exposed Lewis-acid Ni2+ sites and vacancies
proposed to replenish interfacial OH — in an alkaline
seawater flow cell [20]. These studies establish plausible
microenvironment levers, but direct local-pH and ion-activity
measurements remain scarce.

A complementary strategy creates charged interphases.
Sulfur-derived sulfate and chromium sites in NiS2/Cr2S3
were assigned, respectively, to chloride repulsion and OH -
enrichment during alkaline seawater oxidation [21]. The
multilayer CoCH — NiBOx — Ni(OH)2/Ni-foam architecture
reported by Tanveer ul Haq and co-workers used carbonate
functionality for chloride repulsion and proton management,
a NiBOx interlayer for electronic/passivation control, and
porous nanosheets for access and gas release [22]. The
authors reported 408 mV at 1 Acm—-2in 1 M KOH + 0.5 M
NaCl, approximately 420 mV at 1 A cm—2 in unpurified
seawater, 98% oxygen FE in unpurified seawater, and 300 h
at 100 mA cm—2 in alkaline seawater [22]. These values are
source-reported, not outputs of the present model.

C. Reconstruction, passivation, and halide corrosion

Many chalcogenides, phosphides, nitrides, and metal —
organic precatalysts reconstruct under anodic bias.
Reconstruction can be productive when it creates a
conductive, adherent oxyhydroxide with controlled defect
density. It can be destructive when dissolution, redox cycling,
or volume change opens paths to the substrate. A MoO3
confinement layer on CoO was reported to restrict
reconstruction toward a stable Co — Mo double-hydroxide
interface [23]. By contrast, an ultrathin TiOx layer on FeNiP
was reported to stabilize the anion lattice and permit
reconstruction-free OER, with ordered Ir sites favoring an
oxide-path mechanism [24]. These are different design
hypotheses; more reconstruction and “ no
reconstruction cannot both be generalized without
specifying composition and operating state.

»

Passivation must remain electronically and ionically
functional. Phosphate formation in Fe,P-doped NiSe2 and
molybdate formation on RuMoN:i illustrate in situ protective
layers that retain high-rate activity [25] [26]. Oxygen
vacancies complicate this picture. In one mechanism, OER-
generated vacancies were identified as preferred chloride-
adsorption sites that initiate M — Cl corrosion; VO4/3 —
modification and hydrogen-bond stabilization of OH— were
used to block that cycle [27]. A compact NiFe-LDH layer on
nickel foam instead retarded chloride access and supported a
proposed dynamic Fe-leaching/redeposition equilibrium [28].
The desired state is therefore not an inert film but a
controlled steady state of charge transfer, reactant access,
defect generation, and repair.
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Natural seawater adds bromide and other species that
simple NaCl tests omit. Chloride was reported to produce
narrow, deep pits in Ni-based anodes, whereas bromide
produced broader shallow etching and catalyst-layer spalling
[29]. Long-term testing should consequently quantify both
halides, dissolved metals, layer adhesion, and substrate
exposure. Continuous chronopotentiometry alone cannot
separate catalyst deactivation from contact loss, membrane
contamination, changing solution composition, or bubble
blockage.

D. Gas transport and precipitation are electrode-scale
mechanisms

At 0.5 - 1.0 A cm—2, gas volume and bubble coverage
are not secondary. Bubbles mask active area, lengthen ionic
paths, alter local current distribution, and mechanically
disturb deposits. Periodic three-dimensional nickel structures
reduced bubble coalescence, jamming, and trapping relative
to stochastic foam in alkaline water, providing a physical
transport control rather than direct seawater selectivity
evidence [30]. A superhydrophilic,  underwater-
superaerophobic full electrode assembly sustained high-rate
alkaline-water operation and showed that the -current
collector and interface matter alongside catalyst wettability
[31].

Seawater introduces coupling between gas and solids.
Honeycomb cathodes enabled broadly released H2 bubbles
to displace Mg/Ca-derived precipitates, sustaining alkaline
seawater reduction for 1,000 h and a natural-seawater flow
cell for 150 h at 500 mA cm — 2 [32]. Self-supported
Ni3S2/Co3S4 nanosheet arrays also provided an early
porous-electrode benchmark at 800 mA ¢m —2 in alkaline
natural seawater, although the study did not independently
measure bubble-release kinetics [33]. Thus, morphology can
improve effective activity and stability without changing the
elementary OER pathway or intrinsic chlorine selectivity.

E. System boundary changes the meaning of “direct”

Separating seawater from the catalytic environment can
remove several constraints at once. A hydrophobic
membrane-mediated electrolyser operated for more than
3,200 h at 250 mA cm — 2 by drawing water across an
interface while restricting ions [5]. Online flow-electrode
capacitive deionization achieved 98.47% desalting at 1.6 V
before alkaline electrolysis and supported a reported 100 h at
500 mA cm —2 [6]. An offshore platform coupled in situ
purification with electrolysis under wave and wind
fluctuations, producing hydrogen for more than 240 h at 250
mA cm—2 [34]. These are seawater-to-hydrogen systems, but
they do not establish that raw seawater can contact both
electrodes indefinitely.

Desalination-coupled electrolysis remains an important
comparator. Reverse osmosis (RO) energy for the water
consumed per kilogram of hydrogen is small relative to
electrolysis under standard assumptions; one analysis
estimated electrolysis energy to exceed the associated RO
requirement by approximately 1,350 — 2,847 times and
desalination to add at most 1% to hydrogen price [8]. A
separate SWRO — PEM scenario found additions below
US$0.1 kg—1 H2 and 0.1% emissions under its assumptions
[35]. Conversely, low-temperature distillation driven by
electrolyser waste heat can co-produce hydrogen and fresh
water, as demonstrated in 20 and 250 kW systems [7]. Direct
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electrolysis must therefore earn its system advantage through
location, heat and water integration, maintenance, footprint,
or resilience — not merely avoidance of a small nominal
desalination energy term.

III. RELATED WORK

Recent primary studies can be grouped by the
architectural constraint they address. Chloride-blocking outer
layers demonstrated that selectivity and substrate protection
could be engineered at an interface [14]. Asymmetric
alkaline feeds preserved a favorable NiFe-LDH anode
environment and enabled direct measurement of high oxygen
selectivity [13]. Dual-doped NiSe2 linked active-site
chemistry to an in situ passivation layer [25]. NiFe-LDH
studies then showed both anomalous beneficial chloride
adsorption [9] and dense-layer protection with dynamic Fe
behavior [28]. Carbonate interlayers and graphene quantum
dots sustained approximately 1.25 A cm—2 for more than
2,800 h [36], while Os — Ni4Mo/MoO2 micropillars
combined strong metal — support interaction, transport, and
dual chloride-repelling layers [37]. Later work used
controlled chloride exposure to drive dense v -NiFeOOH
reconstruction [17], blocked vacancy-mediated M - Cl
chemistry with vanadate [27], and restricted reconstruction
with MoO3 [23]. These examples demonstrate rapid progress
but also show that nominally similar “chloride-resistant”
labels encompass different mechanisms and test boundaries.
The condition-qualified literature comparison is provided in
Table II.

TABLE II. CONDITION-QUALIFIED COMPARISON OF REPRESENTATIVE
PRIMARY STUDIES. VALUES ARE LITERATURE-REPORTED AND ARE NOT
NORMALIZED OR POOLED.

Regime Current
Stud an(% cell Electrolyte/fe and Durat Selectivity
y . ed electrica ion evidence
basis 1 metric
Two- Chloride-
';?/d}; " electrod | Alkaline 1.0 A }>1 378a " blocking
al e natural cm—2 at 10 A design; retain
’ overall seawater 2.02V ) source
[14] cm—2
cell protocol
Dres Asymm | Saline 02 FE | ~100 I(\)IOC]_.detected
p et | etric catholyte; 0.5 | ~94% at | h at ste é i o2
al. AEM | M KOH | 08 A |02 A | ;P00
[13] full cell | anolyte cm—2 cm—2 100%
0
P-O
Chan | Bifuncti | Condition- 08 A p‘r‘js‘:;‘;‘?“
g et | onal specific ) >200 prop ’
cm—2 at product
al. overall seawater 18V h method
[25] cell electrolyte ' required  for
comparison
High- Chloride
Fan rate Seawater, adsorption/co
ot al seawate | architecture- ~1.25 A | >2,80 rrosion
36] r specific cm—2 Oh suppressed;
electrol conditioning no inferred
ysis chlorine FE
2,500
Separat h Dual
[ _ ’ -
Liu | HER/O | South China | QER M= | 0.37 | chloride
336 mV | uVv repelling
o al. | ER Sea water + 1 at 0.5 A | h-1 layers; not a
B71 | balf | MKOH em2 | OER | full-cell
s degrad | voltage
ation
Duet | Anode Natural Anode 1 | >9,00 | Dense
al. half-cell | seawater + 1 | = 220 | 0 h | interlayer;
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[28] | and M KOH mV; cell | anode; | half-cell/cell measurements. The seven diagrams and conceptual
?IIEIM I 191V at h>701(1) lifetimes comparisons were developed for this study and do not
utice i£72 A | heell | separate reproduce source figures.
n =213 | >700 | 2% OFR Six dimensionless descriptors, each bounded on [0,1],
Tang | Anode | Natural mV  oat | Ohat| 5 represent the design space. Intrinsic kinetics (k) encodes the
et al. | oxidatio | seawater + 1 05 Allo A negligible . f th . h in OER ch f
[17] | n M KOH - | clo- ca}pacrcy of the active phase to sustcaln charge traps er.
cm cm reported Site exposure (a) represents accessible catalytic area without
Raw- Unalkalized/u ~100 | Local asserting a particular roughness factor. Chloride exclusion (x)
C;uol scawate | nacidified real 1~0_2 /’; h o at all;alin(iity and | represents reduced harmful chloride activity at vulnerable
e 21t flow | seawater em=e al g5 A | reduced interfaces. Passivation robustness (p) represents chemical
[19] o ’ 1.87V precipitation . . . .
full cell | 60 °C em=2 | and mechanical persistence of a protective interphase.
1,000 Transport efﬁci§ncy (t) represents ion d‘elivery,' bubble
Anode h release, and avoidance of stagnant pores. Microenvironment
Zhou | 24 Direct Cell 10 | @node | 100% anode control (m) represents local OH —  retention, proton
3 . . . 0, . . . .
ot al, | direct | scawater; A omo |2 06 | FE: >95% | management, and favorable ionic organization. These are
seawate | source A cell FE " - . .
[23] - at1.93 v . modeling coordinates, not directly measured universal
r flow | conditions cm—2; | reported X
cell 500 h material constants.
cell B. Det N i .
>3,00 | Molybdate . Deterministic coupling equations
Kang Anode . Cell 10 |0 h | repulsion; For each of the four archetypes, the coupling bonus was
ot al. ZHISM Alkal‘?e A om-2 a?oges 77.9% defined as C = 35 sqrt(k m t), with the product clipped to [0,1]
seawater a . source- . _ _
[26] | jevice atl72v | defined before the square root. A chloride penalty was P CI=35(1
cm—2 | efficiency x)(1 — m). The modeled OER overpotential at 1.0 A cm—2,
300 h in mV, was:
Tanv n=dog | A OLL ,
cer | Anode | 1 M KOH + | 420 mv | A 98% 02 FE eta;000 =clip[610 — 115k — 58a — 52t — 40m —
ul and 0.5 M NaCl; | and cell ;:rrln—2 ;r;axzf;flﬁﬁg cC+P Cl’ 285,560]
Haq overall unpurified 1.65 V at . h hl >
et al. | cell seawater 1.0 A alkalin ypochlorite
[22] om—2 e reported (1)
seawat
er

At the device level, three strategies deserve separate
treatment. Membrane-mediated water extraction isolates
electrodes from salts [5]. Asymmetric and AEM devices
maintain engineered anolytes while accepting saline water
elsewhere [13] [15]. Pretreatment or purification systems
alter the feed before reaction [6] [34]. Each can outperform
unrestricted direct contact in durability because it has
changed the chemical problem. They should be compared
using total voltage, auxiliary energy, water recovery,
membrane life, product purity, and maintenance, not placed
in the same catalyst-overpotential league table.

The present study differs from prior reviews and material
reports in purpose. Reviews synthesize mechanism and
device categories [1] [10] [2] [11], whereas primary studies
optimize named compositions under specific conditions.
Here, verified mechanisms are converted into six explicit
descriptors and considered through coupled equations for
four representative electrode archetypes. The contribution is
an auditable mapping from literature mechanisms to
architecture-level trade-offs and prospective validation
criteria. The source-reported multilayer result [22] informs
architectural plausibility but does not validate the theoretical
gradient archetype.

IV. METHODOLOGY

A. Evidence constraints and research workflow
The evidence set contains 37 verified 2020 — 2026

sources plus the supplied 2025 Small article as reference [22].

Primary values were extracted only with their reported test
boundary. Reviews supported terminology and mechanism
framing, not reassigned experimental values. Analytical
system studies supported boundary comparisons, not plant
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The Tafel slope, in mV dec—1, was:

b = clip[128 — 57k — 19m — 11t + 8(1 —
a), 34,130] )

The hypochlorite-yield proxy, expressed as percent, was:

Y,Cl=clip/7.8(1 — x)'.55(1 —
0.55m)exp0.28(eta,;000 — 400)/100,0.05,12] (3)

This quantity is a phenomenological penalty, not an
analytical prediction of a specific assay. Oxygen FE was:

FE,2=clip[99.45—Y ,Cl = 1.5(1 —t) — 0.75(1 —
D), 84,99.4] (4)

The degradation constant in h—1 was:

kgeg =22x 1075+ 7.4x 1074(1 — x)". 35(1 —
p)l. 10[1 + 0.62(1 — t)Jexp0.18(eta,000 — 400)/100  (5)

Predicted activity retention was exponential: R;00 =
100exp( — 300k eg)andR ;000 = 100exp( — 1000kgeg) . The
auxiliary 300 h potential-drift proxy was D;00= 10+
310(1 — R300/100) + 18(1 — t)ymV Charge-transfer
resistance and bubble-coverage proxies were R.t=
clip[47 — 21k — 11t — 8m — 4a, 4,48]Qandtheta;, =
0.31(1 — 1.2 +0.035.

Three normalized performance indices were calculated.
The activity index was I, = clip[(560 — eta;000)/275,0,1] .
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The selectivity index was Igel = clip[(FEq2/100)(1 — Y,Cl/
100),0,1] . The stability index was Igtab = clip[R;000/
100,0,17. The composite score was the geometric mean,
ASS = 100(I5Igellgtab)(1/3) . The geometric rather than
arithmetic mean penalizes a design that performs poorly in
any one domain.

C. Sampling, archetypes, uncertainty, and sensitivity

Four representative architectures were selected to
compare plausible combinations of the six descriptors under
the same literature-constrained equations. Their parameters
were inserted directly into the expressions above; no
automated sampling of a broad design space was performed.
The comparison is a finite theoretical case study rather than
an exhaustive search or an optimization result.

Four architecture archetypes were specified before
evaluation. BIl, the unprotected oxyhydroxide, used
[k,a,x,p,t,tm] = [0.55,0.52,0.12,0.25,0.42,0.18]. E1, the
electronic heterojunction, used
[0.78,0.64,0.24,0.48,0.63,0.35]. M1, the anion-regulated
microenvironment, used [0.72,0.69,0.78,0.69,0.66,0.82]. G1,
the gradient-integrated electrode, used
[0.91,0.86,0.88,0.90,0.91,0.90]. Their six descriptor inputs
and deterministic outputs are reported in Table III.

Only a single deterministic result is reported for each
archetype. Descriptor assignments and coefficients are
interpretive assumptions, so the apparent precision of
calculated values should not be mistaken for experimental
uncertainty. The direction of possible bias is considered
qualitatively: correlated changes in exclusion and transport,
or in passivation and resistance, may reduce the apparent
advantage of integrated designs. No perturbation-derived
confidence or percentile intervals are claimed.

Qualitative sensitivity follows directly from the signs,
magnitudes, and interactions of the stated equations. The
activity expression weights k and includes a k — m — t
coupling term; the hypochlorite proxy decreases nonlinearly
with x and depends on m; and the degradation expression
couples x, p, and t. These mathematical tendencies are
hypotheses for matched electrochemical testing, not
measured causal effects or surrogate-model feature
importances. No inferential p-values are assigned to four
deterministic theoretical cases.

V. DATA

The quantitative model inputs consist of the six
descriptor values for B1, E1, M1, and G1 in Table III. The
equations in Section 4 and the four rows of Table III supply
the information needed to reproduce each theoretical case by
direct substitution. Literature benchmarks in Table II remain
separate source-reported observations. A larger design-space
scan, if warranted by experimental calibration, remains
future work.

The data classes are intentionally not merged. Literature
benchmarks in Table II retain source conditions and are not
treated as outputs of the model. The four archetypes are
conceptual combinations of mechanisms, not synthesized
electrodes or fitted replicas of individual studies. This
separation prevents circular validation in which equations
inspired by published trends are claimed to reproduce those
publications quantitatively.
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VI. RESULTS

A. Architecture comparison

The four deterministic archetypes illustrate progressively
integrated functions, as summarized in Figure 3.

Overpotential at 1.0 A cm~ 02 Faradaic efficiency Predicted 1,000 h retention

E1 439.19 mv 93.91% 70.45%
0 200 0 25 50 75 1

400 0 00

25 50 75 100

Fig. 3. Model-derived comparison of four electrode architecture
archetypes. Values are deterministic theoretical outputs, not experimental
measurements.

B1 required 505.67 mV, gave 90.27% O2 FE, retained
46.38% at 1,000 h, and scored 42.42. Improving electronic
function and transport in E1 lowered overpotential to 439.19
mV, increased FE to 93.91%, raised retention to 70.45%, and
produced ASS 65.21. M1 gained most strongly in selectivity
and durability: 399.60 mV, 98.30% FE, 94.75% retention,
and ASS 81.48. G1 combined high descriptor values and
gave 342.35 mV, a 50.14 mV dec—1 Tafel slope, 99.11% FE,
0.125% hypochlorite proxy, 97.51% retention, 7.24
charge-transfer resistance, and ASS 91.42.

TABLE III. DESCRIPTOR VALUES AND DETERMINISTIC OUTPUTS FOR
THE FOUR ARCHITECTURE ARCHETYPES.
Model .
ID and Descript | edn at Model | Predict
. ed O2 ed
architecture or vector 1.0A . AS
. FE; retenti | Rct
(theoretical k/a/x/p/t/ | cm—2; S
archetype) m Tafel ocl- on at
P slope proxy | 1,000 h
05 1| 0567 | onay N
> o/ . .
Bl unprotgcted 0.12 / 92 45 %0, 4638% | 31 42.
oxyhydroxide 0.25 / v 7.749 o 42
042 /|7 %
018 dec—1
8:22 ; ‘1;33;19 9391 s
El electronic | 0.24  / > Yo; o T | 65.
heterojunction | 0.48 / 7284 4.594 7045% | 33 21
063 /| ™V | 9% Q
0'3 P dec—1
0.72 /
Ml anion- | 069/ ;93;60 98.30 s
regulated 0.78 / ; Yo; o © | 8L
microenviron 0.69 / 66.60 0.409 94.75% SS)O 48
ment 066 /| ™V %
082 dec—1
0.91 /
342.35
Gl  gradient- 832 ; mV; 09/91 ! 72 | 91
. . (‘N o . .
integrated 0.90 / 50.14 0125 97.51% 40 | »
electrode 0.91 / mV o
0'90 dec—1 °

The case ordering is conditional on the chosen descriptor
values and model coefficients. Bl combines weak chloride
exclusion and passivation, whereas E1 improves intrinsic
kinetics and transport; M1 adds stronger ion regulation and
microenvironment control; and G1 combines these with
robust passivation. If a real coating improves exclusion while
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substantially restricting hydroxide access, Gl's modeled
activity advantage could diminish. Likewise, passivation
failure or bubble blockage could lower predicted retention.
These possibilities define experimental checks rather than
statistical uncertainty intervals.

B. Design-space distribution and Pareto structure

The four archetypes span 34235 — 505.67 mV in
modeled overpotential, 90.27 — 99.11% in calculated O2 FE,
and 46.38 — 97.51% in predicted 1,000 h retention. These
ranges merely describe four chosen theoretical inputs, not the
distribution of real electrodes or an estimated population.
The contrast between Bl and Gl illustrates the model's
assumed coupled benefit from kinetics, chloride regulation,
passivation, and transport.

The finite comparison of activity, selectivity, and stability
is shown in Figure 4.

100 G1 - 99.11% O: FE

. M1 - 98.30% O: FE
90

80
70 E1 - 93.91% O: FE

60

Predicted retention at 1,000 h (%)

50
Bl - 90.27% O: FE @)

40

350 400 450 500 550
Modeled overpotential at 1.0 A cm~2 (mV)

Fig. 4. Conceptual activity — stability comparison of B1, E1, M1, and G1,

annotated by modeled oxygen selectivity. Four prescribed cases only; no
sampled Pareto set.

Within the four prescribed input combinations, G1 has
the highest calculated ASS score (91.42), the lowest
overpotential (342.35 mV), the highest O2 FE (99.11%), and
the greatest predicted retention (97.51%). Thus these four
cases do not demonstrate a non-dominated frontier or an
optimized material. Rather, comparing Bl, El, and Ml
clarifies the model assumption that improvement in one
function alone need not resolve chlorine chemistry or long-
term corrosion. Other untested descriptor combinations could
alter the ordering.

C. Response surfaces and global model sensitivity

At fixedk=0.78,2=0.72, t=0.75, and m = 0.78, Figure
5 schematically illustrates how the equations assign different
roles to chloride exclusion and passivation robustness. It is a
conceptual comparison of limiting tendencies, not a sampled
numerical response surface.

Oxygen selectuvuty Predicted retention

Higher x reduces OCI— proxy High x and high p jointly
p contributes a smaller FE term reduce u—m or

Coupled protection; neither alone certifies durability

Chloride exclusion x 1 Passivation robustness p 1

Less harmful Cl— access More persistent interface
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Fig. 5. Conceptual interaction of chloride exclusion and passivation
robustness in oxygen selectivity and predicted 1,000 h retention, based on
the stated equations.

02 FE changed mainly along the chloride-exclusion axis
because the hypochlorite proxy depends directly and
nonlinearly on (1 — x)*1.55; passivation adds a smaller FE
penalty. Retention required both chloride exclusion and
passivation because they multiply in k deg. A high value of
either descriptor could compensate partly for a weak value of
the other, but the upper-right region was most robust. This
mathematical interaction represents a physically testable
hypothesis: reducing chloride access will not ensure
durability if the protective phase fractures, dissolves, or
becomes electronically resistive.

The equation-level dependencies in Figure 6 identify
qualitative priorities for testing across the four archetypes.

m
X Chioride 7 Selectivity

| J
( J
| -
L™= J
L m Microenvironment J

Fig. 6. Qualitative descriptor influences implied by the activity, selectivity,
and degradation equations; arrows do not represent fitted feature
importance.

k Intrinsic kinetics

a Site exposure

For activity, the negative coefficient on k and the k —
m — t coupling favor intrinsic kinetics, while a, t, and m also
affect modeled overpotential. For selectivity, the nonlinear (1
— x)"1.55 term makes harmful chloride exclusion influential
within the assumed proxy, with additional roles for m, t, and
p. For stability, x and p appear multiplicatively in k _deg and
t modifies the penalty. These statements describe equation
structure and the four illustrative substitutions, not global
rankings from sampled inputs, surrogate fidelity statistics, or
experimental causal effects.

D. Modeled polarization

The Tafel expressions in Figure 7 illustrate the four
archetypes using each case's modeled eta 1000 and slope as
a limited theoretical comparison of current-dependent
activity.

= B Nioc=505.67 mV; b=92.45 mV dec-*
EL Nicco=439.19 mV; b=72.84 mV dec*
500 1 = M1 ni0=399.60 mV: b=66.60 mV dec
= G Micw=342.35 mV; b=50.14 mV dec-*

50 /

400 //

350

Modeled OER overpotential (mV)

300

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Current density (A cm~2?)

Fig. 7. Conceptual Tafel-based polarization comparison for B1, E1, M1,

and G1, anchored at their deterministic 1.0 A cm—2 overpotentials. These
are not measured polarization curves.
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For each architecture, j = 1000 x 10"[(eta — eta_1000)/b]
mA cm—2 is an illustrative Tafel relationship. G1 reaches the
0.5 and 1.0 A cm — 2 guide levels at lower modeled
overpotential because it combines a lower anchor value and
smaller slope. The diagram does not use sampled data or
fitted measurements and excludes ohmic, concentration,
temperature, and two-phase-flow losses that would shape a
full-cell curve.

VII. DISCUSSION

A. A gradient architecture reconciles mechanisms that
appear contradictory

The model’ s main implication is architectural rather
than compositional. The literature supports several locally
valid mechanisms: chloride should be repelled from
corrosion-prone substrate and defect sites [14] [27]; selected
chloride adsorption can stabilize or direct an active phase [9]
[17]; OH— should remain available near OER sites [18] [19];
a passivation layer should stabilize high-valence states
without blocking charge transfer [26] [22]; and pores should
clear both gas and solids [32] [30]. A single homogeneous
layer is unlikely to optimize all functions.

As illustrated in Figure 2, a conductive porous backbone
first provides low-resistance current collection and adhesion.
An electronic/passivation interlayer then limits substrate
oxidation and stabilizes the active phase. A reconstructable
outer catalyst supplies OER sites, while proton-accepting or
Lewis-acid functions maintain local alkalinity. A charged,
hydrated anionic boundary lowers harmful chloride activity
without sealing water and hydroxide transport. Finally,
graded hydrophilic — aerophobic pores release O2 and
displace scale. The layers need not be compositionally
discrete, but each function should be experimentally
separable.

This interpretation explains the modeled transition from
E1 to M1. E1 improves kinetics, site exposure, and transport,
reducing overpotential, but weak chloride regulation limits
FE and retention. M1 has slightly lower intrinsic kinetics
than El yet performs Dbetter overall because
microenvironment and exclusion suppress the nonlinear
selectivity and degradation penalties. G1 adds robust
passivation and transport, raising all three indices. The
geometric ASS score rewards this balance; it should not
replace the underlying outputs or imply that 1 ASS unit has a
universal engineering value.

B. Selectivity requires coupled product and corrosion
accounting

A near-unity O2 FE at one time point cannot establish
long-term chloride resistance. Chlorine-derived products
may be transient, dissolve, cross a membrane, react with
catalyst/support, or decompose. Corrosion current can also
be small relative to 1 A cm—2 yet remove enough material
over thousands of hours to cause failure. A useful validation
should therefore close at least three balances: gas production,
dissolved/aqueous oxidants, and material release. RRDE or
rapid downstream detection can resolve transient CIOR [12],

while inductively coupled plasma analysis and ion
chromatography can connect product selectivity to
dissolution.

The modeled hypochlorite term makes chloride exclusion
influential for selectivity under the assumed equations. This
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should not be interpreted as a quantitative causal attribution
in real catalysts. Intrinsic adsorption energetics, an oxide-
path OER mechanism, local pH, and product residence time
may each change experimental selectivity. A practical initial
test would compare O2 FE and chlorine products at matched
current and feed; more demanding measurements of
interfacial chloride activity could be pursued subsequently.

C. Stability is a coupled chemical —mechanical — transport

property

The stability surface highlights a failure mode in barrier-
centric designs. Even excellent electrostatic repulsion will
not preserve activity if a film delaminates under bubble stress,
transforms to an insulating phase, or develops pinholes.
Conversely, a robust passivation layer exposed to high
chloride activity can suffer localized attack. This interaction
accords with observations of deep chloride pits and broad
bromide-induced spalling [29], restricted reconstruction [23],
and selective-anion protection [15].

Cathodic scaling must be part of the same system test.
Raw seawater can remain chemically benign at an anode yet
fail through cathode blockage, diaphragm fouling, or
recirculation-line deposition. Bubble-enabled precipitate
removal [32] is promising because it uses the reaction
product as a transport mechanism, but pore geometry must
be assessed at scale. A centimeter-scale coupon may clear
deposits while a large cell develops maldistribution and low-
flow zones.

Intermittent operation adds another stability axis. A
phosphate-passivated system endured 10,000 h of fluctuating
alkaline-seawater operation at 0.5 A cm—2 with a reported
voltage increase of 0.5% khr—1 [38]. That result should not
be directly ranked against continuous anode-only tests; it
instead shows that open-circuit and reversal states can
require different protection chemistry. Future studies should
report start — stop count, ramp rate, idle electrolyte, polarity
events, and recovery protocol.

D. Model thresholds become falsifiable hypotheses, not
specifications

The descriptor model cannot directly prescribe a
composition because k, x, p, t, and m are latent constructs.
Nevertheless, its tendencies can be translated into accessible
observables. Chloride regulation can first be assessed
through calibrated O2 and chlorine-product assays, ion
chromatography, and post-test corrosion inspection.
Passivation can be examined by potential cycling, impedance,
dissolved-metal analysis by ICP, and post-test adhesion;
transport can be assessed by optical bubble observation,
pressure drop, and deposit mass. Operando vibrational
spectroscopy, isotope/ion tracers, microelectrode sampling,
and cross-sectional ion mapping are possible future
investigations, not methods used in this study or prerequisites
for the initial validation. The corresponding prospective
design rules and test boundaries are summarized in Table I'V.

TABLE IV. FALSIFIABLE DESIGN RULES DERIVED FROM THE MODEL.
THRESHOLDS ARE HYPOTHESES FOR VALIDATION, NOT CERTIFIED
SPECIFICATIONS.

Design Observabl Hypothesi Test Failure
rule e s bounda interpretation
threshold ry
Preserve | Simultaneo | O2 FE | Raw Exclusion/microenvi
high us 02 FE | >98%; and ronment inadequate
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OER and total alkaline | or assay incomplete
selectivit | CI2/HOCV/ chlorine seawate
y at 1.0 | CIO— products f,
A cm—2 balance <0.5% matched
charge flow
and
tempera
ture
Three-
electrode .
impedan Rct rise
Protect <20%
t}fg e CC, pOSt- 380
over Geomet | Barrier is resistive,
substrate test . ;
without tical h; no ric 0.5- | porous to halide, or
scaling .Op 10?. visible 1.0 A | mechanically
mspectio . —
OH- npand penetrati | ™ 2 damaged
ransport dissolved g
metal defects
assay
Bulk pH, Stable
calibrate bulk
d chemistr
inlet/outl y and
Maintain et' O2FE }f:‘ll(;(v?/d
controlle | chemistr under as ;ate OH- delivery/proton
d l_ogal Y, and defined Eufferin’ manage_ment is
alkalinit product flow; g and insufficient
y o .
selectivit | local pH | current
y; local target
profiling for
in future future
work tests
Resist Retention
. Dissolved >90% at | Continu ..
chemical ) Passivation
metal, 1,000 h; | ous and .
and . ) . dissolves,
.| thickness, metal intermitt
mechani . reconstructs
cal adhesion, release ent destructively or
voltage trend non- | protocol . ?
degradat . . delaminates
ion drift acceleratin | s
g
Optical
bubble
observati | No
Clear on; post- persistent Raw
gﬁgbles test %?asnket' :eawate Pore/wetting design
alkaline- deposit deposit cathode g’g;f:fr;ta%gauon or
earth mass and coverage at >0.5 pping
scale active- | <10% Acm—2
area active area
inspectio
n
Demonst | Delivered- Advantage .
rate H2 relative to .
tem electricity, cated 1 H2 | Benefit lies outside
syste urity, state delivery | chosen boundary or
rather purtty RO/electro .
than water Iysis pressure | is offset by
handling, Y and auxiliaries
coupon . comparato .
benefit maintenanc N purity
e

The numerical thresholds in Table IV are deliberately
challenging and provisional. They are chosen to make the
architecture falsifiable, not to certify industrial service. A
material that misses one threshold may still be valuable
under an ion-separated architecture, and a material that
passes a coupon test may fail at stack scale.
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E. System selection should precede catalyst optimization

Raw neutral seawater offers the strongest simplification
claim but imposes the hardest coupled chemistry. Alkaline
seawater improves conductivity and anode selectivity while
requiring chemical addition and scale management.
Asymmetric feeds and AEM systems protect the anode
environment at the cost of membranes, crossover control,
and electrolyte management. Membrane-mediated water
extraction can nearly eliminate direct salt contact but shifts
risk to interface wetting and membrane life [5]. Desalination-
coupled systems use mature separation and may exploit
waste heat [7].

Accordingly, the preferred architecture depends on
location and service. Offshore or remote operation may value
compact in situ purification and reduced freshwater logistics
[34]. Grid-connected coastal plants may favor SWRO
because its energy and cost contributions are small relative to
electrolysis under common assumptions [8] [35]. A catalyst
result cannot settle this systems choice. The correct order is
to define feed, product, duty cycle, maintenance access, and
water/heat boundary, then optimize the electrode for that
regime.

F. Limitations

The model is structurally transparent but intentionally
simplified. Four independently assigned descriptor sets
ignore synthesis correlations: stronger exclusion may reduce
transport, greater site exposure may weaken adhesion, and
robust passivation may increase resistance. The equations do
not resolve potential-dependent adsorption, chloride
speciation, carbonate  buffering, bromide kinetics,
temperature, pressure, salinity variation, hydrodynamics,
membrane crossover, or spatial current distribution.
Exponential retention assumes a constant degradation rate
and therefore cannot represent induction periods, self-healing,
abrupt delamination, or accelerating corrosion.

The descriptor assignments and coefficients are
literature-constrained judgments, not parameters fitted to a
harmonized experimental database. Published values differ
in iR correction, area definition, catalyst loading, reference-
electrode calibration, electrolyte preparation, flow,
temperature, and product assay. The four theoretical outputs
therefore cannot be validated by visual agreement with
scattered literature ranges. Without calibrated measurements,
numerical uncertainty bounds or a global importance ranking
would imply more precision than the available evidence
supports.

Finally, oxygen FE and the hypochlorite proxy are not a
complete chlorine balance. Chlorate, perchlorate, adsorbed
chlorine species, volatile CI2, and reactions with cell
components may matter. The model also treats transport as
one descriptor, whereas bubble removal, ion conduction,
precipitation, and convective refresh can oppose each other.
These limitations define the validation agenda rather than
undermine the value of a transparent hypothesis generator.

VIII. CONCLUSION

This study establishes a condition-qualified and
reproducible design-space framework for direct seawater
electrolysis at an operational industrial range of 0.5 — 1.0 A
cm — 2. Its first contribution is an evidence taxonomy that
prevents raw neutral seawater, alkaline seawater, asymmetric
feeds, ion-separated systems, and desalination-coupled
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electrolysis from being compared as though they share one
boundary. Its second contribution is a six-descriptor coupling
model linking intrinsic kinetics, site exposure, chloride
exclusion, passivation, transport, and microenvironment
control to activity, selectivity, and retention. Its third
contribution is a falsifiable gradient-architecture hypothesis.

The model-derived results show why balanced
architectures deserve testing alongside single-function
improvements. Among four prescribed archetypes, G1 gives
34235 mV at 1.0 A cm — 2, 99.11% O2 FE, 97.51%
predicted 1,000 h retention, and ASS 91.42. Equation-level
sensitivity indicates that intrinsic kinetics affects activity,
chloride exclusion affects selectivity, and chloride exclusion
with passivation affects stability. The results are theoretical
inferences derived from four representative archetypes under
literature-constrained model equations; large-scale design-
space scanning remains a direction for future research. These
trends are not experimental causal estimates.

The practical implication is that a high-rate seawater
electrode should be engineered as a spatially integrated
system: a conductive and adherent backbone, a robust
electronic/passivation interlayer, a selectively reconstructing
or stable OER phase, a charged microenvironment that
regulates hydroxide and halides, and pores that remove gas
and precipitates. No layer should be optimized without
testing its effect on the others.

The limitations are substantial. The model is
phenomenological, omits stack-scale transport and detailed
chemistry, assumes constant degradation, and cannot certify
a composition. All thresholds are hypotheses for
experimental validation, not certified device specifications.
Future work should begin with matched B1/E1/M1/G1-
inspired electrodes in raw and alkaline seawater, three-
electrode measurements, galvanostatic chronopotentiometry
at 0.5 and 1.0 A cm—2, calibrated O2 and chlorine-product
analysis, ion chromatography, ICP dissolution measurements,
and optical bubble/deposit inspection. RRDE may help
resolve transient chlorine chemistry. More demanding
operando spectroscopy, tracer studies, microelectrode
profiling, and cross-sectional ion mapping could
subsequently probe the mechanism; extended continuous and
intermittent durability and full-cell system comparison
remain essential before practical claims.
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