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Abstract: Zn-air batteries are becoming the promising power source for small electronic devices
and electric vehicles. They provide a relatively high specific energy density at relatively low cost.
This review presents exciting advances and challenges related to the development of molecular
catalysts for cathode reactions in Zn-air batteries. Bifunctional electrocatalysts for oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) play the main role in improving performance of
reversible fuel cell and metal-air batteries. The catalyst development strategies are reviewed, along
with strategies to enhance catalyst performance by application of magnetic field. Proper design of
bifunctional molecular ORR/OER catalysts allows the prolongment of the battery reversibility to a
few thousand cycles and reach of energy efficiencies of over 70%.

Keywords: Zn-air battery; bifunctional electrocatalyst; ORR; OER; ferromagnetic electrocatalysts;
AC magnetic field

1. Introduction

In many areas, technologies are changing from fossil fuel technology to electrified
technologies that are driven by renewable electrons. Currently these transformations are
taking place very rapidly, enabled by novel materials that reduce the cost of renewable
electrons and their storage, and extend the range of these novel applications. The increasing
role of electricity as an energy carrier in decarbonizing the economy results in a higher
demand for electrical energy storage in the form of rechargeable batteries. It remains a
great challenge to achieve next-generation rechargeable batteries with high energy density,
excellent cycling stability, good rate capability, efficient active material utilization, and high
Coulombic efficiency. Two battery applications driving demand growth are: (i) electric
vehicles and (ii) stationary forms of energy storage. As renewable electrons become readily
available and more cost competitive with conventional energy sources, the breadth of their
potential application significantly increases. The solar industry has already achieved the US
Department of Energy’s original SunShot 2020 cost target of USD 0.06 per kWh for utility-
scale photovoltaic solar power [1]. The most recent 700 MW PV facility in Portugal has a bid
power cost of USD 0.013 per kWh, which makes this one of the lowest costs of electricity [2].
Yet, the amount of energy storage required in the future is significant. It requires 1.0 TWh
of storage to mitigate the intermittency issue and to achieve 90% renewables by 2035
worldwide [3]. Europe is set to host around 280 gigafactories (6000 GWh) by 2030 and the
growth is currently driven by automotive demand which is linked to the decarbonization
of road transport.

Rechargeable batteries are considered as the primary energy source for future trans-
portation and stationary applications. The growth observed in electric vehicle (EV) adoption
is expected to continue due to government incentives for consumers in many markets of
the world. Analysts project mobility storage demands in 2030 of 0.8 to 3.0 TWh, with
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the demand for light-duty EVs dominating near-term markets [4]. In today’s EV market,
lithium-ion batteries (LIBs) are extensively employed [5]. The specific energy of lithium-air
batteries is 5928 Wh kg ! and a nominal cell voltage is 2.96 V [6]. LIBs gain a competitive
advantage in terms of stability and energy density and their rather high safety plays a cru-
cial role in empowering the EV industry. However, they suffer from low ionic conductivity
at room temperature and advanced functional electrolytes are still in the research stage.
The leading manufacturers of LIBs are listed in Table 1.

Owing to its high reactivity, lithium is present only in compounds in nature: either
in brines or hard rock minerals. The rarity of lithium in nature results in a rather high
price of LIBs. Lithium demand will rise further from approximately 500,000 tons of lithium
carbonate equivalent (LCE) in 2021 to some 3 to 4 million tons in 2030 [7]. However,
satisfying the demand for lithium is not a trivial problem. Electric vehicle (EV) sales
doubled to approximately 7 million units in 2021. At the same time, the Li price increased
by 550% in a year [8]. In 2022, the lithium carbonate and lithium hydroxide price passed
USD 75,000 and USD 65,000 per ton, respectively (compared with a five-year average of
around USD 14,500 per ton) [8].

Table 1. Leading producers of rechargeable batteries [9,10].

Top 5 Countries/Regions, Share of Main Countries in Which Leading

Commissioned Capacity, 2020
(747 GWh)

Leading Producers Producers Own Battery
Manufacturing Plants

China (Shenyang) JV “BBA” with BMW

CATL (Ningde, China) Group, Germany (Erfurt)

China (Pingshan in Shenzhen)

BYD (Shenzhen, China) France, Hungary

Panasonic (Osaka, Japan) Japan, China, USA (Nevada)
Republic of Korea (Ochang), China
China 76% (568 GWh) . (Nanjing),
U.S.A. 8% (60 GWh) LG (Seoul, Republic of Korea) USA (Holland, Michigan), Poland
Europe 7% (52 GWh) (Wroclaw)
Republioc of Korea 5% (37 GWh) Republic of Korea (Ulsan; Pohang), USA
Japan 4% (30 GWh) (Auburn Hill), China (Tianjin, Xi’an),

Samsung (Suwon, Republic of Korea) Europe (Hungary, Austria), India,

Malaysia, Vietham

Republic of Korea (Seosan), China
(Changzhou, Jiangsu), USA (Commerce,
Georgia; two locations in JV with Ford),
Hungary (Komaron, Ivancsd)

Japan (Kanagawa); USA (Tennessee), UK
(Sunderland) and China (Jiangyin)
China (Hefei), Germany (Salzgitter)

SK Innovation (Seoul, Republic of Korea)
Gotion High-Tech (Hefei, China),
Envision (Shanghai, China), AESC
(Yokohama, Japan)

Therefore, much research is devoted to alternative batteries based on zinc (Zn) cath-
odes. They show a large potential for further development as energy storage devices. As
competitive electrochemical technologies for energy storage and conversion, rechargeable
zinc-based batteries have attracted increasing attention including the zinc-ion battery and
zinc-air battery (ZAB) [11]. Compared with the zinc-ion battery, the rechargeable zinc-air
battery (ZAB) shows high energy density because of the employment of O, as the active
material, low negative potential (—0.762 V vs. SHE), abundance, low toxicity, and intrinsic
safety advantages. Rechargeable ZABs are also considered as one of the most economically
feasible battery solutions for grid-scale applications [12]. Currently, several companies
have already started deploying ZABs for utility scale energy storage, including NantEnergy,
who installed 3000 systems in nine countries at a manufacturing cost as low as USD 100 per
kWh in 2019 [11]. Large ZABs with a total charge of 500-2000 Ah can be used in railway
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and maritime devices, while small scale batteries with a charge of 200400 mAh are used
for small hearing-aid devices [12].

The average Zn price in 2021 was USD 2950 per ton [13], indicating that this material
is ca six times cheaper than lithium carbonate. The volumetric energy density of ZABs
is relatively high (6136 Wh L~1!). Moreover, the currently achievable battery lifetime in
practical conditions is around 150 cycles, and the energy efficiency is below 60%, which is
still far from the operational requirements of EVs [14]. This is due to excessive dendrite
formation on the electrode and electrolyte carbonation. Therefore, further improvements
are required to increase energy density, safety, and to decrease costs.

A typical ZAB consists of a porous air cathode and a Zn metal anode, separated by an
alkaline electrolyte. During discharge, O, from the air permeates the porous cathode and is
reduced on the catalyst surface (Figure 1a).

0, +2H,O +4e” — 4OH ™ (Ey=0.40V) 1)

Here Ej represents the standard electrode potential with respect to the standard
hydrogen electrode. At the same time, the Zn anode reacts with hydroxide ions to produce
soluble zincate ions as well as insoluble ZnO.

Zn+4OH™ — Zn(OH)4 2~ +2e~ )

Zn(OH)4 >~ <+ ZnO + H,O + 2 OH ™ (3)

Total: Zn +2OH™ — ZnO + H,O +2e~ (Eg = —1.25V) 4)
Overall reaction at the Zn anode is 2 Zn + O, — 2 ZnO (Eg = 1.65 V) (5)

However, the practical working voltages are usually lower than 1.20 V, much less than
the theoretical potential (1.65 V) in consideration of the internal loss of battery, resulting
from the overpotential over the catalysts, ohmic loss and concentration loss. In addition to
these factors, Zn is thermodynamically unstable in alkaline solution as zinc has a higher
negative reduction potential than hydrogen, resulting in hydrogen gas evolution at the
solid /liquid interface gas:

Zn + Hzo — Zn0O + H, (6)

This reaction deteriorates the efficiency of the Zn anode and accelerates self-discharge. CO,
from the air also reacts with the alkaline electrolyte to form carbonates (Equations (7) and (8)),
that could block the gas diffusion layer to prevent the flow of oxygen.

CO, + OH™ — HCO;3~ @)

HCO;~ + OH™ — CO3%>~ + H,O (8)

The mobility of carbonate/bicarbonate anions is lower than that of OH™ [15], and
hence, the carbonation process causes a decline in the ionic conductivity of the alkaline
electrolyte.

The charge process is fulfilled by reversing the reactions (Figure 1b). The oxygen-
evolution reaction (OER) at the air electrode generates oxygen. Zincate ions are reduced
to the Zn(0) at the anode surface. Electrocatalysis plays an important role in nearly all
rechargeable battery technologies. Electrocatalysis is one of the main technologies to
directly use renewable electrical energy to drive reactions. A SciFinder search on the terms
“electrocatalyst” and “rechargeable battery” returned >3700 items for the period 2020-2022,
mainly related to the development of novel catalysts for oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR), with about 50% of all research papers coming from
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China. Developing an exceptional catalyst capable of accelerating both oxygen reduction
reaction (ORR) and OER remains challenging.

zinc

ZnO

e R
=

OH- - Zn oH  H0
< o >
electrolyte : electrolyte
< 02
< (ORR)
< <« >
OH- <« OH-
e ZnO OH- e
separator CL|GDL zinc separator _CL|GDL
air electrode air electrode

CL-catalyst layer
GDL-gas diffusion layer

Figure 1. The schematic discharging (a) and charging (b) mechanisms of rechargeable zinc-air
batteries [16]. During discharge, O, from the air permeates the porous catalyst layer (shown with
blue arrows) and is reduced on the catalyst surface with water molecules (Equation (1). The hydroxide
ions diffuse via the separator to the zinc electrode (shown with green arrows). During charging, the
OER at the air electrode generates oxygen (shown with blue arrows).

Among reported catalysts, single-atom catalysts (SACs) have attracted extensive at-
tention due to their maximum atom utilization efficiency, homogenous active centers, and
unique reaction mechanisms. The novel electrocatalysts also encompass metal clusters
and bimetallic nanoparticles, and metal catalysts derived from metal organic frameworks
(MOFs). Due to the environmental effects of metal usage, many research groups develop
metal-free carbon-based catalysts [17]. The use of relatively cheap and electrically conduc-
tive carbon supports improves the catalyst dispersion and active area while decreasing the
costs. However, despite the advanced methods such as defect engineering (heteroatom
doping) to create favorable metal-free carbon-based catalysts, their catalytic activity is insuf-
ficient and not yet comparable to metal-based catalysts [17]. As a result, it is impractical to
entirely abandon the use of metal materials in building bifunctional catalysts at the current
state, highlighting the significance of integrating the advantages of different elements to
construct high-performance catalysts to improve the ORR and OER. Several strategies,
including structural engineering, defect engineering, and single atom engineering, have
been used to develop effective catalysts to improve the electrochemical performance of
ZABs. A great deal of research has been devoted to the development of novel air cathodes
loaded with bifunctional catalysts, and they can be sorted by their constituents, such as
metal oxides and carbon-based materials.

Electrocatalytic reactions may further be improved by employing magnetic heating
of composite magnetic catalysts. Local heating of the electrodes was already employed to
improve cell performance. However, conventional heating systems cannot avoid global
heating of the whole electrochemical cell, and, therefore, inductive heating is often applied.
It allows the localization of heating in the immediate vicinity of magnetic nanoparticles
(MNPs) when these are positioned in an external AC magnetic field [18]. Magnetic hyper-
thermia requires the application of magnetic nanoparticles compatible with heterogeneous
catalysts, when placed in an alternative magnetic field, to convert the energy into heat. The
power generated by the magnetic nanoparticles is governed by their specific absorption
rate (SAR). A SAR of above 1 kW g~ is required for applications in catalysis, in the range
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of frequencies (100-500 kHz) and magnetic fields (20-100 mT) already used in industry.
This is a relatively new research area and SciFinder search on the terms “magnetic catalyst”
and “inductive heating” returns less than 50 items for the period 2019-2023, mainly related
to the development of composite magnetic catalysts.

In this review, we discuss recent advances in the development of nanostructured cata-
lysts, including single atom catalysts on carbon supports, mono and bi-metallic catalysts,
mixed metal oxides and layered double hydroxides for ORR and/or OER electrocatalysis,
with a focus towards improving their performance in ZABs. Structure-activity relationships
in oxygen electrocatalysis are highlighted. Further enhancement of catalytic activity by
application of an external magnetic field is also discussed. Finally, the remaining challenges
for the application of nanostructured catalysts in ZABs are highlighted. The overall aim is
to provide a snapshot over development for ORR and OER electrocatalysis.

2. Air Electrode Catalysts

The air cathode has a considerable effect on electrochemical behavior of rechargeable
batteries. It is commonly composed of three components: (i) the current collector, (ii) the
gas diffusion layer (GDL) and (iii) the catalyst. A binder-free air electrode was formed by
deposition of cobalt oxide nanoparticles on a carbon nanofiber mat by thermally treating
electrospun Co(Il)-containing polyacrylonitrile fibers [19]. The battery exhibited better
stability and cycling performance compared with a conventional ZAB assembled with a
Pt/C catalyst. Aerosol printing is an emerging additive manufacturing technology which
can deposit a catalytic coating on the electrode with high precision, so that the catalyst
layer has excellent adhesion with a carbon cloth surface, and interface resistance has little
influence on the electrochemical characteristics of the electrode and is suitable for a flexible
battery. The technology for preparing the conformal catalytic layer based on the aerosol
method was reported to form a catalytic coating on the cathode of the battery [20].

2.1. Activated Carbon Materials

Activated carbons (ACs), typically derived from biomass, have gained great interest
due to their low price, reproducibility and environmentally friendly nature. Numerous
biomass wastes (coconut shells, vegetable wastes, etc.) were used as precursors to prepare
ACs with large effective specific surface area. Another considerable advantage of biomass
precursors is that they contain rich sources of heteroatoms (e.g., N, P, O, 5), which are natural
dopants for porous carbon materials. Different oxygen-containing functional groups on
the surface of ACs provide active sites for catalytic processes. These electron-withdrawal
groups create a positive charge density on adjacent carbon atoms which can facilitate the
adsorption of OH" ions, promote transportation of electrons and assure easy and rapid
recombination of two adsorbed oxygen atoms for OER. The oxygen-containing groups can
favor the adsorption of water via hydrogen bonding [21]. The construction of hierarchically
porous materials (HPAC) achieves fast ion transportation and provides a larger effective
surface area for applications for the OER.

The use of templates makes it easy to create porous catalysts with different morpholo-
gies. Nanocasting involves the preparation of templates and the transfer of morphological
information from the templates to the ACs. Montmorillonite, copper, halloysite, SiO,,
and block copolymers are often used as templates. For example, using a block polymer,
poly(styrene)-block-poly(ethylene oxide), mesoporous carbon spheres with a large specific
surface area of 356 m? g_1 were fabricated [22]. The activation methods of carbon materials
are divided into chemical, physical, and combined (chemical-physical) methods. Among
them, physical activation has the advantages of low cost and low environmental impact.
Usually, the ACs activated by water vapor have a wide pore size distribution (PSD) due to
the faster evaporation rate and the smaller diameter of water molecules. The ACs activated
by CO, have a relatively narrow PSD due to the slower diffusion rate and large diameter of
CO; molecules [23].
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The heteroatom incorporated into ACs is advantageous to regulate their electron
donor performance and, thus, adjust the electrical and chemical performance of their
surface. Nitrogen (N), sulfur (S), oxygen (O), boron (B), and phosphorus (P) -doped ACs
were investigated [24]. The synergistic effect of multiple-heteroatoms-doped ACs on the
electrochemical properties was reported. Various N- and S-doped ACs with a low S content
were obtained by pyrolysis of protic ionic liquids (PILs) of [R-NH][HSO4] (R means carbon
chain) [25].

The N-doped HPACs enhance both electronic conductivity and surface wettability
and, therefore, they are considered as ideal electrode materials. The presence of nitrogen
heteroatoms in hexagonal carbon rings raises the basicity, electrical conductivity, and
oxidation resistance of ACs. The N-doped HPACs are typically produced by pyrolysis
of polyacrylonitrile, polyaniline, phenolic resin, and biomass derivatives [20]. Nitrogen-
doped carbon nanotube supported metal catalysts (M-N-C, M=Fe, Co) decrease the binding
energies of the surface-adsorbed *OOH and *OH species, thus boosting the catalytic activity
in the ORR reaction. Yet many carbon supports suffer from serious degradation under
high potentials of OER process [26]. The potential above 0.207 V may already result in the
oxidation of ACs to CO;. This process is accelerated when a noticeable amount of oxygen
is generated at a potential of 1.5 V [27]. The electrochemical stability of ACs is highly
dependent on their morphology, structure, and dopants. For instance, amorphous carbon
black is highly unstable, whereas highly graphitized carbon nanotubes can significantly
improve their stability under OER conditions. However, N-doped graphene remains
expensive, complex to set up, and difficult to scale up for practical applications. Chemical
vapor deposition (CVD) for graphene synthesis requires metal substrates such as nickel or
copper as the growth catalyst.

Extremely rapid heating for the synthesis of highly open structured N-doped graphene
sheets (N-ex-G) was demonstrated [28]. The N-ex-G were produced by fast heating
(>150 K s71) to 1100 °C under an Ar/NHj flow. The materials exhibited hexagonal sym-
metry with the existence of symmetrical three-fold sp?>-bonding of carbon atoms with
pyridinic N, pyrrolic N, and quaternary N atoms. The N-ex-G nanosheets showed very
comparable ORR activity to that of a commercial Pt/C catalyst. The respective ZAB with
N-ex-G demonstrated a current density of 47.6 mA cm~2 at 0.8 V and a power density of
42.4mW cm~2.

The graphene/metal oxide composites combine the excellent conductivity of graphene
and the high energy density of transition metal oxide [29]. Graphene oxide (GO) is mostly
used as a precursor for preparing graphene/metal oxide composites, and it is mixed
with a transition metal compound, then the transition metal oxide is generated in-situ on
the surface of the graphene oxide by methods such as coprecipitation, hydrothermal or
solvothermal synthesis.

Metal organic frameworks (MOFs), wherein transition metals are coordinated by
organic ligands in a 3D network, are excellent precursors for the synthesis of porous carbon-
or nitrogen-doped carbon architectures and modified porous carbon materials. MOFs are
also an important platform material in the area of bifunctional ORR/OER electrocatalysts.
For example, zeolitic imidazole framework-67 (ZIF-67) has been extensively employed
for the synthesis of porous CosN/Co-Nx-C composites. Upon carbonization under Nj
atmosphere, Co-Nx-C nanocomposites that partially inherited the porous framework were
formed (Figure 2).
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Figure 2. Schematic illustration of the synthesis of MOF-derived Co@hNCT catalysts. Adopted
from [30].

A MOF-derived synthesis method was recently patented for an Fe-Eu-MOF/GO
bimetallic cathode catalyst [31]. The prepared catalyst demonstrated a higher activity
in both ORR and OER reactions and very high stability as compared with respective
monometallic catalysts due to a large number of oxygen vacancies that enhance the in-
teraction between metal nanoparticles and their support; in addition, they enhance the
adsorption of oxygen on the surface of the catalyst and enable electrons to be rapidly
transferred in an electrochemical reaction.

2.2. Monometallic Catalysts

The rates of ORR and OER in rechargeable batteries are relatively slow and they
require different catalysts because of their different mechanisms onto the catalyst surface.
Therefore, bifunctional electrocatalysts are needed for the best performances. The noble
metal catalysts have high conductivity, high catalytic performance and good stability. The
Pt-based nanocomposites are used for ORR [32]. However, the formation of irreversible
Pt=0 decreases its catalytic activity toward OER. On the contrary, IrO, and RuO; are
effective for OER but not as active for ORR [33,34]. Yet, noble metal catalysts are costly,
which limits their large-scale application. Therefore, the goal of catalyst development,
including for Pt and other precious metal-based catalysts, is to increase the total number
and/or the intrinsic activity of active sites [35]. This goal can be achieved by several
strategies, which are summarized in Figure 3.

Nonprecious bifunctional electrocatalysts with low cost and efficient catalytic activities
in ORR and OER are highly desired to promote the commercialization of ZABs. From
the perspective of elemental composition, Fe and Ni have been paid much attention as
the promising earth-abundant transition metals for the design of OER catalysts, especially
Ni/Fe-based micro/nanostructures as a new generation of catalytical materials (such as
metal hydroxide and mixed-metal oxides) which were developed over the last few years.
They have attracted extensive attention because of their facile synthesis [36]. A gram of
IrO; (99 wt %)) and RuO; (99.5 wt %) costs ca USD 43 and USD 95, respectively. The price
of iron oxide and nickel oxide with a 99 wt % purity is 50-100 times lower. Therefore, these
transition metal-based compounds are appealing candidates, especially for bifunctional
catalysts [37,38]. In comparison with precious metals, they offer advantages of low prices
and greater availability. Cobalt oxides, and Co-perovskites exhibit high intrinsic catalytic
activity for OER in alkaline media (Table 2). However, their apparent activity is limited
by either poor electronic conductivity or low surface area. Their durability is also limited
by their tendency of sintering and/or aggregation. In alkaline solutions, corrosion limits
the effective lifetime of Fe- and Ni-based OER electrocatalysts. Typically, monometallic
Fe-based compounds on various substrates in a 1 M KOH aqueous solution with a constant
overpotential were active for less than 180 h due to corrosion. Although the initial decay of
a catalyst sometimes could increase the active surface area and catalytic activity, catalyst
activity always reduces in the long-term.
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Figure 3. Different development strategies for metal catalyst preparation. Schematic of various
catalyst development strategies, which aim to increase the number of active sites and/or increase the
intrinsic activity of each active site. Adopted from [36].

Table 2. Recent advances in bifunctional MOF-derived catalysts.

Discharge-Charge

Catalyst OCV (V) PPD _ Voltage Gap (V) at Cycling Stability Ref
(mW cm—2) .
Current Density

HCo@FeCo/N/C 1.45 125 0.84 (10 mA cm™2) 200 h (10 mA cm™2) [39]
Co@N-CNT hollow nitrogen-doped 5 149 0.85 (5 mA cm2) 500 h (5 mA cm2) (30]
carbon nanotubes

E;b/rli\gd()ped CNT/graphene 148 253 0.76 (5 mA cm2) 9000 cycles, 3000 h (5 mA cm~2)  [40]
ZIF-derived CogSs/GN graphene 186 0.52 (2 mA cm~2) 2000 cycles, 147 h (2 mA cm~2) [41]
nanosheet

CoP/(N,P) codoped porous carbon 1.4 186 1.00 (2 mA cm™2) 80h (2 mA cm—2) [42]
Ni Co-5/(NS) codoped porous 143 137 073 (10mAcm2) 180 cycles (10 mA cm2) [43]
Co@SiOy /N-doped carbon 138 0.82 (5 mA cm™2) 400 h (5 mA cm™2) [44]
Co/Co09Sg@CNT 1.44 185 0.75 (5 mA cm~2) 50 cycles, 2000 h (5 mA cm~?) [45]
Bag 5519 5CoggFeg,03 0.83 (5 mA cm~2) 1800 cycles, 300 h (5 mA cm~2) [46]
Co-MOF/LaCo03 s hybrid 1.44 126 0.67 (5 mA cm~2) 120 h (5 mA cm~2) [47]
NizFe/Co-N-C 1.39 68 0.75 (10 mA cm2) 65h (10 mA cm2) [48]
Co-NCS@nCNT 1.42 90 0.89 (5 mA cm—2) 480 cycles, 80 h (5 mA cm~?) [49]
C0304/Co@NC 1.5 124 0.94 (10 mA cm~2) 3600 cycles, 600 h (10 mA cm™2) [50]

These challenges are resolved by anchoring transition metal oxide/nitride nanopar-
ticles into a porous substrate. Anchoring provides sufficient electronic conductivity to
enhance charge transfer and greatly increase the dispersion of metal oxides in order to
increase the number of active sites and to suppress the sintering of the individual nanopar-
ticles. Furthermore, the doping of N heteroatoms in the carbon lattice enhances the ORR
activity. The presence of transition metals (Fe, Co, Ni, Mn) or their alloys can also sig-
nificantly improve the stability of the nitrogen-doped graphene nanotubes. Different
bifunctional electrocatalysts with high activity and durability for both ORR and OER have
been developed. Some of them are listed in Table 2.

Transition metals contain partially filled d-orbitals, conferring their compounds with
a high electrochemical activity. However, most of them have good OER activity but weak
ORR activity. Manganese or mixed cobalt oxides (Mn3O4, NiC0,0y4) effectively catalyze the
ORR because of the variable valence states and coordination structures [51-53]. Co spinel
catalysts are the most used among those potential bifunctional electrocatalysts. NiCo,O4
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was synthesized with various structures such as nanosphere, nanosheet and nanorods [54].
These hollow porous structures provide a larger specific surface area as compared with
bulk samples of the same materials. The main synthetic methods for nanotube structures
are template and electrospinning. The materials prepared by electrospinning have greater
brittleness, while the catalysts prepared by the template method have surfactants residues,
which reduce the rate of electrocatalytic reactions. In a relatively new approach, a CozO4
catalyst was immobilized on a Ni foam by a spray pyrolysis method [55]. The respective
ZAB showed an excellent cycling stability of more than 500 charge-discharge cycles at a
current density of 5 mA cm™.

Manganese oxides are a specific example of the particularly active catalysts for use
with the air electrode for commercialization of primary ZABs due to their rich oxidation
states, chemical compositions and crystal structures. The electrochemical activity of MnO,-
based catalysts depends on their shape and crystallinity and crystallographic properties
(phase composition and crystal size), which can be controlled via synthesis parameters [56].
Many theoretical investigations indicated the roles of oxygen vacancies on MnO, during the
ORR in terms of electronic properties. The large variation in the structural disorder of MnO,
and, therefore, in internal resistance at the electrode—electrolyte interface limits large-scale
applications of this material. Various methods were studied for the preparation of MnO,-
based catalysts, such as sol-gel, rheological phase reaction, microemulsion, coprecipitation,
solid-state template, microwave and hydrothermal synthesis. Often the density functional
theory (DFT) was employed to investigate the effect of oxygen vacancies (OV) on the
electrocatalytic performance of MnO,. Defect-engineering of x-MnO; (211) and 3-MnO,
(110) by oxygen vacancy was studied to enhance its catalytic performance [57]. For example,
Li et al. studied the electronic properties of OV 3-MnO; (110), in which the oxygen vacancy
in the sub-lattice of the surface structure was purposed [58]. Other DFT results involving
the effects of OV on the electronic conductivity of MnO, were systematically examined in
the bulk structure and discussed based on the density of states [59,60]. It was shown that
the a-MnO, exhibits superior catalytic performance for OER (overpotential of 0.45 V at
50 mA cm2).

Doping of various quantities of metals into the MnO;, lattice often improves the OER
catalytic activity. The doping of 0.2 mol% of Ni to «-MnO, reduces overpotential in a
0.1 M KOH to 0.44 V at a 10 mA cm 2 current density [61]. The surface of the bare MnO,
materials has inactive Mn** centers. After doping with Ni, a major part of surface Mn ions
reduces to lower oxidation states. The presence of Ni ions results in an electron transfer
to the Mn#* ions, which creates a distortion in the Mn—O octahedral units and increases
OER activity. The incorporation of Ag into x-MnQO; improves electrical conductivity and
increases the number of oxygen vacancies that also create a considerable distortion in the
Mn-O octahedra [62]. As a result, the Ag/x-MnO, catalyst shows a threefold enhancement
in current density in OER as compared with the undoped «-MnO; catalyst. The Ag/MnO,
demonstrates a power density of 273 mW cm~2 and maintains a stable performance over
3200 cycles. It can be said that doping transition metal ions into less-active oxide surfaces
could create a new avenue for OER mixed metal oxide research.

On the other side, isolated single atom catalysts (SACs) coordinated with nitrogen
on a carbon support such as graphene, porous carbon (M-N-C) or om metal oxides have
promising perspectives for replacement of precious metal catalysts. In particular, graphitic
and diamond carbons show improved resistance to corrosion [63]. Their thermal stability,
electronic properties, and catalytic activities can be controlled via interactions between the
single atom center and neighboring heteroatoms such as nitrogen, oxygen, and sulfur [64].
The preparation of SACs requires a smaller amount of metal precursors, which relieves the
metal availability issues. In general, SACs show higher specific catalytic activity (turnover
frequency) as compared with conventional catalysts due to their high dispersion, which is
close to 100%, as well as their increased stability. While SACs are still in the early stages
of commercialization, their potential for improving catalytic activity and selectivity make
them an exciting area of research and development. The market for SACs is fast developing,
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as the technology is relatively new and there are still many challenges that need to be
addressed before these catalysts can be widely adopted. However, there is growing interest
in SACs due to their high catalytic activity, selectivity, and stability. According to a recent
report by Markets and Markets, the global market for SACs is expected to grow from USD
334.2 million in 2020 to USD 1.1 billion by 2025, at an annual growth rate of 26% [65].

Currently, Fe-N-C catalysts are considered to be among the most important ORR cata-
lysts due to their hierarchical pores, oriented mesopores and high conductivity (Table 3) [66].
Their ORR catalytic activity is above that of non-noble-metal catalysts and is similar to
that of a commercial Pt/C catalyst (Figure 4). In addition, Fe-N-C catalysts have a high
stability. The intrinsic ORR activity of the Fe-Ny sites relates to the electronic structure of
carbon supports. However, the origin of ORR activity on Fe-N-C catalysts remains unclear,
which hinders the further improvement of their catalytic properties. Several authors have
reported that the electronic structure of carbon supports (electron-withdrawing or donating
property) affects the d-band center or d-orbital level of the Fe site [67,68]. In their density
functional theory (DFT) calculations, Liu et al. studied 42 types of divacancy defects around
the Fe-Ny active site by selectively removing C—C bonds or by rotating the different C—C
bonds [69]. They established a relationship between the geometric, electronic structure, and
ORR activity of the Fe-Ny site. The first electron transfer step (*O, + H* + e = *OOH) was
found to be the potential-determining step (PDS) on all Fe-Ny4 configurations. The Fe-O
bond length is an important descriptor, which influences the ORR activity. At larger dis-
tance between atoms in the Fe-O bond, hybridization between Fe 3dz? and O, 2pz orbitals
results in the activation of O,. However, at shorter interatomic distance, the activation of
O3 occurs by the hybridization of Fe 3dy, and 2py, orbitals. Thus, the hybridization between
Fe 3d,, 3dy, and O, 7t* orbitals is considered to be the origin of high activity of Fe-Nj sites
embedded in the graphene framework [69].

Further improvements are expected through the better understanding of the chemical
origin of active sites on Fe-N-C catalysts [70].
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Figure 4. Comparison of ORR performance and ZAB performance (voltage gap, V) over different
Fe-N-C electrocatalysts. Adopted from [71].

Despite the obvious advantages of Fe-N-C catalysts, their fabrication involves multi-
step synthesis and lengthy post-processing procedures which make it difficult to scale
up to industrial level. Moreover, the process requires the introduction of metal oxide
nanoparticles which may also introduce some impurities decreasing the atom utilization
efficiency and reducing catalyst performance. Therefore, developing cost-effective methods
for preparation of high-purity Fe-N-C catalysts remains an important task to facilitate
their large-scale application. Recently a one-pot synthesis was proposed, which provided
a high density of the ORR active site and also facilitated the kinetics [71]. Fe-N-doped
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carbon (Fe-NC) was prepared via a pyrolysis of a mixture of glucose and dicyandiamide
as carbon source and nitrogen source, respectively, with addition of FeCl, and FeClz. The
pyrolysis was initially performed in a flow of Ar at 550 °C for 6 h and then at 900 °C for 3 h.
The homogenous ink of as-prepared catalyst was used for preparing a ZAB cathode. The
ZAB delivered a maximum power density of 181 mW cm~2 and a voltage gap between
discharging and charging of 0.7 V at 10 mA cm 2. The ZAB of Fe-N-C runs stably for
more than 8 h at 1 mA cm~2, and a 0.7 V voltage gap. No changes were observed in the
structural, morphological and compositional properties after the reaction, suggesting that
the Fe-N-C electrocatalyst is stable in alkaline solutions.

Table 3. Performance of ZABs using carbon-based single atom catalysts.

Air Electrode . . Max I.’ower SPelefC Duration of
Catalvst Active Material Density Capacity Tests (h) Ref
y (mW cm~—2) (mAh g—1)
Fe/N-C FeNy embedded in N-doped carbon. 225 636 260 [72]
Fe-NCCs Atomic Fe-Ny dispersed in carbon. 66 705 67 [73]
FeNy-PNC FeNy on 2D N-doped carbon. 278 n/a 40 [74]
SA_Fe/NG Fe-pyrrolic-N species on N-doped 91 n/a 20 [75]
carbon.

Co/GO Atomically dispersed Co on GO. 225 795 50 [76]
7/ CoN-C Zn and Co atoms coordinated via N 230 n/a 28 [77]

on carbon.

n/a = not availble.

Long-term catalyst stability remains a key factor hindering SACs in ZAB applica-
tions. Single metal atom centers may be dissolved or they can aggregate to form larger
nanoparticles in the course of electrocatalytic reactions, resulting in a significant activity
loss due to the sharp reduction in the number of active sites. The undesirable Fenton
reaction (Equation (9)) occurs over Fe-N-C catalysts during ORR resulting in hydroxyl
radical formation that is detrimental to both the metal sites and the carbon support.

Fe”* +H,0, — Fe** + OH* + OH™ 9)

The coordination of S, Se, or P metal atoms is a possible strategy to prevent unwanted
side reactions, thus enhancing the stability of SACs without major loss of catalytic activity.
Advanced support materials with high conductivity, corrosion resistance, and ability to
support SACs at high metal loadings are highly desired. The scale-up process for the
synthesis of SACs remains a challenge which limits their adoption by the market of low
metal loading, leading to restrictions on a broader range of applications.

Overall, monometallic catalysts demonstrate unsatisfactory bifunctional performance.
As discussed above, one of the well-known spinel materials, Co3Oy4, has also been studied
for decades as a highly efficient and corrosion resistant OER catalyst, but its ORR activity
is generally poor. Precise control of catalytic activity by varying the composition of these
single metal catalysts remains a difficult task. Therefore, bi- and multi-metallic oxides
attract a large interest. Many recent efforts have been made to design and prepare low-cost
bifunctional catalysts to catalyze both the ORR and OER with high efficiency and long-term
durability.

2.3. Mixed Metal Oxide Catalysts

Multicomponent spinel metal oxide nanocomposites demonstrate higher activity in
OER as compared with their individual oxides [78]. The improved catalytic performance
of spinel oxides is attributed to the presence of both tetrahedral (T4) and octahedral (Oy,)
transition metal cation sites in these catalysts. Yet this complex structure with multiple
sites also presents a significant challenge in identifying the precise OER active sites. For
example, NiFe-, CoFe-, and NiCoFe-mixed metal oxides such as spinel NiFe,O4 and
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CoFe,Oy are highly active for the OER. Incorporating other metals, such as W into the CoFe-
mixed oxides, further enhances the OER activity [79]. It is also known that manganese,
cobalt and nickel mixed oxides such as Mn30O,, Co30y4, NiC0,04 and MnCo,04 could
effectively catalyze the ORR in alkaline solutions because of the variable valence states
and coordination structures [80]. Liang et al. reported that the oxygen reduction strongly
coupled with Co™ /Co! redox reaction [81]. Other elements such as V, Cr, and Ni, were
also studied to enhance the stabilization energy of high-entropy oxides and to tune the
subtle relationship between surface electronic properties and catalytic activities. In general,
the synthesis temperature, annealing time and temperature, as well as support type, have
significant effects on the ORR performance.

Xu et al. obtained novel hybrid materials composed of La;O3 and CozO4 supported
on carbon-supported MnO, nanotubes (La;O3/Co0304/MnO,-CNTs) to assemble the air
electrode for ZABs [82]. The hybrid catalyst was prepared by dissolving La nitrate and
Co nitrate in an ammonia solution with an addition of MnO, nanotubes and CNTs. The
mixture was sealed and maintained at 150 °C for 6 h in an autoclave, then washed and
calcined in air at 300 °C for 1 h. The authors suggested that the high catalytic activity was
due to formation of new active phases from inorganic materials and their intimacy with the
underlying CNT network. The ZAB exhibits a small voltage gap, high reversibility and
high stability, suggesting this battery can be used as a power source for portable electronics
and in electrical vehicles. The voltage gap of charge/discharge increased by 0.1 V after
543 cycles at 10 mA cm 2.

Morphological alterations and structural engineering can further boost catalytic per-
formance by enriching the active sites and improving conductivity. A bifunctional catalyst
with a narrow half-wave potential of 0.80 V for ORR and a potential of 1.58 V at 10 mA
cm ™2 for OER, was obtained by embedding of NiCo,O4 nanowhiskers (NCO) into a 3D
honeycombed hierarchical porous N, O-codoped carbon (HHPC) [83] (Figure 5). The sup-
port was derived from gelatin biomass via a hard template-activator assisted pyrolysis. The
large surface area provided enough space for dispersing NiCo,O4 evenly to expose abun-
dant ORR and OER active sites. Grain-boundary strength between HHPC and NiCo,04
nanowhiskers helped to stabilize the porous carbon network and protect it from corrosion.

Hydrothermal

treatment Pyrolysis
Air

NiCo,(CO5),(OH),@HHPC NCO@HHPC

B comH,), @ N @ co &8 HHPC

Figure 5. Schematic synthesis process of NiCo,O4 nanowhiskers (NCO) into biomass-derived
honeycombed hierarchical porous N, O-codoped carbon. Adopted from [83].

CoFe/CoFe;O4 embedded in N-doped hollow carbon spheres (CoFe/CoFe; O4@NC)
with a high degree of oxygen vacancies was synthesized through pyrolysis, carbonization
and partial reduction [84]. The catalyst exhibited high ORR activity (half-wave potential:
0.86 V) and a low overpotential of 0.36 V at 10 mA cm~?2 for the OER. The excellent per-
formance was ascribed to the enhanced intrinsic activity of CoFe,O, spinel and improved
electrical conductivity due to the strong coupling effect CoFe and CoFe,;Oy.

2.4. Bi- and Multi-Metallic Catalysts

The design of bimetallic alloys with atomically precise noble metal loading attracts
great interest in the field of ZABs. Unlike disordered perovskites, structurally ordered



Catalysts 2023, 13, 1289

13 of 25

intermetallic phases provide much better control over electronic effects, resulting in compo-
sitional and positional order and, therefore, more uniform active sites.

Bimetallic CoFe clusters were dispersed onto hollow carbon nanospheres (designated
as FeCo-SA /CS) to produce a bifunctional catalyst with a cyclability of over 100 h at a
current density of 5 mA cm~2 [85]. The catalyst showed an ORR onset potential of 0.96 V.
For OER, the catalyst attained a current density of 10 mA cm™ at an overpotential of 0.36 V.
Mesoporous FeCo-N-C nanofibers with embedding FeCo nanoparticles were prepared from
electrospun FeCo-N coordination compounds with bicomponent polymers consisting of
polyvinylpyrrolidone (PVP) and polyacrylonitrile (PAN). The hybrid nanofibers exhibited
1D mesoporous structure with a large surface area and uniformly distributed active sites.
The co-existence of FeCo nanoparticles and FeCo-N active sites promoted the catalytic
activity of ORR and OER simultaneously [86]. NizFe-N nanoparticles derived from ultrathin
NizFe-LDHs were used by thermal ammonolysis and demonstrated a high OER activity [87].
The excellent performance of the NizFe-N catalyst derives from the intrinsic metallic
character and unique electronic structure of this compound, which improves the electrical
conductivity and adsorption of H,O. In such intermetallic clusters, strong interaction
between the two metals provides long-term stability and avoids deactivation.

Several Pt alloys with a transient metal possess superior ORR activities in which the
origin of this higher activity is based on the modification of the electronic structure of Pt,
which can affect the adsorption strength of oxygen-containing species on active sites. Here,
a volcano relationship was demonstrated by Nerskov (Figure 6) [88]. For the best catalyst
performance, the adsorption energy should be neither too small nor too big to balance
reactant adsorption enthalpy and product desorption enthalpy. Similar relationships
were established for PtM bimetallic catalysts with different metals and Pt/M molar ratios.
For example, the TOF of the CuPt catalyst was increased by 60-fold over that of the Pt
catalyst [89]. In addition, Pt-skin-like surfaces in bimetallic catalysts provide more active
sites and higher ORR activities [90]. However, Pt alloyed with transition metals also tends
to suffer from leaching and dissolution, which leads to insufficient stability and undermines
the advantages of Pt alloy catalysts [91]. Therefore, core-shell bimetallic catalysts with
Pt shell were developed to protect the transition metal core [92]. In these catalysts, the
dissolution of core is mitigated and the interaction between Pt and the transition metal
changes the electronic structure of Pt in a desirable direction. In addition, maximum Pt
dispersion is achieved. In this way, a bifunctional Fe;Pt nanoalloy supported onto NizFeN
was developed [93]. In this catalyst, the NizFeN clusters considerably enhanced the activity
of OER, whereas Fe;Pt enhanced the activity of ORR as compared with commercial Pt/C
and Ir/C catalysts at the same current density of 10mA cm 2.

Recent studies have indicated that the interaction between PtM catalysts and M-N-
C supports demonstrates a synergistic effect to promote the ORR performance of these
composite catalysts. For example, a highly active ternary PtZnCu catalyst within an N-
doped carbon substrate was reported [94]. The catalyst was synthesized by pyrolysis of
Pt, Zn and Cu precursors on the surface of the carbon support under a 5% H, / Ar flow at
750 °C for 2 h. The synthesis method proposed by the authors provides a straightforward
way for large-scale synthesis of bifunctional electrocatalysts reducing catalyst costs and
improving atom efficiency. The half-wave potential was 0.93 V for the ORR in an acidic
solution.

A magnetic field strategy was introduced in obtaining graphene-supported bimetallic
Pt-Ni catalysts with predominant (111) facets as efficient ORR catalysts. In this way, a set
of porous PtNi catalysts on graphene (G) with Pt/Ni molar ratios of 0.1, 0.5, 0.6, 1.8 and
2.4 was developed by Lyu et al. under high magnetic field in the range of 0.5-2 T [95]. The
interaction between the nanoparticles produces microscopic Lorentz forces and improves
interaction between Pt and Ni precursors, thus controlling the composition. The Pt; 4Ni/G
catalyst synthesized under 2 T showed a 5.1 times higher ORR rate than that of a commercial
Pt/C catalyst.
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Figure 6. Volcano plot of ORR kinetic current density (ji) as a function of calculated oxygen adsorption
energy (AEy) for Pt alloy electrocatalysts in acidic electrolytes. The dashed lines are the theoretical
predictions from [96].

Ordered intermetallic compounds such as PdZn3; were reported to possess excellent
catalytic selectivity and stability for the selective semihydrogenation of acetylene alco-
hols [97]. However, so far, the studies on bimetallic PAM catalysts for ZABs remain very
limited. This is mainly due to the lack of effective synthetic methods to control particle
sizes during the high temperature annealing [98]. This requires answering two important
questions: what annealing temperature is suitable for the formation of structurally ordered
phases, and what factors control the ordering kinetics. Therefore, these factors should
be studied and then a suitable synthetic route can be adopted. A successful synthesis of
ordered Pd;Pb intermetallic phase with small particle size was reported [99]. Potassium
triethylborohydride (KEt;BH) or lithium triethylborohydride (LiEt;BH) were used as re-
ducing agents in THF because they both have fast reduction kinetics and can provide the
coreduction of Pd and Pb precursors. The obtained sample was annealed for 12 h. The
rate of formation of the intermetallic phase was dominated by solid-state diffusion that
increases exponentially with annealing temperature. Above 400 °C, there were superlattice
peaks in XRD spectra (so-called “ordering peaks”), indicating that the intermetallic phases
were formed. It was reported that a high annealing temperature promotes the formation
of the ordered phase, but also leads to particle size growth of Pd3;Pb nanoparticles. For
the samples annealed at 600 and 800 °C, the particle size increased from 4 nm to 7 and
12 nm, respectively. Therefore, a lower temperature of 400 °C was chosen to prepare the
bimetallic Pd3Pb/C catalyst. This catalyst demonstrated a significant enhancement in
catalytic activity and durability for the ORR when compared with a Pd/C commercial
catalyst.

Ag-based bimetallic formulations were found to have adequate ORR activity. The
high reactivity for ORR over the PdAgg bimetallic catalysts was reported by the Stevenson
group [100]. These authors produced bimetallic nanoalloys via coreduction of Ag and
Pd carboxylic acid complex precursors in the presence of stabilizing ligands. In these
catalysts, the Pd atoms facilitate the binding of the oxygen and subsequently the Ag atoms
facilitate the desorption of the reaction products such as OH. The 9:1 Ag:Pd molar ratio
exhibits a suitable geometric arrangement allowing to work by an ensemble effect. The full
four-electron process takes place by combining the fast kinetics of Pd for the adsorption
with rapid disproportionation on Ag for the desorption step. The data suggest a correlation
between the bimetallic interaction developed at the nanoscale and the observed high
catalytic activity.
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Cu is a suitable sacrificial agent to be galvanically displaced by Pd for preparation
of bimetallic alloys. In this way, Liisi et al. showed the use of galvanic displacement
on a Cu film to prepare PdCu catalysts for the ORR reaction in alkaline media [101]. A
two-step method was employed by Betancourt et al. to obtain an active bimetallic catalyst.
First, they reduced a Cu precursor onto a commercial Ag/C catalyst to form AgCu/C
nanoparticles and then performed galvanic displacement of Cu to deposit an atomically
dispersed loading of Pd [102]. The PdAg/C catalyst outperformed conventional Pd/C and
Ag/C commercial catalysts in the ORR reaction. The synergistic effect of Pd and Ag plays
a key role in electrode reactions. A similar method for preparation of a supported AuCu
bimetallic catalyst for the air electrode was recently patented [103]. The method did not
require the addition of a surfactant, is suitable for large-scale production, and the catalyst
has large open porosity which provided a high diffusion rate to the catalytic sites.

2.5. Layered Double Hydroxides

The layered double hydroxides (LDH), [M2*+,_ M3 (OH), ][A" ]« /n-zH20, have
unique structural properties due to incorporated anions and water between the large
interlayer spaces. They belong to multi-metal clay materials which consist of charged
balancing anions, A", intercalated within brucite-like sheets of divalent, M2* and triva-
lent, M3*, metal cations [104]. LDHs are able to combine electrochemically active elements
such as Co, Ni, Fe, and many others. NiFe-LDH nanostructures are regarded as the most
promising of OER catalysts due to their special electronic configuration as discussed in
previous sections. The composition of LDHs can be easily tuned, resulting in the unique
redox characteristics and notable catalytic activity during the OER [105]. Ni-O and Fe-O
bond distances are comparable, thus, these two metals can replace each other and form
edge-sharing FeOg and NiOg4 octahedra. Due to their semiconductor characteristics, a Schot-
tky barrier may be formed when contacting the conductive substrate, which greatly hinders
the charge transfer. Therefore, various strategies including size modulation, heteroatom
doping, and surface and defect engineering were developed to improve the electrocatalytic
performance of LDHs towards OER [106].

The physical and chemical properties of LDHs vary greatly when the dimensions of
nanostructures are down to 1-nm scale, thus, the controllable and convenient fabrication of
ultrathin nanocrystals is highly desirable for potential applications in ZABs. The exfoliation
of LDH structure into a few layers and single sheets can expose more surface sites because
of the large interlayer spacing between individual layers in the LDH structure. How-
ever, developing an effective strategy to exfoliate bulk NiFe-LDHs into stable single-layer
nanosheets with more exposed active sites remains challenging. The synthesis requires a
complex multistep process (i.e., hydrothermal process, anion exchange, and exfoliation)
which takes several days to obtain the final product. Additionally, the refined morphology
of as-synthesized LDH nanosheets obtained by exfoliation cannot be controlled precisely,
as the high charge density of LDHs makes it harder to be exfoliated into monolayers.

In the bottom-up synthesis method, a surfactant (e.g., sodium dodecyl sulfonate)
is introduced to form micelles in which LDH nanostructures are grown in a confined
space. Recently two dimensional NiFe-LDHs nanosheets (1.3 nm) were obtained with
a synthesis time of only 5 min [107]. They demonstrated enhanced OER performance
compared with bulk NiFe-LDHs catalysts obtained via the coprecipitation method. In the
bottom-up method modulating the crystallinity to fabricate a partially amorphous structure
is a promising strategy in enhancing the electro-oxidation performances, which could
achieve an optimal balance between active sites and conductivity. NiFe-LDH nanosheet
arrays were in-situ grown on a NiFe alloy foam, which formed a self-supported anode with
partially amorphous nanosheets providing reactive sites for the electrochemical generation
of high-valence species. This also resulted in rich crystalline-amorphous interfaces to form
and stabilize Ni** ions. Furthermore, the highly porous and conductive framework around
the nanosheets further improved the electrocatalytic rate [108].
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The higher intrinsic OER performance of NiFe-LDHs is further confirmed by other
studies of NiFe-LDHs grown on different carbon materials (carbon quantum dots, graphi-
tized carbon, 3D macro/mesoporous carbon, and graphene). A facile strategy to create
ultrathin NiFe-LDHs nanosheets grown on carbon nanotubes (CNTs) was proposed [109].
Unlike bulk NiFe-LDH nanomaterials, the CNTs-supported catalysts demonstrated differ-
ent 1D/3D layered structures, and electron transfer properties, thereby improving the OER
performance.

The nature of active sites of NiFe-LDHs remain unclear, and thus, further mechanistic
studies are helpful to understand the structure-activity correlation. Currently trial-and-
error iterative design of bifunctional catalysts remains the main approach in this area.
However, a more systematic approach is needed to achieve a major breakthrough. To
this end, MOFs and single atom engineering are promising research directions that could
pave the way for the systematic optimization of catalysts. Therefore, future studies should
expand the limited understanding of the precise formation mechanisms behind MOFs to
enable a more methodical tuning of catalyst materials. Upcoming research efforts should
also focus on the stabilization of high-loading SACs, which is the main obstacle hindering
their practical applications.

Other LDHs, such as CoMn, NiMn, and CoNi are still in the early stages of devel-
opment of a bifunctional catalysts. They are typically anchored to porous conductive
supports, such as N-doped graphene or carbon [110,111]. Such materials have large surface
area and unique porous structure. Although the simple deposition method does not fully
protect from corrosion in the alkaline electrolyte, excellent OER activity of NiMn LDH
and NiCo,04@NiMn composites was reported. It can be concluded that layered double
hydroxides is one of the most effective OER catalysts due to their excellent activity and
high stability in alkaline conditions.

3. Effect of an External Magnetic Field

Recent studies have shown that applying an external magnetic field is a simple and
effective strategy to improve the electrocatalytic performance of non-precious metal cat-
alysts. Electrocatalysis enhanced by the alternating magnetic field (AMF) may include
the spin-polarization effect, magnetothermal effect, magnetohydrodynamic effect, and
Néel relaxation. For example, magnetohydrodynamic effect occurs when a magnetic field
interacts with charged ions, causing a macroscopic and microscopic convection which can
change mass transfer rates of active species, reduce polarization resistance, and decrease
bubble resistance caused by ohmic drop. The oxygen bubble escape rate increases sig-
nificantly under AMF. The magnetothermal effect can increase the local temperature of
magnetic catalysts resulting in enhancing the kinetics of OER [112]. In addition, composite
magnetic catalysts can generate heat locally under AC magnetic field due to the internal
flip of spins relative to the crystalline lattice (Néel relaxation) thereby increasing catalyst
temperature [113-116]. Recent studies have revealed that structurally stable catalysts can
undergo spin-state flipping changes by applying magneto-thermal perturbations using
AME, without altering their structure. Strain may also be the mechanism of magnetic
field enhancement. Liu et al. [117] explored the change of the electrocatalytic performance
of an FeCo catalyst in the OER under a magnetic field and proposed that strain would
occur in the FeCo alloy, reducing OER overpotential. In general, magnetic field-enhanced
electrocatalysis has multiple mechanisms acting together. In many cases, the stronger the
magnetic properties of catalysts, the more significant the promoting effect is. However,
most electrocatalysts undergo surface reconstruction in the alkaline OER process, and
paramagnetic oxyhydroxide species can be formed on their surface reducing the magnitude
of this effect.

3.1. Spin Polarization Effect

Research on magnetic spin-selective catalytic reactions and spin polarization dynamics
is limited for OER in alkaline solutions. To quantify this effect, the exploration of promoting
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parallel spins to improve the OER activity was extensively studied. The formation of
O-O bonds in the production of O; requires spin conservation of the paramagnetic triplet,
making the catalyst’s activity on the oxygen surface during spin polarization critical for
achieving a parallel spin arrangement. The alternating magnetic field (AMF) was reported
to reduce the energy barrier in transition metal oxide catalysts required for electron tran-
sition during the OER process [118]. Many transition metal oxide catalysts show that the
magnetic susceptibility and AMF field enhances the spin energy states of electrons [119].
The formation of paramagnetic triplet oxygen molecules (1O=07) during the OER is related
to the spin of electrocatalysts [120-122].

Current research on the mechanism of electron spin interaction mainly involves cat-
alysts with ferromagnetic properties. Ferromagnetic catalysts have an ordered magnetic
moment structure and spin polarization, which makes them a good model system in un-
derstanding how spin polarization affects the OER mechanism and kinetics under AMF.
For example, the OER overpotential over a Cog 4Nigs-MOEF-74 catalyst reduced by 36%
under a 150 kHz, 5.5 mT AMF at a current density of 10 mA cm ™2, as compared with
that without magnetic field [123]. The promoting effect on OER often has a maximum at
a specific intensity of AMEFE. For example, a maximum was observed at a magnetic field
of 4.3 mT over ZIF-67-supported cobalt-based electrocatalysts with different magnetic
properties (Co, CoO and Co30;4) (Figure 7a). At optimal conditions, the overpotential over
ZIF-67-supported Co, CoO and Co30; catalysts was reduced by 140, 119, and 142 mV,
respectively, relative to those in experiments without AMF. Further increase in the magnetic
field intensity increased the overpotential due to electromagnetic induction [122]. The Co
catalyst demonstrated the largest current density of 15.6 mA cm™ (Figure 7b). Due to
the thermal insulation of individual Co clusters, magnetic heating was strictly confined
to magnetic ions. In the course of reaction, the adsorbed hydroxyl groups deprotonated
on the surface to form O radicals, where a Co d-orbital electron and an p-orbital elec-
tron of oxygen showed the same spin configuration due to exchange interaction effects
(Figure 7c) [124]. In the subsequent process of adsorption of OH-groups and deprotonation,
electrons with specific spin directions were selectively removed through ferromagnetic
exchange effects, thereby promoting the generation of triplet oxygen (Figure 7d) [125]. The
formation of paramagnetic triplet oxygen occurs by similar mechanisms under DC and AC
magnetic field. This can effectively reduce overpotential and increase the rate of electro-
chemical reaction. A similar behavior was reported over a NiFe;O4@MOEF-74 catalyst. The
overpotential in hydrogen evolution reaction was reduced by 30 mV at 10 mA cm™2 under
an AMF of 2.3 mT [126]. It should be mentioned that this effect was not observed with CoO
and other magnetic catalysts with weak exchange interaction.

A similar promoting effect was observed over core—shell NiFe,O4@(Ni, Fe)S/P cata-
lysts when the overpotential in OER reduced from 323 to 176 mV at a 4.3 mT [127]. The
authors noted hindering of the ion diffusion under AMF which could indicate that there
is an optimum magnetic field at which the reaction rate has a maximum value. The OER
process is a mass transfer limited reaction under higher reaction rates and, therefore, is
influenced by the slow diffusion of reactants under AMF. In a catalytic reactor in which
both electric and magnetic fields are present, moving ions are affected by the Lorentz forces
of the electric and magnetic fields and change their original path, resulting in a slower mass
transfer rate.
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Figure 7. (a) Overpotential at a current density of 10 mA cm™2 under different AMF. (b) Maximum
current density of Co, CoO, and Co30;. (¢) Spin configuration of M—-O. (d) Schematic of the difference
in the OER promotion mechanism of different magnetic electrocatalysts under AMFE. Reprinted with
permission from [122]. Copyright 2022, American Chemical Society.

As was discussed in Section 2.5, Ni, Co, and Fe metal layered double hydroxides
(LDHs) are commonly used as catalysts for the OER in alkaline electrolytes. The iron group
transition metals, including Fe3* (t2g3eg2), Co** (tzg(’egl), and Ni%* (t2g6eg2), have a spin
single electron, therefore, these catalysts are often seen as a model system for studying the
spin-magnetic effect. The effective bonding p-orbitals of oxygen intermediates are crucial
to enhancing OER reaction. Based on symmetry conservation and LDH planar structures,
orbitals perpendicular to the plane orientation (out-of-plane orbitals including d,, dx,
and dy;) favor reactant adsorption, while orbitals parallel to the LDH planes (in-plane
orbitals including dx,—y» and dyy) favor electron transport [128]. The introduction of an
external magnetic field enhances the spin-electron exchange between LDH catalysts and
oxygen-containing intermediates, thereby enhancing the OER rate.

In addition to direct application of ferromagnetic catalysts, doping specific ions into
LDH is another strategy to create active OER catalysts. Sun et al. used this strategy to
introduce Cu®* ions into NiFe-LDH catalyst. The Cu?* orbital can induce spin splitting
at Fe(IIl) sites and excite electrons near the Fermi level, which facilitates adsorption of
O~ containing species [129]. The CujNigFe,-LDHs demonstrated a low overpotential of
210 mV at 10 mA cm™2, which is one of the best OER activities reported. In general, the
composite structure formed from two different magnetic materials can lead to magnetic
inversion, thus triggering the catalytic activity. This strategy provides a new approach
for catalyst design: doping magnetic materials to non-magnetic electrocatalysts and using
magnetic field to enhance their performance [130]. Alternatively, composites of non-
magnetic and magnetic catalysts can be designed using rational structural design by
changing the electron configuration and breaking the symmetry, making the whole catalyst
magnetic and, therefore, triggered by magnetic field.
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3.2. Magnetothermal Effect

The spin polarization inversion of ferromagnetic materials under alternating magnetic
fields induces a local magnetic heating effect to improve charge transfer efficiency, and
the heated active site accelerates the adsorption/desorption process, resulting in faster
catalytic reaction kinetics. This effect of local catalyst heating under AMF seems to be more
important as compared with the spin-polarization effect. Gong et al. [131] showed that a
Co@MoS; SAC demonstrated the appearance of in-plane ferromagnetic properties, that
facilitated the parallel spin arrangement of oxygen atoms under 300 kHz, 4.55 mT AMF.
As a result, the overpotential in OER reduced from 317 to 250 mV at a current density of
10 mA cm2, compared with when AMF was not applied. AMF is a promising methodology
for further improving magnetic single-atom catalyst (SAC) activity. This approach is also
applicable to other magnetic SACs, which provides a new avenue for improving the OER
activity by application of a weak AMF.

A ferromagnetic Co/ZIF-67 catalyst showed the highest specific heating rate among
ZIF-67-supported Co, CoO and Co30O; catalysts and, therefore, the Co/ZIF-67 catalyst
demonstrated the best performance in OER under AMF [122]. Magneto-thermal effect
enhanced the catalytic performance of nickel-coated iron carbide nanoparticles (FeC-Ni)
in the OER under AMEF [132]. Local heating of the catalyst reduced the overpotential
required for oxygen release in an alkaline electrolyte by 0.2 V. Using the same approach,
Peng et al. developed a superparamagnetic NiFe@NiFeOOH core—shell catalyst [133]. The
OER overpotential reduced to 209 mV at 10 mA cm~2 over this catalyst under AMF. The
catalyst possesses a remarkable catalytic stability: no detachment of FeOOH or NiOOH
was observed during the long-term operation.

Magnetic Cr,Ge,Teg nanosheet catalyst was demonstrated to improve the OER per-
formance by the application of an external magnetic field [134]. The improvement was
a combined effect of the Lorentz force generated by magnetic field and local magnetic
heating. Furthermore, Cr,Ge,Teg with fewer layers has intrinsic spin and charge density
dual bipolar tunable properties, which makes it a potential application in the field of spin
electrocatalysis. Yuan synthesized 3D screw pyramid MoS, catalyst with abundant edge
active sites [135]. Eddy current inside the nanosheets contributed to magnetic heating and
the rate of HER over the screw pyramid MoS, catalysts are greatly improved compared
with step pyramid MoS; under AMF. This example provides a promising guideline for eddy
current assisted electrocatalytic enhancement of multilayered transition metal disulfides.

4. Conclusions and Outlook

Several categories of catalytic materials ranging from monometallic noble metal cata-
lysts to alternative carbons, mixed metal oxides, spinels, perovskites and inorganic—-organic
composites have been discussed as catalysts for OER/ORR reactions as well as susceptor
materials under alternating magnetic field with demonstrated influential factors to their
performance and/or catalytic properties. Some basic synthetic strategies have also been
presented. A few fundamental aspects including the OER/ORR reaction mechanisms
over novel catalysts, should be studied to guide the design of high-efficiency air electrode
catalysts. The large overpotential and slow kinetics at the cathode appear to be the major
challenges that limit the practical electrochemical performances.

The single metal catalysts exhibit better ORR catalytic activity than the nanoparticles.
The Pt-based noble metal family generally possesses virtues of both high activity and
favorable stability but disadvantages of high cost. Making bimetallic catalysts with cheap
transition metals and using Pt as a shell in core—shell catalysts are effective routes to lower
the noble metal loading and further enhance the stability of the transition metals. Carbon-
based materials, transition-metal oxides, and composite catalysts derived from polymers are
promising abundant and cheap catalysts applicable for OER/ORR reactions. In particular,
graphene and N-doped carbon nanotubes are attractive candidates for future research due
to their high activity, high electrical conductivity and chemical stability. Layered double
hydroxides (LDHs) are considered as cost-effective OER catalysts due to their excellent
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activity and stability in an OER in alkaline electrolytes. Their synthesis does not require
lengthy, complicated steps, which opens good perspectives for scale-up. The combination
of nitrogen-doped carbon materials with SAC or metal nanoparticles produces very active
and stable bifunctional catalysts.

Proposed future research directions in these non-precious metal catalytic materials
include: (i) exploiting the effect of physiochemical parameters (composition, morphology,
oxidation state, defects, surface area, conductivity, etc.) on the intrinsic catalytic activity,
(ii) increasing the density of active sites and their utilization through innovative design of
materials and structures including single atom stabilization, and (iii) optimizing catalyst
synthesis strategies (cheaper precursors, low temperature, shorter duration) to scale up
their synthesis to industrial scale without decreasing their activity and stability.

The dissolution and irreversible oxidation of active metals are among the main reasons
for ZAB failure and large overpotential in the charge-discharge process.

The application of an external magnetic field is an elegant strategy to enhance elec-
trocatalytic rates and to reduce the overpotential. Studies performed help to understand
the effect of the external magnetic field on the performance of ferromagnetic composite
electrocatalysts employed in ZABs. Many studies were performed under a DC magnetic
field, and there is still a lack of systematic understanding of the role of AC magnetic field in
OER electrocatalysis. The capacity of inductive heating to drive heat directly to the catalytic
sites turned out to be an enabling technology capable of increasing the rate of OER by an
order of magnitude under AC magnetic field. The removal of mass transfer limitation over
the reactor wall has reduced the concentration gradients in ZABs, largely contributing to
the improvement of energy efficiency as well as the reduction in overpotential. Several
studies showed that the magnetic field enhances the catalytic performance in a volcanic
pattern, where high magnetic field intensity inhibits the reaction rate. This effect was
explained as a counterplay between spin polarization and magnetohydrodynamic effect.

Although there have been several studies on the electron spin selectivity mechanism,
related to changes in the electron spin structure of the catalyst, there is a need for in situ
characterization of spintronic structures to better understand the theory and mechanism of
spin catalysis.
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