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The chlorine ion present in seawater is the most threatening danger to water splitting technologies aiming at directly using the
seawater as an electrolyte. In the alkaline route, chlorine can potentially be oxidized to hypochlorite, a toxic and corrosive
compound that remains in the electrolyte in aqueous form. However, there is an electrochemical window allowing to completely
avoid the formation of hypochlorite. In this work, a set of commercial electrodes and gas separators were tested in a lab-scale
electrochemical cell by injecting different concentrations of Cl™ in the electrolyte and testing various operating conditions. The
latter include varying the imposed current density and KOH concentration in the electrolyte at 70 °C. Our results show that the key
parameter is the cell voltage, which, if kept under 1.9 V, enables to avoid CIO™ formation and its consequences, e.g. corrosion of
the electrodes and bipolar plates. With our setup, this condition was successfully met by simultaneously using an electrolyte with at

least 30 wt% KOH and limiting the current density to 0.5 A cm
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As the global demand for clean energy intensifies, hydrogen has
emerged as a pivotal solution for decarbonizing industrial processes,
transportation, and power generation.!> Water electrolysis, i.e.
splitting water into hydrogen and oxygen using electricity, is a
promising method for producing clean hydrogen, especially when
powered by renewable energy sources.>* While traditional electro-
lysis relies on purified freshwater, growing interest is shifting toward
the use of seawater,5 which constitutes over 96% of the Earth’s water
supply. Seawater electrolysis holds the promise of sustainable, large-
scale hydrogen production without placing pressure on scarce
freshwater resources.® At the same time, while seawater is abundant
and freely available, the energy and materials cost required to
maintain efficiency and durability can be significant.” in particular,
the cost of corrosion-resistant materials and increased system
maintenance must be offset by gains in scalability and environmental
impact. Life-cycle assessments (LCAs) and techno-economic ana-
lyses suggest that while seawater electrolysis may not yet be
economically superior to freshwater-based systems, it offers clear
benefits in regions facing water scarcity,® and its potential improves
significantly when coupled with offshore wind farms.’

Electrolysis of water involves the cathodic hydrogen evolution
reaction (HER) and the anodic oxygen evolution reaction (OER). In
seawater electrolysis, the complexity increases due to the presence
of chloride (C17).'° These anions can compete with or interfere in
the OER, leading to chlorine evolution reactions (CER) that not
only reduce the faradaic efficiency of the anodic reaction but can
also produce hazardous and toxic byproducts like chlorine gas (Cl,)
and hypochlorite (ClO™) in acidic and alkaline media,
respectively.!' Moreover, for the latter, depending on the compe-
titive interaction between OH™ and CI™ at Ni surfaces, chloride-
induced destabilization of Ni(OH),/NiOOH layers and Ni-Cl
complexation can occur well before hypochlorite formation as
well.'">'* Finally, seawater’s variable composition, affected by
geographical and seasonal factors as illustrated in Table I,'* adds
further complexity to process optimization. For instance, the
formation of insoluble metal hydroxides of divalent cations, in
particular Mg(OH), and Ca(OH),, can degrade electrode materials
and obstruct ion transport.™

One obvious solution to avoid any issues related to chloride
oxidation is to pre-treat the seawater by well-established techniques
like reverse osmosis,'” and only use the C1~ free fraction for water
electrolysis. However, this not only increases the spatial and
energetic footprint, which becomes especially critical for off-shore
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hydrogen production, but also puts additional ecological constraints
because of the need for a downstream brine treatment.'® Therefore,
efforts to develop direct seawater electrolysis systems that avoid pre-
treatment are increasing. During such direct seawater electrolysis,
the electrochemical reactions must be selectively tuned to favor
water splitting over chloride oxidation. Many of them have con-
centrated so far on direct seawater electrolysis in acidic media, by
adapting a classical Proton Exchange Membrane (PEM)
electrolyser.®”"' In this case, selective electrocatalysts that suppress
the CER while promoting the OER are being developed. In
particular, transition metal-based catalysts, such as nickel-iron
(NiFe) layered double hydroxides (LDH), have already shown
promising selectivity and stability.?® Other studies have explored
coating strategies, such as using hydrophobic or ion-selective
membranes, to physically block CI™ transport to the anode
surface.”*!

PEM seawater electrolysis is often seen as a more promising
technology than its alkaline counterpart, mostly because of its
compactness.*** This is mainly related to the common belief that
alkaline electrolysers have a signiﬁcantlz higher footprint as
compared to PEM: 100 m> MW ™" vs 50 m* MW ~'.* As a result,
they are usually considered to be much less attractive for off-shore
applications, despite their intrinsic higher durability, higher compat-
ibility with seawater impurities and lower cost. However, this
footprint-related argument needs to be revised with the emergence
of high current density alkaline water electrolysis, both using a
standard  Zirfon diaphragm®* or anion-exchange membranes
(AEM);% but also following alternative approaches like in the case
of capillary-fed electrolysis.”®

In the Pourbaix diagram in Fig. 1, thermodynamically stable
phases of the chlorine-water system in standard conditions are
shown, with solid black lines representing the equilibrium conditions
between two regions where different species are predominant. The
region between the two dashed red lines represent the stability region
of water, and the regions above and below that region represent the
stability regions of oxygen and hydrogen, respectively. From this
diagram, it becomes clear that, in alkaline media, the challenge of
favoring water splitting over chloride oxidation becomes somewhat
relaxed. First of all, for pH > 7, the stable species resulting from
chloride oxidation is no longer chlorine gas, but aqueous hypo-
chlorite C1O™:

CI” + 20H™ = CIO™ + H,0 + 2e~ [1]

Kinetically, this 2 electron exchange reaction involves a 2-step
Volmer-Heyrovsky mechanism:
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Table I. Most prevalent ions in seawater and their concentration in
mmol/L at different locations.

mmol/l Na®  Mg>t ca®t K" Ca so2
“Standard” seawater 469 52.7 10.3 10.2 553 28.2
Atlantic ocean 493 55.1 10.8 109 577 29.5
North sea 478 54.6 11.9 10.3 569 28.4
Baltic sea 99 10.5 2.6 2.2 116 6.0

Mediterranean sea 515 62.3 10 9.5 615 22.4
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Figure 1. Pourbaix diagram of the chlorine-water system at 25 °C.
Reproduced from Ref. 27.

Volmer step:
M+Clr=M-Cl+e [2]
Heyrovsky step:
M - Cl+20H =M + CIO™ + H,O + e~ [3]

with M representing an electrocatalyticall;f active site on the surface
of the anode, either metallic or oxidized. 8

Secondly, at pH > 7, the electrochemical window that allows to
avoid ClO™ formation (~480mV, cfr. Figure 1) is significantly
larger than the one to avoid Cl, formation (~100 mV at pH < 0). On
the other hand, contrary to gaseous Cl, which can be captured or
vented to the atmosphere, aqueous hypochlorite ions remain in
solution. As such, they present a strongly oxidising agent that is not
only highly corrosive to the metal electrodes and piping,>' but is also
toxic to marine life and human health.>® Moreover, hypochlorite ions
can undergo further oxidation to chlorite (C10,), chlorate (C1O37)
and perchlorate (ClO, ), thereby further decreasing the anodic
Faradaic efficiency of the water oxidation reaction itself.”*!

The objective of the current work is to demonstrate that, under
certain conditions, direct seawater electrolyis in alkaline media is
feasible without any hypochlorite formation, using the same Ni-
based electrodes, diaphragm and KOH electrolyte concentration as in
state-of-the-art alkaline water electrolysers. At the same time, we
also demonstrated that, if hypochlorite formation is not suppressed,
all cell components, including electrodes, diaphragm and cell
housing, are severely corroded within one hour of operation.

Experimental

Electrochemical characterisation.—For the water electrolysis
experiments, we used the same home-built flow-through cell already
described in previous work,*® and represented in Fig. 2. For the
electrodes, 0.5 mm thick expanded Ni meshes were used, coated with
Pt or RuO, on the anode and cathode side, respectively. They were
obtained directly from the industrial alkaline electrolyser manufac-
turer Hydrogenics who had it in stock for their 300 cm? prototype
stack, and then cut to 2 x 2 cm? square electrodes to fit into our own

electrochemical cell. Although the exact structural details and
coating procedures of these expanded Ni meshes cannot be dis-
closed, a view on their surfaces can be taken on the Scanning
Electron Microscopy (SEM) images in Fig. 3, acquired with a Zeiss
Ultra 55 microscope operating at 15 kV. The expanded meshes of the
cathode and anode from Figs. 3a and 3c have different structures,
and their surfaces also show distinct profiles. The zoom of the
cathode surface in Fig. 3b reveals bright flakes standing on a darker
surface, the flakes likely showing electrical charging from ruthenium
oxide. A closer look on the anode in Fig. 3d shows a more
homogeneous, slightly cracked surface. A more detailed character-
ization study of these electrodes, including Energy Dispersive X-ray
spectroscopy (EDX) quantification and X-ray Diffraction (XRD)
analyses, is available in Ref. 31. Rather than using a knitted mesh to
contact the electrodes to the Ni current collector plates, we used a
3000 pm pore sized, 4 mm thick Ni foam. Previous work demon-
strated this to provide more reproducible data when compressing the
cell during assembly. Cathodic and anodic compartments were
separated by a commercial 500 pm thick Zirfon UTP 500 diaphragm
(Agfa). All electrochemical experiments were carried out at 70 °C, a
temperature which was controlled by 2 independent thermocouples
immersed into separate stainless steel catholyte and anolyte reser-
voirs that were placed on a heating plate. Electrochemical data were
collected using an AMETEK VersaSTAT3-200 potentiostat. Both
cyclic-voltammetry (CV) and galvanostatic experiments were per-
formed. For the first, the current density was cycled back and forth
between 0 and 0.5 A cm ™ for 6 consecutive cycles at a scan rate of
0.01 A s~'. Then, 5 min galvanostatic steps were included at 0.125,
0.25, 0.375 and 0.5 A cm ™2, respectively, in order to verify any
possible electrochemical differences between dynamic and static
loading. After that, 6 more CV cycles were imposed. Apart from
these CV cycles, 6 h galvanostatic experiments at 0.5 A cm ™2 have
been performed as well to have an initial assessment of the longer-
term stability.

For the electrolyte, both 1.0 M and 30 wt% KOH (>85%, VWR,
NORMAPUR) solutions have been considered. While the latter,
corresponding to about 6.9 M KOH, is the standard concentration for
industrial alkaline electrolysers operating with a Zirfon diaphragm, a
less concentrated 1.0 M solution is typically used for anion exchange
membrane (AEM) alkaline electrolysis. Moreover, decreasing the
KOH concentration also allows to test the effect of a less corrosive
KOH medium. To both electrolytes, different concentrations of KC1
were added (0.1, 0.5 and 1.0M, > 99.5%, Merck Millipore,
EMSURE) to both the catholyte and anolyte in order to simulate
the effect of chlorine anions Cl~ present in seawater. For this work,
we preferred to add the chloride as KCl, rather than as NaCl which is
typically present in seawaters. This allowed to concentrate on the
single effect of Cl1~ addition, K already being present in excess
from the KOH electrolyte. It should be noted though that by doing
so, possible synergistic effect that other anions might have, in
particular sulfate (SO,2~, cfr. Table I) are overlooked. The latter has
indeed been reported to help suppressing the CER through its
preferential adsorption on the anode surface, forming a negative
charge lagyer repelling the chloride ions through electrostatic
repulsion.*?

In our set-up, catholyte and anolyte were never mixed, but
pumped through the cell via 2 separate peristaltic pumps (Cole-
Parmer, Model 7553-77) at a moderate flow rate of 0.9 L min .
Both the catholyte and anolyte reservoirs were connected to a
separate transparent gas collection reservoir. These were used to
have an independent measurement of the Faradaic efficiency by
observing the gas volume evolution over time during a galvanostatic
experiment (at 2 A) performed separate from the CV and galvano-
static experiments described above. Finally, the electrical conduc-
tivity of the electrolytes considered in this study was measured ex
situ using a 914 pH/Conductometer instrument from Metrohm.

Hypochlorite and metallic ions characterisation.—While the
presence of CI™ may lead to chlorine gas (Cl,) formation during
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Figure 2. Schematic representation of the experimental setup used in the present study.

Figure 3. SEM images of the structures of the expanded meshes of the cathode (a) and anode (c) used in this study, together with zooms on the corresponding

cathode (b) and anode (d) surfaces.

water oxidation in acid media, oxidation of Cl~ into aqueous
hypochlorite (C107) is be expected for pH > 7 (cfr. Figure 1). Its
detection is not straightforward, and requires a dedicated analytical
protocol.* The o-tolidine method consists in reacting the hypo-
chlorite with o-tolidine and measuring the absorbance of the
resulting solution. Selected concentrations of ClIO~ were added to
our KOH solutions (15 pM, 30 uM, 45 pM, 60 pM and 90 pM for the
1M KOH solution and 15pM, 30puM, 45pM, 60 uM, 105 pM,
150 uM, 195 pM, 285 pM, 390 pM, 495 uM, 600 pM and 690 pM for
the 30 wt% KOH solution, 0.1 ml each), which in turn were added to
a test solution of 0.5 mM o-tolidine in order to obtain a calibration
curve. The UV—-vis spectra were then measured (with a SPECORD
200 plus from Analytik Jena) at a wavelength of 436 nm in order to
extract the evolution of the absorbance as a function of the
hypochlorite concentration.

Resulting calibration curves for the 2 electrolytes considered in
this work are shown in Fig. 4. In order to eliminate any analytical
interference with other impurities known to occur during alkaline
water electrolysis (in particular dissolved Fe®>™ when using a
stainless steel set-up34), long-term (6 hr) galvanostatic experiments
were repeated in a full glass setup, during which the anolyte was
sampled every hour for an ex situ hypochlorite characterization, as
well as inductively coupled plasma—optical emission spectrometry
(ICP-OES, model Varian 720-ES) for detection of metallic elements.

Results and Discussion

As a starting point for the electrochemical analysis, Fig. 5 shows
the effect of different CI~ concentrations on the polarisation curves
for alkaline water electrolysis using two KOH concentrations: 30 wt
% KOH on the left, and 1.0 M KOH on the right, respectively.
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Figure 4. CIO™ calibration curves corresponding to the two electrolyte
solutions used in this study (blue: 30 wt% KOH, red: 1 M KOH), obtained by
measuring the absorbance of these solutions after adding o-tolidine.

Superposed on the last recorded CV-curve for each condition are the
average cell voltages obtained during the 5 min galvanostatic stays at
0.125, 0.25, 0.375 and 0.5 A cm™?2 that were performed in-between
the 2 x 6 CV cycles. The fact that in both cases no difference is
observed indicates that the dynamic (CV) and static (galvanostatic)
behaviour is identical. When comparing the effect of the Cl™
additions for the two KOH concentrations, no effect could be
observed in 30 wt% KOH (Fig. 5a, left), while a decreasing trend
with increasing C1™ is evident in 1.0 M KOH (Fig. 5b, right). Before
considering unwanted reactions involving chloride, the cell voltage
is likely affected by the increase in electrical conductivity of the
electrolyte induced by the addition of KCl, especially in the 1.0 M
KOH electrolyte. Indeed, the conductivity of electrolyte specimens
was measured ex situ at 70 °C, revealing a 26% increase in
conductivity after the addition of 1.0 M KCI to the 1.0 M KOH
electrolyte, while the 30 wt% KOH electrolyte did not undergo any
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Since the polarisation curves shown in Fig. 5 cover a relatively
broad cell voltage range, starting already from about 1.4 V at near-
zero current density, oxidation reactions occurring at low potentials
that affect the Ni electrode chemistry might explain part of the
differences observed. A particularly useful literature report is Ref.
32, which explored the effect of ion concentrations on the electrode
activity and stability during direct alkaline seawater electrolysis. In
that study, it was shown how in NaOH-based electrolytes at low
current densities (10 mA cm ™2, corresponding in that study to an
overpotential of 300400 mV), the mass of Ni(OH), on Ni foam
anodes in the absence of C1~ was decreased 2-fold when going from
1.0M to 6.0M NaOH. At the same time, increasing the CI™
concentration by adding up to 1.8 M NaCl at the same low current
density to a 6.0 M NaOH electrolyte solution increased the mass of
Ni(OH), almost 4-fold, without any sign of CI~ consumption.
Therefore, in the low potential range of the polarisation curves
shown in Fig. 5, we cannot rule out the dominant role of Ni-Cl
interactions in tuning the Ni anode chemistry, rather than initiating
hypochlorite formation. The following reaction steps that underly
such Ni-Cl interactions and at the same time affect Ni(OH),
formation have been proposed in Ref. 32 as follows:

Ni + CI” = NiClygs + ¢~ [4]
NiCl,gs + CI- = NiCl,~ (5]
NiCl,~ + OH- = Ni(OH), + CI- [6]

In addition to the polarisation curves of Fig. 5, measurements of the
Faradaic efficiency for each C1™ concentration were performed during
dedicated galvanostatic stays at 0.5 A cm ™2, which is the highest current
density. Results are shown in Fig. 6, both for the anodic (O, evolution)
and cathodic (H, evolution) compartment. For the 30 wt% KOH
electrolyte, no effect of CI™ could be detected, with Faradaic
efficiencies for both the O, and H, evolution reaction being statistically
equal to 100%. For the 1.0 M KOH electrolyte, a significant decrease in
the anodic Faradaic efficiency was observed, with values decreasing to
about 80% and 30% for CI™ concentrations of 0.5M and 1.0 M,
respectively. At the same time, similarly as for the 30 wt% KOH
condition, cathodic Faradaic efficiencies related to the H, evolution
reaction remained at 100%, independent of CI~ concentration.

One possibility for the decrease in anodic Faradaic efficiency
with increasing Cl~ concentration in the 1.0 M KOH electrolyte
under such high potential conditions is the gradual oxidation of
chloride CI™ to hypochlorite ClO™. According to the Pourbaix
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Figure 5. Polarisation curves at 70 °C, (a) 30 wt% KOH and (b) 1 M KOH, for 4 different concentrations of KCl added to the electrolyte. Separator: Zirfon
diaphragm. Electrodes: coated, expanded Ni meshes combined with a 3000 pm pore sized Ni foam. Lines are measured from cyclic voltammetry, with

superimposed bullet points from 5 min galvanostatic experiments.
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Figure 7. Cell voltage evolution during a 6 h galvanostatic experiment at 0.5 A em™2, 70 °C, for (a) 30 wt% KOH and (b) 1 M KOH electrolyte solutions, for 3

different concentrations of KCI added to the electrolyte.

diagram already shown in Fig. 1, such an oxidation can be expected
to occur simultaneously with the water oxidation reaction for cell
voltages exceeding 1.9 V. Indeed, the voltage difference between the
standard equilibrium lines for water dissociation on the Pourbaix
diagram is 1.23 V (red dotted lines in Fig. 1). When adding at pH >
7 an overpotential of 480 mV, which is a typical value encountered
for the OER during alkaline water electrolysis,>> one already passes
above the equilibrium line for Cl™ oxidation, thereby hitting the
CIO™ stability region. Since for the HER a minimum overpotential
of 0.19 V is usually required as well,*® any cell voltage above 1.23 +
0.48 + 0.19 = 1.9 V would cause the simultaneous oxidation of both
water into O, and Cl™ into ClIO ™. Since hypochlorite is an aqueous
species dissolved in the electrolyte, contrary to the gaseous OER, its
formation will not contribute to the measured gas volume on which
the anodic Faradaic efficiency values are based. This then explains
their significant decrease observed in Fig. 6b on the anodic side.
We acknowledge that, since our electrochemical flow-through
cell set-up does not allow for separate anodic and cathodic half-cell
potential measurements, the above thermodynamic argument relating
hypchlorite formation to the total cell voltage remains speculative.
Therefore, in order to confirm the hypothesis of hypochlorite
formation once the cell voltage exceeds 1.9V, additional long-
term (6 hr) galvanostatic experiments were performed at 0.5 A cm™ >
for different C1~ concentrations. During these experiments, anolyte
samples were taken every hour, and analysed quantitatively for their
CIO™ concentration, as well as their concentrations of metallic

species potentially coming from the stainless steel elements of the
setup (Fe, Cr, Mo) and from the electrodes (Ni). Figure 7 shows the
corresponding cell voltage evolution, both for the 30 wt% KOH and
the 1.0M KOH electrolyte. For the 30 wt% KOH electrolyte
(Fig. 7a, left), no significant differences could be observed for the
different C1~ concentrations, as was also the case for the polarisation
curves reported in Fig. 5a. Moreover, the cell voltage remains very
stable over time as well. This suggests that even in the presence of up
to 1.0M CI™ (which is twice the typical concentration of ClI~ in
seawater), no degradation of the cell components has occurred. On
the contrary, for the 1.0 M KOH electrolyte (Fig. 7b, right), a
significant degradation can be expected in the presence of 0.5 and
1.0 M of C1™ from the observed cell voltage increase up to 4 and 8 V,
respectively. As seen in Fig. 8, in the case of 0.5 M Cl, this voltage
increase can be correlated to a significant increase in ClO™
concentration detected in the 1.0 M KOH anolyte. At the same
time, no sign of hypochlorite formation could be detected in the
30 wt% KOH anolyte, its concentration always remaining under the
detection limit of our analytical protocol. We do need to acknowl-
edge though that, besides the thermodynamic argument related to the
lower cell voltage in the case of 30 wt% KOH, the competitive
interaction between OH™ and CI™ at the surface of our Ni-based
electrodes, as described by reactions (3) and (4), is also in favor of
OH"™ adsorption at higher KOH concentrations. This kinetic argu-
ment may therefore have contributed as well to favoring O,
evolution over hypochlorite formation in the case of 30 wt% KOH.
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Figure 8. (a) Cell voltage evolution during a 6-hours galvanostatic experiment at 0.5 A cm ™2, 0.5 M KCI, 70 °C, for 1 M KOH (red) and 30 wt% KOH (blue)
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Figure 9. Photographs of (a) the 2 x 2 cm? anodes and cathodes before and
after a 6 h galvanostatic test at 0.5 A cm 2 and 70 °C ina 1 M KOH + 0.5 M
KCl electrolyte, showing the Ni foams on top and the Ni expanded meshes on
the bottom and (b) the anodic bipolar plate (left) and the cathode and its
sealing (right) after a 6 h galvanostatic test performed at 0.5 A cm ™2 and 70 °
CinalM KOH + 1 M KClI electrolyte.

Anolyte samples taken during the experiments performed in the
stainless steel setup revealed, after ICP analgsis, accumulation of
metallic ions in the electrolyte, especially Fe*™ (17.6 mg 17" after
6h) and Cr*" (9.6 mg 17" after 6 h). These elements significantly
modified the absorbance of the liquid samples, in turn perturbing the

hypochlorite characterisation. Therefore, the galvanostatic steps of
Fig. 8a were repeated in a full glass setup in order to obtain the
correct CIO™ concentration values, shown in Fig. 8b. In the latter
setup, all metallic elements measured by ICP remained under
0.2mg 1", and did not show any signs of accumulation.

Finally, Fig. 9 allows to visually anticipate the effect of
hypochlorite formation on the dramatic cell voltage increase in the
1.0M KOH electrolyte. It shows on the one hand (Fig. 9a, left)
optical micrographs of anode degradation after 6 hr exposure to
0.5M CI, both the catalytically coated perforated Ni plate and the
3000 pm Ni foam used as porous transport layer. Even more
dramatically, Fig. 9b shows pictures of the entire flow-through cell
after 6 hr exposure to 1.0 M CI". For the latter, not only the anodes
show significant traces of C1O™ induced corrosion, but also the Ni
current collector plate has started to corrode. This is not surprising,
since CIO™ is well-known to be a strongly corroding agent, some-
times even called “bleach” >

Conclusions

This study assessed the role of hypochlorite formation on the
performance and integrity of alkaline seawater electrolysers. While
the concentration of CI™ in the seawater is an important starting
parameter for its progressive oxidation to C10™~, we have shown that
depending on the electrolyser operating conditions, hypochlorite
formation can be completely avoided. In particular, it was shown that
when operating a seawater electrolyser with both an alkaline anolyte
and catholyte that contains Cl™~ concentrations exceeding 0.5 M, its
electrochemical window should guarantee that the cell voltage
remains below 1.9 V. In this work, we have demonstrated that this
can be done by using a KOH electrolyte that is sufficiently
concentrated (at least 30 wt% KOH) while at the same time limiting
the current density to 0.5 A cm 2.
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