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ABSTRACT: Water electrolysis, including seawater splitting to
produce hydrogen and oxygen, stands as a promising approach for
the efficient storage of intermittent energy. However, the half-
reactions of water splitting, the oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER), are known to be very
sensitive toward the quality of water employed and are susceptible
to contaminants originating from various sources, including the
electrolyte or the electrodes. Those contaminants have a profound
impact on the activity of these reactions of water splitting by
modifying the electronic and physical structures of electrocatalysts
as well as electrode−electrolyte interfaces. For seawater
electrolysis, the unintentional presence of impurities, such as
anions, cations, and organic compounds, affects the catalyst
stability, selectivity, and activity. Despite the existence of numerous comprehensive reviews that delve into various aspects of
catalysts and their structure−property relationships for several electrocatalytic reactions, the impact of contaminants has often been
ignored. This critical review endeavors to address this issue by providing an overview of the diverse sources of contaminants
influencing electrocatalytic water splitting and seawater splitting reactions, delineating the trends in electrochemical parameters and
detailing different characterization methods for elucidating the physical and electronic changes of the electrode and electrolyte.
KEYWORDS: electrocatalysis, hydrogen, contamination, seawater, OER, HER

■ INTRODUCTION
The intensifying energy demand caused by rapid economic
progress is an important challenge for the 21st century. The
ongoing depletion of fossil fuels and the adverse environmental
impact of nonrenewable energy sources underscore the critical
need for the development of sustainable and renewable energy
sources, such as hydrogen, solar energy, wind energy, and tidal
energy.1 Moreover, the increasing growth of artificial intelli-
gence (AI) is leading to a sharp rise in electricity consumption
largely from the data centers, which raises concerns about
meeting the future energy demand.2 Among these, hydrogen has
particularly attracted significant attention due to its high
gravimetric energy density (120 MJ kg−1) and zero carbon
emissions.3 Although the electricity-driven hydrogen conversion
efficiency is around 3 times lower than the heat-driven hydrogen
conversion efficiency (steam methane reformation, steam−iron
process), the latter is environmentally less benevolent due to the
emission of greenhouse gases. Therefore, it is advisable to focus
on eco-friendly approaches to produce hydrogen, such as
electrocatalytic and photocatalytic water splitting, where
abundant water is used as a feedstock.4

In a commercial electrolyzer, electrolysis of 45 kg of water is
used to produce 5 kg of hydrogen.5 This process involves the
dissociation of water molecules into hydrogen and oxygen
through an external electrical input. However, water electrolysis
is inherently energy-intensive due to the sluggish four-electron
water oxidation process at the anode (i.e., the oxygen evolution
reaction, OER). The hydrogen evolution reaction (HER), a
more energy-efficient two-electron process, takes place at the
cathode.6 To reduce the large activation energy barrier inherent
in the uphill water splitting reaction, researchers are focusing on
designing efficient catalysts. Although IrO2 and RuO2 are
recognized as effective catalysts for the OER and Pt/C is the
most widely used catalyst for the HER, their scarcity and high
cost limit their practical applications.7,8 Hence, the current
scientific focus is on the design of materials based on cost-
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effective and earth-abundant transition-metal-based sulfides,9

phosphides,10 nitrides,11 borides,12 selenides,13 oxides,14 alloys,
and hydroxides.15 Various strategies are employed for enhancing
the efficiency of the electrocatalysts by tuning the physical and
electronic properties through doping,16 introducing oxygen
vacancies,17 creating heterostructures or composite structures,18

and tuning morphology.19

Despite significant efforts to design efficient electrocatalysts
for hydrogen evolution, large-scale hydrogen production via the
electrolysis of high-purity freshwater remains challenging,
especially due to the scarcity of freshwater resources. This
process not only depletes the limited freshwater resources but
also necessitates costly water purification systems, thereby
hindering its practical application.20 Currently, more than 80%
of the global population faces severe freshwater scarcity,21 and
large-scale water electrolysis further exacerbates the pressure on
these vital resources. In this context, seawater electrolysis
presents a promising solution, as seawater constitutes
approximately 96.5% of the Earth’s total water reserves.22

In the past few years, several pieces of literature have reported
various probing molecules/ions (both cations and anions),
intentionally added or unintentionally present as contaminants
in the electrolyte, reactant, stemming from glassware, and the
electrodes.23−25 These literature reports show that the
contaminants from various sources have a large impact on the
electrocatalytic water splitting activity and stability due to the
restructuring of active sites. Seawater is increasingly being
considered as an alternative and practical feedstock due to the
scarcity of freshwater resources; however, the presence of
abundant impurities in seawater increases the complexity of

electrochemical reactions, which is poorly understood. Accord-
ingly, a comprehensive and systematic review of the meaningful
work reported in the field is necessary. Herein we discuss the
sources of contaminants and the types of contaminants (cations
and anions) that influence the anodic and cathodic electro-
catalytic water splitting reactions and the contaminants present
during seawater splitting. Our review also covers the
thermodynamics and fundamental parameters used in elece-
trochemical water splitting and seawater splitting; character-
ization methods such as scanning transmission electron
microscopy−electron energy loss spectroscopy (STEM-
EELS), inductively coupled plasma optical emission spectros-
copy (ICP-OES), inductively coupled plasma mass spectrosco-
py (ICP-MS), X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), which are used to analyze
contaminant effects across a wide range of catalysts and ion
exchange membranes; and strategies for mitigating these effects
(Scheme 1).

This figure highlights the effects of contaminants originating
from different sources based on the analysis and interpretation of
the available published electrochemical data.

Finally, future perspectives are also highlighted in this review.
Although there are prior literatures with a similar theme,26−28

those reviews and perspectives primarily focus on specific
aspects such as iron-mediated activation mechanisms, conven-
tional freshwater systems, and generalized impurity effects on
electrode kinetics. Our review uniquely synthesizes (i) a broad
overview of both intentionally added and incidental species
(cations and anions), (ii) contaminant sources including
reference and counter electrodes, (iii) explicit discussion of

Scheme 1. Schematic Illustration of the Ex Situ and In SituCharacterizationMethods to Analyze Different Kinds of Contaminants
in Various Catalysts for the Oxygen Evolution Reaction, the Hydrogen Evolution Reaction, and Seawater Splitting and
Demonstrating Different Sources for Electrocatalytic Water Splitting.a

aSTEM-EELS, ICP-OES, XPS, AFM, OER, and HER represent scanning transmission electron microscopy−electron energy loss spectroscopy,
inductively coupled plasma optical emission spectroscopy, X-ray photoelectron spectroscopy, atomic force microscopy, oxygen evolution reaction,
and hydrogen evolution reaction, respectively.
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seawater-specific challenges (cathode fouling, chlorine evolution
reaction (ClER) side reaction trade-offs), and (iv) concrete,
forward-looking recommendations (rational catalyst design,
operando methods, dynamic electrode−electrolyte interface
engineering, and spin and magnetism effects under realistic
conditions during electrocatalysis) to guide future research and
scale-up.

1. WATER ELECTROLYSIS
1.1. Thermodynamics and Kinetics. It is instructive to

outline the fundamental definitions of thermodynamic and
kinetic phenomena in water electrolysis and the associated
definitions further used to describe the contaminant effects on
the electrocatalysts. In water electrolysis, water is dissociated to
form H2 at the cathode and O2 at the anode by applying
electrical energy�these processes are known as the HER and
OER, respectively.

The standard cell potential of water electrolysis (Ecell° ) is
described as the difference between the standard cathodic and
anodic potentials, according to eqs 1−3):29

E2H (aq) 2e H (g) 0 V2 cathode+ ° =+ (1)

E2H O(l) O (g) 4H (aq) 4e 1.23 V2 2 anode+ + ° =+

(2)

E E E 1.23 V at 25 C and pH 0cell cathode anode° = ° ° = °
(3)

The half-cell potentials are denoted versus the reversible
hydrogen electrode (RHE) at pH 0. Therefore, a cell voltage
of 1.23 V must be applied to drive the reaction under standard
conditions, although experimentally, an excess voltage is needed.
From a thermodynamic perspective, water electrolysis is not
spontaneous due to the positive Gibbs free energy (ΔG) of
∼237.2 kJ/mol.

The excess applied voltage is described as the overpotential
for electrochemical water splitting, which has four components,
as specified in eq 4:

iRtotal HER OER c= + + + (4)

where ηHER and ηOER are the overpotentials for the HER and
OER, respectively, ηc is the concentration overpotential caused
by the decrease in reactant concentration at the surface of the
electrode relative to the bulk due to mass transport limitations,
which can be minimized by stirring the electrolyte, and ηiR is the
Ohmic voltage drop caused by the resistance of the aqueous
electrolyte and the distance between the electrodes.30,31 Both
ηHER and ηOER can be minimized by fabricating an efficient
catalyst over the electrode. Specifically, assuming Arrhenius
behavior for the interfacial charge transfer kinetics, an
exponential relationship between the overpotential (ηHER or
ηOER) and the current density or rate (j) of the reaction is
established, as shown in eq 5:31

j j
nF

RT
exp0= i

k
jjj y

{
zzz (5)

where j0 is the exchange current density, R is the gas constant, T
is the absolute temperature, n is the number of electrons
exchanged, and α is the fraction of the overpotential that reduces
the energy barrier for reaction at the electrode−electrolyte
interface (also known as the charge transfer coefficient).
1.2. Activity, Stability, and Selectivity Parameters of

Catalysts.The electrochemical activity, stability, and selectivity

of an electrocatalyst are governed by several electrochemical
parameters, including the adsorption strength of hydrogen or
oxygen molecules/intermediates on the catalytic sites, over-
potential, mass loading of the catalyst, Tafel slope, turnover
frequency (TOF), and Faradaic efficiency (FE). An efficient
electrocatalyst should have long-term stability, high selectivity
toward products, and efficient activity.

1.2.1. Adsorption Strength. The adsorption strengths of
reactants, intermediates, and products on the catalyst surface are
important descriptors for determining the catalytic activity and
stability. Volcano plots are generally employed to establish the
relationship between the exchange current density or over-
potential and the adsorption free energy for different metals and
various catalysts, respectively.1,32,33 The rate of the HER largely
depends on the hydrogen adsorption free energy (ΔGH*) and
hydrogen binding energy (HBE). If the adsorption is too weak,
then the total reaction rate will be controlled by the adsorption
step (Volmer step), whereas strong adsorption will cause the
desorption step (Heyrovsky/Tafel step) to be the rate-
determining step. According to the Sabatier principle, the
adsorption and desorption should be optimal, neither too weak
nor too strong, where ΔGH ∼ 0. Following the relationship
between ΔGH* and the exchange current density (j0), a volcano
plot is established, which shows that Pt is expected to be the
most active catalyst, having ΔGH ∼ 0.1

Similarly, in the case of the OER, the activity is related to the
oxygen adsorption free energy (ΔGO). However, the single
descriptor ΔGO for the OER activity is incomplete because of
the involvement of multiple intermediates (including OOH*,
OH*, and O*). Moreover, the energy difference between the
adsorption energies of OH* and OOH* has almost a constant
value of 3.2 eV and is independent of potential in broad classes of
metal oxide materials and metal surfaces.34 As a result, a volcano
trend between the OER activity and the two-descriptor
difference ΔGO − ΔGOH has been reported, and the optimal
activity can be obtained by either weakening O binding or
strengthening OH binding to the catalysts.1 The optimization of
binding between the intermediates and the catalyst surfaces can
significantly improve the OER activity, although the OER
activity cannot be improved beyond that of IrO2.

34

1.2.2. Overpotential. Both redox reactions associated with
water electrolysis require potentials beyond the thermodynami-
cally defined potentials of 1.23 V vs RHE for the OER and 0 V vs
RHE for the HER. Beyond this thermodynamic potential, the
excess potential needed to carry out a reaction at a specific rate is
known as the overpotential.35 In academic studies, the
benchmark current density is chosen to be 10 mA cm−2 (this
is the current density expected for a solar-to-fuels device with
10% solar-to-fuel conversion under 1 sun illumination). This
value serves as a practical benchmark for evaluating the
efficiency and feasibility of water-splitting systems in real-
world solar-driven applications. Although industrial water-
splitting processes typically operate at significantly higher
current densities (e.g., 100−500 mA cm−2), 10 mA cm−2

provides a useful starting point for screening and assessing
catalyst materials before transitioning to large-scale implemen-
tation.36,37 However, for catalysts having intense redox peaks
due to metal oxidation, the overpotentials are considered at
higher current densities (50−1000 mA cm−2).38 In addition to
reporting overpotential at a specific current density, some
studies on OER and HER catalysts also report the current
density at a given overpotential. For example, j500 denotes the
current density achieved at an overpotential of 500 mV.39 The
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geometric current density is significant for the engineering
perspective, but it depends on several extrinsic parameters like
mass loading, the accessible active sites, and the surface area.40

1.2.3. Tafel Slope and Exchange Current Density. In the
case of low current and efficient stirring, the current is not
controlled by mass diffusion; rather, it is regulated by the
interfacial dynamics. According to previous studies, for these
systems the current density (j) or rate of electrochemical
reaction is related exponentially to the overpotential via eq 6:41

a b jlog= + (6)

where η is the overpotential, b is the Tafel slope, and a is the
exchange current density.

1.2.4. Turnover Frequency (TOF) and Faradaic Efficiency
(FE).The TOF is a measure of the efficiency of a catalyst in terms
of the catalytically active sites, so it is considered a

straightforward intrinsic activity indicator that can estimate
how efficient a catalyst is for the reaction of interest. TOF is
defined as the number of gas molecules evolved per unit time per
active site of the catalyst40 and is calculated using eq 7:

iN
Fn

TOF A=
(7)

where i is the current, NA is the Avogadro constant, n is the
number of electrons transferred in the electrochemical reaction,
F is the Faraday constant, and Γ is the surface concentration of
active sites. TOF is the basis for determining electrocatalytic
efficiency, and a higher TOF means a higher intrinsic
electrocatalytic efficiency. Although TOF is a straightforward
intrinsic activity indicator, there are complications in determin-
ing the exact number of active sites participating in the catalysis,

Scheme 2. Flowchart Showing the Steps Required to Calculate a Relatively Accurate TOF for Different Electrocatalytic Materials
Used in Energy Conversion Electrocatalysisa

a(a) The step determining the exact number of active sites participating in the catalysis. (b) The step excluding errors imparted by other ways of
current normalization (with geometrical area, mass, etc.). (c) The step excluding errors for catalysts with FE < 100 %. Notes: *Electrochemical
surface area obtained by dividing Cdl by Cs and other futuristic methods can be used only when lattice parameters are known. †Requires lattice
parameters. Adapted from ref 42. CC BY 4.0.
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and TOF is often not properly reported.42 The accurate method
and process for calculating TOF is described in Scheme 2.42

The FE is defined as the molar quantity of the experimentally
collected product relative to the amount that could be
theoretically produced from the total charge passed (FE =
Qproduct/Qtotal). The gas products are typically analyzed by gas
chromatography (GC) at the outlet of the in-line electro-
chemical cell.

Higher FE means higher product selectivity, and the
importance of reliable FE reporting and a standard method for
measuring FE has also been addressed.43

1.2.5. Catalytic Stability. Catalyst stability is evaluated from
performance retention either by performing long-term cycling in
a fixed potential range with a fixed scan rate44 or by keeping the
electrode at a constant potential or current density for a
particular time. If the working electrode is kept at a fixed
potential, the stability measurement is typically named
chronoamperometry, as it measures the change of current
density with time,45 whereas the measurement conducted at a
fixed current density is known as chronopotentiometry.46 For
the cyclic stability measurement, a catalyst should show similar
performance in a steady-state polarization measurement after a
long number of cycling experiments conducted by cyclic
voltammetry (CV).

2. INTERFERENCE OF IONIC CONTAMINANTS
2.1. Interference of Contaminants during the Oxygen

Evolution Reaction (OER). 2.1.1. Effect of Cations. The OER
is an indispensable part of many energy storage and conversion

systems, such as metal−air batteries,47 solid oxide electrolysis
cells,48 CO2 reduction reactions to valuable fuels,49 and
hydrogen fuel evolution from electrolysis of water.50 Over the
past few decades, researchers have focused on developing hybrid
and advanced functional materials for OER, which have high
activity and long-term durability.51 IrO2 and RuO2 are among
the most active catalysts for the OER reported to date. However,
their scarcity and expensive nature limit their applications.52

Hence, there is a strong interest in catalysts designed by
engineering the first-row (3d) transition metals such as Ni, Co,
and Fe via varying the d-band center of the cation site.53−55

Previous literature also reports that doping of secondary
transition metals in the catalysts can enhance OH− adsorption,
thus facilitating the formation of active species and consequently
improving the OER activity.56 Besides cation doping in the
catalyst, the cations present in the electrolyte affect the reaction
rate by tuning the electrical double layer (EDL) at the interface
between the electrode and electrolyte. Kozawa observed that the
addition of Sr(ClO4)2 increased the overpotential for OER on a
Pt working electrode, whereas further addition of EDTA
decreased the overpotential due to the complex formation
between Sr(ClO4)2 and EDTA.57 The increase in the over-
potential for the three alkaline earth metals follows the order
Ca2+ > Sr2+ > Ba2+. Aside from Pt, other working electrodes such
as Ni, Pd, NiO, Au, and graphite also exhibited an increase in
overpotential upon the addition of Sr(ClO4)2, ranging from 15
to 90 mV depending on the electrode material. This was
accompanied by a slight increase in the Tafel slope.

Figure 1. Cyclic voltammograms obtained for a Ni(OH)2 film deposited on polished Au rotating disk electrodes (RDEs). Voltammograms were
collected at 10 mV s−1 and 1600 rpm in (a) Fe-free and (b) unpurified 1 M KOH after each day of aging in either Fe-free or unpurified 1 M KOH,
respectively. The oxygen evolution equilibrium potential is 0.306 V vs Hg/HgO in 1 M KOH. (c) Effect of aging on the overpotential at 10 mA cm−2

geometric current density (filled circles) and Tafel slope (open triangles) for Ni(OH)2 films deposited on polished Au RDEs aged in Fe-free (blue) vs
unpurified (red) 1 M KOH. Adapted from ref 58. Copyright 2015 American Chemical Society.
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Among all other transition metals, Ni has attracted significant
attention for alkalineOER because of its high catalytic efficiency,
low price, high elemental abundance, good mechanical proper-
ties, high corrosion resistance, good heat conduction, and high
electrical conductivity.59 The most active phase of Ni-based
electrocatalysts is NiOOH, which contains Ni3+. This phase is
formed by the oxidative transformation of Ni-based materials at
potentials near the onset of the OER.60,61 According to the
previous literature, the Fe3+ cation had the most profound
impact on the electrocatalytic OER activity of Ni-based
catalysts.62 In NixFe1−xOOH, the contraction of the Fe−O
bond optimizes the binding energy for the OER intermediates.
There is a drastic decrease in current density after aging of the
Ni(OH)2 electrodes in Fe-free electrolytes, whereas dramati-
cally opposite behavior is perceived in Fe-containing electrolytes
(Figure 1a,b).58 It has been observed that when an electro-
deposited Ni(OH)2 film was aged in purified 1 M KOH, the
overpotential to achieve 10 mA cm−2 current density was
increased by 76 mV after 3 days, whereas in unpurified 1 M
KOH, the overpotential for aged films was only 280 mV after 5
days of aging.58 The corresponding Tafel slope values also
indicated the enhanced kinetics due to the aging in unpurified
electrolytes, which was comparable with the kinetics of
NiFeOOH catalysts reported in previous literature (Figure
1c).58,63 Furthermore, the authors found that the TOF was
lower initially, became maximized after 3−4 days of aging with
Fe content of 11%, and then further decreased.58 The initial
decrease might be due to the sufficiently low Fe concentration to
provide better activity or that Fe was not incorporated at the
proper sites of the NiOOH lattice, and after achieving the
maximum concentration, the TOF decreased due to the

saturation of the active NiOOH phase and the generation of
the less active Fe-rich phase.

The doping of other transition metals, such as Co and Mn, in
Ni-based materials has also proven to be beneficial for activating
Ni-based catalysts for OER.65,66 Spanos et al. showed the
improved activity of Ni−Co3O4 catalysts in Fe-contaminated
electrolytes. Initially, in Fe-free and Fe-contaminated electro-
lytes the catalyst showed similar activities, but the activities
largely deviated after 100 CV cycles and 2 h chronopotentiom-
etry under the OER potential. In Fe-contaminated KOH, there
was a initial increment in the OER activity, and then the catalyst
was stable during 2 h chronopotentiometry, whereas in Fe-free
KOH, deactivation of the catalyst was observed due to the
corrosion of Ni and Co.61 Accordingly, Fe contamination in the
alkaline electrolyte not only activated the catalyst but also
stabilized it by preventing its degradation (Figure 2a,b).61

Apart from the transition-metal-based oxides and oxy-
hydroxides, perovskite-type materials with the ABO3 structure
are the other class of materials that are observed to be very
promising for OER. Here, the A site cations, which are generally
alkali metal or rare earth metal cations, facilitate O2 production
from the lattice oxygen, and the B site cations (generally
transition metal cations), trigger the oxidation of OH− to
O2.

67,68 Lopes et al. reported the surface reconstruction
dynamics of the perovskite oxides for OER due to the presence
of contaminants in the alkaline electrolyte.64 The authors
demonstrated that the interaction of a few-nanometer-thick Co
oxyhydroxide layer on the perovskite surface with trace-level Fe
impurities creates a dynamically stable, surface-reconstructed
active site for the OER. There was a dynamic equilibrium
between the Fe dissolution and redeposition on the host Co

Figure 2. (a) Chronopotentiometry stress test profiles of the Ni−Co3O4 catalyst with and without Fe in solution at 10 mA cm−2 for 2 h. (b) Activity
comparison of the Ni−Co3O4 catalyst between 1.2 and 1.7 V RHE at the 5 mV s−1 scan rate in Fe-contaminated (black) and Fe-pure (red) 1 MKOH.
Adapted from ref 61. Copyright 2019 American Chemical Society. (c) First OER polarization curve for LSCOwith 0, 10, 20, and 30% Sr content in A-
sites and (d) after 50 potential cycles up to 1.7 V in 0.1 mol L−1 KOH deliberately containing 0.1 ppm Fe(aq). Adapted from ref 64. Copyright 2021
American Chemical Society.
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oxyhydroxide lattice. The LaxSr1−xCoO3 perovskite oxide
showed a noticeable enhancement in OER activity in the 50th
CV scan upon the introduction of 0.1 ppm Fe in the electrolyte,
which increased with an increase in Sr doping. However, all the
perovskites showed similar OER activity in the first scan under
similar electrochemical conditions (Figure 2c,d).64 Here, the
strategy for designing active and stable catalysts for OER (e.g.
Fex-BOHy@ABO3) was manifested, where the choice of A-site
cations, such as La, Sr, or Ba, has been shown to promote O2
evolution through an indirect route where surface oxygen atoms
originating from the crystal lattice participate in forming
molecular oxygen and manipulating the B-site metals affects
theH2O/OH− oxidationmechanism.64 The perovskites without
any “A” or “B” site doping also exhibited a change in the anodic
redox peak as well as electrocatalytic OER activity upon
introduction of Fe3+ ions in the electrolyte.

Twight et al. reported the effect of Fe introduction in a
purified KOH electrolyte for undoped LaNiO3 particles,
LaNiO3 epitaxial films, and an analogous Ruddlesden−Popper
phase, La2NiO4 catalysts.

24 The catalytic current, normalized to
the integrated charge associated with redox-active nickel during
the Fe spike experiments, indicates that the redox-active species
exhibit comparable OER activity characteristics despite the
differing structures of the host materials LaNiO3 and La2NiO4.
However, La2NiO4 demonstrates a greater propensity for the
accumulation of redox-active nickel compared to LaNiO3,
highlighting the importance of Ni−O termination in the
development of these surface species.24 For both crystal phases,
Fe incorporation increased the OER activity, and the prolonged
cycling in the presence of Fe further increased the OER activity.

Although most of the literature reported the impact of
intentional or unintentional addition of Fe in a variety of
catalysts, Naderi et al. recently reported the effect of all the d-
block transitionmetals, such as Fe, Co, V, Cr,Mn, Cu, and Zn, as
impurity metal cations on the surface of Ni(OH)2 for OER.69

Surprisingly, except Fe, other cations had a negligible effect on
the OER activity of α-Ni(OH)2, whereas by the addition of Fe in
unpurified KOH, there was a decrease of the OER overpotential
by 138 mV due to the formation of an active Ni−Fe-based
catalyst. The authors showed that Fe preserved the actual
structure of α-Ni(OH)2 by preventing further oxidation of Ni
and increased the rate of charge transfer and the surface area.69

Pham et al. observed that Fe was not deposited on bare glassy
carbon (GC) electrodes by CV or chronopotentiometry during
OER; it could only be incorporated in the Co host lattice by
substituting Co with Fe.70 They conducted consecutive CV
cycles in the presence of Fe and Co ions in KOH electrolyte.
After the 10th CV cycle, Fe did not deposit on the GC electrode,
but Co deposited anodically, forming a mixture of crystalline
Co3O4, crystalline CoO, and amorphous CoOx, which increased
the OER activity of GC with an overpotential of 395 mV at a
current density of 10 mA cm−2. The Co-deposited GC anode
showed promising OER activity in KOH with added 0.2 mM Fe
electrolyte, where the deposited Fe3+ in the Co host lattice
replaced Co3+ and formed an OER-active Fe-doped Co mixed
oxide catalyst on GC, exhibiting an improved overpotential of
319 mV at 10 mA cm−2.70

The rate of the OER and the surface coverage of adsorbents
during the OER are found to be critically dependent on pH.
Typically, electrocatalytic reactions are conducted under
extreme pH conditions with high concentrations of OH− or
H+ ions to mitigate the impact of mass diffusion limitations.
There is a lack of studies examining the combined effects of

contaminants and pH on OER. The influence of impurities on
OER activity is significant, particularly when decreasing the pH
to 13 (0.1 M KOH) from 14 (1 M KOH). In 0.1 M KOH,
without any contamination from iron, the aging of Ni(OH)2
displayed distinct structural changes (redox transformation)
compared to when the electrolyte contains Fe.58 Specifically,
when the electrode film was aged in unpurified electrolyte
(containing Fe), it led to the transformation of nickel hydroxide
to NiFe-LDH (layered double hydroxide). Furthermore, this
transformation hindered the usual Bode scheme progression of
structural transformations to β-NiOOH and then to γ-NiOOH
under an anodic potential.

Existing literature suggests that the perovskite oxides
generally exhibit a noteworthy correlation betweenOER activity
and pH.64 No change in OER activity was observed in both
purified KOH and KOHwith added 1 ppm Fe for 30% Sr-doped
LaCoO3 (LSCO-30), and LaCoO3 (LSCO-0) catalysts as the
pH was reduced from 14 (1 M KOH) to 13 (0.1 M KOH) to 12
(0.01 M KOH).64 However, in commercial unpurified KOH
with an uncontrolled and unknown amount of Fe, there was a
decrease in the OER activity with a decrease in pH. This
reduction in activity was mainly due to a 10- and 100-fold
dilution of the Fe concentration in the pH 13 and 12 solutions,
respectively, and the effect was particularly more prominent in
the LSCO-30 perovskite than in the undoped perovskite
(LSCO-0) due to the faster surface evolution in the former
catalyst.64 These results further demonstrated that the OER
kinetics and surface transformations were highly pH-dependent,
with Fe contamination significantly impacting catalyst behav-
ior.58,64

While numerous studies have highlighted the beneficial effects
of Fe3+ ions in electrolytes for electrochemical water oxidation,
Zhou et al. investigated the influence of the presence of a low
concentration (5 ppm) of transition metal ions (Ni2+, Fe3+, Fe2+,
Co2+, Mn2+, Zn2+, Ce3+, and Al3+) on the current density for a
bare carbon paper (CP) electrode during electro-oxidation of
water in 0.1 M KOH.23 Among them, Co2+ exhibited the most
pronounced effect, increasing the current at 1.7 V by a factor of
57. Additionally, electrochemical impedance spectroscopy
(EIS) measurements revealed a significant reduction in the
charge transfer resistance of the CP electrode, decreasing from
886.6 to 19.1 Ω in the presence of 5 ppm Co2+ in the electrolyte.
However, the observed improvements in electrochemical
performance were influenced by several key factors, including
the pH of the electrolyte, the number of CV cycles, and the
surface properties of the electrode.23

2.1.2. Effect of Anions. Like cations, the decoration of anions
of the electrocatalysts also seemed to have a great effect on the
electrocatalytic OER activity. The electronic structure of
catalysts, especially metal hydroxides, was found to be tuned
by the ornamentation with anions through the change in the
interlayer distance and ease of transformation from metal
hydroxide to oxyhydroxide.71 Moreover, for metal basic salt
catalysts, there is an “anion effect”, where these catalysts
performed better for theOER than their hydroxide counterparts.
Systematic investigations on basic cobalt salts with F−, Cl−, or
CO3

2− anions revealed an OER activity trend as Co(OH)-
(CO3)0.5 > Co2(OH)3Cl > Co(OH)F > Co(OH)2 which was
attributed to the presence of a maximum number of active Co4+

sites in Co(OH)(CO3)0.5 due to the faster leaching of CO3
2−

from the lattice, compared to other anions.72 Although there is
literature on the anion-based modification of catalysts for
OER,73,74 very few reports on the effect of electrolytic anion on
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OER were present in the literature. Pt is commonly used as a
model catalyst to investigate the anion effect for the OER. When
CV cycling was performed with a Pt disk as a working electrode
in different electrolytes like HClO4, HNO3, and H2SO4, the
measured OER onset potentials at +0.1 mA cm−2 Pt in HClO4,
HNO3, and H2SO4 were observed as 1.64, 1.65, and 1.65 V vs
RHE, respectively. Although this suggested similar behavior for
OER at a particular current density, the lower Tafel slope in
HClO4 compared to HNO3 and H2SO4 demonstrated changes
in the adsorbates, rate-limiting steps, and mechanisms among
HClO4, HNO3, and H2SO4 (Figure 3a,b).75

To elucidate these trends in the OER activity, the non-
Faradaic charge passed at the electrode before the onset
potential of the OER was calculated, which showed lesser anion
adsorption in HClO4 compared to HNO3 and H2SO4, resulting
in more active sites available for the OER in the HClO4
electrolyte. Further calculations on the Pt (111) surface also
demonstrated weaker anion adsorption in HClO4 electrolyte,

corroborating the previous data.75 The chalcogens have shown a
strong tendency to leach in the electrolyte during OER under
oxidative bias.76 Surface-absorbed selenates (the oxidized form
of transition-metal-based selenides) have an important effect on
the OER activity. This estimation was further verified by the
intentional addition of SeO3

2− into 1 M KOH using the
Ni(OH)2 catalyst, which exhibited an abrupt improvement of
the OER activity. For an optimized concentration of SeO3

2− (0.1
M), j500 increased from 47 to 221 mA cm−2 along with improved
charge transfer kinetics (Figure 3c,d).39 The surface-adsorbed
selenates enhanced the OER activity by reducing the free energy
of adsorption of intermediates as well as shifting the d-band
center of NiOOH closer to the Fermi level.39 The universality of
the effect of SeO3

2− was proved by the similar improvement in
the OER activity for Co(OH)2 and Cu(OH)2 catalysts.
Moreover, with the optimal addition of 0.1 M SO4

2−, j500 of
Ni(OH)2 was also improved from 44 to 105mA cm−2, leading to
the conclusion that surface-adsorbed SO4

2− also showed

Figure 3. (a) Representative second-cycle-averaged oxygen evolution reaction (OER) RDE CV of the Pt disk in HClO4, HNO3, and H2SO4 at pH 1.
The OER trend is consistent as a function of cycle. (b) Average OER onset potential (bars, left y axis) ±0.1 mA cm−2 Pt for all three acids and average
Tafel slope (circles, right y axis) in the low current density region. Adapted from ref 75. CCBY 4.0. (c)OER activity comparison and (d) Tafel slopes of
Ni(OH)2 in 1 M KOH with different concentrations of SeO3

2−. Adapted with permission from ref 39. Copyright 2020 Wiley-VCH.

Table 1. Summary of the Effect of Impurities on the Electrochemical Oxygen Evolution Reaction

catalyst impurity electrolyte key results ref

Ni(OH)2 Fe 1 M KOH OER activity increased due to formation of NiFe-LDH 58
Ni−Co3O4 Fe 1 M KOH Significant improvement in OER activity due to activation of catalysts and prevention of catalyst degradation

with lesser corrosion of Ni and Co
61

La1−xSrxCoO3 Fe 0.1 M
KOH

Improvement in OER activity due to formation of dynamically stable active site 64

Ni(OH)2 V, Cr,Mn, Fe,
Co, Cu, Zn

1 M KOH Maximum improvement in OER activity in the presence of Fe (decreases the overpotential up to 138 mV at a
current density of 10 mA cm−2), and then Co; decrease in OER activity in the presence of V, Mn, Cr, Cu, and
Zn

69

The electronic interaction between Ni and Fe prevents further oxidation of Ni(II)
LaNiO3,
La2NiO4

Fe 1 M KOH Increase in OER activity due to formation of NiFeOxHy catalysts 24
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improvement of OER activity by promoting the adsorption of
the OER intermediates.39

2.1.3. Trends Observed Due to the Impurity Effect on OER
Activity. The influence of different cations in purified KOH and
the unintentional presence of Fe3+ in unpurified KOH on the
OER activity of transition metal catalysts were discussed in
previous scientific literature (Table 1).24,58,61,64,69 In this
context, transition-metal-based oxide, hydroxide, and perovskite
oxide catalysts have been widely employed for investigating the
OER activity. The inadvertent presence of Fe in KOH
contributes to the formation of Fe-based multimetal oxy-
hydroxides on the surface of the catalysts, which were found to
have remarkable catalytic activity for the OER. Consequently,
most of these catalysts exhibit corrosion and a decline in the
OER activity after a durability test conducted in purified KOH.
This degradation is mainly attributed to the leaching of metals
from the surface of the catalysts. However, when exposed to
unpurified KOH enriched with Fe impurities, these catalysts
exhibited a gradual increase in the catalytic OER activity.58 Iron
was identified as the dynamic active site for the OER in the
multicomponent interface formed because of consecutive
cycling or aging under the anodic potential. It is noteworthy
that the observed trend in OER activity in the unpurified
electrolyte was contingent upon several factors, including the
dissolution of metals, the composition of the catalyst material,
the electronic structure of the catalyst, and the pH of the
electrolyte.58,64

Although unintentional anion contamination is not prom-
inent for OER, there have been a few studies reporting on
varying electrolytes with different anions, deliberate addition of
anions in the electrolyte, and their effect on OER activity.39,75

Depending on the free energy of adsorption of the anions on the

surface of the electrocatalysts, the OER activity and the
corresponding electrochemical parameters were found to vary.39

Moreover, the intentional addition of different d-block
transition metals was also tested in an alkaline electrolyte, and
Co2+ was observed to exhibit a pronounced enhancement in the
OER activity on a bare CP electrode.23

To elucidate the impact of contaminants on the OER activity,
several analytical techniques have been employed. These
techniques include EELS,64 XPS,62 ICP-OES,58 and electro-
chemical measurements.58,23 Through the careful application of
these advanced spectroscopic, electrochemical, and analytical
methods, researchers have gained valuable insights into the
intricate interplay among catalyst composition, impurities, and
the OER activity in unpurified electrolyte solutions. While most
of the literature focuses on the effects of cations in the electrolyte
during the OER, studies addressing the influence of anionic
contamination remain relatively scarce. The impact of anions on
the performance of the OER is primarily governed by their
adsorption strength and the specific nature of the adsorbed
anions. These factors influence the free energy of adsorption of
key intermediates in the OER pathway, thereby modulating the
overall activity of the reaction.39,75

2.2. Interference of Contaminants during the Hydro-
gen Evolution Reaction (HER). 2.2.1. Effect of Cations.
Cations present in the electrolyte can directly affect the
mechanistic aspects of the HER as well as the catalyst efficiency
and selectivity. Different metal electrodes have been found to
show varying effects in the presence of cations in the
electrolyte.77 From the Sabatier volcano plot (hydrogen binding
energy vs logarithm of the exchange current density),1,33 it was
observed that the hydrogen binding energy is stronger on the
surface of Pt and Ir compared to Ag and Au surfaces. Due to this

Figure 4. (a, b) Hydrogen evolution on stationary electrodes (a) gold and (b) platinum in alkaline media (0.1 M MOH, pH 13). (c, d) Hydrogen
evolution cyclic voltammetry on a stationary gold electrode at (c) pH 13 and (d) pH 11 recorded in 0.1MMOH and 0.001MMOH (M= Li+, Na+, or
K+) at 50 mV s−1. The dotted gray lines indicate the potential at which the CVs cross, and the arrows point in the direction from the strongly to the
weakly hydrated metal cation species. Adapted from ref 77. CC BY-NC-ND 4.0.
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behavior, the HER activities of these metal surfaces in the
presence of different cations were found to vary. Themetals with
weak hydrogen binding exhibited the maximum HER activity in
the electrolyte containing cations of a smaller size and greater
hydration energy (and vice versa). These results confirm
decreasing HER activity for Au and Ag and increasing HER
activity for Pt and Ir with increasing hydration energy of the
alkali metal cation (Li+ > Na+ > K+ > Rb+ > Cs+). This
phenomenonmight be attributed to the change in theH-binding
energy of the electrodes resulting from the interaction between
the cations near the active site on the electrodes and the
intermediates on the electrode surface.78

In agreement with the previous results, Monteiro et al. also
observed a similar trend at lower alkalinity (0.1 M MOH), with
the highest HER activities for the Au and Pt surfaces being in
KOH and LiOH electrolytes, respectively (Figure 4a,b).77 In
contrast, this HER activity exhibited an inverse trend on the Au
electrode at higher overpotentials, where the current density was
found to be higher in LiOH, suggesting an increase in the local
alkalinity at high overpotentials and a consequent increase in the
near-surface cation concentration. Overall, weakly hydrated
cations were found to be detrimental to water reduction at a
more alkaline pH.77 This was due to the pronounced effect of
cation accumulation at the outer Helmholtz plane (OHP) with a
lower hydration energy. When the pH was decreased from 13 to
11, this detrimental effect of HER activity in KOH was found to
occur at a more negative potential compared to the electrolyte
with a higher pH, since amore negative potential was required to
acquire sufficient local alkalinity (Figure 4c,d).77

Pt has often been identified as the best HER catalyst due to its
optimal hydrogen binding energy.79 A variety of studies have
investigated the poisoning effects of cations on platinum-based
electrocatalysts for HER. Kötz and Stucki observed the
poisoning effects on platinum and ruthenium dioxide in acidic
media for a variety of metal cations. Copper and silver were
found to poison platinum because their positive reduction
potential was higher than that required for hydrogen evolution,
which caused electrodeposition of the metals.80 Other metal
ions such as lead, tin, cadmium, and molybdenum were also
found to poison platinum despite having lower reduction
potentials, since underpotential deposition (UPD) can occur in
the HER regime.80 It was postulated that the electrocatalyst
materials such as ruthenium dioxide might avoid this UPD
poisoning effect since UPD was less prevalent on oxides and
semiconductors, thereby making ruthenium dioxide a more
suitable catalyst for HER in the presence of metal ion impurities.
In a 1 NH2SO4 electrolyte, metallic Pt and semiconductor RuO2
were observed to behave differently in the presence of Cu2+ and
Cd2+ ions, which was due to the suppression of UPD in the case
of RuO2. The HER activity of Pt in the presence of both Cu2+

and Cd2+ ions decreased due to the deposition of the
corresponding metals, whereas for RuO2 it remained unchanged
due to the suppression of UPD. For Cd2+ ions, the reversible
deposition potential of Cd2+/Cd was found to be cathodic to the
hydrogen evolution potential, making the bulk deposition of Cd
unfavorable. However, the deposition of the first monolayer of
Cd was possible.

As another example, Cu deposition on the Pt surface takes
place in parallel in the HER region, increasing the HER
overpotential on Pt.81 In the case of Cu deposition on Pt, the
interaction between the adsorbate and the electrode was
significantly stronger than the adsorbate−adsorbate interaction.
This effect inhibited cluster growth, allowing only a monolayer
of adsorbate to deposit, which was sufficient to poison the
substrate. Conversely, Cu deposition on RuO2 followed a
distinct growth mechanism that promoted cluster formation
without adversely affecting the HER activity.80

Generally, chlor-alkali membrane cell technology uses
cathode catalysts with low hydrogen evolution overpotential.82

A deactivation study of a Ni-based cathode was conducted by
analyzing the increase in overpotential with time. For both
efficient (catalytically active for HER) and nonefficient (having
low catalytic activity for HER) electrodes, after a few hundred
hours of electrocatalysis in the presence of Fe impurity, only Cu
showed no noticeable effect on the HER activity due to the
insufficient deposition in the form of a thin, porous structure.82

Another catalyst of interest for studying the effect of metal
ions on electrochemical reduction reactions is copper, which is
commonly used for the CO2 electroreduction reaction
(CO2RR).83,84 Li et al. found that trace quantities of iron in
hydroxide salts dramatically increased the HER activity on Cu at
higher pH values (∼13). The kinetics of iron deposition on Cu
was found to decrease with decreasing pH.85

2.2.2. Trends Observed Due to the Impurity Effect on HER
Activity. In the case of HER, the modulation of activity was
found mostly for different cations in alkaline electrolytes and
with the addition of cationic impurities in acidic electrolytes
(Table 2).81,82,85 Depending on the hydrogen binding energy
strength on the surface of the metal catalyst, the interaction in
the EDL was varied as a function of the hydration energy of the
cations in the alkaline electrolyte.77,78 Moreover, in acidic
electrolytes, depending on the reduction potential and value of
the underpotential deposition of the impurity cations, the extent
of degradation on the metal and semiconductor electrocatalyst
varied.80

2.3. Effect of Inherent Ionic Impurities on Seawater
Splitting. Many transition-metal-based catalysts have been
reported for seawater splitting, such as VS2@V2C,86 CoMoC/
MXene/NC,87 NiCoP/NF,88 NiMoN,89 CoFe2O4,

90 and CoFe-
LDH.91 However, one of the biggest challenges in seawater

Table 2. Summary of the Effect of Impurities on the Electrochemical Hydrogen Evolution Reaction

catalysts impurity electrolyte/reaction conditions key results ref

Pt-coated
Ni

Cu 33% NaOH, 90 °C No deactivation in the presence of Cu 82
Fe For other impurities, deactivation was observed within 10 to 100 h
Cr
R−NH2

R−SH
Hg

Cu RDE Fe 0.1 M NaOH and 0.1 M CsOH
(unpurified)

A greater increase in current density was observed in CsOH than in NaOH 85

Au Pt Cu 0.5 M H2SO4 + CuSO4 (1 μM, 1 mM, 10
mM, 50 mM)

Decrease of current density with increasing CuSO4 concentration for Pt and Au in CV
analysis due to poisoning effect

81
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splitting is the interference by the many ions and other
impurities in seawater, which decreases the overall splitting
efficiency.21 It is important to clarify that the major ionic
constituents in seawater, such as Na+, Mg2+, Ca2+, K+, and Cl−,
are inherent species rather than the typical “contaminants”.
However, the term “contaminants” is used in the other sections
of this review in a broader electrochemical context to describe
any species, whether naturally present or externally introduced
intentionally, that may interfere with the desired HER or OER
and influence the catalytic activity and stability. Seawater is a
highly complex electrolyte where these inherent ions, along with
trace inorganic and organic species, can significantly modulate
the local pH, ion transport, and chemistry at the electrode−
electrolyte interface. Therefore, understanding these interac-
tions is crucial for designing future catalysts with optimized
seawater electrolysis efficiency.

The elemental composition of seawater is shown in Table 3,
indicating the abundance of a wide variety of ions (potentially

even in the cleaned feed of the electrolyzer).92 For seawater
splitting at scale, researchers have also used different
concentrations of NaCl in the electrolyte to mimic natural
seawater.93 In the following section, a comprehensive discussion
of the effect of cationic and anionic contaminants on seawater
splitting is elaborated.

2.3.1. Effect of Cations.The cations that are naturally present
in the seawater are the major hindrance to HER at the cathode
during seawater splitting.94 The most dominant dissolved
cations in seawater are Na+, Mg2+, Ca2+, and K+.20,95 These
dissolved cations interact with the electrodes and catalysts to
form inactive complexes, which affect the overall efficiency of
water reduction, causing accelerated degradation of the
electrocatalyst. H2 formation at the cathode causes depletion
of H+ in the vicinity of the cathode, whereas OH− depletion
occurs at the anode. The depletion of H+ and OH− leads to
changes in the pH.95 When H+ ions are depleted, the pH of the
solution increases, whereas the pH decreases for OH− depletion
at the anode.95 The rise in pH causes Ca2+ and Mg2+ ions in
seawater to precipitate out as insoluble Ca(OH)2 and
Mg(OH)2, a process commonly termed cathode fouling.
These precipitates increase the HER overpotential by blocking
the active sites available for electrochemical reactions.96 Kirk
and Ledas reported the tendency of an increase in pH from 6 to
approximately 8−9 at the electrode surface during synthetic
seawater electrolysis at 20 °C, and the cation composition of the
precipitate was predominantly Mg2+ (approximately 95%) and

Ca2+ (approximately 6%), causing electrocatalyst deactivation.96

However, with an increase in the pH due to the long-term
electrolysis, the precipitate predominantly contained calcium
hydroxide and carbonates.96

Different strategies have been employed to address the
problem of cathode fouling and precipitation of insoluble
calcium and magnesium hydroxides. The ability to resist the
effects of ions like Mg2+ and Ca2+ during seawater splitting is
known as anti-position.97 For example, increasing the valence
state of transition metal ions was able to boost the HER activity
in seawater.98 The incorporation of oversaturated nitrogen
atoms in 2D Mo5N6 attuned the electronic properties of Mo to
conduct efficient HER in natural seawater.98 The precipitation
of alkaline earth metal-based hydroxides during seawater
splitting was greatly affected by the local environment and pH.
The introduction of Lewis acids, such as Cr2O3, over transition
metal oxides mitigated precipitation (inhibition of precipitation
of insoluble deposits at the electrode surface) of the Mg2+- and
Ca2+-based hydroxides. Due to its Lewis acidic nature, Cr2O3
attracted the OH− near the electrode surface, which not only
increased the pH on the electrode surface, benefiting the HER,
but also restricted the OH− in the EDL, hindering the
precipitation ofMg2+ and Ca2+ hydroxides in the bulk solution.99

2.3.2. Effect of Anions. Seawater contains a large amount of
electrochemically active anions, predominantly Cl− anions, that
can interfere with the OER at the anode during electrolysis.
When considering all the anions and the standard redox
potentials of relevant species, it was found that the ClER could
compete with the OER at the anode during seawater electrolysis
because they have the same potential window. The ClER is a
two-electron process with a standard electrode potential of 1.36
V vs SHE. At pH 0, ηClER > 0.10 V and ηOER > 0.23 V are the
typical overpotentials at which the ClER and OER are studied
under industrial conditions. Under these conditions, the
activities of the ClER and OER are governed by the OCl
adsorbate and OOH adsorbate, respectively, and consequently,
these determine the selectivity ratio of ClER and OER.100

Moreover, the selectivity strongly depends on the pH and Cl−
concentration.101,102 Sohrabnejad-Eskan et al. investigated the
effect of pH on the RuO2 surface for the selectivity between the
ClER and OER in 5 M NaCl. The OER versus ClER selectivity
shifts from pure ClER at pH 0.9 toward OER and other parasitic
reactions at pH 3.5.103 For a ternary Ti−Ru−Ir oxide catalyst,
the total Faradaic current responsible for the anodic reactions
(OER and ClER) was found to increase with the increase in the
Cl− concentration (from 1 to 4M), and 97% selectivity for ClER
was achieved with the increased concentration of Cl−. The local
properties on the catalytic surface and the spatial distribution of
catalytically active sites governed the selectivity, where
increasing the RuO2 amount increased the OER selectivity,
and therefore, the ClER selectivity was decreased.102 Although
the majority of oxides (including IrO2 and RuO2) were more
selective toward ClER thanOER, especially in acidic electrolytes
due to the favorable kinetics, thin MnOx films on glassy-carbon-
supported IrOx exhibited high selectivity toward OER. Despite
being electrocatalytically inactive, MnOx selectively prevented
the diffusion of Cl− while accelerating the diffusion of water,
protons, andO2 between IrOx and the electrolyte, facilitating the
OER. The selectivity for ClER decreased from 86% to less than
7% in the presence of 30 mM Cl−. While the real concentration
of Cl− ions (0.5 M) in seawater is several orders of magnitude
higher than 30 mM, using such a high concentration would
hinder fundamental studies of ClER due to interference from

Table 3. Elemental Composition of Seawater92

element concentration (mg/L)

Na+ 10,800
Mg2+ 1300
Cl− 19,400
Ca2+ 400
K+ 400
SO4

2− 2700
Br− 70
F− 1
HCO3

− 100
CO3

2− 10
Sr2+ 10
B(OH)3/B(OH)4− 30
others 21−22
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bubble formation and noise.104 As mentioned earlier, the CrOx
layer increased the local pH at the electrode surface, which acted
as an electrical barrier to repel Cl− and thus favored OER over
ClER.99

Li et al. mitigated Cl−-induced corrosion by designing a
multilayered oxygen evolution electrode (MOEE) consisting of
the NiFe-alloy substrate as the core layer, a corrosion-proof
interlayer of NiFeBx to protect against ClER, and an OER-active
surface layer of oxidized NiFeB. When the electrocatalytic OER
activities of both MOEE and NiFe-alloy were tested in both 1 M
KOH and 1 M KOH + 0.5 M NaCl, the electrocatalytic activity
and stability of MOEE in 1 M KOH + 0.5 M NaCl surpassed
those of NiFe-alloy. The OER activity of MOEE was sustained
for 70 h, whereas that for NiFe-alloy decreased within 10 h due
to the oxidative corrosion by Cl− anions. The FE of the MOEE
was maintained at 100% for OER, keeping the Cl− ions in the
electrolyte constant.105

Sulfate ions are repelled from Cl− ions by electrostatic force,
and thus, they decrease the ClER efficiency in seawater. Sulfate
ions can be generated by their intentional addition in Cl−-
containing electrolyte or by partial sulfurization of the catalyst
surface. Hydrothermally fabricated NiFe-LDH on a Ni foam
anode showed improved stability both in 1 M NaOH + 0.5 M
NaCl and in 1MNaOH+ seawater in the presence of SO4

2− at a
current density of 400mA cm−2 when coupled with a Pt cathode.
The partially sulfurated Ni2Fe-LDH/FeNi2S4/NF exhibited
corrosion resistance toward Cl− in 1 M KOH + 0.5 M NaCl due
to the formation of a sulfate layer that caused electrostatic
repulsion for the Cl− ions, thereby improving the efficiency of
the anode.106

2.3.3. Trends Observed in Seawater Splitting Due to the
Contaminants. In seawater splitting, the performance of
catalysts is significantly influenced by the presence of major
ionic contaminants, such as Ca2+, Mg2+, and Cl−, which impact
both the cathodic and anodic processes (Scheme 3). Below is a
brief elaboration of the impacts:

Impact of Ca2+ and Mg2+ on the Cathode. In natural
seawater or simulated seawater (e.g., 0.5 M NaCl), Ca2+ and
Mg2+ ions precipitate as Ca(OH)2 and Mg(OH)2, respectively,
near the cathode surface due to the localized increase in the
OH− concentration during HER. These precipitates block the

active catalytic sites, reducing the accessibility of reactants and
thereby decreasing the overall efficiency of HER.96 Furthermore,
the accumulation of these hydroxides led to an increase in the
local bulk pH, which can shift the reaction mechanisms and
potentially destabilize the electrode material.

Impact of Cl− at the Anode. At the anode, Cl− ions compete
with OH− ions for adsorption on the catalyst surface. This
competition hinders the OER, as the adsorption of Cl− blocks
sites that are essential for OH− binding and subsequent
oxidation. Cl− adsorption not only reduces the activity and
selectivity for the OER but also accelerates corrosion and
degradation of the catalyst material, especially under high anodic
potentials. In addition, Cl− may favor the ClER, further reducing
the efficiency and selectivity for OER.100

pH-Dependent Effects. Both the precipitation of Ca(OH)2
and Mg(OH)2 at the cathode and the adsorption of Cl− at the
anode are strongly influenced by pH.96 An increase in local pH at
the cathode regulates the hydroxide precipitation, whereas at the
anode, pH affects the relative adsorption energies of Cl− and
OH−. This interplay can dictate the balance between the ClER
and the OER.

2.3.4. Strategic Interventions. EDL Modulation. The EDL is
a structured region of charged species formed at the interface of
a charged surface (here the electrode) and a liquid (here the
electrolyte). The EDL governs the kinetics and mechanism of
electrocatalytic reactions.107 Optimizing the ionic distribution
near the electrode surface can help to minimize the negative
effects of contaminants. For example, applying suitable surface
charges or using additives to modify the ionic environment can
reduce the interactions of Ca2+, Mg2+, and Cl− with the
catalyst.99

Catalyst Surface Engineering. Designing catalyst surfaces
with tailored hydrophilicity, specific adsorption sites, or
antifouling properties can limit the blocking effects of Ca(OH)2
and Mg(OH)2 precipitates and reduce Cl− adsorption.
Protective coatings (NiFeBx) or introduction with oversaturated
nitrogen can also enhance stability and selectivity.98,105

By strategically addressing the parasitic chemical and
electrochemical reactions associated with Ca2+, Mg2+, and Cl−,
it is possible to improve the overall efficiency and durability of
seawater splitting systems. This approach is critical for

Scheme 3. Schematic Illustration Showing Impurity Effects during Seawater Electrolysis
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advancing the scalability and sustainability of seawater
electrolysis technologies.

3. CONTAMINANTS FROM REFERENCE ELECTRODES
Electrochemical measurements of water oxidation and reduction
are typically conducted within a three-electrode configuration,
employing a working electrode, a reference electrode, and a
counter electrode. It is imperative that the potential of the
reference electrode remain consistently stable and that the
durability of this electrode be meticulously upheld to prevent
any potential erroneous estimations of overpotential.

In this context, Roger and Symes had reported the impact of
an Ag/AgCl/Cl− reference electrode on HER.108 For this
purpose, a three-electrode system was selected, comprising a
glassy carbon electrode as the working electrode, a graphite rod
as the counter electrode, and Ag/AgCl/Cl− as the reference
electrode. These components were immersed in a 1 M H2SO4
solution. While the glassy carbon electrode was anticipated to
maintain a current density of no more than 0.1 mA cm−2 at an
overpotential of 540mV, it exhibited a current density exceeding
5 mA cm−2 at the same overpotential following an extended
period of electrolysis. This phenomenon was attributed to
migration of Ag+ ions from the reference electrode into the

electrolyte and their subsequent in situ electrodeposition onto
the working electrode (Figure 5a). The extent of this occurrence
was largely dependent on the solubility of the ions within the
electrolyte. Notably, the augmentation in the electrolysis
temperature from 293 to 313 K notably accentuated this rise
in current density due to the enhanced solubility of Ag+ ions
(Figure 5b). The contamination arising from the commercially
available Ag/AgCl/Cl− reference electrode can contribute to a
current density for HER on the order of 5 mA cm−2 at almost
500mVoverpotential due to the leakage of Ag+ and redeposition
on the working electrode. This current density becomes
considerable and unavoidable for some cathode catalysts,
which reach an approximately similar current density at this
overpotential. To circumvent this issue, following steps can be
considered: (i) the use of an alternative acidic electrolyte (e.g.
phosphoric acid) in which the solubility product of the
corresponding salt is much lower; (ii) the use of an appropriate
reference electrode such as Hg/Hg2SO4 or the use of a “double
junction” Ag/AgCl/Cl− reference electrode to prevent Ag+

leakage and Ag contamination.108

Figure 5. (a) Comparison of the current densities for the HER at a glassy carbon working electrode in 1MH2SO4 obtained using a Ag/AgCl reference
electrode at 540 mV overpotential for the HER (main panel, red line) and at 400 and 250 mV overpotential (inset, blue and green lines, respectively).
(b) Comparison of the current densities for the HER at room temperature at a glassy carbon working electrode in 1MH2SO4 obtained by using a Ag/
AgCl reference electrode at 540 mV overpotential. Before each experiment, the Ag/AgCl reference electrode had been treated as follows: pristine
(black line), used in single bulk electrolysis in 1MH2SO4 at 313 K for 90 min (red line), and used in two bulk electrolyses in 1MH2SO4 at 313 K, each
for 90 min (blue line). The reference electrode was thoroughly rinsed and cooled to room temperature after each experiment at an elevated
temperature. Adapted from ref 108. Copyright 2016 American Chemical Society.

Figure 6. HER polarization curves of carbon cloth in 0.5 M H2SO4 with (a) a graphite rod and (b) a Pt plate as the counter electrode (CE). Adapted
from ref 109. Copyright 2017 American Chemical Society.
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4. CONTAMINANTS FROM COUNTER ELECTRODES
For any electrochemical reaction, the counter electrode should
possess the traits of chemical inertness, mechanical stability, and
high electrical conductivity to facilitate the efficient flow of
electrons. While Pt is renowned for being a prominent choice
due to its chemical resistance to oxidation, it still exhibits
limitations.109 Under specific chemical and electrochemical
circumstances, Pt can display reactivity. The dissolution of Pt
hinges on factors such as the electrocatalyst’s characteristics/
type, the relative catalytic area between the working and counter
electrodes, the potential window, and the scan rate on the
working electrode. Notably, this dissolution was more
pronounced in acidic electrolytes compared with alkaline ones.
This phenomenon was initially observed by Ota et al. in 1988,
who noted systematic weight loss of the Pt counter electrode in
acidic electrolytes due to dissolution followed by redeposition
on the working electrode.110 Chen et al. conducted two separate
experiments employing bare carbon cloth as the working
electrode and a Pt or graphite rod as the anode in 0.5 M
H2SO4.

109 Following 600 CV cycles, the HER activity of the
carbon cloth approached that of Pt. This was attributed to the
formation of Pt nanodots on the carbon cloth. Notably, the HER
activity of carbon cloth remained unchanged when a graphite
rod was utilized as the counter electrode (Figure 6).109

Wei et al. also suggested that the electrocatalytic activity of a
graphite rod became comparable to that of commercial Pt/C
following 13,000 CV cycles when Pt wire was employed as a
counter electrode. The plausible mechanism of Pt dissolution
involves several steps: (1) adsorption of water or OH− during
HER on the counter electrode; (2) displacement betweenO and
Pt atoms; (3) weakening the interaction between Pt atoms and
surface counterparts; and (4) Pt atom dissolution. The transfer
of Pt from the counter electrode to the working electrode is
heavily reliant on the relative area of the counter electrode to the
working electrode. Precisely, the electrochemically active surface
area of the counter electrode should be 10 times larger than that

of the working electrode.111 Hasan and Allam clarified that if the
area of the Pt counter electrode remained constant and the area
of the working electrode increased from 0.25 cm2 to 1 cm2, there
was a significant drop in overpotential for HER. This stems from
the escalation of Pt dissolution and deposition on the working
electrode.112 Therefore, to mitigate the unavoidable effects of Pt
dissolution (both chemical and electrochemical) and redeposi-
tion on the working electrode, the use of Pt as a counter
electrode must be avoided. In this context, a substitute counter
electrode should meet the following criteria: (i) the counter
electrode should be stable, e.g., graphite rod; (ii) the counter
electrode should have a high surface area to conduct the sluggish
four-electron OER during HER at the cathode.109 If Pt is used as
a counter electrode, then an ion exchange membrane or glass frit
should be used during the HER.

5. CONTAMINANTS FROM DISSOLUTION OF
WORKING ELECTRODES (SUBSTRATES) AND
CATALYSTS

Electrocatalytic water splitting in freshwater systems under
industrial conditions (high electrochemical potentials, elevated
temperatures, and overextended durations) could lead to the
dissolution, leaching, and corrosion of electrocatalyst materials
and their supporting substrates. For example, work on NiFe-
LDH OER catalysts in alkaline freshwater (1 M KOH)
demonstrated noticeable metal leaching. As reported by Li et
al., post-operation FESEM analysis showed decrease of
nanosheets due to catalyst leaching after 12 h continuous
OER.113 Among Ni-based alloys, NiMo alloy is a promising
candidate for HER.15 The leaching of Mo causes surface
roughening of the electrode with the formation of molybdate
species, resulting the improvement in HER activity.114 Substrate
materials such as nickel foam, stainless steel mesh, and titanium
are universally susceptible to corrosion and leaching under
rigorous freshwater splitting. Colli et al. documented that when
SS316L stainless steel was used as an anode and OER was

Table 4. Advantages and Limitations of Different Characterization Techniques

technique advantages limitations

ICP-MS121 1. Ability to identify types and composition of elements in complex samples
such as crude oil, soil, etc.

1. Limited tolerance of total dissolved solids

2. Highly sensitive technique 2. Destructive technique
ICP-OES121 1. Ability to identify types and composition of elements in complex samples

such as crude oil, soil, etc.
1. Destructive technique

2. Greater tolerance of total dissolved solids 2. Samples must be aerosolized
3. Poor precision

XPS122 1. This technique can be used to identify surface composition and electronic
states of the elements and is applicable in determining structure−property
relationships in the field of electrocatalysis and photocatalysis

1. Due to the use of a high-energy X-ray probe, the cross section
of the molecular orbital and valence band interaction is very
weak

2. Surface technique, limited to analyzing a few nanometers (5−
10 nm) on the catalyst surface; requires sputtering by Ar+ ions
for depth analysis

3. High vacuum is necessary
AFM123 1. High resolution and easy sample preparation 1. Expensive consumables

2. Ability to identify magnetic domain structure 2. Unable to identify the chemical composition of a sample
STEM-EELS124 1. Provides chemical composition, oxidation states 1. Requires ultrathin samples

2. Atomic-scale resolution 2. High-cost equipment is needed, and it is difficult to handle
3. Mostly probes local or surface regions due to short inelastic
mean free path of electrons causing energy loss phenomenon
near the surface of the materials rather than in the bulk

In situ Raman
spectroscopy125,126

1. Nondestructive technique 1. Interference of fluorescence signals
2. Can probe liquids, solids, and gases 2. Limitation of surface materials: strong signals for in situ Raman

can only be achieved in Au, Ag, and Cu substrates
3. Identification of surface-bound molecules and intermediates to decipher
the reaction mechanism

3. Primarily surface-sensitive, with the penetration depth limited
to a few hundred nanometers depending on the material
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carried out at a current density of 300 mA cm−2 in 6 M KOH at
75 °C, there was slight release of Fe, and Cr. However, for
shorter time of experiments, a slight coloration of the clear
electrolyte and simultaneous accumulation of black powder at
the cathode were observed, might be attributed to the corrosion
of the pristine electrode.115 In highly concentrated chloride
environments like in seawater, Cl− ions disrupt the protective
TiO2 layer on Ti substrates by penetrating and adsorbing into
oxygen vacancies, making the film porous and less protective,
which facilitates pitting corrosion and compromises the integrity
of the Ti surface.116 These challenges of dissolution and leaching
in freshwater electrolytes are further increased by the presence of
seawater. The natural abundance of chloride and other halide
ions in seawater profoundly accelerates the corrosion and
leaching mechanisms identified above, as demonstrated by Yang
et al.117 and Li et al.113 In alkaline seawater electrolytes, electrode
corrosion rate can increase due to accelerated breakdown of
passive surface oxides, and halide-induced attack, resulting in
even more rapid catalyst and substrate degradation.113,117,118

Br− ions further lower the energy barrier for metal dissolution
and inflict distinct morphological and compositional changes
compared to freshwater operation.119,120

6. CHARACTERIZATION METHODS
The influence of contaminants and impurities on electrocatalytic
water splitting reactions, particularly the OER and HER, is
assessed through various electrochemical parameters such as the
overpotential, Tafel slope, electrochemically active surface area,
TOF, mass activity, etc. To thoroughly investigate the structural
and electronic changes that occur at the electrodes due to the
presence of contaminants, both in situ and ex situ character-
ization methods beyond electrochemical techniques are

essential. Recent advancements have shed light on the structural
evolution, degradation processes, and reaction mechanisms of
electrocatalysts in water splitting under the influence of
contaminants using these characterization techniques. This
section highlights the functional applications of some common
characterization techniques used to monitor the structural
evolution and catalytic pathways in the presence of contami-
nants. These includemicroimaging, X-ray-based techniques, and
optical spectroscopies. These techniques have some advantages
and limitations, which are summarized in Table 4.
6.1. ICP-OES. ICP-OES can investigate the corrosion

resistance of a catalyst by detecting the ion concentration of
active metals in the electrolyte. The basic instrumentation of the
ICP-OES is described in Figure 7a. Moreover, in the case of
electrolytes containing contaminants, ICP-OES can determine
the variation in the concentration of the contaminants. For
instance, the composition of Ni(OH)2 after electrolysis in an
unpurified KOH electrolyte was determined by the ICP-OES
technique. In this unpurified electrolyte, the Ni-containing film
(∼30 nm thick) consisted of ∼5%Fe after just 12CV cycles. The
Fe content increased to 23−26% of the total metal in the film
after extended aging (38 days). The Fe content of the film
appears to increase logarithmically with aging time, and the Fe
contents determined from XPS and ICP-OES were similar.58

For the LaNiO3 perovskite structures, the amount of Fe was
determined by analyzing ICP-MS after spiking Fe at a particular
time interval in purified KOH. During chronoamperometry at
1.7 V vs RHE, a similar amount of Fe was spiked in purified 1 M
KOH electrolyte in a specific time interval, and an aliquot of the
electrolyte was taken for ICP-MS analysis to determine the
adsorbed Fe on the perovskite surface and correlate it with the
increase in the OER activity. The decreasing concentration of Fe

Figure 7. (a) Schematic of major components of the ICP-MS and ICP-OES instrument. (b, c) ICP-OES transient analysis of the corrosion products of
the Ni−Co3O4 catalyst in (b) a 1 M KOH Fe-contaminated and (c) Fe-free KOH solution. The Fe content of the KOH solution was monitored.
Adapted from ref 61. Copyright 2019 American Chemical Society. (d) Schematic of an AFM instrument. (e−h) Atomic force microscopy images of (e,
g) pristine epitaxial LNO film (note different scales) and (f, h) the same film after cycling 120 times in Fe-free 1 M KOH followed by 25 times in 100
ppb Fe-spiked 1 M KOH. The arithmetic average roughness is given by Ra and indicates that cycling causes topological restructuring. Adapted with
permission from ref 24. Copyright 2024 Elsevier. (i) Schematic of XPS analysis. (j) XPS Fe 2p spectra for Ni(OH)2/NiOOH thin films after five CV
cycles in Trace Select KOH (purple), 12 min in TraceSelect KOH electrolyte with no applied potential (blue), and 300 CV cycles in purified KOH
(green). Spectra for an as-deposited film containing no Fe (black) and a film with 25% co-deposited Fe (red) are shown for reference. The increase in
the intensity for binding energies above ∼730 eV is due to the onset of a KLLAuger peak. Spectra are offset on the y axis for clarity. Adapted from ref 62.
Copyright 2014 American Chemical Society. (k) Schematic of in situ Raman cell. (l) In situ Raman spectra collected over Ni(OH)2/NiOOH films
deposited on roughened Au in unpurified 0.1 M KOH on Day 0 and Day 6. Potentials are reported vs Hg/HgO. The oxygen evolution equilibrium
potential is 0.365 V vs Hg/HgO in 0.1 M KOH. Adapted from ref 58. Copyright 2015 American Chemical Society.
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in the electrolyte indicated the adsorption of Fe on the LaNiO3
surface, which increased the OER activity.24 Shi et al.
investigated the amount of adsorbed anion (SeO3

2−) on the
surface of the Ni(OH)2 electrode by ICP-MS, which in turn
enhanced the OER activity in an electrolyte of 1 M KOH +
SeO3

2−.39

6.2. In Situ ICP-OES. The in situ combination of ICP-OES
with an electrochemical cell was investigated to analyze the
concentration of leached cations as well as the contaminant ions
during a constant electrochemical experiment.61 Spanos et al.
investigated the concentration of dissolved metal species of Co
and Ni and the Fe in the KOH electrolyte during a constant
chronopotentiometry stress test at 10 mA cm−2 for 2 h by
combining electrochemical flow cell (EFC) measurements with
online ICP-OES corrosion investigations.61 The Fe concen-
tration, which was 40 μg L−1 before applying the chronopo-
tentiometry stress, was observed to decrease in 2 h. Moreover, in
the presence of Fe in the KOH electrolyte, there was a minimal
signal for Ni and Co in the electrolyte, whereas it was
significantly increased in purified KOH, implying the corrosion
of the electrode. This was directly correlated to the OER activity
of Ni−Co3O4 catalysts, where the adsorbed Fe not only
enhanced the electrocatalytic OER activity but also restricted

the leaching of Ni and Co from the catalyst under the current
stress (Figure 7b,c).61

6.3. STEM-EELS.High-angule annular dark-field (HAADF)-
STEM is widely used for understanding the location of different
atoms in materials due to the atomic-level resolution and
atomic-number contrast.127 In addition, EELS in STEM has
become a powerful method for atomic-scale chemical
identification and measurement of bonding information,
although EELS provides only localized information that may
not fully represent bulk information.128 For LSCO-30
(La0.7Sr0.3CoO3) and LCO (LaCoO3) catalysts, STEM and
EELS were employed to investigate surface and electronic
structural changes after cycling in purified 0.1 M KOH with and
without 0.1 ppm Fe contaminants. STEM imaging revealed
progressive surface amorphization and oxygen vacancy for-
mation both in LCO and LSCO-30, where contrast variations in
Co−O layers became more pronounced after cycling in Fe-
containing KOH. EELS analysis revealed reduction in the Co
valence state and a decrease in O K-edge prepeak intensity at
530 eV, which is consistent with the increased oxygen vacancy
formation. The effect of surface amorphization and surface
reconstruction was more noticeable for LSCO-30 catalysts.

For LSCO-30, Fe accumulation was detected near Co-rich
regions, as Fe L-edge EELS suggested a higher surface Fe

Figure 8. (a−f) AFM 3D height scans of Au electrodes in 0.5MH2SO4 with 1 mMCuSO4 electrolyte swept to and held for 5 min at (a) −0.1 V vs Ag/
AgCl, (b) −0.25 V vs Ag/AgCl, and (c) −0.4 V vs Ag/AgCl and of Pt electrodes in the same electrolyte swept to and held for 5min at (d) −0.1 V vs Ag/
AgCl, (e) −0.25 V vs Ag/AgCl, and (f) −0.4 V vs Ag/AgCl. (g−l) AFM 3D height scans of Au electrodes in 0.5 M H2SO4 with 50 mM CuSO4
electrolyte swept to and held for 5 min at (g) −0.1 V vs Ag/AgCl, (h) −0.25 V vs Ag/AgCl, and (i) −0.4 V vs Ag/AgCl and of Pt electrodes in the same
electrolyte swept to and held for 5 min at (j) −0.1 V vs Ag/AgCl, (k) −0.25 V vs Ag/AgCl, and (l) −0.4 V vs Ag/AgCl. Adapted from ref81. CC BY-
NC-ND 4.0.
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concentration without significant chemical state changes.64

Additionally, EELS characterization of in situ-generated Co-
KOH and CoFe-KOH catalysts indicated that both catalysts
exhibited a Co2+ oxidation state, and the Co L3,2 fine structure
was consistent with the electronic modulation upon Fe
incorporation into the Co host lattice.70

6.4. AFM. Scanning probe microscopy (SPM) employs a
physical probe to meticulously scan the surface of a material,
producing high-resolution imagery and in-depth data concern-
ing its topography, chemical composition, surface roughness,
and various physical properties. Among the SPM techniques,
AFM stands out by utilizing mechanical interactions between
the probe and the sample surface, enabling exceptionally precise
surface characterization and analysis.129 The basic instrumenta-
tion of the AFM is shown in Figure 7d.

AFM is an important tool for examining the surface topology
of an electrode with extremely high spatial resolution up to the
atomic level. The surface topology of the electrochemically
cycled epitaxial LNO film after spiking an external Fe
contaminant was observed by comparison with the AFM of
the pristine epitaxial LNO. The cycled epitaxial LNO film was
prepared after cycling 120 times in Fe-free 1 M KOH followed
by 25 times in 100 ppb Fe-spiked 1 M KOH. The AFM scans
showed almost a 10-fold increment of the roughness of the Fe-
spiked LNO film compared with the pristine one due to the
formation of NizFe1−zOxHy or FeOxHy (Figure 7e−h).24 The
effect of Cu2+ impurities during HER in acidic electrolyte was
systematically investigated by Saini et al. across different applied
voltages, Cu2+ concentrations, and working electrodes (Au and
Pt).81 AFM was employed to observe the changes in the surface
topology under these different conditions. For both Pt and Au
working electrodes, when 1 mM Cu2+ was present in the
electrolyte, very little copper deposition was observed on the
electrode surface at −0.1 V vs Ag/AgCl, whereas with increasing
the cathodic voltage to −0.25 and −0.4 V vs Ag/AgCl, the
deposits became taller. However, the deposition was more fine-
grained for Pt than for Au.When the impurity concentration was
increased to 50 mM, the deposition intensified for Au and
followed a similar increasing trend with increasing cathodic
voltage, with the grain size reaching 1 μmat the potential of −0.4
V vs Ag/AgCl. In contrast, although Pt showed enhanced
deposition with increasing concentration at −0.1 and −0.25 V vs
Ag/AgCl, at −0.4 V vs Ag/AgCl it exhibited decreased deposit
height. This phenomenon is attributed to the strong
competition between Cu deposition and HER on electro-
catalytically active Pt (Figure 8).81

6.5. XPS. XPS is a critical characterization technique for
analyzing the electronic state of the elements, chemical shifts in a
composite or heterostructure, and the surface composition of
the catalysts. XPS is particularly effective within a depth of less
than 10 nm. However, by employing Ar+ ion sputtering, the
surface properties beyond 10 nm can be evaluated.130 Moreover,
XPS is crucial in identifying the cationic and anionic vacancies
on the surface, which may result from doping with secondary
elements, the incorporation of foreign elements appearing from
electrolytes, or the presence of extrinsic contaminants. The basic
technique of XPS is described in Figure 7i.

As already discussed in the previous OER section, Fe is the
most common impurity present in KOH, and it is responsible for
enhancing the OER activity. Even after using the highest-purity
KOH electrolyte and high-purity Ni(NO3)2 (99.999%), Fe was
deposited on the Ni(OH)2 catalysts. After five CV cycles at a
rotation rate of 1500 rpm, Fe appeared to be incorporated in the

Ni(OH)2 film/GC-RDE, which could be correlated by XPS.
The atomic ratio of Ni and Fe was observed to be 95:5 at the
surface, although XPS depth profiling suggested that Fe was
incorporated not only at the surface but also throughout the
catalyst film due to the electrolyte-permeable structure.
However, there was no signal of Fe after 300 CV cycles in
purified KOH (Figure 7j).62 Besides, cations and anionic
contaminants could also improve theOER activities of transition
metal hydroxide catalysts. For instance, the presence of SeO3

2−

in the KOH electrolyte improved the OER activity of the
Ni(OH)2 catalyst. The valence state of adsorbed Se on the
surface of the catalyst after OER was observed to increase, as
shown by XPS.39 The trace amounts of Fe and Ni in the
electrolyte exhibited a noticeable impact on the HER activity of
the catalysts, especially on the Cu catalyst, which used to have an
inferior HER activity compared with Ni and Fe. Li et al. tested
the HER activity on a Cu RDE in 99.99% 0.1 M NaOH
(containing 40 nMFe and 160 nMNi) and 99.99% 0.1MCsOH
(containing 240 nM Fe). After 1.9 h of electrolysis of the Cu
RDE in 0.1 M CsOH and 0.1 M NaOH at −0.6 and −0.68 V vs
RHE, the Fe signal was observed in XPS only in the case of 0.1M
CsOH, while in 0.1 M NaOH the Ni and Fe counts were below
the detection limit of XPS.85

6.6. In SituRamanSpectroscopy.Raman spectroscopy is a
powerful analytical tool to provide detailed molecular finger-
printing and insight into the reaction mechanism. Raman
spectroscopy is a scattering technique based on the Raman
effect, where the frequency of a small fraction of scattered
radiation differs from that of the monochromatic incident
photons due to inelastic scattering by molecular vibrations. A
monochromatic laser beam interacts with a sample, and the
inelastically scattered light generates a Raman spectrum.131

The scattered light primarily consists of Rayleigh scattering
(same frequency as incident radiation) and a smaller fraction of
Raman scattering (different frequency). Stokes lines appear
when the scattered frequency is lower, while anti-Stokes lines
occur when it is higher. Stokes bands, being more intense, are
commonly measured, while anti-Stokes bands are preferred for
fluorescing samples. The Raman shift is independent of the
incident radiation’s wavelength but requires a change in
molecular polarizability during vibration.132

Electrochemical in situ Raman measurements are particularly
valuable for elucidating the structural reconstruction of the
catalysts and evolution of reaction intermediates during
electrochemical processes.133 The basic instrumentation of the
in situ Raman cell is described in Figure 7k. The effect of the
Cu2+ impurity in 1 M KOH during the OER was examined on
the Ti plate by increasing the number of CV cycles. A peak
corresponding to Cu(OH)2 emerged during the OER cycling,
with the intensity increasing as the number of cycles increased.
The increase in current density was related to this fact. A similar
experiment was conducted by varying the applied anodic
potential. At a potential of 0.77 V vs RHE, there was no
characteristic Raman peak of Cu(OH)2, which appeared at a
potential of 0.82 V vs RHE, and the intensity continued to
increase up to a potential of 1.07 V vs RHE.23

The phase transformation of the Ni(OH)2/NiOOH structure
with and without Fe contaminants in 0.1 M KOH was
investigated using in situ Raman by Klaus et al. The in situ
Raman spectra were investigated for multiple sequential days.58

The characteristic Raman vibrations of β-Ni(OH)2, α-Ni(OH)2,
and γ-NiOOH were observed at wavenumbers of 445−449,
460−465, and 555−560 cm−1, respectively. The 480 cm−1/560
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cm−1 peak height ratio was observed in the initial samples and
after 6 days of aging in both purified and Fe-containing
electrolytes. Initially, the peak height ratio was 1.55 in both
electrolytes. However, after aging for 6 days at a potential of 0.6
V vs Hg/HgO, the peak height ratio was pronouncedly
decreased in the case of unpurified electrolyte, which was not
only attributed to the formation of NiOOH but also due to the
construction of an oxidized form of NiFe-LDH (Figure 7l).58

Ni(OH)2 also exhibited a striking improvement in the OER
activity in the presence of an anionic contaminant like 0.1 M
SeO3

2−. The potential-dependent structural evolution of
Ni(OH)2 in 1 M KOH + 0.1 M SeO3

2− was investigated by in
situ Raman analysis, which could also be corroborated with the
XPS analysis discussed earlier. With the gradual increase in the
potential, the peak at 452 cm−1 diminished, with the appearance
and the gradual increase of new peaks at 475 and 555 cm−1,
implying the oxidation of Ni(OH)2 to NiOOH. Due to the
adsorption of SeO3

2−, a characteristic peak corresponding to
SeO3

2− appeared at a wavenumber of 807 cm−1, which was
substituted with a new peak at a potential of 1.58 V vs RHE due
to the oxidation of selenites to selenates, promoting the OER
activity.39 Similarly, the vibration modes of LaNiO3 perovskite
oxide were also found to be changed during the OER in the
presence of Fe impurities in the electrolyte due to surface
reconstruction and evolution. The characteristic band of
LaNiO3 appeared at 400 cm−1, which corresponds to the
presence of a NiO6 octahedron. In purified KOH, the peak
position remained unaltered, although its intensity decreased
with an increase in the applied potential. Moreover, at 1.3 V vs
RHE, two separate bands appeared at 474 and 555 cm−1, which
correspond to the bending and stretching vibration modes of
Ni−O inNi oxyhydroxide species, and the relative intensity ratio
of 1.15 indicated the presence of γ-NiOOH species. In contrast,
in the presence of Fe-contaminated KOH, the vibrational band
at 400 cm−1 disappeared with increasing applied potential,
signifying lattice distortion and surface amorphization. In the
presence of Fe impurities, the relative and absolute intensities of
these bands at 474 and 555 cm−1 changed dramatically, along
with an increase in the relative intensity ratio to 1.41, with
increased Fe incorporation (Figure 9).134

Thus, in situ Raman spectroscopy provides insight into the
potential and time-dependent structural evolution of the
catalysts in the presence of impurities in the electrolyte.

■ CONCLUSIONS
Extensive efforts have been devoted to designing and engineer-
ing catalysts with tailored physical and electronic properties
through strategies such as doping, strain engineering, charge
transfer modulation, and creation of heterogeneous interfaces.
Beyond these intentional modifications, the presence of
contaminants, whether deliberately introduced or inadvertently
present, can significantly influence the OER and HER half-
reactions and thus the overall water splitting process. These
effects are especially important in the context of the desire to
obtain H2 from less-pure water sources, such as seawater.

In this review, we have comprehensively discussed the
influence of contaminants and inherent ionic constituents on
electrocatalytic water splitting and seawater splitting reactions.
We summarized that the presence of trace metal cations and
anions in the electrolytes can significantly influence the activity,
selectivity, and stability of catalysts by altering the surface
composition, interfacial charge dynamics, and electronic
structure. The naturally present ionic species in seawater can
critically impact both the cathodic and anodic parts of seawater
splitting, giving rise to challenges like cathode fouling and the
Cl2 evolution reaction. The review has also highlighted that
impurities originating from reference and counter electrodes can
lead to unintended metal redeposition, surface reconstruction,
and structural degradation, thereby either enhancing or
deteriorating catalyst performance. Advanced characterization
techniques such as ICP-OES, STEM-EELS, XPS, in situ Raman,
and AFM have proven invaluable for identifying and elucidating
these contaminant-induced structural and electronic modifica-
tions primarily occurring at or near the catalyst surface.

Key findings from our review are summarized below:

(1) For diverse catalysts, including transition metal oxides,
hydroxides, and perovskite oxides, trace iron species often
have a beneficial impact by the formation of iron-based
mixed metal hydroxides or LDHs, thereby enhancing the
OER performance.24

(2) The incorporation of cations that form insoluble
hydroxide precipitates increases the overpotential for
OER by inhibiting reaction kinetics.57

(3) Surface-adsorbed anions such as selenates and sulfates can
reduce the OER overpotential by lowering the free energy
of adsorption for reaction intermediates.39

Figure 9. (a) In situ Raman spectra of LaNiO3 collected during the OER process (1.0−1.7 V vs RHE) in 1 M purified KOH and (b) with the addition
of Fe impurities. Adapted from ref 134. CC BY 3.0.

ACS Electrochemistry pubs.acs.org/electrochem Review

https://doi.org/10.1021/acselectrochem.5c00381
ACS Electrochem. 2026, 2, 43−67

60

https://pubs.acs.org/doi/10.1021/acselectrochem.5c00381?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00381?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00381?fig=fig9&ref=pdf
https://creativecommons.org/licenses/by/3.0/
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00381?fig=fig9&ref=pdf
pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.5c00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(4) The electrocatalytic HER activity is strongly sensitive
toward the reduction potential and UPD potential of
cations present in the electrolyte.80

(5) In seawater splitting, insoluble calcium and magnesium
hydroxides precipitate on the cathode surface, causing
cathode fouling and increased HER overpotential by
blocking active sites.96

(6) Chlorine evolution during seawater splitting reduces the
FE of OER, which can be mitigated by introducing
chloride-repelling anions or protective surface
layers.100,105

(7) Reference electrodes and counter electrodes can
introduce contaminant ions (Ag+, Pt2+) that lead to
inaccurate measurements of overpotential, affecting the
reliability of electrocatalytic water-splitting studies.108,109

(8) Dissolution from the catalysts on the working electrode
and from the substrate itself can cause degradation or
improvement of the OER and HER activity in fresh-
water.113,114 The leaching of metal ions was found to be
accelerated in seawater electrolyte.113,115,117

This review underscores this critical but underexplored
research area in electrocatalysis, summarizing the sources,
mechanisms, and influences of contaminants in both seawater
and pure water electrolysis. By providing an insightful
understanding of contamination mechanisms and their impact
on electrocatalytic activity, we aim to inspire innovative
approaches for rational design of advanced materials for
electrocatalysis with improved activity, stability, and selectivity
for sustainable fuel production.

■ FUTURE PROSPECTS
Understanding contamination mechanisms and their mitigation
is crucial for enhancing the stability and efficiency of
electrocatalysts. Comprehensive studies on degradation path-
ways help uncover how contaminants such as metal ions, organic
impurities, or byproducts influence the structure, surface
chemistry, and performance of catalysts. By identification of
these detrimental interactions, researchers can develop strat-
egies to minimize contamination effects. Approaches such as
advanced electrolyte pretreatment, protective catalyst coatings,
and self-healing electrode designs offer promising solutions to
extend catalyst longevity and maintain the efficiency.

Contamination also plays a significant role in the catalyst
design. Insights gained from understanding poisoning and
fouling mechanisms can guide the synthesis of more robust,
contamination-resistant materials. Catalysts engineered to
withstand impurity-induced degradation can improve perform-
ance in practical applications, ensuring reliability in real-world
environments.

The development of advanced electrolytes is another crucial
aspect of contamination mitigation. Research efforts are focused
on preparing high-purity electrolytes that are either free from
impurities or tolerant of specific contaminants. This is
particularly relevant for large-scale water splitting, where
seawater or wastewater often introduces unwanted elements.
Addressing these challenges ensures compatibility with real-
world water sources and enhances process efficiency in industrial
applications.135

Scaling up electrochemical systems requires a deep under-
standing of contamination effects on long-term durability.136 In
commercial electrolyzers, impurity accumulation can lead to
electrode degradation, reducing the operational lifespan.

Exploring cost-effective solutions to mitigate contamination,
such as improved electrolyte management or periodic
regeneration techniques, can significantly lower operational
costs and enhance the system viability for industrial-scale
hydrogen production.

Future research directions may involve integrating AI and
machine learning to predict contamination effects and
optimizing adaptive control systems. These computational
approaches can accelerate the identification of contamination
sources and aid in the design of self-regulating catalytic systems.
Additionally, emerging catalysts may be intentionally doped
with controlled impurities to explore potential performance
enhancements, offering new avenues for catalyst engineering.137

Beyond water splitting, contamination studies have broader
implications for related electrochemical processes. Insights from
contamination mechanisms in electrocatalysis can inform
research on urea oxidation,133 CO2 reduction,138 and nitrogen
reduction reactions,139 where similar fouling and poisoning
effects may hinder catalyst performance. Addressing contami-
nation challenges across these fields can contribute to the
advancement of sustainable energy and chemical conversion
technologies. The four major directions can be summarized as
follows:
A. Rational Design of Impurity-Resistant Electro-

catalysts. The development of electrocatalysts with improved
resistance to contaminant-induced degradation is of great
importance in robust catalyst engineering. Current approaches
majorly focus on postsynthesis surface modifications or
protective coatings, which often compromise catalytic activity
or add processing complexity.140 Research should prioritize
possible ab initio design of electrocatalysts that integrate
impurity resistance into fundamental electrocatalyst electronic
and structural properties. This computational high-throughput
screening combined with machine learning algorithms can
accelerate the identification of catalyst compositions and crystal
facets that exhibit minimal binding affinity for specific seawater
contaminants (Ca2+, Mg2+, Cl−) while maintaining optimal
binding energies for OER and HER intermediates.93,141 Also, by
leveraging descriptor-based approaches that correlate electronic
structure parameters (d-band center) with both catalytic activity
and contaminant tolerance, it becomes easy to navigate the
traditionally competing demands of performance and stabil-
ity.141

B. Operando Characterization for Tracing Contami-
nants Interactions. A handful of published works generally
rely on ex situ or post-mortem analysis, which fails to capture the
dynamic, potential-dependent nature of contaminant interac-
tions under catalytically active conditions. However, a
mechanistic understanding of how contaminants modify
reaction pathways, intermediate species, and electrode−electro-
lyte interfaces in real time is important for the development of
targeted mitigation strategies. The implementation of multi-
modal operando characterization platforms combining spectro-
scopic (Raman spectroscopy, X-ray absorption spectroscopy
(XAS)), microscopic (electrochemical scanning tunneling
microscopy), and mass spectrometric techniques can be used
to monitor the adsorption, incorporation, and desorption of
contaminants during electrochemical reactions.142,143 Capabil-
ities like this make it possible to measure potentials of specific
contaminants beginning to poison active sites, the mechanism of
contaminant interactions that can alter the nature of rate-
determining steps, and contaminants’ preferential accumulation
sites whether at grain boundaries or edges.
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Possible research should be focused on the following areas:
(1) development of specialized electrochemical cells compat-

ible with synchrotron-based X-ray techniques for
simultaneous measurement of oxidation state changes
and contaminant distribution during freshwater and
seawater electrolysis;

(2) implementation of operando differential electrochemical
mass spectrometry (DEMS) with isotopic labeling to
distinguish between HER/OER products and side
reactions involving contaminants (e.g., chlorine evolu-
tion);

(3) establishment of operando atomic force microscopy
protocols to track surface morphology evolution and
deposit formation;

(4) creation of open-access databases cataloging operando
spectroscopic signatures of common contaminant−
catalyst interactions to facilitate rapid identification and
benchmarking.

C. Engineering of Dynamic Electrode−Electrolyte
Interfaces. The electrode−electrolyte interface is the crucial
region where catalytic reactions directly compete with
contaminant adsorption and fouling. Most current systems
rely on static interface designs, such as stable oxides (e.g.,
Ni(OH)2/Co3O4, NiMoO4)

144,145 and phosphate layers (e.g.,
CoPi, (Co, Fe)PO4)

146 that demonstrate structural stability in
freshwater but cannot adapt to the temporally and spatially
varying contaminant profiles encountered in real seawater. To
overcome these limitations, next-generation systems should
consider employing dynamic, stimuli-responsive interfaces that
actively repel contaminants or modulate their local environment
according to changes in potential, pH, or ion concentration.
State-of-the-art examples include interfaces featuring responsive
polymers,147 switchable wettability,148 or potential-controlled
surface charge that enhance water molecule access while
selectively excluding multivalent cations and organic foulants.
These electrodes that engineer local pH and ionic strength
gradients can suppress the precipitation of insoluble hydroxides
such as Ca(OH)2 and Mg(OH)2, which commonly obstruct
cathodes during seawater splitting. For example, recent work by
Zhai et al. utilized stimulus-responsive poly(N-isopropyl
acrylamide)-poly(acrylic acid) (PNIPAM-PAA) hydrogels as
dynamic interface layers on gold-nanocluster-modified electro-
des to impede contamination and ion movement, enabling
reversible, switchable electrochemical responses to changes in
temperature, pH, and salt concentration, thereby enhancing the
controllability and adaptability of the electrocatalytic system.147

A similar goal-oriented work by Hu et al. demonstrated that a
V2O3 interfacial layer on low-loaded Pt nanoparticles supported
on a Ni3N catalyst regulated the local microenvironment during
seawater electrolysis by sequestering OH− ions, increasing local
alkalinity, and repelling chloride and alkaline earth salts, thereby
effectively mitigating contamination and catalyst poisoning.149

D. Spin and Magnetic Modulation under Influence of
Contaminants. The impurities which commonly interfere
during water or seawater splitting can significantly alter the spin
polarization and orbital occupancy of the active sites, influencing
the electron transfer kinetics and mechanism during the OER
and HER.150 In seawater splitting, due to the presence of
multiple redox-active species and competing parallel reactions, it
is very necessary to understand how the ionic impurities modify
spin states and magnetic exchange interactions to provide a new
handle for optimizing activity, stability, and selectivity along with

suppression of ClER. Advanced magnetic and spectroscopic
probes combined with computational modeling could open
promising avenues for spin- and orbital-controlled electro-
catalysis under realistic conditions.
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