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ABSTRACT 

630930005 : Major ENERGY ENGINEERING 
Keyword : zinc–air battery; electrodeposition; Ni foam; three-dimensional current collector zinc anode 

Mr. Chen SHUNHONG : Performance Improvement of Anode in Zinc-air 

Battery based on Metallurgy Technology Thesis advisor : Associate Professor Dr. 

Saroj Pullteap 
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)₄²⁻ → 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⁻¹ ZnSO₄ solution at a constant current density of 0.11 A·cm⁻² 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⁻¹ 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 Ω, 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 CO₂ 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⁻¹) 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⁻¹, which is about 3–5 

times that of current commercial lithium-ion batteries (250–300 Wh kg⁻¹), and a high volumetric 

energy density of 6163 Wh L⁻¹ [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 
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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 

parameter 

Zinc–air battery 

(theoretical) 

Zinc–air battery 

(typical commercial) 

Lithium-ion 

battery (NMC) 

Lead–acid 

battery 

Energy density 

(Wh kg⁻¹) 
1086 300 - 500 150 - 300 30 - 50 

Power density 

(W kg⁻¹) 
Moderate 50 - 200 250 - 1000 75 - 300 

Raw material 

cost 
Very low low High low 

Safety High High Medium/low High 

Environmental 

friendliness 
Excellent Excellent 

Medium 

(contains heavy 

metals) 

Poor 

(contains 

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.  

 

 

 

Fig. 1.2 Development history of zinc–air batteries  [36-41] 
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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. [45-48] 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: 

 

 

Fig. 1.3 Schematic diagram of the structure of a rechargeable zinc–air battery [49] 
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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)₄²⁻), 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 Zn²⁺ 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 (a) 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 

(a) (b) 

(c) (d) 
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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 

Zinc dendrites 

Non-uniform zinc-ion 

deposition and locally excessive 

current density 

Short-circuit failure, low 

Coulombic efficiency, shortened 

cycling life 

Hydrogen evolution corrosion 

Thermodynamic instability of 

zinc in alkaline electrolytes and 

parasitic reaction with water 

Self-discharge, capacity fading, 

electrolyte dry-out, safety risks 

Shape change 

Macroscopic migration and 

redistribution of zinc during 

charge–discharge cycling 

Decreased utilization of active 

material, electrode deformation, 

increased internal resistance 

Surface passivation 

Low solubility of ZnO discharge 

products and formation of a 

dense insulating layer on the 

electrode surface 

Increased electrode polarization, 

unreleased capacity, premature 

termination of discharge 

 

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. 

 

 

 

Fig. 1.5 Structural schematics of various advanced bifunctional oxygen catalysts: (a) 

Nanoparticle/carbon fiber composite, (b) core–shell structure, (c) 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)₃, 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, CaCO₃, 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 Objective 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. 
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1.5 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 CO₂ 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. 

 

 

 

Fig. 2.1 Schematic illustration of a typical zinc–air battery structure [2] 
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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)₄²⁻; and (3) its conductivity, viscosity, and CO₂ 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)₄²⁻ and release electrons. The fundamental 

reaction can be expressed as: [7, 54] 

 

Zn +  4OH− →  Zn(𝑂𝐻)4
2− +  2e−(E0 =  −1.25 V vs. SHE) (2 − 1) 
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As discharge proceeds, the concentration of Zn(OH)₄²⁻ near the electrode/electrolyte interface 

gradually increases. Once the local concentration reaches supersaturation, Zn(OH)₄²⁻ decomposes and 

precipitates to form sparingly soluble ZnO: 

 

 Zn(𝑂𝐻)4
2− →  ZnO + H2O +  2OH− (2 − 2) 

 

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

 

 Zn +  2OH⁻ →  ZnO +  H₂O +  2e (2 − 3) 

 

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: 

 

 O₂ +  2H₂O +  4e⁻ →  4OH⁻ (E⁰ =  +0.40 V vs. SHE) (2 − 4) 

 

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

 

 2Zn +  O₂ →  2ZnO (E⁰_cell =  1.65 V) (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. 

 

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)₄²⁻ while releasing electrons. The electrons flow through the external 

circuit toward the air electrode. Meanwhile, the air electrode continuously takes up O₂ 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)₄²⁻ 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 O₂/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. 

 

 

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

 

The change in Gibbs free energy can be expressed as: 

 

ΔG =  −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⁻¹), 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, O₂ 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_ORR⁰ + (RT/4F) ln(a_OH⁻⁴ / (a_O₂ · a_H₂O²)) (2 − 7) 

 

In the presence of excess water, a_H₂O ≈ 1. An increase in pH (i.e., higher OH⁻ activity) and 

elevated O₂ 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. 

 

 

Fig. 2.4 Schematic illustration of the charging process of a zinc–air battery [56]  



 
 21 

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 O₂ and 

H₂O. 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): 

 

 4OH⁻ →  O₂ +  2H₂O +  4e⁻ (2 − 8) 

 

Cathodic reaction (zinc reduction and deposition): 

 

 ZnO +  H₂O +  2e⁻ →  Zn +  2OH⁻ (2 − 9) 

 

From the reversibility implied by Eqs. (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 −  η_anode −  η_cathode −  I · R_ohmic (2 − 10) 

 

where E_eq is the thermodynamic equilibrium voltage, η_anode and η_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)₄²⁻ 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, Zn²⁺, and ZnO/Zn(OH)₂ 

species differ markedly; their relationships can be qualitatively described using a simplified Pourbaix 

diagram, as shown in Fig. 2.6. [61] 

 

 

Fig. 2.6 Simplified Pourbaix diagram illustrating the stability regions of zinc species in 

 the Zn–H₂O–OH⁻ system [56] 

 

As shown in Fig. 2.6, dissolved Zn²⁺ 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)₂ 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)₄²⁻, which jointly governs the interfacial structural evolution of the zinc anode 

during cycling. 

For the air electrode, the diffusion and dissolution of O₂ 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 O₂ 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 CO₂ to form 

CO₃²⁻, which combines with K⁺ to produce K₂CO₃ 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. 

  



 
 25 

(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)₄²⁻, 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. 

 

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)₄²⁻ 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 I and the electrochemically 

active area A by: 

 j_local =  I / A (2 − 11) 

 

where j_local (local current density) is the local current density, I (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)₄²⁻ 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 → ZnO) 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”; 

c) 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 +  2H₂O ⇌  Zn(OH)₂ +  H₂ ↑ (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 Fe³⁺/Fe²⁺ 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. 

 

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 Zn²⁺, while other 

regions serve as cathodic sites where water is reduced and H₂ 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)₄²⁻/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)₄²⁻/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 Zn²⁺/Zn system, the half-reactions can be written as: [18, 70] 

Cathode (deposition): 

 

Zn²⁺ +  2e⁻ →  Zn(s) (2 − 13) 

Anode (dissolution): 
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Zn(s)  →  Zn²⁺ +  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 =  M I t / (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 Zn²⁺/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 / (ρ · A) (2 − 16) 

 

where ρ 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 ZnSO₄·7H₂O solution is used as the electrolyte, as illustrated in Fig. 2-12 

 

 

Fig. 2.12 Schematic illustration of zinc electrodeposition on Ni foam in ZnSO₄·7H₂O electrolyte [34] 

 
As shown in Fig. 2.12, in this relatively mild, compositionally simple, and Zn²⁺-concentration-

stable ZnSO₄ system, zinc at the anode continuously dissolves into Zn²⁺, while Zn²⁺ is 

 

A 
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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 ZnSO₄ 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 ZnSO₄, Al₂(SO₄)₃, and KAl(SO₄)₂, 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 10² mS·cm⁻¹ together with good 

dimensional stability. 

In terms of cell configuration, the authors used the Zn-coated foam as the anode and a 

Co₃O₄/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 with an 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 cm⁻², with the discharge 

voltage maintained above 1.35 V. Under these conditions, the capacity and specific energy reach 728 

mA h g⁻¹ and 874 W h kg⁻¹, 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. 
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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)₂ 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⁻², and they still maintain stable operation for 600 h at a higher areal capacity of 5 

mAh·cm⁻², which is markedly superior to bare Cu|Zn systems. Furthermore, by pairing ZA@3D-

nanoCu with bromine and MnO₂ cathodes to construct anode-free full cells, the Zn–Br₂ 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⁻¹ and the 

average discharge capacity is 207 mAh g⁻¹, 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 Zn²⁺, 

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⁻². The assembled zinc–air full cells also 

exhibit excellent cycling stability (>430 cycles) and a high specific capacity of 429 mAh g⁻¹. 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 Zn²⁺ diffusion 

equation, and the potential-evolution equation. They systematically simulated the evolution of dendrite 

morphology, potential distribution, and Zn²⁺ 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⁻¹ 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%Zn–2%Mg and 93.5%Zn–

6.5%Yb. 

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. 

 

 

 

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 MΩ·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 × 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⁻¹ zinc sulfate 

heptahydrate (ZnSO₄·7H₂O, analytical grade, purity ≥ 98.5%) prepared with deionized water. During 

preparation, the calculated amount of ZnSO₄·7H₂O 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⁻¹ 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 × 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⁻¹ 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 (HCl, 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 × 70 × 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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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 × 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 m₀. 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⁻¹ ZnSO₄·7H₂O. A two-electrode configuration was employed: 

Working electrode (WE): pretreated Ni foam sheet with dimensions of 35 × 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 Zn²⁺ 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 Zn²⁺ 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 Zn²⁺ 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 Zn²⁺ 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⁻², 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. 

 

Fig. 3.9 Conceptual schematic of the potential–time curve during galvanostatic electrodeposition  



 
 44 

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 m₁ of each 

sample was measured, and the deposited zinc mass was calculated as Δm = m₁ − m₀. 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. 

 

 

Fig. 3.10 Schematic comparison of zinc filling degrees in the Ni foam 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. 
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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⁻¹ 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 × 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⁻¹ 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 × 70 × 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. 

 

 

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 Kα radiation (λ = 1.5406 

Å), tube voltage 40 kV, tube current 40 mA, scanning range 5°–80°, and scanning rate 8°·min⁻¹. 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. 

 

 

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. 

 

 

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. 

 
 

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

 

As shown in Fig. 4.1, during galvanostatic electrodeposition, Zn²⁺ 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. 

 

 

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. 

 

 

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 Zn²⁺ 

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 Wt% Wt% Sigma 

Ni EDS 15.99 0.12 

Zn EDS 84.01 0.12 

Total  100.00  

 

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. 
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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; (c) 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. 
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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 2p₃/₂ and Zn 

2p₁/₂, respectively. The binding energies are close to those of metallic zinc (Zn⁰), 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. 
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Table 4.2 Thickness of samples after electrodeposition 

  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⁻¹ KOH solution at room temperature. 

 

 

 

Fig. 4.8 Nyquist plots of Zn3, Zn4, and Zn5 electrodes in 6 mol L⁻¹ 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 → ZnO₂²⁻ or Zn(OH)₄²⁻ formation process. 

(2) The low-frequency tail is related to diffusion processes and corresponds to the diffusion 

of ZnO₂²⁻ or Zn(OH)₄²⁻ 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. 

 

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. 

 

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 kinetic 

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. 

 

 

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. 

 



 
 60 

 

Fig. 4.12 Time-dependent load voltage curves of different zinc–air batteries over 6 h 

 

 

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. 

 

Fig. 4.14 Surface SEM images of sample Zn3: (a) 1000×; (b) 10,000×; (c) 50,000× 

 

 

Fig. 4.15 Surface SEM images of sample Zn4: (a) 1000×; (b) 10,000×; (c) 50,000× 
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Fig. 4.16 Surface SEM images of sample Zn5: (a) 1000×; (b) 10,000×; (c) 50,000× 

 

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 poorer 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)₄²⁻ → 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⁻¹ ZnSO₄ solution under a constant current density of 0.11 

A·cm⁻². 

(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 80–85 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 Ω), 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 
Continuous, flake-

like 

Block-like 

agglomeration 

Rs(Ω) / 0.65 0.55 0.75 

Tct(Ω) / 0.1 0.1 0.1 

Initial voltage / V 1.372 1.386 1.396 1.392 

Average load voltage / 

V 
1.14 1.1 1.17 1.14 

Average load current / 

mA 
2.9 2.76 3.52 3 

 

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⁻¹ 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 morphology 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 A1 Open-circuit voltage test data 

Time (s) StZnB Zn3B Zn4B Zn5B 

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 
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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 1.37 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 1.359 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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Time (s) StZnB Zn3B Zn4B Zn5B 

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 1.355 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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Time (s) StZnB Zn3B Zn4B Zn5B 

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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Time (s) StZnB Zn3B Zn4B Zn5B 

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 1.135 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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Time (s) StZnB Zn3B Zn4B Zn5B 

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 1.11 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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Time (s) StZnB Zn3B Zn4B Zn5B 

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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Time (s) StZnB Zn3B Zn4B Zn5B 

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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Time (s) StZnB Zn3B Zn4B Zn5B 

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 
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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 3.059 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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