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Electrically rechargeable zinc—air batteries (ZABs) are emerging as promising energy storage devices in
the post-lithium era, leveraging the oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER) at the air cathodes. Efficient bifunctional oxygen electrocatalysts, capable of catalyzing both the
ORR and OER, are essential for the operation of rechargeable ZABs. Traditional Pt- and RuO,/IrO,-based
catalysts are not ideal, as they lack sufficient bifunctional ORR and OER activity, exhibit limited long-term
durability, require high overpotentials and are expensive. In contrast, non-precious metal-based catalysts,
including transition metal phosphides (TMPs), have gained significant attention for their promising
bifunctional catalytic properties, making them attractive candidates for ZABs. Despite encouraging lab-
scale achievements, translating these advancements into market-ready applications remains challenging
due to suboptimal energy performance. Rationally engineered bifunctional TMPs hold great potential for
overcoming these challenges and meeting the requirements of rechargeable ZABs. This feature article
reviews recent progress in the development of TMP-based catalysts for ZABs, providing a comprehensive
overview of ZAB fundamentals and strategies for catalyst design, synthesis, and engineering. A particular
emphasis is placed on widely studied bifunctional Fe, Co, and Ni phosphides, along with approaches to
Received 15th October 2024, enhance their catalytic performance. Key performance metrics are critically evaluated, including the
Accepted 20th December 2024 potential gap (AE) between the ORR and the OER, specific capacity, peak power density, and charge—dis-
DOI: 10.1039/d4cc05498a charge cycling stability. Finally, this feature article discusses the challenges faced in TMP-based ZABs,
proposes strategies to address these issues, and explores future directions for improving their
rsc.li/chemcomm rechargeability to meet the demands of commercial-scale energy storage technologies.
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1. Introduction

The United Nations’ World Population Prospects 2024 forecasts
continued global population growth over the next 50 to 60 years,
culminating in a projected peak within this century." This demo-
graphic trend is driving an unprecedented increase in global
energy demand. Concurrently, concerns regarding the depletion
of non-renewable fossil fuel reserves and the associated green-
house gas emissions are intensifying. Renewable energy sources,
including solar, hydro, and wind, present viable alternatives for
meeting the escalating industrial and domestic energy needs
while fostering a sustainable ecosystem. However, the intermit-
tency of these renewable sources poses significant challenges to
power grid stability, necessitating effective balancing of electricity
supply and demand. The transition to a low-carbon economy has
catalyzed extensive research and development of energy conver-
sion and storage systems. Electrochemical energy technologies,
particularly rechargeable batteries and supercapacitors, have
emerged as promising solutions for storing renewable energy
and powering various applications, including electronic devices
and electric vehicles (EVs). Lithium-ion batteries (LIBs), first
commercialized by Sony Corporation in 1991, have revolutionized
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the market, establishing themselves as the primary energy source
across diverse electronic platforms, including EVs, due to their
advantageous balance of energy density, longevity, and efficiency.?
Undoubtedly, LIBs offer a fine balance of energy density, long-
evity, and efficiency. The global energy market is projected to
reach a size of USD 182.53 billion by 2030, with an expected
compound annual growth rate of 18.1% from 2022 to 2030.°
Nevertheless, issues related to economic viability, safety, recycl-
ability, and the complexities of lithium-ion chemistry remain
areas of active investigation and concern.”

The growing demand for clean energy is directing attention
towards sustainable and environmentally friendly energy tech-
nologies. Aqueous rechargeable metal-air batteries (MABs) are
particularly promising for meeting sustainability objectives and
providing a reliable power supply. Their semi-open design
facilitates a continuous intake of air from the atmosphere,
contributing to both reduced weight and cost-effectiveness.
MABs typically comprise a metal anode (such as lithium,
magnesium, aluminum, iron, calcium, or zinc), a porous air
cathode, and an electrolyte. Specifically, aqueous lithium-air
batteries (LABs) require a lithium-ion conducting separator to
mitigate the risk of violent reactions between the lithium anode
and water. The operational mechanism of rechargeable MABs
involves the stripping and plating of the metal anode, along
with the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) occurring at the air cathode during the dis-
charge and charge cycles, respectively. LABs exhibit a remark-
able theoretical energy density of 3458 W h kg™ ' and a cell
voltage of 2.96 V.> However, the high cost and reactivity of
lithium present significant challenges for the design and safe
operation of LABs, undermining their longevity and market
competitiveness.® Although non-aqueous electrolytes can sup-
port higher energy densities, they often compromise on cost
and safety. In comparison, aluminum-air (Al-air) and magne-
sium-air (Mg-air) batteries demonstrate impressive theoretical
energy densities of 2796 W h kg™ and 2840 W h kg ', with
operating voltages of 2.71 V and 3.09 V, respectively, which are
comparable to those of LABs.” Nevertheless, their practical
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applications are largely restricted by anode corrosion induced
by the hydrogen evolution reaction (HER) and issues related to
non-rechargeability stemming from thermodynamic limita-
tions. Conversely, zinc-air (Zn-air) and iron-air (Fe-air) bat-
teries can be rechargeable when their air cathodes are
bifunctionally active. Zinc-air batteries (ZABs) offer several
advantages, including enhanced safety, high stability, a cell
voltage of 1.65 V, a theoretical energy density of 1084 W h kg™,
low cost (~$10 per kW h), and abundant availability of raw
materials (Fig. 1).%°

The first primary ZAB was developed in the 1870s using
Pt-loaded porous carbon."® Subsequent efforts'" aimed at creat-
ing practical devices continued until the 1930s, when Heise and
Schumacher'® successfully manufactured and commercialized
the first alkaline ZAB, featuring a waterproof porous carbon air
cathode and a 20% sodium hydroxide electrolyte. By the late
1950s, miniaturized primary ZABs were demonstrated for low-
current consumer applications, including hearing aids, remote
communications, and railway signalling devices. Over time,
primary ZABs evolved into rechargeable variants, significantly
expanding their application range.'*'* However, the rise of
LIBs in the late 1990s led to a decline in ZAB development.
A turning point emerged in the 2000s as the limitations of LIBs
became increasingly apparent, spurring renewed interest in
ZAB technology. Current research, driven by advancements in
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nanotechnology and materials chemistry, is focused on enhancing
the overall performance of ZABs. For a comprehensive overview of
the history of ZABs and the various catalysts utilized in air cathodes,
readers are encouraged to refer to the relevant literature.'

Despite substantial research on the development of
rechargeable ZABs, the commercialization aspect has not
significantly expanded since their initial market introduction
in 2017 by NantEnergy (formerly fluidic energy). The company
reported a limited energy density of approximately 35 W h kg™,
with no further breakthroughs reported to date.'® Notably, a
groundbreaking development in zinc-air hybrid flow batteries
has been shown to outperform LIBs. The battery storage costs
approximately $250 per kW h for an 8-hour system, decreasing
to $100 per kW h for a 32-hour system and $60 per kW h for
100 h." In contrast, LIBs typically cost roughly $300 per kW h for
durations exceeding eight hours. This advancement could poten-
tially transform the utility-scale energy-storage market.

2. Fundamentals and performance
evaluation of rechargeable ZABs
2.1 Working principle

A typical rechargeable ZAB is configured with an air-breathing
cathode and a zinc anode, separated by a membrane, and

Fe-air

Mg-air

Zn-air

Mg-air
|| Cost of metal anode ($/Kg)

Fig. 1 Radar plot comparing the theoretical OCV, specific capacity, specific energy density, cost of metal anodes of Li-ion, Zn—air, Mg—-air, Al-air, and

Fe—air batteries.
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utilizing an aqueous or gel electrolyte. The cathode and anode
reactions of the ZAB are schematically represented in Fig. 2.
During the discharge process, oxygen is reduced to hydroxide
ions (OH ") at the cathode, while the zinc anode undergoes
oxidation, producing Zn** in the form of ZnO through the
formation of a zincate ion. The deposition of ZnO over the Zn
anode impairs the overall efficiency due to the insulating
nature of ZnO. In contrast, the charging process involves the
reverse reactions: the oxidation of hydroxide ions to oxygen at
the cathode and the reduction of zinc ions back to metallic Zn
at the anode, facilitating Zn plating.

The slow electron transfer kinetics associated with the ORR and
OER at the air-cathode, as well as parasitic reactions and the HER
at the anode, pose significant challenges in the advancement of
efficient rechargeable ZABs. The HER not only corrodes the zinc
anode but also reduces the overall lifespan of the battery. The direct
four-electron reduction of oxygen to water is highly preferred, as the
two-electron reduction generates hydrogen peroxide (HO, ), which
can poison active sites and damage battery components due to its
strong oxidizing properties. The air-cathode for a rechargeable ZAB
requires an efficient bifunctional electrocatalyst that can facilitate
the ORR and OER electron transfer kinetics at low overpotential.
The ORR and OER involve complex reaction mechanisms with
different active sites. The traditional Pt/C and Ir/Ru-based catalysts
exhibit significant activity for the ORR and OER, respectively.
However, these catalysts lack bifunctional oxygen electrocatalytic
activity and demonstrate suboptimal long-term stability. Moreover,
their less abundance largely limits their practical applications. In
practical scenarios, the operating voltage of ZABs typically falls
below 1.2 V, despite their standard cell voltage being 1.65 V (RHE).
This voltage loss is primarily attributed to polarization effects in the
ZABs, resulting in a notably low energy efficiency of <60%.

2.2 Performance evaluation

The performance of a rechargeable ZAB should be evaluated in
terms of specific capacity, energy density, power density, open
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circuit voltage (OCV), electrochemical stability, voltaic effi-
ciency, and depth of discharge.

Specific capacity. The capacity refers to the total amount of
charge in ZABs. The discharge capacity is the total amount of
electricity generated during complete discharge at a given cur-
rent density and time. It is estimated by considering the mass of
zinc consumed after a full discharge and is expressed as

current x time

(1)

Specific capacity = mass of Zn consumed

The theoretical specific capacity of ZABs is 820 mA h gz, .
However, several studies report the specific capacities exceeding
the theoretical capacity without any rationale."®'® It is hypothe-
sized that this discrepancy is possibly due to the lack of high-
precision methods for measuring mass changes and the difficulty
in cleaning the discharged anodes of the by-products that adhere
firmly to the anode surface.

Energy density. It is the amount of energy stored in a given
mass or volume; commonly normalized to the ratio of discharge
capacity to the mass or volume of consumed zinc. It is generally
obtained by multiplying the specific capacity with the operating
voltage. The energy density of ZABs can be improved by increasing
either the specific capacity or the operating voltage. With a high
theoretical energy density of 1.084 kW h kg™ ', ZABs outperform
currently available high-performance LIBs and are garnering
significant interest for practical applications.”® The energy density
should be calculated by considering the total mass of the battery
while comparing the performance of ZABs with other types of
batteries, as the working voltage is largely different.

Energy density = specific capacity x discharge voltage  (2)

Power density. Power density is the product of discharge
current density and voltage, and commonly refers to the avail-
able energy output per unit mass or volume. It is generally
observed that the power density decreases after a maximum
while increasing the current density. The decline of power
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Fig. 2 Schematic illustration of the charge—discharge process of a rechargeable ZAB.
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density at high current density is accounted for the Ohmic
resistance and mass-transport limitation. The high electronic
conductivity of the air cathode and facile charge transfer
kinetics improve the power density. It is largely influenced by
the cell configuration, air cathode design, type of separators
and electrolytes, ORR activity and diffusivity of oxygen.*!

Power density = current density x voltage (3)

Open circuit voltage (OCV). It is a basic thermodynamic
property of a battery electrode and is the equilibrium voltage of
a battery when no current flows.?” It is an important parameter
that provides the state-of-charge and state of health. The
theoretical OCV of ZABs in an alkaline electrolyte is 1.65 V.
However, the thermodynamic and kinetic limitations largely
decrease the discharge voltage to 1.0 to 1.5 V.

Round-trip efficiency. The round-trip efficiency is the ratio of
the total storage output to the storage input during one charge/
discharge cycle and it can be described further in terms of
voltaic efficiency and coulombic efficiency (also known as
faradaic efficiency).

Average discharging voltage
Average charging voltage

(i) Voltaic efficiency =

4)

The discharge voltage of ZABs is generally lower than the
charge voltage due to internal resistance and other factors.

(ii) Columbic efficiency =

Total charge extracted from the battery(Qdischarge) ()

Total charge given into the battery(Qcharee )

The inverse of the coulombic efficiency is often called the
charging factor.

Depth of discharge (DOD). It refers to the percentage of the
capacity that is discharged during charge-discharge cycles
relative to the overall capacity of the ZAB and is given by

DOD =

Capacity that is discharged during charge — discharge cycles
Specific capacity of battery

(6)

3. Cathode electrocatalysts for ZABs

The performance of ZABs is primarily influenced by the air
cathode, electrolyte, and anode. The design of an air cathode
catalyst and the associated reaction mechanisms at the cathode
are the most complex and critical factors determining overall
battery performance. A significant challenge faced in ZABs is
the sluggish electron transfer kinetics of the ORR and OER at
the air cathode, which necessitates high overpotentials (1) and
substantially reduces energy efficiency. The rational design,
development, and optimization of durable bifunctional electro-
catalysts are essential for enhancing electron-transfer kinetics
at the triple-phase boundary. Such bifunctional catalysts not

2640 | Chem. Commun., 2025, 61, 2636-2657
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only improve electron transfer rates but also simplify cell
design, reduce battery volume, and are of subsequently lower
costs. Traditional electrocatalysts, such as Pt/C for the ORR and
RuO,/C or IrO,/C for the OER, lack bifunctional activity and
exhibit limited long-term durability under harsh electrolyte
conditions. Furthermore, the loss of the electrochemically
active surface area (ECSA) on extensive cycling, high cost, and
scarcity significantly hamper their widespread application in
large-scale settings.>® In response, numerous non-precious
catalysts are currently being synthesized and evaluated for the
advancement of rechargeable ZAB technology.

In the pursuit of efficient non-precious electrocatalysts, transi-
tion metal-based materials, including oxides, sulfides, carbides,
nitrides, and phosphides, have been extensively investigated for
oxygen electrocatalysis. One of the major concerns in bifunctional
oxygen electrocatalysis is that the ORR and OER processes have
distinctive reaction pathways that require different active sites,
necessitating careful selection of the catalyst. To facilitate efficient
electron transfer kinetics for both the ORR and OER, the binding
of oxygen species during bifunctional electrocatalysis must be
optimized. Atomic-scale engineering of catalysts is a powerful
approach to modulate the electronic structure, achieving optimal
catalyst binding strength. The encapsulation of the active catalyst
inside heteroatom-doped graphitic carbon, creating cation and
anion vacancies, doping with metal cations, and heterostructuring
have been explored to modulate the electronic properties.** >

4. TMPs for oxygen electrocatalysis

The history of metal phosphides dates back to the 1700s with the
synthesis of zinc phosphide, though it remained largely over-
looked for many years.** Subsequently, several other metal
phosphides including Ag,P and Ni,P were synthesized. Surpris-
ingly, no further attempts have been made to understand their
properties and application until the 1960s.>* The metal phos-
phides are structurally complex and have distinctive physical,
chemical, and electronic properties; the metal-phosphorus
interaction and ratio (M/P) and the crystal structure control their
properties.®® The distinct properties arise from the high electro-
negativity of phosphorus (2.1), which induces electron delocali-
zation between M and P, resulting in a partial charge on both
metal and phosphorus (M°'-P°") that mimic the hydrogenase
enzyme.*® Theoretical calculations indicate that the density-of-
states (DOS) decreases from FeP to NiP and an increase in the P
content further reduces DOS near the Fermi energy level.*” The
phosphorus atom also accounts for the durability of the electro-
catalyst because the covalent M-P bond assures the stability of
the catalyst.*® Moreover, the atomic radius of the phosphorus
(0.109 nm) allows TMPs to form triangular prismatic
structures,®® resulting in a higher number of unsaturated surface
atoms and, consequently, enhanced catalytic activity.

It is essential to recognize that metallic M-M bonds coexist with
both P-P and M-P bonds, providing the materials with enhanced
chemical stability and mechanical strength. This coexistence also
facilitates comprehensive compositional modifications of TMPs,

This journal is © The Royal Society of Chemistry 2025
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resulting in the formation of metal-rich phosphides (M,Py; x > ),
stoichiometric phosphides (M,Py; x = y), and phosphorus-rich
phosphides (M,Pj; y > x).** Phosphorus-rich TMPs  typically
demonstrate greater activity toward the OER due to their abundant
P-P bonding. Under high positive potentials, the phosphorus
atoms oxidize into inorganic phosphate species and (oxy)hydrox-
ides, which enhances surface wettability and significantly
improves catalytic performance.”> TMPs serve as pre-catalysts
and the surface oxide/(oxy)hydroxide species generated on oxida-
tion are the true active form of the electrocatalyst.*’ Metal-rich
TMPs (MP or M,P) with abundant metallic M-M bonding, excep-
tional chemical stability, and electronic conductivity exhibit great
OER activity as was first observed in 1989 by Kupka and Budniok.”

4.1 Synthesis of TMPs

Earlier methods for synthesizing metal phosphides utilized harsh
experimental conditions, employing flammable phosphorus or
toxic phosphine as phosphidating agents. These approaches
often resulted in uncontrolled particle size, morphologies,
as well as phase impurities, which limited the large-scale produc-
tion of phase-pure metal phosphides. Recent technological
advancements have introduced new strategies for synthesizing
nanoscale TMPs in various forms, including polycrystalline
powders, thin films, nanoscale solids with diverse morphologies,
and single crystals. The synthetic methods can be broadly
classified into (i) solvothermal, (ii) solid-state, and (iii)
electrochemical.

4.1.1 Solvothermal method. It involves the reaction of
metal precursors (metal salts, organometallics, etc.) with the
phosphidating reagents including tris(trimethylsilyl)phosphine
(P(SiMe3);), trioctylphosphine ((CgH;5);P, TOP), and triphenyl-
phosphine ((C¢Hs)sP, PP), at elevated temperatures (>300 °C).
TOP is preferred over the other phosphidating agents due to its
cost-effectiveness. The low solubility and high decomposition
temperature of these phosphidating reagents necessitate the use
of high-boiling solvents such as 1-octadecylene, octyl ether, and
squalene. Noble and non-noble metal phosphides were synthe-
sized by injecting the corresponding metal precursor complex or
preformed metal nanoparticles into TOP in high-boiling solvents
at temperatures exceeding 300 °C. Schaak’s group demonstrated
a novel approach for the direct phosphidation of preformed
metal nanoparticles with TOP in octlyether.** At elevated tem-
perature, the C-P bonds in the TOP molecules are cleaved,
allowing the phosphorus atoms to coordinate with the metal
atoms and form TMP. High-quality nanostructured TMPs
(FeP, MnP, Ni,P, etc.) were synthesized through the thermal
decomposition of the complexes and TOP.***" Additional
reagents or additives are required to achieve TMPs with the
desired shape and size. Reports indicate that solvothermal
reactions employing red and white phosphorus can produce
TMPs at relatively low temperatures. For instance, hollow nano-
spheres of iron-doped nickel phosphide were synthesized via
solvothermal phosphidation with white phosphorus in DMF at
180 °C.** Mono and multimetallic colloidal nanoparticle
phases (M,_,M;P; M, M’ = Fe, Co, Ni) have been obtained by
reducing metal carbonyl or metal acetylacetonate precursors

This journal is © The Royal Society of Chemistry 2025
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with oleylamine in the presence of a phosphidating agent and
non-coordinating co-solvents.*” The M: P ratio of TMPs can be
adjusted by varying the amount of the phosphidating agent and
reaction temperature.’® The solvothermal synthesis of phase
pure CoP required harsh reaction conditions in terms of the
TOP quantity and reaction temperature compared to Co,P.>' While
monodisperse phase-pure TMPs have been synthesized via a
solvothermal method, the complex procedures involving high-
boiling, flammable solvents, and air-free experimental setups
significantly limit their scalability. A notable disadvantage of the
solvothermal method is the requirement for oxygen-free synthetic
environments, typically achieved using a glove box or Schlenk line.

4.1.2 Solid-state method. Solid-phase synthesis involves
the homogeneous mixing of metal precursors and a phos-
phorus source in an ideal stoichiometric ratio, followed by
high-temperature thermal treatment in a tube furnace under
a reducing or inert atmosphere (H,/N,/Ar). The earliest report
of synthesizing TMPs, specifically Ni,P, using this solid-phase
approach dates back to 1958.>2 This method was subsequently
extended for the synthesis of bulk FeP in 1966.>® In a traditional
set up, the stoichiometric amounts of metal and red/black
phosphorus were heated to a high temperature (>900 °C) for
several days in an evacuated silica tube.>® The complexities®*>°
like a long reaction time (1-10 days), and the formation of
highly reactive and pyrophoric and toxic byproducts like P, and
phosphine during high-temperature solid-state reactions led to
the development of alternative methods employing other inor-
ganic phosphidating agents such as PCl; (in molten ZnCl,),
H,PO, , HPO;>~, PH;, and HPO,>~ at elevated temperatures in
an inert atmosphere.’®>° Several TMPs like Cu;P, Ni,P, MoP,
etc. have been obtained by thermal annealing of the physical
mixture of the metal precursor and H,PO,  or H,PO,  impreg-
nated metal precursors under inert gas flow.”*>° One major
advantage of using a phosphidating agent like hypophosphite
is that the phosphidation can be achieved at a relatively low
temperature of 200-300 °C. This method is known to produce
smaller particles of uniform size as sintering of TMPs is largely
avoided. The mechanism of phosphidation with hypophosphite
involves the initial thermal decomposition of hypophosphite,
producing PH3, which subsequently reduces the metal precursor
and phosphidates.”® A modified approach resembling chemical
vapor deposition has also been developed for the phosphidation
of metal by onsite generated PH;.”® The corrosive and highly toxic
nature of PH; is a matter of serious concerns. Conversely, the use
of phosphate and phosphite for metal phosphidation requires a
reducing atmosphere and elevated temperatures (500-700 °C).>*°
The sintering of TMPs at such elevated temperatures cannot be
avoided unless the reaction is performed over the catalyst support.
Unlike the solvothermal synthetic approach, the desired shape
and size of TMPs cannot be controlled in the solid-state synthetic
methods.

To mitigate the problems associated with conventional
solid-state strategies, our group has demonstrated universal
solid-state strategies for the synthesis of heteroatom-doped
carbon-encapsulated TMPs.®'"®> The nitrogen-doped carbon
encapsulated MoP and WP core-shell nanostructures were
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synthesized in two steps using phytic acid (PA) as a phosphi-
dating agent.®" This method involves the (i) self-assembling of
polyoxometalate (M = Mo/W) and PA on the positively charged
polyethylenimine (PEI) backbone, leading to the formation of
supramolecular aggregates, and (ii) thermal decomposition
of the aggregate in an inert atmosphere at 800 °C (Fig. 3).
The metal precursors and PA are anionic due to the presence of
abundant negatively charged oxygen atoms, while PEI is posi-
tively charged. The electrostatic and hydrogen bonding inter-
actions of PA and the metal precursor with PEI are crucial for
regulating the growth of metal phosphide. The key advantage
of this method is the use of environmentally friendly PA as a
phosphidating agent, while the supramolecular aggregate
serves as the source of metals, P, N, and C. The mechanism
involves the carbothermal reduction of the metal precursor and
the subsequent phosphidation. Thermal annealing of the mix-
ture of metal precursor and PA yields the corresponding
pyrophosphate (MP,0,) underscoring the pivotal role of PEI
The self-assembled polyoxometalate is initially converted to
pyrophosphate and then carbothermally reduced and phosphi-
dated during the reaction. Furthermore, PEI facilitates the self-
assembling of the metal precursors and PA, and serves as a
carbon source for reducing the metal precursors. Subsequently,
with the insights gained from the synthesis of MoP and WP
core-shell nanostructures, we developed a novel approach for
the general synthesis of TMPs using a single source precursor
without additional phosphidating agents. The synthesis
approach is very simple, and the product yield is very high.
This approach involves the carbothermal reduction of a transi-
tion metal polypyridyl complex with the hexafluorophosphate
counter anion to the corresponding TMP encapsulated
with heteroatom-doped graphitic carbon.®>** In this method,
the polypyridyl complex serves as a single-source precursor,
with the counter anion serving as the phosphorous source. The
growth of TMP largely depends on the amount of carbon. The
growth of TMPs is highly dependent on the carbon content; an
adequate amount of carbon, derived from either the coordinating
ligands or external sources such as sucrose or melamine, is
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essential for the formation of phase-pure TMPs. In contrast,
insufficient carbon results in the exclusive formation of pyro-
phosphate.®® For instance, the thermal annealing of the tris(2,2’-
bipyridine)cobalt(n) bis(hexafluorophosphate) ([Co(bpy)s](PFe),)
or the bis(2,2":6’2'-terpyridine)cobalt(i) bishexafluorophosphate
([Co(terpy),](PFe),) complex produces only CoP,O, while the
bis(4’-pyridyl-2,2':6"2'-terpyridine)cobalt(u)bis(hexaflurophosphate)
([Co(pyterpy),](PFs),) complex yields the desired phase pure CoP.
However, [Co(terpy),](PFs), as well as [Co(bpy)s](PFs), complexes
yield the desired CoP in the presence of a large excess of
melamine or sucrose. Heteroatom-doped carbon-encapsulated
phosphides of Co, Fe, and Ni were synthesized from the corres-
ponding polypyridyl complexes using melamine/dicyanamide
for electrochemical water splitting and bifunctional oxygen
electrocatalysis (Fig. 4).°>"°* The thermal decomposition of the
hexafluorophosphate anion produces PF5(g) in the temperature
range of 200 to 600 °C® and the in situ generated PFs(g) is
believed to phosphidate the metal. The annealing temperature
significantly influences the crystallinity and electrocatalytic activ-
ity of the materials. The TMPs synthesized at 900 °C exhibit high
crystallinity and enhanced activity compared to those obtained at
lower temperatures.®® In the synthesis of FeP, the encapsulating
carbon was doped with nitrogen and phosphorus. The hexafluor-
ophosphate anion acted as a phosphidating agent for metal and a
doping agent of P.®* The doping of phosphorus into carbon was
not observed in the synthesis of other metal phosphides and the
mechanism of P doping is not fully understood. The major
advantage of this synthetic method is the high purity and crystal-
linity of TMPs, and the encapsulation of TMPs within graphitic
carbon. The encapsulation enhances both the durability and
catalytic activity of the TMPs. The synergistic interaction
between the TMP core and the heteroatoms of the encapsulating
carbon shell improves the catalytic performance. However, the
TMP nanostructures obtained in this carbothermal reduction
approach have a wide particle size distribution, ranging from 10
to 150 nm.

The size and shape of the nanoscale electrocatalysts play a
decisive role in the catalytic activity primarily due to the change
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Fig. 3 Synthesis of MoP and WP core—shell nanostructures using phytic acid (PA) as a phosphidating agent. The TEM images of WP and MoP are given in

the inset. Adapted from ref. 61.
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M=Ni Ni,P

800-900 °C
800-900 °C
M,P @NC
Ar,1h M2P207@NC Melamine or . y@
DCDA

M=Co CoP

Fig. 4 Universal method for the synthesis of heteroatom-doped graphitic carbon encapsulated TMPs using a metal polypyridyl complex as a single
source precursor. Nio,P@NC, FeP@NC, and CoP@NC are synthesized using the corresponding polypyridyl complexes.

in the geometric and electronic properties. The effect of the particle
size is closely linked to the catalyst’s surface area, where variations
in the size influence the coordination of surface atoms and,
consequently, catalytic performance. It is well established that
decreasing the particle size enhances catalytic activity; smaller
particles not only provide a larger surface area but also exhibit
modified intrinsic properties.” We successfully synthesized nitro-
gen and phosphorus-doped carbon-encapsulated OsP, (OsP,@NPC)
nanoparticles with an average size of 1.8 nm to achieve high
electrocatalytic activity through a solid-state approach.”® This
involved the thermolysis of a homogeneous mixture of TPP, mela-
mine, and ammonium hexachloroosmate(v) at elevated tempera-
ture, resulting in near-monodispersed OsP,@NPC. TPP serves both

Triphenylphosphine

Melamine

as a phosphidating and a doping agent (Fig. 5). Notably, thermal
annealing of the osmium complex and melamine in the absence of
TPP produced osmium nanoparticles encapsulated in nitrogen-
doped carbon, underscoring the critical role of TPP in the phosphi-
dation process. Interestingly, the nanosized OsP,@NPC demon-
strated exceptional electrocatalytic activity.

The P/M ratio, the reaction temperature and time, and the
nature of the phosphidating agent significantly influence the
growth and the properties of resulting TMPs. Nickel phos-
phides with different compositions, including M-rich phases
(Ni,P and NisP,) and P-rich phases (NiP, and NiP;), were
obtained by adjusting the P/M ratio.®® The metal-rich phos-
phides are known for their metallic character,®® while the P-rich

Fig. 5 Synthesis of OsP,@NPC using TPP as a phosphidating agent. Reproduced with permission from ref. 65. Copyright 2019 Royal Society of

Chemistry.
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phosphides are highly stable in acidic media and exhibit
promising catalytic activity.”® In the impregnation-pyrolysis
approach for the controlled synthesis of palladium phosphides
(PdsP, PdsP,, and PdP,), the crystal phase of the phosphides is
determined by fine-tuning the Pd/P ratio.”* These Pd,,P, catalysts
exhibit varying catalytic performances despite having closely
similar morphologies. Similarly, the degree of phosphidation of
cobalt during the synthesis of Co,P) is controlled by adjusting the
ratio of cobalt to phosphorus precursors.”> The growth of mono-
metallic phosphides and heterostructured phosphides from the
same precursors has been achieved by tuning the reaction tem-
perature. For instance, thermal annealing of the supramolecular
gel precursor made of phosphidating agent PA, graphene oxide,
Brij 58, and Co precursor CoCl,-6H,O at 900 °C in a reducing
atmosphere yielded a CoP-Co,P heterostructure. In contrast,
annealing the same gel precursor at 800 °C and 1000 °C yielded
CoP and Co,P, respectively.”

4.1.3 Electrochemical method. The size-controlled chemical
synthesis of electrocatalysts requires appropriate capping or sta-
bilizing agents such as polymers and surfactants. While these
agents are instrumental in controlling the particle size and shape,
their presence can adversely affect electrocatalytic performance.
Although the removal of capping agents through chemical or
electrochemical treatments has been proposed, such processes
often result in losing the nanoparticles’ inherent catalytic activity.
In the solid-state high-temperature synthesis methods, the uncon-
trolled growth of nanostructures due to sintering can detrimen-
tally impact the catalytic activity. Furthermore, evaluating the
electrocatalytic performance of nanoscale electrocatalysts typically
involves modifying the electrode or current collector with the
catalysts. This modification process requires a suitable binder and
solvent to prepare a homogeneous catalyst ink; however, the
presence of binders can also hinder the catalytic performance
of nanoscale catalyst particles. In contrast, the direct growth
(-supported) of well-defined nano- and microstructured TMPs
on conductive substrates via an electrochemical or electroless
approach offers several advantages. The electrodeposition method
presents a promising alternative to the conventional synthetic
approach to obtain self-supported catalysts with: (i) enhanced
control over the amount of catalyst by optimizing the electrode-
position parameters, (ii) uniform dispersion of the catalyst with-
out the need for capping or stabilizing agents, and (iii) selective
growth of desired facet of the catalyst, and (iv) devoid of binders or
solvents for dispersing the catalyst on the electrode surface. For
the electrochemical deposition, 2- and 3-electrode electrochemical
cells with current collectors such as metal foam, carbon cloth, and
metal foils and neutral to acidic electrolytes have been used.
Additives such as sodium citrate, Pluronic 123 (P123), 3-
mercaptopropionic acid, etc., are often used to control the surface
morphology and structure (Table S1, ESIt). Ni and Cu foam
current collectors afford highly porous nanostructures. The
deposition is achieved with potentiostatic, galvanostatic, or pulse
methods. In the potentiostatic methods, potential ranging from
—0.3 to —1.2 V while current density ranging from 10 mA cm™> to
2 A em™? are used. It should be pointed out here that the
stoichiometric ratio of the metal precursors and deposition time
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largely decide the composition and crystal phase of the TMPs. It is
recommended to use a metal/carbon foam current collector and
the galvanostatic or pulse method for the deposition of TMPs.

The electrodeposition of phosphorus alloys with transition
metals like Ni and Co dates back to the 1950s.”* A Ni or Co alloy
containing a maximum of 15% phosphorus was obtained in an
acidic solution with phosphites and chloride or sulfate metal
precursors at 75 °C, with current density ranging from 5 to
30 A dm 2. The direct electrochemical growth of TMPs was
further advanced between 1980s and 1990 with various bath
compositions.” Early studies primarily focused on Ni and Co-
based phosphides, with most electrochemical deposits resulting
in amorphous materials. For instance, Ni- and Co-based phos-
phorus alloys (phosphides) were galvanostatically deposited at
different current densities from a deposition bath containing
NaH,PO,, sodium acetate, H;BO3, and NH,C], along with the
appropriate amount of metal precursor under normal tempera-
ture and pressure conditions.”®”” The electrochemically grown
amorphous Ni-Co-P and Co-P were thermally transformed into
crystalline Co,P and NisP, at 773 K. Since then, various mono-
and bimetallic phosphides have been electrochemically synthe-
sized for different applications.”®”® Additives such as glycine,
oxalic acid, sodium citrate, boric acid, etc. have been utilized to
control the electrodeposition. Various conducting substrates like
carbon paper, carbon fibres, Pt, and nickel have been employed
for deposition.

A reductive electrosynthetic approach is demonstrated
recently for the synthesis of trimetallic Ni-Co-Mn phosphide
using a structure-regulating agent P123 in an acidic electrolyte.*®
The morphology and composition of the trimetallic TMP are
tailored by controlling the current density, deposition time, and
bath composition. P123 played a crucial role in regulating the
growth of porous Ni-Co-Mn-P. It non-covalently interacts with
the metal precursors and adsorbs on a particular crystal facet.
Such adsorption largely reduces the surface energy and favors
the growth of selected facets. The pulse electrodeposition with
the dynamic hydrogen bubble template approach has been
demonstrated to produce hierarchically porous TMPs like
NiCu-P, Ni-Fe-P, Cu-Co-P,, etc. (Fig. 6).°°® The hydrogen
bubbles generated on the electrode surface during the electro-
reduction of metal ions serve as a template for the convenient
generation of a highly porous 3D dendritic structure. The
phosphidating agent H,PO," is also reduced to P during the
reduction of metal ions on the electrode surface and diffuses to
the metallic crystal lattice and yields TMPs. The pulse electro-
deposition approach often yields hydrophilic/superhydrophilic
TMPs as evidenced by small contact angles®®* and electrocata-
Iytically high activity. The hydrogen bubble template signifi-
cantly increases the electrochemically active surface area of the
catalyst and the surface morphology and surface structure can be
conveniently tailored by tuning the bath composition and pH,
and electrochemical deposition parameters. The current collec-
tor (substrate) plays a significant role in regulating the surface
morphology and porosity of TMPS. Carbon cloth and metal (Ni
and Cu) foams/foils have been widely used and the metal foam
substrates afford highly porous TMPs.
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Fig. 6 (a) Schematic representation of pulse electrodeposition of TMPs using the dynamic hydrogen bubble template approach. (b)—(i) Corresponding
FESEM image of synthesized porous TMPs. Reproduced with permission from ref. 82. Copyright 2019 American Chemical Society.

Two primary mechanisms for the electrodeposition of TMPs
have been proposed: (i) direct and (ii) indirect mechanisms. In the
direct mechanism, the precursor phosphorus oxyacid is partially
reduced to hypophosphite in the negative potential region. The
electrochemically generated hypophosphite is further reduced to P
(eqn (7) and (8)).5%® 1t is important to note that the metalloids
cannot be deposited alone; however, they can be co-deposited with
the metals (induced co-deposition).** The metal cations and the
hydrogen ions are reduced at negative potential to metal and
hydrogen. The direct reduction of hypophosphite and metal ions
is expected to produce an M-P alloy with a high P content (eqn (9)
and (10)). In contrast, the indirect mechanism involves the in situ
generation of PH; and the subsequent deposition of the M-P alloy
(eqn (11) and (12)). The efficiency of the indirect mechanism is
reported to be low as the generation of PH; from phosphorus
oxyacid depends on the H' reduction. For a more comprehensive
understanding of the electrodeposition mechanisms, readers are
encouraged to consult the relevant literature.***%”

H,PO; + 2H" + 2¢ —» H,PO, + H,0O (7)
H,PO,” +H" +e — P + 2H,0 (8)
M>* +2e¢ - M° 9)

nM°’ + P - M-P (10)

H,PO, + 6H" + 6e —» PH; + 3H,0 (11)
2PH; + 3M”>" — 2P + 3M + 6H" (12)

5. Bifunctional oxygen electrocatalytic
activity and ZAB performance of TMPs

A bifunctional catalyst designed for a rechargeable ZAB must
have a large electrochemically active surface area, promote
efficient electron transfer kinetics for both the ORR and OER

This journal is © The Royal Society of Chemistry 2025

and maintain long-term durability across a wide potential
window under harsh electrolyte conditions. The synthetic
approach significantly influences the catalyst’s shape, surface
morphology, and consequently, its surface area. A key challenge
is minimizing the loss of the ECSA during prolonged cycling,
which can result from agglomeration or dissolution of the
catalyst. Naked catalysts often suffer from the loss of the ECSA
while encapsulating the active catalyst with a thin layer of
carbon or heteroatom-doped carbon enhances both durability
and overall catalytic performance. This thin outer shell effectively
prevents undesired dissolution without compromising the cataly-
tic activity of the core material. However, the thick carbon shell
can negatively impact the electron transfer kinetics. Most TMP-
based catalysts are typically supported on carbon materials doped
with heteroatoms, which are known to promote the ORR
in alkaline environments. The oxygen electrocatalytic activity of
carbon-encapsulated phosphides of first-row transition metals
has been assessed for the development of rechargeable ZABs.
The TMPs based on Fe, Co, and Ni demonstrate promising
bifunctional activity for the charge and discharge reactions of
ZABs (Tables S2-S4, ESIT). However, the high adsorption energy of
hydrogen and oxygen intermediates on TMPs and the availability
of a limited number of active sites largely limit the scaling up for
practical applications.®®®° In this article, TMP-based electrocata-
lysts are classified into three categories: monometallic, multi-
metallic, and heterostructured TMPs, with a discussion on their
bifunctional performance.

5.1 Monometallic TMPs

Cheng et al. were the first to demonstrate the ORR activity of
carbon-supported PdP synthesized via the hypophosphite
route.”® Subsequently, the electrocatalytic performance of pre-
cious and non-precious metal-based phosphides towards the
ORR and OER has been investigated.”’®* Among the TMPs,
the cobalt- and iron-based phosphides received considerable
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attention for the OER and ORR since 2015.°>%” Despite the
extensive studies on the OER activity of these phosphides for
electrochemical water splitting, their bifunctional activity towards
the ORR and OER was initially not well explored. For the first time,
Zhong et al. demonstrated the bifunctional oxygen electrocatalytic
activity of an integrated catalyst consisting Co,P and Co,N encap-
sulated in an amorphous nitrogen-doped carbon shell.”® Although
this integrated catalyst did not achieve a theoretical current density
of ~6 mA cm™? for the ORR, it exhibited a reasonable OER
activity, resulting in an overall oxygen electrode activity (AE = Eogr
— Eogg) Of 0.84 V. The rechargeable ZAB delivered a maximum
power density of only 87.3 mW cm™> with an OCV of 1.43 V.
Subsequently, Manthiram’s group investigated the bifunctional
activity of CoP integrated with heteroatom doped graphitic carbon,
achieving an AE of 0.74 V and demonstrating charge-discharge
cycling stability for the ZAB for over 450 h without significant
voltage loss (Fig. 7).”° The heteroatom-doped carbon plays a
significant role in enhancing the ORR activity, while the in situ
generation of cobalt oxide—resulting from the oxidation of cobalt
phosphide at high positive potentials—contributes to the OER
activity. In recent years, several cobalt- and iron-based phosphides
encapsulated or supported on appropriate carbon materials have
been synthesized for use in ZABs.'”'** The CoP/Co,P-based
catalysts exhibited a AE ranging from 0.65 to 0.93 V, peak power
densities between 65 and 226 mW cm 2, and charge-discharge
cycling stability lasting from 23 to 407 hours at a current density of
10 mA cm™ > On the other hand, Fe-based phosphides demon-
strated impressive oxygen electrocatalytic performance, achieving
a discharge capacity of 654-805 mA h cm™? at 10 mA cm ™ > and
power densities of 80-190 mW c¢m > (Table S2, ESIY).

Our group developed a novel approach for synthesizing
heteroatom-doped graphitic carbon encapsulated monometal-
lic TMPs (CoP, FeP, and Ni,P) using a single-source precursor
(vide supra) and investigated their bifunctional oxygen electro-
catalytic activity. The heteroatom-doped carbon-encapsulated
CoP (NC-CoP), derived directly from [Co(pyterpy),](PFs), with-
out additional carbon and nitrogen sources, exhibited AE of
only 0.84 V though it could promote the 4-electron reduction of
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oxygen to water, with an onset potential and a limiting current
density of 0.82 V and 5.2 mA cm™ > (1600 rpm).®* It has limited
ZAB performance, suffering over 2.5% voltaic efficiency loss
after 30 h of charge-discharge cycling (Fig. 8). The limited
bifunctional activity of NC-CoP can be attributed to the insuffi-
cient amount of heteroatom-doped carbon, which is necessary
for synergistically enhancing the oxygen electrocatalysis and
protecting the active CoP catalyst from aggregation and surface
passivation. Moreover, the NC-CoP catalyst has the Brunauer-
Emmett-Teller (BET) specific surface area of only 120 m* g™*
with a small average pore size of 3.8 nm. On the other hand, the
CoP catalyst (CoOP@NC) synthesized from [Co(bpy);](PFe), in
the presence of an additional carbon and nitrogen source
(melamine) demonstrated improved bifunctional oxygen elec-
trocatalytic activity with a AE of 0.75 V. The BET surface area
(190 m? g~ ') and the average pore size (21 nm) of COP@NC are
significantly higher than those of NC-CoP (vide supra). Unlike
the NC-CoP catalyst, CoP particles in CoOP@NC are encapsu-
lated with nitrogen, resulting in a synergistic interaction
between the core CoP and the encapsulating nitrogen-doped
carbon (NC). This synergistic effect improves the electron
transfer kinetics for the ORR.®>"®* The observed decrease in
AE (~ 100 mV) compared to NC-CoP underscores the critical
importance of the surface area and the encapsulation of the
active catalyst with heteroatom-doped carbon. The rational
heterostructure engineering of COP@NC further improves the
oxygen bifunctional activity (vide infra).

The FeP nanoparticles encapsulated within a N, P dual-
doped graphitic carbon matrix (FeP@NPC) synthesized via
carbothermal reduction-assisted phosphidation showed excel-
lent catalytic activity for both the ORR and OER. The ORR onset
potential was measured to be 0.975 V, which is comparable to
that of the state-of-the-art Pt/C catalyst while displaying a small
AE of 670 mV in 0.1 M KOH (Fig. 9). The ZAB exhibited a
peak power density of 190.15 mW cm 2, an energy density of
706.5 W h kg, ', and a specific capacity of 785 mA h g, " at
50 mA cm>.%® Remarkably, the ZAB retained its initial voltaic
efficiency, exhibiting only 0.9% loss after extended charge-
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Fig. 7 (a) Polarization curves illustrating the bifunctional electrocatalytic activity of CoP integrated with heteroatom-doped carbon. (b) Charge-
discharge cycling performance at 1 mA cm™2 of the rechargeable ZAB. Reproduced with permission from ref. 99. Copyright 2017 Wiley.
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the rechargeable ZAB.

discharge cycles. The bifunctional activity of FeP@NPC is
significantly higher than that of the other FeP catalysts
obtained from iron phytate precursors. The enhanced activity
is attributed to the synergistic interaction between the FeP core
and the encapsulating defect-rich carbon network, increased
oxygen affinity, and modulation of the electronic properties of
the carbon network due to phosphorus doping, as well as the
substantial presence of pyridinic nitrogen (approximately 57%),
which interacts favorably with FeP. Oxygen-containing species,
including FeOOH/Fe-OH generated on the surface during the
anodic sweep, efficiently catalyze the OER. FeP@NPC is highly
active towards electrochemical water splitting and the ZAB could
power an alkaline water-splitting cell for over 24 h without any
significant attenuation of OCV. The ideal integration of the
heteroatom-doped graphitic carbon with the FeP core boosts
the bifunctional activity and durability. A wood-derived mono-
lithic FeP catalyst showed good oxygen electrocatalytic activity
with a AE of 680 mV.'”> The DFT studies indicated that FeP
facilitates the activation of water molecules, promoting the
efficient dissociation of water to generate H' ions necessary for
the ORR. The ZAB delivered a specific capacity of 805 mA h gz,
at 10 mA cm ™2, although the peak power density is limited to
144 mW cm 2, Furthermore, the solid-state ZAB delivered a peak
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(a) Polarization curves illustrating the bifunctional electrocatalytic activity of NC-CoP. (b) Charge—discharge cycling performance at 5 mA cm™
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power density of 59 mW c¢cm™> and maintained long charge-

discharge cycling stability for over 40 h.

Nickel phosphide-based catalysts demonstrate significant
potential for electrochemical water splitting due to their efficient
formation of the oxygen intermediate *OOH.'°*'®” However,
investigations into the ORR activity of nickel phosphides remain
limited, likely due to the inferior activity of the pristine nickel
phosphides.'*®'* The MOF-derived Ni,P-NPC hybrid catalyst
exhibits good bifunctional oxygen activity, characterized by an
ORR onset potential of ~0.9 V and an average H,0, yield of
20%."'° Notably, the catalyst fails to produce a well-defined ORR
polarization curve, indicating sluggish electron transfer kinetics.
Despite these limitations, the ZAB utilizing this catalyst achieves a
power density of 266 mW cm > and demonstrates charge-dis-
charge stability for ~30 hours. It is surprising to observe such
high-power density when the ORR kinetics is sluggish with an
average H,0, yield of 20%.

5.2 Strategies to improve the electrocatalytic activity

The crystal structure and composition of TMPs have a distinct
role in the bifunctional oxygen electrocatalytic activity. Despite
the advantages of the unique electronic structure, the electro-
catalytic performance of pristine monometallic TMPs is limited
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Fig. 9
FeP@NPC showing the power density. Adapted from ref. 63 and 105.
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(a) Polarization curves of FeP@NPC and CoP@NC-Ru demonstrating their bifunctional oxygen activity. (b) Discharge polarisation curve of
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compared with that of the noble metal-based catalysts. Several
engineering strategies are adopted to boost the oxygen electro-
catalytic activity and ZAB performance (Tables S3 and S4, ESIT).
The engineering strategies are classified into (i) P anion and
metal cation vacancy defect engineering, (ii) doping engineering
and synthesis of bimetallic/trimetallic phosphides, and (iii)
heterostructure engineering. The engineered TMPs have signifi-
cantly improved catalytic performance in terms of AE, discharge
capacity, power density, and charge-discharge cycling stability.

5.2.1 Vacancy engineering. Defect engineering, where
vacancies are introduced into the TMP lattice, is a promising
strategy to boost the electrocatalytic activity. It modulates the
electronic structure and influences the binding strength of the
reactant and reaction intermediates. Vacancy defects modify the
local atomic structure and the coordination number of TMPs,
exposing abundant catalytically active sites."'" The anion-vacancy
defects can enhance the electronic conductivity of catalysts and
optimize the adsorption energies of intermediates involved in the
electrocatalytic reactions.> Specifically, the P-vacancies in
TMPs enhance the OER activity by reconstructing the electronic
states and generating new active sites."** They shift the d-band
center closer to the Fermi level, thereby improving the electro-
catalytic activity."* The P-vacancies can induce the formation
of O-vacancies during the positive potential sweep, promote the
facile formation of metal oxyhydroxide, and enhance the OER
performance."*>''® The existing methods for creating vacancies
primarily involve expensive plasma etching or reduction with
NaBH,. Integrating P-vacancy-rich nickel phosphide with
heteroatom-doped carbon presents an ideal approach for boosting
the electrocatalytic performance of nickel phosphide.”® Recent
studies have demonstrated that vacancy engineering can modulate
the bifunctional oxygen electrocatalytic activity of nitrogen and
phosphorus dual-doped carbon encapsulated Ni,P (Ni,P@NPC).
The Ni,P@NPC catalyst was synthesized from single-source
precursors (Fig. 4) and subsequently engineered through acid
treatment. This treatment exfoliates the encapsulating hetero-
atom-doped graphitic carbon and increases the number of P
vacancies as well as the surface area of the catalyst. The removal
of carbon debris and the generation of P vacancies enhance the
number of active sites by exposing redox centres to the electro-
lyte, with surface coverage increasing from 0.26 x 10~ % to 0.47 x
10~® mol cm™? (Fig. 10). The P-vacancy-rich Ni,P@NPC showed
a good ORR and OER activity with an ORR onset potential
of 0.9 V. The exchange current densities for the ORR (2.62 x
1077 mA cm ?) and the OER (0.4 x 10> A cm?) for the
engineered catalyst are higher than those of the as-synthesized
catalyst, underscoring the importance of P-vacancy engineering in
oxygen electrocatalysis. The ZAB made using the vacancy-
engineered Ni,P@NPC delivers a power density of 162 mW c¢cm ™,
a specific capacity of 770.25 mA h g, and an energy density of
692 W h kg . The device demonstrates long cycling stability for
over 100 hours, with only a 0.6% loss in voltaic efficiency (Fig. 11).
The enhanced activity is attributed to the high nitrogen content,
the substantial number of electrochemically active sites, and the
facile formation of active surface oxyhydroxide/hydroxide species
during the OER. Nickel phosphonate-derived P-vacancy-rich Ni,P
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Fig. 10 Cyclic voltammogram illustrating the effect of surface-
engineering on the surface covered with nickel. (a) As-synthesized and
(b) surface-engineered Ni,P@NPC. Adapted from ref. 64.

obtained through carbonization followed by argon plasma treat-
ment also exhibits decent oxygen electrocatalytic activity, with a AE
of 0.70 V and a power density of 203 mW cm™>."** The synergistic
interaction between heteroatom-doped carbon and the P-vacancy-
rich Ni,P is accounted for the enhanced activity. The catalyst could
deliver a ORR limit current density of only ~4.2 mA cm ™ though it
has good onset potential.

The cation vacancy defects also modulate the electronic
properties of TMPs and improve their catalytic performance.
Cation vacancy-rich TMPs are very promising for electrochemical
water splitting.""” However, the bifunctional oxygen electrocata-
Iytic performance of cation vacancy-rich TMPs is not explored.
The cation vacancy defects in TMPs can enhance the ORR
reaction kinetics and deliver high discharge specific capacity.

5.2.2 Doping engineering and bimetallic phosphides. The
introduction of one or more metals to create multi-metallic
phosphides typically enhances catalytic performance compared to
their corresponding monometallic phosphides. In this article,
TMPs with a small amount of a second metal are referred to as
metal-doped TMPs. Conversely, when a sufficiently high concen-
tration of both metals is employed, the resulting TMPs are
classified as bimetallic phosphides, which exhibit distinct proper-
ties due to the formation of an independent bimetallic phase. It is
well established that bimetallic phosphides demonstrate superior
electrocatalytic performance relative to their monometallic coun-
terpart. Incorporating a secondary metal into phosphides enables
synergistic modifications in the composition and electronic struc-
ture of the surrounding core metal, leading to an enhanced
electrochemical performance. However, synthesizing bimetallic
phosphides presents challenges, as conventional methods often
yield heterostructures comprising two distinct monometallic
phosphides."'®'"® The electrocatalytic activity of these hetero-
structured TMPs will be discussed in the following section. To
achieve the desired bimetallic phosphides, it is crucial to optimize
synthetic procedures and carefully select metal precursors.

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) Galvanostatic charge—discharge cyclability of the Ni,P@NPC-based ZAB at 5 mA cm™2. (b) Voltaic efficiency plots of Ni,P@NPC||Zn.

Reproduced with permission from ref. 64. Copyright 2024 Wiley.

Doping of a second metal into TMPs has a profound influence
on the electrocatalytic activity toward water splitting" as in the
case of vacancy engineering. It alters their intrinsic properties and
boosts the electrocatalytic performance. The metal-doping effect
on the bifunctional oxygen electrocatalysis has recently been
explored. The metal-doped (Mn, Cu, Cr, Co, etc.) TMPs deliver
power density in the range of 40 to 224 mW cm > and OCV
ranging from 1.35 to 1.5 V."*'** The doping of Cu into Co,P
weakens the binding of adsorbed oxygen intermediates and
accelerates the ORR electron transfer kinetics.'*® A specific capa-
city of 736 mA h gz, and a power density of 236 mW cm > were
achieved with the ZAB. The doping of Co into the FeP lattice
modifies the d-band center of Fe and accelerates the proton-
coupled electron transfer reaction for the 4-electron reduction of
oxygen to water."*® The theoretical studies showed that the d-band
center of Co-doped FeP is closer to the Fermi level compared to
the undoped FeP. The Co-doped FeP has excellent oxygen electro-
catalytic activity with a AE of 650 mV and a power density of
152 mW cm > is achieved with the ZAB. The device has extended
charge-discharge cycling stability for 800 hours at 10 mA cm™>
without significant change in the voltage gap. The quasi-solid ZAB
delivers a power density of 72 mW cm™> and an OCV of 1.44 V and it
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has good charge-discharge cyclability for > 150 cycles (Fig. 12). The
W-doped Co,P catalyst has effectively facilitated the four-electron
reduction of oxygen, exhibiting a half-wave potential of 0.86 V and a
AE of 0.72 V.”** Notably, the specific capacity due to utilizing this
catalyst is reported to be 881 mA h g™, exceeding the theoretical
specific capacity of zinc, which is 820 mA h g~ '. Additionally, Fe-
doped CoP has been evaluated for use in Li-O, batteries and
exhibited a high discharge-specific capacity.'”” The incorporation
of a sufficient amount of second metal into the lattice of parent
TMPs leads to the formation of bimetallic phosphides. This integra-
tion modifies the electronic properties and enhances electron
transfer kinetics at the bimetallic interface. By employing surface
engineering and electronic modification strategies, the electrocata-
Iytic properties of monometallic TMPs have been optimized. The
addition of oxophilic metals, such as Co, is anticipated to further
regulate the electronic properties and improve catalytic activity.
The bimetallic TPMs based on Ni, Co, and Fe have shown
promising oxygen bifunctional activity with AE values of 0.66 V
to 0.86 V and specific capacity in the range of 602-793 mAh g~
at 10 mA cm 2, and a power density of 122-183 mW cm > is
achieved'?® ™! (Table S3, ESIt). Despite their superior water-
splitting performance, the oxygen electrocatalytic activity of these
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(a) Plot illustrating the OCV of a quasi-solid-state ZAB based on CoFeP@NBC. (b) Discharge polarization and corresponding power densities

curves of the quasi-solid-state ZAB. Inset in (a) is the digital image of the ZAB. Reproduced with permission from ref. 126. Copyright 2024 Wiley.
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bimetallic TMPs remains relatively modest. The FeNiP bimetallic
nanostructure supported on nitrogen- and phosphorus-doped
carbon catalyzes the ORR and the OER at low overpotential.'*>
OER current density as high as 100 mA ecm > was achieved at
an overpotential of 470 mV and a AE of 0.8 V, and is comparable
to those of most of the monometallic phosphides. The specific
capacity (602.7 mA h g~") and power density (163 mW cm?)
obtained with the ZAB are not superior to those of the monome-
tallic phosphide-based device. FeCoP, embedded into graphene-
like carbon exhibited moderate bifunctionality with a AE of 0.814 V
and battery performance with a maximum power density of
122.5 mW cm > and a charge-discharge cycle lifetime of 160 h."*®
In a recent study, MoCoP supported on nitrogen- and phosphorus-
doped carbon showed outstanding electrocatalytic performance
towards the ORR and OER with an ORR onset potential of 0.96 V
and an OER current density of 50 mA cm™ 2 at an overpotential of
369 mV with an AE of 0.66 V."° The enhanced catalytic activity
is attributed to increased surface hydrophilicity and electronic
modulation resulting from the incorporation of molybdenum
(Mo) as a second metal. Partial density of states (PDOS) analysis
revealed (i) strong d-d orbital interactions between Co and Mo,
which favor high electronic mobility, and (ii) an upward shift of the
Co 3d orbitals toward the Fermi level, further enhancing catalytic
performance. The MoCoP-based ZAB exhibited impressive cycling
stability for 300 hours with an OCV of 1.50 V, outperforming ZABs
based on monometallic phosphides (Fig. 13). The CoFeP bimetallic
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phosphide embedded in a N, P dual doped carbon matrix has been
studied for both liquid and solid-state ZABs. The liquid ZAB
exhibited a peak power density of 143.5 mW cm™ 2 and could run
for more than 200 h during the charge-discharge cycle. The solid-
state device displayed a peak power density of 72.6 mW cm 2"

The ORR activity of many bimetallic TMPs remains suboptimal,
despite their notable performance in the OER. It is important to
recognize that the mechanisms underlying the ORR and OER are
fundamentally distinct, involving different active sites and
complex multistep processes. Consequently, it is not reasonable
to assume that all catalysts exhibiting strong OER activity will also
demonstrate effective ORR activity. Design and synthesis of bime-
tallic TMPs with rationally selected metals that have distinct
catalytic activity for the ORR and OER is required. Further inves-
tigations are also needed to elucidate the relationship between the
electronic structure and the catalytic properties of these bimetallic
phosphides.

5.2.3 Heterostructure engineering. The rational integra-
tion of an active catalyst with another catalyst is anticipated
to enhance catalytic performance, likely due to synergistic
effects arising from the interaction between the two compo-
nents, the increased availability of active sites at the hetero-
interface, and improved electrical conductivity. This synergistic
effect is attributed to interfacial interactions that can either
enhance existing catalytic properties or introduce entirely new
catalytic functionalities. Heterostructured nanoelectrocatalysts
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Fig. 13 Plots illustrating (a) the OCV, (b) discharge capacity, and (c) charge—discharge cycling stability of the MoCoP-NPC based rechargeable ZAB.

Reproduced with permission from ref. 129. Copyright 2023 Wiley.
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have been effectively utilized in electrochemical water splitting,
with a notable example being a catalyst composed of Pt and
Ni(OH),, which exhibited significantly improved HER activity
compared to the state-of-the-art Pt catalyst."*® Building on this
concept, various other heterostructured electrocatalysts have been
synthesized over the years for diverse catalytic and electrocatalytic
applications.”**'*> Given the complex, multistep electron transfer
processes involved in oxygen electrochemistry, the construction of
multi-phase heterojunctions using TMPs combined with different
active materials offers a synergistic effect that can effectively
optimize the adsorption and desorption energies of reaction
intermediates."*® Heterostructured catalytic platforms comprising
TMPs and nanostructured oxides, sulfides, nitrides, phosphides,
and metals have demonstrated exceptional performance in water
splitting and oxygen electrocatalysis.'***”'*® Numerous TMPs
have been heterostructured with another TMP, sulfides, nitrides,
alloys, oxides, and doped carbon materials to achieve a wide range
of tailored functional properties.®®*394!

The heterostructure based on V-doped crystalline Fe,P and
V-doped amorphous FePO, encapsulated in phosphorous-
doped graphene (V-Fe,P/FePO,@PG) demonstrated to have
enhanced catalytic performances towards the ORR (E;,, = 0.84 V)
and OER (1730 = 270 mV)."*> The PDOS analysis showed a higher
density of states at the Fermi energy level for the heterostructure
compared to the individual counterpart (V-Fe,P and V-FePO,)
supporting the enhanced electrical conductivity of V-Fe,P/FePO,.
The bifunctional catalytic performance of the heterostructured
catalyst was evaluated by fabricating an air cathode for ZABs.
The energy device showed extended cycling stability for 600 h with
a peak power density of 137 mW c¢cm ™2 and a specific capacity of
642 mA h g, '. The synergistic effect between the crystalline
V-Fe,P core, amorphous FePO,, and phosphorous-doped gra-
phene accounts for enhanced catalytic activity and long-term
durability. The ternary heterostructure consisting of FeP, Fe,P,
and Cu;P coated with an ultrathin layer of phosphorus-doped
carbon showed encouraging bifunctional activity with a AE of
0.74 V,"? a high specific capacity of 815 mA h g, ' and a peak
power density of 158 mW cm™> with a long cycle life of 1100
cycles at 2 mA cm™ 2. The carbon layer on the ternary hetero-
structure affords long cycling stability. The Co-based hetero-
structured phosphides are largely investigated for bifunctional
oxygen electrocatalysis.'*>***'*® The interfacial interaction
between CoP and Co,P of the ZIF-derived CoP@Co,P hetero-
structure supported on nitrogen and phosphorus-doped carbon
network boosts the electron transfer kinetics of the oxygen
electrocatalytic reactions.'*® The ZAB device based on this
heterostructure delivered a high OCV of 1.56 V, a specific
capacity of 689 mA h g ', and a peak power density of
215 mW cm™ > with outstanding charge-discharge cycling stabi-
lity for >580 h. The interfacial interaction between the phos-
phides modulates the electronic structure and optimizes the
adsorption of oxygen intermediates, facilitating the reaction
kinetics. The modulation of the energy barrier for an efficient
oxygen electrocatalytic reaction has recently been demonstrated
by incorporating a CuzP/CoP heterostructure onto hollow porous
nitrogen-doped carbon nanospheres."*® The holistic structural
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optimization resulting from the favorable interactions between
the two phosphides and the nitrogen-doped carbon yields a high
turnover frequency of 2.62 s at 0.85 V for the ORR. However, the
ORR diffusion-limited current density is significantly below the
theoretically expected 6 mA cm™2 at 1600 rpm. SCN poisoning
tests indicate that the Cuz;P/CoP heterostructure is not well
protected within the carbon shell, suggesting that the core
heterostructure is primarily responsible for the observed catalytic
activity. Theoretical studies reveal that strong coupling between
the two phosphides reduces the energy barrier for the reaction.
The ZAB device exhibits decent energy performance, showing a
specific capacity of 765 mA h gz, ' (~93% of the theoretical
capacity of zinc) and cycling stability exceeding 300 hours.
The chemical nature of heteroatoms doped onto the carbon
support has a vital role in controlling the catalytic activity of the
heterostructure.'*” The introduction of S onto the carbon network
modulates the electronic properties of the N-doped carbon sup-
port and improves the electrocatalytic activity. The theoretical
calculations showed that the carbon site connected to the S site is
the main active site of the catalyst. The S-doping negatively shifts
the d-band center of the carbon site making facile desorption of
the adsorbed species, thereby enhancing the intrinsic activity of
the catalyst. The integrated heterostructured catalyst with S- and
N-doped carbon supports has good oxygen activity (AE = 0.684 V)
and the ZAB has outstanding charge-discharge cycling stability for
>900 h. The heterostructure engineering of CoP; with oxygen
vacancy-rich CeO, regulates the electronic structure of CoP; and
generates sufficient catalytically active sites for the OER/ORR."*® The
assembled ZAB delivered a large energy density (871 W h kgz, %)
owing to the high specific surface area and improved electrical
conductivity of the CoP;/CeO,/C catalyst. The role of CeO, is
explained by the transformation that occurs between Ce®* and
Ce*" states, which is responsible for reversible oxygen ion exchange
and also acts as an effective buffer for the storage and release of
oxygen.'*>"*® The integration of metal nanoparticles with TMPs is a
promising approach to improve the catalytic properties of TMPs due
to charge transfer from the metal center to the heterojunction
interface."*®">'>> The heterostructured catalyst based on Co and
Fe,P embedded/encapsulated inside nitrogen and phosphorus-
doped porous carbon has outstanding activity towards the ORR
and OER with a AE of 0.685 V."*® The catalyst is highly durable and
retains >95% of the initial current for the ORR for a long period
and the catalyst retains its phase purity after the durability test. The
ZAB device delivered a maximum power density of 233 mW cm >
and has superior charge-discharge cycling stability for >180 h. The
coupling of Co with Fe,P electronically optimizes the adsorption
energy of the intermediate species due to possible charge transfer
from Co to Fe,P as illustrated by the theoretical studies (Fig. 14).
The bamboo-like nitrogen-doped carbon nanotube confined-Co/
Co,P heterojunction catalyst obtained by the pyrolysis of ball-
milled precursors containing cobalt salt, melamine, and TPP has
profound catalytic activity.'>> The heterojunction catalyst highly
favors the ORR with an E;, = 0.9 V higher than that of the
commercial Pt/C catalyst though the diffusion-limited current den-
sity is lower than the theoretical current density of 6 mA cm™>. The
self-reconstruction of the catalyst generates the OER active species
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Fig. 14 The free energy diagram for Fe,P(111)-Co(111), Co(111), and

Fe,P(111). Reproduced with permission from ref. 138. Copyright 2022
Royal Society of Chemistry.

and efficiently catalyzes the OER. Interestingly the zinc-air flow
battery showed outstanding charge-discharge cycling stability for
>1000 h. The device maintained the charge-discharge voltage gap
even after being shelved for 3 days, with no change in energy
efficiency and delivered a maximum power density of 330 mW
cm . A major advantage of the zinc-air flow battery is its ability to
significantly reduce dendritic growth, as the flowing electrolyte
effectively rinses the anode surface and prevents the deposition of
solid products and dendritic growth.

Recently, our group demonstrated the surface tailoring of
nitrogen-doped carbon-encapsulated CoP (CoP@NC) nanos-
tructures with an ultralow amount (0.56 atomic%) of Ru.'%?
The surface-tailored heterostructure exhibited outstanding tri-
functional electrocatalytic activity toward the ORR, OER, and
HER (Fig. 15). The surface modification significantly shifted the
ORR E;;, (66 mV positive shift) and increased the limiting
current density by 26.8%. A notable decrease in AE (130 mV)
supported the enhanced oxygen electrocatalytic performance
induced by surface tailoring. The Ru particles modulated the
electronic structure and boosted the catalytic activity. Strong

Oxygen Electrocatalysis

4 CoP@NC-Ru||Zn
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synergistic electronic interactions through interfacial polariza-
tion between CoP and Ru nanoparticles promoted ORR and
OER kinetics. The in situ-generated oxygen-containing species
of high-valent Ru and Co served as active sites for the OER,
while CoP, coupled with the encapsulating nitrogen-doped
carbon, enhanced ORR activity. The experimental results
aligned well with DFT calculations, which indicated that the
introduction of Ru led to charge redistribution (Fig. 16) in the
CoP nanostructure, thereby regulating the Gibbs free energy of
the catalyst. Ru tailoring increased the density of states near the
Fermi level, thereby improving electronic conductivity. The
homemade ZAB device delivered a respectable specific capacity
of 780 mA h gz,”" and a high OCV of 1.51 V. The device
retained its initial energy performance with a minimal voltage
efficiency loss of 1.1% after 300 cycles. Interestingly, the
heterostructured catalyst efficiently catalyzed the electrochemi-
cal water-splitting reaction, showing a low cell voltage of 1.47 V
at 10 mA cm > and maintaining a stable current density of
25 mA cm? for 25 hours at 1.60 V.

6. Origin of bifunctional activity

The mechanism of oxygen electrocatalytic reactions involves
multi-electrons and protons. Does TMPs directly participate in the
electrocatalytic ORR and OER process? The literature on transi-
tion metal-based catalysts shows a major role of encapsulating or
supporting heteroatom-doped carbon in promoting the electron
transfer kinetics for the ORR though the contribution of the metal
center cannot be denied. The ORR mechanistic studies with Co,P/
C supported on carbon black after subjecting the catalyst for 100
cycles of the ORR stability test showed the in situ formation of
single-crystal Co;O, with a (111) crystal face at the boundary of the
Co,P particles."> The O/Co ratio at the boundary was >1.33
corresponding to the ratio anticipated for Co;0,. The ratio of P/Co
at the core of Co,P remains 0.5 ascertaining that the inner core of
the catalyst retained its chemical integrity. The ORR activity of
Co,P was attributed to the in situ generated CozO, overlayer. On
the other hand, in our series of studies with heteroatom-doped
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Fig. 15 Schematic illustration of bifunctional electrocatalytic performances of CoP@NC-Ru towards the ORR, OER, and HER. Adapted from ref. 105.
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graphitic carbon encapsulated TMPs, the catalysts retained their
chemical integrity even after extensive ORR durability tests.**** It
is well established by theoretical and experimental studies that
the nature of nitrogen doped into the carbon network plays a
crucial role in promoting the electron transfer kinetics of the
ORR.**71%5 Besides N, S doped into the carbon network was also
reported to contribute to the ORR activity. S modifies the electronic
structure via interfacial interactions, thus, enhancing the catalytic
activity of the C and N atoms, and optimizing the ORR
dynamics.’*” The SCN~ poisoning test with a Cu;P/CoP hetero-
structure showed the involvement of the metal center in the
catalytic reaction.’*® The unprotected or exposed sites of the
heterostructure are poisoned by the SCN™ anions. Consequently,
a significant decrease in the limiting current and a negative shift of
E, ), were observed due to the blocking of the active site by SCN—,
supporting the active participation of the metal center in the
catalytic reaction. The SCN™ addition does not completely deacti-
vate the catalyst, suggesting that the heteroatom-doped carbon
shell does contribute to the ORR activity."*® The metal coordinated
with nitrogen synergistically catalyzes the ORR. Our earlier studies
on the ORR with nitrogen-doped carbon-based materials sup-
ported the electrocatalytic effect of doped nitrogen.'>® Theoretical
simulations predict a positive synergistic interaction between the
N-doped carbon shell and the TMP core tunes the Gibbs free
adsorption energies of the reaction intermediates.

The Pourbaix diagrams of transition metals and P show that
TMPs have limited electrochemical stability in the high positive
potential region. The transition metal and P species are not
thermodynamically stable beyond OER onset potential (>1.23 V)
at all the pHs. The corrosion of metals and the formation of a
passive oxide or oxyhydroxide layer are inevitable. The formation

This journal is © The Royal Society of Chemistry 2025

of such a passive layer prevents the further dissolution of the
metal. On the other hand, the P species transform into soluble
species above the OER potential at all pHs. The leaching of P
species and the in situ partial or complete transformation of
metal species into oxide or oxyhydroxide species is now well
established. The complete reconstruction of TMPs occurs only
when the passivating layer is sufficiently thick. However, the
TMPs undergo complete transformation when the potential is
swept to a high positive side for an extended period of time."*”
These reactions can be kinetically slow depending on the nature
of TMPs, electrolytes, and the extent of potential sweep. The
TMPs serve as a pre-catalyst and the surface reconstruction of
TMPs during positive potential sweep generates the corres-
ponding metal oxide or oxyhydroxy species.”® The in situ gener-
ated oxide or oxyhydroxide species serve as a catalyst for the
OER. The XPS and XRD analyses of the post-OER durability test
sample show a characteristic signature for metal-oxyhydroxide
species and the loss of the XPS signature for P.** The unoxidized
TMPs at the core often considered to afford good conductivity to
the catalyst, enhancing the catalytic activity.

7. Summary and outlook

The operational principle of rechargeable ZABs involves the
ORR and OER during discharge and charge. The bifunctional
oxygen electrocatalytic reactions at the air cathode of ZABs
largely decide the rechargeability of the energy device. A lower
potential gap, AE, indicates that the air cathode is closer in
efficiency to the oxygen electrode, with a smaller AE signifying
excellent bifunctional activity. Achieving a small AE and long-
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term charge-discharge cyclability while minimizing loss of vol-
taic efficiency is challenging. This feature article highlighted the
use of TMPs as advanced bifunctional oxygen electrocatalysts for
the development of rechargeable ZABs. We briefly discussed the
fundamentals of ZABs, synthesis approaches for TMPs, their
bifunctional activity, and ZAB performance. While pristine TMPs
demonstrate limited catalytic efficiency for the ORR, they are
recognized for their OER activity. However, the rationally engi-
neered TMPs have shown promising bifunctional oxygen elec-
trocatalytic performance. Among these, cobalt, nickel, and iron-
based TMPs have been extensively studied.

Engineering TMPs through metal doping, creating anion/
cation vacancies, and forming heterostructures with other
materials (e.g, sulfides, carbides, oxides, metals, and nitrides)
modulates their electronic properties and enhances bifunc-
tional catalytic activity. Encapsulating TMPs with heteroatom-
doped graphitic carbon significantly improves durability and
boosts the ORR activity through a synergistic effect. The charge
transfer interactions between the heteroatoms and TMPs
enhance catalytic performance and reduce AE, making these
catalysts highly suitable for rechargeable ZABs. The carbon
shell prevents loss of the electrochemically active surface area
by suppressing unwanted catalyst aggregation and dissolution.
Surface-tailoring of heteroatom-doped carbon-encapsulated
TMPs with nanoscale metal particles optimizes the adsorption
energy of oxygen intermediates, facilitating favorable adsorp-
tion and desorption.

A benchmarking protocol to evaluate the bifunctional activity
of cathodes and the energy storage performance of ZABs is lacking
in the literature. In evaluating the ORR activity of TMPs, the
number of electrons transferred should be determined using
rotating ring-disk electrode (RRDE) analysis rather than rotating
disk electrode (RDE) analysis, as the number of electrons involved
depends on the potential. Many studies inaccurately report elec-
tron transfer numbers based solely on RDE analysis, which is
inappropriate for quantifying hydrogen peroxide production.
Catalysts that promote the 4-electron reduction of oxygen to water
are ideal for ZABs, as excessive hydrogen peroxide generation can
impair overall performance. Furthermore, it is recommended
(i) evaluating ORR and OER catalytic activity in terms of exchange
current density rather than relying solely on the Tafel slope, as the
latter is often misrepresented; (ii) calculating faradaic efficiency
for the OER, as the oxidation of low-valent metals to high-valent
states can contribute to current at high positive potentials;
(iii) calibrating the RDE system, since the ORR limiting current
density should not exceed the theoretical maximum of
~6 MA cm™? at 1600 rpm, contrary to some reported values
(>6 mA cm?); and (iv) probing the surface structural changes of
TMPs during the ORR and OER using in operando techniques.
The kinetics of the ORR largely determines the discharge capacity
of ZABs. Catalysts with sluggish ORR kinetics are suboptimal for
ZAB applications. The role of heteroatom-doped carbon encapsula-
tion in the OER remains poorly understood, and identifying active
sites is crucial for elucidating the electron transfer mechanism in
the ORR and its structure-property relationship. Therefore, estab-
lishing a comprehensive mechanism that links the structure and
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activity of various TMPs is essential. Advanced in operando
studies could provide valuable mechanistic insights in this
context. The stoichiometric ratio of metal to phosphorus (M/P)
in TMPs significantly impacts their electrocatalytic performance.
However, systematic exploration of the M/P ratio’s effect on
oxygen electrocatalysis is lacking, despite some studies demon-
strating its influence in water splitting. Further investigations
are needed to systematically examine the role of the M/P ratio in
bifunctional oxygen electrocatalysis, enabling a deeper under-
standing of the correlation between the electronic structure and
the catalytic properties.

Engineered TMPs exhibit remarkable catalytic and electron-
transfer capabilities. However, they often fail to maintain
structural integrity during prolonged operational cycles, parti-
cularly at high current densities. Surface oxidation of TMPs is a
prevalent issue, leading to a decline in catalytic performance
and, consequently, the charge storage efficiency over time.
Suitable encapsulation of TMPs with a uniform thin layer of
graphitic carbon can prevent such extensive surface oxidation.
The choice of electrolyte significantly influences the charge
storage performance of ZABs, including parameters such as
energy density and lifespan. Currently, highly alkaline electrolytes
(6 M KOH) are predominantly used in ZABs due to their ability to
enhance catalytic activity. However, these electrolytes are corrosive
to both the anode and cathode, which compromises long-term
stability. In contrast, neutral or near-neutral electrolytes present an
opportunity to mitigate corrosion and undesired side-product
formation on the anode, potentially extending the ZAB lifespan.
Nonetheless, the bifunctional oxygen electrocatalytic activity in
neutral electrolytes is sluggish, highlighting the need for the
development of suitable oxygen electrocatalysts that facilitate effi-
cient electron transfer kinetics for both the ORR and OER. Addi-
tionally, the depth of discharge in rechargeable ZABs, an important
parameter for practical applications, remains largely underexplored
and warrants further investigation.'*®***° Currently, the lab-scale
demonstration of ZABs for practical applications is limited to
powering alkaline water splitting and desalination devices, digital
timers, and charging supercapacitors.””*"%*"'® Further works are
essential to bring ZAB technology for industrial-scale applications.

Although numerous TMPs have been synthesized over the
past decade, standardized protocols for their large-scale synthesis,
crucial for the commercial development of ZAB technology, remain
absent. Existing synthetic methods, such as hydrothermal and solid-
state approaches, face several challenges, including high energy
consumption, low yields, time-intensive processes, and uncon-
trolled growth of the product. Moreover, these methods present
additional challenges, such as the need to remove capping agents in
hydrothermal synthesis and the generation of toxic byproducts
during solid-state synthesis. Consequently, the development of
environmentally friendly, straightforward, and cost-effective meth-
ods for the large-scale synthesis of TMPs is urgently needed. Recent
studies suggest that artificial intelligence (AI) and machine learning
(ML) offer significant potential for the rational design and engineer-
ing of TMPs. These tools can facilitate the screening of catalytic
activity and the evaluation of energy storage performance, thereby
accelerating the commercialization of the ZAB technology.

This journal is © The Royal Society of Chemistry 2025
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