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Zinc—air batteries (ZABs) are regarded as promising next-generation energy storage systems owing to
their high theoretical energy density, earth-abundant zinc resources, and intrinsic safety. However, conventional
planar zinc anodes in alkaline electrolytes suffer from severe ZnO passivation, dendritic growth, and “dead zinc”
formation, which lead to increased polarization, capacity fading, and poor cycling stability. To address these
critical issues, this dissertation systematically investigates the construction of Zn anodes by electrochemical
deposition on three-dimensional (3D) Ni foam and their application in zinc-air batteries. First, the thermodynamic
and kinetic processes of alkaline ZABs are analyzed. The discharge/charge mechanisms involving the “Zn —
Zn(OH)«* — ZnO” dissolution—precipitation pathway of zinc, as well as the intrinsic correlation between local
current density, 3D current collectors, and dendrite formation, are clarified. Based on this understanding, a design
strategy is proposed that employs 3D porous Ni foam to disperse local current density, delay the continuous
densification of ZnO, and suppress non-uniform zinc deposition. Subsequently, a complete experimental
framework is established, including Ni foam pre-treatment, electrochemical deposition, Zn-air cell assembly,
physical characterization, and electrochemical evaluation. Commercial Ni foam (thickness 1.5 mm, 100 PPI) is
pre-treated by acid pickling, multi-step rinsing, ethanol cleaning, and drying. Zinc is then electrodeposited from
0.5 mol-L™! ZnSOs solution at a constant current density of 0.11 A-cm™ for 3, 4, and 5 h to obtain composite
anodes Zn3, Zn4, and Zn5. These anodes are assembled into Zn-air cells Zn3B, Zn4B, and Zn5B, while a cell with
a pure Zn plate anode (StZnB) is used as the reference (6 mol-L~' KOH electrolyte, ambient air as the oxygen
source). Multi-scale characterizations reveal that the electrodeposited Zn forms a continuous coating on the Ni
foam skeleton, mainly in the metallic state with only a thin surface layer of adsorbed oxygen/hydroxyl species.
With increasing deposition time, the average electrode thickness increases from about 0.80 mm (Zn3) to 0.93 mm
(Zn4) and 1.00 mm (Zn5), and the Zn mass fraction reaches up to ~84 wt%. SEM observations show that Zn3
exhibits a loose, flocculent morphology with.incomplete coverage; Zn4 develops uniform, continuous flake-like or
flake—particle composite structures while preserving open pores; Zn5 presents pronounced block-like
agglomeration and partial pore blockage. Electrochemical impedance spectroscopy (EIS) fitting indicates that Zn4
exhibits the lowest solution resistance and charge-transfer resistance, with Rs of about 0.55 Q, suggesting the most
favorable interfacial kinetics. Zn—air cell tests demonstrate that all cells possess initial open-circuit voltages
(OCVs) higher than 1.37 V, among which Zn4B shows the highest OCV of ~1.396 V. Under continuous LED load
for 6 h, Zn4B delivers an average load voltage of approximately 1.17 V and exhibits the most stable voltage and
current output. Although Zn5B provides the highest initial current (~5.7 mA), it suffers from rapid current decay
due to structural degradation and aggravated polarization-caused by over-deposition. By correlating structural
characterizations, EIS results, and cell performance, it is concluded that the Zn4 anode obtained after 4 h
electrodeposition achieves an optimal balance among Zn loading, microstructure, and interfacial kinetics, and the
corresponding Zn4B cell delivers the best overall performance. This work demonstrates that combining 3D Ni
foam current collectors with well-controlled electrochemical deposition is an effective strategy to construct high-
loading and stable Zn anodes and to improve the performance of zinc-air batteries. Future efforts may focus on
broadening electrolyte systems, finely tuning deposition parameters, introducing in situ characterization
techniques, and co-optimizing air electrodes, in order to further enhance the energy density and cycling life of
rechargeable ZABs and promote their practical deployment in clean energy storage.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The continuous development of human society has driven a rapid increase in global energy
demand, while traditional fossil fuels can no longer meet the ever-growing consumption needs. [1 ]
Long-term dependence on fossil fuels not only exacerbates the energy crisis, but also leads to severe
environmental pollution and climate change, placing the global energy system under profound pressure
for transformation. According to data from the International Energy Agency (IEA), global energy-
related CO. emissions reached a new record high in 2024, highlighting the urgency of energy
transition. [2] Meanwhile, renewable energy. sources such as wind, solar, tidal, and biomass are
experiencing unprecedented growth. [3, 4] However, these clean energy sources are inherently
intermittent and fluctuating—electricity is available only when the wind blows or the sun shines, and
unavailable otherwise—which severely constrains their ability to provide stable power. [3, 5, 6]
Therefore, the development of efficient, large-scale, low-cost, and highly reliable electrochemical
energy storage systems (battery energy storage systems, ESSs)- is essential for smoothing the grid
integration of renewable energy, building smart grids, and promoting clean energy utilization in end-

use sectors such as electric vehicles. [7-11]

Among various  electrochemical -energy storage technologies, lithium-ion batteries have
achieved tremendous commercial success over the past three decades. With a highly mature industrial
chain, they are widely used in consumer electronics, electric vehicles, and stationary energy storage. [5,
7-13] Nevertheless, their further development faces several bottlenecks. First, the key raw materials
(such as lithium, cobalt, and nickel) are geographically concentrated, relatively scarce, and subject to
drastic price fluctuations, which raises concerns regarding cost control and supply-chain security.
Second, the energy density of state-of-the-art lithium-ion batteries is approaching its theoretical limit
[14-18], restricting further improvement and making it increasingly difficult to meet the growing
demand for longer driving ranges in electric-vehicles. Finally, safety issues arising from thermal
runaway or internal short circuits, which may trigger fires, remain a serious challenge for lithium-ion
batteries. [14-21]

To address these issues associated with lithium-ion batteries, various alternative battery systems
have been proposed and developed. Among the candidates for next-generation batteries, metal-air
batteries have attracted extensive attention due to their ultrahigh theoretical energy density and
environmental friendliness. In metal-air batteries, oxygen from ambient air is used as the cathode
reactant, which not only reduces the battery weight but also significantly enhances the overall energy
density. This greatly promotes further improvement in battery energy density. Typical metal-air
batteries include lithium—air, sodium-air, potassium-air, zinc—air, magnesium-air, aluminum-air, and
iron—air batteries. [22-28] Among all these metal—air systems, lithium—air batteries possess the highest

theoretical energy density, as illustrated in Fig. 1.1.
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Fig. 1.1 Theoretical energy densities of metal—air batteries [29]

However, lithium=air batteries themselves also face numerous challenges. For example, the
discharge process generates by-products. that readily accumulate on the cathode surface, leading to
electrode blockage and. incomplete discharge. [26] In addition, the charging overpotential is
significantly higher than the discharging overpotential, resulting in low energy efficiency. [30] These
issues severely limit the practical application of lithium-air batteries. Moreover, magnesium-air and
aluminum-air batteries suffer from relatively low reduction potentials and generally severe self-
discharge, while iron-air batteries are difficult to meet high—energy-density storage demands due to

their relatively low energy density (763 Wh kg=!) and open-circuit voltage (1.28 V).

By contrast, zinc—-air batteries (ZABs) have emerged as a research hotspot in recent years owing
to their unique advantages. First, zinc is the fourth most abundant metal element in the Earth’s crust,
with widespread resource distribution and well-established mining and smelting technologies.
Compared with lithium, cobalt, and nickel, zinc is much cheaper and exhibits long-term price stability,
which endows ZABs with a significant cost advantage for large-scale energy storage applications.
Second, ZABs possess a high theoretical energy density of up to 1086 Wh kg™, which is about 3-5
times that of current commercial lithium-ion batteries (250-300 Wh kg™), and a high volumetric
energy density of 6163 Wh L™ [3]. Finally, benefiting from the use of aqueous electrolytes, ZABs offer
pronounced safety advantages, fundamentally eliminating the flammability and explosion risks
associated with solid-state or organic electrolytes. Meanwhile, zinc is non-toxic and environmentally

benign, and the battery components are easy to recycle, in line with the concept of green and



sustainable development. Overall, ZABs, which simultaneously feature high energy density, enhanced

safety, and low cost, are regarded as one of the most promising next-generation energy storage

technologies. In Table 1.1, we compare the performance and other key parameters of zinc—air batteries

with those of other commercial batteries.

Table 1.1 Comparison of performance parameters of zinc—air batteries with other types of commercial

batteries [3, 31-35]

Performance Zinc—air battery | Zinc-air battery Lithium-ion Lead-acid
parameter (theoretical) (typical commercial) | battery (NMC) | battery
Energy density
1086 300 -500 150 - 300 30-50
(Whkg™)
Power density
Moderate 50 -200 250 - 1000 75 - 300
(Wkg™)
Raw material )
Very low low High low
cost
Safety High High Medium/low High
] Medium Poor
Environmental ] ]
o Excellent Excellent (contains heavy | (contains
friendliness
metals) lead)

The development of zinc—air batteries can be regarded as a technological evolution from

primary chemical power sources to-highly efficient rechargeable systems, as illustrated in Fig. 1.2.

1932 Alkaline Zo-  1990s:  Research  2013: Bifunctional  2019:  Graphene _‘Ot‘d'f: Sm_‘f‘e
air battery halted for Li-ion oxygen catalyst coating protection K dzrrafg researe
First practical Industry shifted Achieved ultrahigh Enabled thousands esstg d
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hydrogen evolution
T
2 - -
1836: Zinc anode 1980s: Gas 2010s: Revival of ;Ee i:iolvte in‘?;;:; 2022: Anode host
Voltaic cell diffusion electrode Zn-air research engmce}mﬂ structure design
Early foundation of Boosted energy Liton approached = F . Suppressed dendnite
. L o Improved cycle life .
electrochemistry density significantly limits growth effectively

markedly

Fig. 1.2 Development history of zinc-air batteries [36-41]



As shown in Fig. 1.2, the early concept of zinc—air batteries can be traced back to 1878. In 1932,
the French engineer Georges L. Ferrysh first introduced an alkaline electrolyte in combination with a
sintered carbon air electrode, thereby establishing the basic structural prototype of modern zinc-air
batteries. In the mid-20th century, owing to their high theoretical energy density, excellent safety, and
low cost, primary zinc—air batteries were rapidly commercialized and widely used in applications
requiring long-term stable discharge, such as hearing aids, railway signal power supplies, and
navigation beacons. [30, 42-44] Entering the 1980s, the rapid development of portable electronic
devices and electric vehicles led to a surge in demand for high—energy-density rechargeable batteries,
driving the transition of zinc—air battery research from primary systems toward reversible charge—
discharge systems. However, this transition was long constrained by two major bottlenecks associated
with the air cathode and the zinc anode: the former lacked efficient, durable, and cost-effective
bifunctional catalysts capable of simultaneously promoting the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER), while the latter was prone to dendrite formation, shape change, and

side reactions during cycling, resulting in electrode failure and capacity degradation.

In the 21st century, advances in nanomaterials and structural engineering have injected new
vitality into this field. Nanocarbon materials such as carbon nanotubes and graphene, when used as
supports for single-atom catalysts or transition-metal-based compounds, have significantly improved
the catalytic performance of air cathodes. Meanwhile, the adoption of three-dimensional porous current
collectors (e.g., carbon fibers) has been shown to promote more uniform zinc deposition and effectively

suppress dendrite growth, thereby markedly extending the cycling lifetime. (45-481 At present, research

on rechargeable zinc—air batteries-is rapidly moving toward practical applications in flexible wearable
electronics and large-scale energy storage systems. Their development trajectory clearly reflects a
continuous evolution and technological integration from fundamental chemical systems to engineering-

oriented structural optimization.

A typical rechargeable zinc-air battery usually consists of a porous air cathode, a metal zinc
anode, and an alkaline electrolyte, as shown.in-Fig.-1.3. Its energy conversion process involves two

stages, namely discharge and charge:

Zinc Plate

lojeledas

Electropy

Catalvst layver

Fig. 1.3 Schematic diagram of the structure of a rechargeable zinc—air battery [49]



During discharge, oxygen from ambient air diffuses into the air cathode and undergoes the
oxygen reduction reaction (ORR) on the catalyst surface to generate hydroxide ions (OH"). Meanwhile,
metallic zinc at the anode is oxidized, losing electrons to form zincate ions (Zn(OH)+*"), which are
subsequently converted into zinc oxide (ZnO). Electrons flow from the anode to the cathode through

the external circuit, thereby delivering electrical energy.

During charge, driven by an applied voltage, the reaction proceeds in the reverse direction: the
air cathode undergoes the oxygen evolution reaction (OER), releasing oxygen gas, while Zn?* species
at the zinc anode are reduced and redeposited as metallic zinc, thus achieving energy storage.Despite
their broad application prospects, the large-scale commercialization of zinc—air batteries, especially in

rechargeable systems, is still hindered by three key scientific and technological challenges.

First, the reaction kinetics at the air cathode are intrinsically sluggish. Both the oxygen
reduction reaction (ORR) and the oxygen evolution reaction (OER) involve complex multi-electron
transfer processes with very slow kinetics, which severely limit the energy efficiency and power
density of the battery. At present, commercial systems mainly rely on noble-metal-based catalysts, such
as platinum for ORR and iridium- or ruthenium-based oxides for OER. However, these catalysts are
extremely expensive and resource-limited, making them unsuitable for large-scale applications.
Therefore, the development of efficient, durable, and low-cost bifunctional oxygen catalysts is a crucial

direction for promoting the commercialization of zinc—air batteries.

Second, the reversibility of the zinc anode has not yet been fundamentally resolved. In alkaline
electrolytes, the zinc anode suffers from multiple adverse reactions and structural degradations,
including dendrite growth, shape change, surface passivation, and hydrogen evolution corrosion, as
illustrated in Fig. 1.4. These issues significantly deteriorate the cycling lifetime and Coulombic

efficiency.
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Fig. 1.4 Challenges facing the zinc anode in zinc—air batteries:(a) Dendrite Growth, (b) Surface
Passivation, (c) Hydrogen Evolution, (d) Shape Change [50]

Fig. 1.4 (@) schematically-illustrates the formation of zinc dendrites during zinc deposition
(charging). Owing to the non-uniform distribution of the electric field and the limited number of
nucleation sites, zinc ions tend to nucleate and deposit preferentially at protrusions on the electrode
surface, where the local current density is further intensified, giving rise to a “tip effect.” This positive
feedback process drives the continuous -growth of zinc in dendritic or mossy morphologies. The
resulting dendrites may pierce the separator and cause internal short circuits, or detach from the current
collector to form “dead zinc,” leading to loss of active material and capacity fading. Fig. 1.4 (b) shows
a schematic illustration of surface passivation caused by discharge products on the zinc anode. The
discharge product ZnO has limited solubility in alkaline electrolytes and readily precipitates as a dense
insulating layer once the solution becomes supersaturated. This passivation layer blocks the contact
between the electrolyte and the electrode, increases the reaction resistance, and induces severe
polarization. Consequently, the operating voltage of the battery decreases, the actual discharge capacity
falls far below the theoretical value, and the discharge process is prematurely terminated. Fig. 1.4 (c)
depicts hydrogen evolution corrosion of the zinc anode in alkaline electrolytes. Since the standard
electrode potential of zinc is lower than that of hydrogen evolution, zinc can spontaneously react with
water in alkaline media to generate hydrogen gas. This parasitic reaction consumes active zinc and

lowers the Coulombic efficiency. Meanwhile, the accumulation of hydrogen gas may increase the



10

internal pressure of the cell, posing safety risks such as swelling and even explosion. Fig. 1.4 (d)
presents a schematic of macroscopic shape change of the zinc anode during repeated charge—discharge
cycling. Under the combined influence of non-uniform current density distribution, electric field
effects, and concentration gradients of zincate ions, the dissolution and redeposition of zinc do not
proceed in a spatially reversible manner. Active material migrates and redeposits in new regions,
causing edge thickening, central corrosion, or overall distortion of the electrode. Such shape changes
destroy the structural integrity of the electrode, increase the internal resistance, accelerate capacity
decay, and ultimately impose severe limitations on the cycling life of the battery.The main causes of

efficiency loss in zinc—air batteries associated with the zinc anode are summarized in Table 1.2.

Table 1.2 Main issues of zinc anodes in alkaline electrolytes and their consequences

Issue type Cause Consequences
Non-uniform zinc-ion Short-circuit failure, low

Zinc dendrites deposition and locally excessive | Coulombic efficiency, shortened
current density cycling life

Thermodynamic instability of Self-discharge, capacity fading,
Hydrogen evolution corrosion = | zinc in alkaline electrolytes and | electrolyte dry-out, safety risks

parasitic reaction with water

Macroscopic migration and Decreased utilization of active
Shape change redistribution of zinc during material, electrode deformation,
charge—discharge cycling increased internal resistance

Low solubility of ZnO discharge | Increased electrode polarization,
o\ products and formation of a unreleased capacity, premature

Surface passivation ) ) o )
dense-insulating layer on the termination of discharge

electrode surface

In response to the aforementioned challenges, researchers worldwide are actively exploring
solutions from multiple perspectives, including materials design, structural optimization, and interfacial

regulation.

For the air cathode, current research mainly focuses on the development of non-precious
bifunctional catalysts. Transition-metal-based materials (such as oxides, sulfides, nitrides, and carbon
composites of cobalt, manganese, iron, and nickel) have become research hotspots due to their low
cost, abundant resources, and tunable activity. In particular, anchoring active nanoparticles onto high—
specific-surface-area and porous carbon supports (e.g., graphene and carbon nanotubes) can
significantly increase the exposure of active sites and facilitate electron transport as well as reactant

diffusion (see Fig. 1.5). In recent years, novel systems such as metal-organic framework (MOF)-
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derived carbon materials and single-atom catalysts have also exhibited outstanding catalytic activity

and structural stability, providing new directions for constructing high-performance air cathodes.

nanoparticle/carbon core-shell structures
fiber composites

(© (d)

MOF-derived porous single-atom catalysts
carbon skeletons such as Fe-N-C

Fig. 1.5 Structural schematics of various advanced bifunctional oxygen catalysts: (a)
Nanoparticle/carbon fiber composite, (b) core—shell structure, (¢) MOF-derived porous carbon

framework, (d) ball-and-stick model of a single-atom catalyst (e.g., Fe-N-C) [51, 52]

For the zinc anode, optimization strategies mainly focus on three aspects: electrolyte
modification, interfacial engineering, and structural design. In terms of electrolyte modification, the
introduction of corrosion inhibitors (such as PbO, In(OH)s, CTAB, etc.) can effectively suppress
hydrogen evolution corrosion. Meanwhile, by tailoring the electrolyte system (for example, using ionic
liquids, deep eutectic solvents, or solid-state electrolytes), the zinc deposition behavior and interfacial
stability can be fundamentally improved. From the perspective of interfacial engineering, constructing
artificial protective layers (such as ZnO, CaCOs, or polymer coatings) on the zinc surface can
physically isolate the electrode from the electrolyte and regulate the interfacial electric field
distribution, thereby guiding uniform zinc deposition and enhancing cycling reversibility. With respect
to structural design, the use of three-dimensional (3D) porous current collectors is considered one of
the most effective approaches for anode optimization. Compared with conventional two-dimensional
(2D) metal foils (such as zinc foil or copper foil), 3D porous substrates (e.g., copper foam) possess a
much higher specific surface area, which can significantly reduce the local current density and provide
abundant nucleation sites. As a result, zinc tends to deposit uniformly and densely within the porous
framework, effectively suppressing dendrite growth and electrode deformation. as illustrated in Fig.
1.4.
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Fig. 1.6 Schematic illustration of the influence of two-dimensional planar current collectors and three-

dimensional porous current collectors on zinc deposition behavior [47, 53]

In summary, the development of high-performance, long-life rechargeable zinc—air batteries is
of great significance for realizing the energy transition..Among the various factors, addressing the
irreversibility of the zinc anode is key to improving the cycling stability of the battery. To conclude, the
present study adopts a structural optimization strategy—electrodepositing zinc on three-dimensional
(3D) porous current collectors—to enhance anode performance. Among the different types of 3D
current collectors, nickel foam is considered a highly promising substrate for zinc anodes owing to its
excellent electrical conductivity, high. porosity, good mechanical strength, and well-established
industrial foundation. Meanwhile, electrodeposition, as-a mature surface-engineering technique, offers
the advantages of simple equipment, convenient operation, fast deposition rate, low cost, and easy
scalability. By precisely regulating the electrodeposition parameters (such as current density,
deposition time, electrolyte composition, and types of additives), the morphology, grain structure,
crystallographic orientation, and adhesion strength of the deposited zinc can be effectively controlled.

This work aims to develop a high-performance zinc-air battery anode to enhance the output
stability and cycling life of the battery. Specifically, zinc is electrodeposited on nickel foam substrates,
and the structure—property relationships among electrodeposition parameters, the microstructure of the
zinc deposit layer, and the resulting electrochemical performance are systematically investigated. The
ultimate goal is to obtain an ideal zinc anode that can effectively suppress dendrite formation, reduce
the corrosion rate, and improve cycling stability, thereby comprehensively enhancing the overall
performance of zinc-air batteries. The research mainly consists of two stages: (1) fabricating

electrodeposited zinc anodes on nickel foam and evaluating the performance of the corresponding
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zinc—air batteries; and (2) preparing a series of samples by tuning the electrodeposition parameters,
systematically comparing their structural and electrochemical characteristics, and elucidating the
influence of these parameters on electrode behavior. The results of this study will provide experimental
evidence and theoretical guidance for the optimization of anodes in rechargeable zinc—air batteries, and

offer new design concepts for the development of high-performance energy storage devices.

1.2 Obijective of dissertation

To develop a high-performance anode for zinc—air batteries by electrodepositing zinc onto

nickel foam, thereby enhancing the overall performance of zinc—air batteries.

1.3 Scopus of research

This study is dedicated to developing a nickel-foam-based zinc anode prepared by
electrodeposition for application in zinc-air batteries. The research mainly investigates the effects of
deposition parameters and surface modification on the microstructure and electrochemical performance

of the anode.
The scope of the work includes:

(1) Electrodepositing zinc on nickel foam to obtain a new anode and evaluating the performance

of the corresponding zinc—air batteries.

(2) Preparing zinc anodes with different deposition times in order to elucidate the influence of

deposition time on the performance of zinc-air batteries.

(3) Conducting electrochemical characterization by cyclic voltammetry, galvanostatic charge—

discharge testing, and electrochemical impedance spectroscopy.

All experiments are carried-out under laboratory conditions, using aqueous electrolytes and

small-scale cell configurations.

1.4  Expected benefits

1) To acquire practical knowledge of applying electrodeposition technology for depositing zinc

on nickel foam.
2) To master electrochemical characterization methods for zinc anodes.

3) To master the assembly procedures of zinc—air batteries and the corresponding battery

performance testing methods.



14

15 Location of research

- Mechanical Embedded System Laboratory (MESL), Department of Mechanical Engineering,
Faculty of Engineering and Industrial Technology, Silpakorn University (Sanam Chandra Palace
Campus), Nakhon Pathom 73000, Thailand.

- Advanced Materials Laboratory (AML), School of Mechanical Engineering, Chengdu

University.

1.6 Founding sources

Department of Mechanical Engineering, Faculty of Engineering and Industrial Technology

Silpakorn University.
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CHAPTER 2
RELATED THEORIES

This chapter provides an in-depth discussion of the core theories involved in this study, which
can be divided into two main parts: (1) the basic structure and working mechanism of zinc-air
batteries, with particular emphasis on their thermodynamic and kinetic processes; and (2) the
fundamental principles of electrodeposition, the process kinetics, and the key factors affecting the
quality of the deposited layer. A thorough understanding of these theoretical aspects is a prerequisite
for designing and optimizing high-performance zinc-air batteries based on electrodeposited Zn/Ni

foam composite anodes.

2.1 Overall structure and “ semi — open > operating characteristics of zinc — air batteries

Zinc—air batteries are a typical class of metal-air batteries, in which metallic zinc or zinc alloys
are used as the anode, while oxygen from ambient air serves as the cathodic reactant, enabling the
direct conversion of the chemical energy. of zinc into electrical energy. Compared with conventional
sealed secondary batteries, a distinctive feature of zinc—air batteries lies in the fact that the active
material of the cathode is oxygen from air, and the battery exhibits a “semi-open” configuration. On the
one hand, this design significantly increases the theoretical specific energy (with zinc bearing most of
the mass contribution); on the other hand, it introduces complex multiphase mass transfer and side
reactions that are strongly coupled with the ambient atmosphere (especially CO: concentration and
humidity).

A typical alkaline zinc—air battery consists of a zinc anode, an alkaline electrolyte, a separator,

and an air cathode (gas diffusion electrode), as illustrated in Fig. 2.1.

> Air
() b
; .
e |- Air
= | cathode
Zinc - = (gas
anode T < diffusion
S »n electrode)
@©
=
<

Fig. 2.1 Schematic illustration of a typical zinc—air battery structure [2]



17

The functions of each component can be summarized as follows:

- Zinc anode (usually composed of zinc powder, zinc plates, or zinc alloys): this is the site that
provides oxidizable metallic zinc. In alkaline electrolytes, metallic zinc undergoes a series of complex
processes during discharge, including dissolution, redeposition, and bulk-phase transformation. The
interfacial structure and morphological evolution of the zinc anode directly determine the reversibility,
capacity utilization, and cycling life of the battery.

- Electrolyte (most commonly concentrated alkaline solutions such as KOH or NaOH; in recent
years, neutral or near-neutral buffered electrolytes have also been developed): (1) provides OH™ ions
that participate in both the anode and cathode reactions, thereby enabling ionic conduction; (2)
regulates the dissolution—deposition behavior of zinc through the formation and dissolution of
Zn(OH)+*; and (3) its conductivity, viscosity, and CO- absorption capacity significantly influence

ohmic polarization, mass-transport polarization, and the formation of carbonate by-products.

- Separator/separating layer: the separator physically isolates the zinc anode from the gas
diffusion cathode to prevent direct contact and short circuit, while still allowing OH™ and other ions to
migrate freely. The pore structure, hydrophobic/hydrophilic balance, and chemical stability of the

separator affect electrolyte wetting, the precipitation sites of ZnO, and the risk of dendrite penetration.

- Gas diffusion cathode (air cathode): one-side of the air electrode is exposed to air and
responsible for oxygen intake; the other side is in contact with the electrolyte, where the oxygen
reduction reaction (ORR) and-oxygen-evolution reaction (OER) take place. A typical air cathode
consists of a current collector, a gas diffusion layer (GDL), and a catalyst layer. The catalyst layer
provides interconnected ORR/OER active sites and a conductive network, while the GDL maintains
stable gas—liquid-solid three-phase interfaces and ensures efficient gas transport. Essentially, the
energy conversion during. charge—discharge cycling of zinc—air batteries arises from the coupling
between the reversible oxidation/reduction of zinc at the anode and the ORR/OER electrocatalytic
processes at the air cathode.

2.2  Electrochemical reactions and thermodynamic analysis during discharge

During discharge, the zinc anode acts as the electron donor and is oxidized, while the air
cathode captures oxygen from the environment and drives the oxygen reduction reaction (ORR). These
two electrodes work cooperatively to complete the closed-loop transport of electrons and hydroxide

ions.

Anode (discharge): In an alkaline electrolyte, the zinc anode first reacts with hydroxide ions in
the electrolyte to form soluble tetrahydroxozincate Zn(OH)+>" and release electrons. The fundamental

reaction can be expressed as: [7, 54]

Zn + 40H™ - Zn(OH),*” + 2e (E° = —1.25V vs.SHE) 2-1)
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As discharge proceeds, the concentration of Zn(OH)+* near the electrode/electrolyte interface
gradually increases. Once the local concentration reaches supersaturation, Zn(OH)+*~ decomposes and

precipitates to form sparingly soluble ZnO:

Zn(OH),*” - ZnO + H20 + 20H"- 2-2)

By combining Egs. (2-1) and (2-2), the overall discharge reaction at the anode can be written as:

Zn 4+ 20H™ = ZnO + H,0 + 2e (2-13)
Cathode (discharge, ORR): Oxygen molecules from air diffuse into the gas diffusion electrode

and, under the action of the catalyst, participate in the reduction reaction at the electrode—electrolyte
interface to generate hydroxide ions:

0, + 2H;0 + 4e” - 40H™ (E® = +0.40 Vvs.SHE) 2-4)

Accordingly, the overall cell reaction during discharge can be written as:

27n + 0, — 2Zn0 (E° cell = 1.65V) (2-5)

To provide a more intuitive understanding of the relationship between the anodic and cathodic
half-reactions and the overall reaction, as well-as the associated mass transport pathways, the
electrochemical behavior of the discharge process can be summarized as illustrated in Fig. 2-2.

{1

Electrolyte

(KOH solution)
Zn+40H-  0,+2H,0+4e"
= Zn(OH),- — 40H"

—_—

Fig. 2.2 Schematic illustration of the discharge process in a zinc—air battery [8]
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From Fig. 2.2, it can be seen that during discharge metallic Zn at the zinc electrode reacts with
OH" ions to form soluble Zn(OH)+* while releasing electrons. The electrons flow through the external
circuit toward the air electrode. Meanwhile, the air electrode continuously takes up O- from the gas
phase; at the catalyst layer, oxygen undergoes reduction to generate OH-, which then migrates back to
the zinc electrode through the electrolyte, thus completing the ionic circuit. When the locally generated
Zn(OH)+>" becomes supersaturated near the interface, it further decomposes and precipitates as ZnO,
forming a surface product layer that evolves continuously as discharge proceeds.

Under standard conditions, the standard electrode potentials of the Zn/ZnO and O-/OH™ half-
cells are approximately —1.25 V and +0.40 V (vs. SHE), respectively, corresponding to a theoretical
open-circuit voltage of about 1.65 V. As shown in Fig. 2.3, the thermodynamic energy levels of the

Zn/ZnO and O2/OH™ couples can be visualized more intuitively.

05F 02(qg) 40H-
E° = +0.40V
0.0+
> AE = 1.65V
W —-0.5F (Cell voltage)
_10 -
E®~—125V
Zn (metal) ZnO(s)
_]_5 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Reaction coordinate

Fig. 2.3 Thermodynamic potentials and energy diagram of a zinc—air battery [55]

The change in Gibbs free energy can be expressed as:

AG = —nFE_cell (2-6)

where n is the number of electrons transferred (n = 4), F is the Faraday constant, and E_cell is
the cell electromotive force. According to Eq. (2-6), the zinc—air system theoretically possesses a very
high specific energy (with theoretical values exceeding 1000 Wh-kg™), which is one of its major

advantages over conventional lithium-ion batteries.

Under practical operating conditions, the electrode potentials are also influenced by the
activities of reactants and products, solution pH, O: partial pressure, and other factors, which can be

described by the Nernst equation. Taking the oxygen reduction reaction as an example:
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E_ORR = E_ORR® + (RT/4F)In(a_OH™*/ (a_0; - a_H,0%)) 2-7)

In the presence of excess water, a H.O ~ 1. An increase in pH (i.e., higher OH™ activity) and
elevated O: partial pressure both tend to increase the ORR potential and thus raise the discharge
voltage. This indicates that, by rationally controlling the electrolyte concentration, gas transport, and
electrode structure, the practical operating potential of zinc—air batteries can be optimized to a certain

extent.

2.3 Charging process and limitations in reversibility and Kinetics

For a rechargeable zinc—air battery, when an external power supply applies a reverse voltage,
the aforementioned discharge reactions proceed in the opposite direction, thereby converting electrical
energy back into chemical energy. In this case, the roles of the electrodes are interchanged: the air
electrode serves as the anode (positive electrode) where the oxygen evolution reaction (OER) occurs,
while the zinc electrode acts as the cathode (negative electrode) where zinc is reduced and

electrodeposited.

During charging, the discharge reactions are reversed. The battery extracts electrical energy
from the external power source and converts the discharge products back into the original reactants,
thus achieving energy storage. The air electrode switches from the oxygen reduction reaction (ORR) to
the oxygen evolution reaction (OER), whereas the zinc electrode reduces ZnO formed during discharge
back to metallic zinc, regenerating the active material. The effectiveness of this process directly
determines the rechargeability and cycling life of zinc-air batteries. The fundamental processes are
illustrated in Fig. 2.4.

L,
Il
0,
K =
KOH
electrolyte ===
solution
q
OH~
Air cathode Zn cathode
(OER) (zinc deposition)
-OH™= 0, + 2H,0 + 4e~ ZnO +Hy,0 +2e™ = Zn

Fig. 2.4 Schematic illustration of the charging process of a zinc—air battery [56]
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As shown in Fig. 2.4, during charging, the polarity of the air electrode is reversed and it
becomes the anode where the OER takes place; OH™ ions are oxidized on its surface to produce O: and
H20. The zinc electrode functions as the cathode, where ZnO generated during discharge is reduced
and redeposited as metallic Zn in the alkaline environment, while OH" is regenerated. Electrons flow
through the external circuit from the air electrode to the zinc electrode, whereas OH™ migrates from the
zinc side toward the air electrode. The degree of reversibility of the charge—discharge processes,
together with the kinetic mismatch between the two electrodes, jointly determines the charge—discharge

voltage gap and the overall energy efficiency of the battery.
The main half-reactions can be written as follows:

Anodic reaction (oxygen evolution reaction, OER):

40H” > 05 + 2H,0 + 4e” (2 -8)

Cathodic reaction (zinc reduction and deposition):

7Zn0 + H,0 + 2e~ - Zn + 20H" (2-9)

From the reversibility implied by Egs. (2-3) and (2-4), it can be seen that, in an ideal case, the
charge and discharge processes. should constitute -a pair-of perfectly reversible redox reactions.
However, in practical systems, the electrode kinetics are often sluggish due to the complex multi-
electron transfer steps coupled with bond breaking and formation (particularly in the OER), leading to

significant electrode polarization and a pronounced charge—discharge voltage gap.

Qualitatively, the operating cell voltage can be expressed as:

E_work = E_eq — n_anode — mn_cathode — I-R_ohmic (2-10)

where E eq is the thermodynamic equilibrium voltage, m_anode and n_cathode are the
overpotentials at the anode and cathode, respectively, and I-R_ohmic represents the ohmic drop
associated with the electrolyte, electrodes, and current collectors. To qualitatively understand the
contributions of various polarization sources to the operating voltage, the actual E—j curve at a given
operating point can be decomposed into different loss components, as illustrated in Fig. 2.5.
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Fig. 2.5 Schematic illustration of the operating voltage and various polarization losses in a practical
zinc—air battery [56]

In Fig. 2.5, the theoretical equilibrium voltage E. eq is determined by thermodynamics, whereas
the actual working voltage E_work decreases as the current density increases. The difference between
them can be further decomposed into several components, including the activation polarization at the
anode and cathode, ohmic polarization, and mass-transport polarization in the high-current-density
region. For zinc-air batteries, in addition to the ohmic losses originating from the electrolyte and
current collectors, the sluggish-multi-electron ORR/OER kinetics at the oxygen electrode and the
charge-transfer resistance of the zinc electrode under the coverage of a ZnO passivation layer are the
primary causes of the pronounced charge-discharge voltage gap. Therefore, reducing ORR/OER
polarization and ohmic polarization is crucial for narrowing the charge—discharge voltage gap and
improving the energy efficiency.

2.4 Electrode/electrolyte interface and mass transport processes

The electrochemical behavior of zinc—air batteries is not only governed by thermodynamics, but
more fundamentally constrained by the coupling between interfacial charge transfer and mass transport
in the electrolyte. Taking the zinc anode as an example, a complete electrochemical process generally
involves the following steps: [57-60]

(1) Migration of Zn(OH)+* from the bulk electrolyte to the electrode surface (including
migration, diffusion, and convection);

(2) Desolvation and adsorption of ions at the electrode/electrolyte interface;
(3) Interfacial electron transfer accompanied by the breaking and formation of Zn—O bonds;
(4) Nucleation and growth of metallic zinc grains, or precipitation/dissolution of ZnO;

(5) Interfacial morphological and compositional evolution induced by deposition/dissolution.
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Under high current densities or mass-transport-limited conditions, the ion concentration near the
interface deviates significantly from that in the bulk electrolyte, leading to concentration polarization,
which further amplifies the potential shift and local non-uniformity in nucleation. Under different pH
values and electrode potentials, the thermodynamic stability regions of Zn, Zn**, and ZnO/Zn(OH):
species differ markedly; their relationships can be qualitatively described using a simplified Pourbaix

diagram, as shown in Fig. 2.6. [61]
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Fig. 2.6 Simplified Pourbaix diagram illustrating the stability regions of zinc species in
the Zn-H,O-OH" system [56]

As shown in Fig. 2.6, dissolved Zn?" species-occupy the main stability region at relatively low
pH values and appropriate electrode potentials. Under strongly alkaline conditions, more negative
potentials favor the stability of metallic Zn, whereas relatively more positive potentials promote the
formation of ZnO/Zn(OH): solid phases. The typical operating window of zinc—air batteries using
concentrated alkaline electrolytes lies in the region of pH ~ 13-14 with relatively negative potentials.
In this region, the Zn < ZnO transformation is strongly coupled with the dissolution—deposition
behavior of Zn(OH)+*, which jointly governs the interfacial structural evolution of the zinc anode
during cycling.

For the air electrode, the diffusion and dissolution of O: within the electrode, as well as its
reaction behavior at the solid—liquid—gas three-phase interfaces, are of critical importance. In a porous
gas diffusion electrode (GDE), the gas channels, electrolyte-filled regions, and solid backbone together
form a complex three-phase network. The configuration of the gas diffusion electrode and the

associated mass transport pathways can be simplified as illustrated in Fig. 2.7.
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Fig. 2.7 Schematic illustration of gas—liquid-solid three-phase interfaces and O- transport pathways in

a gas diffusion electrode [62]

As shown in Fig. 2.7, both gas channels that are not wetted by the electrolyte and liquid-filled
pores coexist within the porous carbon framework, while catalyst particles loaded on the solid surface
provide the active sites for ORR/OER. Oxygen first diffuses along the gas channels inside the gas
diffusion layer (GDL), then dissolves into the electrolyte-at the gas-liquid interface, and further
diffuses to the solid-liquid interface to participate in the electrode reactions. The stability and
continuity of the three-phase interfaces directly affect the effective reaction area and mass-transfer
resistance, whereas phenomena such as carbonate deposition, electrode flooding, or dry-out can disrupt

this structure and lead to a sharp.increase in polarization.

In addition, when the alkaline electrolyte is exposed to air, it continuously absorbs CO: to form
COs?, which combines with K* to produce K.COs that gradually deposits in the electrode and
separator. This “carbonate poisoning” process decreases the ionic conductivity of the solution, blocks
pores and three-phase interfaces, and thereby increases both ohmic and mass-transport polarization,
representing a major challenge for the long-term operation of alkaline zinc—air batteries in open

environments.

2.5  Failure mechanisms and structural evolution of the zinc anode during cycling

Although zinc—air batteries theoretically offer high energy density and low material cost, the
zinc anode often undergoes pronounced structural degradation and loss of activity during practical
electrochemical cycling. The main issues include ZnO passivation, non-uniform deposition, dendrite

growth, formation of “dead zinc,” and self-corrosion.
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(1) Formation and densification of the ZnO passivation layer

During discharge, as indicated by (2-1) and (2-2), zinc is first converted into soluble
Zn(OH)+>", which subsequently decomposes and precipitates as ZnO in locally supersaturated regions.
The initially deposited ZnO usually exhibits a loose and porous morphology, imposing only a limited
impact on ion and electron transport. However, as the depth of discharge increases, ZnO continuously
accumulates on the surface and gradually becomes denser, forming a “passivation layer” with certain
mechanical strength and electrical insulating properties. From the perspective of interfacial
morphological evolution, the process from the initial formation to the gradual densification of ZnO on

the zinc surface can be divided into several typical stages, as illustrated in Fig. 2.8.

(a) (b) (c) (d) Dense ZnO
Fresh Zn Porous ZnO Semi-dense  shell encapsu-
ZnO layer lating Zn core

Fig. 2.8 Staged schematic illustration of the formation and densification of the ZnO passivation layer

on the zinc anode during discharge [63]

In Fig. 2.8, the zinc surface is initially (a) relatively smooth, with only a few isolated ZnO
nuclei. As discharge proceeds, a-porous ZnO-network gradually forms (b), which still has a limited
impact on ion and electron transport. With further discharge, the ZnO layer continues to thicken and its
pores are progressively filled (c), eventually evolving-into an almost continuous and dense passivation
layer (d). On the one hand, this dense layer-encapsulates unreacted metallic zinc to form a “core—shell”
structure; on the other hand, owing to its low electronic conductivity and poor ionic permeability, it
significantly increases the interfacial charge-transfer resistance and induces severe polarization.

The formation of this passivation layer has two main consequences: [64, 65]

a) It reduces the effective contact area between zinc and the electrolyte and increases the
interfacial charge-transfer resistance, leading to a pronounced negative shift in potential and aggravated

polarization.

b) It hinders the diffusion of Zn(OH)+*~ and OH", enlarging the ionic concentration gradients
near the interface and further deteriorating the mass-transport conditions.

When the ZnO passivation layer reaches a certain thickness, discharge may terminate
prematurely even though unreacted zinc remains inside the electrode, resulting in low capacity

utilization and insufficient “apparent capacity.”

(2) Local current-density imbalance and uncontrolled deposition morphology
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During charging, the redeposition of metallic zinc also exhibits pronounced non-uniformity.
Owing to the non-uniform distribution of the interfacial electric field, differences in surface roughness,
and the presence of microscopic defects, certain local regions more readily become preferential
nucleation sites. This leads to rapid zinc growth at these locations, forming needle-like or dendritic
structures and even large, dense deposits of “dead Zn”. [10, 66] Such structures not only consume
reversibly active material and reduce the effective anode area, but may also, in extreme cases, pierce

the separator and cause internal short circuits.

This behavior can also be understood quantitatively from the perspective of local current
density. The local current density j local is related to the total current | and the electrochemically
active area A by:

j_local = 1/A 2-11)

where j_local (local current density) is.the local current density, | (current) is the total current,
and A (electrochemically active area) is the effective area participating in the electrochemical reactions
(Newman and Balsara, 2021). When-a planar- current collector is used or the interface is gradually
covered by dense ZnO/dead zinc, the effective area actually involved in the reactions is significantly
reduced. Under a constant total current, this leads to an increase in the local current density per unit
area. A high j_local has two consequences; (1) it causes an excessive negative shift of the interfacial
potential, promoting preferential nucleation of Zn(OH)+*T at local sites and accelerating morphological
instability; (2) it greatly increases- the local ion-consumption. rate, resulting in concentration
polarization and steep ion concentration gradients, which further bias zinc deposition toward a few

regions and thus lead to dendritic tips and blocky “island-like” deposits.
(3) Volume changes and mechanical damage
There is a significant difference in density and molar volume between metallic zinc and
ZnO. During repeated discharge (Zn — Zn0O) and charge (ZnO — Zn) processes, the interior of the
anode undergoes cyclic volume expansion ‘and contraction. This periodic volume change causes
localized mechanical stress concentration and the formation of microcracks, leading to:
a) progressive loosening of the contact between zinc and the current collector, and an
increase in interfacial contact resistance;
b) detachment or pulverization of ZnO, with some particles losing their electronic pathways
and further evolving into “dead zinc”;
¢) gradual loosening and powdering of the overall electrode structure, making it difficult to
maintain a stable three-dimensional conductive network.
(4) Self-corrosion and side reactions

In alkaline electrolytes, zinc undergoes significant self-corrosion, which essentially involves

its reaction with water and the synergistic effects of dissolved oxygen and impurity ions. For example:
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Zn + 2H,0 = Zn(OH), + H, 1 (2-12)

Self-corrosion not only consumes active zinc and generates hydrogen gas, posing safety
hazards, but also disrupts the original electrochemical uniformity of the anode surface, inducing local
current concentration and further aggravating non-uniform deposition and dendrite formation. In
addition, heterogeneous metallic impurities and Fe*/Fe*" ions can act as micro-galvanic corrosion
centers, accelerating the self-discharge rate. The self-corrosion and hydrogen evolution processes of the

zinc anode in alkaline electrolyte are schematically illustrated in Fig. 2.9.

Alkaline electrolyte

H, O
bubbes Zn(OH),/ZnO
@) .
Anodic site: e
Zn — Zn2++2e-

Cathodic site:
2H20+ 2e~— Hy+ 20H-

Zn

Fig. 2.9 Schematic illustration of self-corrosion and hydrogen evolution on the zinc anode in alkaline

electrolyte [10]

As shown in Fig. 2.9, numerous micro-galvanic cells are formed on the zinc surface during self-
corrosion. Some local regions act as anodic sites where zinc dissolves to generate Zn?*, while other
regions serve as cathodic sites where water is reduced and H: bubbles are produced. The resulting
Zn(OH)2/ZnO particles tend to deposit locally, rendering the surface rough and heterogeneous. At the
same time, the periodic attachment and detachment of gas bubbles further disturb the interfacial electric
field and local concentration distribution. These effects not only reduce the effective utilization of
active zinc, but also lay the groundwork for non-uniform nucleation and dendrite growth of zinc during
subsequent charging. Considering the combined influences of passivation, self-corrosion, dendrite
formation, and volume changes, the morphological evolution of the zinc anode over multiple charge—

discharge cycles can be summarized by the typical pathway illustrated in Fig. 2.10.
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Fig. 2.10 Schematic illustration of interfacial structural evolution of the zinc anode during cycling [58]

In summary, the failure of the zinc anode is a complex, coupled process jointly driven by
thermodynamic, kinetic, and mechanical factors. The multiscale structural evolution that the anode
undergoes during repeated charge—discharge cycles constitutes one of the key bottlenecks limiting the

long-term cycling stability of rechargeable zinc—air batteries.

2.6 Mechanistic advantages of 3D Ni foam/electrodeposited zing composite anodes

To address the aforementioned issues of non-uniform deposition and structural degradation,
introducing a three-dimensional (3D) porous conductive framework and constructing a high—specific-
surface-area electrodeposited zinc layer on it is regarded as an effective strategy. Compared with
conventional planar current collectors, Ni foam/Zn ‘composite anodes exhibit several fundamental

advantages, which are mainly reflected-in the following aspects:
(1) Significantly enlarged electrochemically active area and reduced local current density

Three-dimensional Ni foam possesses high porosity and a complex network of
interconnected pores, giving it a real specific surface area far greater than its geometric projected area.
Under the same total current, the effective area A is greatly increased, thereby markedly reducing the

average local current density j_local (Eq. (2-11)), which in turn:
a) mitigates the accumulation of local overpotential and suppresses extremely fast nucleation

and dendrite growth at a few preferential sites;

b) delays the formation of a continuous and dense ZnO layer and the onset of the “coverage—
blocking” process, allowing more internal zinc to participate in the reactions and thus improving

capacity utilization. [47, 53]
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(2) Optimized transport pathways for ions and reactants

The 3D porous structure provides abundant channels for electrolyte penetration and for the
migration of Zn(OH)«*/OH", which helps alleviate concentration polarization inside the electrode.
During charge—discharge cycling, the foam structure can distribute current and ion flux more uniformly
on the micrometer-to-hundred-micrometer scale, thereby reducing deposition segregation caused by
local mass-transport limitations and enabling more homogeneous zinc deposition/dissolution.

(3) Enhanced mechanical support and buffering of volume changes

The Ni foam framework itself has high mechanical strength and good plasticity, serving as a
“skeleton support” during zinc deposition and dissolution. Throughout repeated volume
expansion/contraction, Ni foam can effectively buffer stress concentration, slowing down the cracking,
delamination, and pulverization of the zinc layer and thus stabilizing the anode structure. Meanwhile,
the nickel surface generally shows good wettability and affinity toward zinc, which facilitates the

formation of a tightly adhered zinc layer and reduces the formation of “dead zinc.” [67, 68]
(4) Electric-field homogenization and regulation of nucleation sites

In a 3D conductive network, current is distributed along multiple pathways, making it easier
to homogenize the local electric field. By rationally designing the pore-size distribution, ligament
thickness, and surface microstructure of Ni foam, and by tuning the electrodeposition parameters (such
as current density, deposition time, electrolyte composition, and additives), it is possible to engineer the
nucleation density and. preferential nucleation sites of zinc. This enables the formation of fine and
uniform grains and a continuous; dense yet porous zinc layer. Such a structure is beneficial not only for
uniform Zn — Zn(OH)«*/ZnO. formation during discharge, but also for uniform redeposition of

metallic zinc during charging. [69]

The differences in local current-density distribution between planar current collectors and
3D Ni foam current collectors can be qualitatively compared using the schematic illustration shown in
Fig. 2.11.
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Fig. 2.11 Schematic comparison of local current distribution between planar and three-dimensional

current collectors [62]

In Fig. 2.11 (a), the local current density on the surface of a planar current collector is clearly
concentrated at the edges or minor protrusions, as indicated by the uneven arrow lengths. This implies
that, under a fixed total current, the electrochemically active area actually involved in the reaction is
limited, making it easy to generate regions with very high j_local and excessively negative interfacial
potentials at only a few sites. In contrast, as shown in Fig. 2.11 (b), the three-dimensional Ni foam
current collector, owing to its high specific surface area and interconnected porous network, can greatly
increase the effective area A_eff and uniformly distribute the current pathways, thereby making the
local current density much more homogeneous in space. Such current-homogenization effects are
beneficial for suppressing uncontrolled zinc nucleation-and dendrite growth and for delaying the
continuous densification of the ZnO passivation layer. They constitute an important structural basis for

constructing highly stable zinc anodes.

2.7  Relationship with electrodeposition theory and quantitative description

From the viewpoint of electrochemical reactions, the redeposition of zinc on the anode during
charging is highly analogous to a conventional electrodeposition process and can be quantitatively
described by Faraday’s law. For the Zn**/Zn system, the half-reactions can be written as: [18, 70]

Cathode (deposition):

Zn** + 2e” - Zn(s) (2-13)

Anode (dissolution):
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Zn(s) — Zn** + 2e” 2-14)

Under galvanostatic conditions, the electric charge Q passing through the electrode per unit time
is given by Q = I-t, and its relationship with the amount of deposited zinc can be described by

Faraday’s law:

m = MIt/(nF) (2-15)

where m is the deposited mass, M is the molar mass of zinc, n = 2 is the number of electrons
transferred for the Zn*'/Zn couple, F is the Faraday constant, I is the current, and t is the deposition

time (in seconds or hours). The average film thickness h can then be expressed as:

h'=m/(p-A) (2-16)

where p is the density of zinc and A is the plated area of the substrate. It is thus evident that,
under constant current and fixed geometric conditions, the deposition time t is approximately linearly

correlated with the zinc loading/average thickness. [67]

Based on the above principles, this study adopts a simple and well-controlled two-electrode
electrodeposition configuration; three-dimensional Ni foam is used as the cathode as well as the
supporting substrate, a high-purity metallic zinc sheet is employed as the consumable anode, and an

aqueous ZnSO.-7H20 solution is used as the electrolyte, as illustrated in Fig. 2-12

| ‘
Nickel foam
ZnS0,-7H,O

Before After
electrodeposition electrodepoosition

Fig. 2.12 Schematic illustration of zinc electrodeposition on Ni foam in ZnSOa4-7H-0O electrolyte [34]

As shown in Fig. 2.12, in this relatively mild, compositionally simple, and Zn?*-concentration-

stable ZnSO. system, zinc at the anode continuously dissolves into Zn?**, while Zn*" is
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electrochemically reduced and deposited onto the Ni foam cathode, thereby constructing a continuous
metallic zinc layer on the three-dimensional framework. By precisely adjusting the plating time under
constant current and fixed geometric conditions, the deposition mass and average film thickness of zinc
can be tuned in an approximately linear manner, enabling the preparation of a series of samples ranging
from low to high loading. On this basis, the effects of different zinc loadings on the discharge capacity,

rate performance, and cycling stability of zinc—air batteries can be systematically evaluated [14]

In such a mild ZnSOx electrolyte, controllable electrodeposition of zinc on Ni foam can thus be
achieved, and by varying the deposition time under galvanostatic conditions and fixed geometry, the
deposited amount and average thickness can be effectively regulated, allowing a systematic
investigation of how different zinc loadings influence the electrochemical performance of zinc-air

batteries.

2.8 Literature reviews on zinc-air battery anodes

The overall performance of zinc—air batteries is largely governed by the behavior of the anode,
and thus research focusing on the structural design and failure mechanisms of zinc anodes has become
one of the core topics in this field. According to the existing literature, anode systems can be broadly
classified into several categories: conventional planar anodes represented by zinc foil and pressed zinc
powder; self-supporting zinc structures such as porous zinc and zinc sponge; and composite zinc
anodes that employ three-dimensional current collectors (e.g., Ni foam, Cu foam, porous carbon
frameworks) as substrates.

To address typical issues such as morphological evolution during discharge, ZnO passivation,
dendrite growth, and the accumulation of “dead zinc,” researchers have proposed modification
strategies from multiple perspectives. These include regulating the zinc dissolution/deposition behavior
through alloying (e.g., Zn-Al, Zn-Bi, Zn-In), constructing protective interfaces using polymer or
electrolyte membranes, -inorganic oxides, or carbon-based coatings, introducing organic/inorganic
electrolyte additives to suppress corrosion and side reactions, and employing three-dimensional porous
current collectors to disperse local current density and guide uniform zinc deposition within the
scaffold. Overall, three-dimensionally structured anodes and electrodeposited zinc composite anodes
have gradually become research hotspots for suppressing dendrites, enhancing reversibility, and
extending cycle life.

In the following sections, the material systems, structural characteristics, and application
performance of different types of zinc anodes in zinc—air batteries will be systematically reviewed and
discussed.

Wang et al. [71] addressed a key bottleneck of flexible zinc—air batteries—namely the mismatch
between anode structure and electrolyte form—~by proposing a synergistic design strategy based on a
“3D foam zinc anode + PVA-TEAOH-KOH hydrogel electrolyte.” The authors first used three-

dimensional porous Cu foam as the substrate and deposited zinc by galvanostatic electroplating in an
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electrolyte containing ZnSQOa, Alz(SO4)s, and KAI(SOa), thereby obtaining Zn-coated foam electrodes
with different pore densities (130, 40, and 25 PPI). In this way, they constructed three-dimensional
foam anodes with high specific surface area, high zinc loading, and a continuous conductive backbone.
Subsequently, they prepared a PVA-TEAOH-KOH composite hydrogel electrolyte and optimized the
TEAOH/KOH mass ratio to balance ionic conductivity and water retention: TEAOH improved the
water-holding capability and chemical stability of the hydrogel, while KOH provided high ionic
conductivity. A composition with TEAOH:KOH = 2:1 was finally identified as the optimal
compromise, achieving an ionic conductivity on the order of 10> mS-cm™ together with good
dimensional stability.

In terms of cell configuration, the authors used the Zn-coated foam as the anode and a
Co30s4/carbon cloth electrode as the air cathode, with an in situ cross-linked hydrogel electrolyte
sandwiched between them, thereby constructing a flexible zinc—air battery that can be bent and rolled.
Under ambient conditions, they systematically evaluated its polarization curves, specific capacity,
energy density, and charge—discharge cycling.stability. The results show that the 130 PPI foam anode
delivers the best discharge power density and rate performance; the hydrogel maintains its structural
integrity after repeated bending and prolonged cycling, and the battery can still output stably under
mechanical deformation. These findings indicate that the good matching between the three-dimensional
foam anode and the gel electrolyte not only improves interfacial contact and ionic transport efficiency,
but also significantly enhances device flexibility and environmental-adaptability, providing a valuable
integrated materials—structure design strategy for high-performance flexible zinc—air batteries.

Qu et al. [72] significantly enhanced the cycling stability and lifetime of zinc—air batteries by
employing an air electrode withan inverted configuration. Conventional zinc—air batteries often suffer
from zinc dendrite growth, coverage of the air-electrode catalyst layer by zinc oxide, electrode
flooding, and catalyst loss during charge—discharge cycling, all of which hinder their commercial
viability. In this work, the authors innovatively oriented the Ni foam side of the air electrode toward the
zinc anode. By exploiting the hydrogen. evolution reaction induced at the Zn-Ni contact, they
effectively suppressed zinc dendrite growth and prevented zinc-containing discharge products from
contaminating the oxygen-reduction catalyst layer.

Experimental results show that a primary zinc—air battery using this inverted air electrode can
deliver more than 1000 h of stable discharge at a current density of 0.1 mA c¢cm™, with the discharge
voltage maintained above 1.35 V. Under these conditions, the capacity and specific energy reach 728
mA h g and 874 W h kg™', respectively. In the rechargeable configuration, the same electrode
architecture also exhibits excellent cycling stability: at 10 mA cm™2, the cell operates for over 700 h
without short-circuit, with a Coulombic efficiency close to 100% and a round-trip efficiency exceeding
70%. Furthermore, the study demonstrates the potential of this inverted-air-electrode design in solid-
state zinc—air batteries; by optimizing the interfacial contact between the electrodes and gel electrolyte,

the authors further extend its applicability to flexible electronic devices.



34

Xu et al. [73] proposed an anode-free zinc battery design strategy based on a “zinc-affinitive
three-dimensional nano-copper host (ZA@3D-nanoCu) + zero initial metallic zinc.” In their work,
Cu(OH): nanowires were grown in situ on a copper foil and then subjected to calcination—reduction
and rapid thermal shock treatment to construct a mechanically robust three-dimensional nano-copper
framework. Subsequently, antimony nanoparticles were loaded onto this framework via pulse
electrodeposition, yielding a ZA@3D-nanoCu current collector that combines a three-dimensional
conductive network with uniformly distributed zinc-affinitive sites. Structural and compositional
characterizations (SEM, XRD, XPS) show that Sb nanoparticles are homogeneously dispersed on the
nano-copper skeleton and form alloys with Zn, which helps reduce the nucleation overpotential and
strengthen Zn—substrate adhesion.

Based on COMSOL multiphysics simulations, the authors compared the electric-field
distribution and morphological evolution of zinc deposition on bare Cu foil and on ZA@3D-nanoCu.
On planar Cu, the local current density is highly concentrated and evolves into severe dendritic growth
over time, whereas on ZA@3D-nanoCu. the current distribution remains uniform and zinc deposition
stays dense and smooth, achieving dendrite-free electrodeposition. Electrochemical tests reveal that, at
an areal capacity of 2 mAh-cm 2, ZA@3D-nanoCu|Zn half-cells can cycle stably for more than 1100 h
at 4 mA-cm?, and they still maintain stable operation for 600 h at a higher areal capacity of 5
mAh-ecm2, which is markedly superior to-bare Cu|Zn systems. Furthermore, by pairing ZA@3D-
nanoCu with bromine and MnO: cathodes to construct anode-free full cells, the Zn-Br. battery
achieves 1000 cycles at 10 mAh-cm 2 with nearly 99% capacity retention, and a 200 mAh pouch cell
maintains a Coulombic efficiency above 96%. These results demonstrate the strong application
potential of this zinc-affinitive 3D host in high-energy-density, long-lifetime anode-free zinc batteries.

Deckenbach et al. [53] prepared a ZnO/C composite anode material by pyrolyzing the metal—
organic framework MOF-5, in which-nanosized ZnO particles are uniformly embedded in a carbon
matrix with a hierarchical pore structure. In 4 M KOH- electrolyte, this composite anode exhibits
excellent electrochemical performance: the peak discharge capacity reaches 267 mAh g™' and the
average discharge capacity is 207 mAh g !, corresponding to a zinc utilization of 25.3%, which is much
higher than that of conventional zinc foil and zinc powder anodes. The cell remains stable over 60
cycles without observable zinc dendrite formation, and the overall Coulombic efficiency reaches 83%.
The study indicates that the carbon matrix not only provides electronic conduction pathways and ion-
transport channels, but also effectively suppresses ZnO dissolution and electrode passivation.

In addition, the authors developed an easy-to-assemble zinc—air test cell that enables precise
evaluation of zinc utilization and cycling performance. By means of structural design, the ZnO/C
composite anode realizes highly efficient utilization and reversible transformation of zinc species,
offering a new approach for the development of high-energy-density, long-lifetime rechargeable zinc—
air batteries.

He et al. [74] employed magnetron sputtering to introduce nitrogen doping (NC) onto carbon

cloth, thereby constructing a three-dimensional host material with high zinc affinity to direct uniform
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zinc nucleation and suppress dendrite growth. The study shows that nitrogen doping, especially
pyrrolic nitrogen, can significantly enhance the interaction between the carbon matrix and zinc atoms,
with the binding energy increasing from —0.87 eV to —3.30 eV. This effectively reduces the zinc
nucleation overpotential (to 49.3 mV) and increases the exchange current density (to 0.50 mA cm™2).
Theoretical calculations further confirm that the NC surface can accelerate the desolvation of Zn?*,
lower the ion migration energy barrier, and promote uniform distribution and rapid deposition of zinc
ions.

Electrochemical tests demonstrate that zinc symmetric cells based on NC can cycle stably for
more than 220 cycles with an overpotential of only 11 mV, while Zn|[NC half-cells maintain a
Coulombic efficiency of 98.8% after 500 cycles at 0.2 mA cm ™. The assembled zinc—air full cells also
exhibit excellent cycling stability (>430 cycles) and a high specific capacity of 429 mAh g'. This work
not only elucidates the mechanistic role of surface chemical regulation in zinc deposition kinetics, but
also provides a new strategy for developing high-performance, flexible zinc—air batteries.

Yuan et al. [46] proposed a rather unique dendrite-suppression strategy from the perspective of
interfacial energy anisotropy: by introducing Mg, Ce, and Yb into zinc anodes via alloying, they tuned
both the anisotropy modulus and intensity of the interfacial energy at the Zn electrode, thereby
weakening the driving force for sustained dendrite growth at the level of crystal-growth
thermodynamics. The authors first established a 2D phase-field model, in which the interfacial energy
anisotropy (IEA) parameters were incorporated into the phase-field equation, the Zn?* diffusion
equation, and the potential-evolution equation. They systematically simulated the evolution of dendrite
morphology, potential distribution, and Zn?' concentration gradients during charging, and showed that
dendrite height increases monotonically with charging time, while the concentration and potential
gradients at the dendrite tip constitute the key driving forces governing its growth.

On this basis, the authors prepared a series-of Zn—-Mg, Zn-Ce, and Zn-Yb alloy anodes and
carried out galvanostatic charging-and SEM characterization in 7 mol-L™" KOH + saturated ZnO
electrolyte. The results indicate that the introduction of Ce and Mg increases the anisotropy modulus of
the interfacial energy; when the modulus is raised to 6, the suppression rate of dendrite height can
reach 35%, and the dendrites evolve from a single main trunk into multi-directional branches, leading
to a significant reduction in overall height. In contrast, the introduction of Yb reduces the IEA intensity
and refines the grain size, rendering the anode surface denser and smoother; the dendrite morphology
gradually transforms from a network-like structure into spherical/particulate deposits, again with a
notable decrease in height. The optimal compositions were identified as 98%2Zn-2%Mg and 93.5%Zn—
6.5%YDh.

By tightly integrating phase-field simulations with alloy-experiment studies and establishing a
clear correlation between “interfacial anisotropy” and “dendrite morphology,” this work provides a
quantitative mechanism for dendrite suppression. It offers valuable theoretical guidance and materials-
design strategies for engineering alloyed zinc anodes for zinc-air batteries to achieve dendrite-free,

long-lifetime cycling through trace alloying.
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CHAPTER 3
EXPERIMENTAL SETUP

In the previous chapter, the working mechanism of zinc—air batteries, the theoretical aspects of
the electrodeposition process, and the mechanistic advantages of three-dimensional Ni
foam/electrodeposited zinc composite anodes were systematically discussed. In the present chapter, the
focus shifts to the experimental aspects. Specifically, the materials and reagents used in this study, the
pretreatment procedures for the Ni foam substrates, the setup and operating steps for electrochemically
depositing zinc anodes, the assembly process of zinc—air batteries, as well as the detailed conditions for

physical characterization and electrochemical performance testing are described in detail.
To establish a complete logical chain from “theoretical analysis — sample preparation — cell

assembly — performance testing — result discussion,” this chapter first presents a schematic diagram

of the experimental workflow adopted in this study, and then provides a step-by-step description in the
order of materials selection, substrate treatment, electrodeposition, cell assembly, and testing

procedures. The overall experimental workflow is illustrated in Fig. 3.1.
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Fig. 3.1 Schematic flowchart of the electrodeposition process

As shown in Fig. 3.1, the experimental procedure consists sequentially of Ni foam substrate
pretreatment, electrochemical deposition of the zinc layer, sample drying and weighing, battery
assembly, and physical characterization combined with electrochemical performance testing. The

subsequent sections will elaborate on these key steps in accordance with this workflow.
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To provide an intuitive overview of the main instruments and equipment used in this study, Fig.
3.2 presents photographs of the electrochemical workstation, ultrasonic cleaner, vacuum drying oven,

magnetic stirrer, and digital multimeter/data acquisition system.

Fig. 3.2 Photographs of the main experimental instruments and equipment used in this study. (a)
electrochemical workstation; (b) ultrasonic cleaner; (c) vacuum drying oven; (d) magnetic stirrer; (e)

digital multimeter and data acquisition system

3.1 Materials

All reagents used in this study were of analytical grade (AR) and were used as received without
further purification. Deionized water (resistivity > 18.2 MQ-cm) was prepared in situ by an ultrapure
water system and used freshly to-minimize the risk of secondary contamination. The main materials

and their uses are summarized as follows:
(1) Ni foam substrate
Commercial nickel foam (thickness 1.5 mm, 100 PPI, Kunshan Xingzhenghong Battery
Materials Co., Ltd.) was used as the three-dimensional porous current collector. Since the as-received

Ni foam surface contained a small amount of oxides and oily contaminants, a pretreatment process was

required for their removal.
(2) Metallic zinc counter electrode and reference anode

A high-purity zinc sheet (mass fraction > 99.9%, thickness ~ 2 mm) was used as the counter

electrode during electrodeposition. For the control cells, a pure zinc plate with dimensions of 35 x 60
mm and a thickness of 2 mm was employed as the anode to compare the performance differences

between pure Zn anodes and Zn/Ni foam composite anodes.
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(3) Components of the electrodeposition electrolyte

The electrodeposition electrolyte consisted of an aqueous solution of 0.5 mol L! zinc sulfate
heptahydrate (ZnSO.-7H20, analytical grade, purity > 98.5%) prepared with deionized water. During
preparation, the calculated amount of ZnSO.4-7H20 was first dissolved in approximately 80% of the
final water volume; after complete dissolution, the solution was diluted to the desired volume and then

left to stand at room temperature to remove air bubbles before use.
(4) Components of the zinc-air battery electrolyte

A 6 mol L' KOH aqueous solution was used as the electrolyte for zinc—air batteries. It was
prepared by dissolving KOH pellets (mass fraction 85%, analytical grade) in deionized water. An ice-
water bath was employed during preparation to control the temperature rise of the solution and avoid

local overheating.
(5) Air electrode materials

A high-specific-surface-area carbon plate (10 x 60 mm, purity 99%) was used as the support
for the air electrode, onto which a commercial Pt catalyst (e.g., 20 wt% Pt/C) was loaded. The catalyst
ink was uniformly applied by conventional spraying or doctor-blading methods, and a continuous

catalyst layer was obtained after drying.
(6) Separator material

A glass fiber filter membrane (GF/C, diameter 47 mm) was used as the separator. Before cell
assembly, the separator was soaked in the 6 mol L' KOH electrolyte for at least 30 min to ensure full

wetting.
(7) Cleaning and auxiliary materials

Absolute ethanol (purity 99.8%, analytical grade) was used for degreasing and to accelerate
drying. Hydrochloric acid (HCI, mass fraction 35 wt%) was used for acid pickling and activation of the
Ni foam. Neutral detergent and lint-free wipes were used to remove machining oils. In addition,
customized acrylic plates (60 x 70 x 15 mm), 0.5 mm thick silicone gaskets, stainless-steel bolts and
nuts, electrical insulation gaskets, wires, and clamps were employed to construct the cell housing and

to achieve external electrical connections.

The key materials involved in this study are shown in Fig. 3.3.
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(b)

Fig. 3.3 Photographs of selected key materials used-in this study. (a) Ni foam substrate; (b) pure zinc
plate and zinc counter electrode; (c) carbon plate support for the air electrode; (d) glass fiber separator
and KOH pellets

3.2  Pretreatment of Ni foam substrate

To obtain a clean, active, and reproducible three-dimensional current collector substrate, a
standardized pretreatment-procedure was applied to the commercial Ni foam. The main steps included
cutting, acid pickling. with ultrasonication, multi-step rinsing with deionized water, ultrasonic

degreasing with ethanol, drying, and initial weighing.

3.2.1 Mechanical cutting and initial cleaning
First, the commercial Ni foam was cut into pieces with dimensions of 35 x 60 mm using
stainless-steel scissors or a mini cutting machine. During cutting, mechanical compression was
minimized to avoid severe collapse of the porous structure. The cut samples were then placed in a
beaker containing deionized water and gently shaken to remove visible metallic debris and powders
from the surface, while samples showing obvious deformation or severely clogged pores were

discarded.

3.2.2 Acid activation and multi-step rinsing
Hydrochloric acid (35 wt%) and deionized water were mixed at a volume ratio of 1:2 to
prepare the pickling solution in a beaker. The Ni foam pieces were fully immersed in the acid solution
and subjected to ultrasonication at a frequency of about 40 kHz for 15 min. The acid pickling process
effectively removed the native oxide layer and part of the metallic impurities from the surface, and
slightly etched the Ni foam to increase its surface roughness and activity. The actual state of the Ni

foam in the acid solution during pickling is shown in Fig. 3.4.
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Fig. 3.4 Photograph of Ni foam undergoing ultrasonic acid pickling in an HCl/water mixed solution

After acid pickling, the samples were immediately transferred with tweezers into deionized
water for thorough rinsing. They were then placed successively into three fresh deionized-water baths,
in each of which they were gently agitated or ultrasonically cleaned for 5 min to completely remove
residual acid and dissolved metal ions attached to the Ni foam surface, until the pH of the rinsing
solution approached neutrality.

3.2.3 Ethanol degreasing, drying, and weighing
The water-rinsed samples-were transferred into a beaker containing absolute ethanol and
ultrasonically treated for 15 min to remove residual oils and organic contaminants, while also taking

advantage of the high volatility of ethanol to accelerate subsequent drying.

Thereafter, the pretreated Ni foam samples were placed on filter paper or lint-free wipes to drain
off surface solvent naturally, and then laid flat in an oven and dried at 60 °C for 12 h. After drying, the
samples were taken out, allowed to cool to room temperature (approximately 30 min), and weighed
using a precision balance (accuracy +0.0001 g). The mass of each sample was recorded as mo. During
weighing, direct hand contact with the samples was avoided; plastic tweezers were used to prevent
recontamination.

The individual steps and key parameters involved in the Ni foam pretreatment process are
summarized in the flowchart shown in Fig. 3.5.
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Fig. 3.5 Flowchart of the pretreatment procedure for Ni foam substrates

3.3 Electrodeposition of Zn Anodes

In this study, metallic zinc was deposited onto three-dimensional Ni foam substrates by a
galvanostatic electrodeposition . method. to construct  Zn/Ni foam composite anodes. The
electrodeposition setup consisted of an electrochemical workstation, a beaker containing the

electrolyte, electrode holders, and a magnetic stirrer.

3.3.1 Configuration of the electrodeposition system and electrode connections
Electrodeposition was carried out using a €CS2350 electrochemical workstation in an

aqueous solution of 0.5 mol L' ZnSO4- 7THz0. A two-electrode configuration was employed:

Working electrode (WE): pretreated Ni foam sheet with dimensions of 35 x 60 mm and a

thickness of 1.5 mm.

Counter electrode (CE): high-purity zinc sheet with an area slightly larger than that of the
Ni foam, in order to-avoid premature polarization.

The electrodes were mounted opposite each other in the beaker with an inter-electrode
distance of approximately 20-30. mm. The electrodes were connected to the leads via alligator clips or
custom clamps and then connected to the WE and CE terminals of the electrochemical workstation.
The beaker was placed on a magnetic stirrer, and the electrolyte volume was controlled in the range of
200-300 mL to ensure that the Zn>* concentration remained relatively stable during deposition. The

overall physical layout of the electrodeposition setup is shown in Fig. 3.6.

Fig. 3.6 Photograph of the electrodeposition setup used for preparing Zn/Ni foam

composite anodes.
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Fig. 3.6 Photograph of the experimental setup for electrodepositing Zn/Ni foam composite anodes

The specific arrangement of the electrodes in the electrolyte and their immersion depth are
shown in Fig. 3.7.

Fig. 3.7 Photograph showing the geometric arrangement of the Ni foam working electrode and zinc

counter electrode in the electrolyte

3.3.2 Stirring conditions and mass-transport control
To mitigate interfacial concentration polarization and to promptly remove gas bubbles
generated during the electrochemical process, magnetic stirring was employed during
electrodeposition, with the stirring speed set to 60 rpm. The stir bar was placed at the center of the
bottom of the beaker so that the entire electrode region was exposed to a relatively uniform flow field.
The fluid streamlines and Zn?* mass transport toward the electrode surface during electrodeposition can

be illustrated by a conceptual schematic, as shown in Fig. 3.8.
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Fig. 3.8 Schematic illustration of fluid streamlines and Zn*" mass transport near the Ni foam surface

during electrodeposition [34]

As shown in Fig. 3.8, stirring reduces the thickness of the diffusion layer and promotes the
migration of Zn** toward the surface of the Ni foam skeleton, while also facilitating the detachment of

gas bubbles from the electrode surface and preventing the formation of local “dry” regions.

3.3.3 Galvanostatic deposition program and potential response
Electrodeposition was performed at a constant current density of 0.11 A cm™, calculated
with respect to the geometric projected area of the Ni foam. Before initiating deposition, the working
electrode was left to stand in the electrolyte for approximately 5 min to ensure full wetting of the
interface and the establishment of a stable open-circuit potential. Subsequently, the galvanostatic mode
was started, and the variation of the electrode potential with time during deposition was recorded.

A typical potential-time response curve can be divided into an initial nucleation stage, a

growth stage with slowly varying potential, and a relatively steady deposition stage, as conceptually
illustrated in Fig. 3.9.
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Fig. 3.9 Conceptual schematic of the potential-time curve during galvanostatic electrodeposition
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3.3.4 Deposition time gradients and sample nomenclature

To investigate the influence of deposition time on the thickness, morphology, and battery
performance of the zinc coating, three deposition-time gradients of 3 h, 4 h, and 5 h were set, and the
corresponding samples were denoted as Zn3, Zn4, and Zn5, respectively. For each set of conditions, six
parallel samples were prepared to improve statistical reliability. At the end of deposition, the current
was immediately switched off, and the Ni foam working electrode was removed from the electrolyte,
rinsed thoroughly with deionized water to remove residual electrolyte from the surface, and then
rapidly rinsed with absolute ethanol to displace surface water. Thereafter, the samples were placed in a
vacuum oven and dried at 60 °C for 12 h. After cooling to room temperature, the mass m: of each
sample was measured, and the deposited zinc mass was calculated as Am = m: — mo. The schematic
comparison of the zinc filling degree within the Ni foam skeleton corresponding to the three deposition

times is shown in Fig. 3.10.
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Fig. 3.10 Schematic comparison of zinc filling degrees in the Nifoam skeleton at different deposition
times (Zn3, Zn4, and Zn5)

The corresponding macroscopic appearance of the samples can be illustrated by
photographs, as shown in Fig. 3.11.



45

Fig. 3.11 Photographs comparing the macroscopic appearance of Zn3, Zn4, and Zn5 electrodes

obtained at different electrodeposition times

3.4 Assembly of Zn—air batteries

In this study, Zn/Ni foam composite anodes prepared at three different electrodeposition times
(Zn3, Zn4, and Zn5) were used as the anodes, a high-specific-surface-area carbon plate loaded with a
Pt catalyst served as the air cathode, 6 mol L.-! KOH aqueous solution was used as the electrolyte, and a
glass fiber filter membrane was employed as the separator to assemble zinc-air batteries. For

comparison, a control battery (StZnB) was assembled using.a pure zinc plate as the anode.

3.4.1 Preparation of cell components

Before assembly, the dried Zn3, Zn4, and Zn5 electrodes were taken out from the vacuum
oven and allowed to cool naturally to room temperature. The excess edges of the electrodes were
trimmed or adjusted according to the structure of the cell housing to ensure that the effective reaction
area was essentially the same, while reserving a reliable region for electrical connection.

For the air electrode, a 10 x 60 mm carbon plate was used, on which a Pt/C catalyst ink
was pre-coated and then dried to form a uniform catalytic layer. One side of the air electrode was
directly exposed to the ambient air, while the other side was in contact with the electrolyte.

The glass fiber separator was cut into strips or pieces matching the electrode dimensions
and soaked in 6 mol L™! KOH electrolyte for at least 30 min to expel air from the pores and ensure
complete wetting by the electrolyte.

To provide an intuitive view of the cell components prior to assembly, Fig. 3.12 presents a

flat lay photograph of the key parts used in the zinc—air batteries.
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Fig. 3.12 Photographs of the components of the zinc-air battery before assembly. (a) Zn/Ni foam
anode; (b) glass fiber separator; (c) Pt/C@carbon plate air cathode; (d) silicone gaskets and acrylic
plates; (e) bolts, terminals, and other accessories

3.4.2 Cell housing structure and assembly sequence

The cell housing consisted of three customized acrylic plates (60 x 70 x 15 mm), with a
window opened in the middle plate to accommodate the electrodes and electrolyte. A 0.5 mm thick
silicone gasket was mounted on-the inner side to enhance sealing and prevent electrolyte leakage.
During assembly, the components were placed from the bottom upward in the following order: bottom
plate silicone gasket, anode, separator pre-wetted with electrolyte, electrolyte, air cathode, and top plate
silicone gasket. Stainless-steel bolts were then used to fasten the assembly uniformly around the
periphery, ensuring good contact between each layer without excessively crushing the porous
structures.

The assembly sequence and spatial arrangement of each component can be illustrated in an

exploded-view diagram, as shown in Fig. 3.13.
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Fig. 3.13 Exploded-view schematic of the zinc—air battery housing structure and assembly sequence.

The macroscopic appearance of the assembled cell is shown in Fig. 3.14.

(a) (b)

Fig. 3.14 Photographs of the assembled zinc—air battery: (a) front view; (b) side view (indicating the air

side and electrolyte side).

The assembled batteries were designated as Zn3B, Zn4B, and Zn5B, corresponding to the Zn3,
Zn4, and Zn5 anodes, respectively. Meanwhile, a control battery assembled with a pure zinc plate as

the anode and identical other components was denoted as StZnB. After assembly, all cells were left to
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stand for approximately 10 min to ensure full penetration of the electrolyte into the electrodes and
separator and to allow the interfacial states to reach a relatively stable condition before electrochemical

measurements were carried out.

3.5  Physical Characterization and Electrochemical Measurements

3.5.1 Physical characterization methods
To systematically characterize the phase composition, microstructure, elemental
distribution, and surface chemical states of the electrodeposited zinc layers, four main techniques were
employed in this study: XRD, SEM/EDS, TEM, and XPS.
(1) X-ray diffraction (XRD)

A Rigaku Ultima IV X-ray diffractometer was used to analyze the phases and crystal
structures of the samples. The measurement conditions were as follows: Cu Ka radiation (A = 1.5406
A), tube voltage 40 kV, tube current 40 mA, scanning range 5°-80°, and scanning rate 8°-min"'. For
testing, appropriate portions of the electrode were cut and placed flat on the sample holder, with the
zinc layer facing upward and the surface kept as flat as possible.

(2) Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)

A Thermo Scientific Apreo 2 SEM was used to observe the surface and cross-sectional
morphologies of the zinc coatings, and the attached EDS system was employed to analyze elemental
distributions. The typical operating voltage was about 5 kV, and the beam current was about 50 pA.
Cross-sectional samples were prepared by cold mounting in resin followed by mechanical polishing.

(3) Transmission electron microscopy (TEM)

A Talos F200S - TEM was used to investigate the local nanostructure and crystal
defects. TEM specimens were prepared by gently scraping off part of the electrodeposited zinc layer,
dispersing the fragments in ethanol, and then dropping the suspension onto carbon-coated copper grids,
followed by natural drying.

(4) X-ray photoelectron spectroscopy (XPS)

A Thermo Scientific K-Alpha XPS instrument was used to analyze the surface valence
states of elements. All binding energies were calibrated with respect to the C 1s peak at 284.8 eV. To
minimize surface contamination caused by exposure to air, the exposure time after removal from the
drying oven was kept as short as possible, and mild Ar™ ion sputtering was applied when necessary to

clean the surface. Photographs of the above characterization instruments are shown in Fig. 3.15.
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Fig. 3.15 Photographs of the physical characterization instruments: (a) XRD; (b) SEM/EDS; (c) TEM;
(d) XPS

3.5.2 Electrochemical testing of zinc—-air batteries

The electrochemical ~performance tests  of the zinc-air batteries mainly included
measurements of open-circuit voltage (OCV), load voltage, time-dependent load current, and voltage
decay behavior.

(1) Open-circuit voltage test

After assembly, the cells were left to stand for 10 min. Then, under ambient air and at

room temperature, the open-circuit voltages of the StZnB, Zn3B, Zn4B, and Zn5B zinc—air batteries
were recorded over a period of 6 h without any external load, and the results were compared to evaluate
the influence of different anode structures on the thermodynamic performance of the cells. The circuit
diagram and a photograph of the test setup are shown in Fig. 3.16.

(a) (b)

V Source,V sre

SO

s
@
=
@
a

|

Lost|l e -

Divice Under Data Computer
Test[DUT] logger

Fig. 3.16 Open-circuit voltage test scheme for zinc-air batteries: (a) schematic circuit diagram of the
OCV test; (b) photograph of the OCV test setup
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(2) Load performance test
In the load test, a light-emitting diode (LED) was used as the external load. The anode
and air cathode of the battery were connected to the LED via wires to simulate a constant-resistance
load under practical application conditions. A digital multimeter and data acquisition system were
employed to continuously record the variations of load voltage and load current over 6 h, in order to
analyze the voltage decay rate, current stability, and sustained discharge capability of cells with

different anodes. The circuit diagram and a photograph of the test setup are shown in Fig. 3.17.
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Fig. 3.17 Load performance test scheme for zinc—air batteries: (a) schematic circuit diagram of the load

test; (b) photograph of the load test setup

3.6 Summary

This chapter has systematically introduced the experimental system employed in this study,
including the pretreatment method for three-dimensional Ni foam substrates, the setup and operating
conditions for electrochemically depositing. zinc anodes, the assembly procedure of zinc—air batteries,
and the main techniques for physical characterization and electrochemical testing. In terms of materials
and process parameters, the specifications of Ni foam, the conditions for acid pickling and ultrasonic
cleaning, the composition of the electrodeposition electrolyte, and the galvanostatic deposition protocol
(including stirring conditions and deposition time gradients) were clearly defined, and a consistent
nomenclature was established for the Zn3, Zn4, and Zn5 electrodes, their corresponding batteries
Zn3B, Zn4B, Zn5B, and the control battery StZnB.

With respect to the experimental setup and testing platform, photographs and schematic
diagrams were provided to illustrate the electrodeposition apparatus, the cell housing structure, and the
load-testing circuit, thereby helping to ensure the reproducibility of the experimental procedures and
the comparability of the results. On the basis of the experimental framework constructed in this
chapter, the next chapter will present a systematic analysis and discussion of the structural and
compositional characteristics of the electrodeposited zinc layers, as well as the discharge performance

and cycling stability of the corresponding zinc—air batteries.
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CHAPTER 4
EXPERIMENT RESULTS

4.1  Structural and compositional characterization of electrodeposited Zn/Ni foam anodes

4.1.1 Electrodeposition process and macroscopic morphology
To gain a clearer understanding of the formation process of the electrodeposited Zn/Ni
foam composite anodes and to provide an intuitive background for the subsequent discussion of results,
a schematic illustration of the electrodeposition process was first constructed in this study, as shown in
Fig. 4.1.

> ‘. nd
Pre-treated Initial Zn Growth stage  Fully coated
Ni foam nucleation Zn/Ni foam

Fig. 4.1 Schematic illustration of the synthesis process of zinc electrodeposition on Ni foam

As shown in Fig. 4.1, during galvanostatic electrodeposition, Zn?* ions nucleate and grow on the
surface of the Ni foam skeleton, eventually forming a continuous zinc layer coating the three-
dimensional porous Ni framework. Benefiting from the high specific surface area and open-pore
structure of Ni_foam, the deposition process can proceed relatively uniformly in space, laying the
foundation for constructing zinc anodes with high loading and large electrochemically active surface
area.

To visually demonstrate the macroscopic morphological evolution at different deposition stages,
magnified optical images of samples after 1 h and 4 h of electrodeposition, as well as a SEM overview
of the 4 h sample, are presented in Fig. 4.2.

Fig. 4.2 Macroscopic and surface morphologies of zinc electrodeposited on Ni foam: (a) magnified
image after 1 h of electrodeposition; (b) magnified image after 4 h of electrodeposition
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As shown in Fig. 4.2(a), after 1 h of electrodeposition, bright regions appear only at local tips
and edges of the Ni foam, indicating that zinc preferentially nucleates at sites with higher local electric
fields and protruding regions at this early stage. When the deposition time is extended to 4 h (Fig.
4.2(b)), the overall color of the Ni foam becomes markedly more silvery white, and the surface of the
skeleton appears glossier, suggesting that zinc has been deposited over a large area on the porous
framework. No obvious peeling or large uncovered regions are observed, indicating that the
electrodeposition conditions employed in this work can yield Zn/Ni foam composites with good

interfacial adhesion.
4.1.2 Phase-structure analysis (XRD)

The phase composition of the electrodeposited zinc layers was characterized by X-ray

diffraction (XRD), and the results are shown in Fig. 4.3.

(3
oNi ¢Zn
” *
| | L. .* % Zn5
| T JVJLJ«_J.g_# o
=
&
e = 2 s
g . =2 8 Znd Q
E MJ;Z 15N W S5
S~ | 2
e I= 5B &
7—7 g §5Zn3
A I . * L)
| M :_A K4 °
PDF#87-0713
PDF#04-0850 Lo L
] 1 1 1
10 20 30 40 50 60 70 80
20 (°)

Fig. 4.3 XRD patterns of Zn3, Zn4, and Zn5 electrodes

As shown in Fig. 4.3, distinct diffraction peaks can be observed at around 36.4°, 39.1°, 43.4°,
54.4°,70.2°, and 70.6°, which can be indexed to the (002), (100), (101), (102), (103), and (110) planes
of metallic zinc (PDF#87-0713), respectively. Meanwhile, the diffraction peaks at 44.5°, 51.2°, and
76.3° are consistent with the (111), (200), and (220) planes of Ni (PDF#04-0850), indicating that the
diffraction contribution of the Ni foam substrate is still present in the samples. It is noteworthy that no
obvious characteristic peaks of ZnO are detected within the tested range, suggesting that under the
optimized electrodeposition and post-treatment conditions, the deposited zinc layer predominantly
remains in the metallic state, thereby avoiding the negative impact of excessive oxidation on electrical
conductivity and the reversibility of electrochemical reactions.

The overall XRD peak profiles of Zn3, Zn4, and Zn5 are similar, and the peak positions nearly

coincide, indicating that the crystal structure of the zinc layer remains unchanged with increasing
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deposition time, without any detectable phase transformation on the macroscopic level. The variations
in peak intensity are mainly related to differences in zinc-layer thickness, grain orientation, and the

relative proportions of zinc and nickel.

4.1.3 Elemental distribution and quantitative analysis (EDS)
To further confirm the spatial distribution of zinc on the Ni foam skeleton, EDS elemental

mapping was performed on the representative sample Zn4, and the results are shown in Fig. 4.4.

I5u0|.1mI

Fig. 4.4 EDS elemental mapping of sample Zn4 after 4 h of electrodeposition: (a) EDS composite
elemental- map; (b) EDS map of Zn; (c) EDS map of Ni

As shown in Fig. 4.4(b), Zn is uniformly distributed over the entire field of view and almost
completely covers the Ni foam skeleton. The Ni signal (Fig. 4.4(c)) is mainly concentrated in the inner
regions of the skeleton and becomes slightly weaker in areas where the Zn layer is relatively thick. The
overlapped map (Fig. 4.4(d)) further demonstrates that the Ni framework is coated by a continuous zinc
layer, and the two elements exhibit a typical “core—shell” spatial distribution. This indicates that Zn?*
can be reduced and deposited relatively uniformly on the three-dimensional framework during
electrodeposition, without large exposed Ni regions or severe segregation.

To quantitatively analyze the elemental composition of Zn4, EDS point/area quantification was
carried out on representative regions. The results are summarized in Table 4.1 and are visually

presented as a bar chart in Fig. 4.5.
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Table 4.1 EDS quantitative results of Zn and Ni mass fractions in sample Zn4

Total distribution map of spectrograms

Element Signal type Wit% W1t% Sigma
Ni EDS 15.99 0.12
Zn EDS 84.01 0.12
Total 100.00
100
84.01

Mass fraction / wt%

Element

Fig. 4.5 EDS quantitative mass fractions of Zn and Ni in sample Zn4

The quantitative analysis shows that the mass fraction of Zn in Zn4 is about 84.01 wt%, while
that of Ni is about 15.99 wt%. This indicates that, under the 4 h deposition condition, a large amount of
zinc is successfully loaded onto the Ni-foam skeleton, which is consistent with the design objective of

constructing a “high-loading Zn/three-dimensional current collector composite anode.”

4.1.4 Microstructure and lattice information (TEM)
To further analyze the crystal structure of the electrodeposited zinc layer at the
nanoscale, TEM and high-resolution TEM (HRTEM) characterizations were performed on the Zn4
sample, and the results are shown in Fig. 4.6.



55

SNi@11)
0.2041im

L Zn (002) 55 7
0.250 am?

Fig. 4.6 TEM and HRTEM images of sample Zn4 after 4 h of electrodeposition: (a, b) TEM images of
flake-like zinc structures in Zn4; (¢) HRTEM image of Zn4 and the corresponding lattice spacings

As shown in Fig. 4.6(a) and (b), zinc in Zn4 mainly exists in the form of flakes or flake—particle
aggregates, with characteristic sizes ranging from several hundred nanometers to the micrometer scale.
Such structures are beneficial for providing a relatively large specific surface area and for constructing
a hierarchical conductive network within the pores. In the HRTEM image (Fig. 4.6(c)), the measured
lattice spacings of approximately 0.250 nm and 0.204 nm can be indexed to the (002) plane of Zn and
the (111) plane of Ni, respectively, further confirming that the zinc layer is successfully deposited on

the nickel substrate. These observations are consistent with the XRD and EDS results.

4.1.5 Surface chemical-state analysis (XPS)
The chemical valence states of surface elements were analyzed by XPS, and typical high-

resolution spectra are shown in Fig. 4.7.



56

(a)

1022.2 eV Zn2p (b)

1045.3 eV

1022.5 eV 531.9 eV

Intensity (a.u.)
Intensity (a.u.)

1045.6 eV \ Znd

|

Znd

1022.4 eV
1045.4 eV

T T T T T
1020 1030 1040 1050 528 531 534 537
Binding energy (eV) Binding energy (eV)

Fig. 4.7 High-resolution XPS spectra of samples obtained at different electrodeposition times: (a) Zn

2p spectra; (b) O 1s spectra

As shown in Fig. 4.7(a), the Zn 2p spectra of Zn3, Zn4, and Zn5 all exhibit a pair of
characteristic peaks at approximately 1022.4 eV and 1045.4 eV, corresponding to Zn 2ps/> and Zn
2pi/2, respectively. The binding energies are close to those of metallic zinc (Zn®), and no obvious shift
toward higher binding energy is observed, indicating that zinc predominantly exists in the metallic
state. In the O 1s spectra (Fig. 4.7(b)), all three samples show a characteristic peak at around 531.8 eV,
which can be attributed to adsorbed oxygen or surface hydroxyl species. These are likely related to a
thin surface oxide/hydroxide layer formed during short-term exposure-of-the electrodes to air and
alkaline electrolyte. Combined with the XRD results, where no distinct ZnO diffraction peaks are
detected, it can be inferred that this surface oxidized/hydroxylated layer is relatively thin and has a
limited impact on the overall phase structure, although it may play a certain regulatory role in
interfacial stability and wettability.

4.2  Influence of electrodeposition time on electrochemical properties and zinc—air battery

performance

4.2.1 Evolution of mass and thickness
To systematically investigate the effect of electrodeposition time on zinc loading and the
geometric structure of the electrodes, the mass of all samples was accurately measured before and after
deposition. In addition, cross-sectional observations combined with multi-point measurements were
used to estimate the average thickness of the electrodes. The quantitative results are summarized in
Table 4.2.



Table 4.2 Thickness of samples after electrodeposition
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Zn3 Zn4 Zn5

Measurement position 1 0.82 0.91 0.97
Measurement position 2 0.79 0.95 0.98
Measurement position 3 0.8 0.93 1.05
Average thickness 0.80 0.93 1.00

The results show that, as the electrodeposition time increases from 3 h to 5 h, both the sample

mass and the average thickness exhibit a monotonic increase. The average thicknesses of Zn3, Zn4, and

Zn5 are approximately 0.80 mm, 0.93 mm, and 1.00 mm, respectively. This behavior is consistent with

the linear growth characteristics of electrodeposition under galvanostatic conditions, indicating that,

under the applied current density, electrolyte composition, and stirring conditions, the deposition

process operates within a relatively stable regime governed by mass transport and interfacial reactions.

A moderate increase in thickness is beneficial for enhancing zinc loading; however, an excessively

thick deposited layer may lead to pore blockage and extended diffusion paths, which will reduce the

effective utilization of zinc. These effects will be further reflected-in the subsequent discussion of

electrochemical performance.

4.2.2 Impedance spectroscopy analysis and interfacial Kinetics

Fig. 4.8 shows the Nyquist plots of the electrochemical impedance spectra (EIS) of Zn3,

Zn4, and Zn5 measured in 6 mol L-! KOH solution at room temperature.
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Fig. 4.8 Nyquist plots of Zn3, Zn4, and Zn5 electrodes in 6 mol L' KOH
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According to the features of the EIS spectra, the corrosion/reaction process of the electrodes
in the electrolyte can be simplified into two main stages:

(1) The high-frequency semicircle corresponds to the charge-transfer process of zinc at the
electrode/electrolyte interface, i.e., the electron transfer from metallic Zn to the external circuit during
the Zn — Zn02*" or Zn(OH)+>~ formation process.

(2) The low-frequency tail is related to diffusion processes and corresponds to the diffusion
of ZnO>* or Zn(OH)+* from the electrode surface into the bulk electrolyte.

To further quantify these processes, the solution resistance Rs and charge-transfer resistance
Rct were extracted by fitting the EIS data with an equivalent circuit model. The equivalent circuit used
for fitting is shown in Fig. 4.9.

Equivalent circuit model (Randles type)

—/—

CPE

Fig. 4.9 Equivalent circuit model used for fitting the EIS data

For a more intuitive comparison, the fitted Rs and Rct values for the different samples are
summarized in bar-chart form in Fig. 4.10.
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Fig. 4.10 Comparison of solution resistance Rs and charge-transfer resistance Rct for different samples
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It can be seen that, as the deposition time increases from 3 h to 4 h, Rs decreases, indicating that
an appropriately thick and more continuous zinc layer improves the effective reaction area and
electrical contact quality at the electrode/electrolyte interface. When the deposition time is further
extended to 5 h, Rs shows a slight increase, which may be related to partial pore blockage by the overly
thick zinc layer, the lengthening of transport pathways, and the fact that the locally effective area does
not increase proportionally. Overall, Zn4 exhibits the most favorable electrochemical Kkinetic
characteristics among the three samples.

4.2.3 Open-circuit voltage and load performance

To evaluate the influence of different anode structures on the performance of zinc-air batteries,
four types of cells were assembled: a control cell (StZnB) using a pure zinc plate as the anode, and
three cells (Zn3B, Zn4B, Zn5B) using Zn3, Zn4, and Zn5 as the anodes, respectively. The open-circuit
voltage (OCV) of each cell was recorded over 6 h, and, under an LED load, the load voltage and load
current were also monitored for 6 h. The time-dependent OCV curves of the four cells are shown in
Fig. 4.11.
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Fig. 4.11 Time-dependent open-circuit voltage curves of different zinc-air batteries

As shown in Fig. 4.11, the initial open-circuit voltage of all cells is higher than 1.37 V. Among
them, Zn4B exhibits the highest initial OCV of about 1.396 V, whereas StZnB shows a relatively lower
value. With increasing time, the OCV of Zn3B decreases most significantly, which is related to its
lower zinc loading and insufficient reserve of active material: spontaneous corrosion and side reactions
rapidly intensify polarization, leading to a pronounced decay in open-circuit voltage. In contrast, Zn4B
and Zn5B show relatively slower OCV decay, and Zn4B maintains the highest average OCV over 6 h,
indicating that the anode obtained with a 4 h deposition time is thermodynamically closer to the ideal
state.

After connecting the LED load, the time-dependent load voltage and load current of the
different cells are shown in Fig.s 4.12 and 4.13, respectively.
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Fig. 4.12 Time-dependent load voltage curves of different zinc—air batteries over 6 h
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Fig. 4.13 Time-dependent load current curves of different zinc—air batteries over 6 h

As can be seen from Fig. 4.12, once the load is applied, the initial working voltage of all cells is
lower than their corresponding OCV, which is an inevitable result of increased polarization under
external load. Nevertheless, Zn4B consistently maintains the highest load voltage and exhibits an
average working voltage of about 1.17 V. over 6 h, demonstrating a clear advantage in delivering higher
operating voltage. In comparison, Zn3B suffers from faster voltage decay due to insufficient zinc
loading; Zn5B, although possessing a larger initial zinc reserve, does not show a more stable working
voltage than Zn4B, likely because the excessively thick zinc layer leads to non-uniform deposition and

local dendrite formation, which aggravate polarization and increase internal resistance.

The load current curves (Fig. 4.13) further reveal the current-output characteristics of the
different anodes. Zn5B shows the highest initial current, reaching approximately 5.7 mA, indicating
higher initial electrochemical activity and lower internal resistance. However, its current drops rapidly
within the first hour and then stabilizes at a lower level, suggesting that the interfacial structure
deteriorates quickly during continuous discharge. This deterioration may be associated with locally
over-consumed zinc, dendrite formation, and pore blockage within the thick zinc layer. In contrast,

although Zn4B exhibits a slightly lower initial current than Zn5B, its current decay is significantly
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slower, maintaining a more stable output over 6 h. This indicates that a moderate zinc loading
combined with a uniform deposition morphology is beneficial for achieving a balance between reaction

kinetics and structural stability.

4.3  Correlation between micro-morphology and electrochemical performance

To elucidate, at the microscopic level, the fundamental reasons why different electrodeposition
times affect the performance of zinc—air batteries, the surface morphologies of Zn3, Zn4, and Zn5 were

examined by SEM at multiple magnifications, as shown in Figs. 4.14 - 4.16.
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Fig. 4.14 Surface SEM images of sample Zn3: (a) 1000x; (b) 10,000x; (c) 50,000x
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Fig. 4.15 Surface SEM images of sample Zn4: (a) 1000x; (b) 10,000x%; (c) 50,000x
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Fig. 4.16 Surface SEM images of sample Zn5: (a) 1000x; (b) 10,000x; (c) 50,000x

As shown in Fig. 4.14, the surface structure of Zn3 is overall relatively loose. The low-
magnification image (a) indicates that only part of the electrode surface is covered by zinc, with a large
portion of the Ni foam skeleton still exposed. In the medium and high magnification images (b, c), the
deposited zinc mainly appears in a flocculent or fine particulate form, with poor interparticle contact.
This easily leads to local current concentration and non-uniform electrolyte penetration. Although such
a morphology can provide highly active reaction sites at the -initial stage, the limited amount of
effectively stored zinc and the loose structure tend to cause rapid polarization growth and pronounced
decay in both voltage and current during long-term discharge, which is consistent with the battery
performance observed for Zn3B.

In contrast, the surface morphology of Zn4 shown in Fig. 4.15 is more uniform and compact. In
the low-magnification image (a), the Ni foam skeleton is almost completely covered by a continuous
zinc layer, while a certain open pore volume is still preserved inside the channels. The medium-
magnification image (b) shows that the zinc layer exhibits a flake-like or flake—particle composite
morphology, continuously covering the substrate with good interconnection. In the high-magnification
image (c), relatively regular crystal facets and boundaries can be observed, and the interparticle pores
appear relatively homogeneous. This moderately dense and uniform zinc layer provides, on the one
hand, a sufficient amount of active material and a large electrochemically active surface area, and on
the other hand, a continuous electronic conduction network and unobstructed ion-diffusion pathways
within the 3D framework. As a result, it helps lower the charge-transfer resistance and concentration
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polarization, which is reflected in the higher and more stable working voltage and load current of the
Zn4B cell.

By comparison, the morphology of Zn5 in Fig. 4.16 exhibits a pronounced “over-deposition”
feature. The low-magnification image (a) shows that many pores are partially or even completely filled
by bulky deposits, leading to locally congested structures. The medium-magnification image (b)
reveals larger blocky aggregates with blurred boundaries between individual particles. The high-
magnification image (c) displays a rough surface with numerous protrusions, where locally intensified
electric fields are prone to occur during cycling, thereby promoting preferential dendrite growth and
accelerating interfacial degradation. Although the Zn5 anode has a larger initial zinc inventory (higher
mass and thickness) and demonstrates a higher initial current output in the cell, its performance decays
rapidly under prolonged discharge due to elongated mass-transport paths and localized accumulation of
stress and polarization. This observation is consistent with the EIS and load-test results.

Combining the above characterization and electrochemical results, the influence of
electrodeposition time on zinc—air battery performance can be mechanistically summarized as follows:

(1) Balance between zinc loading and utilization efficiency

As the deposition time increases, both zinc loading and anode thickness increase
monotonically, which is beneficial for enhancing the theoretical capacity and extending discharge time.

However, when the zinc layer becomes excessively-thick and non-uniformly distributed, pore
blockage and the formation of local “dead zinc” regions become-more pronounced, reducing the
fraction of zinc that can be effectively utilized and even-leading to poarer electrochemical stability
during long-term cycling:

(2) Regulation of interfacial kinetics by micro-morphology

The flocculent, loose structure of Zn3 provides a high specific surface area at the early stage,
but the poor electrical contact and insufficient mechanical stability of the deposits facilitate rapid
interfacial degradation.

The flake-like/flake-particle composite morphology of Zn4 achieves a balance between
continuity and openness: it forms-a. robust conductive framework while still providing sufficient
channels for electrolyte penetration and reactant diffusion. This is the optimal morphology in this study
in terms of overall performance.

The blocky, aggregated structure of Zn5 increases local thickness but hinders ion transport
and stress relaxation, making dendrite growth and pore “clogging” more likely.

(3) Synergistic effect of the 3D porous framework and electrodeposition process**

The three-dimensional Ni foam provides multidirectional electronic pathways and a complex
pore network. By optimizing electrodeposition parameters (current density, deposition time, stirring
conditions, etc.), a uniform zinc layer can be constructed on the skeleton surface.

With an appropriate deposition time, the 3D framework can effectively disperse local current
density and mitigate electric-field concentration, thereby suppressing dendrite growth and enhancing

the mechanical adhesion between the zinc layer and the substrate.
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Excessively short or excessively long deposition times disrupt this balance: the former leads to
insufficient loading, whereas the latter causes over-densified structures and local accumulation.

In summary, a comprehensive comparison of Zn3, Zn4, and Zn5 in terms of structure,
composition, electrochemical kinetics, and battery performance clearly indicates that the Zn4 anode
obtained with a 4 h electrodeposition time achieves a relatively optimal match among zinc loading,
micro-morphology, and interfacial kinetics. Consequently, the Zn4B zinc—air battery exhibits a higher
open-circuit voltage, a more stable working voltage, and a more sustained current output. These
findings provide important experimental evidence and mechanistic support for the structural

optimization of zinc anodes based on three-dimensional porous current collectors.
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CHAPTER 5
CONCLUSION

This chapter provides an overall summary of the research presented in Chapters 1-4, highlighting
the main conclusions of this work, analyzing the remaining limitations, and proposing possible
directions for future research. In addition, a schematic diagram of the structure—performance
relationship and a comparative table are presented to help intuitively understand the core findings of

this study.

5.1  Conclusions

This dissertation focuses on the construction of high-performance zinc-air battery anodes via
electrochemical deposition of zinc on three-dimensional (3D) Ni foam substrates. From theoretical

analysis to experimental fabrication and performance evaluation, the main conclusions are as follows.

5.1.1 Advantages of 3D Ni-foam / electrodeposited Zn composite anodes

(1) Mechanistically, Chapter 2 shows that zinc in alkaline electrolytes undergoes a “Zn —
Zn(OH)+>~ — ZnO” dissolution—precipitation process, during which ZnO passivation layers and locally
high current densities are easily formed, triggering dendrite growth and “dead Zn” accumulation. A
three-dimensional current collector can alleviate these issues by increasing the effective surface area
and dispersing the local current density.

(2) In Chapter 3, a standardized pre-treatment and electrodeposition procedure based on
1.5 mm-thick, 100 PPI Ni foam was established. Composite anodes Zn3, Zn4, and Zn5 with different
deposition times were prepared in 0.5 mol-L™" ZnSOx solution under a constant current density of 0.11
A-cm™.

(3) Chapter 4 demonstrates, through XRD, EDS, TEM, and XPS, that under optimized
conditions zinc uniformly covers the Ni skeleton in a metallic state, forming a 3D “Ni core—Zn shell”
composite structure with a Zn mass fraction of about 8085 wt%. This architecture combines a highly
conductive backbone with a large specific surface area, which is beneficial for improving the active

utilization and interfacial stability of the zinc anode.

5.1.2 Influence of electrodeposition time on morphology and interfacial kinetics
(1) As the deposition time increases from 3 h to 5 h, both the Zn loading and the electrode
thickness increase approximately linearly (from about 0.80 to 0.93 and 1.00 mm), indicating an overall
stable deposition process.
(2) Multi-magnification SEM observations show that:
Zn3 exhibits a loose, flocculent Zn layer with incomplete coverage;
Zn4 presents a uniform and continuous flake-like or flake—particle composite Zn layer

while the pores remain open;
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Zn5 shows pronounced block-like agglomeration and partial pore blockage, with a

rough surface and obvious protrusions.
(3) EIS fitting results indicate that the three samples share a similar charge-transfer
process, but Zn4 exhibits the lowest solution resistance Rs and charge-transfer resistance Rct (Rs =~
0.55 Q), and thus the most favorable interfacial kinetics. In contrast, Zn3 suffers from insufficient

coverage and Zn5 from over-deposition and local blockage, leading to higher resistances than Zn4.

5.1.3 Overall optimal performance of the Zn4/Zn4B system
(1) Structurally, the Zn4 anode achieves a balance between “continuous coverage” and
“pore retention”: it provides sufficient Zn loading without causing severe pore clogging. HRTEM
images show clear lattice fringes, indicating good crystalline quality.
(2) From a kinetic perspective, Zn4 exhibits the lowest Rs and Rct, suggesting that its
anode/electrolyte interface is most favorable for electron and ion transport.
(3) In terms of cell performance, among the cells assembled with Zn3, Zn4, Zn5, and a
pure Zn plate as anodes (Zn3B, Zn4B, Zn5B, and StZnB):
all cells show 'initial open-circuit voltages (OCVs) higher than 1.37 V, with Zn4B
exhibiting the highest value (~1.396 V) and the slowest decay within 6 h;
Zn4B delivers the best overall performance, with an average load voltage of about 1.17 V
under an LED load;
Zn5B provides the highest initial current (~5.7 mA) but suffers from the fastest current
decay, while Zn3B shows generally inferior performance due to insufficient Zn loading.
For ease of comparison, the key structural and performance parameters can be summarized in a

comparative table (Table 5.1).
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Table 5.1 Summary of key parameters for different Zn anode samples

Sample StZn Zn3 Zn4 Zn5
Deposition time / h / 3h 4h 5h
Thickness / mm / 0.80 0.93 1.00
Typical morphology / Loose, flocculent Contim;iol; s, flake- agzigrcrll:g;fon
Rs(Q) / 0.65 0.55 0.75
Tet(Q) / 0.1 0.1 0.1
Initial voltage / V 1.372 1.386 1.396 1.392
Average lo\zid voltage / 114 11 117 114
Average load current / 29 276 352 3
mA

Overall conclusion: By integrating a three-dimensional Ni foam current collector with a
controllable electrodeposition process, the microstructure and interfacial properties of zinc anodes can
be significantly optimized. Under the conditions employed in this work, the Zn4 anode obtained with a
4 h electrodeposition time, together with its corresponding Zn4B cell, achieves the best overall balance

among structural integrity, interfacial kinetics, and discharge performance.

5.2  Limitations

This work still has several limitations, mainly including:

(1) The electrolyte system is single; all tests were conducted only in 6 mol-L' KOH, without a
systematic comparison of the behavior and stability in neutral or near-neutral electrolytes.

(2) The optimization space of electrodeposition parameters is limited. The study mainly focuses
on deposition time, while other factors such as current density, additives, electrolyte concentration,
temperature, and current waveform have not yet been systematically explored.

(3) Performance evaluation is primarily based on 6 h discharge tests. Long-term cycling
(multiple charge—discharge cycles) and multi-rate tests are lacking, so the lifetime and power

characteristics under practical rechargeable zinc—air battery conditions cannot yet be fully assessed.
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(4) Most of the characterization is ex situ, without in situ or operando techniques. As a result,
the dynamic processes of dendrite formation, ZnO passivation-layer evolution, and “dead zinc”
accumulation are still not directly evidenced.

(5) The air electrode and overall cell configuration have not been deeply optimized. The use of
Pt/C@carbon plates serves more as a “standardized configuration” and is not sufficient to evaluate the

system-level performance limits under low- or non-precious-metal conditions.

5.3 Outlook

Building on the work presented in this dissertation, future studies can be further extended and
deepened in the following directions:
(1) Broadening the electrolyte systems
Systematically compare the zinc dissolution—deposition behavior, side-reaction characteristics,
and interfacial stability in alkaline, neutral, and near-neutral electrolytes, and explore new electrolyte
systems that combine high safety with high efficiency.
(2) Deepening electrodeposition-process optimization and marphology control
Introduce pulse electrodeposition, periodic reverse deposition, multi-step current programs,
and composite additives to regulate nucleation density, grain size, and crystallographic orientation,
thereby achieving more refined morphological design and more effective dendrite suppression.
(3) Constructing a multiscale in situ characterization framework
Combine in situ XRD, in situ electrochemical microscopy, and X-ray computed tomography
(X-CT) to track in real time the evolution of zinc morphology and phase structure, and correlate these
with electrochemical techniques-such as EIS, CV, and GITT to establish cross-scale mechanistic
models from the nano- to the electrode scale.
(4) Moving from anode optimization to full-cell design
On the basis of the optimized anode, further design-low- or non-precious-metal bifunctional
air electrodes for practical rechargeable zinc—air battery applications, optimize the gas diffusion layer
and water management, and improve the cell packaging structure to enhance overall energy density and
cycle life.
(5) Engineering scale-up and application-oriented evaluation
Carry out module-level testing based on single-cell results to explore the feasibility of
applications in portable power supplies, emergency power systems, and distributed energy storage.
Combine these studies with cost analysis and life-cycle assessment to provide quantitative guidance for

future engineering implementation and industrialization.
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Appendix A: Battery Performance Test Data

All data presented in this appendix are derived from the raw measurement results of the open-
circuit and load tests of the zinc—air batteries. The original data were continuously recorded at 2 s
intervals. For the sake of layout and readability, the tables in this appendix have been uniformly down-
sampled to a time step of 90 s, while preserving the representative variation trends of the four cells—
StZnB, Zn3B, Zn4B, and Zn5B—throughout the tests. Each worksheet corresponds to specific
parameters such as open-circuit voltage, load voltage, and load current. The data are provided solely
for archival reference and comparison with the original measurements.

Table Al Open-circuit voltage test data

Time (s) StZnB Zn3B Zn4B Znb5B
0 1.372 1. 386 1. 396 1. 392
90 1.372 1. 386 1. 396 1.392
180 1.372 1.386 1. 396 1.392
270 1.372 1.386 1. 396 1.392
360 1.372 1..386 1. 396 1. 392
450 1.372 1. 386 1. 396 1. 392
540 1.372 1. 386 1..396 1. 392
630 1.372 1. 386 1..396 1. 392
720 1.372 1.386 1. 396 1. 392
810 1.372 1. 385 1. 396 1.391
900 1.372 1. 385 1..396 1.391
990 1. 372 1.385 1. 396 1.391

1080 1.372 1..385 1. 396 1.391
1170 1.372 1. 385 1. 396 1.391
1260 1.372 1. 385 1. 396 1. 391
1350 1.372 1. 385 1.396 1.39
1440 1.372 1.384 1.395 1.39
1530 1.372 1. 384 1.395 1.39
1620 1.372 1. 384 1.395 1.39
1710 1.372 1. 384 1.395 1. 389
1800 1.371 1. 383 1.395 1. 389
1890 1.371 1. 383 1.395 1. 389
1980 1.371 1.383 1.395 1. 389
2070 1.371 1.383 1.395 1. 388
2160 1.371 1.382 1.395 1. 388
2250 1.371 1.382 1.395 1. 388
2340 1.371 1.382 1.395 1. 387




Time (s) StZnB Zn3B Zn4B Zn5B
2430 1.371 1. 381 1. 395 1. 387
2520 1.371 1. 381 1. 394 1. 387
2610 1.371 1. 381 1. 394 1. 386
2700 1. 371 1. 381 1. 394 1. 386
2790 1. 371 1. 38 1. 394 1. 386
2880 1. 371 1. 38 1. 394 1. 385
2970 1.371 1.38 1. 394 1. 385
3060 1.371 1.379 1. 394 1. 385
3150 1. 37 1.379 1. 394 1. 384
3240 1. 37 1..379 1. 393 1. 384
3330 1.37 1. 378 1. 393 1. 384
3420 1.37 1.378 1. 393 1. 383
3510 1. 37 1. 378 1. 393 1. 383
3600 1.37 1. 377 1.393 1. 382
3690 1.37 1.377 1.393 1. 382
3780 1. 37 1.377 1. 393 1. 382
3870 1. 37 1. 376 1. 393 1. 381
3960 Lo 1. 376 1.392 1. 381
4050 1.37 1.375 1.392 1. 381
4140 1.37 1..375 1.392 1. 38
4230 1. 37 1.375 1.392 1. 38
4320 1. 369 1. 374 1. 392 1. 379
4410 1. 369 1. 374 1.392 1. 379
4500 1. 369 1.374 1. 392 1. 379
4590 1. 369 1. 374 1. 391 1. 378
4680 1. 369 1. 373 1. 391 1. 378
4770 1. 369 1. 373 1. 391 1. 378
4860 1. 369 1. 373 1. 391 1. 377
4950 1. 369 1. 372 1. 391 1. 377
5040 1. 369 1. 372 1. 391 1. 377
5130 1. 369 1.372 1. 391 1. 376
5220 1. 369 1.371 1. 391 1. 376
5310 1. 368 1.371 1.39 1. 376
5400 1. 368 1. 371 1.39 1. 376
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Time (s) StZnB Zn3B Zn4B Zn5B
5490 1. 368 1. 371 1.39 1. 375
5580 1. 368 1. 371 1.39 1. 375
5670 1. 368 1.37 1.39 1. 375
5760 1. 368 1. 37 1. 39 1. 375
5850 1. 368 1. 37 1. 39 1. 374
5940 1. 368 1. 37 1. 389 1. 374
6030 1. 368 1.37 1. 389 1.374
6120 1. 368 1. 369 1. 389 1.374
6210 1. 368 1.369 1. 389 1.374
6300 1. 368 1..369 1. 389 1. 374
6390 1. 368 1. 369 1. 389 1.373
6480 1. 367 1..369 1. 389 1.373
6570 1. 367 1. 369 1. 389 1. 373
6660 1. 367 1. 369 1.389 1. 373
6750 1. 367 1. 369 1.388 1. 373
6840 1. 367 1.369 1. 388 1. 373
6930 1.367 1. 368 1. 388 1. 373
7020 1. 367 1. 368 1. 388 1. 373
7110 1. 367 1..368 1.388 1.373
7200 1.367 1..368 1. 388 1.373
7290 1. 367 1. 368 1. 388 1.373
7380 1. 367 1. 368 1. 388 1.373
7470 1.367 1. 368 1.388 1. 373
7560 1. 367 1..368 1. 388 1.373
7650 1. 367 1. 368 1. 388 1. 373
7740 1. 367 1. 368 1. 388 1. 373
7830 1. 367 1. 368 1. 388 1. 373
7920 1. 367 1. 368 1. 388 1. 373
8010 1. 367 1. 368 1. 387 1. 373
8100 1. 367 1. 368 1. 387 1. 373
8190 1. 367 1. 368 1. 387 1.373
8280 1. 367 1. 368 1. 387 1.373
8370 1. 367 1. 368 1. 387 1.373
8460 1. 367 1. 368 1. 387 1.373
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Time (s) StZnB Zn3B Zn4B Zn5B
8550 1. 367 1. 368 1. 387 1.373
8640 1. 367 1. 368 1. 387 1.372
8730 1. 367 1. 368 1. 387 1.372
8820 1. 367 1. 368 1. 387 1. 372
8910 1. 367 1. 368 1. 387 1. 372
9000 1. 366 1. 368 1. 387 1. 372
9090 1. 366 1. 368 1. 387 1.372
9180 1. 366 1. 368 1. 387 1.372
9270 1. 366 1.368 1. 387 1.372
9360 1. 366 1..368 1. 387 1.372
9450 1. 366 1. 368 1. 387 1.372
9540 1. 366 1..367 1. 387 1.372
9630 1. 366 1. 367 1. 387 1.372
9720 1. 366 1. 367 1.387 1.372
9810 1. 366 1. 367 1. 387 1.372
9900 1. 366 1.367 1. 387 1. 372
9990 1. 366 1. 367 1. 387 1. 372
10080 1. 366 1. 367 1.387 1. 372
10170 1. 366 1.367 1.387 1.372
10260 1. 366 1..367 1. 387 1.371
10350 1. 366 1. 367 1. 387 1.371
10440 1. 366 1. 367 1. 387 1.371
10530 1. 366 1. 367 1.387 1.371
10620 1. 366 1..366 1. 387 1.371
10710 1. 366 1. 366 1. 387 1.371
10800 1. 366 1. 366 1. 387 1.371
10890 1. 366 1. 366 1. 387 1.371
10980 1. 366 1. 366 1. 387 1. 371
11070 1. 366 1. 366 1. 386 1. 371
11160 1. 366 1. 366 1. 386 1. 371
11250 1. 366 1. 366 1. 386 1. 37
11340 1. 366 1. 366 1. 386 1. 37
11430 1. 366 1. 366 1. 386 1.37
11520 1. 366 1. 365 1. 386 1. 37
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Time (s) StZnB Zn3B Zn4B Zn5B
11610 1. 366 1. 365 1. 386 1. 37
11700 1. 366 1. 365 1. 386 1. 37
11790 1. 366 1. 365 1. 386 1. 37
11880 1. 366 1. 365 1. 386 1. 37
11970 1. 366 1. 365 1. 386 1. 37
12060 1. 366 1. 365 1. 386 1. 37
12150 1. 366 1. 365 1. 386 1. 369
12240 1. 366 1. 364 1. 385 1. 369
12330 1. 366 1. 364 1. 385 1. 369
12420 1. 366 1..364 1. 385 1. 369
12510 1. 366 1. 364 1. 385 1. 369
12600 1. 365 1..364 1. 385 1. 369
12690 1. 365 1. 364 1. 385 1. 369
12780 1. 365 1. 364 1.385 1. 369
12870 1. 365 1. 364 1. 385 1. 368
12960 1. 365 1.363 1. 385 1. 368
13050 1..365 1. 363 1. 385 1. 368
13140 1. 365 1. 363 1.384 1. 368
13230 1. 365 1..363 1.384 1. 368
13320 1.365 1..363 1. 384 1. 368
13410 1. 365 1. 363 1.384 1. 368
13500 1. 365 1. 363 1. 384 1. 368
13590 1. 365 1. 362 1.384 1. 368
13680 1. 365 1..362 1. 384 1. 367
13770 1. 365 1. 362 1. 384 1. 367
13860 1. 365 1. 362 1. 384 1. 367
13950 1. 365 1. 362 1. 383 1. 367
14040 1. 365 1. 362 1. 383 1. 367
14130 1. 365 1. 362 1. 383 1. 367
14220 1. 364 1. 361 1. 383 1. 367
14310 1. 364 1. 361 1. 383 1. 367
14400 1. 364 1. 361 1. 383 1. 366
14490 1. 364 1. 361 1. 383 1. 366
14580 1. 364 1. 361 1. 383 1. 366
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Time (s) StZnB Zn3B Zn4B Zn5B
14670 1. 364 1. 361 1. 382 1. 366
14760 1. 364 1. 361 1. 382 1. 366
14850 1. 364 1. 36 1. 382 1. 366
14940 1. 364 1. 36 1. 382 1. 366
15030 1. 364 1. 36 1. 382 1. 366
15120 1. 364 1. 36 1. 382 1. 365
15210 1. 364 1. 36 1. 382 1. 365
15300 1. 364 1. 36 1. 382 1. 365
15390 1. 364 1. 36 1. 381 1. 365
15480 1. 364 1..36 1. 381 1. 365
15570 1. 364 Hy36Y 1. 381 1. 365
15660 1. 364 1..359 1. 381 1. 365
15750 1. 363 1. 359 1. 381 1. 365
15840 1. 363 1. 359 1.381 1. 364
15930 1. 363 1. 359 1.381 1. 364
16020 1. 363 1.359 1. 381 1. 364
16110 1.363 1. 359 1. 38 1. 364
16200 1. 363 1. 358 1.38 1. 364
16290 1. 363 1..358 1.38 1. 364
16380 1.363 1..358 1.38 1. 364
16470 1. 363 1. 358 1. 38 1. 364
16560 1. 363 1. 358 1.38 1. 363
16650 1.363 1. 358 1.38 1. 363
16740 1. 363 1..358 1.38 1. 363
16830 1. 363 1. 358 1.38 1. 363
16920 1. 363 1. 357 1. 379 1. 363
17010 1. 363 1. 357 1. 379 1. 363
17100 1. 363 1. 357 1. 379 1. 363
17190 1. 363 1. 357 1. 379 1. 363
17280 1. 362 1. 357 1. 379 1. 363
17370 1. 362 1. 357 1. 379 1. 363
17460 1. 362 1. 357 1. 379 1. 362
17550 1. 362 1. 357 1. 379 1. 362
17640 1. 362 1. 357 1. 379 1. 362
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17730 1. 362 1. 356 1. 378 1. 362
17820 1. 362 1. 356 1. 378 1. 362
17910 1. 362 1. 356 1. 378 1. 362
18000 1. 362 1. 356 1. 378 1. 362
18090 1. 362 1. 356 1. 378 1. 362
18180 1. 362 1. 356 1. 378 1. 362
18270 1. 362 1. 356 1. 378 1. 362
18360 1. 362 1. 356 1. 378 1. 362
18450 1. 362 1. 356 1. 378 1. 361
18540 1. 362 1..356 1. 378 1. 361
18630 1. 362 1368 1.377 1. 361
18720 1. 362 1..355 1. 377 1. 361
18810 1. 362 1. 355 1. 377 1. 361
18900 1. 362 1. 355 1.377 1. 361
18990 1. 362 1. 355 1.377 1. 361
19080 1. 362 1.355 1. 377 1. 361
19170 1.361 1. 355 1.377 1. 361
19260 1. 361 1. 355 1.377 1. 361
19350 1. 361 1..355 1.377 1. 361
19440 1.361 1..355 1.377 1. 361
19530 1. 361 1.355 1.377 1. 361
19620 1. 361 1. 355 1. 377 1. 361
19710 1.361 1. 355 1.377 1. 361
19800 1. 361 1..355 1. 377 1. 36
19890 1. 361 1. 354 1. 377 1. 36
19980 1. 361 1. 354 1. 376 1. 36
20070 1. 361 1. 354 1. 376 1. 36
20160 1. 361 1. 354 1. 376 1. 36
20250 1. 361 1. 354 1. 376 1. 36
20340 1. 361 1. 354 1. 376 1. 36
20430 1. 361 1. 354 1. 376 1. 36
20520 1. 361 1. 354 1. 376 1. 36
20610 1. 361 1. 354 1. 376 1. 36
20700 1. 361 1. 354 1. 376 1. 36
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20790 1. 361 1. 354 1. 376 1. 36
20880 1. 361 1. 354 1. 376 1. 36
20970 1. 361 1. 354 1. 376 1. 36
21060 1. 361 1. 354 1. 376 1. 36
21150 1. 361 1. 354 1. 376 1. 36
21240 1. 361 1. 354 1. 376 1. 36
21330 1. 361 1. 354 1. 376 1. 36
21420 1. 361 1. 354 1. 376 1. 36
21510 1. 361 1.354 1. 376 1. 36

Table A2 Load voltage test data

Time (s) StZnB Zn3B Zn4B Zn5B
0 1. 191 1. 167 1.213 1. 196
90 1. 191 1. 167 1.213 1. 196
180 1. 191 1. 167 1.213 1. 196
270 1. 191 1.167 1.213 1. 196
360 1..191 1. 167 1. 213 1. 196
450 1. 191 1. 166 1.213 1. 196
540 1. 191 1. 166 1.213 1. 195
630 1.191 1..166 1.213 1. 195
720 1. 19 1. 165 1.212 1. 195
810 1.19 1. 165 1.212 1. 195
900 1.19 1. 165 1.212 1. 194
990 1.19 1.164 1.212 1. 194
1080 1. 19 1. 164 1.212 1. 194
1170 1. 189 1. 163 1.211 1. 193
1260 1. 189 1. 162 1.211 1. 193
1350 1. 189 1. 162 1.211 1. 193
1440 1. 189 1. 161 1.211 1. 192
1530 1. 188 1. 16 1.21 1. 192
1620 1. 188 1. 16 1.21 1. 191
1710 1. 188 1. 159 1.21 1. 191
1800 1. 187 1. 158 1. 209 1. 19
1890 1. 187 1. 157 1. 209 1. 19
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1980 1. 187 1. 156 1. 209 1. 189
2070 1.186 1. 155 1. 208 1.188
2160 1. 186 1. 154 1. 208 1.188
2250 1. 185 1. 153 1. 207 1. 187
2340 1. 185 1. 152 1. 207 1. 186
2430 1.184 1. 151 1. 207 1. 186
2520 1.184 1.15 1. 206 1. 185
2610 1.184 1.149 1. 206 1.184
2700 1. 183 1. 148 1. 205 1.184
2790 1. 183 1.147 1. 205 1. 183
2880 1. 182 1. 146 1. 204 1.182
2970 1. 182 1.-145 1.204 1. 181
3060 1. 181 1.144 1. 203 1. 181
3150 1.18 1. 142 1..203 1.18
3240 1.18 1. 141 1.202 1.179
3330 1.179 1.14 1. 202 1.178
3420 1. 179 1.139 1. 201 1. 177
3510 1.178 1.138 1.2 1. 177
3600 1. 178 1. 136 1.2 1.176
3690 1.177 1l 30 1.199 1.175
3780 1.176 1.134 1. 199 1.174
3870 1. 176 1.133 1. 198 1.173
3960 1. 175 1.132 1.198 1.172
4050 1. 175 1.131 1. 197 1.172
4140 1.174 1.129 1. 196 1.171
4230 1. 173 1.128 1. 196 1.17
4320 1. 173 1. 127 1.195 1. 169
4410 1.172 1.126 1. 195 1. 168
4500 1.171 1.125 1. 194 1. 168
4590 1.171 1.124 1. 193 1. 167
4680 1.17 1.123 1.193 1. 166
4770 1. 169 1.122 1.192 1. 165
4860 1. 169 1.121 1.192 1. 164
4950 1. 168 1.12 1.191 1.164
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5040 1. 167 1.119 1.19 1. 163
5130 1. 167 1.118 1.19 1. 162
5220 1. 166 1. 117 1. 189 1. 162
5310 1. 166 1.116 1. 189 1. 161
5400 1. 165 1. 115 1. 188 1. 16
5490 1. 164 1.114 1. 188 1. 16
5580 1. 164 1. 113 1. 187 1. 159
5670 1. 163 1. 113 1. 186 1. 158
5760 1. 162 1.112 1. 186 1. 158
5850 1.162 1. 111 1. 185 1. 157
5940 1. 161 1.11 1.185 1. 157
6030 1. 161 111 1.184 1. 156
6120 1. 16 1.109 1. 184 1. 156
6210 1. 159 1. 109 1..183 1. 155
6300 1.159 1. 108 1.183 1. 155
6390 1.158 1.108 1. 182 1. 154
6480 1. 158 1.107 1. 182 1. 154
6570 1.157 1.107 1.181 1. 153
6660 1. 157 1.107 1.181 1. 153
6750 1. 156 1.107 1.181 1. 153
6840 1..155 1. 106 1. 18 1. 153
6930 1. 155 1. 106 1.18 1. 152
7020 1. 154 1. 106 1.179 1. 152
7110 1. 154 1.106 1. 179 1. 152
7200 1. 153 1. 106 1.179 1. 152
7290 1. 153 1. 106 1.178 1. 152
7380 1. 153 1. 106 1.178 1. 151
7470 1. 152 1. 106 1. 178 1. 151
7560 1. 152 1. 106 1. 177 1. 151
7650 1. 151 1. 106 1. 177 1. 151
7740 1. 151 1. 106 1. 177 1. 151
7830 1. 151 1. 106 1. 177 1. 151
7920 1.15 1. 106 1.176 1. 151
8010 1. 15 1. 106 1.176 1. 151
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8100 1. 149 1. 105 1.176 1. 151
8190 1. 149 1. 105 1.176 1. 151
8280 1. 149 1. 105 1.176 1. 151
8370 1. 149 1. 105 1. 175 1. 151
8460 1.148 1. 105 1. 175 1. 151
8550 1.148 1. 105 1. 175 1. 151
8640 1. 148 1. 105 1. 175 1. 15
8730 1. 148 1. 105 1. 175 1. 15
8820 1. 147 1. 104 1. 175 1. 15
8910 1. 147 1.104 1. 175 1. 15
9000 1. 147 1.104 1. 175 1. 15
9090 1. 147 1.-104 1. 175 1. 15
9180 1. 147 1. 104 1. 175 1. 149
9270 1. 147 1. 103 1.175 1. 149
9360 1. 147 1. 103 1.175 1. 149
9450 1. 147 1. 103 1. 175 1. 149
9540 1. 147 1.103 1. 175 1. 148
9630 1.147 1.103 1.175 1. 148
9720 1. 146 1.102 1.175 1. 148
9810 1. 146 1.102 1. 175 1. 148
9900 1. 146 1.102 1. 175 1. 147
9990 1. 146 1.101 1. 174 1. 147
10080 1. 146 1.101 1.174 1. 147
10170 1. 146 1.101 1.174 1. 146
10260 1. 146 1.101 1.174 1. 146
10350 1. 146 1.1 1.174 1. 145
10440 1. 146 1.1 1.174 1. 145
10530 1. 146 1.1 1.174 1. 145
10620 1. 146 1. 099 1. 173 1. 144
10710 1. 146 1. 099 1. 173 1. 144
10800 1. 146 1. 099 1.173 1. 143
10890 1. 145 1. 098 1.173 1. 143
10980 1. 145 1. 098 1.173 1. 143
11070 1. 145 1. 098 1.173 1. 142
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11160 1. 145 1. 097 1.172 1. 142
11250 1. 145 1. 097 1.172 1. 141
11340 1. 144 1. 096 1.172 1. 141
11430 1. 144 1. 096 1.172 1. 14
11520 1. 144 1. 096 1.171 1. 14
11610 1. 144 1. 095 1.171 1.139
11700 1. 144 1.095 1.171 1.139
11790 1. 143 1. 094 1.171 1.138
11880 1. 143 1. 094 1. 17 1. 138
11970 1. 143 1.094 1. 17 1. 137
12060 1. 142 1.093 1. 17 1.136
12150 1. 142 1.-093 1. 169 1.136
12240 1. 142 1..092 1. 169 1. 135
12330 1.141 1. 092 1..169 1. 135
12420 1. 141 1,091 1.168 1.134
12510 1.141 1.091 1. 168 1.134
12600 1.14 1.091 1. 168 1. 133
12690 1.14 1.09 1.168 1.132
12780 1.14 1.09 1. 167 1.132
12870 1.139 1.089 1. 167 1.131
12960 1..139 1. 089 1. 166 1.131
13050 1. 138 1. 088 1. 166 1.13
13140 1. 138 1. 088 1.166 1.129
13230 1.138 1.087 1.165 1.129
13320 1. 137 1. 087 1. 165 1.128
13410 1. 137 1. 086 1. 165 1. 127
13500 1.136 1. 086 1. 164 1. 127
13590 1.136 1. 085 1. 164 1. 126
13680 1.135 1. 085 1. 163 1. 126
13770 1.135 1. 084 1. 163 1.125
13860 1.134 1. 084 1.163 1.124
13950 1.134 1. 083 1.162 1.124
14040 1.133 1. 083 1.162 1.123
14130 1.133 1. 082 1.161 1.122
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14220 1.133 1. 082 1. 161 1. 122
14310 1.132 1. 081 1.161 1.121
14400 1.132 1. 081 1.16 1.12
14490 1. 131 1.08 1.16 1.12
14580 1. 131 1.08 1. 159 1. 119
14670 1.13 1.08 1. 159 1.118
14760 1. 129 1.079 1. 159 1.118
14850 1. 129 1.079 1. 158 1. 117
14940 1. 128 1.078 1. 158 1. 116
15030 1. 128 1.078 1. 157 1.116
15120 1. 127 1.077 1. 157 1. 115
15210 1. 127 1..077 1. 156 1.114
15300 1. 126 1.076 1. 156 1.114
15390 1.126 1.076 1..156 1. 113
15480 1.125 1..075 1.155 1. 112
15570 1.125 1.075 1. 155 1. 112
15660 1. 124 1. 074 1. 154 1. 111
15750 1.124 1.074 1.154 1.11
15840 1. 123 1.073 1. 153 1. 11
15930 1.123 1..073 1. 153 1. 109
16020 1. 122 1. 072 1. 153 1. 109
16110 1.122 1. 072 1. 152 1. 108
16200 1. 121 1. 071 1.152 1. 107
16290 1.121 1.071 1.151 1. 107
16380 1.12 1.071 1. 151 1. 106
16470 1.12 1.07 1. 151 1. 105
16560 1. 119 1.07 1.15 1. 105
16650 1.118 1. 069 1.15 1. 104
16740 1.118 1. 069 1. 149 1. 104
16830 1. 117 1. 068 1. 149 1. 103
16920 1. 117 1. 068 1. 149 1.103
17010 1.116 1. 068 1. 148 1.102
17100 1.116 1. 067 1. 148 1.101
17190 1. 115 1. 067 1. 147 1.101

86



Time (s) StZnB Zn3B Zn4B Znb5B
17280 1. 115 1. 066 1. 147 1.1
17370 1. 115 1. 066 1. 147 1.1
17460 1.114 1. 066 1. 146 1.099
17550 1.114 1. 065 1. 146 1.099
17640 1. 113 1. 065 1. 146 1.098
17730 1. 113 1. 064 1. 145 1.098
17820 1. 112 1. 064 1. 145 1. 097
17910 1. 112 1. 064 1. 144 1. 097
18000 1. 111 1. 063 1. 144 1. 096
18090 1. 111 1.063 1. 144 1. 096
18180 1. 11 1.063 1. 144 1.095
18270 1.11 1..062 1. 143 1.095
18360 1.11 1..062 1. 143 1. 094
18450 1. 109 1. 062 1..143 1. 094
18540 1.109 1. 061 1.142 1.093
18630 1.109 1.061 1. 142 1. 093
18720 1. 108 1.061 1. 142 1. 093
18810 1.108 1. 06 1.141 1.092
18900 1. 107 1. 06 1. 141 1.092
18990 1.107 1.06 1. 141 1.091
19080 1..107 1.06 1. 141 1.091
19170 1. 106 1. 059 1.14 1. 091
19260 1. 106 1. 059 1. 14 1. 09
19350 1. 106 1..059 1.14 1. 09
19440 1. 106 1. 059 1. 14 1.09
19530 1. 105 1. 059 1. 139 1. 089
19620 1. 105 1. 058 1. 139 1. 089
19710 1. 105 1. 058 1. 139 1. 089
19800 1. 104 1. 058 1. 139 1. 089
19890 1. 104 1. 058 1. 139 1. 088
19980 1. 104 1. 058 1.139 1. 088
20070 1. 104 1. 057 1.138 1. 088
20160 1. 104 1. 057 1.138 1. 088
20250 1. 103 1. 057 1. 138 1. 087
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20340 1. 103 1. 057 1. 138 1. 087
20430 1. 103 1. 057 1. 138 1. 087
20520 1. 103 1. 057 1. 138 1. 087
20610 1. 103 1. 057 1. 138 1. 087
20700 1.103 1. 056 1. 137 1. 087
20790 1.103 1. 056 1. 137 1. 087
20880 1. 102 1. 056 1. 137 1. 086
20970 1. 102 1. 056 1. 137 1. 086
21060 1. 102 1. 056 1. 137 1. 086
21150 1. 102 1. 056 1.137 1. 086
21240 1. 102 1. 056 1. 137 1. 086
21330 1. 102 1.-056 1.137 1. 086
21420 1. 102 1..056 1. 137 1. 086
21510 1. 102 1. 056 1..137 1. 086

Table 3 Load current test data

Time (s) StZnB Zn3B Zn4B Zn5B
0 5.004 4.437 5.367 5. 668

90 4. 897 4. 42 5. 342 5.503
180 4.795 4. 404 5. 317 5. 348
270 4. 697 4. 387 5. 293 5. 202
360 4.603 4. 37 5. 268 5. 064
450 4.514 4. 353 5.244 4.935
540 4.43 4. 336 5.219 4.815
630 4. 349 4.319 5.195 4.701
720 4.273 4. 301 5.171 4.595
810 4.201 4. 284 5. 148 4.496
900 4.132 4. 267 5.124 4.404
990 4. 068 4. 249 5.1 4.318
1080 4. 007 4. 231 5.077 4.239
1170 3.95 4.214 5. 054 4. 165
1260 3. 896 4. 196 5.031 4. 097
1350 3. 846 4.178 5. 008 4. 034
1440 3.799 4.16 4. 985 3. 977
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1530 3. 756 4. 142 4. 963 3.925
1620 3.716 4.124 4. 94 3. 878
1710 3.679 4. 106 4.918 3. 835
1800 3. 645 4. 088 4. 896 3. 796
1890 3.614 4.07 4. 874 3.761
1980 3. 586 4. 051 4. 852 3.729
2070 3. 56 4. 033 4.831 3.7
2160 3. 536 4.014 4. 809 3.674
2250 3.514 3. 996 4. 788 3.65
2340 3. 494 3. 977 4. 767 3.629
2430 3. 476 3. 958 4. 746 3.61
2520 3. 46 3.939 4.725 3. 593
2610 3. 445 3.921 4.704 3.578
2700 3. 431 3.902 4. 683 3. 565
2790 3.419 3. 883 4,663 3. 553
2880 3.408 3. 864 4.643 3.543
2970 3. 398 3.845 4.623 3.534
3060 3. 389 3. 826 4.603 3.526
3150 3. 381 3. 807 4. 583 3.519
3240 3.374 3. 788 4. 564 3.513
3330 3..368 3. 768 4. 544 3. 508
3420 3. 363 3. 749 4.525 3. 503
3510 3..358 3.73 4. 506 3. 499
3600 3. 354 3. 711 4. 487 3. 496
3690 3.35 3. 692 4. 468 3.493
3780 3. 347 3.673 4. 449 3.49
3870 3. 344 3.653 4.43 3. 487
3960 3. 342 3. 634 4.412 3. 484
4050 3. 34 3.615 4. 394 3. 482
4140 3. 338 3. 596 4.375 3.479
4230 3. 336 3. 577 4. 357 3.475
4320 3. 334 3. 558 4. 339 3.472
4410 3. 332 3. 539 4. 322 3. 468
4500 3. 33 3.52 4. 304 3. 463
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4590 3. 328 3.501 4. 286 3. 458
4680 3. 326 3. 482 4. 269 3. 452
4770 3.323 3. 463 4. 251 3. 446
4860 3.32 3. 444 4.234 3. 44
4950 3. 317 3. 425 4. 217 3. 433
5040 3.313 3. 407 4.2 3. 426
5130 3. 309 3. 388 4. 183 3.419
5220 3. 305 3. 369 4. 166 3.411
5310 3. 301 3. 351 4.15 3. 403
5400 3. 296 3. 332 4.133 3. 395
5490 3. 291 3. 314 4. 117 3. 387
5580 3. 286 3..296 4.101 3. 378
5670 3.28 3. 278 4. 084 3. 369
5760 3.274 3. 26 4. 068 3. 36
5850 3.268 3. 242 4,052 3. 351
5940 3.262 3.225 4..037 3. 341
6030 3. 256 3.207 4.021 3.332
6120 3. 249 3.19 4.005 3.323
6210 3. 243 3. 173 3.99 3. 313
6300 3.236 3. 156 3.974 3. 303
6390 3.228 3.139 3. 959 3. 294
6480 3.221 3.123 3. 944 3. 284
6570 3.214 3..107 3.929 3. 274
6660 3. 206 3. 09 3.914 3. 265
6750 3.199 3.074 3.899 3. 255
6840 3.191 3. 059 3. 884 3. 246
6930 3. 183 3. 043 3. 869 3. 236
7020 3.175 3. 028 3. 854 3. 227
7110 3. 167 3.013 3. 84 3.218
7200 3. 159 2.998 3. 826 3. 208
7290 3. 151 2.984 3. 811 3. 199
7380 3. 142 2.969 3. 797 3.19
7470 3. 134 2.955 3. 783 3. 182
7560 3. 126 2.94 3. 769 3.173
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7650 3. 117 2.926 3. 755 3. 164
7740 3.109 2.912 3. 741 3. 156
7830 3.1 2. 897 3. 727 3. 148
7920 3. 092 2. 883 3.714 3.139
8010 3. 083 2. 87 3.7 3.131
8100 3.075 2. 856 3. 687 3.122
8190 3. 066 2. 842 3.673 3.114
8280 3. 058 2. 828 3. 66 3. 105
8370 3. 049 2. 815 3. 647 3. 097
8460 3. 041 2. 802 3. 633 3. 089
8550 3.032 2. 788 3. 62 3. 08
8640 3.024 2.775 3. 607 3.072
8730 3.016 2. 762 3. 594 3. 064
8820 3. 007 2. 749 3. 582 3. 055
8910 2.999 2.737 3.569 3. 047
9000 2.99 2.724 3..556 3. 039
9090 2. 982 2.711 3.544 3.03
9180 2.974 2.699 3.531 3. 022
9270 2. 966 2. 687 3. 518 3.014
9360 2.958 2.675 3. 506 3. 006
9450 2.949 2. 663 3. 493 2.998
9540 2.941 2. 651 3.48 2.989
9630 2.933 2.639 3. 468 2.981
9720 2.925 2. 628 3. 455 2.973
9810 2. 917 2.616 3. 443 2.965
9900 2.909 2. 605 3.43 2.957
9990 2.901 2.594 3.417 2.949
10080 2.893 2.583 3. 405 2. 941
10170 2. 885 2.572 3.393 2.933
10260 2. 877 2.561 3. 38 2.925
10350 2. 869 2. 551 3. 368 2.917
10440 2.861 2.54 3. 356 2.909
10530 2. 853 2.53 3. 344 2.901
10620 2. 844 2.52 3. 331 2. 893
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10710 2. 836 2.51 3. 319 2. 885
10800 2. 828 2.5 3. 307 2. 877
10890 2.82 2.49 3. 296 2. 87
10980 2.812 2. 48 3. 284 2. 862
11070 2. 804 2.471 3.272 2. 854
11160 2.796 2.462 3.26 2. 846
11250 2. 787 2. 452 3. 249 2. 839
11340 2.779 2. 443 3. 237 2.831
11430 2.771 2.434 3. 226 2.823
11520 2. 763 2. 426 3.215 2. 816
11610 2.755 2. 417 3. 203 2. 808
11700 2. 747 2..409 3. 192 2.801
11790 2. 739 2.4 3. 181 2.793
11880 2.731 2. 392 3.17 2. 786
11970 2.723 2. 384 3.16 2.779
12060 2.715 2.376 3..149 2.771
12150 2.707 2..368 3.139 2.764
12240 2.699 2. 36 3.128 2.757
12330 2. 691 2. 352 3. 118 2.749
12420 2.683 2..345 3. 108 2.742
12510 2.676 2.338 3. 098 2.735
12600 2. 668 2.33 3. 088 2.728
12690 2. 66 2.323 3.078 2.721
12780 2. 652 2.316 3. 068 2.714
12870 2. 645 2.309 3. 0589 2.707
12960 2.637 2.303 3. 049 2.7
13050 2.63 2. 296 3. 04 2.693
13140 2.622 2.29 3.031 2. 686
13230 2.615 2.283 3. 022 2.679
13320 2. 607 2.277 3.013 2.673
13410 2.6 2.271 3. 004 2. 666
13500 2.593 2. 265 2. 996 2. 659
13590 2.585 2. 259 2. 987 2. 653
13680 2.578 2. 253 2.979 2. 646
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13770 2.571 2. 248 2.971 2. 64
13860 2. 564 2. 242 2.963 2.633
13950 2. 557 2. 237 2.955 2. 627
14040 2.55 2.232 2.947 2.621
14130 2.543 2. 226 2.94 2.614
14220 2.536 2.221 2.932 2. 608
14310 2.529 2.216 2.925 2.602
14400 2.523 2.211 2.918 2.596
14490 2.516 2. 207 2.911 2.59
14580 2.51 2. 202 2.904 2.584
14670 2.503 2. 197 2. 898 2.578
14760 2. 497 2..193 2.891 2.572
14850 2.49 2. 188 2. 885 2. 566
14940 2. 484 2. 184 2. 878 2.56
15030 2.478 2. 179 2.872 2.554
15120 2.472 2.175 2..866 2.549
15210 2. 466 2.171 2.86 2.543
15300 2.46 2.167 2.854 2. 537
15390 2. 454 2. 162 2. 848 2.532
15480 2.448 2.158 2. 842 2.526
15570 2.442 2. 154 2. 837 2.521
15660 2. 436 2.15 2.831 2.516
15750 2.431 2..146 2. 825 2.51
15840 2.425 2. 142 2.82 2.505
15930 2.42 2.138 2.814 2.5
16020 2.414 2.134 2. 809 2.494
16110 2. 409 2.13 2. 804 2. 489
16200 2.403 2.127 2.799 2.484
16290 2. 398 2.123 2.793 2.479
16380 2.393 2.119 2.788 2.474
16470 2. 388 2. 115 2. 783 2. 469
16560 2. 383 2. 111 2.778 2. 464
16650 2. 378 2. 108 2.773 2. 46
16740 2. 373 2.104 2. 768 2. 455
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16830 2. 368 2.1 2. 763 2.45
16920 2. 363 2. 096 2. 758 2. 445
17010 2. 358 2.093 2. 753 2.441
17100 2.353 2. 089 2. 748 2. 436
17190 2.349 2. 085 2.743 2.432
17280 2. 344 2. 081 2.738 2.427
17370 2.339 2.077 2.733 2.423
17460 2.335 2.074 2.728 2.418
17550 2.33 2. 07 2.723 2.414
17640 2. 326 2. 066 2.718 2.41
17730 2.322 2. 062 2.714 2. 405
17820 2. 317 2..058 2.709 2.401
17910 2. 313 2. 054 2.704 2. 397
18000 2. 309 2.05 2.699 2. 393
18090 2..305 2..046 2.694 2. 389
18180 2.301 2..043 2.689 2. 385
18270 2.297 2..038 2.684 2. 381
18360 2.293 2.034 2.679 2.377
18450 2. 289 2.03 2.674 2.373
18540 2.285 2.026 2. 669 2. 369
18630 2.281 2.022 2. 664 2. 365
18720 2. 277 2.018 2. 658 2.361
18810 2,273 2.014 2. 653 2. 358
18900 2.27 2. 01 2. 648 2. 354
18990 2. 266 2. 005 2. 643 2.35
19080 2.262 2.001 2.637 2. 347
19170 2.259 1. 997 2.632 2. 343
19260 2.255 1. 993 2. 627 2. 34
19350 2.252 1. 989 2.621 2. 336
19440 2.248 1. 984 2.616 2.333
19530 2. 245 1.98 2.61 2.329
19620 2.241 1.976 2.605 2.326
19710 2.238 1.972 2.599 2.323
19800 2.235 1. 967 2.593 2.319
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19890 2.232 1. 963 2. 588 2.316
19980 2. 229 1. 959 2.582 2.313
20070 2. 225 1. 955 2.577 2. 31
20160 2.222 1.95 2.571 2. 307
20250 2.219 1. 946 2. 565 2. 304
20340 2.216 1. 942 2.56 2. 301
20430 2.213 1. 938 2.554 2. 298
20520 2.21 1.934 2. 548 2.295
20610 2. 207 1.93 2.543 2.292
20700 2. 205 1.925 2.537 2. 289
20790 2. 202 1. 921 2.532 2. 286
20880 2.199 1.917 2.526 2. 283
20970 2. 196 1.913 2.52 2. 281
21060 2.193 1. 909 2.515 2. 278
21150 2.191 1..905 2.509 2.275
21240 2.188 1.901 2..504 2.273
21330 2. 185 1.897 2.498 2.27
21420 2. 183 1. 893 2.493 2.267
21510 2.18 1. 889 2. 488 2. 265
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Abestract

Zinr-air battersss bave armacted widespread anention doe w0 their advanm@ges, mchiding hirh safery, hish
theoretical ensrzy density (1086 W-h'kg). low cost, efc A dinc-air battery primanty consists of a metal anode,
electrodyte. and air cathode However, the anods, as the care conponent of znc-air batteries, faces various
challenges at the pressnt siage, such as dendride prowth, anods deformation, surface passivabon, bydrozen
evolaiion commosion, etc. These challenges limit the development of secondary Hnc-air batteniss, To address the
challenges faced by the anode, ressarchers are copmitiad fo developing anode maerials with long cycle life and
hghl:apa:tr_r However. this is achieved throuzh methods like alloying. surface coatmg, 30 struchares, surfce
modification, and the addition of additives. Thersfore, this article provides a conprebensive review of recent
breaktbroughs and progress in the research on zinc-based battery anodes in recent years. Furthermore, if offers

a carmain gutlook on the futare development direction of secondary znc-air bateries.

1 Inirodecton

Nowadays, the increasing demand for ensrgy and
the connmypiton of non-renewable fossil fueks put
tremendons pressure on bumans [1]. This frces our
Iumnan beinzs to be concemed, and also fom to the
development of clean epsrgy, such as wind ensrgy,
splar energy, hwdre energy, tidal energy, fise] cells,
Diomass power, @, [2]-5]. However, clean ensrgy
smmees are aftenumstable, thersfore, the development
of energy stomage systems (E55:) will help balancs the
production and demand of mfermsftent enerpy. Af this
stage, there are ensrgy stommge systems such as batiery

energy storage, thermal energy storage., pumiped Inydno
enargy storage, and chemical ensrgy storage. Batery
enerpy storage systems have been widely used in
recent years hecmse of their hish power and ease of

use [3], [7]. The escalating demand for ensrgy stomgs
&5 driving advancements in battery techmalogy [2]. [2].
[%]. However, Lithim-fon battery is a type of batfery
that has pood charactenstics such as hizh voltage, high
enarzy density, hish coulomb efficiency. low salf-
discharge, cycling stabikity, efc. [E] [1III] [11] Fonz
on sach resalt, lithium-fon battenes bave becoming
o be the most commercially viabls ensrpy stoags
sahition in recent decades [12]. Unforimately, the high
costs and umsafety issues cominbate to their lack of
competitvensss m a part of secondary energy stomge
applicatioms [13]. [14] To eliminate a such problem,
2 seTies of metal-air baiteries such as Li-air bameries,
Na-air battenies, F-air batteriss, Zn-air batteries,
Uvlz-air battenies, Al-air baitenies, and Iron-air batienies
[15HZ1] hawe emerped. However, the metal-air
hatferies ufilize oxyzen fom the ar as the cathode.
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Figure 1- Thearetical ensrgy densites of vars fypes
of metal-air battenes [13].

which not ooly educes the weight of the battery bat
also ephances its energy demsify. This contributes
largely to the improvement of battery enerpy density
[22]. Among all of thess batteries, the Iithium-air
bartery has the hizhest theoretical enerey density [23],
2= shown in Fipare 1.

However, it also faces many challenges, for
example, dischargs byw-products couse clogging of
the cathode, resulting in incomplete discharze, eic.
[15]. The charginz ower-point is much hizher than the

over-point, resulting in low eficiency
[24]. Thus, these isses make i difficult to apply.
Comparably, the lower reduction potentials of
magnesium and alominum-air battenss result in
severs salfdisrharse for both Iron-air batteries have
kowrer emargy densHy (763 W-hikg) and open crout
valage {1 28 V). Such problems led fo mnc-air baieriss
Zaining widespread amention Crwing to their higher
eparzy densify (1086 W-h'kg) and hizh volumetric
capacity (5163 W-hL) [2].

As mentioned before, zmc-air barteries an be
divided info two main types: primary minc-air batteries
a.:dsecur:dar'le.:::-an'l:anam respectvely [23].
After the commer ialization of the first zine-xir batiery
m 1932, its influence rapidly expanded becanse of
its high capacity., Cumrently, the primary zZinc-air
batteries are maimly wsed fior powering bearme aids
and cochlear inplards [24]. In the late Hth cenhory, it
was, contirmonshy, applied to elecmic Mercedes-Hanx
macks [17) also the alarimc s of Elecmc Fuel Lid
[ZB], propelling the development of secondary zinc-
air battaries to climax. Mevertheless, the fourishmz
mend of secondary Zinc-air barteriss was teminabed

by the emersenre of lithim-ion batteries [20] Unmil
the 2010s, lithium-son batteries faced limitations n
CAPACHTY, expensive mw materials, and safety concems.
This created an opporumity for the development of
secandary zine-air barteries again For sscondary
Zinc-air barteriss, the cathode material §s umlimitsd
atmospheric oxygen, therefors the achaal energy
density is normally related to the discharge capacity of
the zinc anode [30]. Howsver, thers are many issues
with the annde itself is dendrite promth. deformation,
suriace passivaton, and kydrogen evohation. Howesver,
there are several researchers have conducted extensive
studies on the aforementioned problems with the
anndz. By the way, Kadam er al. [31] use two maodss
to inmrows the ability of anode. Dilshid e al. improve
the anpde throusgh the adeption of a 30 stroctors
[32]. Besides, Yoam of al. enbance the amods nsmg the
properiies of alloving techmiques [33]. Consequenty,
Mow er @i, enhancs the anods by emplovine surface
coating [34]. All these metheds did some improyemens
of the aneds of Znc-air batteriss.

In thi= work, the development of mHinc-air batferiss
was first explored to highlisht the impartance of the
develppment of the anode of the zinc-air batteriss,
Sobsequently, throngh a summary of recent years'
density of fnc-air batieries by enhancing the anods
are reviewsd The promary approaches for anode
enbancement nchide alloymz of the anods metal,
addition of anode additives, improvemsnt of the
amode's 30 strocture, and surface freatment and
modification of the anode. Firally, viewpoints and
suggestons regarding the fomrs development of
secondary minc-air batieries are proposed With the

of comtemporary advanced techmolosy
and is application in the development of Znc air
battzmizs, the development of high-capadty apode Znc
air barferies iz both necessary and possible. This will be
an important part of the battery development bhistary.
Sommariring the development process of zinc-adr
batteries can further clarify the developmental
direction of zinc-air batteres, aiding researchers
in the expedited development of high-performance
zinc-air batteries. At the same time, the cost af
Izthimrn-ion batteries is 3 imss of Znc-air battenss.
This means zZinc-ar batferies have high economdc
valoe for the application of battery energy storage
techoology.
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Figure 1. Development history of zmc-air batteries
[35H39).

1 Brief History of Tinc-Air Battery
The development of zinc-zir batteries is not like
other batteries. It has underzone a profonzed period af
devalopment to date. The combimaton of metallic Iine
and oy Een from the air tp form a battery represents
the amival of the first milestone that belemzs to the
mng-ar battery era, as shown in Figare 2.

Im 1878, ﬂ]EFI‘HlI’.hEIngIH’LH.IlI’.IE [114:I]

[mpmu'edﬂr!ﬁﬁtaltalmm-nlha‘llm.rm
sodivm hydroade as the elacirolyte, which weighed
114 kg and had an open-cirout voltage of 1.4-1 43W
The military demands of the 1960s became a
ﬂgm.ﬁcﬂﬂdmmgﬁntenﬂndﬁﬂmﬂiﬂ'm—
T hatberias, P the creation of mazmasiom-air
{1960s) [38]. Lithivmy-air {19705) [£1]. and alunyirmm-
amr (18704) [42] batteries, the energy demsity of mnc-
ar hatterses was elevated to 200Whikg in the 1980s
[28]. WNonetheless, progress invamably experiences
fluctuations. Starting in the late 1570s, with the
introduction of the rocking chair concept for lithiam
batteries, the of lithivm-ion batteries
faced cerfain constrainis [43]. Particularly in the
1920z, the proposal of LixColD, as a cathode material
for lithivm-ion batieries [£4], mcorporated with a
theoretical energy demsity of up to 1100Whke, preatly
advanced the development of Hthinm-bassd energy
storage technolopy. Elecirods materials inrodoced in
the late 1980s, suchas LiFePO), [45] and Likn O, [45].
brouzht the enerpy dengity of Bthium-based batteries
o 300Whikg, far sorpassing that of Zinc-air barteries.

i simple devices such as hearing alds and pagers [35].

Enfering the 1% cemtury, lithivm-ion batteries
have become the mainstay of development with
dnversified applications m everyday life. According
o the Infermational Ererpy Agency’s data fom 20034,
Litiivan-iom batteres acomumted for 939 of the new
‘bartery strags capacity added in that year, indicating
their esgensive developrment and applicaton [29]. However,
when the energy density of hthium-ion battenes
reaches 400Whice [47], they pose a nsk of spontansons
combustion [48]. Furthermore, the hish cpst of btbdum
TesmIces presents challenges for industrial produc ton
[ﬂ}m&;hmdﬂ!mm

to difficulties in subssquent [50]). This
has led to a recognition of the nead to develop m
alremmative w lithium-ion bateries. Zinc-air bateries
have pnce apain come o the forefroot of develogment.

In 2013, Li of al. [36] ackieved an increass in
the energy density of mnc-air batieries to T0Whke
ﬂnmghﬂnhdmdmmuﬂlﬁt
A developsed bifimeonal pxyEen
aﬂﬁmﬂyﬂﬁi\'ﬂnﬁmﬂlmﬂmﬂ
650 charpe-discharge cycles at oument densities of
10 mAiny and 30 mdco respactivaly [51]. Howevar,
as the ability of ORR/OEER catalysts continues o
imprave, a decline in battery performamce has been
observed. (iven that the oayzen reactant for Hnc-air
bafteries is sourced from the limitless atmosphers, the
achml ensrzy depsity is also related to the dscharge
capacity of the mnc apode [30]. The minc anode faces
comnplen challenges such as zine stnppmg/deposition,
dendnite growh, pdrozen evahotion, and deformaton.
In 2019, Zheng or ai. [39] developed 2 graphene-coated
mmm&mmmm@h
thowsands of cycles with an Zng anode. In
1023, Mo er & [34] developed a hiphly codered
zZinc apode array struchare, ackieving a capacity of
005.77 mAh for zinc-air batteries, with 1. 200 effective
cycles at a current depsity of 10 mA'cm®. These

have Lxid a selid foundation for the
further advancement of Znc anodes

From the aforementioned developmental history,
we can observe that early zinc-air batteries had large
wohmmes, low enerey densities, and also bow discharge
efficiencies, etc. With the advancement of smart
terhnology, the wolme of mnc-air batteries is gradualty
decreasing, witile their ensrzy density, on the opposite
ways, increased leading to mcreasingly widespraad
applications.
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Figmre J: Schematic stnactural dixsram of sacondary

3 Strocture of Rechargeable Timc-Air Battery

The stractare of a rechargeable zinc-air bartery iz
ilhastrated in Figure 3 [52], which comprizes primarily
a minc amode, an air cathode, an electrolyte, and alse
2 separator. Moreover, the chemical reactions durmg
the charze mmd discharge processes of the rechargeable
Zinc-air bartery are as folkows Equatans (14

Zinc Anode:

Zn+ 408 & Zn(0H) + 2e m
Zn(CET)F = ZoD + 20H +HO @
Afr Cathade:

0, +H0+ 40 o 408 3
Overail Reaction:

3Zn+0, & 2700 )

From the above reaction equations. it can be
obsenyed that during discharge, Zinc at the anode is
mitialty eradized o Znf0H)," . Also, when Znf0EH) "
reaches a cerfain safuration cencentration in the
elacirolyte, it fimther undarenes deposition to foom
In Meanwhils, oxygen at the catbods i reduced i
generate OH- fons. Duning charging, Zn(OH)," m the
elactralbyie is reduced back to zinc, redepositing an the
surface of the An: anods

The srachume of Lithfom-ion bareries is showm
m Figure 4 [53] As shown m Figures 3 and 4, the
bmpe difference hetwesn nnc-air batteries and Hthnm
batteries is that the cathode of minc-air bartenes is

X

Limalam len
Bl LIRS

Fignre 4- Schematic structoml diazram of thtom-ion.
Tattery:

derived from ecyzen m the air. This means that there:
is a constant suppdy of the cathods of Zinc-air battaries,
Thiz is also ane of the reasons wiy Zinc-air bamanss
hawe the ereat potential te replace [ithion-fon bateries,

4 Challenges for Anode of Zinc-Air Batteries

Currently, the widely used anode material in large-
scale applications of recharzeable zinc-air batteries &5
a paste-like subsance made fom zine powdar [34].
This type of anode material has the advantape of
mmgsuﬂhancnmnhetweendmmm
and the elecrolyie. However, its rechargeability is
lacking, which hinders its bread nse in

zinc-air batterizs. For the rechargeable znc-amo
batteries, the theorsfical valtaze should be 1.6V, bt
the actual discharge voltaze is penerally below 1.2V,
and the charginz voltaze needs to be above IV This
direcily results o the lower Coulombic efficiency af
recharpeable minc-ar batteries. Thess issues are painty
cased by dendrtic growth, deformation, surface
passivation. and hydrogen evobibon cormosion in
recharzeable zinc-air bateries [54]. as dhasmated
Figme 5.

In ideal cirommstances, the Zn{OH),"” oo the
surface of the anode sheuald be unifommy distribmed.
However, in reality, due fo vadoos factors, Zni0H),™
on the mnde surface ix mrely distribated miformby.
This meven distribution leads to an uneven distribution
of the deposited substances on the anede surface,
foroming a pough and uneven surface. Dendnific srowth
15 inewitable becauss It is cansed by the uneven
distriburion of jons near the Zine electods, aspecialhy
during repeated cycles, as given in detil in Fizure 3aj)
[34]. With repeated cycling, the extent of unsvenness
intensifiss, nlfimately cansing contmous growth and
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Fipure &: Possible phepomena in zinc anodes;
(a) Diendrite growh. (b} Shape change: (c) Passhvaton:
and (d) Hydrogen evolation.
exfenzion of dendrites, resulimg in dead zinc that
Cannot partcipas in the reaction. Inexmems cases, large
cansing a shoot circust and destroying the battery.
The deformation of the anode ocours becmss the
i sakt prodiocts obixined in reaction 1) ane msufScient’
do not participate in a reacton 1), failling to form
Zo0) but mstead depositing directly on the anode
surfaces Afier repeated charge and discharge oycles, a
large amoumt of zne salt acoemilates leading i the
deformation of the bartery and a sipnificant reduction
in capacify, as shown in Figure 3(0). Besides the
passivation of the anode surface is dos fo the formation
aof a dense layer of pon-reactive Zol) during repeatsd
charge and discharge cycles as displayed in Figure 5(c)
By the way, this pot coly increases the internal
resistance of the battery uf alsp hinders direct contact
between the anods and the electrolyte. With increased
inpernal resisiance. the barery requires a kigher volage
during the charsing process, while i the discharzing
process, i can anby maintaim a lewer voltage The lack
of direct contact between the anode and the electmalyie
leads 1o capacity decay m the banery. Furthemmors,
The Inpdrogen evelution reaction at the anods ooours
in A battery during apen-cirout conditions becamse the
reduction potential of Znc 25 address=d in Figure 5(d1
Therefore, in the reaction process, a side reaction will
take place first as shown m the caloulaton below:

Zn+H,0 = Fof0H), +H, (3

Basidas, this reaction results in the umnesessary
comsnnption of mine, reducing the battery capacity,

b e

'

(2 (1)
6: Volume change and formation of dendrite

of bare Zn [50].

witile the penerated Zn{0H), also moreases the mbemal
Tesistnes of the banery, funther decreasing its capacity.

The four mentioned sifuations interact and
corelae with each other dunng the reaction process.
A large amoumt of active maierial at the zinc anode is
cosumed, leading oo a sipndficant disparity bemyeen
the arfual capacity and theoretical capacity of the

& Modification Methods for Anode of Timc-Air
Secomdary Batteries

Toackisve batter performance for the anods of Zinc-air
sepondary batteries, researchers have developed vanous
methods to enhance the anode. These methods, based on
theextent ef their application, mainly incinde 1) Alloying
of the anode ) Surface coating and fTeatment of the
miode 3) Addition of the anode additives properties md
4} 30 srucraring of the anode, respectively.

5.1 Allgying of anode

exbibits a sigmificant mumber of cracks and dafacs
dug o the subs@antal volome changes durnng the
de-zincing and zino plating processes. as lnsmaed
in Figure & [35]. For Figure 6(a), during the plating
of simpping of zinc, Zinc ioos exhibit a prefarence
fior macleation at dislocated sites, leading to the
development of iniSal probiberances oo the surface
of zinc. Fipare (k) displays the promberances
have higher potentials and consist of high-density
lowr-coordiation steps. Both of these contriue to the
growih of dendrites. Alloying zinc with other metals
can greatly improwe the performance of zinc-air
baitteries. Far example, conductaty is ooe of the
impartant indicators of Znc-ar bateries. The selected
metal showld possess a higher overpotantial of the
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evohmion of kydrogen compared o mine, effactively
mifigating the cormosion causad by lopdrogen evelution
on the zine anode altering iis shape, and increasing
iz unilization. Commonly used metals for alloyng
mriude lead (Pl), cadmsum {Cd), indiums (), tin {Sn),
abmminam. (AL, bismeth (BI), mickel (NI etc [56]-
zne not only enhances the condurtvity of the zino
anode bt also serves as 3 sobsirate for the deposition
of zine durins chargmg deeds, effactively Improving
the coulombic efficiency of zinc-air batteries. The o
the simplicity of the alloving process and its favorabls
outcoenes, this method has been widely applied in past
research shadies.
Fecendly, Ming er al. [37] identified through
Equmlnﬂnlsﬂntmihrwﬁﬂn
compostiion Zo-0. 1% In-001% Bi-0.01 Ca exiobimd
opiimal performeamce as an apods. The mrdmm
power density of the anode was 1687 mWiom®, and
1t oould maintain 2 stable constami current discharge of
083V at 100 A er® for over 200 min. The addstion
of alloying elements increased the reistmee of the
anode's cormosion reaction, suppressing imermediace
products and reducing zine comosion, echancing the
anode's performance. Peng or al. [38)] prepared an
mbesrated, depse Fn-5n alloy plate electrode vsing
powder sintering techoology. Further, this alloy
elermode significantly improved the elecmochemical
perfonmamse of Zinc-air banenes. Besides, the fatmicansd
zin: pealing md platng perfonmance even affer 400k
of cycling. Yoaner ai. [33] proposed a methed to alloy
the mnc anods with rare earth metal Ce and allaline
earth metal Y to alleviare dendnte growth. This was
achizved by changing the anisomopic modulas and
sirength af the mine mode interface. However, the
resules mdScate that an uniaial moduins of six could
achisve a 35% suppression of andsotropic modubos.
The mest effective way 0 inhibit dendrite srowth
Was 10 use mnc modes composed of ZndEe-Me2 o or
In3 5%-Ybb 5%, and the addition of Ce expand the
anode imterface’s amisotropic modulus, chmgins the
direction of dendrite prowth and redocing its haight,
while the addition of the Yhb reduced the amisomopic
strength of the inferface, hindering dendrite srowth.
According to the above fhres methods, the apods
performance of zinc-air batteries can mdesd be
improved through alloying.

{ﬂ} In

R
‘ s
Charge

®) v

=00 =

_— e, N

Figure T: Sdam‘m:dug:lnm'mﬂnhgaldnjgﬁ
of zine anodes during elecrochemical cycling [28].

51 Surface coatimg and mearmeni of anode

Surface coating of the anode can alse play a sigoificant
Tale ininpmoving the perfmmance of the battery. Coatng
nit oaly inhibities hydrogen evolution cormosion and
dendrite formation bat alse reducing the consumption
of active material The combimation of these effects
can enhance the battery's performemce. Addsomally,
depending on the properties of the coxting material,
this cam truly enhmee condactivity, contributing to the
improvement of the anods’s perfonmance. Common
coatmg materials incheds ALO, T, 500, CaflOH]),,
carbon, et [39]-[52]). With fimther research, new Gpes
of coating materials are also being developed.

Zhow ef i [§3] coated Zine mesh with graphens
wide, and after 300 cycles of testing, they found that
the cummalative discharge capacity was about 128% of
that of pure zinc. This is because graphene oxide can
prevent Zincate jons from passing through, while HLO
amd OH- can pass throegh. Draring the decomposition
of zincate imo Zo0), sraphene oxids wraps around
it, reducing the loss of acive materal, as shown in
Fime 7. Forusing on Figure 7{a), it express that the
Lo passivation layer keads to low uiilization of the
Zn mesh anode. In addition, graphens oxide on the
Zn surface makes it possible for elecirons o move
frealy across the inndating Zod) and slows down the
dissplution of Zn species. This concept Bhas been
ilhustrarted in Figure 7k In addition, Tmmedl era. [64]
proposad a novel techmigque by coring cassava starch
onip the surface of the Zinc anods and foumd that the
conductivity increased by 30%: compared fio a pure
zinc anods. This improved conductivity resulted in
befter performance of the Znc anode. Sum er al. [65]
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coated Inld ranorods wmiformby dispersed oo thres-
dimensional graphens oxdide as a chemical bufer
layer on the mine metal (CBLEED) anode. Thie to the
synergistic effect of the crystallization of Zn0
namorods and the adsarption affinity of graphene eada,
the assembled battery achieved an unusually long
cycling performance of 450 b Ouo the other band,
surface modification meatment of the anods can also
improve the battery’s capabiliny to a Cerfain extent.
For example, Wang of al. [66] used laser imadiation
an the surface of the Zne mode i remove the surface
orade lryer, increasing the comtact area of the anods
and thereby inhibitmg dendrite zrowth. Ham eral [§7]
decoraied the surface of znc with dual-foncofional
indivm metal serving as both 3 comosion inkdbitor
and a mocleating agent This effectively preventad
carrosion and dendrits and the assemblad
baitery maintained aver | 500 hours of elecroplatms’
siripping cycles. The above [sterafurs shows that both
coating and surface meament of apodes can moTeass
the surface area or remove the oxids layer to inprove
anide performance.

53 Amode addithees

When the mods in Znc-air barteries is pure zinc, the
dizcharge procuct Zo0) bas a larger vohime, 1.6 tmes
that of pure Zn [68] This direcily leads to severe
electrode defirmation during the cycling process.
Additionally, betanse In is a samiconductor, it can
allso bower the battery's performamce. Adding additives
i the anods cam te some extent address thess issues.
Lee o ai. [5%] by using zine and Zod) as or with the
annde, found that the stability of the mized anods
was sigmificantly mproved compared fo a pure zinc
appde. This improvemsnt was attmiuted fo the smallar
expansion coeficent, suppressing the daformation of
the mixed anods. Starm ar i, [61] found that addins
Zn0) to the mived amode, while reducing the mitial
discharge capacity, mreased the recharzeable capacity
.l:dter'fdehfeuftemmnﬁbha:mdm
ad:hdfaﬂ)mprembemm&nmﬂeaﬁngm‘sﬂl
the uniform depasidon and disselhation
af 70, thersby inproving the capacity retention of
ong-air hatteriss. Park o . [52] achieved a dischargs
capacity of 160 mAh's by refining the sizs of addsd
Zni0) fo the nanoscale. This makes the name Zni0 bave
a hizher surface area, allowing for a faster reaction

T
- rn o= Fas
L o ¥
i
s L
e 4 La®
.'.
- - * Eab
¥ ¥

Figmre 8- Employing a hizh surface area porous mine
structars [#4].

with EIOH soluton, leading to quicker peneration of
zincate ions and tus enbancins battery performance.

If copductive agents, metal hydrosides, metal
omides, and other types of additives are miroduced inte
the ancds the conductivity and cyeline performance of
the baftery cam be markedhy inproved. The additon of
cooductve agents such as graphite and carbon black
faoibitares rapid elecmon transfer betwesn pure Zinc
and Ze). This arsses from these condootive addimves
enbancing the conductvity of the anode, slowing down
the passivation of the apods, and improving batfery
perfommance. Masic enal. [50] by addine Super Pcarbon
bilack to the Zinc anods as an additive, achisved a 27
mirease in the ufilization of active materals compared
0 3 pure zine annde. However, this is atmibuted o
Super Pcarven black providing a patboay for elecmon
mansfer, allowing more active materials to parficpates
i the cycling process. Both additves and conductive
agents can enhanes the cyching life of zinc-air batteriss
on oo hand while mproving the performance of the
megative alecmrads on the other hand

54 3D srwemre of anode

Zinc maferials with a 30 porous structare can not
only mrreass the anode's specific surface area but also
enhanre the utilization of zinc, playing a bensficial
role in promoting the complete reaction of zinc-air
hafteries. As shown in Fipare 8 [70]. Moreover, the
large surface area of a 3D porous smochore allows
for a umiform distmibaison of omrent amoss the: entire
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elerirode during the effective redoction of zncass
conceniration. The porous strachoe also restrics the
dizsalution. predipifaton process, efectively reducins
dendrite srowth i secondary zinc-aim bafberiss [50].
[54] thereby conmibuting to the mprovement of the

s performance. ) )

Thilshad & ai. [31] grew 30 Anc nanoshests with
2 hizh surface area on the surface of m@nc throush
maolenilar medification. The assemhled elecirode with
the medified matenal exhibited over 300 oycles of
cycling perfrmance imder a condition of 3 mA o, with
an operatng tme excesding B3 h This improvement
Is artribugsd fo the increased comtact arsa, promsytng

mwore complets reactions. (et ai [55] obtained a 30
strochmed zZnc-coatzd foam apode by plating =nc on
a popper foam substrate and assembled with a plassd
anade, PVA-TEAQH-EOH hydrogel, and carbon
cloth, they aeated a flexible dnc-am battery that can
Tend at larpe an=les without mechanical frachms. The
fatmicated battery achieved a high sperific capacity
of 566.7 mAh's md completed 48 cycles, making
sigmificant contribations to the development of fexbls
Zinc-air battenes. The 30 strociure mainly improves
anide perfommance by moeasmg the specfic suface
annde treament methods and also thedr effects in Table 1.

Table 1- Different strategies md impacts of anode mmorovement

Wisdalic sism de
Tine And Effexis Details of Methsla Tochnehgy Rzl Rad
Alloyd with 5o, Bi, | Inpaove ballery pefossance, | Sa 0.5 mAdcE” canenl dessiey dor | [33]
Ce, ¥, M Al sl | radece dendrile growih ik
hesighe, and inhiit lydoges | 7o e Ind PREBSODI% s | 100 mbden® cormenl demdty Tor | [57)
eviluiasn ciifikasn W) i
Cie aind Wb 13%% inkdbitios clfasescy of 53]
dendrile growth
Serface Ciniling Empmorve disclogpe cipicily | Orphens ooide- ol lmprove il lsfelime accumulaal | [63)
wilh Charplees il il acluees ulir-long cycle ity by H%
Zimr. The Laser perlormminee. Incoeake b | Fepposscond Lases Fancesting | The Ml dischiarge vime of sine | [66]
iralinies the arede | e Confa s Sinsctusi] SufGees asnden wilh suface slmciune of
e cam oo 6 bt 100 lines
il o il procssds
Denratag the Zn sl with & | 2405 curmenl deraty for 3000 cycle | [67)
duil-Tunctionil metallic imlinm | Ene
(i} rps
Cheesticil Budler Lisper of Zal) and | Symanetns ooin cells osuld ssilies | [TH)
Eraphin guils owed D0 g cles
Cassarvi Rearch Layver 1 el oty values | [72)
i (e oo el ComdaSvily
Adling e ooide Emyprove dsbaliny and batlery | Carbon black i an slSlive High specific discharge capacity | [60]
dih s i e el capacily Enlsace (T AN
refiming Che cin comchctivity and improve | 7l e adilies Tigreeres e rocbapsdide gt | |61
S pminse e The panticle sive of micsoniond Zn) | Masosized Za0 sherwed o Migher | [2)
i 1 e 1 i =il
meeasl penihs, el ik Sloasgal 15 roasdd sl Told o i 1P Talh
Iry iz aades
Creiczale 10 Encresiming (he comlac A Chow high-ausface-ares (heee- | 0.5 mAdicm? cuirenl dessity for | [32)
pecere- e (lskoss sawd | ool dhe resadsn nere dineicanrml (30 Ta mmfakes | P cpdes
ek o comaplete, Dmgviig o maeler ko'l saeddified Tnauifee
nefural In lamesy pefimne and Pirvel (Cia Nigain sulsirie witk g sppeclle ity ol 676 mAhfg | [56])
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Hnc-iir eileris (10 amedts
& dhrec-dimestional (3D} bvous | Sigsaicaslly sduce the chags | [64])
stmciuee with 4 highly sclive | esles sestance aller D0 cpeles
it sand comductive pallway
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6 Conchrsions

This article grwes a summary of the ways to modify
the anode of a dnc-air battery. First, it introduces
the importance of energy storage systems (E5%55).
DCue to the unstable of clean ensrgy. ES5s are
impartant mot anly in the indostry bt s6ll also in
o daity bves. Then,fmmahmm:pmspecttre.
we conclude that a zinc-air battery is a good choice
for building ES5s. However, from a technical point
af view, Tinc-air barterses maly mest some problams.
to solve these problems. They are alse listed in this
mamscrpt. In summary, one of the main reasons
why znc-air battenies cannot be commencialized at
the oument stage and face slow development 5 the
poor reversibility of the zine anods. This is mainly
atiributed to the dendritic srowth, deformation,
passivation, and also bydrogen evalution carrosion
afthe minc anode To address this issue, ressarchers
have taken vanous measures such as 1) alloying
of the anode; ) surface coating and treamment of
the anode; 3) anode additives; and 4) 3D stmachare
of the anods. Thess measures Can 1o S0Mme Sxtent
increase the conductivity of the elecirods, improve the
utilization of active materials, reduce seif-corrosion
of the anods, and promote the uniform distrintion
of elecironic cuments oo the elsctrode surface.
However, on the other hand, other issues in the
commercialization of sscondary znc-ar batteries
need to be considared. such as the elecoods design
and preparation process. The elecirods desipn and
preparation process divectly :erﬂsthe electrodss
speuﬁcmu’fa:ema,m ., 30 stmachars,
sic whchmaﬂunﬂmgte&lecmﬂesahhrr
PuthenmrE the anods materials afect the ahility
of zinc-ao batteries at the same time. 5o it is
neceszary to explors new materials or composites
with echanced elecrochemical capabilities, raduced
dendrite prowth, and resistance to self-comosion
Firally, a complete understanding of the reaction
pathway of zinc-air batteries is required. Afrer

mg an exhawstive process, understnding the
amnde’s reaction schems, reaction kinefics, transpart
phenomena, developing mare accurate models to
predict and opimize ability, can enhancs research
efficiency. This mamscript sums up those methods
in Tabde 1.

Table : Existing and prospective methods to inprovs
the performance of onc-air battenss

Asgpats Wbl
Al i of e dnnde
Sailacs coaling il
sl
e Aacde sdditives
0k of e e
El R dedgn and
Flecinxde —
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The uneven deposition of zinc on the electrode surface leads to inadequate durability and stability of zinc-air
batteries, hindering their widespread application. This study systematically investigates the fabrication of zinc
anodes by electrochemical deposition onto nickel foam substrates and evaluates their performance in zinc-air
batteries, Zinc was deposited for varying durations { 3 — 5 hours), and the resulting electrodes were characterized
using Scanning Electron Microscopy coupled with Energy-Dispersive X-ray Spectroscopy (SEMEDS), X-ray
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and Transmission Electron Microscopy (TEM).
Electrochemical measurements show that the sample deposited for 4 hours delivers the best overall performance,
with an average discharge voltage of 1.17 V and a load current of 3.52 mA which is 21% higher than cells with
pure- Zn anodes. Microstructural analysis further confirms that 4 hours affords the optimal balance between
zinc loading ( 84.01wt% ) and deposition uniformity. This study delineates the structureperformance correlation
among electrodeposition time, zinc loading, microstructural features, and electrochemical behavior, offering
vital theoretical guidance and process reference for the optimized fabrication of metal-air battery anodes.
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1. Introduction

With the continuous growth of global energy demand and
the escalating severity of environmental issues, the massive
consumption of fossil fuels has led to serious greenhouse
effects and environmental pollution, making the devel-
opment of clean energy a key pathway to address these
problems [1-3]. However, the inherent intermittency and
unpredictability of clean renewable energies such as solar
and wind power severely hinder their large-scale applica-
tion; therefore, the development of efficient and reliable
energy storage systems is urgently needed [4, 5]. Among
various energy storage technologies, lithium-ion batteries
dominate the market, yet their energy density is limited (
< 350 Wh kg 1), the cost remains relatively high (about

150USD kW h™! ), and potential safety risks have not been
fundamentally resolved [6-10]. In contrast, zinc-based bat-
teries are regarded as highly promising nextgeneration
energy storage technologies due to their high theoretical
energy density, low cost, and intrinsic safety [11-13].

As the ancde material in the first voltaic cell invented
by Alessandro Volta, zinc has shown great potential in the
history of secondary battery development and continues to
attract research attention [14-16]. Zinc is abundant and en-
vironmentally friendly, possesses a high theoretical capac-
ity (820mAh g1 ), and exhibits a relatively low hydrogen
evolution overpotential in aqueous electrolytes, making it
an ideal choice for constructing safe and low-cost energy
storage systems [17-21]. In commercial applications, zinc
has been successfully used in alkaline nickel-zinc batter-
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ies to replace precious metal hydrides, or combined with
air cathodes to achieve practical specific energies up to
400 Wh kg’1 [13, 22-26]. However, current zincbased bat-
teries, such as alkaline zinc-nickel and zinc-manganese
cells, require high areal capacity and deep discharge depth
(DoD) to compete with lithium-ion batteries. Due to lim-
ited electrolyte volume, these batteries struggle to maintain
long-term stable operation [13, 27]. Among zinc-based bat-
teries, zinc-air batteries have garnered particular attention
for their unique performance advantages and ultra-high
theoretical energy density (1,353 Wh kg_l, exclhuding oxy-
genmass). Despite their high theoretical energy density, the
practical energy density and cycle life of zinc-air batteries
remain limited. This is mainly owing to dendrite growth
and morphological deformation of the zinc anode, as well
as performance degradation of the air cathode [7]. Failure
of the air electrode is closely related to the loss of active
area, electrode flooding, catalyst deactivation, and pore
blockage [28]. Therefore, developing highperformance zinc
anodes (e.g., suppressing dendrite growth and improving
electrochemical reversibility) is one of the core challenges
to promote the commercial application of zinc-air batteries
[29-32].

This study focuses on optimization strategies for zinc-
air battery anodes by electrochemically depositing zinc
onto nickel foam substrates, aiming to enlarge the anode
reaction area and optimize the microstructure, thereby sig-
nificantly enhancing the overall performance of the zinc-air
battery. We employed advanced techniques, including X-
ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelec-
tron spectroscopy (XPS), and electrochemical impedance
spectroscopy (EIS), to systematically evaluate the effects of
the electrochemical deposition process and its impact on
battery performance. This work provides important exper-
imental data and theoretical guidance for the design and
fabrication of efficient and stable metal-air battery anode
materials.

2. Materials and methods

2.1. Materials

All commercially available reagents were of analytical
grade and used as received without further purification.
Deionized water (resistivity > 18.2M() - cm ) was used
throughout the experiments. Commercial nickel foam
(thickness 1.5 mm , pore density 100 PPI , Kunshan
Xingzhenghong Battery Materials Co., Ltd.) was used as
the substrate. All experiments were conducted at room
temperature.

2.2. Pretreatment of Nickel Foam Substrate

Commercial nickel foam was cut to the required size (
35 > 60 mm ) and subjected to the following surface treat-
ment steps: First, the samples were immersed in a mixed
solution of hydrochloric acid (35wt% ) and deionized wa-
ter at a volume ratio of 1 : 2 and ultrasonically cleaned
for 15 min to remove surface oxides and impurities. Sub-
sequently, the samples were rinsed sequentially in three
deionized water baths ( 5 min for each) to remove resid-
ual acid and ultrasonically in anhydrous ethanol ( 99.8%
purity) for 15 minutes to remove organic contaminants. Fi-
nally, the pretreated substrates were dried in an oven at
60°C for 12 hours and the mass change was recorded using
a precision balance.

2.3. Electrochemical Deposition of Zinc Anode

A (8350 electrochemical workstation (Wuhan Corrtest In-
strument Co., Ltd) was used to electrodeposit zinc parti-
cles onto the three-dimensional porous nickel foam sub-
strate via chronopotentiometry (CP). An aqueous solution
of 0.5mol L ™! zinc sulfate heptahydrate (ZnSQ;y - 7HO,
analytical grade, purity > 98.5%) served as the electrolyte
in a two-electrode configuration: nickel foam as the work-
ing electrode and pure zinc as the counter electrode, Elec-
trodeposition was carried out at a constant current density
0f0.11 A em™ using the electrochemical workstation.

To maintain uniform ionic concentration in the elec-
trolyte and effectively remove bubbles generated at the
electrode interface, magnetic stirring at 60 rpm was ap-
plied throughout the experiment. Deposition times were
set to 3 hours, 4 hours, and 5 hours, with the correspond-
ing samples designated as Zn3, Zn4, and Zn5 , respectively,
Six parallel samples were prepared for each condition to
ensure statistical reliability of the data. After electrodepo-
sition, the samples were rinsed with deionized water and
then dried at 60°C for 12 hours in a vacuum oven to obtain
composite electrodes with uniform zinc coatings. The de-
position efficiency was calculated gravimetrically, and the
results showed an average efficiency of 89 + 3%.

2.4. Assembly of Zinc-Air Batteries

The Zn3,Zn4, Zn5 were used as the anodes, and a high-
surface area carbon plate ( 10 » 60 mm, 99% purity) loaded
with platinum catalyst was used as the air cathodes, KOH
aqueous solution (A 6 mol L1 ) served as the electrolyte,
and a glass fiber filter (GF /C, 47 mm diameter) which is pre-
wetted with electrolyte was employed as the separator. The
cell housing consisted of three custom acrylic plates (60 x
70 > 15 mm ) with 0.5 mm -thick silicone gaskets to ensure
good sealing. The assembled batteries were designated
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consequently, the energy storage capacity of the slectrode.
Thiz loading level suggests optimal utilization of the three-
dimensional nickel framework while avolding excessive
zine accumulation that could compromise the structural
advantages of the foam architecture. In addition, the re-
tained nickel fraction of 15.99% is particularly significant
from both structural and electrochemical perspectives. This
proportion ensures that the nickel foam maintains its me-
chanical integrity and continues to function as an effective
current collector throughout the electrode volume.

Moreover, transmission electron microscopy analysis
was utilized to verity the structure and interface quality
by resolving the zinc coating at nanoscale resolution in
Fig. 4. Concretely, Figs. 4(a)-(b) show TEM images of
Zn4, which exhibits a lamellar structure. In Fig. 4(c), the
lattice spacings of 0.250 nm and 0.204 nm correspond to the
Zn(002) and Ni(111) planes, respectively, indicating that
Zn was successfully electroplated onto the Ni substrate,
consistent with the XRD and EDS results.

Fig. 4. TEM images of sample electrodeposited for 4 hours

and its interplanar spacing; (a)-(b) TEM images of zinc in
Znd, (c) HRTEM image of Znd.

Figs. 4(a}-(b) show TEM images of Znd, which exhibits a
lamellar structure. In Fig. 4(c), the lattice spacings of 0.250
nm and 0,204 nm cotrespond to the Zn (002) and Ni (111)
planes, respectively, indicating that Zn was successfully
electroplated onito the Ni substrate, consistent with the
XRD and EDS results.

To assess surface composition and chemical states with
the aim of verifying coating quality and establishing a base-

line for structure-property correlation, comprehensive high-
resolution X-ray photoelectron spectroscopy (XPS) was con-
ducted on the zine-coated nickel foam, as detailed in Pig.
E.

Fig. 5(a) presents the high-resolution Zn2 p spectra,
where 7n3,Znd, and Zn5 exhibit characteristic peaks near
10224 &V and 1045.4 &V | corresponding to Zn2pq sy and
Zn2py o, respectively, indicating that zinc is in the zero-
valent state. In Fig. B(b), the high-resolution O 1s spec-
tra shows characteristic peaks near 531.% eV for Zn3, Znd,
and Zn5 , corresponding to adsorbed oxygen, further sug-
gesting that zinc remains in a good metallic state during
preparation.

3.2, Influence of Deposition Time on Electrochemical Per-
formance and Mechanism Analysis

To systematically investigate the effect of electrodeposition
time onzinc loading and electrode structure, the mass of all
samples before and after electrodeposition was measured,
as shown in Table S1. Additionally, the thickness of the
electrodeposited samples was measured, as illustrated in
Figure 51. In Table 51, the average thicknesses of the sam-
ples were caleulated to be 0.8 mim, 0.83 mun, and 1.0 mum ,
respectively. These results indicate a monotonic increase in
both the mass and thickness of the samples with increasing
electrodeposition time, suggesting that longer deposition
times facilitate the deposition of more zinc onto the nickel
foam substrate, thereby enhancing the zinc loading and
electrode volume.

Fig. 6 shows the impedance curves of the three samples
inaémol /LKOH solution at room temperature. The cor-
rosion of the electrode in the electrolyte is divided into two
parts. The high-frequency region corresponds to the loss
of electrons from zinc, forming ZnOg%~ or Zn(OH )4,
while the low-frequency region represents the ditfusion of
Zn0g%~ or Zn(OH)42_ from the electrode surface into the
electrolyte solution. The EIS results indicate that all three
samples exhibit similar charge transfer impedances, but
Znd shows the lowest internal resistance ( 0.55() ), suggest-
ing better electrochemical kinetics,

Performance evaluation of the zinc-air batteries encom-
passed two aspects: open-circuit voltage and load per-
tormance. First, the open-circuit voltage variations of
StZnB, Zn3B, ZndB, and Zn5B were measured owver 6 hours
using an open-circuit test, A data logger was connected
directly to the two terminals of the tested battertes to record
voltage in real time and transmit the data to a computer for
processing and plotting. The specific testing scheme and
implementation are shown in Fig, 52,

The operrcircuit voltage test scheme and setup are
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Fig. 2. Results of zinc electrodeposition on nickel foam; (a)
Magnified image after 1hour of electrodeposition, (b)
Magnified image after 4 hours of electrodeposition, (c)

SEM image of Zn4, (d) XRD patterns of Zn3, Zn4, and Zn5

Fig. 2(d) shows the XRD patterns of the samples with
3h,4h, and 5 h of plating, Characteristic peaks appear
at 36.4°,39.1°,43.4°,54.4°,70.2°, and 70.6°, corresponding
to the Zn (002), (100), (101), (102}, (103), and (110) planes
(PDF#87-0713). Diffraction peaks related to the Ni (111),
(200), and (220) planes are also cbserved at 44.5°, 51.2°, and
76.3° (PDF#04-0850). No characteristic peaks of ZnO are
detected, indicating that zinc remains in a good metallic
state during preparation.

In addition, the Energy Dispersive Spectroscopy analy-
sis validates the electrodeposition methodology by provid-
ing quantitative evidence of zinc distribution uniformity
and coverage on the three-dimensional nickel foam sub-
strate. Elemental mapping confirms successful material
integration while maintaining the structural integrity of
the underlying nickel framework. The spatial analysis re-
veals comprehensive zinc penetration throughout the in-
ternal pore network and complete surface coverage across
all accessible substrate areas, establishing the correlation
between processing parameters and resulting electrode ar-
chitecture that influences electrochemical performance, as
demonstrated in Fig, 3.

Fig. 3 shows the EDS elemental distribution maps of the
4-hours electrodeposited sample. Fig. 3(a) is an overlay of

SO0um

Fig. 3. EDS image of sample electrodeposited for 4 hours;
(a) EDS overlay image, (b) EDS map of zinc, (¢) EDS map
of nickel

the SEM morphology and elemental maps. Fig. 3(b) shows
the distribution of zinc, indicating a uniform distribution
over the nickel foam framework. Fig, 3(c) presents the
distribution of nickel, mainly concentrated in the substrate
framework. Fig. 3 discloses that zinc has been successfully
deposited onto the nickel foam surface with a uniform
distribution.

Furthermore, the energy-dispersive X-ray spectroscopy
analysis establishes quantitative baselines for the Zn4 sam-
ple by determining mass fractions of the electrodeposited
layer. The technique quantifies zinc and nickel mass frac-
tions, enabling precise evaluation of electrodeposition ef-
fectiveness, as illustrated in Table 1.

Table 1. Mass fractions of elements in Zn4

Total distribution map of spectrograms

Element Signaltype Wt%  Wi% Sigma
Ni EDS 15.99 0.12
Zn EDS 84.01 0.12

Total 100.00

The quantitative elemental analysis presented in Table 1
provides crucial validation of the electrodeposition method-
ology and offers significant insights into the composite
electrode architecture achieved in the Zn4 sample. The
EDS results reveal a well-balanced composition with zinc
constituting 84.01% and nickel comprising 15.99% of the
total mass fraction, demonstrating successful zinc deposi-
tion while maintaining substantial nickel foam substrate
integrity. The relatively high zinc content of 84.01% indi-
cates that the electrodeposition process achieved substan-
tial zinc loading on the nickel foam substrate, which is
essential for maximizing the active material content and,
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Fig. 6. LIS spectra of the samples.

shown in Figs. 52(a) and S2(b). Subsequently, by connect-
ing the tested batleries to an LED load, the variations in
load voltage and load current over 6 hours were measured.
I'he data logger recorded vollage and current separately
and plotted the corresponding curves. The load test scheme
and setup are shown in Figs. S2(c) and S2(d).

Afler each ballery group was lesled, the datasels
were galhered, organized, and subjecled lo rouline posl-
processing Lo improve clarily and interprelability. Records
were checked for consistency, artifacts mitigated, and
traces formatted uniformly. From these harmonized data,
performance-comparison curves were generated to sum-
marize outcomes and highlight trends, as shown in Fig.
i

The test results are shown in Figs. 7(a)-(c). As seen
in Tig. 7(a), the initial open-circuil vollages of all tested
batleries exceed 1.37 V, among which Zn4 B exhibits the
highest value at 1.396 V, while the pure zinc plate battery
StZnB shows a relatively lower open-circuit voltage. After
6 hours, Zn3 B shows the most pronounced decrease in
open-circuit voltage, which can be attributed to that Zn3
sample has a smaller amount of deposited zinc. Sponta-
neous anode reactions increase internal resistance, leading
to a significant drop in open-circuit voltage. From the load
voltage results in Fig. 7(b), all batteries exhibit a noticeable
drop in initial voltage upon loading; however, Zn4 B main-
tains the highest voltage, and after 6 hours it still shows a
clear advantage, with an average load voltage of 1.17 V.
This may be attributed to the favorable electrodeposition in
Zn4B; a uniformly distributed zinc layer without obvious

dendrite formation. In contrast, Zn3 B may suffer from

insufficient deposited zinc, accelerating reactions that fur-
ther increase internal resistance and reduce output voltage.
The load current results in Fig. 7(c) indicate that Zn5 B has
the ]argest initial current, approximate]y 5.7 mA , however
the current decreases sharply within the first hour. This
may stem from the large amount of zinc deposited on the
£n5 surface; due to non-uniform deposition, dendrites may
form internally during operation, hindering further reac-
tions, increasing internal resistance, and ullimately causing
the current to decline.

3.3. Correlation Between Micromorphology and Perfor-
mance

Scanning eclectron microscopy analysis assesses surface
morphology and coating uniformity through secondary-
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(a) Open circuit voltage of assembled battery
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(b) Load voltage of an assembled battery
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() Load current of the assembled battery

5

0 3600 7200 10800 14400 18000 21600

Time (S)
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Fig. 7. Battery performance test results; (a) Open-circuit
voltage of assembled batteries, (b) Load voltage of
assembled batteries, (c) Load current of assembled

batteries

electron imaging at multiple magnifications.  Low-
magnification views reveal pore architecture while high-
magnification imaging characterizes grain features. Tilted
and cross-sectional observations of ligament and junction
regions evaluate zinc coverage continuity, thickness unifor-
mity, and adhesion quality by identifying potential cracks,
gaps, or delamination, as shown in Fig. 8.

Fig. 8 shows the surface micro morphologies of
Zn3, Zn4, and Zn5 with different electrodeposition times,
clearly revealing how deposition affects the performance of
zinc-air batteries. Figs. 8(a)-(c) depict the surface morphol-
ogy of Zn3 . Owing to the insufficient deposition time, a
loose flocculent structure forms on the surface with limited
reactive area, which may cause pronounced decreases in
load voltage and current after cell assembly due to inade-
quate anode active material. Figs. 8(d)-(f) show the surface
morphology of Zn4. With a moderate deposition time, a

-

Fig. 8. SEM images of sample; (a)-(c) SEM images of Zn3
at 1,000 x 10,000 x, and 50,000, (d)-(f) SEM images of
Zn4 at 1,000 x 10,000, and 50,000, (g)-(j) SEM images
of Zn5 at 1,000 x 10,000 x, and 50, 000 x

relatively uniform lamellar structure forms, which enlarges
the electrochemical reaction area and provides sufficient
active material, thereby yielding better stability in both
load voltage and current. Figs. 8(g)-(j) present the surface
morphology of Zn5. Due to the longer deposition time,
more blocky aggregated structures form; these irregular
blocks may impede ion transport during operation, hinder
further electrochemical reactions, and thus degrade load
voltage and current performance.

4, Conclusion

This work systematically elucidates how electrodeposition
time influences the performance and underlying mecha-
nism of zinc anodes on nickel foam. The experimental
results reveal that the 4 hours deposited sample achieves
the optimal balance between zinc loading ( 84.01wt% ) and
deposition uniformity, delivering the best overall perfor-
mance with an average load voltage of 1.17 V , load cur-
rent of 3.52 mA , and a 21% improvement over purezinc
anodes. The superior performance arises from two syner-
gistic factors: i) sufficient zinc deposition ensures ample re-
active material, ii)moderate plating time promotes uniform
zinc layers that suppress dendrite growth and optimize
the reaction environment. We establish a multi-level "de-
position time-zinc loading-microstructure-electrochemical
performance” correlation model, providing a clear process
window for zinc-air anode fabrication (recommended 4 h
plating) and theoretical guidance, as well as methodologi-
cal reference for other metal-air battery electrodes. Future
work will focus on enhancing current output and further
improving overall performance via electrolyte formulation
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Fig. 1. Schamatic illustration of alectrodeposition process of zinc on nickal foam

Zn3B,Znd B, and Zn5 B , respectively. Meanwhile, a pure
zinc plate [ 35 3 80 mm, 2 mm thick) was used as a control
anods, with all other components unchanged, toasssmbls a
standard zinc-air battery for comparizon, desighated StZnB
. After assembly, all batteries were allowed to stand for 10
min to ensure full electrolyte infiltration and stabilization
of the slactrode /elactrolyte interface batore performance
testing,

2.5, Physical Characterization and Electrochemical Per-
formance Testing

The phase composition and crystal structure of the zinc
coating were characterized by 0 ray diffraction (XRD,
Figaku Ultima IV) using Cu Ke radiation (A = 1.5406 Ay,
witha scanning range of 5 — 80° and a scan rate of 8°/min.
A seanning electron microscope (SEM, Thermo Scientific
Apreol) equipped with an energy-dispersive X-ray spec-
trometer (EDS) and 2 transmission electron microscope
(TEM, Talog F2005) were used to examine the mictomor-
phology and elemental distribution of the zinc coating, op-
erated at 5 kY accelerating voltage and 50 p A beam curment.
X-ray photoelectron spectroscopy (KPS, Thermo Scientific
K-Alpha) was employed to analyze the valence states of
surface elements, with all binding energiss calibrated to
the C 18 peak (adventitions carbon on the sample surtace)
at 284.8 &V . Electrochemical performance was evaluated
using a digital multimeter and a data acquisition system to
measre the open-circuit voltage, load voltage, and load
currant of both the control cell with a pure zine plate anods
and the zinc-plated nickel foam anode cells. Voltage decay
and current fluctuations wete continuously recorded over
6 hours, with a light-emitting diode (LED) serving as the
escternal load.

3. Results and discussion

3.1, Physical Characterization

To provide a clear understanding of the experimental
methodology and to visually present the basic prepara-
tlon process of the zinc anods, a schematic diagram of the
electrochemical deposition process is shown in Fig, 1 This
diagram offers the necessary background for the system ap-
proach used in this study. Uniform zinc-coated nickel foam
composites were successfully fabricated through electro-
chemical deposition, with zinc evenly deposited onto the
three-dimensional porous nickel foam structure, exhibiting
strong adhesion.

To demonstrate the temporal evolution and effective
ness of zine electrodeposition on nickel foam substrates,
systematic documentation of morphological transforma-
tions throughout different deposition stages sstablishes the
correlation between processing parameters and electrode
architecturs, as illustrated in Fig, 2,

The morphologies of the Zn serial samples are chsarved
by SEM as showed in Fig. 2a-c. Obwiously, the mor-
phology of nickel foam after 1 hour of electrodeposition
(Fig. 2(a]), exhibite that there a small amount of zinc
was deposited initially at the tips and edges of the nickel
foam. Fig. 2(b) shows that after 4 hours of electrodepo-
sition, a latge amount of zinc is uniformly deposited on
the nickel foam framework, forming a continuous layer
that fully covers the surface, demonstrating the effective
ness of the deposition process, Fig, 2(c) presents an SEM
image of the &-hour electrodeposited sample, where the
zine layer is observed to adhere relatively uniformly to
the nickel foam surtace, forming a comparatively dense
coating, This indicates that under optimized electrodepo-
sition conditions, the deposited zinc layer can eftectively
suppress the formation of large particles, which iz beneft-
cial for the subsequent parformance of zinc-air batteries.
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