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catalysis: activity and selectivity
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Seawater is considered to be amajor hydrogen reservoir. However, the presence ofmultielements in seawater

and their interference in electrochemistry, especially the chlorine chemistry, makes the electrocatalytic water

splitting of seawater very challenging and still not completely understandable. To make seawater electrolysis

sustainable, the activity of electrocatalysts may not be the only parameter, but the selectivity of the efficient

oxygen evolution reaction suppressing the corrosive chlorine chemistry is highly desirable. Thereby, the

current review not only focuses on fundamentals to understand the mechanisms involved in the anode and

cathode, but also discusses different electrocatalysts, factors affecting their performance, and finally the

rational design of electrolyzers finding the possibilities towards commercialization.
1. Introduction

In the era of exponentially raising global energy demand, the
limited availability of fossil fuels and environmental pollution
associated with it brings us a major challenge. To address this,
hydrogen technologies may play a major role in satisfying the
electricity demand with zero carbon emission. The recent inter-
national modeling study indicates the fact that electricity
production must involve decarbonization by 2020, and must
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continue in the coming years to establish the balance in the
carbon footprint.1 Hydrogen gas, owing to its high gravimetric
energy density (142 MJ kg�1 at 25 �C), is considered to be
a potential fuel for the future.2,3 The concept of hydrogen economy
was proposed long ago in 1972 by the electrolysis of water.4,5

However, the current status for hydrogen production indicates
that fossil fuels, like natural gas and coal or biomass gasication,
are still the primary source for hydrogen production and only 4%
of hydrogen production occurs from water electrolysis.5 The low
production percentage from water electrolysis is due to the low
system efficiency of 70% involving slow electrochemical kinetics.2

Such a low system efficiency makes the water electrolysis process
expensive and challenging for commercialization.6 The process
can be made practical not only by choosing the cost-effective
electrocatalysts, but also by using impure water or seawater,
knowing the scarcity of usable fresh water with growing
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Fig. 1 Elementary distribution of seawater. The percentages have
been calculated in wt/wt unit.
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population. It is a well-known fact that 97% of the earth surface
water is seawater, which can be recommended for use in elec-
trolyzers. However, the presence of salts up to 3.5% in seawater
composed of different elements, as shown in Fig. 1, and their
involvement in various competitive electrochemical reactions
create much complexity, limiting the efficiency of electrolysis.7

Therefore, it is very important to understand all the possible
electrochemical reactions in seawater, and to carry out selective
electrochemical reactions facilitating hydrogen production. It is
needless to say that the process is quite difficult and challenging.
Even though seawater electrolysis was pioneered by Trasatti in
1984,8 very few studies have been reported so far. Knowing these
facts and the importance of the eld, the present review focuses
not only on the possible electrochemistry involved in the process,
but also provides thermodynamic insights identifying the possi-
bilities on the selective electrocatalysis and gaps towards the
industrial commercialization of the process.
2. Fundamental aspects
Reaction mechanism

The splitting of fresh water into hydrogen and oxygen is
a thermodynamically uphill process with a positive Gibbs free
energy (DG) value of +237.2 kJ mol�1 for one mole of water. This
indicates that a thermodynamic electrical potential of 1.23 V is
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required for reversible electrocatalysis. However, in reality, an
extra cell voltage of over 1.23 V, known as the overpotential, is
necessary to carry out the overall water splitting involving
cathodic hydrogen evolution reaction (HER) and anodic oxygen
evolution reaction (OER) to make the overall reaction reason-
ably progressive.9 Amongst OER and HER, OER is known to be
a kinetically sluggish reaction involving multi-electron transfer,
which also depends on the nature of the electrolyte solution.
The possible cathodic and anodic reactions for fresh water in
alkaline and acidic medium are described in eqn (1)–(4).

In alkaline media

Anode: 4OH� ¼ 2H2O + O2 + 4e� E0
a ¼ +0.4 V (1)

Cathode: 2H2O + 2e� ¼ 2OH� + H2 E
0
c ¼ �0.83 V (2)

In acidic media

Anode: 2H2O ¼ 4H+ + O2 +4e
� E0

a ¼ +1.23 V (3)

Cathode: 2H+ + 2e� ¼ H2 E
0
c ¼ 0 V (4)

In alkaline media, the kinetics for OER are more favourable
due to the availability of hydroxyl ions in the solution, while the
HER mechanism struggles.

However, the electrochemical scenario for seawater elec-
trolysis will be different with the interference of many side
reactions. In his recent review article, Strasser listed the
possible redox reactions with the species present in the
seawater.10 The presence of chloride in the form of NaCl is the
major concern, which mostly interfere, causing the chlorine
evolution reaction (CER) and compete with the OER at the
anode. Indeed, the reactions at the anode will depend upon the
pH of the electrolyte, as per the Pourbaix diagram of chlorine,
represented in Fig. 2.

In acid media

2Cl� / Cl2 + 2e� E0 ¼ +1.36 V (5)
Fig. 2 (a) Pourbaix diagram for artificial seawater with 0.5 M NaCl
aqueous solution representing the oxygen and chlorine systems. The
green line indicates the thermodynamic equilibrium between H2O/O2,
and the red line in the alkaline side shows the equilibrium between Cl�/
OCl� and in acidic side Cl�/Cl2. The blue filled area indicates a fixed
potential difference of 480mV at pH > 7. The black and blue lines in the
acidic side show the equilibrium of Cl�/HOCl and Cl2/HOCl, respec-
tively. (b) Representation, derived from the Pourbaix diagram, showing
the overpotential ranges for OER and other chlorine oxidation reac-
tions at different pH values. Reproduced with permission from ref. 11.
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In alkaline media

Cl� + 2OH� / ClO� + H2O + 2e� E0 ¼ +0.89 V (6)

Amongst other species present in seawater, the redox
potential of the bromide–bromine (1.331 V) conversion is very
close to the chloride–chlorine redox reaction, giving a high
possibility of interference. However, the probability can be
ignored on the practical level, due to its presence in trace
amounts in seawater. Considering the other species to be less
problematic based on their redox potential values, one must
compare the redox reactions of the OER and CER depending on
the pH of the medium. Eqn (5) and (6) indicate that while in
acid media, chlorine evolution occurs, in the alkaline media,
chloride is converted into the hypochlorite species. It is
important to note that in both cases, the redox reactions involve
two electron transfers and the formation of a single interme-
diate, which will be discussed in further detail later. The
involvement of a four-electron transfer in OER, as stated in eqn
(1) and (3), thereby indicates faster kinetics of CER than OER.
However, the Pourbaix diagram (Fig. 2(a)) reveals OER as
a thermodynamically much more favorable mechanism than
CER. It can be noted that while at alkaline pH, an electrode
potential difference between the OER and CER is found to be
0.480 V. Conversely, in acidic pH, the difference decreases. This
suggests that an overpotential value of less than 0.480 V needs
to be maintained in order to generate O2 by OER, avoiding
hypochlorite formation by CER in alkaline media. However, the
seawater oxidation becomes challenging in acidic medium,
especially in the range of pH < 3, where the overpotential
Fig. 3 (a–d) Thermodynamics of RuO2(110) as the model catalyst: (a) Po
a (Cl�) ¼ 1, indicating the different surface combinations of RuO2(110). R
for CER (b) via Volmer–Heyrovsky mechanism at different overpotentia
electrochemical, and their pathways at different overpotentials. Reproduc
and for the OER (black). The gray cross denotes the catalytic activity (DGl

DGsel values, with TiO2(110)@RuO2(110) as an example, demonstrating th
from ref. 15. (e) Free energy diagram for HER on Pt(111) as a model elec
different overpotential values. Reproduced with permission from ref. 12.

76 | J. Mater. Chem. A, 2021, 9, 74–86
window becomes 180–350 mV for making OER favorable, as
shown in Fig. 2(b).11

In order to understand the selectivity of the electrocatalyst
for OER and CER, critical thermodynamic and kinetic assess-
ments are necessary. Considering RuO2 for OER and Pt for HER
as conventional electrocatalysts, Over and his group12 have
carried out extensive studies in determining the free energies,
and identifying the transition states (TS) and reaction inter-
mediates (RI) during OER or CER and HER in alkaline or acidic
medium on the single crystal models RuO2(110) and Pt(111).
The single crystalline RuO2(110) is composed of uncoordinated
Ru sites (Rucus) readily capped with the on-top oxygen (Oot) and
bridging oxygen Obr, partially saturated by hydrogen as OHbr,
depending on the overpotential as represented in Fig. 3(a).13,14

The Pourbaix diagram, showing OER and CER over a pH range
in Fig. 3(a), indicates that the O-caped RuO2 surface is stable
over a wide potential and pH range. To be specic, the diagram
shows that above 1.36 V, both OER and CER may take place.
Above 1.49 V at pH < 4, chlorine adsorption on Oot can be
preferred, making CER mechanism favourable.15 The RuO2

surface with (1Obr1OHbr + 2Oot) combination is recognized as
the thermodynamically most stable phase for CER reaction. The
CER reaction can be explained by three mechanisms: Volmer–
Tafel, Volmer–Heyrovsky, and Krishtalik mechanism, among
which the Volmer–Heyrovsky mechanism is mostly favored. The
mechanism involves the adsorption and discharge of the chlo-
ride ion (Volmer step) to form Ru–OotCl as the reaction inter-
mediate, followed by the recombination of adsorbed chlorine
with free chloride (Heyrovsky step), and thereby release of Cl2 as
described in eqn (7) and (8).
urbaix diagram in equilibrium with H+, Cl� and H2O at T ¼ 298 K and
eproduced with permission from ref. 15. (b and c) Free energy diagram
ls; and for OER (c) depicting two competing reactions, chemical and
ed with permission from ref. 12. (d) Volcano diagram for the CER (gray)

oss) for the CER, and the black cross is for the OER. Manipulation of the
e selectivity amongst the OER and CER. Reproduced with permission
trocatalyst describing the Volmer–Heyrovsky mechanism pathways at

This journal is © The Royal Society of Chemistry 2021
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Ru–Oot + 2Cl� / Ru–OotCl + e� + Cl� (Volmer step) (7)

Ru–OotCl + Cl� / Ru–Oot + Cl2 + e� (Heyrovsky step) (8)

The mechanism can be described in more detail by varying
the overpotential value hCER > 0 V in light of the Tafel plot ob-
tained in acidic pH, as represented in the free energy diagram
(Fig. 3(b)), based on the study carried out by Over and his group.
The free energy diagram indicates the formation of the single
reaction intermediate, Ru–OotCl, and the high TS free energy
value in the Heyrovsky step, thereby making the step as the rate
determining step. The TS free energy can be decreased upon
increasing the overpotential, especially in the Heyrovsky step
(#2), lowering more than that in the Volmer step (#1) at hCER >
0.20 V.12

Unlike CER, OER involves a four-electron transfer, making
the process kinetically slower than CER. The OER is considered
on the completely O-capped RuO2(110) surface by capping the
uncoordinated RuCUS atoms coordinatively with Oot as oxygen
on the top under acidic pH. Themechanism can be described in
four steps as formulated in eqn (9)–(12).16,17

2Oot + H2O / 1Oot1OOHot + H+ + e� (9)

1Oot1OOHot/1O*
ot þO2 þHþ þ e� (10)

1O*
ot þH2O/1Oot1OHot þHþ þ e� (11)

1Oot1OHot / 2Oot + H+ + e� (12)

As described by Over et al.,12 upon splitting of water, the
adsorption of OH may happen on the active Oot site or the H+

may adsorb onto Obr to form OHbr, or may release H+ into the
electrolyte. The free energy diagram for OER in Fig. 3(c) depicts
the two competing reaction pathways, one chemical and
another electrochemical, showing the formation of the corre-
sponding RI's. The diagram illustrates the change in pathways
for both at different overpotential values, at the reversible
electrode potential, i.e., hOER ¼ 0 V and at hOER > 0.3 V. It can be
seen that at low overpotentials (hOER < 0.3 V), the OER mecha-
nism initiates through the active (OHbr + Ru–Oot) surface
combination, and proceeds through the chemical pathway
shown in blue line (Fig. 3(c)). However, at hOER > 0.3 V, the active
site combination switches to the (Obr + Ru–Oot) surface
combination, and the reaction proceeds through the electro-
chemical pathways shown in the violet line in Fig. 3(c). It is
important to note that at hOER > 0.3 V, the TS for the electro-
chemical pathway (#EC) becomes lower than that of the chem-
ical pathway (#CHEM), making the electrochemical path
favourable.

The activity for OER and CER can be expressed with DGloss,
representing the unfavourable Gibbs free energy change at the
equilibrium potential. Based on the computational studies, it
has been found that for the thermodynamic barrier in both
cases, CER and OER on the model RuO2(110) surface are not
zero, which suggests that there is enough chance of
This journal is © The Royal Society of Chemistry 2021
manipulation on the O-capped RuO2 surface for selective cata-
lytic reactions.15 The hypothesis can be established with the
help of a volcano diagram as a function of the free oxygen
adsorption energy, represented in Fig. 3(d). In the volcano plot,
while the higher values of DG0(Oot) indicate limited Cl�

desorption, smaller values lead to limited Cl� adsorption. On
the other hand, in the case of OER, higher DG0(Oot) values
indicate OOHot decomposition, and the smaller values lead to
the restricted formation of OHot. It is important to note that
both cases proceed with maximum activity at the middle of the
higher and smaller values. It is obvious to see that the volcano
plot for CER is quite at compared to OER, and the difference in
the slopes reects the different numbers of reaction interme-
diates, 1 for CER and 3 for OER. The difference in DGloss values
at a certain DG0(Oot) denes the selectivity, and is quantied by
DGsel. The DGsel value can be manipulated by weakening the
Ru–O bond, i.e., lowering the OER catalytic activity, and in
another way, allowing for substantial selectivity, as exampled by
the TiO2(110) monolayer on RuO2(110).

The cathodic reaction was studied on the single crystalline
Pt(111) surface as a model electrocatalyst. The process can be
described by the Volmer–Tafel or Volmer–Heyrovsky mecha-
nism, among which the latter one has been preferred. The
mechanism can be described in two steps, by adsorbing
a proton on the Pt surface, known as the Volmer step, followed
by the recombination of the adsorbed hydrogen with the H+ ion,
recognized as the Heyrovsky step.

Pt–H Pt + 2H+ + 2e� / Pt–H Pt–H + H+ + e� (Volmer step)(13)

Pt–H Pt–H + H+ + e� / Pt–H$Pt + H2 (Heyrovsky step) (14)

Like RuO2 in OER or CER, the Pt(111) surface is covered with
hydrogen atoms with H-atom occupancy in the fcc hollow sites,
while the Pt atom sites remain unoccupied. As described in eqn
(13) and (14), the Pt atom sites mostly take part in the mecha-
nism. The free energy diagram for HER (Fig. 3(e)) via Volmer–
Heyrovsky mechanism reveals that the pathways for both steps
change, depending on the applied overpotential values. It has
been found that the Heyrovsky step becomes the rate-
determining step at hHER > �0.07 V, and the Volmer step is
kinetically limiting for hHER < �0.07 V.12
3. Electrolytes and effect of pH

In seawater electrolysis, the pH of seawater has been considered
as a critical parameter as the OER and HER are accompanied
with local pH changes at the electrodes. There has been
a continuous increase in pH at the cathode due to hydrogen
evolution, and a decrease in pH at the anode during oxygen
evolution observed.18 Such pH uctuation is found to be in the
order of pH 5–9 during the electrocatalysis, causing severe
damages to the electrocatalysts even at a low current density of
<10 mA cm�2.6 In the anodic reaction, the continuous decrease
in pH turns the electrolyte acidic at the electrode surface,
causing severe corrosion at the electrode. It is known from the
Pourbaix diagram (Fig. 2(b)) that OER becomes unfavourable
J. Mater. Chem. A, 2021, 9, 74–86 | 77
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and chlorate formation becomes most favourable as the local
pH decreases, considering the current density unchanged.19

However, the hypochlorite formation seems to be pH-
independent in the pH range of 6.5–10.5, and rather depends
on the convective diffusion of ions.20 In order to carry out the
selective OER mechanism avoiding CER at the anode, the pH of
the medium must be controlled and should be >7.5, as indi-
cated in the Pourbaix diagram (blue dotted line in Fig. 2(b)).10

Such control on the pH at the electrode surface can only be
possible using certain buffer solutions. Thereby, the addition of
buffer solution to consume protons, formed during OER, is
highly desirable. While the electrolyte composed of 1 M KOH
and 0.5 MNaCl is generally considered as the synthetic seawater
to study the electrocatalytic performances, the addition of
borate buffer (pH 9.2), carbonate buffer (pH 8.6) or phosphate
buffer (pH 7) have been attempted by various researchers.11,21

Even though trace amounts of borate and carbonate are present
in the seawater and may act as a buffer, their presence in
a negligible amount does not alter the situation.

The fact was examined by observing a noticeable difference
in the OER overpotential values at a certain current density at
different pH values obtained with and without borate buffer
solution using NiFe LDH nanoplates supported on carbon as
the electrocatalyst, reported by Strasser and his group11

(Fig. 4(a)). A shi of the �87 mV overpotential vs. RHE per pH
was identied at a current density of 1 mA cm�2. A similar trend
in the anodic peak shied over a range of pH was observed on
Fig. 4 (a) LSV plots of NiFe LDH nanoplates supported on carbon, show
mass spectrometer ion currents for O2 and Cl2 detected during chrono
9.2). Reproduced with permission from ref. 11. (c) Tafel plots (scan rate: 1
like MgCl2, NaCl or Na2SO4. The concentration and pH of the electrolyt
density vs. applied voltage without catalyst (blank), and with CNT-based c
Reproduced with permission from ref. 29. (e) SEM image of Co0.31Mo
representation), and (f) its HER performance comparison with 20% Pt/C

78 | J. Mater. Chem. A, 2021, 9, 74–86
hydrous Ni oxyhydroxide thin lms, as shown in the CV plots
presented in Fig. 4(c).22 The presence of NaCl in the electrolyte
denitely has an effect in lowering the solution resistance,
which can be reected by the enhancement in the current
density in the LSV plot with borate buffer electrolyte at pH 9.2 in
Fig. 4(a). However, the membrane-containing electrolysers
exhibit some drop in performance in NaCl-containing electro-
lyte due to the interference of Cl� in the OH� transportation
through the membrane, as observed by Dresp et al.23 The
chlorine evolution can be ruled out by xing the overpotential
value to below 480 mV. Nonetheless, the local pH changes
signicantly. This phenomena was conrmed by measuring the
quadrupole mass spectrometer ion currents for O2 and Cl2
during chronopotentiometric experiments at overpotential <
480mV, showing no spikes for Cl2 evolution using an electrolyte
composed of borate buffer and NaCl of pH 9.2 (Fig. 4(b)).
Indirectly, it also conrms the fact that borate buffer can effi-
ciently consume protons generated at the electrode surface, and
thereby make OER favourable. In another report, Esswein et al.
showed Co-borate compound as an OER catalyst exhibiting
550 mV overpotential at low current density of 1 mA cm�2 in
borate buffer electrolyte with pH 9.2.24 Here, the metal-based
catalyst retained catalytic activity at near neutral pH buffered
seawater electrolyte by reducing the formation of passive oxide
layers of metals. The use of phosphate buffer at near neutral pH
has also been studied. In general, the overpotential for OER has
been found to be in the higher end compared to the highly
ing the OER activities in four different electrolytes. (b) The quadrupole
potentiometric experiments with borate buffer + NaCl electrolyte (pH
mV s�1) of Co–Fe LDH/GCEs in seawater and other aqueous solutions,
es are the same. Reproduced with permission from ref. 25. (d) Current
atalyst (U-CNT-900) in buffered seawater (pH 7) and natural seawater.

1.69C/MXene/NC with 2D-sheet like nanostructure (inset: schematic
under pH 0.3–13.8. Reproduced with permission from ref. 30.

This journal is © The Royal Society of Chemistry 2021
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acidic or alkaline media.24–26 Nocera and his group27,28 further
explored the cobalt-based phosphate/borate compound as Co–
Pi, Co–MePi or Co–Bi catalysts prepared by electrodeposition
method, and found them to be highly efficient for OER in
seawater irrespective of the presence of chloride. The catalysts
in phosphate electrolyte established proton-accepting charac-
teristics, with phosphate as a proton carrier preserving a stable
local pH. This unique phenomena was believed to be respon-
sible for generating high current density with the oxygen fara-
daic efficiency of 100%. Alternatively, the OER of the simulated
seawater has also been examined without the addition of any
buffer solution with the CoFe-LDH supported on a Ti mesh as
a catalyst at a near neutral pH value of 8. Under this condition, it
exhibited 530 mV overpotential at a current density of 10 mA
cm�2. It is believed that the presence of multiple ions in real
seawater may affect the performance by mediating the proton
transfer reactions, and thereby make the process kinetically
faster as can be observed with the smaller Tafel slope value of
140 mV dec�1 with the seawater compared to NaCl, Na2SO4 or
MgCl2-based electrolytes, keeping the pH value of 8.0 for all
cases, shown in Fig. 4(d).25

Few reports are available on the catalytic performance of the
non-precious Pt-free catalyst for HER at different pH values in
seawater. Zou and his group29 carried out an extensive study
with cobalt-embedded N-doped carbon nanotubes as an alter-
native catalyst to Pt for HER in seawater at different pH values.
They performed the HER performance in acidic (pH 0), neutral
using phosphate buffer (pH 7), and alkaline (pH 14) media,
which indicated faster HER Tafel kinetics at neutral pH than
acidic or alkaline media. While comparing in natural seawater
and buffered seawater, the buffered seawater showed
undoubtedly better performance than the natural seawater,
along with great stability as shown in Fig. 4(e). The MXene or
metal carbide and nitride-based electrode materials showed
noticeable HER performance at a wide pH range in seawater,
sometimes outperforming the conventional Pt electrode.30–32

Generally, the fast kinetics was observed under highly acidic or
basic conditions. Under such corrosive conditions, the Mxene-
based materials withstand its catalytic activity exhibiting
outstanding stability unlike Pt.

4. Design of anode materials

An extensive investigation has been carried out on developing
novel and highly selective anodic electrode towards OER sup-
pressing CER in chloride-containing electrolyte solutions,
including seawater. Transition metal oxides and hydroxides are
well known for their promising electrocatalytic properties for
OER in alkaline water due to their effective active sites created
by defects, and oxygen vacancies tuning the electronic structure
of the material.33–35 The selectivity of the anodic OER electrode
depends on the active adsorption sites, electronic conductivity,
and binding energy of the reaction intermediates species (M–

OOH, M–OH) formed during the reaction.36–38 As discussed in
the previous sections, anodic reactions for seawater splitting
deal with the keen competition between OER and CER (as under
normal condition reaction kinetics) makes the CER dominate
This journal is © The Royal Society of Chemistry 2021
over OER. The selectivity of the OER electrodes can be enhanced
to manipulate the electronic structure by doping with hetero-
atoms,38 metals (like Mo, Co, Fe, Ni or Mn39,40), or by increasing
the number of active sites.38 The use of titanium as an inner
substrate can be commonly noticed in an anode for seawater
electrolysis due to its corrosion resistance nature against chlo-
ride, or any other impurities as also identied by chloro-alkali
industries.6 This section will focus on discussing the selec-
tivity and design of highly efficient OER electrocatalysts over
CER in seawater electrolysis.

Bennett, in 1980, reported on the selective OER reaction in
seawater using a MnOx-based electrocatalyst.41 The study iden-
tied MnO2 as a selective electrocatalyst for OER over CER. In
commercial chlorine production, the TiO2/RuO2 substrate has
been commonly used as an anode due to its high stability in
chlorine water. The electrochemical deposition of the porous
MnO2 coating on the TiO2/RuO2 substrate increases the oxygen
evolution efficiency to 99+% in seawater, and 95% in saturated
NaCl brine. The mechanism involved in this work was highly
inuenced by the mass transfer limitation of chlorine at the
electrode surface, where the MnO2 coating acted as a dia-
phragm and allowed OER as the dominant anodic reaction
without any signicant chlorine evolution. During this period,
a few other reports also investigated MnOx-based electrodes to
understand the mechanism behind the selective OER anodic
reaction in the chlorine-containing electrolyte.42,43 Trasatti8 in
1984 compared the catalytic reactivity of various oxide materials
for both anodic OER and CER, and proposed the fact that the
mechanism for OER (by adsorption of hydroxides on a metal
oxide) involving an increase in the valence state of metal can
also be applicable for CER. He suggested that although the
electronic structure of the metal oxide determines the kinetics
and thereby activity of the catalyst, the selectivity of chlorine
may not depend on the electrode material, as conrmed from
a linear slope in the plot of the potential for OER vs. the same for
CER, as shown in Fig. 5(a). Later on, Hashimoto and his co-
workers developed an electrode composed of MnOx supported
on titanium (Ti) substrate with intermediate IrO2 coating by
thermal decomposition technique, and extended the work by
incorporating a series of metal elements, like transition metals
(Ni, Co, Fe, Mo, Sn), noble metals (Pt, Ir, Ru) and rare-earth
metals (Ce, La), to evaluate the effect on OER in seawater.40

The study in 0.5 M NaCl and 0.1 M NaOH aqueous electrolyte
solution (pH ¼ 8) showed that although the addition of non-
noble metals up to 10 mol% enhanced the oxygen evolution
efficiency, noble metals (Pt, Ru, Ir) had a detrimental effect on
the OER activity in chloride-containing solution. The results are
compiled and represented in Fig. 5(b), reecting the inuence
on the OER activity at different doping concentrations of metal
additives. Among all, Mo as an additive in the MnOx/IrO2/Ti
electrodes exhibited the maximum oxygen evolution efficiency
of up to 90% with low (10 mol%) doping concentration, above
which the efficiency decreased considerably. The reason of such
an enhancement of OER activity was due to the formation of
a single a-Mn2O3 at the low dopant concentration. At the high
Mo dopant concentration, the formation of MnMoO4 and
double-oxide composite made OER unfavorable in chloride-
J. Mater. Chem. A, 2021, 9, 74–86 | 79
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Fig. 5 (a) Plot of the potential for Cl2 against the potential of O2 evolution at the same current density for metal oxides in (B) alkaline and (C)
acidic solution. Reproduced with permission from ref. 8. (b) Compilation of oxygen evolution efficiencies of (Mn–M)Ox/IrO2/Ti, M ¼ Ni, Co, Fe,
Sn, Mo, W, Ce and La electrode as a function of different M contents measured in 0.5 M NaCl at pH 8. Adapted from ref. 40. (c) Online elec-
trochemical mass spectrometry (OLEMS) measurements for O2 (m/z 32) and Cl2 (m/z 72) with MnOx coated IrOx showing CER restriction, but
allowing OER as a potential selective electrocatalyst (inset: schematic representation). Reproduced with permission from ref. 57. (d) LSV plots of
Zn : RuO2 and RuO2 (inset) in 0.1 M HClO4/0.15 M NaCl solution, showing highly selective OER upon Zn incorporation. Reproduced with
permission from ref. 59. (e) Schematic representation of the dual-layer NiFe/NiSx–Ni foam anode and (f) its relative faradaic efficiency for O2

production. Reproduced with permission from ref. 3.
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containing solution. Hashimoto further explored the OER
activity in seawater by incorporation of various mixed metal
oxide coatings via electrochemical anodization, such as Mn–
Zn,44 Mn–W,45 Mn–Mo–Fe,46–48 Mn–Mo,48–50 Mn–Mo–W,51–54 Mn–
Fe–V,48 and Mn–Mo–Sn55,56 on IrOx/Ti electrodes. In all of these
cases, the IrOx acted as the protective layer to prevent the
oxidation of the Ti substrate during the anodic deposition of
mixed metal oxides. Based on theses studies, it was established
that while the MnOx coating on the IrOx/Ti electrodes led to
oxygen evaluation selectively by preventing CER mechanism in
seawater, the incorporation of the triple oxide composition with
a single-phase g-MnO2 structure steered the enhancement of
the oxygen evolution efficiency further. Among all, the incor-
poration of Mo(VI) or W(VI) in MnOx with their high valence
states was found to be themost benecial, as up to 100% oxygen
evolution efficiency was achieved.55 Moreover, with this
approach, the stability of the electrodes was addressed by pre-
venting the oxidation of the inner Ti substrate responsible for
the detachment of the electrocatalyst from the surface.
Recently, Vos et al.57 further extended this concept by electro-
depositing MnOx onto glassy carbon supported hydrous iridium
oxide (IrOx/GC) for selective OER over CER in acidic chlorine
containing solution. Their observations also revealed that
although MnOx is believed to be catalytically inactive, it acted as
a diffusion barrier. It prevented Cl� from reacting on the IrOx

catalyst underneath, but allowed for the water, protons, and O2
80 | J. Mater. Chem. A, 2021, 9, 74–86
transportation between IrOx and the electrolyte, which is
necessary for OER activity.

The conventional RuO2 or IrO2-based electrodes are well
known electrocatalysts for effective OER, as well as CER as
conrmed theoretically.12,58 The DFT study with the single
crystal RuO2(110) surface indicated the formation of a peroxo
group with Ocus atoms on the neighboring Ru atoms as surface
intermediates, which might act as the active site for CER.
Thereby, the selectivity of the oxygen evolution suppressing
the chlorine evolution was found to be a challenging task with
RuO2 or IrO2. This suggested the necessity in manipulating
the electronic structure of the catalyst by doping. Krtil and his
group59 developed a Zn-doped ruthenium oxide deposited on
a Ti mesh by freeze-drying method to study the selective OER
over CER in the chloride-containing acidic solution. Inter-
estingly, the LSV showed that while pristine RuO2 led to
chlorine evolution without any O2 evolution at low pH media
as a favourable electrolyte for CER, the RuO2 : Zn indicated
the O2 evolution suppressing chlorine evolution considerably
under the same condition (Fig. 5(c)). The mechanism of such
selective OER was anticipated with the prevention of the
peroxo-bridged intermediate formation due to the rearrange-
ment of the RuO2 lattice, creating defects upon insertion of
Zn.

Strasser and his co-workers11 designed a noble metal-free
NiFe-LDH electrocatalyst by solvothermal method, which
This journal is © The Royal Society of Chemistry 2021
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exhibited high selectivity towards OER with close to 100%
efficiency at <480 mV in an articial seawater electrolyte at pH
13. However, the activity and selectivity of the electrocatalyst
became limited at near neutral pH in chlorine-containing
buffer electrolyte, indicating the suppression of CER as
a difficult task at this condition. Following the same track,
Cheng et al.25 developed an inexpensive layered structure of
CoFe-LDH nanomaterials, and loaded them onto a Ti
substrate as an electrode to investigate the selective OER
electrocatalyst for seawater splitting without using any buffer
solution. The enhanced catalytic activity and sufficient fara-
daic O2 efficiency of CoFe-LDH nanoparticles was found at
530 mV overpotential in an electrolyte of pH 8 due to the
synergistic effect of multiple metal cations. Kuang and co-
workers3 designed a corrosion-resistant anode for seawater
splitting with an amorphous coating of NiFe-hydroxide by
electrodeposition onto the NiSx-layered Ni substrate prepared
by surface sulfuration. While the top amorphous layer of NiFe-
hydroxide acted as an effective electrocatalyst for OER, the
lower NiSx layer not only enhances the conductivity of the
electrode, but also generates cation-selective polyatomic
anion-rich electrode-resisting corrosion caused by the chlo-
rine present in seawater. It is also operable at high current
density, as mostly required in industries. Recently, the highly
porous S-doped NiFe-oxyhydroxide was developed via an
ultrafast room temperature and scalable process, which was
found to be highly effective for OER in seawater, reaching
a very high current density at a reasonable overpotential.38

5. Design of cathode materials

It is well-known that the noble metal Pt is considered
a conventional electrocatalyst for HER due to its lower kinetic
energy barrier for the dissociation of a water molecule, which is
0.89 eV with the Pt(111) surface.60,61 However, the scenario for
seawater is very challenging due to the presence of impurities,
which may hinder the activity and cause catalyst poisoning.62,63

Therefore, in practical application, seawater splitting needs to
nd an alternative way to establish a corrosion-resistive, but
efficient cathode material.

In this regard, the Pt-based alloys with transition metals can
be considered as the substitute for pristine Pt, showing prom-
ising electrocatalytic activity with increased stability towards
HER mechanism. The competitive dissolution reaction rate in
alloys is believed to assist the increased anti-corrosion proper-
ties of the electrode. It is very important to understand the
fundamental concepts of the Brewer–Engel bond theory for
developing such alloy-based active HER catalyst, as it describes
the possible d-orbital overlapping of metals in intermetallic,
and thereby predicting a stable system for kinetically favorable
HER mechanism.64 Guided by the theory, different Pt-based
alloys have been developed for alkaline water electrolysis. The
approach was found to be more suitable, while being applied in
seawater splitting, as reported by Li et al.65 They developed the
Pt–Ru–M (M ¼ Fe, Mo, Co, Ni, Cr) alloy by incorporation of Ru
and 3d transition metals (M) as guest metals into FCC platinum
(Pt) as the host metal without any apparent change in the lattice
This journal is © The Royal Society of Chemistry 2021
structure of the host metal deposited on the Ti mesh by elec-
trodeposition method. The lattice distortions due to the inser-
tion of guest metals offer effective active sites for enhanced H+

adsorption. Among different transitionmetals, Mo in the Pt–Mo
alloy showed high Mo–H bond strength, leading to high cata-
lytic performance (Fig. 6(a)). Importantly, such alloy formation
exhibited much desired stability over 172 h in seawater elec-
trolysis due to the outstanding d band interaction of the PtMo
alloys, according to Brewer theory, along with the increased
surface area of the alloys. Later on, a similar approach was re-
ported by Zheng et al.,66 exhibiting the long stability of the Pt–M
alloy over 170 h in HER for seawater splitting. Such works were
well supported by the thermodynamic study on the corrosion
behavior of Ni andMo in a chlorine-containing environment, as
reviewed by Galetz and his co-workers.67 It can be noted that
compared to Ni, Mo undergoes a reaction with chlorine in
a poor oxygen environment in a much slower rate, which was
reected in the outstanding stability of the Pt–Mo alloy material
in chlorine-containing seawater. Even though the cost of
cathode material can be reduced to some extent by making
alloys with Pt achieving good stability, the cost of electrode still
remain higher limiting their use in scaled up hydrogen
production from seawater.

To nd an alternative solution to the use of expensive Pt-
based cathodes for seawater splitting, a number of materials
have been developed by different research groups with great
catalytic activity and non-corrosive nature in chlorine-
containing electrolyte. One of the useful ways to protect the
electrocatalyst against corrosion in seawater during water
splitting is to cover the efficient electrocatalyst with a protective
carbon layer. Gao et al.29 developed a Co-embedded N-doped
carbon nanotube as an efficient cathode for seawater split-
ting, as examined at different pH conditions (Fig. 6(b)). Even
though the catalytic activity may not be as good as that for the
pure Pt as electrode, the material exhibited good stability at
three different pH conditions, including the buffered seawater
and untreated seawater. Ma et al.68 fabricated CoMoP nano-
crystals coated by few layers of N-doped carbon shell by the
pyrolysis process. The electrocatalyst showed promising HER
activity over a wide pH range, and exhibited a faradaic efficiency
as high as 92.5% in real seawater. The ndings suggest that the
carbon coating on CoMoP promoted the HER activity not only
by providing protection to CoMoP against the impurities in
seawater and improving the adsorption free energy of H, but
also by increasing the adsorption of water. In another approach,
Lu and his co-workers39 observed the deposition of Na+, Ca2+ or
Mg2+ salts on the surface of their developed Mn-doped Ni/NiO
on Ni foam, blocking the active sites and thereby affecting the
performance. They suggested a mild acid treatment as an
effective solution to regain the activity of the electrocatalyst.

Molybdenum disulde with exposed S active sites has been
considered to be a very effective catalyst for the HERmechanism
due to its 2D layered structure allowing easy access of electro-
lytes to the active sites.69 Identifying MoS2 as an efficient elec-
trocatalyst for HER, attempts have been made on seawater
splitting as well. Miao and co-workers70 developed a hierarchical
Ni–Mo–S nanosheet on carbon cloth by hydrothermal method.
J. Mater. Chem. A, 2021, 9, 74–86 | 81

https://doi.org/10.1039/d0ta08709b


Fig. 6 (a) LSV plots of different Pt-based alloy cathodes for HER. Reproduced with permission from ref. 65. (b) Current vs. time plot for Co-
incorporated CNTs as an efficient cathode at h ¼ 270 mV (b1 and b2 are corresponding TEM and FESEM images). Reproduced with permission
from ref. 29. (c) LSV plots of different metal nitride cathodes for HER in Ar-saturated seawater. Reproduced with permission from ref. 73. (d) LSV
plot of lightweight MoS2 aerogel as cathode for HER in seawater recorded after 150 cycles showing superior performance over the conventional
Pt electrode (d1 and d2 are the corresponding optical and TEM images). Reproduced with permission from ref. 71. (e) LSV plot of VS2@V2C as the
HER electrocatalyst, showing similar performance as the conventional Pt/C in seawater (e1: TEM image showing the interface, e2: schematic
representation showing the H2 production process). Reproduced with permission from ref. 31.

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
4 

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
8/

06
/2

4 
06

:1
0:

32
. 

View Article Online
As per their investigation, the incorporation of Ni atoms into
MoS2 created defects at the catalytic active sites, thereby regu-
lating the electronic structure of the layered MoS2. The material
with an optimum Ni : Mo ratio of 1 : 1 exhibited promising
catalytic activity for HER in neutral buffer electrolyte, as well as
in real seawater, owing to its mesoporous nature and better
exposed active sites. Very recently, Chen and his co-workers71

developed a 3D porous MoS2 quantum dot aerogel as an effi-
cient cathode for seawater splitting. The aerogel exhibited high
surface area. It was found to be an excellent electrocatalyst that
was as good as conventional Pt over a wide pH range, as well as
in seawater with outstanding stability over 10 000 cycles. Like
metal phosphides and suldes, metal nitrides have great
potential as an electrocatalyst for HER due to their inherent
electronic structure and electrical conductivity. However, the
stability issue remains a challenging factor due to the low
valence state of the metal.72 The problem can be resolved by N-
enrichment in the metal nitrides, increasing the valence state of
the metal atoms, and thereby improving the corrosion resis-
tance property. Jin et al.73 developed Mo5N6 nanosheets, a N-
enriched metal nitride via Ni-induced salt template method.
Their study reveals that apart from the high surface area, the N
incorporation into MoN altered the d band center closest to Pt
metal leading to higher HER catalytic activity as good as Pt
along with good stability (100 h). Very recently, Yu et al.74
82 | J. Mater. Chem. A, 2021, 9, 74–86
developed a nickel phosphide (NixP)-based electrode sand-
wiched by a NiCoN nanostructure for efficient HER in natural
seawater. The electrocatalyst performed close to the bench-
marking performance of Pt at higher current density with good
stability. The corrosion resistance behavior of NixP, as well as
NiCoN, was believed to be responsible for the stability of the
electrocatalyst, maintaining the performance in natural
seawater. To achieve the benchmarking catalytic activity of
20 wt% Pt for HER, Xiu and his co-workers75 developed a hollow
Mxene-tailored low-Pt as a catalyst, especially for seawater
operable in full pH range. The hollow morphology composed of
low-Pt exhibited better catalytic activity for HER in seawater due
to the enhanced surface area and conductivity. Wu and his co-
workers30 developed 2D CoxMo2�xC/MXene/NC electrocatalysts
with low overpotential, faster HER kinetics in the full pH range,
as well as in natural seawater. It was believed that the precise
interfacial engineering was responsible for such high catalytic
activity, exceptional durability and faradaic efficiency in natural
seawater. Furthermore, in a recent study, the combination of
metal sulphide and metal carbide as VS2@V2C exhibited supe-
rior catalytic activity than the conventional Pt over all pH ranges
and in natural seawater.31 The reason for such high activity was
attributed to the tight wrapping of V2C by VS2, allowing the
rapid charge transfer between the two materials (Fig. 6(e)) and
This journal is © The Royal Society of Chemistry 2021
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lower free energy for hydrogen adsorption exhibiting excellent
electrocatalytic activity.
6. Bifunctional electrocatalysts and
complete cell designing

The design of a bifunctional electrocatalyst for both anodic
oxygen evolution and cathodic hydrogen evolution with high
activity and long stability is as challenging as necessary.76 For
alkaline water splitting, different types of bifunctional catalysts
including metal chalcogenides or nitrides with necessary
alterations in their electronic properties andmorphologies have
been reported. Only a few reports are available for direct
seawater splitting, considering the selectivity and stability of the
catalysts. Zhao and co-workers77 developed a series of cobalt
selenide electrodes with a charge state manipulation by one-
step calcinations controlling the Co and Se mass ratio. In this
approach, the high Co charge state favors OER and the low Co
charge state promotes the HER activity, giving rise to the overall
seawater splitting achieving 10.3 mA cm�2 current density at
1.8 V. Zhao et al.32 fabricated a NiNS electrode with an interface
among Ni3N and Ni3S2, and highly exposed electrochemical
active sites for the dissociation of water molecules. Such
a design of materials with ubiquitous interfaces was found to be
benecial for the dissociative adsorption of water molecules,
leading to the overall seawater splitting achieving current
density of 48.3 mA cm�2 at 1.8 V. Hsu et al.78 designed a PV-
driven seawater splitting device using transition metal hex-
acyanometallate with basic cobalt carbonate (BCC) as
a conductive core grown on a pretreated carbon cloth (MHCM-z-
BCC) as the anode and NiMoS as the cathode. The electrode
combination was found to be very effective for neutral seawater
splitting with no trace of Cl2 evolution even aer 100 h. The
authors claimed that the superior selectivity of the MHCM-z-
BCC towards OER over CER played a key role in the effective
seawater splitting into H2 and O2.
7. Electrolyzer designing and
challenges
Principle

The basic understanding on seawater splitting reveals the fact
that while CER dominates at low pH values, one needs to deal
with the competition between OER and hypochlorite formation
at the anode at high pH values. The natural seawater, with
a slightly alkaline pH of 8.2, leads to the consideration of the
selective OER over the hypochlorite formation as the major
challenge. The suppression of hypochlorite can only be possible
by keeping the anodic reaction <1.72 V vs. RHE or the over-
potential < 480 mV at alkaline pH, as discussed in earlier
sections.79 Furthermore, the cathodic reaction of natural
seawater splitting accompanies the deposition of cationic
species, like Ca2+ or Mg2+, in the form of hydroxides on the
cathode, covering the active sites for HER. Such phenomena
may not be observed on the laboratory scale, as either puried
seawater or NaCl containing articial seawater have been
This journal is © The Royal Society of Chemistry 2021
used.6,10 To protect the cathode from impurities, different
membrane technologies, like proton exchange membrane
alkaline water electrolyser (PEMAWE), and anion exchange
membrane alkaline water electrolyser (AEMAWE), have been
developed and allow for selective ion diffusion through the
membrane. Moreover, the rational design and alloy-based HER
electrode are believed to be the most important ways, as dis-
cussed in the previous section, for selective HER restricting the
probable corrosion at the electrode surface.6 The use of
a membrane in the electrolyser also has some detrimental
effects, as they restrict ion diffusion, causing reduction in ionic
conduction in water affecting the performance.79,80

On practical ground considering the large-scale hydrogen
production from seawater, different technologies have been
conceived. The energetic assessment of the electrolyzer can be
done on the basis of the specic energy required to produce 1 kg
hydrogen or per volume of hydrogen. In a PEM electrolyzer for
seawater, the electrolysis one needs to carry out pre-purication
by reverse osmosis (RO) technique prior to the electrolysis. This
extra step requires extra energy, which may increase the specic
energy values for the plant. It has been found that the energy
required for RO treatment of 9 kg of seawater is about 0.03
kW h, which is considered to be a negligible addition to the
specic energy required (47–66 kW h kg�1) for the stack elec-
trolyzer for fresh water.10 However, the single-step RO technique
prior to the electrolysis may not be enough to reach the required
purication level of water for use in a PEM electrolyzer,
compelling some extra purication steps to maintain
a sustainable process. This indicates the considerable
enhancement of specic energy consumption for seawater
electrolyzer. Furthermore, an extensive feasibility study on
hydrogen production by direct seawater electrolysis from
offshore marine farm reveals the requirement of very high
specic energy, making the process less practical in terms of
energy and economy.81

Therefore, the design of the electrolyser reactor is one of the
most important aspects, which needs to be properly considered.
In general, the symmetric reactor chamber has been mostly
used for seawater, similar to alkaline water electrolyser (AWE),
where 20–30% KOH solution is used in both compartments.7

The choice of membrane remains an issue in the case of the
seawater electrolyser. The use of PEM can be ignored due to its
acidic electrolyte, making the seawater splitting more chal-
lenging. Although the problem in PEMAWE can be overcome in
AWE and AEMAWE using alkaline electrolyte, the migration of
anions including Cl� and OH� through AEM keeps the
competition between them active limiting the performance. The
use of AWE may be preferred over AEAWE due to the use of
Zirfon as the diaphragm material in AWE, which is much more
robust and more defensive against blockages, giving rise to
a sustainable reactor for seawater splitting.6
Progress

Recently, Strasser and his group customized the conventional
electrolyser reactor, and proposed the asymmetric electrolyser
in keeping two different electrolyte feedings in the anode and
J. Mater. Chem. A, 2021, 9, 74–86 | 83
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cathode compartments using AEM in between.79 The asym-
metric combination with seawater in the cathode and KOH
electrolyte in the anode at the limited cell potential of 1.7 V
exhibited performance as good as KOH electrolyte containing
AEMAWE for fresh water, and interestingly superior to the
symmetric seawater electrolyser (Fig. 7(a)). The observation
suggested that a very low level of Cl� migration into the KOH
analyte with such asymmetric feeding combination (Fig. 7(a2))
led to the high performance, as well as good stability.

Knowing the difficulties of seawater splitting, apparently the
choice of electrocatalyst as an anode and cathode is equally
important as the design of electrolyser. The conventional
AEMAWE for seawater splitting usually is composed of IrOx-
based anode due to its stability, and Pt/C as the cathode.
Strasser and his co-workers later identied NiFe-LDH as an
effective and stable electrocatalyst for OER not only in the
symmetric electrolyzer reactor, but also in the asymmetric
combinations.23,79,82 The detailed investigation on the selective
OER/ClOxmechanism with NiFe-LDH revealed that the material
achieved a very high faradaic efficiency of 94% (FEO2

) at a very
high cell potential of 2.4 V with high current up to 4 A. In
Fig. 7 (a) Stability measurement over 12 h of electrolyzer with various
electrolyte feeder combinations at 1.7 Vcell–cell potential with an active
area of 5 cm2 using commercial Pt/C (48.5 wt%) of 0.5 mg cm�2

loading as the cathode and crystalline Ni0.66Fe0.34-LDH of 2.0 mg
cm�2 loading as the anode catalyst. Schematic representations of
AEMAWE with (a1) symmetric (0.5 M KOH/0.5 M KOH) and (a2)
asymmetric (0.5 M NaCl/0.5 M KOH) electrolyte feeder combinations.
Reproduced with permission from ref. 79. (b) Sustainable electrolyzer
performance over 100 h with 20 h (V ¼ 1.6 V) + 4 h (V ¼ OCP) alter-
ations. Electrolyzer composed of Pt/C (46.7 wt%) with 0.5 mg cm�2 as
the cathode and NiFe-LDH with 2.5 mg cm�2 loading as the anode,
and Tokuyama A201 as the membrane in 0.5 M KOH and 0.5 M NaCl
electrolyte. Reproduced with permission from ref. 23.

84 | J. Mater. Chem. A, 2021, 9, 74–86
addition, a reduced FEO2
value to 84% was achieved upon

increase in the cell voltage to 4 V. The absence of any ClO�

traces indicated the high selectivity of the material towards
OER.79 The performance degradation over time and recovery of
activity was also investigated. It was believed that the accumu-
lation of gas bubbles at the electrode surface might cover many
active sites, causing the degradation of the performance over
a longer period of time. The performance of the electrolyzer at
a cell voltage of 1.6 V for 20 h was followed by a break of 4 h at
the open circuit potential, and was found to exhibit sustainable
performance with a good recovery rate over 100 h run, as shown
in Fig. 7(b).23 Although these recent studies indicate the feasi-
bility of the seawater electrolyzer, the practical implication is yet
to be proven.

8. Conclusion and future scope

Seawater is considered to be a major reservoir for hydrogen. The
presence of impurities and their interference, especially Cl�,
makes the seawater electrocatalysis tougher than the freshwater
by competing with OH� for anodic reactions. The design of an
electrocatalyst with selective OER is therefore highly desirable,
diminishing the possibility of CER. A number of electrocatalysts
have been designed, showing not only OER selectivity but also
the stability over a longer duration of electrolysis. The Pourbaix
diagram of the oxygen and chlorine system for seawater reveals
the selectivity criterion of h < 480 mV for efficient OER, as the
anodic chlorine reaction requires at least 1.73 V. Even though
seawater with a slightly alkaline pH of 8.2 is considered to be
OER favourable, the local pH change at the vicinity of the
electrode surface indicated the requirement of the use of buffer
solution in order to achieve the steady performance. In the case
of the cathode, however, the conventional Pt has been proved to
be a good HER catalyst, but not a sustainable solution due to its
vulnerable reactions with Cl� in the electrolyte. Therefore, Pt-
free seawater cathode HER catalysts will become important in
the future. The Pt-based alloys seem to be a possible solution of
corrosion resistance, but efficient.

The challenges of seawater electrolysis keep it away from the
commercial implementation like freshwater. Moving towards
hydrogen-based fuel technology, the difficulties with seawater
must be addressed to utilize the major hydrogen source in order
to satisfy the future energy demand. The ltration or removal of
undesired ionic species from seawater may not be a fruitful way,
as it requires expensive membranes with their questionable
sustainability, and extra energy that makes the hydrogen
production from seawater costly. Therefore, the development of
novel electrocatalysts with selective active sites for OER will not
only be enough to address the challenge, but the design of
electrolyzers also needs to be explored. It is evident that
seawater electrolysis will be much more different than the
conventional AWE. The reactor and the use of membranes (PEM
or AEM) need to be rationally designed, making the membrane
the least affected. However, performance-wise, it should be
sustainable and similar to freshwater electrolysis in AWE. To
achieve this, recent ndings suggest the asymmetric reactor
design as a promising technique over the symmetric reactor
This journal is © The Royal Society of Chemistry 2021
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with two different electrolyte feeders, alkaline water at the
anode and seawater at the cathode chambers, restricting Cl�

ion diffusion towards the anode. Such a design not only protects
the electrocatalyst at the anode, but also exhibits high and
sustainable performance. However, it is important to note here
that the approach may not be considered as the ultimate solu-
tion, as it offers 50% use of seawater combined with 50% of
alkaline fresh water.

Even though much effort has been focused on the seawater
electrolysis, the scaled up production of hydrogen by seawater
electrolysis still remains a way far from the commercialization.
The extensive market survey for a sustainable industrial
hydrogen production plant from seawater indicates a target
efficiency of 70–80% for the electrolyzer. Nevertheless, it is
apparent that extensive studies in this eld will be in high
demand, as 97% of the earth is covered by seawater as
a potential hydrogen source. The present review aims to provide
not only the fundamental theories related to the seawater
splitting, but also discussed the design of electrocatalysts for
the selective anodic reactions followed by recent studies on
rational electrolyzer designing.
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