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Zinc—air redox flow batteries have high potential to penetrate the stationary energy storage market, due
to the abundancy, and low cost of active species — oxygen and zinc. However, their technological frui-
tion is limited by the development of reversible O, electrodes operating at potentials between 0.6 Vgpe
to 1.7 Vrue, under which no catalyst material has been shown to be stable over long durations. Despite
heavy research on the topic of reversible O, catalysis, little is known about the parameters controlling
the stability of the bifunctional catalyst. Several research accounts assess the activity of reversible O,
catalysts, but only a small portion cover degradation mechanism over such a large potential window. In
this perspective, we summarize our current understanding of material challenges for Zn—air batteries,
reversible O, catalyst integration strategies, and electrochemical behaviour, with a particular focus on
catalyst stability. Nickel cobalt oxide (NiCo,O4), a promising yet understudied system, is used as an
example material for investigations at potentials of both the O, reduction (ORR) and evolution (OER)
reactions. We also report original data employing ex situ X-ray diffraction, electron energy loss spectro-
scopy, and X-ray photoelectron spectroscopy, as well as electrochemical measurements to study the
activity of NiCo,0O4. Furthermore, electrochemical accelerated stress tests are coupled with post-
mortem transmission electron microscopy, inductively coupled plasma, and X-ray photoelectron
spectroscopy to study the dissolution, compositional changes and amorphization of the top surface
5 nm of the catalyst surface. In situ X-ray absorption spectroscopy revealed irreversible oxidation of Co
centres in NiCo,0O4 during OER, which explains the reduction in activity of the ORR after the catalyst
was exposed to anodic OER potentials. This methodology provides a broader method to screen reversi-
ble O, catalyst stability and enables us to summarize future strategies to improve the activity and stability
of reversible O, catalysts and electrodes.

Reliable access to on-demand energy is key to societal development. However, electricity generation accounts for almost 50% of all CO, emissions, and the
aging grid does not have the capacity to accommodate the required increases in renewable resources; their intermittent nature calls for the development of
large-scale electric energy conversion and storage systems such as pumped hydro, compressed air or batteries. Batteries are the most promising solution since
they do not require pre-existing geological features. Zinc-air batteries have a high potential to penetrate the stationary energy storage market, since their active
species - O, and Zn - and aqueous chemistry make them cost efficient, quickly deployable, and environmentally friendly. However, no catalyst material has
been shown to survive the harsh potentials at which the air electrode operates: 0.6 Vgyg to 1.7 Vrug. NiC0,0, is a good candidate for this application because it
is active for the O, reduction and evolution reactions, and its elements are thermodynamically stable at anodic potentials. However, the subject of long-term
durability at such large potential windows is subject of little attention, and is key to the technological fruition of Zn-air batteries.

1. Introduction
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generation sectors are made fully reliant on renewables."?
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Pumped hydro and compressed air are the only technologies
mature enough to provide bulk energy management
services, such as energy time shift, and supply capacity.®
Electrochemical energy storage devices such as Li-ion,
lead-acid and flow batteries show promise to upgrade the
electrical grid due to their ability to be directly coupled
with renewables.*® Li-ion, and lead acid batteries are the
most widely used chemistries due to their high round trip
efficiency and have seen grid-level application.” However, their
widespread application to large scale energy storage is
limited by their low durability, and scalability issues.®’
Flow batteries are a promising strategy to employ such electro-
chemical energy storage devices at the TW scale since power
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and capacity can be scaled independently. This feature
allows application to a wider range of scenarios without com-
promising cost. Many chemistries can be employed in this
configuration with the most mature ones being vanadium,
and Zn-Br batteries."™"" Although total installed flow battery
power and capacity comprises 5-10% of that of Li-ion,* com-
mercial projects up to 100 MW and 400 MWh have been
installed showing its promise in large scale storage.'> However,
even though these technologies have matured significantly over
the years, they still lack the necessary specifications to be
applied at such large scales. Zn-air batteries are a promising
technology to fulfil this role, if their rechargeability issues are
solved.
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Fig. 1 Schematic illustration of the components in a redox flow battery. Catholyte and anolyte correspond to the compartments where the active

species with more cathodic, or anodic half-cell potentials are stored.

Batteries for large scale grid storage require durability for
large numbers of cycles, high round trip efficiencies, and
employment of scalable active species that are abundant and
recyclable. Li-ion, and lead acid batteries are the most widely
used chemistries due to their high round trip efficiency and
have seen some grid-level application. However, their wide-
spread application to large scale energy storage is limited by
their low durability, and scalability issues. Flow batteries,
schematized in Fig. 1 are a promising strategy to employ such
electrochemical energy storage devices at the TW scale. Since
the system’s power and capacity can be scaled independently, it
can be tailored for a wider range of scenarios without compro-
mising cost. Many chemistries can be employed in this configu-
ration with the most mature ones being vanadium, and Zn-Br
batteries."*""

Zn-air batteries are a promising chemistry to accomplish
an even cheaper and more scalable battery technology
employing environmentally friendly and abundant compo-
nents.”**'* When compared to competing battery technolo-
gies, Zn-air batteries have a high theoretical energy density
of 1352 Wh kgz, . One of the active species —O,- is inexhaus-
tible as it can be harvested from atmospheric air which
can be directly fed into the system. Metrics to assess the
scalability of different active species, relating abundance and
electrochemical properties, are currently lacking in literature.
Herein, we use the world mineral production,*® while consider-
ing perfect storage capacity, to estimate how long it would take
to mine active species to fulfil 1 TWh. Fig. 2 shows the
estimated material extraction time per unit energy for the
different battery technologies. Alongside, are shown cost pro-
jections made by the US department of energy for bulk energy
services.”

A theoretical value of 25 days of zinc extraction time
per TWh is estimated for zinc-air, which is not matched by

© 2025 The Author(s). Published by the Royal Society of Chemistry

competing technologies. In addition, the DOE’s cost projec-
tions also indicate that Zn-air can be one of the cheapest
technologies to scale up.” This analysis also shows that zinc-
air flow batteries could have a very fast deployment capacity,
which could be desirable in emergency events, such as fossil
fuel shortage. In addition, the recyclability of Zn also allows for
easy maintenance of the deployed capacity once battery lifetime
has been surpassed. In practice, Zn-air batteries are still at low
technology readiness levels, which limit their application to
large scale energy storage. To the best of our knowledge, the
most technologically mature instance of Zn-air batteries,
designed for grid-scale operation, was a flow assisted 1 kW-4
kwh system.'® In this project, it was identified that the main
challenges for scale up are: the need for using two separate
electrodes to catalyze the oxygen reduction (ORR) and evolution
reaction (OER), electrolyte leakage, and flooding of the air
electrode.'® In the following section, we summarize the current
challenges associated with each of the components in Zn-air
batteries, and strategies to improve their performance.

1.2. Rechargeable zinc-air batteries: challenges and
mitigation strategies

The reactions taking place at the air-electrode and zinc elec-
trode are shown in eqn (1.1) and (1.2), respectively. Upon
discharge, oxygen and zinc are consumed to yield soluble
zincate Zn(OH),>~ which is then followed by the precipitation
of insulating zinc oxide (ZnO) when zincate saturation is
achieved, as shown in eqn (1.3). In rechargeable zinc-air
batteries, these reactions are reversed to regenerate metallic
zinc, by electrodeposition of dissolved Zn(OH),*>", as oxygen
and water are generated at the air-electrode. The reactions
occurring at the air-electrode during charge and discharge,
respectively, are called the oxygen evolution reaction (OER) and
the oxygen reduction reaction (ORR).

EES Catal.
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Fig. 2 Time required to extract the redox active components to reach an energy content of 1 TWh, based on the theoretical full-cell voltages, while
assuming 100% battery efficiency. Energy per mol reactants was calculated from AG® = —nFE®, where n is the number of electrons transferred, F is
Faraday's constant (96485 C mol™) and E° is the theoretical cell voltage. Energy per mass of active species is a conversion from kJ molreactams’1 to Wh
kgactivespecies’l, assuming that only metallic, and carbon species contribute to the weight of each half-cell. This excludes oxygen for zinc—air batteries
which is readily available in the atmosphere. Material extraction time per TWh was calculated by dividing the mass of active components required for
1 TWh by its world annual production. Worldly annual mineral production was extracted from the year of 2021 in the 2017-2021 British Geological
Survey's world mineral production.'® Graphite anode Li-ion batteries were taken into account with a cell potential of 3.7 V as reported by Eftekhari.® Co,
Li and graphite extraction times were estimated by taking the one electron transfer, full-cell reaction into account: LiCoO; + 6C « CoO, + LiCg, leading
to 42.4 wt% C, 34.6 wt% Co, 4 wt% Li and 19 wt% O. It is noted that oxygen was not taken into account for the material extraction time per TWh as
metallic cobalt extraction per year is given in ref. 17. Full cell voltages of 2.04 V were assumed for the lead acid system (PbO, + Pb « H,O + 2PbS0O,),*8
1.26 V for the All-vanadium system (V** + VO?* + H,O < VO,* + V2* + 2H"), 2% 1.82 V for the zinc—bromine system (Zn + Br, < Zn®*+ 2Br)*® and 1.65V
for the zinc—air system (Zn + 2H,0 + O, < Zn(OH),27).2* Installation cost and levelized cost of energy extracted from the “Energy storage Technology
and cost characterization report” facilitated by the U.S. Department of Energy.”

When reversing the reactions, other configurations such as a
flowing KOH electrolyte,">*>?* or a flowing slurry of Zn parti-
cles suspended in the alkaline electrolyte**~>° are beneficial. In
Zn-air batteries, power is determined by the area and efficiency
of the stack (i.e. Zn and air electrode assembly), whereas
capacity is determined by the total amount of Zn in the battery.
It is worth mentioning that a zinc-slurry configuration is the

0, + 2H,0 + 4~ < 40H  (E, = 1.23 V vs. RHE)

(1.1)

Zn +40H < Zn(OH),>” +2e~ (Eo=—0.44 Vvs. RHE, pH 13)

(1.2)

Zn(OH),*~ < ZnO + H,0 + 20H" (1.3)

During discharge, reversible air-electrodes rely on the for-
mation of a three-phase boundary between the electrolyte,
catalyst particles, and supply gas to catalyse the ORR. Such
condition is not required during OER, where a flooded catalyst
layer is beneficial to maximize access to the electrolyte. For the
ORR and OER to take place, the catalyst also needs to be
electrically connected to the external circuit, which is made
through the gas diffusion layer.

The different possible zinc-air battery architectures are also
schematized in Fig. 3. Primary zinc-air batteries employ a static
electrolyte, a separator impregnated with aqueous alkaline
solution is sandwiched between a metallic zinc electrode and
an air electrode. Such configuration employs an air-electrode
with a single component catalyst layer comprising of an ORR
active material held together by a polymeric binder and sup-
ported on a porous conductive substrate (i.e. Ni screen).>*>!

EES Catal.

first documented Zn-based flow battery to enable the decou-
pling of power and capacity. The capacity of other flow-assisted
configurations is always limited by the amount of Zn that can
be electrodeposited at the Zn electrode.

At the air-electrode, different configurations are also possi-
ble due to the need of catalysing both ORR and OER. A single
electrode configuration can be used, where either a single
catalyst is used to catalyze the two reactions,” > or two
different components are used to catalyze both ORR and
OER.**?! As illustrated in Fig. 3, two different components
can be integrated in either a layered structure®** or in a single
multi-component catalyst layer.’>*" The bi-electrode configu-
ration can be used where the ORR and OER electrodes are kept
at open circuit during charge and discharge respectively.'*** In
practice, charge and discharge can also be done in different
modules.”*** Even though such solution could achieve most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of zinc—air battery architecture and its different possible configurations.

promising stabilities, it increases the mechanical complexity of
the system, and will not be covered extensively in this perspec-
tive paper. Table 1 summarizes the main challenges associated
with the zinc-air chemistry, and strategies to mitigate them.
Some of such solutions include different configurations shown
in Fig. 3. The main issues occurring at the zinc electrode are
passivation during discharge, dendrite growth during charge,
spontaneous Zn corrosion and parasitic H, evolution reaction
(HER) during charge cycles.>>>® Zn corrosion accompanied by
HER occurs because Zn/Zn(OH),>~ has a lower equilibrium
potential than H,/OH .*” This necessitates development of
strategies to inhibit HER**™*" increase shelf-life and safety by
inhibiting corrosion and preventing the formation of an explo-
sive atmosphere. At the same time, decreasing HER increases
charging efficiency by preventing such a parasitic reaction,
which can be achieved by alloying Zn,***° employing
coatings,*>** or using neutral electrolytes which increase the
equilibrium potential of Zn/Zn(OH),> .*"**

Passivation occurs when discharging at mass transport
limited currents due to the concentration of Zn(OH),>~ rising

above the solubility limit at the electrode interface.’® Dischar-
ging at low current densities provides a short-term solution to
prevent the formation of ZnO."” However, operating electro-
chemical devices at higher current densities is desirable since it
allows for more flexible operation to offset varying renewable
loads. Increasing zincate solubility, via increasing KOH
molarity"” or electrolyte additives,”® and flowing the
electrolyte®® are among the best strategies to retard the pre-
cipitation of ZnO. These increasing the diffusion of zincate
away from the electrode interface.

Dendrite growth is one of the main problems when charging
Zn-air batteries, occurring mainly at mass transport limited
current densities.>®®> The depletion of zincate ions at the
surface lead to the preferential deposition of metallic zinc at
protruding areas of the electrode, where the Zn(OH),>~ diffu-
sion path is shorter, and the local ohmic drops are lower.
Ultimately, dendrites can grow to create an electrically conduc-
tive path across the electrolyte leading to catastrophic failure by
short-circuit.’® Among strategies to prevent this event are the
employment of flowing electrolytes,'®*>?¢%” and electrolyte

Table 1 Summary of challenges and mitigation strategies associated with the different components present in a zinc—air battery

Component  Challenge Mitigation strategy

38-40,45 42,43 37,44 41,46

Zinc electrode Zn corrosion, and H, evolution
Passivation
Dendrite growth

Zn alloying, coatings, neutral electrolytes and electrolyte additives
Increase Zn(OH),>~ solubility, discharging at low current density, flowing electrolyte,
Flowing electrolyte,**>° electrolyte additives,”">* polymer separator, flowing Zn slurry;**

23,47,48

19,53 49,54-56

Electrolyte CO, uptake and HCO;™ precipitaion CO, trap at air electrode inlet,
Zincate crossover Selective AEM, modified porous separator

Ohmic losses Decrease inter-electrode gap, optimized catalyst coated membrane®®

modified electrolytes
57,58

Adequate microporous layer design,®”®! Bi-electrode configuration'®*?

Gas diffusion layer material selection®>®*
Mixing ORR and OER active materials,

Air electrode Flooding

GDL corrosion

Catalyst efficiency losses 30,64

Bi-electrode configuration'®?

© 2025 The Author(s). Published by the Royal Society of Chemistry EES Catal.
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3152 to promote the diffusion of Zn(OH),>~ to the
electrode interface. Increasing the solubility of zincate (i.e. with
additives®™®> or higher KOH molarity?’) is likely the best
strategy as it prevents both dendrite formation and Zn passiva-
tion. Mechanically robust separators such as polymer gels***®
or anion exchange membranes®” can also be employed, possi-
bly avoiding dendrites penetrating through the electrolyte.
Another promising strategy is to employ a flowing Zn slurry,
which can promote particle collision and dendrite break-up, as
well as a higher amount of available surface area for Zn
electrodeposition.>>?>°

The alkaline electrolyte is responsible for electrically insu-
lating the Zn and O, electrodes while making ionic contact
(i.e. OH™ transport) between them. The main issues with this
component are excessive contribution to cell resistance, via
Ohmic losses, which prohibit operation at higher current
densities.”>>® Ohmic losses can increase even further when
the electrolyte is exposed to atmospheric CO, due to the
formation of carbonate anions which have a lower conductiv-
ity than OH-.>®°%%" Qver time, the uptake of CO, can lead to
the precipitation of carbonate species which clog the air
electrode, and lead to catastrophic cell failure.®® Strategies
to avoid such an issue include using neutral electrolytes®” or
ionic liquids® but these are likely to result in higher ohmic
drops and possibly worse O, catalyst kinetics. It is possible to
engineer the battery so that CO, is filtered out of the air
electrode feed, which is likely the best strategy.'®®® Zincate
crossover has been mentioned as a possible issue, where
ZnOH,>" ions could diffuse to the air-electrode and poison
catalyst activity.’”>® However, to the best of our knowledge,
the impact of this contaminant on catalyst activity is still
poorly understood.

Anion exchange membranes (AEM) are a promising strategy
to improve the operation of Zn-air battery electrolytes.”””® Few
studies have achieved promising results with such configu-
ration, and we aim to scrutinize their application in large scale
storage. Historically proton exchange membranes (PEM) are
responsible for allowing fuel cells and electrolyzers to operate
efficiently at higher current densities up to 2-5 A cm ™ 2.7%""
Similarly to PEM in water electrolysis, AEMs could allow
operation at higher current densities when applied to Zn-air
batteries. Operating at higher currents is possible due to lower
Ohmic losses because of a lower inter electrode gap’> and
excellent bonding between catalyst layer and electrolyte.>
Operating at higher current densities could enable smaller,
and cheaper stack assemblies, at the same power output,
especially when expensive raw materials such as Pt and Ir are
used (i.e. in PEM electrolysis).”® However, the alkaline chem-
istry already avoids the use platinum group metal (PGM)
catalysts, thus smaller cost reductions are achieved by reducing
stack size."®”® At the same time, operating at higher current
densities would also incur severe round-trip efficiency losses
because of the high ORR/OER overpotentials due to lack of
optimized air electrode structure.'>®' Therefore, it might be
acceptable to operate at low current densities with larger stack
sizes, and thus the decreased need for AEMs in Zn-air flow.

additives

EES Catal.
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Technoeconomic analysis studies would be needed to clarify
the interplay between such variables.

The PEM configuration allowed reducing the weight of fuel
cells to be applied to vehicles, whose weight determines their
economic feasibility.”*”> In electrolyzers, ion exchange mem-
branes allowed operating at higher cathode partial pressures
with lower H, crossover rates, reducing the cost of compressing
hydrogen.”®”” Zn-air flow batteries are likely to be stationary
where its weight is irrelevant, operate at atmospheric pressure,
and ambient temperature,'®?® and it is unclear whether zincate
crossover results in catalyst deactivation. Even though no
studies exist on such a phenomena, AEMs could mitigate
zincate crossover.”” As disadvantages, AEMs are also poisoned
by CO,, which would still need to be filtered,*”*® and their
stability is still lacking.”® Nonetheless, they still prove to be a
promising strategy to improve efficiency, if durable and inex-
pensive AEMs were developed that could withstand the corro-
sive environment of 6-8 M KOH.

Reversible air electrodes are mainly limited by flooding,
and efficiency losses arising from catalysis of O, reduction and
evolution reactions.”®”® Flooding renders O, consuming elec-
trodes inactive and can be minimized by using a gas diffusion
layer incorporating a hydrophobic microporous layer.®* On the
other hand, O, evolving electrodes best operate under flooded
conditions making it impossible to optimize both ORR and
OER in a reversible air electrode. State-of-the-art Zn-air bat-
teries employ a bi-electrode configuration where separate elec-
trodes are used to catalyse the ORR and OER."® This approach
allows easier optimization of each electrode and increases
catalyst stability by keeping the ORR active material at open
circuit during charge cycles and vice versa. However, such a
layout increases the mechanical complexity of the system and
increases overall capital cost.® The industrial development of
these devices is limited by efficient electrodes able to efficiently
catalyse both the O, reduction (ORR) and evolution reactions
(OER). O, bubble formation can also have an effect on electrode
performance during charge cycles. However, this is thought to
occur at high current densities above 1 A cm™>,”? a state under
which zinc-air flow batteries are unlikely to operate at.

Corrosion of the gas diffusion layer material during OER
polarization can compromise device durability.®*** The GDL
acts as a current collector, and its corrosion/passivation can
compromise its electrical conductivity. In PEM water electro-
lysis, Ti materials coated in Pt are employed®**" whereas Ni or
stainless steel based porous structures are used in AEM
electrolysis.®*%% Typical carbonaceous materials used in fuel
cells employing a microporous layer are more mature but
degrade at anodic potentials and hence are unsuitable for O,
evolution conditions.®*®® Thus, reversible air electrodes
would ideally require a metallic and hydrophobic microporous
layer that would be corrosion resistant and immune to
flooding.5":6%84

Scaling relations between the binding energetics of reaction
intermediates limit the round-trip efficiency of OER/ORR
catalysts.”® In short, lower overpotentials towards one of the
reactions come at the cost of higher overpotentials towards the

60,61

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reverse reaction in a double volcano relationship.”**>*® To
circumvent this issue, researchers typically employ two differ-
ent active components which catalyse each of the reactions
separately.>>®*®” Typically, N-doped carbons are mixed with
transition metal oxides which are active towards the ORR and
OER respectively. However, carbon corrodes at OER potentials
and thus there is a drive to develop carbon-free reversible O,
electrodes.®>*%8 A possible route to accomplish stable rever-
sible O, electrodes is to find a single catalyst material that is
active and stable for both ORR and OER.>”*!

Several research accounts review the challenges associated
with each of the components: the zinc electrode,® the alkaline
electrolyte,"*® and air-electrode.’®**™°' However, the stability
of reversible O, catalysts, one of the most challenging issues to
solve, has been largely overlooked. In other words, electroche-
mical stability is often assessed based on improvements in
short term accelerated stress tests in demonstration scale
devices.>”**?* However, direct evidence of suppressed dissolu-
tion products such as metal cations®*®® or CO, CO, and
carbonates,*®°”°® is necessary to use device scale testing to
qualify long term operation over the span of several years.® The
few papers addressing the degradation of ORR/OER catalysts
are limited to dissolution of Mn based oxides which are far too
unstable to be of practical usage.”*°® The evidence thus far
suggests that we have not discovered catalysts that are stable
against dissolution or other forms of degradation under both
0, evolution and O, reduction conditions.”>*°>*°! In the next
section, we summarize the current knowledge relating to ORR
and OER catalyst activity and stability. Motivated by decreasing
installation cost by having a single reversible air-electrode, we
focus on finding a single component catalyst that can catalyze
the ORR and OER. In addition, due to the unstable nature of
carbonaceous materials,®*%%°” we focus on transition metal
oxides as the most promising class of materials to fulfil
this role.

2. State-of-the-art reversible O,
catalysts for zinc—air batteries

Vanadium redox flow batteries are likely the closest competitor
to rechargeable zinc-air redox flow batteries.>'°*> Thus, it is
likely that reversible air electrodes would have to operate at
around 100-400 mA cm ™2, round trip efficiencies of about 75~
90% and lifetimes between 10-30 years.>'® While no studies
exist employing reference electrodes, an optimistic scenario of
a reversible air electrode operation can be drawn. At around
150 mA cm 2 it is possible to operate optimized PEM fuel cell
cathodes at around 0.85 V'®® and electrolyser anodes at 1.5 V at
80 °C.”* Such values would yield round trip efficiencies of close
to 60%, assuming no losses from the zinc electrode. Such an
observation highlights the need to develop reversible O, cata-
lysts with higher electrocatalytic activity than benchmarked Pt
and Ir catalysts, as well as electrodes optimized to both ORR
and OER. Furthermore, in practice, reversible electrodes are
likely to operate in a voltage window between 0.6 Vgyyg and 1.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Vrur, under which no material has been shown to be
stable.”**® This issue is largely overlooked in literature, given
that an electrode would have to maintain at least 10 years of
operation under such conditions. Such conditions lay the
design targets for bifunctional O, catalysts for Zn-air batteries.

2.1. Activity of reversible O, catalysts

Non-precious metal oxides, based on abundant elements such
as Ni, Co and Fe, are the most promising class of materials to
be employed in alkaline-based devices.'® In principle, catalyst
loading should be maximised as much as possible without
imposing transport limitations.'®>*®® The situation contrasts
with platinum group metal (PGM) catalysts, where the high cost
of Pt/C catalysts for O, reduction and IrO, for O, evolution
constrains the practical loading.'®® Gasteiger et al. argue that a
non-precious metal ORR catalyst qualifies as a potential candi-
date for automotive fuel cells if its intrinsic activity allows to
match the activity of an electrode with 0.4 mgp, cm™2.19%10°
Assuming no loading effects below a catalyst layer thickness of
100 pum, a maximum catalyst loading along with a projected
activity can be estimated based on mass activities determined
via rotating disk electrode (RDE).'®® Reversible air electrodes
are bound to experience worse catalyst utilization at higher
loadings due to the difficulty of optimizing the three-phase
boundary towards the two reactions. Maximizing the geometric
activity of an electrode then becomes a different problem to
that of increasing catalyst intrinsic activity. For example,
NiFeOOH has higher intrinsic activity than IrO,, and is the
most active OER catalyst in alkaline media.'”'°® Nonetheless,
studies found IrO, to be more active when applied at higher
loadings in a device configuration, likely due to its higher
conductivity."'® Thus, we propose that the intrinsic activity of
IrO, is used as a target for OER activity of bifunctional catalysts
for reversible air electrodes, as shown in Fig. 4. In summary, we
suggest that researchers focus on matching the intrinsic activity
of bifunctional catalysts as a separate question to reaching high
geometric currents. Pt and IrO, can serve as an initial intrinsic
activity target that needs to be matched to achieve higher than
60% round trip efficiencies.

Among the most active carbon-free O, bifunctional catalysts
are transition metal oxides such as MnO, polymorphs,®®***112
perovskites,"'*''* and spinels.>”*>''> Benchmarking the elec-
trochemical activity of single component catalysts against state-
of the art materials, can best be done using the rotating disk
electrode (RDE). Measurement variables such as scan rate,
rotation rate, catalyst loading, among others should be care-
fully selected to create results which are comparable to a large
portion of literature. A review article (co-authored by some of
us) provides detailed guidelines for using RDE experiments.”®

Fig. 4 shows the ORR, and OER overpotential achieved by
literature catalysts at 25 PA CMgyqe > in 0.1 M KOH. The
specific activities of Pt/C,''® and 1rO,""” are shown in compar-
ison. The background colouring corresponds to the voltaic
efficiency of a reversible fuel cell with a flat O, catalyst surface.
While Ni-Fe oxides are the most OER active catalysts,"®”"%°
they have little activity towards the ORR'”” and are therefore
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LaSrMnNiOs thin film extracted from ref. 113 and normalized to atomic force microscopy roughness; @ data extracted from ref. 114 and normalized to
estimated surface area from SEM image analysis of drop-cast nanoparticulate thin films. @ data extracted from ref. 119 and normalized to nanoparticulate
BET surface area; % data extracted from ref. 120 normalized to nanoparticulate BET surface area; a thermodynamic stability analysis of each catalyst
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not plotted in Fig. 4. Each of the points in Fig. 4 is discoloured
at the left or right, if at least one of its elements is thermo-
dynamically expected to be unstable at ORR, or OER potentials
respectively. Fully discoloured points correspond to materials
that one or more elements are unstable at either ORR or OER
potentials based on Pourbaix diagrams.’” Coloured points
correspond to data generated in the present work, discussed
further in Section 4.1, and black and white points are literature
data described in the figure caption. It is noted that glassy
carbon is ORR active below 0.7 Viyg, thus having an effect on
data points with an ORR overpotential bigger than 0.53 V.
Therefore, throughout this text we use the current at ORR
and OER potentials of 0.8 Viy and 1.6 Viyyg as performance
metrics.

Fig. 4 shows that Mn-based spinel and perovskite
systems,*>"*° as well as LaMnOs, and LaCoO;""* are the closest
to reach the Pt/C and IrO, target.""' NiCo,0, also achieves
promising ORR and OER activity, with higher activity for both
reactions than Co30,, indicating the importance of Ni in
catalysing both ORR and OER.?”"*® NiC0,0;, is also a promising
system since its elements -Ni and Co- are thermodynamically
expected to be stable at OER potentials. In fact, NiCo,0, is the
only system with demonstrated activity towards both ORR and
OER,*”"®¢ which is also expected to be stable at OER relevant

EES Catal.

potentials.>” In spite of showing promise as reversible O,

catalysts, its stability at ORR and OER potentials is poorly
documented.

2.1.1. Parameters controlling the activity of reversible O,
catalysts. The ORR and OER are reversed sequences of the same
reaction which take place via four adsorption and desorption
steps, as shown in (Fig. 5a), where * denotes an active site. and
its corresponding adsorbed intermediate (i.e. OH* is adsorbed
OH on active site *)."*"'?*> Due to scaling relationships between
the adsorbed intermediates, the reactivity towards each of the
reactions is determined by the Sabatier principle.'*® The
potential of the potential determining step is schematized in
(Fig. 5b),”® which corresponds to the potential at which all the
reaction steps become downhill in free energy. The double
volcano relationship shown in (Fig. 5b) implies that an active
site with a lower overpotential towards the OER comes at the
cost of ORR activity and vice versa.

Several experimental activity descriptors, such as ex situ
metal center oxidation states,®®*?*'*> and bond covalency’*®
have been proposed to study non-precious metal oxide cata-
lysts. However, they derive from properties of the bulk of the
material rather than the properties of the oxide surface. In
contrast, ab initio DFT calculations can model the very first
monolayer of a catalyst’s surface, whose properties control the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the potential determining step for ORR and OER, extracted from the work of Busch et al.

catalysis, and can be different from the bulk of the
material.”>*?"'?” For example, the OER improvement of
NiCo,0, with respect to Co;0,>”'"” is not explained by either
oxidation state®® or bond covalency arguments."”® DFT on the
other hand, can predict such phenomena."””®'*® While DFT
calculations have worked well to study ORR catalysts,'>"*2713°
under OER evolution conditions the first few atomic layers
(up 5 nm from the surface) can reconstruct at anodic
potentials,”>'°>**! compromising its predictive power for OER
catalysts."' "' More generally, oxides are often challenging to
describe with even the best of DFT functionals, compounding
uncertainty in the calculations.”*® Therefore, in situ spectro-
electrochemical studies correlating the oxidation state,"** and
chemical environment,°®%%134135 are most successful in
describing catalyst activity. For example, Rao et al.'** found a
volcano relationship between the redox peak position of doped
Ni oxides, and their activity, with a position of 1.47 Vg as the
peak of the volcano. Such studies indicate that redox transi-
tions relate to the adsorption reaction intermediates, and the
potential at which these occur relates to the catalyst’s ability to
bind O* relative to OH*. Thus, a catalysts’ ability to change in
oxidation state is the key to maximized OER activities.

2.2. Stability of reversible O, catalysts

Prevalent mechanisms by which O, catalysts present in fuel
cells and water electrolyzers can degrade are: (i) agglomeration;
(if) conductive support corrosion; (iii) detachment; and (iv)
dissolution.*®*3¢13% Agglomeration and conductive support
corrosion are mostly relevant to Pt/C catalysts employed in fuel
cells, which are unlikely to be applied as bifunctional catalysts
due to prohibitive dissolution rates at O, evolution
potentials.”***® Detachment is also largely dependent on the
specific electrode structure, and it is desirable to mitigate it
during half-cell durability tests. Dissolution is considered the
primary mechanism by which OER catalysts degrade in PEM
electrolysis and reversible fuel cells,”>*® and is likely to be the
most relevant in studying reversible O, electrodes. Dissolution
can also trigger restructuring of the top surface 5 nm,"°*** as

© 2025 The Author(s). Published by the Royal Society of Chemistry

well as phase separation through redeposition processes.*4*

In addition, they are highly susceptible to incorporate Fe
impurities,”>'*>'*® which increase their OER activity. Such
processes are generally addressed as an activity study, but their
effect on the ORR is largely misunderstood. In this manuscript,
these are considered as possible degradation mechanisms, in
addition to the traditional ones arising from the fuel cell and
electrolysis fields.

Dissolution measurements coupling electrochemical half-
cells with an inductively coupled plasma mass spectrometer
(ICP-MS) are crucial to screen catalysts for electrochemical
applications.'**™*> They can differentiate between catalysts
that have a stable electrochemical signal in spite of high
dissolution rates,"*® from losses in performance not associated
with degradation mechanisms (i.e. backing electrode, or bubble
accumulation)."**'*”148 Fig, 6 compiles the stability number
(i.e. number of O, molecules evolved per dissolved metal
centre'®’) of different materials. Mn oxides are known to
dissolve,*”°® with stability numbers about 4 orders of magni-
tude lower than crystalline IrO, studied in acidic electrolytes."*®
The few reports measuring the stability of Ni and Co based
oxides indicate lower dissolution rates than Mn and Fe.'**'*°
However, they are yet to be investigated under potentials of
both ORR and OER, which is relevant since Pourbaix diagrams
predict their dissolution at ORR potentials in alkaline media.*”

Several researchers have theorized that lattice oxygen
evolution reaction (LOER) is the predominant mechanism
for O, evolution and results in the dissolution of metal
cations.'?®101:131:145 The LOER mechanism has been intensely
debated in literature and readers are referred to a review article
by Fabbri et al. for in-depth discussion on this topic.">® How-
ever, Scott et al.’s data on IrO, and RuO, in acid suggest that
LOER is a dissolution mechanism, as opposed to a catalytic
reaction.”®” We conjecture that this may be the case for
catalysts that function in base too.

Another mechanism by which catalysts could degrade is by
oxidation and restructuring of the top monolayers of the
catalyst’s crystal structure. Oxidation processes can be probed

EES Catal.
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Fig. 6 Summary of S-numbers determined for MnO, catalysts obtained by Speck et a

(%% in alkaline media, for IrO, catalysts in acidic media determined

by Geiger et al.*** and for electrodeposited Ni, Co, and Fe oxides determined by Chung et al.'*®

with in situ spectroscopic techniques such as X-ray absorption
spectroscopy (XAS),'0%'*411 Uv-vis,*%'3> XpS.'** Correlation
between such techniques and post-mortem transmission elec-
tron microscopy (TEM) indicate that oxidized catalysts result in
the formation of an amorphous layer penetrating approxi-
mately the top surface 5 nm.”>'°"'*' Researchers observe
dissolution to occur during the first cycles, accompanying such
amorphization, after which dissolution processes are
minimised.”>'*>'*" Changes in redox activity over time are
often accompanied by such transformations. However, it is
unclear to which extent they reflect changes in catalytic
activity,®" or merely catalytically inactive redox species in the
bulk of the catalyst structure."*® In addition, restructuring of
the uppers surface layers is often beneficial for the OER, but it
is yet unclear whether it would also be beneficial towards the
ORR. Similarly, small amounts of Fe impurities incorporated
into nickel based oxides improve OER performance,®>'*>1°%13
and could cause of such transformation.®>'*>15>15¢ However,
the effect of such oxidation, and restructuring processes on
ORR activity is unknown.

In summary, literature investigations suggest that ORR/OER
activity on a particular active site follows a double volcano
relationship: the higher the ORR activity, the lower its OER
activity. Catalyst OER activity correlates with its ability to
change in oxidation state, which are a fingerprint of the
adsorption of reaction intermediates.’®® Co-Mn perovskite
and spinel oxide catalysts are identified as the most active
bifunctional catalysts for both ORR and OER, but their stability
across the ORR/OER potential window has not been
measured.®®!07111 114120 pyring operation in an electrochemi-
cal device, dissolution is the most likely mechanism by which
oxide catalysts are expected to degrade. For some catalysts, it
has been proposed that oxidation and amorphization of the
upper surface monolayers halts dissolution and is the key to
increased activity.'°'°"'*! However, the effect of such a pro-
cess on the ORR activity is unknown. To the best of our

EES Catal.

knowledge, the lack of information about degradation mechan-
isms for the ORR/OER is a major gap in metal-air battery
literature. Therefore, it is of paramount importance to develop
a single methodology that assesses all the different degradation
mechanisms that can possibly occur within a catalyst system.
Therefore, we use original data in this perspective as a repre-
sentative case study to exemplify a methodology that can be
applied to interrogate multiple degradation pathways in a
single system: NiC0,0,.

NiCo,0, catalysts have been demonstrated to satisfy each of
the following criteria (i) to show some activity towards for ORR
(ii) activity for OER, and (iii) thermodynamically stable over the
pH > 13 and at potentials anodic of 1.23 Vryg and potential
range required (0.6 to 1. 8 VRHE and pH > 13). Although short
term tests suggest that NiCo,0O, is stable in catalysing the
OER,'>1°%157 we anticipate that there might be some under-
lying degradation which would be difficult to detect by
short term electrochemical tests. Tests of NiCo,O, in gas
diffusion electrodes for both ORR and OER suggest that it
deactivates faster for ORR than the OER.*>'*° However, in gas
diffusion electrodes it is challenging to distinguish effects due
to flooding of the electrode and ORR deactivation. Therefore,
we use this catalyst system to inquire about the underlying
degradation mechanisms occurring at potentials of both ORR
and OER.

3. Results and discussion

In this contribution, the activity of NiCo,0, is studied as a
function of its crystal structure, by combining RDE and physi-
cal characterization techniques. In addition, we used an RDE
cell to enable accurate measurement of dissolution processes
and couple it with both post-mortem characterization techni-
ques, and in situ X-ray absorption spectroscopy. This array of
techniques is used to study spinel NiCo,0,, namely the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deterioration of its ORR activity when subjected to both ORR
and OER potentials.

3.1. Activity of reversible NiCo,0, catalysts

Prior to analysing the activity of Ni-Co oxides, the activity of Pt/
C and IrO, was benchmarked, as shown in Fig. S2. The activity
of oxides investigated in the present work was previously shown
in Fig. 4 using the overpotential at a particular current as
performance metric. However, as shown in Fig. S3, it is pre-
ferrable to use the current at 0.8 Vgyr as a measure of intrinsic
ORR activity, due to the activity of glassy carbon. The current at
1.6 Vgug is used as OER activity metric, a potential which
minimizes mass transport overpotentials while avoiding con-
tribution from redox activity. Fig. 7 shows the electrochemical
activity of Ni-Co oxides investigated in the present work,
normalized to the BET surface area values shown in Table S1.
XRD results shown in Fig. S4 indicate that Sigma Aldrich
NiCo,0, has a rock salt crystal structure, whereas flame spray
NiCo,0,, co-precipitated NiCo,0,, and Sigma Aldrich Co30,
display spinel structures. We find that rock salt NiCo,0, is
essentially inactive towards the ORR, while having higher
activity towards the OER. The spinel structure therefore reaches
a compromise between ORR and OER activity, as shown in
Fig. 4. Spinel NiCo,0, is also found to be more active than
spinel Co;0,4 for both ORR and OER, in good agreement with
previous studies.>”'"?

EELS structure maps shown in Fig. 8 further elucidate the
differences in activity between the different catalysts. They
suggest that a significant amount of Ni rich rock salt impurities
is present at the surface of co-precipitated NiCo,0,, which were
not observed by XRD. Rock salt impurities in the flame spray
NiCo,0, are found to be within the particle’s core. The surface
of the flame spray synthesised catalyst is dominated by the
spinel phase. Since the catalytic activity would be controlled by
the surface, we conjecture that the spinel phase has a higher
ORR specific activity, hence explaining the performance of the
flame spray catalyst. We propose that if we were able to
minimise the amount of rock salt impurities when synthesizing
NiCo,0, catalysts we could maximise the ORR activity.

Consistent with our earlier analyses on NiO,,"** we assume
that the redox peak positions are due to transitions between O,
evolution intermediates, OH* to O*. The full redox reaction can
be expressed as M'OOH + OH™ « M*"'00 + e~ + H,0"*"?
where M* denotes initial Co®" or Ni’** states in octahedral sites
or Co®" in tetrahedral sites.®® Thus, cathodic shifts in redox
peaks position could be caused by stronger binding of O*
relative to OH*, i.e. a lower AGo_on (Fig. 5b). Such correlation
is shown in Fig. S6, and is based on redox peak positions shown
in Fig. S5, where cathodic shifts in redox activity result in
increased OER activity. Trends in OER activity point towards
Ni-Co oxides being located at the weak O* binding side of the
volcano. Trends for the ORR seem to point towards maximized
activities at redox peak positions ~1.4 Vgyg but more points
would be required for conclusive evidence. These results indi-
cate that indeed redox activity controls OER, and possibly ORR
activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Electrochemical specific activity towards the OER at 1.6 Vgpe,
and (b) ORR at 0.8 Vrpe (blue), of oxides investigated in the present work,
using BET specific surface areas determined for co-precipitated NiCo,04
(107 m? g7, Sigma Aldrich NiCo,04 (11 m? g™, Sigma Aldrich Coz0,
(46 m? g1, and Flame sprayed NiCo,04 (74 m? g~%). All results obtained in
0.1 M KOH electrolyte at a scan rate of 10 mV s~%, rotation speed of 1600
RPM, loading of 25 pg cm™2, under O, bubbling at 150 mL min~™.

Suntivich et al.'® argue that the activity of a non-PGM catalyst is
satisfactory if the extrapolated activity of a 100 pm thick catalyst
layer'®® matches the activity of a Pt/C electrode at a loading of
0.4 mgp cm 2 Extrapolations are based on mass activity,
catalyst density and an assumption of 50% catalyst layer porosity.
Such calculations yield projected ORR geometric activities of
~250 mA cm %, and ~135 mA cm >, respectively, for Pt/C and
Co-precipitated NiCo,0, electrodes at loadings of 0.4 mgp cm ™2,
and ~30 Mgico,0, em™? at 0.8 Vgyp. For the flame spray
NiCo0,0, synthesized at 15 Lo, min~", an extrapolated activity of
~ 630 mA cm ™~ is obtained at 30 Mgyico,0, €M, and 0.8 Vg,
thus having the potential to fulfil the activity targets set by Pt/C
catalysts. It is noted that deviations from the values provided in the
original paper for Pt/C'® are due to mass-transport-corrections not
being employed in the present work, due to undefined diffusion
limiting currents obtained for oxides.

3.2. Potential dependent electrochemical stability of NiCo,0,

Fig. 9 shows electrochemical activity of co-precipitated NiCo,0,
for the ORR and OER, before and after cycling the potential

EES Catal.
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Fig. 9 Geometric electrochemical activity of co-precipitated NiCo,O4
before (full line), and after (dashed line) cycling for 1 h between 0.6 Vrue
and 1.7 Vgie at 500 mV 572, Results collected in 0.1 M KOH, O, bubbling at
150 mL min~*, at 1600 RPM, 10 mV s™*, and a loading of 76 pgnico,o, cm™2,

between 0.6 Vgyye and 1.7 Vg for 1 hour at 500 mV s~ *. While
the OER activity is essentially unchanged, NiCo,0, becomes
practically inactive towards the ORR after 1 hour of cycling. The
change in values for different test repeats is shown in Fig. S7. At
the same time, an additional redox peak is measured at around
1.3 Vgryg after electrochemical cycling. Such an observation
could be an indication of a stronger O* binding relative to
*OH. This shift could occur due to surface composition
changes (i.e. caused by dissolution), crystal structure changes
at the upper surface layers and/or irreversible changes in
oxidation state.

Prior to elucidating which mechanism causes ORR degrada-
tion, we aim to understand which potential windows are
triggering such phenomena. To do so, apply electrochemical
accelerated stress tests with three different potential windows:
(i) 0.6-1.7 Vgyg; (ii) 0.6-1.5 Vgyg; and 0.6-1 Viyg. This experi-
mental matrix allows us to determine if ORR degradation
occurs at potentials of redox activity, or during OER. Fig. 10
shows that ORR deactivation occurs during exposure to redox
and OER activity potentials. When NiCo,0, is cycled between

EES Catal.

0.6 Vgug and 1 Viyg over 1 hour, there is minimal ORR
degradation. When the anodic potential window limit is
increased, ORR degradation is observed, thus concluding that
it takes place at potentials anodic of 1-1.2 Vgyg.

3.3. Degradation mechanisms of NiCo,0, reversible O,
catalysts

Based on available literature the ORR degradation of spinel
NiCo,0, upon polarization anodic of 1-1.2 Vryg could be due
to: (i) composition changes due to dissolution;*”"**>*> (ii)
crystal structure changes at the top surface atomic layers;
or (iii) Fe impurities in the electrolyte.”>"® Fig. 11 shows the
ICP-MS results of probing the electrolyte for Ni and Co after cell
assembly, where the NiCo,0, catalysed RDE tip was immersed
in the electrolyte, and after 1 hour of AST. 1 hour of cycling
between 0.6-1.7 Vgyg results in no more than 0.3 wt% of Ni and
0.2 wt% of Co dissolution. By subtracting the cell baseline, we
determine an average dissolution of about 0.1 wt% Ni and Co
which corresponds to about 2% and 4% of a BET monolayer of
Co and Ni respectively. We calculate the dissolution rate in BET
monolayers from crystallographic considerations of atomic Co
coverage for (110) and (100) surfaces on spinel Co;0, from the
work of Zasada et al. as described in the SL.'® In the next
paragraphs, we estimate the surface composition changes that
would result from the dissolution process and compare it with
surface composition changes measured by XPS.

Fig. S8 shows the XPS spectra measured for co-precipitated
NiCo,0, catalyst layers after immersion in the 0.1 M KOH
electrolyte labelled initial, and after undergoing an AST,
labelled aged. In such measurements, we observed increases
in Co:Ni surface compositions from 1.35 to 1.6. The observed
increase in Co:Ni ratio is not very significant and cannot
explain the drastic decrease in ORR activity. Additionally, the
dissolution of Ni is only 4% of a monolayer which does not
explain the change in ORR activity. Further calculations of
extrapolated dissolution rates associated with the composition
changes observed by XPS are referred to the SI.

Other research groups measure OER to induce the amorphi-
zation of the top surface 5 nm, which we consider as a possible
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Fig. 10 Geometric electrochemical activity of co-precipitated NiCo,O,4 before (full line), and after (dashed line) cycling for 1 h between 0.6 Ve and
three different anodic limits of 1.7 Vgye (blue), 1.5 Vgpe, and 1 Veye at 500 mV s72, as described in the figure labels. Results collected in 0.1 M KOH, O,
bubbling at 150 mL min~%, at 1600 RPM, 10 mV s, and a loading of 76 HINiCo,0, cm~2.
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Fig. 11 ICP-MS results after acidification of 150 mL of the 0.1 M KOH

electrolyte employed in rotating disk electrode configuration to study co-
precipitated NiCo0,04. Cell baseline taken after assembling the RDE
configuration, and 1 hour is taken after cycling between 0.6-1.7 Ve for
1 hour at 500 mV s~* without any RDE rotation and employing an anion
exchange membrane to separate the counter electrode from the working
electrode at a loading of 76 pgnico,0, cm~2. Calculations of Ni and Co
dissolved monolayers are based on 0.076 Co atoms per A? derived from
the work of Zasada et al.,'>® and the BET surface area of Co-precipitated
NiCo,0, (107 m? g7?). Dissolved Ni in %ML is the ratio between dissolved
Ni atoms and total available surface Ni atoms in the RDE catalyst layer as
described in the SI.
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degradation mechanism for NiCo0,0,.
in Fig. S9, post-mortem TEM shows that an amorphous

surface oxyhydroxide layer is not formed. Herein, we avoid

© 2025 The Author(s). Published by the Royal Society of Chemistry

misinterpretation of the results due to carbon contamination,
which can form similar features, as shown in Fig. S10. We also
consider the possibility that such a layer forms exclusively in
the presence of Fe impurities. Post-mortem TEM after acceler-
ated stress tests in 0.1 M KOH poisoned with 50 PPB of Fe
impurities discards such a hypothesis, as shown in Fig. S13.

Pourbaix diagrams would suggest that Ni and Co dissolution
should take place cathodic of 0.9 Vg at pH 137 However, our
electrochemical tests on coprecipitated NiCo,O, suggest that
degradation is triggered by potentials anodic of 1 Vgyg. Mini-
mal compositional changes due to dissolution are detected
with ICP-MS (see Fig. 11) and post-mortem XPS (see Fig. S8),
indicating that dissolution is not the cause of ORR degradation
(see Fig. 9). These findings are consistent with post-mortem
TEM which shows no evidence of structural rearrangment of
NiCo,0, in the near surface region prone to structural amor-
phization at the top monolayers (Fig. S9). In contrast to
observations on AlCoFeO,'°" and Ba, 551, 5C00.sFe( .03, % we
do not observe indications of dissolution or amorphization of
the outermost few nm of Co-precipitated NiCo,0,. However,
both findings indicate that dissolution can trigger structural
changes of the top few nm, and that its absence results in a
preserved crystal structure.

Fig. 12 shows the X-ray absorption near edge structure
(XANES) portion of the collected in situ XAS spectra. We
measure the oxidation state of Co-precipitated NiCo,O, at
different potentials, stepping the potential in the anodic

EES Catal.
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In situ XANES spectra recorded for co-precipitated NiCo,0O,4 starting at 0.6 Vrue, progressively scanning anodically up to 1.7 Vrye, and then

perform a last measurement at 0.6 Vgrye. The latter which is labelled as 0.6 Va. (a) Ni edge, and (b) Co edge. Measurements taken at a loading of

76 ugnico,0, iN 0.05 M KOH.

direction, starting at 0.6 Vgyg up to 1.7 Viyyg. We then polarize
the electrode back to 0.6 Vgyg, to measure changes in oxidation
state after polarization to anodic potentials. Interestingly, the
oxidation states of both Ni and Co increase as the potential
increases and, while this oxidation is reversible for Ni centres,
Co displays irreversible oxidation upon OER polarization. After
OER polarization, the average oxidation state of Co at 0.6 Vrug
increases from Co>?>" to Co>>". Assuming that all the changes
in oxidation state occur within the first top monolayer, the
oxidation state change of Co atoms can be calculated as per the
calculations section of the SI. Assuming that all Co atoms have
an initial oxidation state of Co*?*, an increase of 0.1 in
oxidation state results in the surface Co atoms having an
oxidation state of Co*'" at 0.6 Vyyg. Such a number could be
accounted for by a single redox transition which is consistent
with the fact that only one redox peak is observed for NiCo,0,.
As shown in Fig. S13, Ni mostly occupies octahedral sites due to
the missing peak at 3 A on the Ni K edge spectra.®® Thus, Co
occupies both tetrahedral Co®" sites, and octahedral Co®" sites,
which means that irreversible oxidation could happen prefer-
entially at one of these sites, and to a higher valence than the
calculated Co*'*. This observation indicates that catalysing the
ORR requires Co to remain at a low oxidation state, and
promoting reversible oxidation processes after OER is key for
NiCo,0, to retain its ORR activity.

It is noted that the edge position shift is smaller than the
energy resolution of the X-ray scan. This can be attributed to
the low surface area to volume ratio of the particles (~40 nm in
size), considering that the XAS are bulk sensitive, while the
electrochemical reactions occur only on the surface. Nonethe-
less, such an effect could explain the ORR degradation observed
in Fig. 9. Extended X-ray fine structure (EXAFS) results were also
taken, as shown in Fig. S15-18. Shortening bonding distances
are observed as the potential is increased, which are not fully
recovered after OER polarization. Such irreversible trends were
also small for the Co edge and neglectable for Ni, in good
agreement with XANES results.

EES Catal.

Even though dissolution and structural changes were not
observed, irreversible changes in Co oxidation were measured
by in situ XAS. While it could be possible that such results are
due to poor quality of the data or fits due to the large particle
size, extensive characterization was done to rule out prevalent
degradation mechanisms. The irreversible oxidation of Co
centers could explain the appearance of an additional redox
peak at ~1.3 Vg after anodic polarization. This redox peak could
correspond to Co active sites with higher oxidation state, and
stronger O* binding energy than the initial oxidation state. Such
changes in oxidation state could render Co sites inactive towards
the ORR. The OER likely predominates at Ni sites, thus why OER
activity is unaffected by the irreversible oxidation of Co.

4. Conclusion

In this paper, we reviewed the main strategies to bring zinc-air
batteries to technological fruition. The stability of the main
components is the limiting factor, and especially that of the
air-electrode. Literature indicates that Mn based oxides are the
most active materials available, but their dissolution rates at
OER potentials are prohibitive for industrial application. We
identify NiCo,0, as a promising system with activity compar-
able to the best catalysts in literature. Furthermore, we devel-
oped a novel methodology to screen reversible O, catalyst
activity, which is applicable to a broader set of catalyst
materials.

In the present work, we find that both structure and com-
position are important factors controlling the activity of
NiCo0,0,. Co;0, is inactive towards the ORR, and Ni in NiCo,0,
improves both ORR and OER activity with respect to its mono-
metallic oxide counterpart. Considering a double volcano rela-
tionship between ORR and OER, such finding indicates that
ORR and OER is catalysed on different active sites. A study of
model materials has also identified that rock salt NiCo,0, is
inactive towards the ORR, while being more OER active than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spinel NiCo,0,. It is concluded that future research efforts
should comprise of synthesizing phase pure spinel NiCo,0,
electrocatalysts while avoiding the presence of rock salt impu-
rities. In addition, a NiCo,0O, synthesized by flame spray
pyrolysis achieved promising mass activities,'°® and can be a
good candidate to be applied in reversible zinc-air batteries.

The stability of spinel NiCo,0, as ORR and OER catalyst was
assessed with the RDE. It is found that NiCo,0, is stable in
catalysing the ORR and OER separately, but unstable towards
the ORR when exposed to both ORR and OER potential win-
dows. Both redox and OER activity occurring at potentials
anodic of 1 Vyyg trigger ORR degradation. Dissolution of either
Ni or Co did not account for such severe degradation, with a
lower detection limit of about 4% of a Ni monolayer, and 2% of
a Co monolayer. At the same time, no evidence was found
suggesting the formation of an amorphous oxyhydroxide pene-
trating the upper few surface layers of the catalyst structure, a
phenomenon that is usually associated with dissolution.
Furthermore, we suggest that future studies address possible
losses in electrical conductivities in the catalyst, which would
be more pronounced in air electrodes using higher loadings. It
is proposed that NiCo,0, can be used as a comparison baseline
material when that could potentially retain its electrical con-
ductivity due to suppressing amorphization at the surface.

In situ XAS experiments were performed to understand
degradation processes occurring at potentials anodic of 1 Vyyg
which cause ORR degradation. It is found that the oxidation
state of Co in NiCo,0, at 0.6 Vryg increases irreversibly after
exposure to anodic potentials, whereas the oxidation state of Ni
is fully recovered. Such sites would have a higher oxidation
state and stronger O* binding energy, which is reflected in the
appearance of an additional redox peak at more cathodic
potentials. Assuming that ORR and OER are catalyzed on
different active sites, it is likely that ORR takes place on Co
sites which become inactive when oxidized. At present, this is
the only data set shedding light onto the degradation of
NiCo,0, as a reversible O, catalyst. At the same time, it is
one of the few papers using in situ spectroelectrochemical
techniques to probe degradation. The insight gained from such
experiments points towards coupling DFT and in situ spectro-
electrochemical techniques as a promising strategy to increase
the lifetime of reversible O, catalysts.

4.1 Challenges and perspective

In this paper, we reviewed the main strategies to bring zinc-air
batteries to technological fruition. The stability of the main
components is the limiting factor, and especially that of the
air-electrode. Zinc-air batteries have a value proposition of
cheap and recyclable active species, and are likely to become
competitive with all vanadium flow batteries if durability issues
are solved. Due to their inherently lower round trip efficiency,
Zn-air batteries would also need to leverage short periods of
cheap or free electricity to become viable. Thus, it is essential to
focus on the long-term durability and lowering the cost of
materials for zinc-air redox flow batteries. This perspective
highlights the need for prioritizing the following research

© 2025 The Author(s). Published by the Royal Society of Chemistry
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topics in developing integration strategies for metal-air
batteries:

4.1.1. Deepen understanding of challenges and benefits of
using Zn slurry configuration. The most promising strategy to
scale up zinc-air batteries includes the Zinc-slurry configu-
ration, since capacity is not limited by electrode size.>**® Such
a configuration could also mitigate some of the issues related
to dendrite formation during charge cycles, and passivation
during discharge. Pressing issues to research include under-
standing how to formulate a Zinc-slurry, to minimize pumping
losses, and maximize zinc utilization. In this configuration,
shunt currents could become an issue due to incorporation of
electrically conductive material to the flowing electrolyte. Even
though the Zn electrode was not extensively covered in this
perspective, we argued that achieving a stable chemistry at the
metal electrode is key to enable rechargeable Zn-air batteries.

4.1.2. Design and assess the need for stable anion
exchange membranes. Anion exchange membranes have the
potential to minimize the ohmic drop, increase the maximum
operatable current density, and thus decrease stack size. How-
ever, it is unclear if this could result in a decrease in stack cost,
for which a cost trade-off between membrane implementation
and stack size reduction should be studied with techno-
economic analyses. This type of analysis should be carried
out at the point when stable AEM chemistries have been found.
It would also be important for zinc-air batteries to study AEM
products with the necessary mechanical properties to with-
stand the abrasive nature of a flowing slurry.

4.1.3. Develop a stable electrode that can catalyse both
ORR and OER. Because of limitations in catalyst stability, the
bi-electrode configuration is at present the best solution to
implement flow batteries using O, as an active species.'®®*%¢
However, using a single air-electrode to catalyze both ORR and
OER is the key to reduce capital cost of installed battery capacity.'®
Some of the most promising high surface area catalysts developed
might appear stable in short-term measurements, but not in the
long-term due to dissolution processes.**%*#%%* Within this topic,
we propose the following order by which researchers should
prioritize scientific discoveries:

4.1.3.1. Identification of ORR and OER catalytically active
materials. Finding a single material that can catalyse both
ORR and OER is the most promising strategy to develop
reversible O, electrodes, and a requirement to be met before
investigations on electrochemical stability. Mixing two catalyst
composition is a possible strategy to overcome scaling relation-
ships, but has the drawback of likely introducing more ele-
ments that are likely to be thermodynamically unstable (see
Fig. 4). However, this is a possible strategy provided that the
ORR active catalyst is stable at OER potentials, and the OER
catalyst is stable at ORR potentials. We stress that several
materials have been found that could be deemed sufficiently
active, but their stability is yet to be determined. A review of
state-of-the-art catalysts in literature (see Fig. 4) indicates that
Mn-Co mixed oxides are the most ORR/OER active materials
available. Along NiCo,0,, these are good candidates as

EES Catal.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00236b

Open Access Article. Published on 24 settembre 2025. Downloaded on 04/11/2025 05:58:19.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

materials for further improvements in activity, and stability
investigations.

4.1.3.2. Understanding the electrochemical degradation
mechanisms taking place during ORR and OER. Future research
efforts to design reversible O, catalysts should focus on screen-
ing catalysts using experimental methods to measure dissolu-
tion. Down selected materials that are not prone to dissolution,
but still degrade (such as NiCo,0,), should be studied for
possible changes in surface structure, and/or oxidation state
changes. The techniques employed in the present work, such as
post-mortem TEM, and in situ XAS are good frameworks to
study degradation caused by amorphization and oxidation
of the catalyst.’®®’ Electrochemical cycling profiles
similar to those employed in this work can also be coupled
with other in situ techniques such as UV-vis or Raman spectro-
scopy. Among these, UV-vis shows promise to probe redox
processes associated with the adsorption of reaction
intermediates.'**"*%'> Its rather small spectra collection times
could enable convenient time resolutions for degradation stu-
dies attempting to develop a deeper understanding of redox
activity changes over time. Correlating such in situ measure-
ments with insight from DFT is also a potential strategy to
study catalyst stability. Calculations of O* binding energies for
different coverages of reactive intermediates on NiCo0,0,
facets'*® could be related to the double volcano relationships
described by Busch et al.”® Such a study could then lay the
groundwork for introducing new dopants or other composi-
tions which retard or inhibit irreversible oxidation processes.

4.1.3.3. Development of gas diffusion layers and conductive
supports that are stable at OER potentials. Finding stable materi-
als that can be implemented at the gas diffusion layer of the air
electrode, as well as conductive additive for the catalyst layer is
important once a stable catalyst is found. Future scientific
efforts should comprise of evaluating the stability of both
catalyst and conductive support components separately. Car-
bon is a typical material and increasing its stability at OER
potentials could be particularly fruitful in developing reversible
electrodes for metal-air batteries. In this research strategy, we
suggest that byproducts of carbon degradation such as CO or
carbonates are analyzed with gas analysis techniques such as
in-line mass spectroscopy,”’ or ion chromatography,’®
respectively.'”>'®® Such techniques would allow studying the
degradation mechanisms without relying solely on the electro-
chemical current as a screening tool for different catalyst layer
formulations. Metallic Ni powder is a possible catalyst support
but other conductive oxides or boron doped diamond are also
promising and subject of little investigations.

4.1.3.4. Fabrication and electrochemical testing of gas diffusion
electrodes in half-cell configuration. Methods to test the effec-
tiveness of catalysts at the highly alkaline environment at pH >
14 require half-cell tests in gas diffusion electrode configu-
ration. These conditions could accelerate catalyst dissolution,
and passivation of the gas diffusion layer materials. Therefore,
half-cell GDE dissolution measurements at higher molarity

EES Catal.
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could be important to demonstrate feasibility, and optimiza-
tion of materials integration in a zinc-air battery prototype. We
anticipate that dissolution may be hindered at high catalyst
loadings due to Nernstian stabilisaiton effects.”®*¢1162

4.1.3.5. Integrate components in single cell zinc-air battery
prototype test bench. Single cell measurements represent
significant technological development, and the last step to
demonstrate optimized conditions before field trials and
upscaled solutions. However, we take the view that zinc-air
battery technologies are too early in the research cycle
for widespread implementation of demonstration-scale
experimental procedures involving single-cell tests. At
present, it should be more fruitful to develop lab scale
procedures to understand the fundamental aspects of Zn
electrodeposition, and electrocatalyst activity and durability
outlined in this manuscript. We suggest that Zn-air batteries
are a promising technology for large scale energy storage.
However, considerable advancements need to be carried out
in studying the durability of their main components; especially
the air-electrode catalyst whose literature is under represented.
The progress carried out in this paper sets a foundation to
methodologies and framework that can be used to further
screen catalysts for Zn-air batteries.
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