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Water electrolysis is a promising technology for sustainable energy conversion and storage of
intermittent and fluctuating renewable energy sources and production of high-purity hydrogen for fuel
cells and various industrial applications. Low-temperature electrochemical water splitting technologies
include alkaline, proton exchange membrane, and anion exchange membrane water electrolyses, which
normally consist of two coupled half reactions: the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). Despite the advances over decades, formidable challenges still exist and hinder
the practical application of large-scale, energy-efficient, and economically viable water electrolysis,
including large energy penalty, sluggish kinetics, high cost of precious metal based electrocatalysts,
possible H,/O, gas crossover, difficulty in storage, and distribution of H,. Herein, we first briefly
introduce the fundamentals of water electrolysis, summarize the recommended standardized
electrochemical characterization protocols, and demonstrate the metrics and key performance
indicators that are used to evaluate the performances of HER and OER electrocatalysts and electrolyser
cells. Then, we present six new strategies to mitigate the technical challenges in conventional water
electrolysis. These emerging strategies for disruptive innovation of water electrolysis technology include
overall water electrolysis based on bifunctional nonprecious electrocatalysts (or pre-catalysts), magnetic
field-assisted water electrolysis, decoupled water electrolysis, hybrid water electrolysis, acid/alkaline
asymmetric electrolyte electrolysis, and tandem water electrolysis. Finally, the remaining challenges,
perspectives and future directions are discussed. This review will provide guidance and inspire more
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endeavours to deepen the mechanistic understanding and advance the development of water

rsc.li/materials-advances electrolysis.

1. Introduction

The strong reliance on fossil fuels has brought growing global
concern in energy demand and environmental issues. Therefore,
it is of vital importance to develop clean, renewable and sustain-
able energy source alternatives."” However, many renewable
energy sources such as solar and wind are intermittent and
fluctuating, hence requiring efficient, economical and robust
energy conversion and storage technologies.*” Among the var-
ious energy strategies,” > constructing an energy infrastructure
that utilizes a sustainable and environmentally benign H,/water
cycle can enable an ideal clean hydrogen economy energy
future.>*' Hydrogen (H,) has been considered as a clean and
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carbon-neutral energy carrier for use in grids and next-generation
vehicles. Currently, over 90% of the H, supply worldwide is from
reforming fossil fuels, which is an energy intense process and
results in greenhouse gas emissions.>**** Electrochemical water
electrolysis has emerged as a promising technique to convert
electricity harvested from renewable energy sources into a high-
purity hydrogen (H,) fuel. By driving the electrochemical water
splitting reaction, the electricity arising from renewable energy
sources is stored in high-purity H,.>>° As an energy carrier, H,
can be stored, transported and consumed through the H,/O, fuel
cells that transform the chemical energy of H, to electricity with
water as the only by-product.’®*" Therefore, the electrochemical
water electrolysis is considered as a core clean energy storage and
conversion technology realizing the hydrogen economy, and
includes two routes: low-temperature and high-temperature
water electrolysis. The current low-temperature electrochemical
water splitting technologies include alkaline (AWE), proton
exchange membrane (PEMWE), and anion exchange membrane
(AEMWE) water electrolyses. The present high-temperature water
electrolysis technologies include the proton-conducting solid
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oxide electrolysis cell (H-SOEC, or the protonic ceramic elec-
trolysis cell (PCEC)), the oxygen ion-conducting solid oxide
electrolysis cell (O-SOFC) and the co-electrolysis of CO, and
steam. The high-temperature water electrolysis relies on pro-
ton or oxygen ion conducting ceramic oxide electrolytes at
high operating temperatures (up to 1000 °C) which render
enhanced reaction kinetics and thermodynamics and enable
high output current densities and voltage efficiencies. How-
ever, the use of high temperatures and brittle ceramics leads
to problems of improper sealing, cell cracking, and bulky
system design making the SOFC not suitable for fluctuating
and dynamic situations. In contrast, low-temperature water
electrolysis, especially AWE and PEMWE, has the advantages
of easy and compact designs, facile operation, and higher
technology readiness levels (TRLs) towards commercialization
and mature markets. Both routes demonstrate great potential
to promote the hydrogen economy and their comparison has
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been previously reported (Table 1).*>*° This article focuses on
the discussion of low-temperature water electrolysis.

Water splitting consists of two half reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER), taking place at the cathode and the anode, respectively.
Unfortunately, the sluggish kinetics and large energy barriers of
both the HER and the OER make the water electrolysis require
voltage inputs much larger than the theoretical thermodynamic
voltage to reach appreciable H, production rates, leading to
relatively low energy efficiencies.®’ Therefore, electrocatalysts
are always needed to accelerate the kinetics and reduce the
voltage inputs. At present, precious metal Pt and noble metal
oxides (RuO, and IrO,) are the state-of-the-art electrocatalysts
for the HER and the OER, respectively.®* However, the scarcity,
high cost and limited durability of these noble metal catalysts
severely restrict their widespread application in large-scale
production of H, through water electrolysis on a global scale.
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As a result, great research efforts are devoted to developing
nonprecious electrocatalyst alternatives for the electrocatalytic
HER and OER, aiming to achieve low cost, high electrocatalytic
activities and operational stability.*”7° Nevertheless, it still
remains a challenge to unravel the mechanistic insights into
the HER and the OER and optimize the compositions, struc-
tures, morphologies and properties of electrocatalysts. The
community also lacks standardized protocols of electrochemi-
cal characterization to reliably and precisely evaluate the
metrics and key performance indicators at the material and
device levels. Additionally, a number of obstacles are present
that hinder the scalable deployment of water electrolysers.”*
(i) Due to the large energy barriers for the HER and the OER,
expensive noble metal based electrocatalysts are usually
required to reduce energy penalty and promote reaction
kinetics, which should be replaced by cost-effective, active,
and stable nonprecious electrocatalysts. It is of significance to
address the incompatible integration of HER and OER electro-
catalysts, as they are commonly developed under different pH
conditions. (ii) The large amounts of bubbles attached on the
electrodes can plague the mass transfer and ionic conductivity.
(iii) The HER and OER in traditional water splitting are strictly
coupled and hence H, and O, are produced simultaneously.
This may result in potential explosive H,/O, gas crossover and
reactive oxygen species, which pose safety concerns and
degrade the electrolyser membranes and electrodes. (iv) The
OER is found to be the bottleneck reaction impairing the energy
efficiency of overall water splitting; nevertheless, the product of
the OER, O,, is not of high industrial value. (v) The potentials
of the two half reactions of HER and OER are dependent on
the pH value. Maintaining a stable pH gradient in two compart-
ments in a proper manner may bring some appealing advan-
tages; however, it is challenging to construct this asymmetric
pH design. (vi) The cost-effective storage and transport of H,
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still remain challenging. Thus, the on-site use and conversion
of H, produced from water electrolysis to value-added chemi-
cals are of particular interest to local households in rural areas
rendering low-cost distribution to complement the centralized H,
production. Although lots of review articles have reviewed the
progress of electrocatalyst materials,>**°*°® there are few papers
that comprehensively review the standardized electrochemical
characterization practices, performance metrics of electrocata-
lysts and electrolysers and recent advances of new strategies to
address the technical challenges of water electrolysis.

Herein, we first briefly introduce the fundamentals of water
electrolysis from the perspective of thermodynamics. Next, we
summarize the recommended standardized electrochemical
characterization protocols, and demonstrate some common
metrics and key performance indicators used to evaluate the
performances of electrocatalysts and electrolyser cells. Then,
we present several new strategies to mitigate the technical
challenges in conventional water electrolysis. These emerging
strategies for disruptive innovation of water electrolysis tech-
nology include (1) overall water electrolysis based on bifunc-
tional nonprecious electrocatalysts (or pre-catalysts) for both
the HER and OER, (2) magnetic field-assisted water electrolysis
achieved by integrating magnetic electrocatalysts/electrodes
with magnetic fields, (3) decoupled water electrolysis realized
using redox mediators for temporally and/or spatially separat-
ing the HER from the OER, (4) hybrid water electrolysis by
replacing the OER with alternative thermodynamically more
favourable redox oxidation reactions to reduce energy penalty
and upgrade valuable products beyond O,, (5) acid/alkaline
asymmetric electrolyte electrolysis that enables the HER and
the OER to occur at different pH values, and (6) tandem
water electrolysis by integrating biocatalysts to convert in situ
generated H, to value-added products. Finally, the conclusions
and remaining challenges are demonstrated. Most importantly,
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we provide perspectives on the future direction and end-
eavours to advance mechanistic understanding and deploy-
ment of viable water electrolysis for the hydrogen economy
future.

2. Fundamentals of electrochemical
water splitting

Generally, low-temperature water electrolysis is conducted at
temperatures lower than 100 °C limited by the thermal stability
of membranes. The overall electrochemical water splitting
reaction is expressed as follows:

. 1
H,O(liquid) — Hy(g) + 502(g)

1)
where the two half reactions are the HER taking place on a
cathode and the OER occurring on an anode in a water
electrolyser cell. Both reactions are pH-dependent (Fig. 1a), of
which the equilibrium half-cell potentials (E°) at 1 atm and
298.15 K versus standard hydrogen electrode (SHE) are shown
as follows, in acidic electrolytes (pH = 0):

HER: 4H' + 4e” — 2H,, E2=0.000V (2)
OER: 2H,0 — O, + 4H" +4e”, E3=1.229V (3)
in neutral electrolytes (pH = 7),

HER: 4H,0 + 4¢” — 2H, + 4OH™, E2=-0.414V  (4)
OER: 2H,0 — 0, +4H" +4e”, E2=0815V (5)

in alkaline electrolytes (pH = 14),
HER: 4H,0 + 4¢~ — 2H, +4OH, EJ=-0.828V  (6)
OER: 4OH™ — O, + 2H,0 + 4e”, E2=0.401V (7)

where E2 and E2 are the equilibrium half-cell potentials at the
cathode and anode, respectively.”

a.
~|.2H,0-0,+aH"+2e-
——————————————————— i

1.0
) 40H —0,+2H,0+4e"
I
[
¢ 0.5 -
s 125
S0l gy o o o i o i e F-<|<
o
3
o

=0.5]
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1
-
@
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pH value
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The water splitting reaction is an endothermic reaction
which is defined as follows:

AH® = AG® + TAS® (8)

where the change of the Gibbs free energy AG® is 237.1 k] mol ',
the enthalpy change AH° equals to 285.8 k] mol ' and
the thermal energy TAS® is 48.7 k] mol ' under standard
conditions (298.15 K, 1 atm).”* The total energy known as
enthalpy is composed of both electrical and thermal energy.
From the above thermodynamic perspectives, the water
splitting reaction under standard conditions can be further
expressed as follows:

H,O(liquid) + 237.1 kJ mol ™! electricity 4 48.7 kJ mol~! heat

~ Ha(g) +,0:(0
(©)

This suggests that splitting one mole of liquid water to produce
1 mol H, under standard conditions requires a theoretical total
energy (AH®) of 285.8 kJ including 237.1 kJ from electricity
(AG®) and 48.7 kJ from heat (TAS®). In low-temperature water
electrolysis, heat can be supplied by the extra heat sources or
Joule heating from electric and ionic currents flowing through
the cell resistances. The thermodynamic reversible voltage (Egg)
corresponding to the change of the Gibbs free energy AG° is
1.23 V under standard conditions, calculated using the follow-
ing equation:

Erg = ——
RE nF

(10)
where n = 2 is the number of transferred electrons for produ-
cing 1 mol H, and F is Faraday’s constant. The thermodynamic
reversible voltage is the theoretical voltage to enable the
initialization of water electrolysis.

Temperature (K)
b 300 400 500 600 700 800 900 10001100 12001300
1 1 1 1 o 4 | I——

2001 i 1
[H.0 () H.0(9) 14
250 AH, Vo
- I~ -1.2
£ AG,V,,
5 200 [ 10
E AH T m
. H,0 (I or g) = H,(g) + 0.50,(g) [ 08
> AH = AG + TAS &
2 L s AG L 0.62
2 1004 re= " 2F 2
W __AH L 04
L 0.2
ﬂ TAS
0

0.
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

(a) Thermodynamic potentials of the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) in aqueous electrolytes with

different pH values under standard conditions (298.15 K, 1 atm). (b) Thermodynamics of water splitting as a function of temperature at 0.1 MPa. AG is
correlated with the thermodynamic reversible voltage (Egg), while AH is correlated with the thermal neutral voltage (Ey) in water electrolysis. AG and Egg
share the same plot but refer to the left and right y axes, respectively. AH and Ety share the same plot but refer to the left and right y axes, respectively.
Note that liquid water (H,O(l)) is the reactant at temperatures lower than 100 °C, while gaseous water vapor (H,O(g)) is the reactant at temperatures
higher than 100 °C. The thermodynamic data in (b) are adapted from the NIST-JANAF Thermochemical Tables,”? and HSC Chemistry software.
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Besides, the thermoneutral voltage (Ery) is calculated based
on the enthalpy change AH® as follows:
AH®
nk

ETN = — (11)

which is 1.48 V under standard conditions.”> Apparently, this
difference arises from the entropy change TAS® in the overall
process and must be balanced by either supplying or removing
heat from the system. When the heat is completely supplied by
the Joule heating from electric and ionic currents flowing
through the internal resistances, this heat requirement is
directly traceable back to the electricity supplied. In other
words, 285.8 KJ of electricity instead of 237.1 kJ is the minimum
required to split water. This translates into a thermoneutral
voltage of 1.48 V. If an electrolyser works at 100% efficiency (i.e.
at 1.48 V under the standard conditions), the heat generated
from the electrolyser equals to the heat needed for the electro-
lysis to proceed, and therefore, a thermoneutral situation is
achieved. In other words, the electrolyser neither releases heat
to the environment nor absorbs heat from the environment. If
the voltage is below a cell voltage of 1.48 V (but above 1.23 V),
the electrolysis cell acts as a refrigerator continuously absorb-
ing heat from the surroundings. If the voltage is above 1.48 V,
excess heat is generated and must be removed for an isother-
mal operation of the cells.”> Note that all practical low-
temperature water electrolysers operate above a cell voltage of
1.48 V owing to the various energy losses in the cells, and hence
heat removal becomes a key engineering feature in designing
water electrolysers. Moreover, the energy losses also include the
activation, ohmic resistance and mass transport voltage losses,
leading to a descriptor ‘“‘overpotential” for both HER and OER
which needs to be overcome by using efficient electrocatalysts
and optimizing the electrolyte and mass transfer of reactants.”
However, some recent studies focusing on overall water elec-
trolysis by using transition metal compound electrodes for the
electrocatalytic OER have demonstrated current densities of
around 10 mA cm ™ ? at voltages lower than the thermoneutral
voltage of 1.48 V in their polarization curves recorded in
two-electrode configuration at room temperature.”’®®" If the
cathodic and anodic reactions are HER and OER in faradaic
efficiencies of 100%, respectively, and no external heating is
supplied as demonstrated in those reports, this electrochemical
behaviour violates the thermodynamics principle. This issue
may be caused by several reasons. On the one hand, iR
compensation may be erroneously conducted in the polariza-
tion curves.®> On the other hand, the presented potentio-
dynamic polarization curves are not true steady-state polarization
curves, and the cathodic and anodic reactions are not fully HER
and OER in faradaic efficiencies of 100%. In particular, for the
anodic reaction, the transition metal compound anodes may
have not been fully conditioned to reach a steady state, and
thus the real anodic oxidation of transition metal compounds
occurs instead of OER when recording those polarization
curves in the electrolytes. To avoid this issue and correctly
report the electrochemical performance for overall water
electrolysis at the prototype device level, both the cathode
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and the anode should be fully conditioned and steady-state
polarization curves and the distance between two electrodes
should be presented without iR-correction. Meanwhile, the
faradaic efficiencies for both anodic and cathodic reactions
should be precisely measured.

Note that the above discussion applies to water electrolysis
operating at 298.15 K, where the liquid H,O is the reactant.
Fig. 1b demonstrates that AG and AH for the water splitting
reaction change with temperature. Therefore, both Err and Erx
vary with temperature accordingly. When the reaction temperature
is higher than 100 °C, the gaseous water vapor (H,O(g)) is the
reactant, leading to a sudden drop of AH at 100 °C primarily
caused by the latent heat of vaporization of water (40.8 kJ mol *).**
At temperatures beyond the boiling point of water, steam electro-
lysis is performed using some modified high-temperature PEM
water electrolysers (100-200 °C),** or intermediate-temperature
(400-600 °C) or high-temperature (700-900 °C) solid oxide
electrolysis cells (SOEC).**®° Generally, these high-temperature
water electrolysers are more efficient due to the decreased inter-
nal resistance losses and improved HER and OER Kkinetics.
Detailed discussion on high-temperature water electrolysis is
beyond the scope of this review.

3. Electrochemical characterization
and performance indicators

3.1 Summary of recommended practices for electrochemical
characterization

It is of vital importance to rigorously perform electrochemical
characterization, data analysis and assessment of electroche-
mical performances for electrocatalysts and electrodes at the
material and device levels to avoid pitfalls and introduction of
artefacts.?*°° However, the lack of reliable and standardized
protocols makes it challenging to accurately evaluate and
quantify the electrochemical performance indicators and
metrics.”’ As the high-temperature water electrolysis has
significantly different practices and research paradigms in
terms of electrode and cell fabrication as well as electrochemi-
cal characterization, this section primarily summarizes the
proposed protocols and recommended practices reported in
the literature in terms of setups, electrodes, electrochemical
characterization, and data analysis for low-temperature water
electrolysis.

A three-electrode cell setup is commonly used for character-
izing the intrinsic electrochemical activities and stability for
electrocatalysts on working electrodes. Plastic containers such
as those made of polytetrafluoroethylene and polyoxymethylene
are suggested to replace the glass beakers, in particular in
alkaline electrolytes for mitigating contamination from glass
corrosion.”*™® The cleaning procedures for glassware and
plastic cells have been reported.”"®> To maintain the equili-
brium potential at the thermodynamic standard values, the
electrolytes must be fully purged and saturated by high-purity
H, and O, rather than inert Ar or N, throughout the electro-
chemical tests for HER and OER, respectively.”’ An extra
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precaution should be taken for electrolytes to minimize the
unintentional introduction of trace electrolyte impurities (e.g.,
Fe in KOH) into the working electrodes.’® The common work-
ing electrode substrates include planar glassy carbon, rotating
ring-disk electrodes, indium tin oxide glasses, and porous
metal or carbon meshes and foams. The geometric areas
should be exactly defined. Normally, the electrocatalyst powder
is deposited on the substrates by a common ink drop-casting
method or in situ grown on the porous substrates. The recom-
mended drop-casting protocols have been reported.’” Note that
the use of porous substrates such as meshes and foams may
bring about some issues in accurately evaluating the true
intrinsic activities,® although the electrocatalysts loaded on
the porous substrates have been reported to deliver high
apparent electrocatalytic activities.”®®” The porosity makes
the electrochemically active surface area (ECSA) much larger
than the geometric area. Depending on the fabrication method,
the thickness, density, porosity, and purity of substrates as well
as the surface coverage of active electrocatalyst components
may vary. The foams are fixed using electrode holders with Pt or
stainless-steel current collectors and thus their full immersion
may lead to contamination from the metals in the holders.
Even though partial immersion may minimize this issue, the
capillary action of pores may result in underestimation of the
geometric areas.”® It is suggested to exactly define the exposed
geometric area by masking the excess areas with hot or epoxy
glues.®” Counter electrodes should also be rationally selected.
The projected area of a counter electrode needs to be larger
than that of the working electrode to rapidly supply or sink
electrons for the reactions at the working electrode.®® For the
HER studies, high-purity graphite is recommended to replace
noble metals such as Pt and Au, as the noble metals can be
leached from the counter electrode and deposited on the
working electrode under the cathodic reduction potential to
enhance the electrocatalytic activity and electronic conductiv-
ity, leading to artefacts when evaluating the intrinsic activities
of working electrodes.’®9>9>9871%1 However, extra attention
should be paid to the use of a carbon counter electrode for
long-term tests, as the oxidative by-products and inherent
impurities from carbon may diffuse into the electrolytes.®®*>
For the OER studies, noble metals can be used as the counter
electrode as their leaching is minimized under the cathodic
potential.®” It is also suggested to separate the working and
counter electrode compartments by using an ion-selective
membrane or diaphragm to minimize the influence of gas
bubbles produced by the counter electrode on the reactions
at the working electrode.’® The common reference electrodes
include Hg/HgO, saturated calomel electrode (SCE) of Hg/
Hg,Cl,, Ag/AgCl, Ag/Ag,S0,, and Hg/Hg,S0,.° % The rational
selection of a reference electrode is crucial to accurately and
reliably assess the electrocatalyst potentials. In acidic electro-
lytes, a reference electrode of Hg/Hg,SO, is generally used. In
neutral electrolytes, a SCE (Hg/Hg,Cl,) reference is frequently
adopted. In alkaline electrolytes, a reference electrode of
Hg/HgO is recommended.”” Although the reference electrode
Ag/AgCl has been widely used in previous electrocatalytic

5604 | Mater. Adv., 2022, 3, 5598-5644

View Article Online

Review

studies, it is not recommended as the leakage of silver and
chloride ions from Ag/AgCl and diffusion of hydroxide into the
filling chamber will potentially interfere with the measurement
(Fig. 2a).'®* The filling solution of a reference electrode should
match with the cell electrolyte, minimizing the liquid junction
potential. The use of Luggin-Haber capillaries is also suggested
to reduce the distance between RE and WE and liquid junction
potential. However, the Vycor glass frits are highly soluble in
alkaline solutions and thus it is suggested to use alkaline-stable
frits or thick Nafion films to replace Vycor glass frits.”" Prior to
their use, the frits should be examined to avoid any blockage
and bubble attachment.?® The reference electrode should be
calibrated against RHE each time prior to the electrochemical
tests according to a standard protocol.®>*** Many metrics and
performance indicators are commonly used to evaluate the
electrocatalytic performance of HER and OER electrocatalysts,
including the reversible hydrogen electrode (RHE) potential,
specific activity, mass activity, overpotential, Tafel slope,
catalytic stability, turnover number and frequency, faradaic
efficiency and energy efficiency.®*°>'%>"1"! These metrics are
crucial to design efficient electrocatalysts and compare their
performance across different materials, which can provide
insightful information with respect to the intrinsic activity
and redox reaction kinetics. Generally, a three-electrode
configuration is used to investigate a half reaction of either
HER or OER, while the overall water splitting is evaluated in a
two-electrode configuration. Therefore, the use of these metrics
and performance indicators depends on the kind of configu-
ration. The electrodes should be fully conditioned by repetitive
cyclic voltammetry (CV) to reach a steady state.”® For collecting
the electrochemical data, the steady-state polarization curves
are highly recommended instead of linear scanning voltamme-
try (LSV).2»°19%11> The steady-state polarization curves can be
obtained by either chronopotentiometry (CP) or chronoampero-
metry (CA) with defined step sizes of current or potential
response and time intervals. This is important to ensure the
data reliability especially when the electrodes have large capa-
citive background currents arising from large ECSAs or the
electrodes themselves are prone to reduction and oxidation
under the cathodic and anodic potentials convoluting the true
HER and OER currents, respectively. The extraction of mean-
ingful kinetic currents requires background correction and
iR-correction when evaluating the intrinsic activities of electro-
catalysts in the working electrodes of three-electrode
configuration.””'"® The background correction is to remove
the contribution from capacitance current. Although it has
been recommended to collect full CV curves at a low scan rate
and make the background correction by averaging the cathodic
and anodic branches, the use of steady-state polarization curves
is more preferred, as the Tafel analyses derived from steady-
state polarization curves are more accurate and reliable.'** For
electrochemical reactions influenced by the mass transfer of
reactants such as the hydrogen oxidation reaction (HOR) and
the oxygen reduction reaction (ORR), an additional mass trans-
fer correction is required.”’ Although the HER was typically
assumed to be free of diffusion limitation, it can be found in
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Fig. 2 (a) The influence of Ag* leakage from the Ag/AgCl reference electrode in the measurement of the cathodic current on a carbon working cathode
during the study of its electrocatalytic HER activity. Reprinted with permission from ref. 104. Copyright 2017 American Chemical Society.
(b) Temperature-dependent Eqgset Values of selected reference electrodes in different electrolytes and temperatures. (c) CV curves and (d) magnified
view of the Hg/HgO reference electrode calibration to obtain the Eqgser Values in 0.1 M KOH at different temperatures. (b—d) Adapted with permission
from ref. 103. Copyright 2020 American Chemical Society. (e) Schematic of flat and porous electrodes with different geometric areas (Ageom) and ECSA
(Agiect) comparison. Reprinted with permission from ref. 110. Copyright 2018 American Chemical Society. (f) Tafel plots of CosO, particles for OERin1 M
KOH where the OER current densities are normalized by the geometric disk area, BET surface area and ECSA and Tafel plot of benchmark IrO, particles
with current density normalized by their true surface area from real particle size calculation. Reprinted from ref. 120, Copyright 2018 with permission
from Elsevier. (g) The potentiodynamic LSV curve of activated Co foil recorded at 0.1 mV st and its steady-state polarization curve from CA responses for
OER in 1 M KOH. Both curves are 100% iR-corrected. (h) The corresponding Tafel plots of activated Co foil derived from its LSV and steady-state
polarization curves showing that the Tafel slope values are close in the lower overpotential region while show a significant difference in the higher

overpotential region. (g and h) Reprinted with permission from ref. 112. Copyright 2021 American Chemical Society.

recent publications that it is also required to correct the
hydrogen diffusion limitation in rotating disk electrode of
Pt for accurate measurement of HER kinetics.""*'"® The
iR-correction is also required to correct the potential drop
caused by the Ohmic losses arising from the ionic conduction
in the electrolyte between the working and reference electrodes
and any contact resistances.?>°°"9>13116 The Ohmic resistance
is corrected according to

E = Egup — iRy (12)

where E is the iR-corrected potential, Eryg is the measured
potential with respect to RHE, i is the measured raw current
value, and Ry is the uncompensated series resistance that can
be measured by either electrochemical impedance spectroscopy
(EIS) or the current interrupt method. A typical EIS method is
conducted by collecting the alternating circuit (AC) impedance
spectra from 1 MHz to 0.1 Hz with a voltage perturbation of
10 mV versus open circuit potential (OCP). The series resistance
can be read as the magnitude of the impedance where the
phase angle is close to zero in a Bode plot or the real part of the
impedance where the imaginary part of the impedance is zero
in a Nyquist plot (fitted to a suitable equivalent circuit
model).”"*> Theoretically, the full compensation of series resis-
tance (100% correction) should be made to completely correct
the Ohmic resistance; however, such 100% iR-correction may

© 2022 The Author(s). Published by the Royal Society of Chemistry

lead to over iR-correction and over-bent polarization curves
especially when the Ohmic resistance is large.** This problem
can be minimized when the reference electrode is close to the
working electrode giving rise to a small series resistance. Many
electrochemical workstations have the capability of automatic
iR-compensation to in situ correct the Ohmic resistance during
the dynamic measurement; nevertheless, this is not recom-
mended due to the unreliable data and occurrence of voltage
oscillation.”®"*? 1t is more preferred to collect the raw potential
and current data, measure the R; and manually correct iR;. This
allows more flexibility with post-characterization data analysis
and reduces the chance of errors. Note that the R, of a working
electrode should be repeatedly measured at the initial, post-
conditioning and post-electrochemical-characterization stages,
as the active materials in the working electrodes may be subject
to the phase change leading to variation in resistance. The
working and counter electrode positions should not be chan-
ged in the cell in between the measurements, as these will
influence the magnitude of R,. It is essential to report the
detailed iR-correction procedures and R values, as these values
have a considerable influence on the iR-corrected overpoten-
tials especially at relatively high current densities.®® In contrast,
conducting the iR-correction is not recommended when evalu-
ating the device-level performances of two-electrode alkaline,
AEM and PEM electrolysers, as the real voltages without
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iR-correction are more practically meaningful."'® Many reports
demonstrated the prototype two-electrode alkaline water elec-
trolysis cells by placing two electrodes close each other in the
electrolytes in the absence of separators, which does not
provide reliable evaluation of electrolysers.”®®! Once the raw
electrochemical data are collected by using various techniques,
and proper background and iRs correction are performed,
various electrochemical metrics and performance indicators
can be obtained to assess the electrocatalysts and electrolysers.

3.2 Key metrics and performance indicators

3.2.1. Reversible hydrogen electrode potential. Although
the SHE potential is widely used to evaluate many electroche-
mical redox reactions, the potentials versus SHE for both the
HER and the OER are pH-dependent as shown in Fig. 1,"*”*"®
rendering difficulties in evaluating and comparing the electro-
catalytic performance of electrocatalysts under different pH
conditions. Therefore, all potentials for HER and OER are
recommended to be referenced to the RHE which is expressed
as follows:

Erue = Esue + PH X 2.303RT/F (13)

where Egyg is the measured potential of the designated refer-
ence electrode with respect to the SHE, pH is the real electrolyte
pH value, R is the universal gas constant, T is the absolute
temperature, F is the Faraday constant, and 2.303RT/F approx-
imates to 0.059 V at 298 K. Because the RHE takes pH
dependence into account, the equilibrium potentials of H,-
redox and O,-redox are fixed at 0 and 1.23 V versus RHE at
298 K, respectively. Therefore, reporting the potential value
with respect to RHE enables the ready comparison of electro-
catalyst performances across electrolytes with varying pH
values. As the SHE reference is not easy to handle, various
reference electrodes are used depending on the electrolyte pH.
Two methods have been widely used to convert the measured
potentials of working electrodes referenced to the used refer-
ence electrode to the RHE potentials.”® The first method is to
measure the real pH value of the electrolyte and calculate the
RHE potential by using the following equation:'**"'*®

E (versus RHE) = Epeasured (versus reference electrode)

+ E9e¢ (versus SHE) + 0.059 x pH (14)

where Epeasurea (Versus a reference electrode) is the measured
potential of the working electrode with respect to the used
reference electrode; Exer (versus SHE) is the standard thermo-
dynamic potential of the used reference electrode, and pH is
the real electrolyte pH value. Different reference electrodes have
varied standard thermodynamic potentials (Ex.¢ (versus SHE)),
which are given by the suppliers and determined by the
reference electrode type and filling electrolytes.™*® Although
this method is frequently adopted by the community, this
method is not recommended as it may lead to inaccurate
potential values in an order of tens of mV.”" Possible reasons
for the inaccuracy include (i) uncertainty in pH determination
related to the limitation of the pH meter/probe capability,
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pH shift caused by the temperature change, and immeasurable
single-ion activities. Two recent reports provide estimated pH
values of NaOH/KOH (based on experimentally determined
activity coefficients) and other common electrolytes.'®*!*®
(ii) It is challenging to accurately determine the liquid junction
potentials.®" (iii) The real ER.¢ (versus SHE) may drift from the
standard thermodynamic potential if the reference electrode is
not properly maintained leading to variation of filling electro-
lytes and electrode material components.®® Therefore, the other
method is recommended, which is the experimental calibration
of the reference electrode against RHE in the real electrolyte
under the H, redox reaction.’**°® Two Pt electrodes are used as
both the working and counter electrodes together with the
reference electrode in the electrolytes same as those for electro-
catalytic characterization. High-purity H, is purged into the
electrolyte for more than 30 min to saturate the electrolyte prior
to calibration. The CV is performed at 1 mV s~ in the reversible
HER and HOR potential window (Fig. 2¢ and d) and the average
value of two voltage intercepts for two branch curves at zero
current is the experimentally determined conversion factor
(Eofset)- Then, the measured potentials of the working electrode
referenced to the used reference electrode can be converted to
the RHE potential as follows:

E (versus RHE) = Eqeasured (Versus reference electrode) — Eogrer
(15)

where Epcasurea (versus reference electrode) is the practically
measured potential of the working electrode with respect to the
specific reference electrode used in the test, and E,gsec i
obtained in the calibration process. A recent publication
reported the detailed procedures and summarized the calibra-
tion results of Hg/HgO, Hg/Hg,Cl, and Ag/AgCl reference
electrodes in different electrolytes (Fig. 2b)."®* It is strongly
recommended to convert the measured potential to RHE by
calibrating the reference electrode experimentally, rather than
calculating it through the measured pH.

3.2.2. Specific activity. The specific activity of an electro-
catalyst is defined as the current density (j) normalized by the
electrocatalyst area at a given potential.*'*' Three kinds of
areas are always used to calculate the current density including
the geometrical electrode area, ECSA and specific surface area
measured by the nitrogen adsorption-desorption characteriza-
tion and calculated by the Brunauer-Emmett-Teller (BET)
method.**>*?? For an electrode with a smooth and flat surface,
the current density can be normalized with the geometrical
electrode surface.”®'** However, it is not appropriate to evalu-
ate the activities of powder electrocatalysts and porous electro-
des by normalizing their current densities with the geometrical
electrode surfaces (Fig. 2e), as the roughness degree of the
powders and porous electrodes will affect the fair comparison
of intrinsic activities.’®**®'?® The inappropriate use of the
geometrical electrode surface will lead to an artificial effect to
boost the activity and cannot reflect the intrinsic activity of an
electrocatalyst. Therefore, for powder electrocatalysts and por-
ous electrodes, it is recommended to evaluate the specific
activity by normalizing the current density with the ECSA or

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00185c

Open Access Article. Published on 17 May 2022. Downloaded on 1/26/2026 5:37:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

BET surface area (Fig. 2f). The ECSA value can be measured by
the double layer capacitance (C4q) measurement in a non-
faradaic potential window in either aqueous or more preferably
aprotic electrolytes.”*'*> Unfortunately, the specific capacitance
used in this method to calculate ECSA depends on the surface active
compositions and other complex factors and thus it is difficult to
accurately obtain the true ECSA value, although a universal specific
capacitance of 40 or 60 UF cm™ 2 regardless of materials has been
widely used as an approximation,8*90-92:95,96,10LI10,11L113 pjter.
natively, other methods can also be employed to measure the
ECSAs of electrocatalysts including the hydrogen underpotential
deposition, underpotential deposition of metal, CO stripping
voltammetry, use of reversible redox probe molecules, and redox
of surface metals."**"*® These methods are limited to some
specific electrode compositions. Moreover, there are discrepan-
cies in the ECSA values of the same material measured using
different methods. Regardless of the adopted ECSA determina-
tion methods, it is challenging to determine the accurate true
ECSA value. The BET measurement can be performed in the N,
adsorption-desorption experiments at 77 K, which is a standard
procedure to assess the porosity of heterogeneous powder
catalysts and adsorbents."***® The BET surface area may not
reflect the true ECSA value especially for the materials with poor
conductivities, since the sites where N, molecules are adsorbed
may not be electrochemically active.”® Furthermore, the BET
surface areas of monolithic foam electrodes are difficult to
precisely measure. In a word, the specific activity is a quantita-
tive indicator to evaluate the intrinsic efficacy of target electro-
catalysts which is a practical approximation of the activity per
active site.'°%"**

3.2.3. Mass activity. The catalytic performance of an electro-
catalyst depends on the mass loading of the active catalyst.
Therefore, the mass activity (reported as A rngcmlysfl) is defined
as the current density normalized by the mass of the active
electrocatalyst at a given potential.®***"'*” High mass activity
determined by particle size and morphology is important for the
development of electrocatalysts for practical devices, which
reduces the cost, size and weight."*® Most of the electrochemical
metrics and indicators are mass-dependent and thus the mass
loading should be reported. An ideal electrocatalyst should have
both a high specific activity and mass activity. For practical
electrolysis application, the optimal mass loading should max-
imize the coverage of the conductive substrate with the electro-
catalyst and optimize the thickness of the electrocatalyst layer to
facilitate the electron and mass transfer.

3.2.4. Overpotential. Overpotential () refers to a potential
difference between the real measured potential to achieve a
given current density and the theoretical thermodynamic
potential of either the HER or the OER under the same condi-
tions. Normally, the electrocatalytic performance of electrocata-
lysts is studied under the standard conditions. The theoretical
thermodynamic potentials of the HER and the OER are 0 and
1.23 V versus RHE under the standard conditions, respectively.
Ideally, the overpotential is zero. However, an overpotential is
always needed for the HER and the OER, primarily due to the
presence of an activation barrier.®>°® The onset potential is
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critical to evaluate how much overpotential is required to enable
the electrocatalytic current to take off. Unfortunately, the defini-
tion of onset potential is ambiguous.? One way to determine the
onset potential is to obtain the intersecting potential between
the tangent in the non-faradaic region and the tangent in the
faradaic region in the current-potential curves. The other way is
to define the potential value at which the electrocatalyst reaches
a given small current density (0.5-2 mA cm™?). In addition,
comparing the overpotential (1750) required to reach a current
density of £10 mA cm™ > normalized to the electrode geome-
trical area is a popular method to rank the HER and OER
electrocatalysts. However, this methodology originating from
the studies of solar water splitting cells is not suitable for
rationalizing the intrinsic chemistry difference in HER or OER
electrocatalysts.’** The 7, value actually quantifies the electro-
chemical performance at the solar water splitting device level,
which originates from another figure of metric, the solar-to-fuel
(STF) conversion efficiency (the ratio between the total energy
stored in hydrogen/oxygen and the total energy input from
sunlight irradiation).’**'>® The STF conversion efficiency for a
one-step photoexcitation system must reach ca. 10% to render
the hydrogen production cost competitive with that of the
conventional methane steam reforming process."”" The current
density expected in solar water splitting cells which shows an
STF efficiency of 10% under 1 sun illumination is approximately
10 mA cm™ > per geometrical area of an electrode.'”>'*® There-
fore, the #,, value cannot reflect the intrinsic activity of a
particular electrocatalyst. With the purpose of investigating
the intrinsic chemistry difference of an electrocatalyst, the
activity analysis should refrain from metrics that are based
on the current density per geometrical area of the working
electrode, although many water electrolysis studies have adopted
such metrics for screening the intrinsic activity of HER and OER
electrocatalysts. However, the 7,, metric still demonstrates its
significance for benchmarking the device performance. To meet
the practical requirements, the overpotentials at high current
densities such as 1 A cm™? are suggested to be reported.

3.2.5. Tafel slope. The Tafel analysis is commonly used to
understand the reaction kinetics and compare the catalytic
kinetic properties of different electrocatalysts.">*'>> The Tafel
plot of an electrocatalytic process is generally obtained by
replotting a polarization curve to a plot of log(j) versus n. The
slope of the linear portion of the Tafel plot is defined as
the dependence between the iR-compensated overpotential
and the current density, which is expressed as follows:

dlog(j)/dn = 2.303RT/oF (16)

where j is the current density per geometrical electrode area, R
is the ideal gas constant, T is the absolute temperature in
Kelvin, F is the Faraday constant, and o is the symmetry factor
variable.*® The Tafel slope helps to define the rate determining
step by examining the sensitivity of the current response to the
applied potential. The widely used method of extracting Tafel
plots from potentiodynamic polarization curves such as
LSV and CV can be misleading, as Tafel analysis should be
done with steady-state response.’’” The Tafel slope is highly
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dependent on the surface coverage that is influenced by the
overpotential and rate-determining step (RDS). Shinagawa et al.
reported the insight into Tafel slopes from microkinetic analy-
sis of aqueous electrochemical reactions involving the HER and
the OER." Both the surface coverage and Tafel slope are
overpotential-dependent and must be in the steady state, which
is not the case in LSV and CV. Moreover, the Tafel analysis must
be done in the steady state and free of iR drop (i.e., 100% iR
drop correction). Therefore, steady state polarization curves are
recommended to be used for a precise Tafel analysis. Regard-
less of the scan rate, LSV and CV will remain potentiodynamic
in nature, compromising the accuracy of Tafel slopes (Fig. 2g
and h). Anantharaj et al. reported the detailed procedures to
correctly perform the Tafel analysis by using the steady-state
polarization curves.''” Note that it is not straightforward to
draw a conclusive Tafel slope value for some electrocatalysts
that do not show a linear fitting of the plot of log(j) versus n in a
wide potential window."®” %> This will result in the overpotential-
dependent Tafel slope.’***% A smaller Tafel slope indicates the
superior electrocatalytic kinetics of electrocatalysts.

3.2.6. Stability and durability. The stability of an electro-
catalyst is an important factor to evaluate its lifetime for
practical applications, which is usually tested by subjecting it
to repetitive CV at higher scan rates (accelerated degradation
test), CP at a given current density and CA at a given potential/
voltage. The current research on HER and OER electrocatalysts
usually examines the stability for thousands of CV cycles. In the
meantime, the stability of electrocatalysts and two-electrode
electrolysers is studied using the CP or CA. For example, the
durability tests have been reported at +£10 mA cm™? per geo-
metric area of an electrode for tens to thousands of hours."®**>
For industrially relevant hydrogen production, water electrolysers
must be able to operate at much higher current densities (e.g,
0.5 to 2 A cm %) to attain appreciable H, production rates and
meanwhile have extreme stability and long enough lifetime of at
least thousands of hours to years.®” It is recommended to
measure the concentrations of dissolved metal cations and some
of non-oxygen counter ions (e.g. P and S) in the electrolytes and
quantify the percentage of weight loss of active metal centres
after the long-term stability tests.

3.2.7. Turnover number and turnover frequency. The turn-
over number (TON) and turnover frequency (TOF) are two
quantitative parameters to evaluate the intrinsic activity of an
electrocatalyst.'*®'*®° The TON is defined as the number of
moles of electrons delivered per active surface metal atom or
the rate of product molecules evolved (e.g., H, and O,) per
active surface metal atom, per total metal atoms including the
subsurface metal, or per ECSA.'®”'%® The TOF refers to the
turnover number per time unit (e.g., second) and is calculated
as follows:

TOF — Jx A

= 17
mxF xn (17)

where J is the current density normalized with the geometrical
electrode area at a given potential, A is the geometrical
electrode area, m represents the number of electrons to
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produce 1 mol O, (m = 4) or H, (m = 2), F is the Faraday
constant (96485.3 C mol ") and 7 stands for the number of
moles of surface or total metal atoms assuming that 100%
charges passed are used to produce product molecules (fara-
daic efficiency = 100%). In principle, TOF is the best measure of
the intrinsic catalytic activity. However, it is not straightforward
to accurately determine TOF, because the true active sites of
heterogeneous catalysts are very difficult to precisely identify. A
more realistic method to calculate TOF is to take into account
all relevant metal sites assuming all metal atoms as active sites.
A TOF value determined in this way represents only a lower
limit of the true TOFs;*”%'"* however, it allows for a fair and
consistent comparison among catalysts prepared by different
researchers. Given that TOF is typically a function of potential,
the overpotential at which TOF is measured should be reported.

3.2.8. Faradaic efficiency. In water electrolysis, faradaic
efficiency is defined as the ratio of the measured amount of
produced H, or O, to the theoretically calculated amount under
the assumption that all the passed charge is utilized to form H,
or 0,.17?

(18)

Ngas measured Ngas measured
FE = &= = M 100%
Ngas theoretical I x (n X F)

where FE is the faradaic efficiency, 7y measured 1S the measured
hydrogen or oxygen production rate (mol s~ '), I is the current
(A), n is the number of transferred electrons for producing
1 mol gas (n = 2 for H, and n = 4 for O,) and F is Faraday’s
constant (96485.3 C mol ). In the practical measurement, the
amount of H, or O, is measured by gas chromatography (GC)
analysis or the water-gas displacement method, while the
passed charge during a given duration is monitored using an
electrochemical workstation.?”°> For the GC analysis, the total
volume of collected H, and H, calibration curve should be
precisely measured. For the water-gas displacement method,
the actual atmospheric pressure should be measured due to the
possibly different deviation from the standard atmospheric
pressure in the local area. An ideal electrocatalyst should
possess 100% faradaic efficiency, while the faradaic efficiency
losses are experienced in water electrolysers when electrons
and ions participate in unwanted side reactions in the electro-
lytes and/or electrodes.

3.2.9. Energy efficiency. Energy efficiency is widely used to
evaluate the efficiency of the water electrolyser cells or systems.
When only the electricity energy input for the electrolysis cell is
taken into account and other energy inputs such as heat
sources and other auxiliaries are neglected, the cell-level energy
efficiency is calculated as follows:®?

FE x 1
EE = AHy, X iy, measured _ AHy, x nxF
Pdc IxU
ETN X FE
- U 19
U (19)

where EE is the cell-level energy efficiency, 7y, measured 1S the
measured hydrogen production rate (mol s~ '), P4 is the power
supplied by the external direct-current (dc) power supply (W),
I is the current applied (A), U is the voltage applied (V), n is the
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number of transferred electrons for producing 1 mol H, (n = 2),
F is Faraday’s constant, FE is the faradaic efficiency, AHy, is the
heating value of reaction enthalpy (i.e. heat of combustion) and
Ery is the thermoneutral voltage resulting from AHy, according
to the eqn (11).

The energy efficiency is also called electrical efficiency or
electricity-to-hydrogen energy conversion efficiency.®® It can
also be regarded as the voltage efficiency, which is the ratio
of the thermoneutral voltage to the real operating cell
voltage.”*”> Note that there are two kinds of heating value of
reaction enthalpy for H, (AHy,) including the higher heating
value (HHV) and lower heating value (LHV) when calculating
the energy efficiency.®® The HHV (gross calorific value or gross
energy) of H, is defined as the amount of heat released by a
specified quantity (e.g., 1 mol) initially at 25 °C once it is
combusted and the product of water returns to 25 °C and is
condensed to liquid H,O(l), which includes the latent heat of
condensation of water in the combustion product. Under
the standard conditions, the HHV of H, (AHy nnv) is
285.8 k] mol ' corresponding to the thermoneutral voltage
(Ern) of 1.48 V, while AGy, is 237.1 kJ mol ™" corresponding
to the thermodynamic reversible voltage (Egg) of 1.23 V. In
contrast to the HHV, the LHV calculation assumes that the
water product of a combustion process is in the vapor state at
the end of combustion. Although its exact definition is not
uniformly agreed upon, it is general to define the LHV (net
calorific value) of H, as the amount of heat released by
combusting a specified quantity (e.g., 1 mol) initially at 25 °C
and returning the temperature of the combustion products to
150 °C, which assumes the latent heat of condensation of water
in the reaction products is not recovered. The limit of 150 °C is
based on the acid gas dew point. Under these conditions, the
LHV of H, (AHy,Lnv) is 241.8 K] mol ™" corresponding to
the thermoneutral voltage (Ern) of 1.25 V, while AGy, is
228.6 k] mol " corresponding to the thermodynamic reversible
voltage (Egg) of 1.18 V. For H,, the difference between HHV and
LHV encompasses the sensible heat of water vapor between
150 °C and 100 °C, the latent heat of condensation at 100 °C,
and the sensible heat of the condensed water between 100 °C
and 25 °C.

For low-temperature water electrolysis, the calculations of
energy efficiencies reported in the literature are not unified,
adopting AHy, yuv, AHpauy OF AGuy(HyO(l)) in different
reports. It is noteworthy that the applied voltage U must be
measured under the electrochemical steady state, suggesting
both the OER and HER electrodes are well pre-conditioned
without side reactions. Some articles have reported an applied
voltage in a simple home-made two-electrode setup lower than
the Epn (1.48 V), which is incorrect and caused by the over
iR-correction and unsteady electrodes.”® ! For high-temperature
water steam electrolysis, the energy efficiencies reported in the
literature are generally calculated on the basis of AHy, 1 y. Note
that some reports on high-temperature water electrolysis assume
that the continuous supply from external waste heat sources is
available which provides “free” thermal energy to drive the
endothermic reactions when the practical SOEC operating
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voltage is below Ery but above Egg.*” This can result in an energy
efficiency greater than 100%. In this case, the heat input should
be included in the total energy input to obtain a meaningful
energy efficiency value. Furthermore, the applied current should
also be reported when reporting the energy efficiency, as it
influences the applied voltage (U). Electrolyser manufacturers
also use kilowatt hours per normal cubic meters (kW h Nm ) or
kilogram (kW h kg ') of dry H, as a measure of system efficiency,
which sidesteps the LHV versus HHV controversy.*> Both HHV
and LHV are easily converted to kW h kg™ '. The U.S. Department
of Energy (DOE) Fuel Cell Technologies Program Multi-Year Plan
includes targets for distributed water electrolysis and for central
wind water electrolysis using three measures of efficiency: HHV,
LHV, and kW h kg '.%* Therefore, it is recommended to specify
the calculation details when reporting the energy efficiencies of
developed water electrolysers for comparison.

4. New strategies for advanced water
electrolysis

To overcome various technical challenges including incompatible
integration of HER and OER electrocatalysts, large energy barrier,
limited reactant mass transfer, possible H,/O, crossover, sluggish
kinetics of the bottleneck OER, incompatible pH-dependent over-
potential and kinetics for the HER and the OER, storage and
onsite use of H,,”" six emerging strategies are selected and
summarized to address these challenges and advance the wide
deployment of the water electrolysis technique (Fig. 3), includ-
ing overall water electrolysis, magnetic field-assisted water
electrolysis, decoupled water electrolysis, hybrid water electro-
lysis, acid/alkaline asymmetric electrolyte electrolysis, and tan-
dem water electrolysis.

4.1 Overall water electrolysis

The standard thermodynamic potential for the HER and the
OER depends on the pH value (Fig. 1). Based on the Nernst
equation, acidic conditions (low pH) are favourable for HER
rendering a low onset potential, while alkaline conditions (high
pH) are beneficial for the OER delivering a low onset
potential.'*”"'*® Therefore, most developed HER electrocatalysts
including Pt and nonprecious electrocatalysts demonstrate super-
ior catalytic HER performance in acidic electrolytes. However, a
few nonprecious OER electrocatalysts can survive in acidic elec-
trolytes. Recent intensive research efforts have resulted in devel-
oping nonprecious OER catalysts or pre-catalysts superior to
noble metal oxides such as RuO, and IrO, under alkaline
conditions.'”* In contrast, most of the nonprecious HER electro-
catalysts still demonstrate inferior intrinsic electrocatalytic activ-
ities for HER compared to Pt, although some emerging
nonprecious HER electrocatalysts such as NiMo alloys and
NizN/Ni interfacial catalyst exhibit high apparent and specific
activities comparable to Pt in alkaline electrolytes.'>"'”>!7® The
disparity of conditions that are favourable to HER and OER
catalysts and the incompatibility of the components of HER
and OER catalysts will likely cause complicated integration and
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Fig. 3 Schematic illustrations of six emerging strategies for low-temperature water electrolysis. (a) Overall water electrolysis based on bifunctional
nonprecious electrocatalysts (or pre-catalysts), (b) magnetic field-assisted water electrolysis, (c) decoupled water electrolysis, (d) hybrid water
electrolysis, (e) acid/alkaline asymmetric electrolyte electrolysis, and (f) tandem water electrolysis. Adapted from ref. 173, Copyright 2018, with

permission from Elsevier.

mediocre performance in the overall electrochemical water split-
ting. In this respect, to accomplish overall water electrolysis,
coupling of HER and OER electrolytes in the same pH electrolyte
with bifunctional electrocatalysts is highly desirable. Due to the
nature of the four successive proton-coupled electron transfer
process, the overpotential of OER is typically higher than that of
HER to deliver the same current density. The solution pH for
favouring the OER is preferable, which is the alkaline electrolyte.
Therefore, recent progress in overall water electrolysis focuses on
developing active bifunctional Janus nonprecious electrocatalysts
that serve as catalysts for HER and pre-catalysts for OER in the
same alkaline media (Fig. 3a).°® The use of such Janus electro-
catalysts with identical compositions would significantly simplify
the design, integration of electrocatalysts and construction of
water electrolysers, and potentially lower the production cost.
Various kinds of bifunctional Earth-abundant electrocatalysts
have been developed, including nanostructured transition metal
phosphides, chalcogenides, carbides, borides, nitrides, oxides
and (oxy)hydroxides.'”” %’

Cobo and co-workers developed a Janus cobalt-based
catalytic material for both HER and OER in neutral electrolytes."*’
A robust nanoparticulate electrocatalytic material, H,-CoCat,
was prepared from cobalt salts in a phosphate buffer by
electrodeposition, consisting of metallic cobalt coated with a
cobalt-oxo/hydroxo-phosphate layer for electrocatalytic HER at
modest overpotentials. Furthermore, it was converted on anodic
equilibration into an amorphous cobalt oxide film (O,-CoCat or
CoPi) which could catalyse the OER in a similar neutral
solution."® This Janus material inspired intensive research
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efforts in developing bifunctional catalyst/pre-catalysts for overall
water splitting in alkaline and neutral electrolytes. Subsequently,
Jiang et al. fabricated Co-P-derived films by electrodeposition,
which showed catalytic performance for both HER and OER in
1.0 M KOH.**® They found that the major compositions of the as-
prepared and post-HER films were metallic cobalt and low-
crystallinity cobalt phosphide, which partially evolved to cobalt
oxide during the OER. Later, Stern et al. developed Ni,P nano-
particles as the HER electrocatalyst and the pre-catalyst for OER
in 1.0 M KOH.>*" They clearly identified the formation of core-
shell Ni,P/NiO, in the OER process and demonstrated that the
two-electrode water electrolyser composed of both Ni,P electro-
des could deliver 10 mA ecm > at 1.63 V. Liuw’s and Shalom’s
groups independently developed crystalline NisP, and NiP,
nanosheets by using the reaction between Ni and red P, and
found that NisP, could efficiently catalyse the HER in alkaline
solutions and be in situ transformed to nickel (oxy)hydroxide on
the surface to form core/shell NiP,/Ni(OH), under the anodic
potential for catalysing the OER.>°>*®® Liu’s group has demon-
strated that the water electrolyser assembled using the Janus
nickel phosphide electrodes could stably operate at 10 mA cm >
at a small voltage lower than 1.65 V with a remarkable lifetime of
100 to 1000 hours and a high energy efficiency of over 90%.>°*2%*
Li et al. employed the reaction between Co foam and red P to
obtain the Janus CoP electrodes for catalysing both HER and OER
in the alkaline solution and comprehensively elucidated the
in situ oxidation and dephosphorization process during the
conversion of CoP to cobalt (oxy)hydroxide upon the OER
(Fig. 4a-f)."*® The water electrolyser composed of Janus CoP

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Overlaps of high-angle annular dark-field scanning transmission electron microscopy and elemental mapping images of (a) pristine CoP
nanowire, (b) CoP nanowire upon anodic oxidation for 20 s, (c) CoP nanowire upon anodic oxidation for 5 min, (d) CoP nanowire upon anodic oxidation
for 30 min, (e) CoP nanowire upon anodic oxidation for 3 h and (f) CoP nanowire upon anodic oxidation for 6 h at 1.54 V vs. RHE in O,-saturated 1.0 M
KOH. (g—j) Overall water splitting performance of the two-electrode CoP electrolysers. (g) Polarization curves of CoP nanowires (NWs), bare Co foam
(CF) and RuO,(+)[|Pt—C(—) supported on CF. (h) Gas yield of H, and O, evolved over the CoP NW electrodes as a function of time at 100 mA cm2.
(i) Multi-step CP curves of the CoP NWs and bare CF electrolysers at varying current densities. (j) Long-term stability test of the CoP NW electrolyser at 20
and 100 mA cm™2. Inset: zoomed view of the curves in the first 20 h. All experiments were conducted in 1.0 M KOH at room temperature. Reproduced
from ref. 198 with permission from the Royal Society of Chemistry under a CC BY-NC 3.0 licence.

electrodes exhibited better performance than the noble metal
couples, 100% faradaic efficiency and remarkable stability for
overall water electrolysis at relatively high current densities of 20
and 100 mA cm ™2 for 1000 h (Fig. 4g-j). The same group also
fabricated cobalt nickel phosphide nanowires on Ni foam
(Ni@Co-Ni-P) as monolithic self-supported bifunctional electro-
des for HER and OER in 1.0 M KOH."® The ternary Co-Ni-P

© 2022 The Author(s). Published by the Royal Society of Chemistry

nanowires showed remarkable bifunctionality in catalysing the
HER and serving as the pre-catalyst for OER. They constructed an
alkaline water electrolyser by assembling two symmetrical Ni@Co—
Ni-P electrodes as the cathode and anode, respectively, which
exhibited outstanding catalytic performance for sustained water
electrolysis at varying current densities from 10 to 240 mA cm™ >

Even at a relatively high current density of 100 mA cm 2, the
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Ni@Co-Ni-P electrolyser was capable of operating for over 3000 h  an exceptionally high catalytic current density of 397 mA cm™>and a
with little degradation and a high energy efficiency of 76%.'® Later, TOF of 6.44 x 10"> s~ ' at a low overpotential of 320 mV, a small
Li et al developed monolithic CosSe, nanowires on Co foam Tafel slope of 44 mV dec ', and outstanding electrocatalytic stability
(Co3Se,/CF), for the first time, via a facile one-pot hydrothermal at various current densities for the OER. The water electrolyser
process using selenourea.'® This electrode also showed Janus constructed using two symmetrical Co;Se,/CF electrodes could
characteristics to serve as an active HER catalyst and a pre-catalyst ~ deliver 10 and 100 mA cm™ > for over 3500 and 2000 h without
for the OER in alkaline media. They revealed the complete noticeable degradation, respectively (Fig. 5)."** These alkaline
transformation of CosSe, to CoOOH during the OER, which was  electrolysers showed superior performance to those consisting of
the true active catalytic species. The Cos;Se,/CF anode showed the Pt cathode and the RuO, anode under similar conditions.
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Fig. 5 Overall water splitting performance of the two-electrode electrolysers. (a) Polarization curves of CozSe4/CF, CF and RuOa(+) || Pt—C(—) supported
on CF. (b) Multi-step CP curve of the CozSe4/CF electrolyser at varying current densities. (c) Gas yield of H, and O, evolved over the CosSes/CF
electrodes as a function of time at 50 mA cm™2. (d) Long-term stability CP test of the CosSe4/CF electrolyser at 10 and 100 mA cm~2. Inset is a
photograph showing the gas bubbling of H, from the cathode and O, from the anode at 100 mA cm™2. All experiments were conducted in 1.0 M KOH at
room temperature. The polarization and CP curves are shown without iR correction. (a—d) Reproduced with permission from ref. 164. Copyright 2017,
John Wiley and Sons, Inc. (e) The periodic table of s-, p-, d-, and f-block elements. Reproduced from ref. 205 with permission from John Wiley and Sons,
Inc. under the Creative Commons CC BY license.
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Recently, various strategies have been employed to develop
efficient bifunctional electrodes for water electrolysis, includ-
ing nano-architecture design, optimization of synergistic
combination of metal elements and non-metallic elements
(e.g. B, C, N, P, O, and chalcogens), in situ growth of active
electrocatalysts on conductive substrates to produce self-
supported monolithic electrodes and exploration of s-, p- and
f-block metals (Fig. 5e) for discovery of advanced electrocata-
lysts containing multiple metal centres.’>>%” As the non-
precious metal based electrocatalysts cannot sustain for a long
time under the acidic OER conditions, the application of
developed bifunctional Janus materials focuses on alkaline
water electrolysis, which will potentially mitigate the incompat-
ibility, simplify the device design, improve the longevity, and
reduce the costs.

4.2 Magnetic field-assisted water electrolysis

The existing large energy barriers and limited reaction kinetics
of the HER and the OER have motivated the research com-
munity to explore new electrocatalysts and engineer various
inherent properties of electrocatalysts including morphologies,
structures, compositions, interfaces, crystallinity, exposed crys-
tal facets, phases, and defects to increase the intrinsic catalytic
activities.”® Beyond this direction, novel external field-assisted
electrocatalysis has emerged as a promising paradigm to pro-
mote the water electrolysis reactions.>**>'° An external mag-
netic field has been employed to provide flexibility to engineer
the water electrolysis process (Fig. 3b). For example, Berlin-
guette’s group has recently investigated the relationship
between the OER activity and magnetic field at the surface of
the CoO,/F-doped tin oxide (FTO) conductive glass electrode by
accurately controlling the distance between the magnet and
OER electrode and quantified the enhancement of potentio-
static electrolysis OER current and Tafel slope as a function
of magnetic flux density at the OER electrode.*’* This new
paradigm of magnetic field-assisted water electrolysis offers
merits in terms of facile operation, dynamic regulation, and
continuous, reversible, and universal control. Although the true
mechanisms of magnetic field-assisted water electrolysis
remain unclear, several effects of magnetic field on the reaction
thermodynamics and kinetics of electrochemical processes
have been reported including the magnetohydrodynamic
(MHD) and micro-MHD effects, magnetothermal effect, elec-
tron spin selectivity effect, Maxwell stress effect and Kelvin
force effect.’’*'* This section reviews how these magnetic
field-induced effects influence the electrochemical reactions
for water electrolysis.

4.2.1 MHD and micro-MHD effects. The HER and the OER
usually suffer from the adhesion of gas bubbles on the surfaces
of gas-evolving electrodes. The attached gas bubbles can
decrease the ECSAs of electrodes, block the ion conduction
pathways, and hamper the reactants from reaching the active
sites. Thus, the large bubble coverage poses an additional
potential barrier to charge transfer across the electrocatalyst-
electrolyte interface, increasing the activation overpotential.>*®
Surface-attached bubbles not only increase ohmic resistance by
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preventing the ionic current flow from reaching a portion of the
ECSA, but also induce a non-uniform distribution of current
density in the area adjacent to the bubbles and affect the charge
transfer in those regions. Furthermore, bubbles dispersed in
the bulk electrolyte also increase the ohmic overpotential by
reducing the number of available ion conduction pathways and
thus lower the effective ionic conductivity of the electrolyte. The
bubbles may also affect the mass transfer and lead to the
formation of undesirable concentration gradients. An in-depth
discussion on the influence of bubble evolution on the energy
conversion efficiency in electrochemical reactions has been
reviewed previously.>"> These detrimental effects of bubbles
can reduce the energy efficiency and electrode stability for water
electrolysis. Although some passive methods have been devel-
oped to mitigate the bubble impacts including electrode mor-
phology, structure and wettability engineering and addition of
surfactants or additives to aqueous electrolytes,>'® it is still
challenging to minimize the bubble-induced effects. Therefore,
various strategies that make use of external fields such as
acoustic, centrifugal, and magnetic fields have been developed
to promote bubble detachment.>'® Among these external fields, the
use of magnetic field is more facile to integrate with water electro-
lysers. The MHD and micro-MHD effects are the macroscopic and
microscopic convection caused by the Lorentz force which the
moving charged ions in the electrolyte under the electrolysis electric
field are subjected to.”'>*"” The forms of magnetic convection on
the electrode surface are illustrated in Fig. 6.

The Lorentz force (F) reaches maximum when the magnetic
strength (B) is perpendicular to the current density j (B.Lj),
making the magnetic convection parallel to the electrode
surface (Fig. 6a). Fy, is zero when B is parallel to j (Bl).
Furthermore, the edge effect of a disk electrode and the bulge
of insulating bubbles can distort the current lines, leading to
the azimuthal F;, (Fig. 6b and c¢). The MHD and micro-MHD
effects influence the gas detachment on the gas-evolving elec-
trodes. The bubble release size and dwell time depend on the
net force (Fig. 6d and e). If the direction of Fy, and the buoyancy
force (Fj) is identical (e.g., upward), the upward pumping effect
of MHD convection will decrease the average size of bubble
detachment and dwell time and thus speed up the release of
bubbles (Fig. 6d). Conversely, if F; has a downward direction
opposite to the upward Fg, the release of bubbles will be
retarded. Therefore, the control of magnetic field is important
to influence the bubble detachment. The micro-MHD effect on
bubble detachment is controversial. Many studies reported the
promoted release of bubbles due to the micro-MHD induced
swirling as micro-stirrers,*'®2*° whereas some research studies
have drawn the opposite conclusion.?*' Whether the bubble
detachment is promoted by the micro-MHD effect depends on
the location of the low-pressure region in the bubble. It was
proposed that the micro-MHD effect promotes the release of
bubbles on the conventional electrode surface, while it enhances
the pinning of bubbles on the microelectrode surface.>”> The
influence of MHD and micro-MHD on electrocatalytic reactions
can reduce the ohmic polarization, activation overpotential and
concentration polarization.”> The Bruggeman approximation
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Fig. 6 MHD flow types under a static uniform magnetic field and the sche-
matic illustrations of the MHD effect for electrodes. (a) The MHD flow is parallel
to the electrode surface when the magnetic field direction B is perpendicular to
the current density j (B Lj). (b) MHD whirlpools around the electrode edge when
B is parallel to j (B|])). (c) Micro-MHD induced around the bubbles attached on
the electrode surface when Bl|j. Cases of the Lorentz force F| and the buoyancy
force Fg in the same direction (d) and opposite direction (e). Reprinted with
permission from ref. 212. Copyright 2020, American Chemical Society.

describes the dependence of effective conductivity of an electro-
Iyte filled with insulating gas bubbles as follows:

k=ko(1—-H"° (20)

where £ is the effective conductivity of the electrolyte with random
suspension of gas bubbles, k, is the conductivity of bubble-
free electrolyte and f is the volume fraction of dispersed
bubbles.*'*?**?2* The MHD can alleviate the supersaturated accu-
mulation of bubbles, reduce the value of f and increase the
conductivity, leading to decreased ohmic polarization. Further-
more, the MHD and micro-MHD effects can reduce the electrode
masking and bubble coverage, ensuring the exposure of the
effective electrochemically active area to reduce the activation
overpotential.**>**® In addition, the forced flow induced by the
MHD and micro-MHD effects can thin the diffusion layer and
enhance the mass transfer. The concentration overpotential can be
expressed as follows:

_RT I
e = F "I =1

(21)
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where 7. is the concentration overpotential, R is the ideal gas
constant, T is the absolute temperature in Kelvin, F is the Faraday
constant, n is the number of electrons involved in the electrode
reaction, I is the current density and I is the limiting current

density.>"* The limiting current density is related to the diffusion
layer according to Fick’s first law as follows:
B
Iy = nFDigl (22)

where D; is the ion diffusion coefficient, ¢ is the concentration of
ions in bulk solution, and ¢ is the diffusion layer thickness. When
the MHD and micro-MHD effects reduce ¢, the limiting current
density will be increased, leading to a decrease of 7.

The MHD effect has been found and fundamentally studied
in some homogeneous electrochemical reactions, electrodepo-
sition, and electropolymerization.**” For the electrodeposition
of Ni,*® Fe,>*® Co0,”*° and alloys under a magnetic field,>*"
some early studies found that the release of hydrogen bubbles
produced by the competitive HER in the cathodes is promoted
to facilitate the formation of smooth plated metal coating
layers. In 2007, Fukunaka’s group first reported promoted
water electrolysis under a magnetic field.>”> The voltage of
water electrolysis with two Pt sheets as the cathode and anode
decreased with the increased magnetic field strength in both
acidic and alkaline electrolytes including 0.05 M H,SO,, 0.36 M
KOH and 4.46 M KOH (Fig. 7a-c). The MHD convection can
help to remove the bubble coverage and thus reduce the ohmic
resistance. Meanwhile, the MHD convection enhanced the
mass transfer rate of dissolved gas to reduce the degree of
supersaturation and lowered the activation and concentration
overpotentials for both HER and OER electrodes.”*>*** Later,
Matsushima et al. employed a high-speed digital camera to
observe the nucleation, growth, and detachment of bubbles on
transparent FTO conductive glass electrodes (Fig. 7d).**® The
gas bubbles can stay at the nucleation sites in the absence of a
magnetic field until natural convection is developed. In con-
trast, the bubbles can be swept away by the MHD convection as
soon as they are nucleated in the presence of a magnetic field
with a strength higher than 1 T and the nucleation number of
bubbles decreases with the increase of magnetic strength. Lin
et al. reported the direct visual observation of the effect of F;,
direction on the bubble motion on ferromagnetic Ni, paramag-
netic Pt, and diamagnetic graphite electrodes.>** Fig. 7e clearly
demonstrates that the upward Fy, and Fy together can facilitate
the release of H, and O, bubbles, while the downward F;, in an
opposite direction to Fp significantly slows the bubble detach-
ment (Fig. 7f). The degree of MHD-induced enhancement in
energy efficiency of water electrolysis on different electrodes
follows the order of ferromagnetic Ni > paramagnetic Pt >
diamagnetic graphite, where Ni showed the largest increase but
there is insignificant boost for graphite under the magnetic
field. They also systematically investigated the effects of inter-
electrode distance and KOH electrolyte concentration on the
electrolysis current density under different magnetic field
intensities, revealing that a smaller electrode distance leads
to larger enhancement and there is an optimal KOH

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Cell voltage versus magnetic field intensity for water electrolysis by using Pt sheets as working and counter electrodes with a distance of 2 mm

under a fixed current density of 1.8 A cm~2 in different aqueous electrolytes. (b) Polarization curves for water electrolysis in 4.46 M KOH electrolyte by
using Pt sheets as working and counter electrodes with different electrode distances (A: 20 mm, B: 4 mm and C: 2 mm) and magnetic field intensities
(triangle: O T, diamond: 0.5 T, square: 1 T and circle: 5 T). (c) Polarization curves for water electrolysis in 0.05 M H,SO,4 electrolyte by using Pt sheets as
working and counter electrodes with different electrode distances (A: 20 mm, B: 4 mm, C: 2 mm and D: 1 mm) and magnetic field intensities (triangle: O T,
diamond: 0.5 T, square: 1 T and circle: 5 T). (a—c) Reproduced from ref. 225, Copyright 1948, with permission from IOP Publishing. (d) Images of tracking
oxygen bubble evolution on a FTO electrode during the OER in 0.36 M KOH at a current density of 0.3 A cm™~2 under different magnetic field intensities.
Reprinted from ref. 226, Copyright 2013, with permission from Elsevier. (e) Photos of bubble convection under different magnetic-induced Lorentz force
directions (water electrolysis voltage: 4 V, cathode and anode: Ni plates, electrolyte: 40 wt% KOH, electrode distance: 10 mm and magnetic field
intensity: 4.5 T). (f) Schematic for the MHD effect in the vicinity of cathode under different Lorentz force directions. (e and f) Reprinted from ref. 234,
Copyright 2012, with permission from Elsevier.

concentration of 20 wt% to deliver the most significant boost in
the current density under various magnetic field intensities
ranging from 0.6 to 4.5 T. These results suggest that the
integrated magnetic field is likely compatible with the current
zero-gap configuration of alkaline electrolyser. Note that the
influence of Fi, on the physical movement of OH~ and H;O"
ions is negligible, because both ions in the aqueous solutions
move by sequential proton hopping/transfer instead of physical
motion, which is known as the Grotthuss mechanism.>*’

To date, the MHD and micro-MHD effects have been exten-
sively reported for boosting the HER and/or the OER on Pt,>**

© 2022 The Author(s). Published by the Royal Society of Chemistry

Ni,>*® Co;0,-loaded Ni foam,**” Ta,**® Cu,**® Ni-W alloy,>** and
various steels.**° In addition to the experimental investigation,
recent studies have employed theoretical modelling to gain
insights into the MHD and micro-MHD effects (Fig. 8). Liu et al.
reported the use of numerical simulation and modelling to
systematically unravel the MHD and micro-MHD effects on
various electrodes including porous metal foams,*****> planar
Pt sheets and microelectrodes under external magnetic
fields,>***** and magnetized Ni wires in the absence of an
external magnetic field.>*® The current lines are distorted
within the porous electrode and thus the Lorentz force is
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Fig. 8 (a) Lorentz force magnitude (contour) (Nm~>) and orientation (arrow lines) around the ligaments of a porous Ni electrode. (b) Velocity (m s™3) field
distribution (contour) and streamlines (arrow lines) within the porous microstructure. (c) Schematic of nucleation of bubbles, the bubbles coalesce into a
large one within the pore and large bubbles are expelled to release from the pore. Simulation results of the micro-MHD effect with a magnetic field on a
microelectrode surface. (a—c) Reprinted from ref. 242, Copyright 2019, with permission from Elsevier. (d) Current distortion around the bubble wall
(arrow lines) and the Z direction current density (contour, A m~2). (e) The Y direction Lorentz force per unit volume (Nm™>). (f) Velocity field distribution in
the Y direction (m s7%) and the streamlines around the bubble. (g) Static pressure distribution around the bubble (Pa). Simulation results of the micro-MHD
effect with an average current density of 60 mA cm~2 and a 0.9 T magnetic field on a macroelectrode surface. (h) Current distortion around the bubble
wall (arrow lines) and the Z direction current density (contour, A m~2). (i) The Y direction Lorentz force per unit volume (Nm?3). (j) Velocity field distribution
in the Y direction (m s™%) and the streamlines around the bubble. (k) Static pressure distribution around the bubble (Pa). Simulation results of current
distribution, the Lorentz force and velocity around the bubble for a magnetized nickel wire cathode. (d—k) Reprinted from ref. 222, Copyright 2015, with
permission from Elsevier. (1) Current line distribution (arrow lines) and the electric potential (contour). (m) Lorentz force (F.) magnitude (Nm®) and
direction (arrow lines). (n and o) Velocity component in the Y-axis direction (contour, V,, m s™*) and streamlines (arrow lines) around the spherical bubble
model. (l-0) Reprinted from ref. 236, Copyright 2019, with permission from Elsevier.

induced even though the direction of magnetic field is parallel
to that of apparent current lines. The velocity field distribution
induced by the Lorentz force plays a key role in expelling
bubbles off the pores. Surprisingly, the computational fluid
dynamics (CFD) analysis illuminates that the micro-MHD gen-
erates a pair of low-pressure regions close to the low-half part of
the bubble wall due to the rotating flow fluid around the bubble
driven by the Lorentz force.”*” The pressure difference around

5616 | Mater. Adv,, 2022, 3, 5598-5644

the bubble provides the growing bubble an external force which
offers a stabilization impact to pin the bubble on the Cu
microelectrode surface. However, for the macroelectrode, the
lower part rotating flow is restrained by the electrode surface’s
no-slip conditions, and the upper part flow is more turbulent.
Thus, a relative lower pressure region is formed above the top
of bubble, which helps the bubble release from the macro-
electrode surface. In addition to the reliance on an external

© 2022 The Author(s). Published by the Royal Society of Chemistry
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magnetic source such as permanent magnet and electro-
magnet, the direct use of magnetized electrodes forming an
internal magnetic field in the water electrolyser can simplify the
system design. The in operando microscopic observation and
simulation demonstrate that the residual magnetic field
generated by magnetized electrodes gives rise to the Lorentz
force and MHD convection and thus reduces the H, bubble
diameter and coverage.>*® This new finding offers a new para-
digm to develop energy-efficient water electrolysis using mag-
netized electrodes with high electrocatalytic activities.

4.2.2 Magnetothermal effect. The magnetothermal effect is
derived from the magnetic hyperthermia in cancer therapy.”*’
It is generated by imposing an external high frequency alter-
nating magnetic field (AMF) on magnetic nanoparticles to
trigger localized heating.'> The HER and OER are electroche-
mical reactions governed by kinetic energy barriers and mass
transfer. Increasing the electrochemical reaction temperature
can reduce the overpotentials and promote the kinetics. There-
fore, both PEM and alkaline water electrolysers commonly
adopt global heating of the whole cell systems.>*® However,
this conventional global heating leads to some problems. It
brings about high energy consumption and thereby increases
the energy cost due to the inefficient heat exchange and
requirement of heating bulk electrolytes and cell accessories.
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The continuous global heating also leads to intense corrosion
of the whole electrolysers, which is detrimental to the lifetime
of electrodes and reactors. Given that the electrocatalytic HER
and OER take place at the electrocatalyst/electrolyte interfaces,
localized heating in the vicinity of electrocatalysts is more
energy-efficient and preferable. Inspired by the magnetic
hyperthermia, Niether et al. employed a high frequency AMF
to trigger the localized heating of the electrodes that are
ingeniously designed on the basis of nickel-coated iron carbide
(core-shell Fe,,C@Ni) nanoparticles for enhanced alkaline
water electrolysis.>*® Fig. 9 shows the alkaline water electrolyser
under the high frequency AMF. The Fe,,C served as the
magnetic core demonstrating high heating-power properties
under AMF, while the outer Ni shell acted as the electrocataly-
tically active species for both HER and OER in 1 M KOH
electrolyte. The core-shell Fe,,C@Ni delivered significantly
decreased overpotentials for the HER and the OER with the
increasing magnetic field intensity of AMF. Fig. 9b demon-
strates the galvanostatic measurement of the Fe, ,C@Ni elec-
trode for the OER, in which overpotential was instantaneously
impacted when the AMF was switched on and off at different
field intensities at an applied anodic current of 35 mA. This
instantaneous response of the potential to AMF clearly reflects
the pronounced localized heating of Fe, ,C@Ni. The full water
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(a) Schematic illustration of an alkaline water electrolysis cell operating inside the coil that produces an alternating magnetic field (AMF). Core—

shell Fe, ,C@Ni nanoparticles loaded on the carbon nanofiber cloth serve as HER and OER electrocatalysts. (b) Chronopotentiometry measurement of
Fe, ,C@Ni for the OER at a constant current of 35 mA under AMF of varying intensities. Alkaline water electrolyser cell voltage versus current with or
without an AMF of 48 mT. (c) Measured voltage and (d) iR-corrected voltage. The voltage was measured in a two-electrode and zero-gap setup.
Reprinted from ref. 246, Copyright 2018, with permission from Springer Nature.
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electrolysis cell performance was also investigated in a zero-gap
and flow-cell setup close to the commercial alkaline water
electrolyser in the presence and absence of AMF, which sub-
stantiates that the water electrolysis voltage can be reduced by
leveraging the magnetothermal effect upon the Fe,,C@Ni
electrodes induced by AMF-triggered localized heating. Note
that the reduced voltage may be ascribed to the multiple
synergy effects of improved mass transfer and kinetics and
reduced energy barrier from localized heating and bubble
coverage from MHD. As such, this work provides an interesting
proof-of-concept for magnetothermal water electrolysis tech-
nology in a relatively non-destructive heating way which brings
new vitality to alkaline water electrolysers. Nonetheless, further
fundamental and engineering investigations are still required.
First, the magnetothermal effect and other magnetic field
induced effects are not explicitly deconvoluted to elucidate
how they separately influence the activity enhancement.
Second, unlike the use of a static permanent magnetic field,
there is an additional energy input for high-frequency AMF.
Therefore, the comparison between overall energy consump-
tion by using AMF and conventional heating should be
rigorously evaluated using technoeconomic analysis (TEA).
Finally, more technical engineering improvements are needed
in terms of screening other magnetic cores for better control
over heating properties, optimizing surface HER and OER
electrocatalysts and extending long-term stability of the magnetic
core particles and surface electrocatalytically active species. In
addition, the high-frequency induction heating generated by
AMF has been employed for the rapid synthesis of Ni loaded
MoO, nanowires and NiFe layered double hydroxide as electro-
catalysts of HER and OER in alkaline water electrolysis,
respectively.>”” This also opens up a new avenue for the synthesis
of electrocatalysts by using magnetic fields.

4.2.3 Spin selectivity effect. In low-temperature water
electrolysis, the OER is a spin state transition process
(Fig. 10a and b) which involves four-electron transfer and
production of triplet-state paramagnetic O, from singlet-state
diamagnetic reactants such as H,O and OH .>**2° Specifi-
cally, the ground spin state of H,O and OH ™ reactants is singlet
with all paired electrons, while the ground state of molecular O,
product is triplet (*%,) with the antibonding-molecular orbitals
(frontier n* orbitals) occupied by two unpaired electrons with
parallel alignment, leading to paramagnetic properties.>*">>>
There is also an excited state of singlet diamagnetic O, (*A,)
with frontier n* orbitals occupied by two unpaired electrons
with antiparallel alignment, which has an energy level of at
least 1.0 eV higher than that of the ground triplet O, (Fig. 10c
and d).>**° For nonmagnetic anodes, the high overpotential
is associated with the notion that oxygen is initially produced in
its diamagnetic excited state (singlet-state) and decays to the
ground triplet state.>>* The spin-conservation rule (i.e., angular
momentum conservation) is a key selection rule for chemical
reactions.”®® From a quantum mechanics view, the kinetics of
reactions where the total spin of the reactants differs from the
total spin of the products with spin transition is theoretically
low.>*® Therefore, the OER requires an additional energy such
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as electrical potential, thermal disturbance, and magnetic field
to proceed.**® Both electron transfer and orbital interactions
between the catalyst and the reactant/intermediate show
spin-dependent features, making the reaction kinetics and
thermodynamics sensitive to the spin configurations. Thus,
the magnetism (at least surface magnetism) of transition metal
oxide (TMO) based electrocatalysts should play a role in the
OER Kkinetics, as it is related to spin polarization (i.e., spin
selectivity).>*>*>' Conversion from OH™ (in alkaline electro-
Iytes) or H,O (in acidic electrolytes) to O, undergoes multistep
processes of intermediate oxygen adsorbate species evolution.
Generally, the oxygen valence electrons in the reactants of OH™
or H,O (with 8 valence electrons per oxygen atom) at the
electrocatalyst/electrolyte interfaces are extracted and pass
through the interconnected particles and bulk of electrocatalyst
and electronically conductive additives and eventually flow to
the external circuits, releasing O, with 6 valence electrons
among which each frontier n* orbital of two antibonding-
molecular orbitals is occupied by one unpaired electron with
the same spin direction, respectively.>*® The electron-deficient
intermediate oxygen adsorbate species such as *OH, *O, *OOH,
and *OO are bound with active sites at the electrocatalyst/
electrolyte interfaces through chemisorption. The electron
transfer from the oxygen adsorbates proceeds when the unoc-
cupied energy levels in the conduction bands of active sites of
electrocatalysts are lowered below the O 2p band centres of
adsorbates by a positive potential applied on the anode where
the OER occurs. For example, the energy gap between O 2p
valence and unoccupied 3d conduction band of TM catalytic
centres in TMO electrocatalysts has been elucidated to play a
key role in the OER activity.>®” Fig. 10e-g present three widely
reported mechanisms of diverse TMO based electrocatalysts for
the OER in alkaline electrolytes, including the Eley-Rideal (ER)
type adsorbate evolution mechanism (AEM), the Langmuir-
Hinshelwood (LH) type AEM, and the lattice oxygen mechanism
(LOM).>*® The ER-type AEM takes place on single metal cation
active sites involving evolution from the OH™ reactant to *OH,
*0, *OOH, and *OO0 intermediates to the O, product eventually.
The LH-type AEM occurs on two adjacent metal cation active
sites. Similarly, the LOM also involves two active sites; however,
one metal cation active site and the one lattice oxygen active
site participate in this process. Both the LH-type AEM and LOM
involve the evolution from the OH™ reactant to *OH, *O, and
*OO intermediates to the O, final product bypassing the
formation of *OOH. As mentioned above, the adsorption of
reactants and intermediates on the electrocatalyst/electrolyte
interface is owing to orbital overlaps, chemisorptive bond
formation, and interfacial electron transfer. For 3d TMO
electrocatalysts, the binding between intermediates and active
sites has been proved to correlate with e, occupation.''*?>
Since the descriptor e, electron number is intrinsically related
to spin configuration, the electron spin of active sites is
expected to influence the OER activity.”>® Fig. 10h and i
demonstrate one example of the spin direction of four electrons
(down-up-down-down) among all possible combinations for
all three mechanisms.>*® Apparently, three out of the four

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a and b) Molecular orbital diagrams of H,O, OH™, and O, (triplet-state). Molecular orbital diagrams of (c) singlet-state and (d) triplet-state O,

molecules. (e—g) Proposed reaction routes for the OER in alkaline electrolytes on metal oxide-based electrocatalysts: (e) Eley—Rideal (ER) type adsorbate
evolution mechanism (AEM), (f) Langmuir—Hinshelwood (LH) type adsorbate evolution mechanism, and (g) lattice oxygen mechanism (LOM). Possible

outer electron behaviours during the OER for (h) single active site case (e.g.,

ER-type AEM) and (i) two adjacent active site scenarios (e.g., LH-type AEM

and LOM). Red boxes present simplified hybrid orbitals of oxygen species. Black arrowed dashed lines and circles show the direction of electron transfer/
hopping between adsorbates and active sites through chemisorptive bonding. Red arrowed dashed lines and circles denote electron depletion
(transferring from surface to bulk). One example of the spin direction of four electrons which is down—-up—-down-down is illustrated here for clarity.
Other combinations are also possible (not shown), if three out of the four electrons transferring from the reactants to the triplet-state O, product are in
the same spin direction. (a and e—i) Reprinted from ref. 248, Copyright 2020, with permission from Springer Nature. (b) Reprinted from ref. 249, Copyright
2020, with permission from John Wiley and Sons, Inc. (c and d) Reprinted with permission from ref. 253. Copyright 2018, American Chemical Society.

electrons transferring from the reactants/adsorbates must be in
the same spin direction to generate the ground triplet-state O,
product regardless of the adopted pathways. If active sites are
unable to efficiently extract three electrons with the same spin
direction and one electron with the reverse spin direction,
some electrons will undergo spin flipping during the transfer
process to meet the spin selection requirement before produ-
cing O,. Extra activation energy (e.g., in the form of high
overpotential) should be required to enable spin flipping if

© 2022 The Author(s). Published by the Royal Society of Chemistry

the corresponding electrocatalyst is unable to provide electrons
that cater to the needs of spin selection. This will retard the
reaction kinetics. Therefore, rational regulation of the electron
spin configuration of electrocatalysts is expected to facilitate
the OER.

Gracia et al. have systematically investigated and found that
the spin-polarized electrons in electrocatalysts can promote
the formation of parallel spin aligned oxygen by quantum
spin-exchange interactions (QSEIs) to enhance the OER
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Various strategies have been developed to
control spin selectivity and facilitate spin polarization of OER
electrocatalysts, including functionalizing metal oxides with
extrinsic chiral molecules as a spin polarizer with a chiral-
induced spin selectivity (CISS) effect,>>**®*7>%* engineering
265,266 414 pro-
moting electron spin polarization and ferromagnetic ordering
with external magnetic fields.*"**"%® Recently, Garcés-Pineda
et al. reported direct magnetic enhancement of the OER on
magnetic oxides in 1 M KOH electrolyte using a moderate magnet
(<0.45 T) and suggested a hypothesis of magnetic field-induced
spin selectivity effect accounting for the enhanced OER activity
(Fig. 11).*” Various OER electrocatalysts with different magnetic
properties have been investigated, including nonmagnetic IrO,,
antiferromagnetic NiO and ZnFe,O,, and highly magnetic NiZn-
Fe,O, and NiZnFeO, and others. From their polarization curves
measured with and without a magnet, most of the TMO-based
electrocatalysts demonstrated magnetocurrent (growth percen-
tage relative to current measured without a magnetic field)
enhancement except for IrO,. There is a roughly linear relation-

magnetic structures and domains of materials,

ship between the magnetocurrent and magnetization of electro-
catalysts (Fig. 11b). NiZnFe,O, with the largest magnetization
among all samples showed the maximum magnetocurrent
regardless of exerting mechanical convection stirring. This
seemed to rule out the MHD effect from the magnetic field.
The magnetocurrent of NiZnFe,O, is sensitive to the relative
position of the magnet with respect to the electrode because of
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the varying magnetic field intensities in different positions
(Fig. 11e). The polarization curves of NiZnFe,O, display signifi-
cant current enhancement in the presence of an external mag-
netic field. The magnetic enhancement effect is instantaneously
shown under a magnetic field alternately switched on and off.
The possible effects of counter and reference electrodes have
been excluded. Furthermore, the magnetic enhancement effect is
also not related to the electrocatalyst substrate and NiZnFe,O,
deposited on a diamagnetic fluorine-doped tin oxide glass sub-
strate can also show magnetocurrent. This work preliminarily
associated this effect with the spin alignment of oxygen atoms of
intermediate species which is favoured by the magnetic field. A
simplified mechanism of interaction of two oxygen atoms
adsorbed on two surface metal centres (I2M mechanism) has
been proposed (Fig. 11f), similar to the aforementioned LH-AEM
(Fig. 10f).>*® In the absence of a magnetic field, the two adsorbed
oxygen atoms are in an antiparallel configuration leading to the
evolution of the excited singlet diamagnetic O,, whereas the
presence of a magnetic field enables ferromagnetic ordering
and parallel electron spin polarization for the surface metal redox
centres and thus promotes parallel electron spin polarization to
produce ground triplet paramagnetic O, due to the spin selectiv-
ity effect. The latter process has an energy level of at least 1.0 eV
lower than the production of singlet O,. In other words, the
magnetocurrent enhancement was assigned to the reduced
energy needed to flip the local spin antiparallel orientation of
two neighbouring sites to the spin parallel configuration,
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Fig. 11

(a) Comparison of the maximum magnetocurrent (growth percentage relative to the current measured without a magnetic field) for various OER

electrocatalysts under an applied potential. (b) Correlation of the maximum magnetocurrent at 1.67 V vs. RHE with bulk magnetization. (c) Polarization
curves of Ni foam electrodes magnetically decorated with NiZnFe,O, particles in the presence (ON) or absence (OFF) of an external magnetic field.
(d) Chronoamperometry results of NiZnFe,O, decorated Ni foam electrodes at ~1.67 V vs. RHE under a magnetic field alternately switched on and off.
(e) Polarization curves of NiZnFe,O, decorated Ni foils with and without an external magnetic field applied by approaching a permanent magnet with
different orientations relative to the electrode position and schematic illustration of magnetic field force lines. (f) Simplified mechanism for the spin-
dependent OER process with or without a magnetic field. Reprinted from ref. 267, Copyright 2019, with permission from Springer Nature.
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suggesting a more thermodynamically favoured OER pathway on
the metal redox centres with parallel spin polarization. This
pioneering work proposed an interesting method to tune the
spin selectivity of magnetic oxide electrocatalysts by using an
external magnet. However, future studies are also required for
in-depth mechanistic understanding of how the magnetic field
induced spin polarization influences the electrocatalytic OER
process on various electrocatalysts in terms of theoretical calcula-
tions and the effects of magnetic properties of materials and
magnetic fields on reaction energetics and kinetics.

Xu’s group has systematically investigated the spin selectiv-
ity effect on a ferromagnetic CoFe,0,4 based OER electrocatalyst
that acted as a spin polarizer under a strong magnetic field
(10 000 Oe).>** When a magnetic field (higher than the coercivity)
is applied to a ferromagnetic material, its magnetic moment will
align along with the direction of magnetic field and thus the
ferromagnetic ordering makes the material a spin polarizer and
selective spin-filter for electron transfer during the catalytic
reactions (Fig. 12a). Ferromagnetic CoFe,O, (Fig. 12b) demon-
strates a much higher electrocatalytic activity for the OER in 1 M
KOH under a magnetic field. Furthermore, the enhanced activity
of CoFe,0, can remain even after the magnetic field is removed
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(Fig. 12¢), as the magnetic moment can retain the aligned state in
the magnetized CoFe,O,. When the magnetized CoFe,O, is
purposely demagnetized using an oscillating magnetic field, the
OER performance of CoFe,0, is reverted to the initial value
without the application of a magnetic field. In contrast, both
antiferromagnetic Co;0, and paramagnetic IrO, do not show a
significant change in the OER performance with and without the
application of a magnetic field. The Tafel slope of CoFe,O, is
changed from around 109 to 87.8 mV dec ", indicating that the
rate-determining step (RDS) of the first electron transfer from
adsorbed OH™ in the absence of a magnetic field is changed to a
mixed RDS involving the first electron transfer step and second
steps in the presence of a magnetic field (Fig. 12d). The magnetic
enchantment effect on the OER performance of CoFe,O, was
observed at varying reaction temperatures. However, the positive
influence of the magnetic field on the OER performance is
decreased as the reaction temperature increases (Fig. 12e),
because the arrangement of magnetic moments can be thermally
disturbed. The ferromagnetic ordering in CoFe,O, can be dis-
turbed at elevated temperatures leading to a certain extent of
demagnetization and hence reduced effect on the OER. More-
over, the OER current density of CoFe,O, increases with the
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Fig. 12

(a) Schematic illustration of electron spin ordering for ferromagnetic (FM), antiferromagnetic (AFM) and paramagnetic (PM) materials under a

constant magnetic field. (b) The CV curve of the CoFe,O4 electrocatalyst for OER in 1 M KOH with and without a magnetic field (10 000 Oe). (c) LSV
curves of the CoFe,O4 electrocatalyst for OER with and without a magnetic field (10 000 Oe), after the removal of the magnetic field (after M), and after
demagnetization. (d) Tafel slope values of CoFe,O4 CozO4 and IrO, with and without a magnetic field at various temperatures. (e) The increase
percentage of the current density for CoFe,O4, Coz04 and IrO, under the applied magnetic field with different intensities. (f) Schematic diagram of spin
electron transfer. FM holes exist in the M—O bonds and lattice oxygen where the FM exchange occurs and enhances the spin-selective charge transfer,
providing less electronic repulsion and adsorbed oxygen species a fixed spin direction. The spin polarization pathways for two OER mechanisms with
active sites of (g) a metal cation centre and (h) lattice oxygen. Reproduced from ref. 251 with permission from Springer Nature under a CC BY 4.0 licence.
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increase of the magnetic field intensity, as its magnetic moments
become more orderly, while there is little change in the current
density of Coz0, and IrO, with the increasing magnetic field
strength. The possible effects of a magnetic field on MHD,
improved mass transfer, and electrical conductivity were ruled
out. No surface reconstruction (e.g., formation of cobalt oxyhydr-
oxide) was found on CoFe,O,. The electron transfer at the
catalytic interface depends on the transition probability related
with the wavefunction integral between OH™ and the active site.
The extended X-ray absorption fine structure (EXAFS) reveals that
only Co atoms in octahedral sites contribute to the effective
ferromagnetic moment and are active sites. The orbitals of FM
oxides create an intrinsically degenerate spin-polarized metallic
state optimizing the wavefunction based on the inter-atomic
reduction of the electron-electron repulsion (Fig. 12f). The
theoretical computation demonstrates that there are stronger
3d-2p hybridization, FM ligand holes and higher spin density
on the oxygen atoms for CoFe,O, after the electron spin is
aligned. These intrinsic properties can promote spin-selected
charge transfer. Specifically, a dominant FM exchange between
the ferromagnetic catalyst and adsorbed oxygen reactant species
will take place with reduced electron-electron repulsion, indu-
cing spin-dependent conductivity and decreasing the rate-
limiting bonding energies, thus making the first electron transfer
not the RDS. The spin selectivity effect can enhance the OER
regardless of the single metal cation redox centre (i.e., ER-AEM)
and lattice oxygen as active sites (Fig. 12g-h). The computed
Pourbaix diagram implies that the surface of CoFe,O, has an
oxygen termination under the OER conditions. The reaction is
initiated between a lattice oxygen on the surface and adsorbed
oxygen species (OH ), and the first electron transfer step is
regarded as O* + OH™ — *OOH + e . The CoFe,O, with FM
ligand hole can form oxygen termination with fixed spin direc-
tion and that first electron transfer step will induce the formation
of triplet state intermediate OOH species that prefer to generate
triplet O, in a thermodynamically favoured pathway. In sharp
contrast, for a reaction involving a non-magnetic reactant and
product molecules such as methanol oxidation and ethylene
glycol oxidation reactions, no magnetic effect was observed on
CoFe,0, as the reactants, intermediates, and products in these
reactions are diamagnetic and there is no spin-selected electron
transfer between the active metal site and adsorbed reaction
species. Therefore, for the OER, the spin-polarized electron
exchange between the ferromagnetic -electrocatalyst and
adsorbed oxygen species in the first electron transfer step takes
place under the principle of spin angular momentum conserva-
tion, reducing the energy barrier for the generation of triplet O,
under the magnetic field.

Although the ferromagnetic ordering has proven effective to
make the FM material a spin polarizer and selective spin-filter
for electron transfer for the OER under an external magnetic
field, most of the active OER electrocatalysts are not ferromag-
netic such as metal oxyhydroxides coming from either direct
synthesis or in situ conversion from metal oxide parents under
the anodic potentials, which makes the spin manipulation
difficult. To address this challenge, a new strategy of
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constructing ferromagnetic-antiferromagnetic (FM-AFM) or
ferromagnetic-paramagnetic (FM-PM) core-shell composite
particles has been developed to employ the interfacial spin
coupling with the spin pinning effect to control the desired
spin polarization state of the surface metal oxyhydroxide layer
and adsorbed oxygen intermediate species.’*® For example,
composite particles consisting of FM Co;_,Fe,O, cores and
PM Co(Fe)O,H,, shells have been developed for electrocatalytic
OER in 1 M KOH. The FM Co;_,Fe,O, core was first pre-
magnetized to align the magnetic domains and establish
long-range ordering. At the interface between the FM
Co;_,Fe, 0, core and the PM Co(Fe)O,H,, shell, the spin in the
PM oxyhydroxide layer can be also aligned due to a strong
interaction with FM magnetic domains with aligned spin,
which is the spin pining effect and also results in spin selectiv-
ity to promote the OER. Additionally, FM-AFM Fe;0,@Ni(OH),
core-shell particles have also been prepared as the OER
electrocatalyst.’®® The interfacial FM-AFM coupling facilitates
the selective removal of electrons of AFM Ni(OH), with spin
direction opposing the magnetic moment of the FM Fe;0, core
and thereby improves the OER kinetics. The thickness of the
AFM shell plays a critical role in retaining the spin pinning.
Meanwhile, the magnetic domain structure of the FM Fe;0,
core influences the electron transport process. For a multiple
domain core, the applied magnetic field aligns the magnetic
domains and optimizes the electron transport process for
enhanced OER, whereas the single domain FM core with
ordered magnetic dipoles promotes spin-selective electron
transport with minimal scattering even without an external
magnetic field, rendering no further enhancement of the OER
under the magnetic field. In addition to the use of constant
magnetic fields, a new magnetic stimulation method has been
reported to tailor the spin electron state of the Co, gMn, , metal
organic framework (MOF) for promoting the OER kinetics in
1 M KOH by using the high frequency alternating magnetic
field induction.?®® This designed MOF molecule has a feature
of thermal-differentiated superlattice. The linked organic
ligand molecules of 2,6-napthalenedicarboxylate acid have
good thermal insulation and thus are used to construct heat-
insulating layers. The coordinated magnetic ions (Co and Mn
centres) are implanted into the interlayers to serve as the heat
conduction region. When an alternating magnetic field is
applied, the magnetic heating is strictly localized around
magnetic ions and thus the magnetic exchange interaction
can be enhanced to induce spin flip and reconfiguration. The
localized magnetic heating in periodic spatial distribution
can make the spin flip at particular active sites towards a
thermodynamically favoured spin-dependent reaction pathway
for the alkaline OER. The spin selectivity effect induced by the
magnetic fields has attracted increasing attention. There are
still many remaining challenges. More theoretical computa-
tions and in operando experimental characterization studies are
still needed to fully elucidate the mechanisms. The specific
requirement of magnetic properties to enable this effect
may limit the pool of active electrocatalyst compositions.
Furthermore, it is still challenging to maintain this effect for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the long-term OER. All the studies only demonstrated the
feasibility to enhance the OER in static and bulk 1 M KOH
solution through this effect. It is unclear whether this effect can
be really utilized to enhance the OER in the acidic PEM,
alkaline and AEM based water electrolyses with zero-gap
configuration and flowing water/electrolytes.

4.2.4 Maxwell stress effect. The Maxwell stress effect is
generated by the interaction of the magnetic field with the
dipole moment in an element.>'*> The paramagnetic droplets
can lead to positive and negative charges with demagnetization
in two end sides when they are magnetized by an external
uniform magnetic field. In this scenario, a stress of magnetic
source exists to make the paramagnetic droplet deform trans-
versely or longitudinally. The direction and intensity of the
magnetic field determine the elongation direction and extent,
influencing the interfacial tension, wettability, contact angle,
and adhesion of the solid surface. As a result, the magnetic
field influences the shape of the ionic cloud close to the
electrode and the electrochemical electrolyte/electrode inter-
face, the latter of which is crucial for the electrochemical
reactions. The electrolyte/electrode interface consists of the
Stern layer (0.5-10 nm) with a linear change of potential
distribution and a diffusion layer (1-100 um) with a nonlinear
change of potential distribution. The Stern layer (i.e., double
layer) is divided into the inner Helmholtz plane (IHP) and the
outer Helmholtz plane (OHP), where the electron transfer, ion
diffusion and hydrodynamics play a key role in the electro-
chemical reaction. The diffusion layer can be influenced by the
convection, while the Stern layer is sensitive to surface tension
and excess charge distribution. A magnetic field can demon-
strate a micro-magneto-convection (MMC) effect on the diffu-
sion layer decreasing its thickness. This effect has been found
in the electrodeposition of transition metals accompanied by
HER and commonly concurs with the MHD effect.***”® More-
over, the magnetic field was found to influence the double
layer, affecting the electrochemical capacitance and charge-
transfer resistance and causing a shift of the outer Helmholtz
plane through the Maxwell stress acting on the paramagnetic
radical anion of one-electron nitrobenzene in acetonitrile
solvent.””* The double layer capacitance is related to the surface
tension at the electrolyte/electrode interface and a magneto-
static model based on Maxwell stress tensor accounts for the
observed effects. This implies that the ECSA may be affected by
the magnetic field. Although there is no report explicitly
revealing the Maxwell stress effect on the electrocatalytic activ-
ity and ECSA of electrodes for water electrolysis, Sambalova
et al. reported that a magnetic field acted on the electrochemi-
cal double layer, affecting the concentration gradient of hydro-
xide ions in the vicinity of the Pt electrode surface and
promoting the HER in KOH electrolyte.>’> Further fundamental
understanding of this effect is required in the future.

4.2.5 Kelvin force effect. The paramagnetic species can be
subject to the Kelvin force in a non-uniform magnetic field.>”*
The paramagnetic species include cations, free radicals, and
some molecular species with unpaired spin such as O,. Unlike
the formally conservative Lorentz force inducing MHD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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convection, the Kelvin force is not conservative in the presence
of a non-uniform distribution of paramagnetic species and thus
can lead to convection in the vicinity of an electrode where a
paramagnetic concentration gradient exists. For the electro-
chemical reactions, the Kelvin force can accelerate the mass
transfer of paramagnetic species and hence enhance the
reaction rate in the vicinity of the electrode. Additionally, when
the gradient of the field is perpendicular to the gradient of
concentration, the induced convection can thin the diffusion
layer and increase the limiting current. The Kelvin force effect
has been widely reported on the electrochemical pattern metal-
lic electrodeposition and oxygen reduction reaction in the
discharge process for alkaline Zn-air and PEM fuel cells in
which metal cation and O, reactants are paramagnetic
species.”'**”® To date, there are few reports on the in-depth
investigation of this effect on water electrolysis. Very recently,
Liu et al. briefly discussed the Kelvin effect on HER at a
horizontal microelectrode when primarily studying the simula-
tion of the micro-MHD effect.>** After donating an electron, the
spin of the hydrogen ion makes it paramagnetic to some extent.
There will be an upward Kelvin force exerted on a bubble and
thus the release of bubble may be facilitated. Therefore, it is
desirable to create a non-uniform magnetic field with a large
local gradient or a large concentration gradient of para-
magnetic particles with ferromagnetic electrodes to combine
the Kelvin force effect with MHD convection to improve the
water electrolysis efficiency.

4.2.6 Other effects. Additionally, there are several other
proposed magnetic field effects on the electrocatalytic water
electrolysis. For example, Zhou et al hypothesized that an
external magnetic field with the magnetic direction perpendi-
cular to the electrode surface may boost the electron transfer
from the conductive substrate to the active electrocatalysts
attached on the substrate.>”* They transferred the ferromagnetic
MosS, flakes synthesized by the chemical vapor deposition to a
glassy carbon substrate and used this MoS, electrode for electro-
catalytic HER in 0.5 M H,SO,. This ferromagnetic MoS, electrode
showed significant reduction of charge transfer resistance and
HER overpotential in the presence of a vertical magnetic field,
while the nonmagnetic MoS, did not show any change under the
same conditions. They hypothesized the effect of the magnetic
field on the enhancement of electron transfer from the glassy
carbon substrate to the MoS, active sites; however, this study
lacked further in-depth mechanistic investigation and did not
exclude any contributions from other magnetic effects to improve
the HER. Saha et al. reported that the ferro-paramagnetic cou-
pling at the metal (Co;0,, Co and Ni-Co)/carbon nanotube
interface decreased the magnetoresistance and hence charge
transfer resistance.””> Furthermore, the dynamic swelling (volu-
metric expansion) of the interfacial catalyst was observed upon
magnetization, leading to increased ECSA.

4.3 Decoupled water electrolysis

The overall water electrolysis always produces H, and O,
simultaneously, and hence the rate of the HER is strictly linked
to the rate of the OER. The concurrence of the HER and the
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OER will possibly lead to H,/O, crossover, which is especially
severe at low current densities (the rate of H, and O, produc-
tion may be comparable to the rate of their crossover), low and
variable power inputs and/or under high gas pressure, even if
an ostensibly gas impermeable membrane is used (Fig. 13a).'”*
This will affect the purity of H,, requiring the downstream
de-oxygenation purification. Moreover, the H,/O, mixing may
produce an explosive environment in the extreme case and at
the less extreme end of the scale result in the formation of
reactive oxygen species due to the coexistence of H,, O, and
electrocatalysts under electrocatalytic conditions, which pose

OO
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safety concerns, degrade the electrolyser and shorten its opera-
tion lifespan.>’®”® These issues call for alternative electrolyser
designs, not only circumventing the crossover of H,/O, gases
but also enabling flexibility in controllable electrolysis products
and device manufacture.

In this context, the concept of decoupled water electrolysis
was proposed and explored for a broad range of applications.>”*>*!
When the HER takes place on the cathode, the redox mediator is
oxidized on the anode instead of the OER. Subsequently, the
oxidized redox mediator is reduced back to its original state at
the same electrode, coupling the OER on another working
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Fig. 13 Schematic illustrations of electrolyser designs. (a) A conventional electrolyser for one-step overall water electrolysis. (b) An electrolyser design
for decoupled water splitting with stepwise HER and OER in near-neutral electrolyte, wherein two working electrodes are alternately utilized in the
working compartment, and a carbon electrode is used in the counter compartment containing an electron reservoir (ER) of either (ferrocenylmethyl)-
trimethylammonium chloride (FCNCL) or Na[Fe(CN)gl. (c) An electrolyser design for stepwise HER and organic oxidation in alkaline electrolyte (1 M
NaOH). Nas[Fe(CN)gl is introduced into the counter chamber with a carbon electrode. For (b) and (c), ER and ER™ denote the reduced (i.e., FENCl or
[Fe(CN)gl*") and oxidized (i.e., FENCL or [Fe(CN)gl*") forms of the adopted electron reservoir, respectively. (d) The conversion between FENCI/FeNCL
electron reservoir redox couple. (e) The conversion between [Fe(CN)gl*~/[Fe(CN)gl*~ electron reservoir redox couple. (a—c) Reprinted from ref. 173,
Copyright 2018, with permission from Elsevier.
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electrode. By cycling these two steps, the H, and O, can be
produced in a stepwise way. In this way, the decoupled water
electrolysis achieved by redox mediators can temporally and/or
spatially separate the HER and the OER. Overall, the redox
mediator functions as a reversible donor/acceptor for electrons
and/or protons. When the redox mediator can accept or donate
both the protons and electrons at the same time, it can buffer
the pH during electrolysis and thereby is known as the electron-
coupled-proton buffer (ECPB).>®> The early practical realization
of the decouple water electrolysis using such an ECPB was
reported by Symes and Cronin in 2013.?*> They used polyoxome-
talate phosphomolybdic acid (H;PMo,,0,) to decouple the OER
from the HER under acidic conditions. Later, they developed a
series of organic ECPB redox mediators such as 1,4-hydro-
quinone derivative and anthraquinone-2,7-disulfonic acid.”®**%*
Such ECPB redox mediators should have a fast and reversible
redox wave located in between the OER and HER onset potentials
and should be stable when subjected to repeated redox cycling.
Ideally, it should have a high solubility in water and low cost.
Symes’s and Cronin’s groups also explored other inorganic
polyoxometalate complexes including silicotungstic acid (STA)
and phosphotungstic acid (PTA) as another kind of redox med-
iators which have more negative redox potentials than the HER
onset potentials of the catalysts.>***> Such redox mediators are
different from the previous ECPB systems that have the redox
potential situated in between the OER and HER onset potentials.
The ECPB systems require that two steps are electrochemically
driven. In contrast, the STA and PTA redox mediators are initially
electrochemically reduced and accept protons, coupled with the
OER. In the next non-electrochemical step, the reduced STA or
PTA would spontaneously evolve hydrogen in contact with Pt,
NisP,4, Ni,P or Mo,C catalysts without any further energy input
and this process regenerates the oxidized STA or PTA, as the HER
onset potentials on those catalysts are more positive than the
redox potentials of reduced STA and PTA.>”***> This approach
also achieved the decoupled HER and OER. Girault’s group has
also used the combination of soluble V(m)/V(u) and Ce(wv)/Ce(ur)
redox mediators by using an adapted redox flow battery archi-
tecture for decoupled water electrolysis.>*®

However, these aforementioned redox mediators only func-
tion well in strongly acidic media, severely restricting the scope
of optional electrocatalysts, particularly for the OER, as most of
the nonprecious electrocatalysts are not stable in strongly
acidic solutions. Therefore, two directions have been proposed
to address this issue. On the one hand, the acidic redox
mediator such as phosphomolybdic acid ECPB was separated
from the alkaline electrolytes in both cathodic and anodic
compartments using two bipolar membranes that can maintain
the pH gradient between the acidic ECPB and alkaline electro-
Iytes in the cathode and anode chambers.”®” On the other hand,
new redox mediators that are stable in neutral and alkaline
electrolytes have been explored. Li et al. developed two kinds of
novel proton-independent redox mediators that functioned in
near neutral electrolytes, enabling the use of transition metal
based electrocatalysts such as Co,P, Ni,P and metallic Ni for
the HER and the OER."? These two redox mediators are
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ferrocenylmethyl)trimethylammonium chloride (FecNCI) and
Nay[Fe(CN)g], serving as a reversible donor/acceptor for elec-
trons and thus are known as the electron reservoirs (Fig. 13d
and e). These electron reservoir (ER) molecules should also
have high solubility in water, fast and reversible redox feature
positioned in between the HER and OER onset potentials,
remarkable stability for repetitive redox cycling and low-cost
composition and synthesis from abundant raw materials. The
redox electrochemistry of such electron reservoirs does not
involve protonation or deprotonation, eliminating the depen-
dence on the use of strongly acidic electrolytes. Therefore, they
can be used in a wide pH range from neutral to alkaline
conditions. The principle for decoupled water splitting with
the assistance of an electron reservoir is illustrated in Fig. 13b.
A two-compartment H-cell is used with an ion exchange
membrane. In the working compartment, both the HER (e.g.,
transition metal phosphide) and OER (e.g., Ni foam) electrodes
are placed and a carbon counter electrode is put in the counter
compartment containing the electron reservoir solution. In
step 1, the HER electrode is connected to the carbon counter
electrode and a negative voltage bias is applied. The HER
occurs on such transition metal phosphide electrode, while
the electron reservoir molecule is oxidized on the carbon
electrode simultaneously. In this case, the voltage input is
smaller than that required for overall water splitting, as the
oxidation potential of the electron reservoir is less positive than
the OER onset potential. As displayed in Fig. 14a, the redox
potential of the FCNCI/FeNCI" couple was positioned between
the HER onset potential and OER onset potential. Fig. 14b
shows the HER polarization curves of the Ni,P electrode with
and without FeNCl, indicating that nearly 1 V voltage is saved in
the presence of 50 mM FcNCI. After a certain amount of charge
is passed (determined by the capacity of the electron reservoir),
in step 2, the connection is switched from the HER electrode to
the OER electrode. Then a sufficient positive voltage bias is
applied to the OER electrode versus the carbon electrode, the
OER takes place coupled with the reduction of the oxidized
electron reservoir molecules back to the original state. Like-
wise, such positive voltage was smaller than that for overall
water splitting because of the more positive reduction potential
of the electron reservoir compared with the HER onset
potential. Fig. 14c shows the OER polarization curves of the
Ni foam with or without FeNCI', suggesting that almost 1.8 V
voltage is saved in the presence of FeNCI'. Gas chromatography
(GC) characterization confirmed that only one gas product
(either H, or O,) was produced with 100% purity and faradaic
efficiency in each step. The decoupled water electrolysis showed
remarkable stability for 20 cycles in 50 h, indicating the
robustness and little crossover of FcNCI upon repeated oxida-
tion and reduction for long-term decoupled water electrolysis
(Fig. 14d)."” Besides the soluble redox mediators, solid-state
redox mediators have also been developed including NiOOH/
Ni(OH), and MnO,/MnOOH,*#*2°? even though they are only
stable in strong alkaline solutions and their redox capacities
are limited by their electrode areas and mass loading.
The decoupled water splitting concept is further extended to
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Fig. 14 (a) Comparison of the cyclic voltammograms of 50 mM FcNCl (red), the HER on a glassy carbon (black) and Ni,P/Ni/Ni foam (green), and the
OER on a glassy carbon (black) and Ni foam (blue) in a three-electrode configuration in 0.5 M Na,SOy. (b) Polarization curves of the HER on Ni,P/Ni/Ni
foam and (c) the OER on Ni foam in a two-electrode configuration in 0.5 M Na,SO4 with and without 50 mM FcNCI/FcNCL* electron reservoir in the
counter chamber. (d) Charge evolution for repeated decoupled water electrolysis in 0.5 M Na,SO4 with 10 mM FcNCl in the counter compartment.
Voltage bias between the working and counter electrodes was alternated at —1.6 V for HER on Ni,P/Ni/Ni foam and 1.8 V for OER on Ni foam.
(e) Polarization curves of the HER on Ni,P/Ni/Ni foam in 0.5 M Na,SO,4 with a carbon electrode in the counter chamber charged with 10 mM FcNCl and
0.5 M Na,SO4 with (red) and without (black) a 1.6 V photovoltaic (PV) cell under natural sunlight irradiation (iR-corrected). (f) HER current density on Ni P/
Ni/Ni foam with (red) and without (black) 10 mM FcNCl in the counter chamber driven by a PV cell under chopped sunlight irradiation and no iR

correction was applied. Reprinted from ref. 173, Copyright 2018, with permission from Elsevier.

solar-driven decoupled water splitting.>’”® Cronin’s group
employed the ECPB of phosphomolybdic acid to achieve the
solar-driven OER step.”>® The step of OER coupled with ECPB
reduction was conducted using a photoelectrochemical (PEC)
cell, while the other step of HER and concomitant ECPB
oxidation was still performed electrochemically. Li et al. and
Landman et al. have achieved complete solar-driven decoupled
water splitting by only using a photovoltaic (PV) cell to power
both steps without an external voltage bias (Fig. 14e and f),
demonstrating great promise for future solar-driven hydrogen
economy.'”*?288

Finally, the decoupling strategy has been also extended
beyond water electrolysis. MacDonald et al. used the redox
mediator for selective hydrogenation of nitroarenes.>* They
first conducted the reduction of STA coupled with concomitant
OER.*® Then instead of discharging this reduced redox
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mediator to produce H,, they used it to drive the chemical
reduction of nitroarenes to obtain aniline derivatives with
excellent yields and recyclability. However, this method pro-
duced O, in the first step, which is of low industrial value. Chen
et al. demonstrated that the step of OER paired with the
reduction of NiOOH could be replaced by the anodic oxidation
of Zn to Zn0O,>” coupled with the reduction of NiOOH to
Ni(OH), to form a NIOOH-Zn battery under alkaline conditions
(Fig. 15).®° Li and co-workers also demonstrated the substitu-
tion of the OER step with electrochemical organic oxidation in
alkaline solution (Fig. 13c)."”® They first oxidized the electron
reservoir of Nay[Fe(CN)s] to Naz[Fe(CN)g] with concomitant
HER and then reduced Naz[Fe(CN)s] back to Nay[Fe(CN)g]
paired with the electrochemical oxidation of a biomass-derived
intermediate compound 5-hydroxymethylfurfural (HMF) to
value-added 2,5-furandicarboxylic acid (FDCA) in 1 m NaOH."”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Schematic of the operation mechanism of the electrolysis cell.

Herein, the H, production process (step 1; switching to K1) includes the
cathodic reduction of H,O on the HER electrode and the anodic oxidiza-
tion of the Ni(OH), electrode. Then, by switching to K2, the NiOOH
electrode that was formed during Step 1 is coupled with a zinc anode to
form a NiIOOH-Zn battery, and its discharge (step 2’) depends on the
cathodic reduction of the NiOOH electrode and the anodic oxidization of
the zinc electrode. (b) The chronopotentiometry curve of the H, produc-
tion process (step 1, black line) and the discharge curve of the NIOOH-Zn
battery (Step 2’, red line). The electrolysis for H, production applied a
current of 200 mA for 600 s; then, the discharge profile of the NIOOH-Zn
battery was also investigated with a current of 200 mA. The inset of (b) is
the cycle performance of the H, production step (black line) and discharge
step (red line) of the NiIOOH-Zn battery with an applied current of 200 mA.
Step 1 requires a power input to produce H, gas, whereas step 2’ can
deliver energy to power other devices. Reproduced from ref. 289 with
permission from Springer Nature under a CC BY 4.0 licence.

Hence, the decoupling strategies have tremendous potential
for a broad range of applications such as water electrolysis,
solar-driven water splitting, batteries,>>°® and electrochemical
organic synthesis.

4.4 Hybrid water electrolysis

Regardless of the improvement of water electrolysis through
the aforementioned approaches, the OER still takes place as the
oxidation reaction requiring large overpotentials and is respon-
sible for the major energy loss of water electrolysis, whereas its
product O, does not have high industrial value.”" To address
the limitation of the OER, researchers have developed a new
strategy of hybrid water electrolysis by replacing the OER with
an alternative thermodynamically more favourable oxidation

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

reaction, wherein various more readily oxidizable substrate
molecules are screened.>**'° Du et al. have comprehensively
reviewed the progress of hybrid water electrolysis and categor-
ized this direction into three groups: (i) the reagent-sacrificing
type that can produce H, under small voltages while the
sacrificial reactants (e.g. hydrazine and ammonia) are oxidized
to valueless products; (ii) the pollutant-degradation type where
the sacrificial reactants subject to oxidation are pollutants (e.g.
urea, organic dyes, and H,S); and (iii) the value-added type that
upgrades the organic reactants (e.g. biomass-derived chemicals,
glucaric acid, tetrahydroisoquinolines) to valorised products.*"*
For example, the hybrid water electrolysis combined with the
electrochemical organic oxidation has several merits.”" First,
the onset potential of organic oxidation is less positive than
that of the OER and as such a hybrid electrolyser can deliver
higher current density with lower voltage input because of the
more favourable oxidation thermodynamics of chosen organic
substrate molecules, which contributes to the increased energy
conversion efficiency. Second, the anode will generate value-
added organic products, maximizing the payback of energy
investment. Additionally, as the liquid organic compounds will
be produced instead of the O, gas, the H,/O, mixing will be
eliminated. Finally, a single compartment electrolysis cell with-
out the use of any membranes or diaphragms can be possibly
used if the organic substrates and oxidative products will not be
easily reduced and not compete with the HER. This will help to
reduce the cost from membranes. To realize all these merits, an
ideal organic substrate should satisfy the following criteria:
high solubility in water at room temperature, production of
value-added nongaseous oxidative compounds, less positive
oxidation potential at the anode compared to the onset of
OER and little competition with HER at the cathode for organic
reduction.

Chen et al. achieved such hybrid electrolysis to integrate the
HER with oxidation of several alcohols such as ethanol, ethylene
glycol, glycerol and 1,2-propandiol. They used Pt and strong
alkaline solution (2 M NaOH) as the cathode for HER and
electrolyte, respectively, similar to alkaline water electrolysis.**®
The anode (Pd/TNTA-web) was three-dimensional nanostruc-
tured TiO, nanotube arrays (TNTA-web) coated with Pd nano-
particles, which was fabricated through the anodization of a Ti
fiber web followed by the chemical deposition and reduction
method for the loading of Pd. All alcohols were more readily
oxidized relative to the OER, leading to the smaller cell voltage
(<0.9 V) compared to the one for overall water splitting (1.76 V)
at a current density of 1 A cm™ 2 and 80 °C. This hybrid electro-
lyser produced H, and soluble organic acid salts, allowing for
electrical energy saving up to 26.5 kW h per kg of H, when the
energy required for circulating the electrolyte through the anode
was not taken into account.”*® Sun’s group has demonstrated a
similar hybrid water electrolysis by using noble-metal-free elec-
trodes and biomass-derived organic intermediates in the basic
solution. 5-Hydroxymethylfurfural (HMF) represents a promising
biomass-derived intermediate, because it can be transformed to
various valuable products, including 2,5-furandicarboxylic acid
(FDCA) via oxidation, which is regarded as a replacement of
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terephthalic acid for the production of polyamides, polyesters,
and polyurethanes.**® The oxidation of HMF to FDCA has also
been demonstrated by Li et al. in the decoupled water electrolyser
as the second step.'”?® Here, one-step hybrid water electrolysis
integrating HER with HMF oxidation was demonstrated in one
step electrolysis in 1.0 M KOH solution.>*® Two bifunctional Ni,P
electrodes were used as an anode and cathode, respectively. The
anodic current took off at a small potential less positive than that
of the OER in the presence of 10 mM HMF, saving nearly 200 mV
voltage input to reach the same current density of 100 mA cm™ >,
The nearly 100% yield of FDCA and unity faradaic efficiency were
achieved and the addition of HMF did not influence the
HER in the cathode. The two-electrode electrolyser displayed
200 mV voltage saving and nearly 100% faradaic efficiencies for
production of both H, and FDCA. This hybrid electrolysis can
sustain for 3 cycles without obvious degradation.*® Later, Sun’s
group demonstrated the use of Ni;S, or Ni electrodes for similar
hybrid water electrolysis with selective organic substrate mole-
cules including ethanol, benzyl alcohol, furfuryl alcohol and
furfural (Fig. 16).>°>*°" The hybrid water electrolysis consisting
of HER on the Ni;S,/Ni foam and HMF oxidation on the Ni;S,/Ni
foam showed much smaller voltage than full water electrolysis on
two identical electrodes and 100% faradaic efficiency for H,
production in 1.0 M KOH (Fig. 17). This hybrid water electrolysis
demonstrates great potential for H, production and electro-
chemical organic reforming.*'>?'* Normally, this hybrid water
electrolysis technology produces H, at the cathode and non-
gaseous oxidative products. Very recently, Wang et al. reported
a novel hybrid water electrolyser that combines the cathodic
HER and low-potential anodic oxidation of aldehyde with a low
onset voltage of merely 0.1 V.*!* Unlike conventional aldehyde
electrooxidation at the anode, in which the hydrogen atom of
the aldehyde group is oxidized into H,O at high potentials and
nongaseous product molecules are generated, the low-
potential aldehyde oxidation can produce H, from the hydro-
gen atom of aldehyde at the anode. In other words, H, can be
produced at both the cathode and anode simultaneously. The
demonstrated electrolyser requires an electricity input of only
~0.35 kW h per m® of H,, in contrast to the ~5 kW h per m® of
H, required for conventional water electrolysis. Therefore, the
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hybrid water electrolysis technology has great potential for
future application.

4.5 Acid/alkaline asymmetric electrolyte water electrolysis

The potentials of two half reactions (HER and OER) are
dependent on the pH value. Therefore, the entire water electro-
lysis voltage can be tuned by controlling the different pH values
of electrolytes in the cathodic and anodic compartments. As
shown in Fig. 1a, the potential gap between the HER and
the OER can be theoretically reduced to 0.401 V by using an
acidic electrolyte (pH = 0) in the cathodic compartment and an
alkaline electrolyte (pH = 14) in the anodic compartment. On
the contrary, the potential gap between the HER and the OER
can be increased to 2.057 V by coupling an alkaline catholyte
(pH = 14) for the HER with an acidic anolyte (pH = 0) for the
OER. The water electrolysis voltage in the acid/alkaline asym-
metric electrolytes is intrinsically related to the electrochemical
neutralization energy (ENE) and dissociation energy.*'® The
ENE is related to the converted electrochemical voltage output
when the spontaneous acid-base neutralization reaction takes
place as follows:

H"+O0H < H,0 (23)

where the change of the Gibbs free energy AG® = —79.9 k] mol *,
the enthalpy change AH® = —55.84 k] mol " and the thermal
energy TAS® = 24.06 k] mol™" under standard conditions
(298.15 K, 1 atm). The neutralization energy can be harvested in
the electrochemical form, which translates to a theoretical ENE
voltage (Egng) of 0.828 V under the standard conditions (concen-
tration of both H' and OH™ is 1 M) according to the Nernst
equation. To effectively harvest the ENE, an asymmetric electro-
chemical cell should be obtained with the cathodic reaction
consuming H" in an acidic catholyte and anodic reaction
consuming OH™ in an alkaline anolyte. This asymmetric acid/
alkaline electrochemical cell gives rise to a theoretical voltage of
0.0591 x ApH, which equals 0.828 V with ApH = 14. Therefore,
the ENE may reduce the applied water electrolysis voltage
through a rational design of electrolysers with asymmetric
acid/alkaline electrolytes, as the harvested ENE from neutraliza-
tion reaction can provide an additional internal voltage
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Fig. 16 Polarization curves of the NizS,/Ni foam in 1.0 M KOH for OER and in 1.0 M KOH containing different 10 mM organic substrates including
(a) ethanol, (b) benzyl alcohol (BA), (c) furfuryl alcohol (FFA), (d) furfural (FF), and (e) 5-hydroxymethylfurfural (HMF). Reprinted with permission from

ref. 300. Copyright 2016 American Chemical Society.
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in 1.0 M KOH with and without 10 mM HMF. (c) GC-measured H, quantity compared with theoretically calculated H, quantity assuming a 100% faradaic
efficiency for the H, production catalysed by the NisS,/NF working cathode in 1.0 M KOH solution with 10 mM HMF. Reprinted with permission from

ref. 300. Copyright 2016 American Chemical Society.

input.®*'® Normally, an appropriate ion-selective membrane

separator is indispensable to maintain the ionic current flow
and conductivity and avoid the direct neutralization. On the
contrary, the theoretical energy required to dissociate one mole
of water to H" and OH™ is 79.9 k] mol " which is called the
dissociation energy and translates to an additional external
voltage input. The bipolar membrane (BPM) consisting of a
cation-exchange membrane (CEM) and an anion exchange
membrane (AEM) laminated together is a commonly used
separator used in the asymmetric acid/alkaline electrochemical
cells.*"”**® Under a fixed external voltage direction, for the given
OER and HER electrodes, the placement of two sides of a BPM
and sequence of acid and alkaline electrolytes influence
the operating process and voltage. Fig. 18 illustrates four con-
figurations using acid/base asymmetric electrolytes in two com-
partments separated by a BPM for water electrolysis.*'® Fig. 18a
shows the optimal configuration that can effectively use ENE to
minimize the theoretical water electrolysis voltage. In this case,
the HER and the OER take place in the acidic (pH = 0) and
alkaline (pH = 14) electrolytes, respectively, and the BPM
operates under the forward bias, during which the counter ions
of acid (anions of X~) and base (cations of M") can penetrate
into the BPM providing ionic transport under the applied

© 2022 The Author(s). Published by the Royal Society of Chemistry

voltage. Therefore, the theoretical water electrolysis voltage in
this case is only 0.401 V (Fig. 18e). However, the operation of a
BPM under a forward bias may cause the accumulation of salt
ions in the BPM and result in the contamination and delamina-
tion of the CEM and AEM layers. The configuration shown in
Fig. 18b makes the HER and the OER occur in alkaline and
acidic electrolytes, respectively, while the operation of the BPM
remains under a forward bias, in which OH™ and H" move into
the BPM and water is formed inside. This configuration cannot
utilize the ENE and hence leads to a higher theoretical water
electrolysis voltage of 2.057 V. The configuration shown in
Fig. 18c enables the HER and the OER to occur in the acidic
(pH = 0) and alkaline (pH = 14) electrolytes, respectively, like the
one in Fig. 18a. Nevertheless, the BPM operates under the
reverse bias and requires a theoretical voltage input of 0.828
to dissociate H,O into H" and OH~ which move towards the
cathode and anode, respectively. Although the potential gap
between the HER and the OER is 0.401 V, the addition of
required water dissociation voltage input renders the theoretical
overall water electrolysis voltage of 1.229 V. The fourth configu-
ration shown in Fig. 18d renders the largest theoretical water
electrolysis voltage of 2.885 V. Table 2 summarizes the electrode
and membrane reactions and theoretical water electrolysis
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(a—d) Schematic illustrations of four water electrolyser configurations using acid—base asymmetric electrolytes in two compartments separated

by a BPM: (a) acidic cathode|AEM||CEM|alkaline anode, (b) alkaline cathode|AEM|/CEM|acidic anode, (c) acidic cathode|CEM|AEM|alkaline anode, and
(d) alkaline cathode|CEM|AEM|acidic anode. (e—h) Theoretical /-V curves of the four configurations corresponding to (a—d). Reproduced from ref. 316

with permission from the Royal Society of Chemistry.

Table 2 Summary of electrode redox reactions, processes in the membrane and voltages for four configurations shown in Fig. 18. Adapted from ref. 316

with permission from the Royal Society of Chemistry

Overall

Configuration Cathodic reaction Anodic reaction Membrane voltage ENE utilization
Fig. 18a 4H" + 4e” — 2H,, E2 =0V 40H  — O, + 2H,0 + 4e, Counter ion transport —0.401V Yes

E2=0.401V
Fig. 18b 4H,0 + 4~ — 2H, + 4OH, 2H,0 — O, + 4H" + 4e ", H' and OH transport and —2.057 V. No

E0=-0.828V E2=1.229V spontaneous neutralization
releasing heat

Fig. 18c 4H" +4e” > 2H,, E2=0V 40H — O, +2H,0 +4e”, H,0 — H'+ OH, —1.229 V  Yes (but offset by the

E2=0.401V E2=-0.828V required additional

water dissociation energy)

Fig. 18d 4H,0 + 4e~ — 2H, + 40H™, 2H,0 — O, +4H'+4e”, H,0 —» H'+ OH", —2.885V No

E2=-0.828V E2=1.229V

voltages for these four configurations.**® Although the configu-
ration shown in Fig. 18a is the ideal one to minimize the
voltage, intermittently replenishing acid and base is required
and the issues of salt accumulation, fouling and delamination
of BPM can impair the electrolyser lifetime. The configuration
shown in Fig. 18c can harvest the ENE, whereas it is offset by the
water dissociation energy in the BPM under reverse bias.
Even though the theoretical water electrolysis voltage in this
configuration is equal to that of water splitting in the symmetric
electrolyte with the same pH, this configuration enables the
HER and the OER to take place under their respective favourable
pH conditions catalysed by nonprecious electrocatalysts with
high activity and stability. In contrast to traditional alkaline
water electrolysis, this configuration may further decrease
the HER overpotential with the developed nonprecious HER
electrocatalysts being stable in acids. In comparison to acidic
PEM water electrolysis, this configuration allows the use of
active and stable nonprecious electrocatalysts for the alkaline
OER, eliminating the reliance on costly IrO, and RuO,.
Compared to the configuration shown in Fig. 18a, as the water
dissociation enabled by the BPM can help to maintain the
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concentrations of OH™ in the anode compartment and H' in
the cathode compartment, only water is replenished to sustain
the water electrolysis instead of acid and base and the BPM may
have a longer lifetime. The other two configurations cannot
harvest the ENE, significantly increasing the voltage.

Mallouk’s group investigated the use of BPMs for water
electrolysis in the symmetric neutral buffer electrolyte
and acid/base asymmetric electrolyte.”*® They studied the
membrane potential of a BPM as a function of current density
under forward and reverse bias conditions and found that the
use of BPMs was not a viable solution for water electrolysis in
the symmetric neutral buffer electrolyte but showed promising
water splitting with a Pt cathode in 1 M H,SO, and a NiFeO,
anode in 1 M KOH under reverse bias in the configuration
shown in Fig. 18c. Recently, Wen’s group reported the water
electrolysis using acidic catholyte and alkaline anolyte sepa-
rated by a BPM under a forward bias, in which both the HER
and OER were catalysed by bifunctional Ni,P nanorods
(Fig. 192).>" The effect of acid and base concentration (i.e.,
ApH) on the water electrolysis voltage was investigated (Fig. 19b
and c). The lowest voltage of 1.12 V at 10 mA cm™ > was achieved

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) Schematic illustration of an acid/alkaline asymmetric electrolyte water electrolyser with Ni,P as the HER and OER electrodes and BPM under a
forward bias. (b) The effect of anodic KOH concentration on the polarization curves in the presence of 0.5 M H,SO,. (c) The voltage at 10 mA cm~? under
different combinations of electrolytes in the cathodic (C) and anodic (A) compartments. (a—c) Reproduced from ref. 319 with permission from the Royal
Society of Chemistry. (d) The comparison of resistance (R,,) of water dissociation in the interfacial junction for different BPMs at different current
densities. Reprinted with permission from ref. 320. Copyright 2020 American Chemical Society. (e) The evolution from BPM water electrolysis MEA
configuration (wsBPMWE) with a solid AEM to a new MEA configuration with an AEM impregnation layer in direct contact with the PEM indicating the
decrease of AEM thickness. (f) The structure of wsBPEMWE MEAs comprising an anodic porous transport electrode with an alkaline ionomer (aPTE,), a
PEM, and a cathodic porous transport electrode with an alkaline ionomer (cPTE,) with a variation of the ion-exchange capacity (IEC) of the Aemion
binder in the aPTE, compared to a PEM reference consisting of aPTE,., PEM and cPTE,. with an acidic ionomer binder of Nafion 212. (g) The polarization
curves of different MEA configurations. The green area represents the confidence interval obtained from the standard deviation of three individual MEAs
of the low IEC system. (e—g) Reprinted with permission from ref. 321. Copyright 2020 American Chemical Society under a license of CC-BY-NC-ND.
(h) Different nanoparticles as water dissociation (WD) catalysts loaded on both the acidic CEL and basic AEL surfaces in the BPM interfaces. (i) The
overpotentials for WD in a locally basic environment with IrO, used as the stable WD catalyst on the acidic CEL surface correlate with the overpotentials
measured for HER in 1 M KOH for selected nanoparticles coated on the basic AEL surfaces, consistent with the WD rate limiting the alkaline HER. (j) The
polarization curves of PEM, AEM and BPM water electrolysers. The BPM interface contains either no WD catalysts or NiO encapsulated by 10 layers of
TiO, at the AEL surface and IrO, at the CEL interface. (h—j) Reprinted with permission from ref. 322. Copyright 2020, AAAS.

2

with an onset voltage of 0.79 V using 0.5 M H,SO, catholyte and
1 M KOH anolyte. The voltage was maintained for 20 h and then
gradually increased due to the consumption of H' in the
catholyte and OH™ in the anolyte, thus requiring replenish-
ment of electrolytes. When the concentrations of H,SO, and
KOH increased to 3 and 6 M, respectively, the electrolysis
voltage surprisingly increased, even though the increased
ApH should have theoretically decreased the voltage. This is
likely because the BPM suffers from poor chemical stability
when exposed to strong acid and base with increased
resistance. Later, the same group replaced Ni,P with bifunc-
tional Ru-RuO, nanoparticles loaded on carbon nanotubes in
the similar electrolyser design, realizing a smaller onset

© 2022 The Author(s). Published by the Royal Society of Chemistry

potential of 0.65 V and lower voltage of 0.73 V at 10 mA cm™
due to the higher electrocatalytic activities of Ru-RuO, for acidic
HER and alkaline OER.*** Liu’s group used bifunctional cobalt
nickel phosphide as the acidic HER and alkaline OER electrodes
with an ““irregular’ BPM operating under a forward bias and the
electrolyser could be driven to deliver 13 mA cm™ > using a
photovoltaic cell of 0.908 V.*>° Later, they used CoP-CoTe,
composite nanowires as the bifunctional HER and OER electro-
catalysts with a similar water electrolyser configuration.>*® They
compared the BPM-assisted acid/alkaline asymmetric electrolyte
water electrolysis under the forward and reverse bias conditions
and found a voltage decrease by 720 mV at 10 mA cm™ > under
the forward bias. Despite a smaller water electrolysis voltage
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enabled by the BPM under a forward bias, many studies focus
on the reverse bias to achieve longer lifetime and reduce BPM
delamination. In 2014, McDonald et al. reported the acid/
alkaline asymmetric electrolyte water electrolysis using the Pt
electrodes with a BPM under the reverse bias and proposed that
the anion exchange layer (AEL)/cation exchange layer (CEL)
interface can incorporate catalysts to facilitate water dissocia-
tion to reduce the overall voltage.>” Later, the BPM-assisted
water splitting was demonstrated on a photoelectrochemical
cell consisting of a Pt cathode and a BiVO, photoanode and a
tandem PV-water electrolyser composed of a CoP cathode and a
NiFe LDH anode.’*®**° The latter realized a solar-to-hydrogen
(STH) efficiency of 12.7%. The ion transport mechanisms have
been fundamentally investigated. Both ion crossover and local
diffusion boundary layers play crucial roles in the voltage.**°
The performance and lifetime of BPMs can be improved by
using thin water dissociation catalysts, managing water trans-
port, adjusting the thickness of individual AEL and CEL in the
BPMs to minimize ion crossover, and increasing the ion-
exchange capacity.>*" Therefore, research interests have been
attracted to constructing AEL/interfacial catalyst/CEL junctions
towards advanced BPMs for water electrolysis. Mallouk’s group
prepared BPMs from a crosslinked AEL and a Nafion CEL, with
a graphite oxide (GO) catalyst deposited at the junction using
the layer-by-layer (LBL) assembly through hot pressing.***> The
hot pressing of AEL and CEL commonly produces 2D BPM with
a planar junction. BPMs with three-dimensional (3D) junction
have been developed through electrospinning to facilitate the
interfacial water dissociation. Deutsch’s group compared the
electrochemical performance between 2D BPM fabricated by
hot pressing and 3D BPM prepared by LBL electrospinning
of individual functional layer followed by hot pressing
(Fig. 19d).>*° GO was introduced into the junction as a water-
dissociation catalyst for both. This 3D BPM exhibited lower
resistance, better mechanical strength and higher efficiency for
water dissociation and stability. Inorganic Al(OH); nano-
particles were also introduced into the junction of 3D BPM as
a catalyst exhibiting superior water dissociation capability.**?
Recently, decreasing the AEL thickness and the use of precious
IrO, as an interfacial water dissociation catalyst in the BPM have
proven to show extraordinary electrochemical performance in a
membrane electrode assembly (MEA) water electrolyser fed by
pure water (Fig. 19e-g), delivering 9000 mA cm ™ at 2.2 V, two
times higher than a PEM MEA water electrolyser under similar
conditions.**' The correlation of water dissociation with inter-
facial catalyst composition and properties was unclear. Oener
et al. first quantitatively measured the water dissociation kinetics
and overpotential of noble metals and metal oxides based inter-
facial catalysts by using a BPM electrolyser and found that the
water dissociation activity correlates with the alkaline HER
activity for metal nanoparticles (Fig. 19h and i).*** The lowest
water dissociation overpotential of the BPM was acquired by
using the NiO or Ir coated with 10 layers of TiO, by atomic layer
deposition at the AEL surface and IrO, at the CEL interface. This
best BPM demonstrated a BPM MEA water electrolyser fed by
pure water to show 500 mA cm™ 2 at 2.2 V (Fig. 19j).
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For the BPM, the forward bias mode can exhibit a smaller
theoretical voltage than the reverse bias one. Furthermore, the
high cost, complex preparation process and limited lifetime of
BPM restrict the wide application of BPM in the acid/alkaline
asymmetric electrolyte water electrolysis. Therefore, several
novel strategies have been developed to employ monopolar
ion exchange membranes and even membraneless design for
the acid/alkaline asymmetric electrolyte water electrolysis
(Fig. 20).117118:334335,339 1n order to fully exploit the merit of
low voltage and mitigate the issues of salt accumulation at the
junction, fouling and delamination of BPM under the forward
bias, Nazemi et al. utilized two types of monopolar ion-exchange
membranes (both CEM and AEM) and a middle chamber
containing a near-neutral 0.6 M NaCl solution to achieve the
concurrent HER catalysed by Pt in an acidic solution and the
OER catalysed by Ir in a basic solution in one water electrolyser
cell (Fig. 20a).>** This design is equivalent to the BPM under a
forward bias but separates the AEL and CEL to form a middle
reservoir to accommodate the salt accumulation. They com-
pared this double monopolar membrane design with the BPM
design under a reverse bias in terms of the whole electrolysis
voltage and found that the energy required for the former
design was 48% lower than that for the latter. Nevertheless,
the introduction of NacCl into the electrolyte may bring about
the risk of anode degradation and formation of Cl, caused by
chloride oxidation on the anode. Other groups only use a
monopolar PEM for the acid/alkaline asymmetric electrolyte
water electrolysis. For example, Weng et al. employed a PEM
to separate 1 M NaOH and 0.5 M H,SO, and the electrolyser
delivered 5 mA cm 2 at 0.95 V but a limited stability was shown
for merely 20 min.""” H,S0,-doped polybenzimidazole mem-
branes were synthesized and used to separate 3 M H,SO,
catholyte and 6 M KOH anolyte for water electrolysis
(Fig. 20b),*** showing a fair stability of 40 h at 1.4 V to deliver
100 mA cm 2 in contrast to the poor durability of the Nafion
membrane under the same conditions. Apparently, the PEM
permits the crossover of H', leading to the direct neutralization
of acid and base and gradual loss of the pH gradient across the
PEM. To address this issue, a ceramic lithium superionic con-
ductor film (Liy.xAlTi; ,SiyP; 05, LATSP) was used as a
separator (Fig. 20c)."™® Li* ions acted as the charge carrier and
moved from the anolyte (1 M KOH and 0.5 M Li,SO,) to the
catholyte (0.5 M H,SO,). Although the use of a ceramic LATSP
separator can help to mitigate the H" crossover and give a low
onset potential of 0.78 V to initiate water electrolysis, its low Li-
ion conductivity in aqueous electrolytes at room temperature
resulted in large resistance and significantly restricted the cur-
rent density. Beyond the use of membranes, a membraneless
microfluidic electrolyser/fuel cell system with acid/alkaline asym-
metric electrolytes has been developed (Fig. 20d), where the acid
and alkaline electrolytes were injected through two adjacent
microchannels.’*®**° Because the diameter of microchannel
was very small and the flow rates of electrolyte streams were
high, the acidic and alkaline solutions did not mix during the
short contact duration. Moreover, the density of OH™ is higher
than that of H", and hence the H" and OH remained at the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 New electrolyser designs for acid/alkaline asymmetric electrolyte water electrolysis. (a) Electrolyser setup with AEM, CEM and middle buffer
chamber. Reprinted with permission from ref. 334. Copyright 2017, John Wiley and Sons, Inc. (b) Electrolyser with H,SO4-doped polybenzimidazole (PBI)
based PEM separating 3 M H,SO,4 catholyte and 6 M KOH anolyte and polarization curves at different temperatures. Reprinted from ref. 335, Copyright
2021, with permission from Elsevier. (c) Electrolyser with a ceramic Li-ion conductive membrane separating acidic catholyte and alkaline anolyte. Li-ions
serve as the charge carriers for ionic current flow. Reproduced from ref. 118 with permission from the Royal Society of Chemistry. (d) Membraneless
microfluidic electrolyser configuration. Reproduced from ref. 316 with permission from the Royal Society of Chemistry. (e) An electrochemical
neutralization fuel cell for spontaneous coupling of biomass valorisation and hydrogen production with electricity output and (f) its polarization curve in
the presence of 0.5 M glycerol in 2 M KOH anolyte and 2 M H,SO,4 catholyte. (e and f) Reprinted with permission from ref. 336. Copyright 2020 American
Chemical Society. (g) A flow electrolyser cell combining the acidic HER and alkaline sulfion oxidation (SOR). (h) Comparison of polarization curves for an
alkali—alkali OER/HER cell, an alkali—alkali SOR/HER cell, and an alkali—acid SOR/HER cell. (i) Stability test of an alkali—acid SOR/HER cell at a voltage of
1.3 V. (g—i) Reprinted with permission from ref. 337. Copyright 2021, John Wiley and Sons, Inc. (j) Comparison of electrolysers integrating the alkaline

phenylcarbinol oxidation reaction (POR) with acidic and alkaline HER. Reprinted from ref. 338, Copyright 2021, with permission from Elsevier.

upper and lower layers, respectively, restricting the diffusion of two
streams and crossover. However, the microfluidic structure limits
its viability in the scale-up of water electrolysers. The acid/alkaline
asymmetric electrolyte water electrolysis can be further adapted
and integrated with the hybrid water electrolysis technology. As the
alkaline OER suffers from sluggish kinetics and a large energy
barrier, the electrochemical oxidation of other aqueous soluble
molecules which is thermodynamically more favourable in alkaline
electrolytes can replace the OER in the acid/alkaline asymmetric
electrolyte water electrolysis (Fig. 20e-j). For example, the acidic
HER coupled with the alkaline electrochemical oxidation of hydra-
zine, benzyl alcohol, glycerol, glucose, urea, and sulfion (S>~) has
been reported.**®33824034 There are many merits in this direction.
The electrolysis voltage input is smaller than that of common acid/
alkaline asymmetric electrolyte water electrolysis with the alkaline

© 2022 The Author(s). Published by the Royal Society of Chemistry

OER and acidic HER. When the standard oxidation potential of a
given molecule such as hydrazine and glycerol in the alkaline
solution is significantly more negative than that of the acidic
HER, the coupling of HER and alkaline oxidation of molecules
can even generate hydrogen and electricity, simultaneously, sug-
gesting that no electricity and voltage input are needed, and the
device operates like a fuel cell with H, production.********! The
alkaline oxidation can also upgrade biomass-derived organic mole-
cules to produce products more valuable than O, for electroche-
mical valorisation. Diverse configurations including BPM under a
forward bias, PEM, and the CEM + AEM + middle chamber design
have been used in these studies. In the acid/alkaline asymmetric
electrolyte water electrolysis, the optimization of the high-
performance separator membrane plays a critical role and warrants
further investigations.
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4.6 Tandem water electrolysis

The cost-effective storage and transport of H, still remain
challenging.**®> One potential approach to bypassing this chal-
lenge is the on-site use of H, by directly consuming the
produced H, during water electrolysis to yield value-added
chemical fuels (e.g., CH, and NHj3) using efficient heteroge-
neous biological catalysts. In this context, tandem water
electrolysis has been developed. Fig. 3f illustrates the concept
of tandem water electrolysis. An airtight two-compartment
electrochemical cell is charged with Methanosarcina barkeri
(M. barkeri) and CO, in the cathodic chamber.**® Electricity or
solar energy input can drive the water splitting, producing O,
on the anode and H, on the cathode of inorganic electrocata-
lysts in the neutral electrolyte. The H, is instantly consumed by
M. barkeri in the presence of CO, to produce value-added fuels.
By using this setup, Chang’s group reported that the methane
production linearly increased with time under applied currents
(1.0-7.5 mA) with an average faradaic efficiency above 74%.
Because M. barkeri catalysed the transformation from H, and
CO, to CH, nearly at thermodynamic potential as a highly
efficient biological catalyst, the only overpotential involved
came from the HER and OER in a neutral solution. This hybrid
bioinorganic system showed excellent durability for over 7 days.
The carbon source for CH, is the original CO,, as corroborated
by an isotope labelling experiment.**® The tandem water
electrolysis system has high flexibility. Various Earth-abundant
and biocompatible electrocatalysts can be utilized. When inte-
grated with photoelectrodes, solar-to-chemical conversion can
be feasible. Recently, Nocera’s group demonstrated a similar
tandem water electrolysis system to covert the produced H, to
biomass or alcohol fuels with CO,, using Co-P as the HER
electrocatalyst and Ralstonia eutropha as the biocatalyst.>*” The
CO, reduction energy efficiency even exceeded that of natural
photosynthetic systems. The same group also demonstrated a
new tandem water electrolysis system that could produce NH;
from N, and H,O with autotrophic bacterium Xanthobacter
autotrophicus.>*® It is noted that the biological catalysts or
bacteria only operate well in neutral media.>**>® Therefore,
the application of such tandem water electrolysis depends on
the use of HER and OER electrocatalysts that can function
efficiently in neutral solutions. This tandem water electrolysis
is distinct from the electrochemical CO, or N, reduction where
the proton required to produce CH, and NH; is from the
electrolyte, while the present technology directly converts the
produced H, from HER into CH, and NHj.

5. Summary, challenges and
perspectives

In summary, this review demonstrates the fundamentals of
water electrolysis from the perspective of thermodynamics,
clarifies some recommended standardized electrochemical
characterization protocols and experimental rigors, and maps
out some common metrics and key performance indicators that
evaluate the performances of electrocatalysts and electrolysers
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at the levels of both materials and devices. Furthermore, six
typical innovative strategies are reviewed to circumvent a variety
of technical challenges in conventional low-temperature water
electrolysis, including overall water electrolysis, magnetic field-
assisted water electrolysis, decoupled water electrolysis, hybrid
water electrolysis, acid/alkaline asymmetric electrolyte electro-
lysis, and tandem water electrolysis.

In this burgeoning field of water electrolysis, there are
still formidable challenges that hinder the development of
high-performance water electrolysers to lower the cost of H,
production and enhance the energy efficiency towards practical
application. This calls for more fundamental and engineering
research. First, the lack of accurate, reliable, and standardized electro-
chemical test protocols makes it challenging to rigorously screen
the electrocatalysts, and precisely assess the electrochemical
metrics and performance indicators of electrocatalyst materials,
MEA-based cells and stack systems for low-temperature water
electrolysis. More efforts are needed to establish benchmarks and
standard test protocols and develop a roadmap for fabrication,
electrochemical data analysis and technoeconomic analysis.
Electrochemical characterization must be rigorously conducted
to report the performances and intrinsic activities for reliable
comparison across a wide range of materials and testing
conditions. Second, the six emerging strategies for advancing
low-temperature water electrolysis still suffer from their respec-
tive inherent technical issues that are detrimental to the
practical viability. For the overall water electrolysis, nonpre-
cious bifunctional materials active for alkaline water electro-
lysis have been widely demonstrated. However, most reports
only demonstrate alkaline water electrolyser prototypes by
immersing Janus electrocatalysts in basic solutions without
using any membranes or diaphragms to separate the cathode
and anode. Such prototypes are impossible to directly operate
in real applications because of the gas crossover in two close
electrodes. The reported current densities of such prototype
alkaline electrolysers are still incommensurate to those of
commercially available alkaline water electrolysers. The
dynamic oxidation of transition metal-based pre-catalysts
under the OER conditions makes it difficult to identify the true
active species, quantify the real number of active sites, evaluate
the intrinsic activities, and rationalize the comparison of
different electrocatalysts for screening. Advanced in operando
characterization and computation techniques are required to
track the changes of those materials under the dynamic oxida-
tion, and precisely decipher the surface roughening, micro-
structure reconstruction, amorphization and mixed moieties.
Few studies have reported the use of bifunctional electrocata-
lysts for AEM and PEM water electrolysis. Intensive efforts
should be devoted to translating the developed alkaline stable
bifunctional electrocatalysts to AEM water electrolysers and
developing acid stable bifunctional electrocatalysts. For mag-
netic field-assisted water electrolysis, further fundamental
research is still required to explicitly discern the dominant
effect of a magnetic field on the water electrolysis due to the
complex convolution of multiple effects of the magnetic field.
The strategy of tuning spin selectivity on the material level has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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been successfully applied to the low-current alkaline water
electrolysis. However, it is still unclear whether the electroca-
talysts with optimal spin selectivity can be applied to high-
current and long-term alkaline and AEM water electrolysis
relevant to industrial applications. A recent investigation has
emphasized that care must be taken to exactly control the
position of the magnet and electrodes and observed the
maximum enhancement (4.7%) for a CoO, anode, doubting
the usefulness of this technique.>'’ Therefore, the systems
integrating the static/alternating magnetic field and MAE-
based water electrolysers with a zero gap configuration should
be engineered and rigorous TEA should be performed to
validate the viability of this technology. For decoupled water
electrolysis, the cost of synthetic redox mediators should
be reduced to become economically viable for large-scale
application. Particularly, the solubility, stability, and fast redox
kinetics of redox mediators or electron reservoirs are crucial
factors to determine their viability for practical applications.
The influences of redox mediators on membrane durability and
corrosion of the porous transport layers (PTLs), bipolar plates
(BPs), liquid transfer lines and other mechanical balance of
plant (BOP) components for the water electrolysers warrant
further investigation. The flow battery industry may offer help-
ful guidance and direction. The hybrid water electrolysis
enables the integration of H, production with electrochemical
organic reforming and wastewater treatment. The selectivity for
desirable value-added products from chosen organic oxidations
is the primary goal and the separation and purification of
products require optimization. The requirement of pumps that
circulate the organic solutions is necessary like the current
water electrolysers, as the continuously decreasing concentra-
tions of organic substrates will reduce the current in static cells
at pre-fixed voltages that avoid the OER. Nevertheless, most of
reported studies investigated this technology without pumps.
The influences of substrate molecules on the membrane stabi-
lity and corrosion of the BOP components for the water
electrolysers should be scrutinized. Furthermore, this strategy
may restrict the candidate pool of organic substrates, as not all
organic molecules have a sufficiently high solubility in
water and many organic products are not stable and may
spontaneously decompose in the electrochemical and aerobic
environments. The organic electrosynthesis is witnessing a
renaissance. More promising organic electrochemical reform-
ing reactions may facilitate the success of the hybrid water
electrolysis. For acid/alkaline asymmetric electrolyte water elec-
trolysis, the high-performance BPMs with high chemical stabi-
lity and AEL/CEL interface adhesion play a key role in practical
viability. The forward bias operation mode is more promising
to significantly lower the electrolysis voltage; however, salt
accumulation and delamination remain a challenge to be
solved. The reverse bias operation mode has great potential
for practical application, as this technology can inherit the
merits of PEM water electrolysis but significantly lower the cost
by replacing the costly acid-stable IrO, OER electrocatalysts
with the developed transition metal based electrocatalysts.
Nevertheless, the interfacial water dissociation capability and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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junction contact must be further optimized to minimize the
entire electrolysis voltage and promote the ionic current flow at
high current rates. Future efforts should focus on the fabrica-
tion of robust ion-exchange polymers and active interfacial
water dissociation catalysts for high-performance BPMs.
The use of monopolar ion-exchange membranes and even
membraneless design demands further research efforts.>*®*>>°
It is promising to integrate the acid/alkaline asymmetric elec-
trolyte water electrolysis with hybrid water electrolysis once the
high-performance BPMs are successfully developed. For tan-
dem water electrolysis, it is inspiring to see recent advances in
this technology integrated with biological catalysts for on-site
use of H, from water to yield valuable chemicals and fuels from
abundant staring molecules such as CO, and N,. Nevertheless,
the long-term durability, scalability and cost of these systems
should be thoroughly analysed to determine the viability.
Finding competent HER and OER electrocatalysts with high
activities in near neutral electrolytes is challenging but will
contribute to the development of such tandem electrolysis
systems and possible seawater electrolysis. Third, a large gap
exists between the fundamental research on electrocatalysts
and industrial evaluation and application of water electrolysers.
Despite great progress in improving apparent/intrinsic
activities of electrocatalysts and understanding of electrocata-
Iytic mechanisms, these obtained knowledge and achieved
advances at the lab scale in terms of materials design,
electrocatalyst performance and mechanistic insights into the
electrocatalytic reactions have not translated to significant
performance improvements, scaling-up and large-scale deploy-
ment of water electrolyser systems. The formidable challenges
are related to the nature of the open electrochemical system for
water electrolysers.®>” For open water electrolyser systems, the
gas and liquid management requires optimal engineering
designs at both cell and stack levels. The properties of ion-
exchange membranes and ionomers, mass loading of electro-
catalysts, wettability and porosity of PTLs and flow channel
design of BPs must be comprehensively engineered to optimize
the electron and ion transport, avoid crossover of reactants and
products, and precisely control liquid and gas flows for optimal
mass transfer. At the system level, both the mechanical (e.g.
pumps, heat exchangers, external circulation, gas processing
and separation, temperature swing adsorption and deionizer
systems) and electrical (e.g. AC to DC rectifier) BOP components
are indispensable and play a key role in determining the system
performance. The high performance (e.g., intrinsic activity and
stability) of a single electrocatalyst component acquired in
the flooded electrolytes with three-electrode and simple two-
electrode configurations at the lab-scale may represent the
maximum performance limit of a cell but cannot directly
translate into better stack and system performance. The dis-
crepancies of setup, hardware, operating conditions, and elec-
trochemical evaluation conditions for lab-scale three-electrode
(or two-electrode) cells and real-world MEA-based water elec-
trolysers give rise to a large gap. For the three-electrode studies,
a thin electrocatalyst layer is deposited onto the conductive
electrode substrate and immersed in the flooded liquid under
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possible rotating conditions, which fully optimizes the mixed
electron and ion transfer and almost eliminates the factors of
mass transfer and gas/liquid management for reactants and
products. However, these engineering aspects play crucial roles
in ensuring that the practical MEA-based water electrolysers
operate well. In the fundamental research, the electrocatalysts
are mostly studied at low current densities (<500 mA cm™?), in
flooded static liquid electrolytes without separators and at
room temperature for tens to hundreds of hours. These operat-
ing and electrochemical test conditions are distinct from those

Present-day situation
200 kW system at 10 units per year,
system cost: US$1,299 per kW

View Article Online
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of MEA-based water electrolysers. These differences in setup
and testing protocols result in large discrepancies in measured
performances and challenges in direct transferability of lab
results to practical systems, with lab-scale results obtained
through three-electrode configurations commonly being more
promising than those measured in MEA configurations. This
calls for the standardized materials, setup and conditions
reflecting realistic industrial operation and established meth-
odology to bridge the gap between academia and industry in
the field of water electrolysis. The new electrolyser designs by

b c
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using various strategies are suggested to be tested by using the
MEA configurations under realistic operation conditions such
as accelerated stress tests, industrially relevant and fluctuating
currents, elevated temperatures, flowing electrolytes, and fre-
quent start-up and shut-down cycling. Last but not the least,
the development of PTLs and BPs and the integration of water
electrolysers with optimized BOPs call for more research
efforts. Despite the core role of the MEA (composed of the
membrane and electrocatalysts) in determining the electrolyser
performance, a breakdown of the PEM water electrolyser sys-
tem cost (Fig. 21) shows that the MEA cost only accounts for
~14% of the system cost and ~26% of the stack cost at the
current system production rates. The PTLs and BPs made of
titanium plates constitute a third of the stack cost, playing a key
role in the gas/liquid management and determining the stack
cost and performance. At the current low production and
deployment rates, the MEA cost is not the limiting stack cost
even with expensive Pt and IrO, electrocatalysts, although
the MEA design attracts the most efforts of materials and
electrochemist communities. Rather, PTLs and BPs are the
key influencing factors for the stack cost. Research efforts must
be directed towards developing low-cost and corrosion-
resistant porous conductive frameworks. This requires endea-
vours in advanced manufacturing and processing of metals and
alloys. A water electrolyser system with a multitude of cells and
stacks requires BOP equipment to ensure H, processing, water/
electrolyte circulation, heat management and power supply.
The BOP cost accounts for almost half of the system cost,
deserving much research focus. For new electrolyser technolo-
gies using soluble redox mediators and chemicals, their effects
on the membrane conductivity and chemical stability and
corrosion for hardware must be scrutinized. A major way to
reduce the water electrolyser system cost is to scale up the
system production rate. This underlines the need for further
research on scaling-up of electrocatalysts, membranes, PTLs
and BPs. It is noteworthy that high-purity water feeds produced
by water desalination and purification systems are commonly
required for water electrolysers. To reduce the cost of water
purification for water electrolysis, recent research is motivated
to revisit a technology of direct seawater electrolysis (DSE)
despite its early research in 1980s,**°%* taking for granted
that it has economic advantages. This has raised arguments.
Although DSE may demonstrate fundamental research signifi-
cance, recent reviews performed a quantitative analysis and
found that DSE has substantial challenges and there are
limited economic and environmental incentives of pursuing
development efforts on this nascent technology.*®**** This is
because the capital and operating costs of water purification
are insignificant compared to those of electrolysis of pure
water. In particular, the costly PEMs (e.g. Nafion) are vulnerable
to foreign ions and cationic impurities, and are more than one
order of magnitude more expensive than reverse osmosis
membranes.®®® On the contrary, the direct use of seawater
feeds can lead to formidable challenges. The challenges
of DSE include the variable composition of seawaters, potential
oxidation of chloride to chlorine or ClO~ as competing
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reactions to the OER, blocking and deactivation of expensive
ion exchange membranes, corrosion and passivation of electro-
des, biofouling (e.g. microbial contamination), low ionic conduc-
tivity of seawater, low energy efficiency of DSE, precipitation of
alkali hydroxide, possibly dramatic pH fluctuations, formation of
pH gradient and short lifetime.*** Moreover, the energy demand
and cost of seawater purification are also insignificant compared
to those of the electrolysis of pure water. The water purification
step is projected to slightly increase the price of H, by less than
1%, implying that the potential cost reduction of water electro-
lysis from the seawater feeds compared to pure water feeds is
marginal even if all those challenges are overcome. Note that the
DSE technology possesses some technical similarities with a
well-established chlor-alkali process where high-concentration
saline water feed rather than seawater is used due to the
sensitivity of ion exchange membranes to impurities and H, is
also a by-product.*®*® However, the concept of using seawater for
electrolysis may be economically meaningful in a process cou-
pling seawater reverse osmosis and electrolysis of desalinated
water*®® or emerging technologies of high-temperature steam
water electrolysis (e.g. high-temperature PEMWE at 100-200 °C,
H-SOEC at 300-650 °C and O-SOEC at 500-1000 °C).®>%%3¢! In
particular, the use of a low or medium grade heat source in the
steam water electrolysis provides an opportunity to generate
clean steam (free of salt contaminants) from seawater, low-
grade or saline surface water without requiring complex water
purification systems before it reaches the electrodes and
electrolytes.>®” Therefore, the steam water electrolysis is a pro-
mising technological complement to low-temperature water elec-
trolysis. The new water electrolysers require benchmarking and
comprehensive assessment in terms of performance metrics,
scalability, economic factors, and deployment potential. All in
all, concerted research efforts in both fundamental research and
engineering should be integrated to accelerate the translation
from lab-scale prototypes to industry-scale deployment of water
electrolyser systems for realizing the future H, economy.
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