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Abstract

Powered by renewable energy sources such as solar, marine, geothermal and wind, generation of
storable hydrogen fuel through water electrolysis provides a promising path towards energy
sustainability. However, state-of-the-art electrolysis requires support from associated processes such as
desalination of water sources, further purification of desalinated water, and transportation of water,
which often contribute financial and energy costs. One strategy to avoid these operations is to develop
electrolysers that are capable of operating with impure water feeds directly. Here we review recent
developments in electrode materials/catalysts for water electrolysis using low-grade and saline water, a
significantly more abundant resource worldwide compared to potable water. We address the associated
challenges in design of electrolysers, and discuss future potential approaches that may yield highly
active and selective materials for water electrolysis in the presence of common impurities such as metal
ions, chloride and bio-organisms.

Freshwater is likely to become a scarce resource for many communities, with more than 80% of the
world’s population exposed to high risk levels of water security®. This has been recognized within the
Sustainable Development Goal 6 (SDG 6) on Clean Water and Sanitation?. At the same time, low-grade
and saline water is a largely abundant resource which, used properly, can address SDG 7 on Affordable
and Clean Energy as well as SDG 13 on Climate Action. Hydrogen, a storable fuel, can be generated
through water electrolysis and it may provide headway towards combating climate change and reaching
zero emissions®, since the cycle of generation, consumption and regeneration of hydrogen can achieve
carbon neutrality. In addition to providing a suitable energy store, hydrogen can be easily distributed

and used in industry, households and transport.

Hydrogen, and the related fuel cell industry, has the potential to bring positive economic and social
impacts to local communities in terms of energy efficiency and job markets; globally the hydrogen
market is expected to grow 33% to US$155 billion in 2022°. However, there are remaining challenges
related to the minimization of the cost and integration of hydrogen into daily life, as well as meeting

the ultimate hydrogen cost targets of <US$2 kg set by the US Department of Energy®~'.

Commercially available water electrolysers operate  with  support from ancillary
components/equipment®®. The high purity water feeds are achieved by incorporating extensive water

purification systems into the overall electrolyser design (internal) or via pre-treatment using external
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purification/desalination plants. Desalination and subsequent purification and the associated investment
costs for plantation, land, maintenance and transportation, therefore impose considerable costs. Several
techno-economic studies have been published in the past few years'%'*, however, a more comprehensive
review with up-to-date costs is still needed. Desalination costs vary considerably depending on the price
of electricity, and increase if intermittent renewable sources are used*?. Nevertheless, the cost of water
purification systems remains significant'?. Particular interest in direct saline water electrolysis exists
for off-shore large-scale hydrogen production, a sector where the capital costs are dominated by the
footprint of the installation, and the simplification in engineering by removing pre-treatment systems
would have a great impact on the economic viability of such installations®.

A route to reduce cost would be to use low-grade or saline water directly through development of
efficient and selective catalytic electrode materials and the utilization of effective membranes in the
electrolysers that are suitable for impure water. Therefore, ideal catalytic electrode materials and
membranes should be able to deal with competing redox reactions at both electrodes, complications
related to membrane function, reactor degradation and biofouling. Here we review key issues and recent
research in electrolysis and the development of electrode materials/catalysts targeting direct use of low-
grade and saline water in the electrolysis processes. In addition, we address the major aspects in the

design of electrolysers for hydrogen generation.

Challenges of saline water electrolysis

Splitting water into oxygen and hydrogen is an energetically uphill chemical process where an external
energy source is required to drive the reaction. In an electrolyser, electricity is converted to, and stored
in the form of, chemical bonds. The hydrogen evolution reaction (HER) at the cathode is a two electron-
proton reaction, which can be formulated as Eqgs. (1) or (2) under acidic or alkaline conditions,

respectively.
Acidic 2H"+2e" 2> H Q)
Alkaline 2H,0 + 2" > Hy+ 20H" 2

The counter reaction at the anode, the oxygen evolution reaction (OER), is a multi-electron transferring
process, involving several intermediates and the removal of four protons per oxygen molecule evolved.

It can be described by Egs. (3) or (4) in acidic or alkaline environments, respectively.
Acidic 2H,0 > 4H"+ O, + 4e (3)
Alkaline 40H" - 2H,0+ O, + 4e” 4)

Catalysts are usually either deposited onto the current collector electrodes (catalyst coated electrode,

CCE) or are coated directly onto the ion exchange membranes (catalyst coated membrane, CCM) to



facilitate the water splitting reactions. An important catalytic activity metric is the difference between
the applied potential at a given current density and the half-reaction standard potential; the so called
overpotential (r). This difference characterizes the extra energy taken to push the half reaction
significantly forward from the thermodynamic zero net-current equilibrium point™. The complexity of
the OER requires a large overpotential, even with state-of-the-art catalysts and especially when

compared to the HER.

Water electrolysis typically requires ultra-purified water, either directly in membrane electrolysers
(proton exchange membrane water electrolysers, PEMWE; anion exchange membrane water
electrolysers, AEMWE) or in a mixture with salts for alkaline water electrolysers (AWE). The key
challenges in the direct electrolysis of saline water have long been identified and discussed*, and
remain major issues today. Although carbonates in seawater (saline water) can act as buffers, the
capacity is not high enough to prevent increases in the local pH at the cathode and decreases in the local
pH at the anode. Studies showed changes in pH near the electrode surface could be on the order of 5-9
pH units from that of the bulk seawater, for a slightly buffered medium when its overall pH value is in
between 4 and 10, even at moderate current densities <10 mA cm?(ref. *>'). Such dramatic pH
fluctuations may cause catalyst degradation. Local pH increases near the cathode during seawater (not
artificially buffered) electrolysis can lead to precipitation of magnesium hydroxide (Mg(OH)-), which
occurs when pH > ~9.5(ref. *®), blocking the cathode'**°. Stabilization of pH fluctuations may require

the addition of supporting electrolytes®?:,

Other challenges include the presence of non-innocent ions (both anions and cations)’? and
bacteria/microbes?, as well as small particulates, all of which may poison electrodes/catalysts and limit
their long-term stability. This challenge also extends to the membranes used for the separation of the
anode and cathode®*. Another key issue to consider is the competition between the OER and chloride

chemistry at the anode.

Chloride electro-oxidation chemistry is complicated and several reactions occur depending on the pH
values, potentials applied and temperature. If, for simplicity, we consider the temperature of 25 °C and
fix the total concentration of chlorine species to 0.5 M (a typical chloride concentration for seawater),

a Pourbaix diagram for aqueous chloride chemistry can be constructed as shown in Fig. 1%,

When the pH is below 3.0 the free chlorine evolution reaction (CIER, Eg. 5) dominates over the other
chloride oxidation reactions (Fig. 1). Hypochlorous acid formation might also occur at lower pH at high
anodic potentials, but becomes the major reaction for pH 3-7.5. Hypochlorite formation takes place at
pH values higher than 7.5 (Eq. 6), which represents the pK, of hypochlorous acid. Partial dissociations
(that is, chlorine dissolved in water) and disproportionation (that is, hypochlorite ions subjected to
higher temperature) complicate the chemistry of chlorine species. At the two pH extremes the two

chloride oxidation reactions are:
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Fig. 1 The Pourbaix diagram of an aqueous saline electrolyte. Represented is the electrode potential versus
pH diagram, it provides information of the stability of an aqueous 0.5 M NaCl electrolyte, including the H,O/O;
and the CI-/CI/HOCI/CIO redox couples. The diagram depicts potential-pH regions where the oxygen evolution
reaction (OER) and the chloride oxidation reactions are thermodynamically possible. The green line represents
the thermodynamic equilibrium between water and oxygen. At electrode potentials more positive than the green
line, the OER process becomes thermodynamically possible. The red line shows the competing acidic oxidation
of chloride to free gaseous chlorine. The black and purple lines mark the onset of the oxidation of chloride to
hypochlorous acid, HCIO, or hypochlorite, CIO~. The potential difference between the chloride chemistry and
the water oxidation is maximized to 480 mV in alkaline media pH > 7.5 (light blue region), where chloride is
oxidized to CIO~. SHE, standard hydrogen electrode. Adapted with permission from ref. 17, John Wiley and Sons.

CIER:
2Cl~ - Cly + 2e~ (E°=1.36 V vs. SHE, pH=0) (5)

Hypochlorate formation:
CI™+20H™ - ClO™ + H,0 +2e~  (E°= 0.89 V vs. SHE, pH=14) ©)

The competing chloride oxidations are thermodynamically unfavourable compared to the OER (Fig. 1)
and the difference between the standard electrode potentials increases with increasing pH until the
hypochlorite formation starts, where it remains at its maximum value of ~480 mV (ref. '7). In other
words, under alkaline conditions a water oxidation catalyst can exhibit up to 480 mV Kkinetic
overpotential without any interfering chlorine chemistry. This is known as the ‘alkaline design criterion’
in saline water electrolysis'’, because the requirements for the catalytic activity of the OER catalyst are

least stringent in this region.

It is worth noting that both chloride reactions (Egs. (5) and (6)) are two-electron reactions, in contrast
with the OER in which four electrons are involved. This difference in the numbers of electrons involved
in the mechanisms (Eq. (2) versus Eq. (4)) give rise to the commonly observed higher overpotential for
OER than chloride oxidation and makes OER kinetically unfavourable. Therefore, developing highly
selective anode catalysts is essential to avoid the evolution of corrosive and toxic chlorine gas during

the electrolysis of saline water.
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Fig. 2 Leading configurations for water electrolysis. a, An alkaline water electrolyser (AWE) operates as a
2-compartment cell in which a liquid alkaline electrolyte (typically 20—-30% KOH) is pumped around both sides
and a porous diaphragm allows hydroxyl ion (OH") migration while preventing gas crossover. b, An anion
exchange membrane water electrolyser (AEMWE) sandwiches an OH~ transporting membrane between the
anode and cathode. Water is supplied to the cathode in this example, however it is also possible to supply water
to the anode or both sides. ¢, A proton exchange membrane water electrolyser (PEMWE) consists of a solid
acid electrolyte polymer sandwiched between the anode and cathode. In most cases, water is only fed to the
anode. d, High-temperature water electrolysers include proton conducting ceramic electrolysis (~150-400 °C)
and solid oxide electrolysis (~800-1000 °C). Water evaporates and transports to the cathode as steam to produce
H. while a solid oxide or ceramic membrane transports O? to the anode.

Reactor design considerations

Currently the two proven low-temperature (<100 °C) water electrolyser technologies dominating the
commercial market are AWE and PEMWEZ®. Other emerging technologies include low temperature
AEMWE?®, as well as high-temperature electrolysis, such as proton conducting ceramic electrolysis
(~150 °C-400 °C)?" and solid oxide electrolysis (~500-800 °C)?. These four configurations are
depicted in Fig. 2.



These electrolyser technologies use either ultra-pure, deionized 18.2 MQ-cm water or 20-30% KOH
aqueous solution (AWE) with contaminants at and below the ppm level. Such high levels of water purity
are chosen to avoid complications related to catalyst operation, membrane operation and general
component degradation. The severity of the challenges associated with use of impure water depends to

some degree on the electrolysis configurations.

PEMWE contain a solid acid polymer electrolyte®® (for example, Nafion) between the anode and
cathode. In most cases, the water feed is only supplied to the anode, where it is oxidized to form O, and
H*. Protons then migrate through the PEM towards the HER catalyst (cathode). In this approach, the
low pH medium provided by the PEM complicates the anode chemistry and OER selectivity over
chloride oxidation reactions becomes challenging. In addition, as a type of cation transporter, the
commonly used Nafion membrane is vulnerable to foreign ions, especially cationic impurities, which
can be trapped and concentrated, leading to a reduction in proton conductivity?=°. The PEM may isolate
certain impurities at the anode, however cationic species such as metal ions and Mg?* will still migrate
from the anode to reach the cathode. It is possible to feed water only to the cathode thus minimizing
any interaction between chloride ions and the anode. In this case water migrates through the membrane
where it is oxidized, protons transfer back to the cathode where H, is produced®'. However, migration
of electrolyte and impurities towards the anode will still occur to some degree. Due to transport through
the membrane both configurations are likely to result in contact between impurities and the cathode,

potentially leading to metal or salt deposition.

An AWE operates as a two-compartment cell separated by a porous diaphragm that allows hydroxyl
ion (OH") migration while preventing gas crossover. A liquid alkaline electrolyte is pumped around
both sides of the cell and water is reduced at the cathode into H, and OH~. OH~ then migrates through
the diaphragm towards the anode where O, formation occurs. Diaphragm materials for AWE, such as
Zirfon, are reported to be more physically robust and less susceptible to blockages compared to
membranes (PEM/AEM)®. In contrast to PEM and AEM that largely block either anions or cations,
respectively, both types of species, such as H*, Na*, OH™ and CI-, are able to migrate through the
diaphragm, which should be kept in consideration for system design. This may be problematic if it

lowers the transference numbers of the most mobile ions.

In an AEMWE, the anion exchange membrane is sandwiched between the anode and cathode. Water
can be supplied to the cathode, the anode or both sides. H, and OH™ are generated at the cathode and
OH™ migrates through the membrane to the anode where O; is produced?. The membrane itself shares
the same limitations with that of AWE related to unwanted migration of anions such as Cl-, meaning
competition between OH- and CI- oxidation is a concern regardless of where the electrolyte is fed*..
The high operating pH of both AWE and AEMWE can help to minimize CI- oxidation, making them

particularly interesting for saline water splitting.



High-temperature water electrolysers include proton conducting ceramic electrolysis (~150-400 °C)
and solid oxide electrolysis (~800-1000 °C). Water evaporates and transports to the cathode as steam
to produce H,. A solid oxide or ceramic membrane selectively passes O% through to the anode to form
0,%®. This configuration may provide an opportunity to purify the water source (generating ‘clean’
steam) before it reaches the catalyst and membrane®. Therefore, this technology has the potential to
open up the design window beyond electrode materials that are investigated in the other technologies.
However, the high operating temperature means a higher energy demand and a higher operational cost
compared to rival technologies that typically operate below 100 °C. In addition, the high temperature
limits the type of electrode materials and other electrolyser components to meet the stability
requirements for long-term operation. These challenges may prevent their potential installation in
offshore facilities coupled to large-scale wind farms, making them more suitable for coastal installation.

All four configurations share common problems including physical blockages from solid impurities,
precipitates and microbial contaminations affecting either the catalysts or separator material. Thus, a
simple filtration of the saline or low-grade water feeds is essential for avoidance of membrane
blockages. It may be possible to maintain membrane activity through recovery procedures. For example,
periodically resting an electrolyser at open circuit has been shown to recover a portion of lost activity
assigned to chloride blocking of the membrane?’. Metal components are also at risk of corrosion. For
example, in a PEM electrolyser the current collectors and separator plates are typically made of titanium,
graphite or a coated stainless steel?, and the lifetime of these materials, particularly in the presence of

CI-, should be carefully considered.

The chlor-alkali industry can provide some guidance for selecting materials capable of withstanding
harsh corrosive environments. Because of its high stability, titanium is chosen for all parts that are in
contact with chlorinated water, including the support materials for anode and cathode catalysts. The
corrosion resistance of titanium relies on the development of a surface oxide layer. Other useful
components used in this industry are Teflon that can be found as a construction component thanks to
its inertness, and persulfonated membranes such as Nafion to separate half-cell reactions. However,
they are still susceptible to physical damage®* *. To circumvent some of the aforementioned issues,
recent studies have shown an interest towards using water vapour (including saline water) as water feeds
in both PEMWE and AEMWE=**, In these cases, air was bubbled through a saline aqueous media to
reach high levels of humidity and gas phase electrolysis was conducted. A system composed of buoys
that are floating at the ocean surface has been proposed®, which has the benefit of overcoming the risk
of fouling of catalysts and membranes associated with impure liquid water, although the current density

is significantly lower than that for liquid-based electrolysers.
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Fig. 3 Experimental implementation of the alkaline design criterion of saline water splitting. a, Predicted
maximally allowed kinetic overpotentials (derived from thermodynamic Pourbaix diagrams) of an OER
electrocatalyst as a function of pH to realize 100% selective water splitting. b, Experimental OER overpotentials
of supported oxide catalysts in O, saturated 0.1 M KOH compared with reference 1rO,/C catalyst evaluated at the
current density of 1 mA cm2 (full symbols) and 10 mA c¢cm (open symbols). The red dashed lines show the
overpotential limit in alkaline conditions (alkaline design criterion) of ~480 mV. While many catalysts fulfil the
design criterion at low current densities (1 mA cm), this becomes challenging for moderately higher current
densities such as 10 mA cm2. Mn3;O,4 and Fe,Os, for instance, no longer fulfil the design criterion at 10 mA ¢cm2
and hence would start generating detrimental CIO- by-products. Panel a is adapted with permission from ref. '/,
John Wiley and Sons; panel b summarizes data reported in refs. /20,

Anode materials for electrolysis in impure water

Several strategies have been devised for OER-selective water oxidation anode catalysts that operate in
low-grade or saline water. First, the alkaline OER/CIER design criterion has been leveraged, that is,
maximizing the thermodynamic potential difference between the two catalytic processes by operating
the electrolyser in alkaline conditions. This implies the development of highly active OER catalysts
designed for alkaline conditions that provide the desired Faradaic current at or below 480 mV. The
second strategy is the design of OER catalysts for alkaline or acidic environments with exclusive
selectivity towards the OER due to surface sites of optimized binding of OER intermediates. Third, CI-
blocking layers next to the OER catalyst have been used to prevent the diffusion of Cl- ions from the
electrolyte to the surface of the OER catalyst. This ClI~ blocking layer may operate in alkaline or acid

conditions.

Alkaline design criterion. The first approach is based on thermodynamic and kinetic considerations,
as well as the fact that saline water is essentially a non-buffered electrolyte. Therefore, an additive is
likely required to avoid changes in local pH during electrolysis. Kinetic considerations suggest that it
is particularly challenging to compete with chloride oxidation due to the more complicated catalytic
four-electron mechanism of the OER, while thermodynamics indicates that alkaline conditions provide

a larger potential window where OER is favourable. Based on these reasons, an alkaline catalyst design



criterion (Fig. 3a) was proposed to achieve 100% OER selectivity in saline water splitting at alkaline
pH, provided the overpotentials of the catalysts are lower than ~480 mV at the desired current density
(for example, 500-2000 mA cm2)*/.

It is often difficult to achieve the desired high current densities below an overpotential of 480 mV
(Mn203 and Fe;0s in Fig. 3b)?°. As an additional ‘criterion’, the overpotential should ideally be as
moderate as possible so that it is still less than 480 mV for a given high current density. High
performances in Cl-free 0.1 M KOH and 1 M KOH electrolytes have been reported for the family of
NiFe oxyhydroxide catalysts'”**“°, which include some of the most active catalysts in alkaline media.
An unsupported NiFe layered double hydroxide (LDH) catalyst in a membrane electrode assembly
(MEA) experimentally confirmed the concept of the criterion, by demonstrating current densities up to
290 mA cm at under ~480 mV overpotential, which is close to what is required for medium or large
size electrolysers?'. The performance loss after 100 hours to about 50-70% of the initial activity was
attributed to the unsuitability of the membrane rather than to catalyst degradation, which was supported
by quasi in situ XAS measurements.

As shown in Fig. 4a, FeOx nanomaterials as bifunctional HER/ OER catalysts were reported to exhibit
OER activity in alkalinized saline water with comparatively lower performances (overpotential of 400
mV at 10 mA cm2)*:. However, such bifunctional HER/ OER activities allow an overall precious-
metal-free electrolyser to be realized. Formation of surface redox-active species (iron phosphate) led to
significant increases in both catalytic performance and stability in the case of phosphate buffered saline
water oxidation by CaFeOx at pH 7.0 (Fig. 4b)*’. Recently, nickel oxide electrodes were also

successfully used in alkalinized saline water with 100% OER selectivity“®.

Selective OER sites and reaction environments. The second approach aims to develop catalysts
containing active sites that optimize the chemical bonding of the reactive OER intermediates to make
them highly OER selective. This approach is feasible in all pH media but challenging at the same time
since the sites of OER active catalysts are typically also active for the CIER*. This issue was addressed
in several theoretical studies. Calculations on various rutile (110) oxide surfaces confirmed that a linear
scaling relationship between the Cl and O adsorption energies exists. This implies that the CIER always
requires lower overpotentials than the OER where the scaling holds*. One report showed that on a
RuO: (110) surface the kinetic volcano plot of the CIER is flatter than that of the OER*, which was
related to the number of intermediates. The tips of both volcano plots are very close and for this reason
as well as the predictions of linear scaling relationships, it is not feasible to improve the OER selectivity
where it dominates over CIER. Fundamentally, new types of sites are necessary to break the scaling

relationships and so to enable sites with higher OER selectivity.
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Fig. 4 Water oxidation activity and stability of oxide catalysts and influence of anionic and
cationic contaminations. a, OER selectivity in alkaline artificial seawater electrolyte solution. Linear
sweep voltammetry (LSV) of a FeOx electrode operated in 0.1 M KOH and (0.6 M NaCl + 0.1 M KOH)
electrolytes. b, Overpotential transients of different materials, FTO|Co—Pi (i), FTO|FeOx (ii), FTO|IrOx
(iii) and FTO|CaFeOy|FePOues) (iv), at 10 mA cm2 in phosphate buffered (0.5 M, pH 7) saline water
under N, atmosphere. ¢, CVs of Co—Fe LDH on a glassy carbon electrode in saline water and aqueous
solutions including MgCl,, NaCl or Na;SO4 as electrolytes. Scan rate: 100 mV s. d, Polarization
curves of Co-Se1//Co-Ses and Ir-C//Pt-C in buffered saline water at a scan rate of 5 mV s—'. The
counter and reference electrodes were Pt mesh and Ag/AgCI respectively. iR compensation was used.
Panel a reproduced with permission from the supporting information of ref. **, John Wiley and Sons.
Other figures reproduced/reprinted with permission from ref. *’, Royal Chemical Society (b); ref. %,
Elsevier (c); and ref. *°, John Wiley and Sons (d).

Experimental investigations of OER selective saline water splitting catalysts have focused on Co and
Ru based systems. Co-based OER catalysts are subjects of intense investigations due to their
performance at neutral pH with presence of a phosphate buffer. This is particularly appealing for saline
water oxidation as the average pH of saline water is close to neutral. Co—Pi, an electrodeposited Co-
based catalyst from a phosphate electrolyte, can sustain selective OER in phosphate electrolyte
containing 0.5 M NaCl (pH 7.0) at 1.30 V (versus normal hydrogen electrode (NHE)), corresponding
to ~483 mV overpotential at current densities comparable to NaCl-free electrolyte (greater than 0.9 mA

cm2). Only 2.4% of the charge passed in a 16 h experiment was attributed to oxidized chloride species*’.



When mixed with Carbon (Vulcan XC-72) and deposited on Ti mesh electrodes, Co—Fe LDH
nanoparticles exhibited a Faradaic efficiency of 94 + 4% in simulated saline water (3.5% salinity, pH =
8.0). Only 0.06% of the total charge passed was attributed to oxidized chloride species after an 8 hours
controlled potential experiment at a constant overpotential of 560 mV“. The improved OER
performance in saline water was attributed to a synergistic effect of the multiple ions contained in saline
water and CoFe LDH (Fig. 4c), that is, complex multiple ions in seawater can mediate proton transfers
in concert with electron-transfer reactions*®. Co-based selenide electrodes obtained by selenization of
Co foils were also tested in phosphate buffered saline water (pH= 7.09), with superior performance to
the reference Ir-C/Pt-C (Fig. 4d)*. These examples highlight the relevance of operating at the condition
close to the neutral/ alkaline design criterion to achieve high OER selectivity. The concept of tuning the
relative reaction rates of key steps of the OER and the chloride oxidation reactions is an important
strategy toward OER selective sites or site environments. For instance, the use of non-innocent elements
such as iron and selenium can facilitate proton transfer on the reactive interfaces. However, the

fundamental mechanistic origin of these observations in saline water still await further clarification.

Ru based catalysts have shown selectivity for both OER and CIER. While most of the Ru based studies
had a focus on the CIER**%>3 or the fundamental understanding of the CIER on ruthenium titanium
oxide (RTQ)**% there are a few studies that reported enhanced selectivity towards OER on some
Ru-based catalysts. Some speculated that doping of Zn into RuO. crystal structure caused a
rearrangement of the local atomic structure in the vicinity of the Zn ions, enhancing the oxygen
evolution process at positive potentials and, overall, improving the selectivity of the OER in chloride
containing acidic media®’. Additional work is required to confirm and clarify the origins of the enhanced
OER selectivity in all the above experimental reports. This involves state-of-art and novel emerging in
situ and operando electrocatalytic studies of the structure and chemical state of the catalytic interface
during the catalysis, combined with time-resolved studies of the OER and CIER reaction product onset

and formation rates®®-.,

For a different system, density functional theory calculations have predicted transition metal
hexacyanometallates (MHCMS), such as Prussian blue (PB, Fes[Fe(CN)s]s*nH>0) and its analogues to
be highly energy efficient and selective OER catalyst materials®. In this context, a thin shell of MHCM
provides good catalytic activity while the conductive core of basic cobalt carbonate (BCC) facilitates
efficient charge transfer. This material in a triple-junction solar cell achieved 17.9% solar to hydrogen
conversion efficiency in saline water at neutral pH. The addition of NaCl (50 mM NaCl, 0.1 M
phosphate buffer at pH 7.0) into the electrolyte enhanced the water oxidation rate by Ru(Il) polypyridyl

complexes®,
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Fig. 5 Selective OER catalysts by CI- blocking overlayers. a, lllustration of MnOy deposited onto IrOx decreases
the CIER selectivity in the presence of 30 mM Cl— from 86% to less than 7%, making it a highly OER-selective
catalyst. b, Top panel exhibits CVs of an IrOx/GC rotating disk electrode in 0.5 M KHSO4, 30 mM KCI (pH =
0.88), and 0.6 mM MnSO,4 (0 for the Mn?+-free experiment). Rotation rate: 1500 rpm. MnOy films were
preconditioned at various times at 1.48 V before initiating the forward scan at 1.48 V. The inset shows the details
of CVs for potentials between 1.2 and 1.5 V. The lower panel shows the corresponding iring (Ering = 0.95 V).
Figures adapted/reproduced with permission from ref. ®4, American Chemical Society. RHE, reversible hydrogen
electrode.

CI- blocking layer. In order to circumvent the overpotential limitations that are imposed by
thermodynamics for a selective OER catalyst surface in the presence of CI- ions, an approach based on
the application of a protecting MnOy electrode coating was employed (Fig. 5a)%*. The study on Mn
based catalysts for saline water oxidation started with the report of MnO; on a dimensionally stable
anode (DSA) obtaining OER selectivity of 99%". y-MnO. type multimetallic catalysts were
investigated systematically for the OER- selective water oxidation in 0.5 M NaCl aqueous solution at
various pH (1-10), with all of them showing efficiency higher than 90%. These catalysts included Mn—
W6, Mn—Mo®-58 Mn—Mo-W6%*"1, Mn—Mo—Fe’®"? and Mn—Mo-S"3"%.

The electrode architecture consisted of Mn-based catalysts on iridium oxide coated Ti substrate
electrodes. The purpose of the iridium oxide intermediate layer was the protection of the Ti substrate
from the formation of insulating TiO,. Rutile-type Ir1,SnO, was found as the most effective

intermediate layer’®, even though the oxidation of the Ti substrate could not be entirely prevented.

This led to an increased overpotential for Mn1 xyMoxSnyO..x after electrolysis for 1000 hours at 100
mA cm2 in 0.5 M NaCl solution at pH 1™, A study on Ir;4Sn«O. without coating of Mn-based
catalysts confirmed that Ti oxidation is unavoidable, even though protection could be tuned by varying
element composition and calcination temperature’. In these studies, the OER catalytically active phase

is considered to be the Mn-based outer layer even though IrO; is an active OER catalyst.

A recent study showed MnOy overlayers play the role of blocking the diffusion of CI- to the Ir-based
intermediate layer, since iridium oxides are also known as excellent CIER catalysts®’. Using an

electrodeposited MnOy thin film on glassy carbon-supported hydrous iridium oxide (IrOx/GC) in



aqueous chloride solutions of pH ~0.9 (ref. %), the enhanced OER selectivity due to the presence of the
MnOy layer was confirmed in 30 mM CI- solution (Fig. 5b). It was concluded that MnOyx was not
involved in the OER mechanism, but rather acted as a CI- diffusion barrier, while remaining permeable

to water (Fig. 5a).

However, MnOy is known to act as an OER catalyst itself, becoming OER active at somewhat more
anodic potentials above +1.6 V versus RHE. Thus, it is feasible that at more anodic overpotentials the
protecting MnOx layer may not only become active for OER, but may also start catalysing the CIER*.
This speculation, however, needs experimental validation. In addition, locally very acidic pH conditions
at the MnOy layer may lead to detrimental corrosion. The presented electrode performances of MnOy
coated electrodes are lower compared to the Mn-free IrOy electrode (Fig. 5b), which could be due to
the limited water diffusion through the catalytically inert MnOx layer®*. The use of such blocking layers
should be optimized to prevent such negative effects from happening.

Another approach to suppress CIER involves coating OER catalysts such as NiFeO, and CoOy with a
permselective cerium oxide layer. This has allowed water oxidation to proceed whilst remaining
impermeable to CI-, amongst other small ions and molecule contaminations’. Similarly, a cation-
selective layer (Nafion) on IrOx electrodes can prevent Cl~ ion from approaching the IrOx electrode and
improve the oxygen production (in a 0.5 M NaCl solution at pH 8.3)"". The advantage of this approach
is the catalytic inertness of Nafion compared to MnOy and CeOy. Note that the operating cell voltages
at 100 mA cm were reported to be ~3.2 V greater compared to conventional alkaline water

electrolysers, possibly due to the lower conductivity of NaCl solution compared to KOH solution.

Cathodes for Hz evolution

In contrast to water oxidation at the anode, the primary concerns for the operation of a cathode in impure
water do not relate to low Faradaic efficiencies, but are instead based upon the long-term stability of
HER electrocatalysts in the presence of impurities which can lead to active site blocking and corrosion.
Both saline and surface fresh water contain high levels of undesirable cationic species, including Ca?*
and Mg?", which are known to deposit at the cathode as hydroxides under reductive conditions, and
current density losses of >50% have been reported due to salt deposition after short periods of operation
(24 hours)* 8, The cathode surface can also be affected through reduction and electrodeposition of
dissolved ions such as Cu, Cd, Sn and Pb under reaction conditions’. The extent to which competing
cathode reactions involving metal cations occur will depend on the applied potential window and the
specific ions present. Lab-scale studies typically use purified saline solutions (only NaCl) or electrolytes
of known compositions. Further studies that address in detail the role of specific impurities such as salts

or metals on electrode activity would be highly beneficial to the community.
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Fig. 6 Challenges and potential solutions to improve long-term stability of HER in low-grade water. a,
Challenges for cathode operation in low-grade or saline water are in particular related to reduced stability due to
deposition of impurities such as metal ions and hydroxides, and corrosion of the catalyst. b, Separation of the
catalyst from the water source by a suitable membrane or through reactor design could prevent catalyst
deactivation. c, Development of catalysts with inherent corrosion resistance or selective surface chemistry are
desirable if long-term stability is to be maintained. d, Use of a permselective overlayer on top of the catalyst or
on top of the membrane can prevent unwanted species from reaching the catalyst surface while also allowing
normal catalytic function to occur.

The changing composition of both sea and surface fresh water worldwide represents a challenge when
trying to pinpoint specific impurities and it would be beneficial for the community to agree on a
standardized seawater composition for testing. Solid impurities and microbial contaminations that are
not typically present in synthetic electrolytes also require attention and may lead to further reductions
in activity by physically blocking the catalyst surface. Key approaches to improve stability at the
cathode include the potential use of membranes to prevent impurities reaching the cathode through an
engineering approach (for example, PEM electrolysers); the development of catalysts with surface sites
selective to HER and resistant to side reactions/deactivation; and the deposition of permselective

overlayers on top of the catalyst to block impurities whilst allowing the transfer of reagents and products.

pH design criterion. Pt is currently regarded as the benchmark HER electrocatalyst, in both acid and
alkali conditions. Plots of catalytic rate versus metal-hydrogen (M—H) binding energy (volcano plots®®)
show that Pt achieves a near optimal level of activity leading to it being the common choice for PEMWE
where an acidic environment is provided by the membrane®?. However the cost of Pt is high and

alkaline electrolysers typically use Ni or Ni-based metal alloys (such as NiMo, NiMoCo and NiFe) for



the HER due to their lower cost and stability at low pH environments®?>®, There is a significant interest
in the development of new H; evolution electrocatalysts to act as cost effective alternatives to expensive
catalysts such as Pt®*, We refer the reader to recent studies highlighting the range of high-performance
electrocatalysts for HER identified in recent years covering a wide operating pH range*%, In almost

all cases these examples have yet to be tested in low-grade or saline water.

From the perspective of cathode performance, PEMWE provides an optimal pH for HER due to the
high local concentration of H* supplied by the membrane®. A PEMWE configuration could also protect
the cathode from impurities by acting as a filtration barrier as depicted in Fig. 6b, provided a highly
selective membrane can be found. However, a PEMWE configuration provides a minimal overpotential
window and does not satisfy the OER operation conditions for avoiding Cl. production at the anode.
Given that a successful saline water splitting device will likely have to operate in near neutral to alkaline
(pH > 8) conditions the following discussions focus on neutral to alkali HER catalysis. Finding HER
catalysts which can operate efficiently in neutral to alkaline conditions also provides an opportunity to
target cheaper earth abundant elements such as Ni, Mn and Fe, which are typically unstable in acidic
conditions®?.

HER catalyst selectivity and stability. Table 1 provides a summary of HER electrodes that have been
tested for low-grade, saline or seawater. The studies presented in Table 1 have assessed their systems
using different criteria and as such direct comparison is difficult. This highlights the need for standard

criteria when assessing potential catalysts in seawater applications.

It is notable that many of the cathodes reported in Table 1 have focused on using saline water at/near
neutral pH; exceptions include Pt, Ni—-Fe—C and FeOy cathodes that have been tested in alkaline media
in the presence of CI~. Pt has been operated as a cathode in an alkaline electrolyser containing 0.5 M
NaCl?*. A loss of current density of ~50% was reported after 100 hours of continuous operation. This
loss was proposed to be due to deterioration of the alkali membrane conductivity rather than catalyst
deactivation. A 4-hour rest period every 20 hours was found to lead to a recovery effect. The system
was not tested in real seawater, however the results in NaCl did not indicate cathode failure. A carbon
content and grain size study of Ni-Fe-C electrodes® was carried out in electrolyte containing 3.5%
NaCl solution at 90 °C and pH = 12. The electrocatalysts with the maximum carbon content (1.59%)

and minimum grain size (3.4 nm) was shown to possess the lowest overpotential for HER.

Table 1: H, evolution electrocatalysts reported in saline electrolyte

Catalyst Support Electrolyte Cell setup Ref
Pt Pt plate Neutral phosphate 1-compartment, 2-electrode 62
buffered natural  cell with IrO, on carbon cloth

seawater. counter electrode.



Pt nanoparticles: Pt 46.7 wt%
with carbon black

NiMoS

Nanostructured NiMoS

Ni-M (M¥%4 Co, Cu, Mo, Au, Pt)

Pt-M (MY Cr, Fe, Co, Ni, Mo)

FeOy

Mn doped NiO/Ni

Urea-derived carbon
nanotubes
CoMoP with 2-4 layer

graphitic carbon shell

Ni-Fe-C

CoSe and CoySes

CosMoszC/carbon nano tubes

M05N5

Co-S

Spray coated onto
Tokuyama A201
membrane

Carbon fibre cloth

Carbon fibre cloth

Ti mesh

Ti mesh

FTO glass slide

Ni-foam

Drop-cast onto
glassy carbon
electrode

Drop cast onto
glassy carbon
electrode

Etched steel
substrate

Cobalt foil

Ni foam

Drop-cast onto

glassy carbon

FTO glass slide

0.1 M KOH + 0.5 M NacCl.

Neutral phosphate
buffered natural
seawater.

Natural seawater, pH =
8.07.

Natural seawater, filtered

to remove large
particulates.

Natural seawater.

06 M NaCl + 0.1 M
KOH, pH = 13.

Natural seawater, pH =
8.2.

Natural seawater with
phosphate buffer, pH=7.

Natural seawater,
filtered, pH = 8.35.

3.5% NacCl solution at 90
°C, pH = 12.

Phosphate buffered
natural seawater.

Natural seawater,
filtered.
Natural seawater,
pH~8.4.

Natural seawater with 1
M NaCIO,

Membrane electrode
assembly with Ni-Fe layered
double hydroxide anode
material spray coated onto
reverse.

1-compartment, 2-electrode
cell with MHCM-z-BCC
counter electrode.

1-compartment, 3-electrode
cell with graphite foil counter
electrode.

3-electrode system with Pt
sheet counter electrode and
Ag/AgCl reference electrode.

3-electrode system with a
platinum  sheet counter
electrode and  Ag/AgCl
reference electrode.

2-electrode, 2-compartment
setup, FeOx counter-

reference electrode, Nafion®
117 membrane.

1-compartment, 3-electrode
cell with graphite rod counter
electrode and SCE reference
electrode.

1-compartment, 3-electrode
cell with carbon rod counter
electrode and SCE reference
electrode.

1-compartment, 3-electrode
configuration with graphite
rod counter electrode and
SCE reference electrode.

1-compartment, 3 electrode
cell with Pt plate counter
electrode and Hg/HgO (1 M
NaOH) reference electrode.

1 compartment, 3-electrode
cell with carbon counter
electrode and  Ag/AgCl
reference electrode.

3-electrode cell, 1-
compartment, with platinum
sheet counter electrode and
Ag/AgCI reference electrode.

3-electrode cell, 1-
compartment, Graphite rod
counter electrode and

Ag/AgCI reference electrode,
constant flow of Ar to remove
gas build up.

3-electrode, medium frit
separated  2-compartment
cell, with FTO counter
electrode and  Ag/AgCl

reference electrode.

21

62

85

89

90

103

78

104

105

84

49

106

107

108



NiNS Ni foam Natural seawater with 2-electrode cell with NINS as 109
phosphate buffer, pH = anode and cathode.
7.05.

Bifunctional catalysts capable of operating as both anode and cathode are attractive as this simplifies
cell construction, and could also allow for electrochemical regeneration by potential switching as in the
case of FeOy bi-functional material in KOH (pH = 13)*.. Reversing the anode and cathode every 1 hour
by potential switching prevents (entirely within error) catalyst activation loss*'. Similar results were
achieved for iron foil electrodes, in which addition of 0.6 M NaCl to the system revealed quantitative
water splitting with 2:1 generation of H,:O., however testing was not carried out in real seawater.

Earth abundant HER catalysts®” have recently been reported for electrolysis in neutral media. Catalysts
consisting of a Cu surface modified by Ni atoms and CrOy clusters were prepared through anisotropic
doping of the metal surface and have been proposed to asymmetrically destabilize bonds in the water
molecule to favour its dissociation into H* and OH™. NiMoS has been evaluated and proposed as a
potential cathode material for operation in saline water at neutral pH®*®*. When combined with a
MHCM-z-BCC anode the system operated for 100 hours in neutral buffered saline water with minimal
current density decline.

Corrosion due to CI~ and related CI~ oxidation products such as Cl, can be a concern for electrode
stability. While chloride oxidation products are primarily a concern for the anode, gas crossover is
possible,®® and the stability of the cathode in the presence of chloride and oxidation products such as
Cl, should be carefully considered. Crossover can be managed to an extent by controlling membrane
thickness to find a suitable balance between separation properties and conductivity, and by controlling
pressure gradients. Alloys of either Pt or Ni with transition metals including Cr, Fe, Co and Mo (that is,
PtM and NiM) have been shown to reduce corrosion leading to metal chloride formation in saline water
and in the presence of Cls, increasing long-term stability®*°. PtMo (ref. 2°) and PtRuMo (ref. %) alloys
on Ti mesh have shown excellent performance in real seawater with <10% loss of their original current
density after 172 hours of operation. NiMo (refs. %) alloys have also been shown to provide a
promising combination of catalytic activity and longterm stability. The increased corrosion resistance
of these alloys is attributed to competitive dissolution reactions between the guest M species with Cl
(ref. %). Alloys containing Mo are also widely reported in more traditional water splitting applications
to possess favourable overpotentials and stability®>*°. Development of catalysts capable of inherently
resisting corrosion or poisoning due to foreign ion deposition such as those described above are

desirable in order to achieve long-term stability as exemplified in Fig. 6¢.

Blocking layers. Addition of permselective barrier layers on catalyst surfaces has been demonstrated
to limit unwanted CI- chemistry at the anode®, and a similar approach could be envisaged for protecting
cathode materials to enhance long-term stability, as shown in Fig. 6d. Several examples of cathode

protecting layers have been demonstrated recently. A thin layer of Cr(OH); coated onto a Pt cathode



has been reported to act as a selective blocking layer, providing selectivity for the HER over competing
hypochlorate reduction in the chlorate process®»®®. MnOx has also been suggested to play a similar role
to that of Cr(OH):**%. A graphitic shell around a CoMoP electrocatalyst has been shown to promote
HER performance and provide protection against etching, agglomeration and poisoning in saline
water®®. Furthermore, it is possible that permselective layers could play a dual role in electrolyser
systems, by protecting both the catalyst layer and also any membrane which sits underneath the catalyst.
Although mass transport issues may arise upon the addition of a permselective overlayer, such an
approach could provide a significant improvement to the long-term stability of a system operating in

impure water.
Conclusions and outlook

Several issues need attention for electrolysis of impure or saline water to become viable. The use of
appropriate membranes is crucial for building an efficient electrolyser using seawater or lowgrade water
without extensive purification/treatments. Common membrane and diaphragm technologies are
susceptible to transport of and blockage by foreign ions, however the effect this has on the activity and
longevity of a system is not fully understood and further research into membrane blockage by impurities

would be highly valuable.

At the anode, overcoming the competition between chlorine chemistry and water oxidation is essential
for successful saline water splitting. Oxygen evolution selectivity can be obtained by operating in
alkaline conditions, and this has been demonstrated in highly alkaline systems (pH ~13) containing
NaCl. However, a transition to real seawater at high pH is expected to have additional challenges
associated with precipitation formation when seawater is adjusted to pH greater than ~10 (ref. *°). Based
on the Pourbaix diagram, there may be an opportunity to operate near pH 8-9 and maintain O
selectivity. In this scenario, careful control of pH becomes a vital task and a strong buffer is likely
required. Other strategies for operating anodes and cathodes in impure water include selective transport
of ions by membranes, formation of permselective materials/ barriers onto the surface of catalysts, and
finding electrode materials with catalytically selective sites to favour desired reactions over side-

reactions and catalysts poisoning.

It would be beneficial for the community to assess new materials for use in impure water using
standardized criteria. The composition of real seawater is complex and varies around the globe, and the
use of a standardized electrolyte composition (for example, Instant Ocean) for benchmarking new
catalyst materials is important. For buffered saline water, a similar standard should be employed along
with a clearly defined nature and concentration of the buffer species. Other relevant parameters that
need standardization include long-term stability assessment (>100 hours) at a standard current density

(10 mA cm in batch systems, 200 mA cm~2 in flow electrolysis cells).



Some electrocatalysts are already available with good activity and selectivity?~®?, but long-term stability
remains an issue. For membranes, an interesting approach could be to mimic electrokinetic membranes
found in certain plants such as mangrove roots that filter seawater, thereby reducing saline

concentration on the surface of the electrode, and minimize membrane fouling or decomposition®®.

The transformation towards a decarbonized society requires careful considerations in reducing the cost.
In most cases, saline water electrolyser technologies will need to have competitive capital and
operational costs (CAPEX and OPEX) compared to electrolyser technologies coupled to desalination
and purification units. Extra revenue may be obtainable if a careful management of the waste stream is
utilized””. We believe that islands can be ideal places to test new technologies given the abundance of
renewable energy and the desire for storage and self-sufficiency®, combined with the inherent current
costs of importing fossil fuels not available in these territories. Although it remains unclear which of
the electrolyser technologies will be more suitable for saline waters, the operation at near neutral pH
(7-9) is preferable and AEM would most likely fulfil this requirement, unless gas-phase electrolysis

becomes competitive.
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