
Science and Technology of Advanced Materials

ISSN: 1468-6996 (Print) 1878-5514 (Online) Journal homepage: www.tandfonline.com/journals/tsta20

Antimony-modified porous lamellar zinc as
reversible and stable anode for high-performance
alkaline aqueous zinc-air battery

Muhammad Afiq Irfan Mohd Shumiri, Hikari Sakaebe, Abdillah Sani Mohd
Najib & Nor Akmal Fadil

To cite this article: Muhammad Afiq Irfan Mohd Shumiri, Hikari Sakaebe, Abdillah Sani
Mohd Najib & Nor Akmal Fadil (07 May 2026): Antimony-modified porous lamellar zinc as
reversible and stable anode for high-performance alkaline aqueous zinc-air battery, Science
and Technology of Advanced Materials, DOI: 10.1080/14686996.2026.2658327

To link to this article:  https://doi.org/10.1080/14686996.2026.2658327

© 2026 The Author(s). Published by National
Institute for Materials Science in partnership
with Taylor & Francis Group.

View supplementary material 

Accepted author version posted online: 07
May 2026.

Submit your article to this journal 

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tsta20

https://www.tandfonline.com/journals/tsta20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14686996.2026.2658327
https://doi.org/10.1080/14686996.2026.2658327
https://www.tandfonline.com/doi/suppl/10.1080/14686996.2026.2658327
https://www.tandfonline.com/doi/suppl/10.1080/14686996.2026.2658327
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2026.2658327?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2026.2658327?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2026.2658327&domain=pdf&date_stamp=07%20May%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2026.2658327&domain=pdf&date_stamp=07%20May%202026
https://www.tandfonline.com/action/journalInformation?journalCode=tsta20


Publisher: Taylor & Francis & The Author(s). Published by National Institute for 
Materials Science in partnership with Taylor & Francis Group. 

Journal: Science and Technology of Advanced Materials 

DOI: 10.1080/14686996.2026.2658327 

Antimony-modified porous lamellar zinc as reversible and stable 

anode for high-performance alkaline aqueous zinc-air battery  

Muhammad Afiq Irfan Mohd Shumiria, Hikari Sakaebeb, Abdillah Sani 

Mohd Najiba,c, Nor Akmal Fadila,c,* 

aMaterials Research and Consultancy Group, Faculty of Mechanical Engineering, 

Universiti Teknologi Malaysia, 81310, Johor Bahru, Malaysia; bInstitute for Materials 

Chemistry and Engineering, Kyushu University, Kasuga-koen 6-1, Kasuga, Fukuoka 

816-8580, Japan; cDepartment of Materials, Manufacturing and Industry, Faculty of 

Mechanical Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Malaysia  

*corresponding author e-mail: norakmal@utm.my 

 

Muhammad Afiq Irfan Mohd Shumiri obtained his Bachelor's degree in Mechanical 

Engineering from Universiti Teknologi Malaysia in 2023. He is currently a Ph.D. candidate at 

the Faculty of Mechanical Engineering, Universiti Teknologi Malaysia. His research focuses on 

advanced nanoporous electrode for batteries, supercapacitors and fuel cells.  

 

ACCEPTED M
ANUSCRIP

T

https://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2026.2658327&domain=pdf


Dr. Hikari Sakaebe is a professor at the Institute for Materials Chemistry and Engineering, 

Kyushu University. She earned her Ph.D. from Kyoto University, Japan, in 1996. After 30 years 

career of battery research in National Institute of Advanced Industrial Science and Technology 

(AIST), she started new career in university. In addition to actively teaching postgraduate 

courses in electrochemistry and material science, she is deeply involved in research, particularly 

in development of new battery systems and materials for them. 

 

Dr. Abdillah Sani Mohd Najib is a permanent member of materials engineering panel at the 

Faculty of Mechanical Engineering, Universiti Teknologi Malaysia. He obtained his Bachelor's 

degree in Mechanical Engineering from Osaka University in 2012, followed by a Master's 

degree in Materials Engineering from Universiti Teknologi Malaysia in 2016, and a Ph.D. from 

Saitama University in 2020. His research covers synthesis of nanoporous catalyst, hydrogen 

production, electrocatalysis, corrosion and mechanical degradation of structural materials. He 

also has a wide range of industrial experience as technical engineer and consultant.  

 

Dr. Nor Akmal Fadil is a senior lecturer at the Faculty of Mechanical Engineering, Universiti 

Teknologi Malaysia. She earned her Ph.D. from Shibaura Institute of Technology, Japan, in 

2012. In addition to actively teaching both undergraduate and postgraduate courses in materials 

science and engineering, she is deeply involved in research and consultancy work, particularly 

in materials engineering with a focus on corrosion. With over 10 years of experience, her 

research interests include electrochemistry and corrosion particularly the catalyst and structural 

materials application.  

ACCEPTED M
ANUSCRIP

T



Antimony-modified porous lamellar zinc as reversible and stable 

anode for high-performance aqueous alkaline zinc-air battery  

Monometallic Zn is a promising anode material for post-lithium batteries owing 

to its high theoretical capacity, low cost and natural abundance. However, the 

practical application in zinc-air batteries (ZABs) remain limited by 

uncontrollable dendrite growth and severe voltage polarization during repeated 

cycling. Herein, we report self-supported Sb-modified porous lamellar 

zincophilic electrode (Sb-pZn) as a reversible, dendrite-free and high-

performance hostless Zn anode for aqueous alkaline rechargeable ZABs. The 

porous lamellar framework is fabricated by selectively dissolving the Al 

component from the eutectic Zn-Al alloy via chemical dealloying, followed by 

surface modification through galvanic replacement in SbCl3 solution. The Sb-pZn 

anode with lamellar thickness of ~2920 nm (Sb-pZn-2920) enables continuous 

electron and ion transport pathways through quasi-periodic lamellar channels and 

interconnected ligament network, ensuring uniform Zn deposition and 

dissolution. Moreover, Sb incorporation introduces abundant zincophilic sites 

that accelerate charge-transfer kinetics and enhance reversibility. As a result, the 

Sb-pZn-2920 anode shows exceptional Zn plating-stripping behaviours with 

ultralow overpotential of 31.7 mV for up to 1700 h at 2 mA cm-2 in symmetric 

cells and maintains stable charge-discharge cycling for 240 cycles at 20 mA cm-2 

under ambient conditions in ZAB full cells. This work presents a facile and 

scalable strategy for constructing high-performance Zn anodes and offers 

valuable insights into the development of practical, durable and reversible ZABs.  

Keywords: metal-air batteries; Zn anode; dendrite-free; surface modification; 

structural design; cycle stability  

Introduction 

Due to the widespread adoption of electric vehicles, there is urgent demand for 

highly reliable and cost-effective rechargeable batteries. Currently, lithium-ion batteries 

(LIBs) dominate nearly all commercial electric vehicle models [1,2]. However, their 

performance has approached theoretical limits, raising concerns about further 

advancement [3-5]. Moreover, LIBs face sustainability challenges including high 
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production costs, safety risks associated with flammable electrolytes and the scarcity of 

lithium resources [4,6]. These limitations underscore the need for developing alternative 

energy storage systems. Among various electrochemical energy storage technologies, 

aqueous alkaline zinc-air batteries (ZABs) have attracted growing attention. ZABs 

combine the advantages of traditional Zn-based batteries and fuel cells, offering energy 

density 4 times higher than LIBs [7-9]. Metallic Zn possesses high volumetric and 

gravimetric capacities (5854 mAh cm-3 and 820 mAh g-1, respectively), low Zn/Zn2+ 

redox potential (-0.76 V versus the standard hydrogen electrode), natural abundance and 

low material cost [10-12]. In addition, aqueous alkaline electrolytes provide high ionic 

conductivity (up to 1 S cm-1), while the two-electron Zn/Zn2+ redox reaction enables 

excellent rate capability [13,14]. The air cathode utilizes oxygen from ambient air as a 

freely available reactant, which further reduces battery weight and enhances energy 

efficiency [15,16]. Collectively, these features make ZABs highly attractive candidates 

for safe, low-cost and high-power energy storage, especially for electric vehicle 

applications.  

The recent resurgence of interest in ZABs has been largely driven by advances 

in air cathode design, including the development of bifunctional oxygen catalysts based 

on manganese oxides, vanadium oxides and nickel hydroxide [17]. Despite these 

achievements, the reversibility of monometallic Zn anodes remains a major bottleneck, 

limiting the long-term stability of ZABs. Conventional planar Zn anodes suffer from 

dendrite formation, corrosion, hydrogen evolution and by-product accumulation during 

repeated stripping-plating cycles, leading to severe voltage polarization, low coulombic 

efficiency and rapid capacity fading [18-20]. Since the active Zn material on the anode 

surface is directly involved and consumed during redox reactions, anode design and 

modification are critical to achieve durable ZABs. Various strategies have been 
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explored including electrolyte engineering with additives to regulate Zn2+ solvation-

desolvation and local electric field distribution [21-23], alloying-induced surface 

nanostructuring to guide uniform Zn deposition [24,25] and the construction of 

protective or artificial solid electrolyte interphase layers to suppress side reactions [26-

28]. However, bulk monometallic Zn anodes still suffer from large voltage polarization, 

particularly at high current densities which promotes dendrite growth during prolonged 

cycling, thereby compromising the stability of open-system ZABs. Designing porous Zn 

structures is a straightforward approach to mitigate these issues by providing high 

surface area to reduce local current density and enhance Zn2+ transport at the electrode-

electrolyte interface [29,30]. Nevertheless, randomly distributed pores and excessive 

porosity increase surface chemical activity due to abundant low-coordination atoms, 

leading to severe side reactions. Carbon-based materials such as graphene [31,32], 

carbon nanotubes [33] and metal-organic framework derivatives [34] have also been 

investigated as zinc-free anodes because their low lattice mismatch can promote Zn 

nucleation. However, they typically require metallic substrates for support, and their 

stacked low-dimensional structures reduce accessible nucleation sites while introducing 

additional interfaces with high contact resistance that impede electron transport and 

limit efficient Zn electrodeposition [35]. In this regard, current progress on anode 

modification strategies remains limited. Therefore, it is highly desirable to explore 

novel Zn-based anode materials that can circumvent these irreversibility issues for 

constructing high-performance ZABs.  

Herein, we report self-supported Sb-modified porous lamellar zincophilic 

electrode (Sb-pZn) as a reversible, dendrite-free and high-performance hostless Zn 

anode for aqueous alkaline rechargeable ZABs. Benefiting from the tunable lamellar 

spacing of the eutectic Zn-5Al (wt%) precursor alloy formed under controlled 
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solidification, the Sb-pZn anode with lamellar thickness of ~2920 nm (Sb-pzn-2920) 

exhibits superior electrochemical performance. The quasi-periodic lamellar channels 

and interconnected ligament network enable continuous electron and ion transport 

pathways, ensuring uniform reaction kinetics during Zn plating and stripping. The 

incorporation of Sb introduces highly zincophilic sites that guide homogeneous Zn 

deposition and enhance electrochemical reversibility. In strong alkaline KOH-ZnO 

electrolyte, the Sb-pZn-2920 anode demonstrates markedly improved Zn nucleation and 

deposition kinetics. In symmetric cells, Sb-pZn-2920 shows highly stable and reversible 

Zn plating-stripping with an ultralow overpotential of 31.7 mV maintained up to 1700 h 

at current density of 2 mA cm-2. When assembled into ZAB full cell, the Sb-pZn-

2920||O2 delivers high discharge capacity of 580.7 mAh g-1 at 20 mA cm-2, indicating 

excellent anode utilization. Moreover, the Sb-pZn-2920||O2 displays outstanding rate 

capability and cycling durability, maintaining stable charge-discharge profile up to 240 

continuous cycles at 20 mA cm-2 under ambient conditions. This work presents a simple 

and scalable strategy for constructing high-performance Zn anodes and offers valuable 

insights toward the development of next-generation aqueous ZABs with enhanced 

reversibility, stability and practical applicability.  

Experimental section  

Preparation of Sb-modified porous lamellar Zn anode  

Precursor alloy of eutectic Zn-5Al (wt%) was first produced by induction 

melting of high-purity Zn (99.994%) and Al (99.996%) in alumina crucible. The alloy 

ingot was obtained through pouring casting, of which the solidification process was 

controlled by making use of different cooling technique by water-, air- and furnace-

cooled method [36]. After being cut into sheets with thickness of 0.5 mm using 
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precision cutter, the as-cast precursor alloy was chemically dealloyed for 4 h at 50 °C to 

prepare porous lamellar Zn (pZn), wherein the less noble α-Al component was 

selectively dissolved in 4 M NaOH solution. After rinsing with pure water and ethanol 

several times, the dealloyed pZn was immersed in 0.15 M SbCl3 ethanol solution under 

stirring for 3 min at room temperature to obtain Sb-modified pZn (Sb-pZn) via galvanic 

replacement reaction. The as-prepared Sb-pZn was further washed with pure water to 

remove residual chemicals and directly used as the anode in symmetric and full cells.  

Preparation of air cathode 

Air cathode was prepared with catalyst composed of manganese dioxide (MnO2) 

and nickel(II) hydroxide (Ni(OH)2) as bifunctional electrocatalysts for the oxygen 

reduction (ORR) and oxygen evolution (OER) reactions, respectively. MnO2, Ni(OH)2, 

commercial carbon black and polytetrafluoroethylene (PTFE) were gently mixed in 

agate mortar in weight ratio of 3:3:3:1 and dispersed into ethanol and water at volume 

ratio of 1:1. Carbon black was used to enhance the electrical conductivity, while PTFE 

acted as a binder to form the catalytic layer. The solution was stirred for 10 min, 

followed by 10 min of sonication. The catalyst ink was then emulsified for 1 min at 

30000 rpm using high-shear homogenizer to ensure uniform dispersion and finally 

spread onto commercial PTFE-treated Toray carbon paper using doctor blade method 

until the desired catalyst loading of 5 mg cm-2 was achieved.  

Material characterization  

The electron micrographic structures were characterized by using scanning 

electron microscope (JEOL NeoScope Benchtop SEM JCM-7000) equipped with 

energy dispersive X-ray spectrometry and the field-emission transmission electron 

microscope (JEOL, JEM-ARM200F, 200 kV). X-ray diffraction (XRD) measurements 
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were carried out on Rigaku Mini Flex 600 diffractometer with Cu Kα radiation (λ = 

0.15418 nm). X-ray photoelectron spectroscopy (XPS) analysis was conducted on 

ULVAC-PHI Quantes with monochromatic Al Kα source (1486.6 eV). Charging effect 

was compensated by referencing the binding energy to the adventitious C 1s peak 

(284.8 eV). The 3D surface morphology of Sb-pZn was analysed using atomic force 

microscopy (AFM, Bruker Multimode 8) operating in tapping mode with scan size of 

20 µm in both X and Y directions and Z-axis range of 15 µm. The contact angle was 

measured using self-assembled setup equipped with digital camera, backlight and 

adjustable sample stage.  

Electrochemical measurement  

The electrochemical performance was tested using electrochemical workstation 

(Biologic SP-300 and Gamry 1010b) and battery test (Hokuto Denko, HJ1020MSD8). 

Symmetric cells were assembled in HS cells from Hohsen Corp., Japan under ambient 

air using two identical Sb-pZn, pZn and bare Zn sheets (15 mm diameter, 0.5 mm 

thickness), separated by Whatman glass fiber membrane (20 mm diameter, 100 µm 

thick, 75% porosity) in 200 µL of 8.5 M KOH and 0.6 M ZnO aqueous electrolyte. 

Electrochemical Zn stripping-plating behaviour was measured at varied current 

densities from 1 to 20 mA cm-2. CV measurements of symmetric cells were conducted 

at scan rate of 10 mV/s, with the potential swept from the open circuit voltage (OCV) 

over a symmetric voltage interval of -1.0 to 1.0 V (versus Zn/Zn2+). EIS measurements 

were taken over the frequency range of 10 kHz to 0.1 Hz with amplitude of 10 mV at 

varied temperatures from 15 to 40 °C. Chronopotentiometry measurements for 

nucleation overpotentials were performed at varied current densities from 1 to 5 mA cm-

2. Cycling durability tests were conducted at 2 and 10 mA cm-2. Tafel curves were tested 

in the three electrode system using graphite as the counter electrode and Ag/AgCl as the 
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reference electrode, with scan rate of 5 mV s-1 over potential range of −0.25 V to +0.25 

V versus OCV. For full cell test, custom ZABs were assembled under ambient air using 

the as-prepared anode paired with the air cathode. The polarization test was conducted 

under galvanodynamic mode with scan rate of 0.1 mA s-1. The self-discharge behaviour 

was evaluated by measuring the OCV over continuous period of 20 h under ambient 

conditions. CV measurements of ZAB full cells were performed in the voltage range of 

0.2 to 2.2 V at scan rate of 1 mV s-1. Galvanostatic charge-discharge tests were 

conducted at current densities ranging from 10 to 50 mA cm-2. Cycling tests were 

performed at 10 and 20 mA cm-2 and terminated when the voltage reached 0 V during 

discharge or 2.5 V during charge.  

Result and discussion  

Characterizations of Sb-pZn  

Figure 1a schematically illustrates the preparation process of Sb-pZn anode. 

Eutectic Zn-5Al (wt%) precursor alloy was initially fabricated through a simple and 

scalable metallurgical process involving the alloying of pure Zn and Al, followed by 

casting under controlled solidification technique using water-, air- and furnace-cooled 

methods. Figure S1 illustrates the XRD patterns of eutectic Zn-5Al precursor alloy, with 

dominant peaks corresponding to the hexagonal close-packed (hcp) β-Zn phase (JCPDS 

04-0831) and minor peaks associated with the face-centered cubic (fcc) α-Al phase 

(JCPDS 04-0787). The solidification process strongly influences the final phase 

distribution, as the growth of solid phases depends on atomic diffusion [37,38]. Water 

cooling induces rapid solidification rate, resulting in the formation of fine Zn lamellae 

with average thickness of ~310 nm (Figure 1b), as the fast cooling rate limits α-Al 

diffusion and promotes localized precipitation of the α-Al phase. Under air cooling, Zn 
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lamellae exhibit moderate coarsening, reaching thickness of ~750 nm (Figure 1c). In 

contrast, furnace cooling produce significantly coarser Zn lamellae with thickness of 

~2920 nm (Figure 1d) owing to the slow cooling rate, which facilitates extensive atomic 

diffusion and lamellar growth. This tunable lamellar pattern offers precise structural 

control over the precursor alloy, thereby enabling the rational design of the resultant 

porous framework.  

Subsequently, the self-supported porous Zn (pZn) was prepared through a 

straightforward chemical dealloying process as reported in our previous work [36]. The 

pZn sheet was obtained by selectively etching the less noble Al component from the 

eutectic Zn-5Al alloy using 4 M NaOH solution. Owing to the unique lamellar pattern 

of precursor alloy, selective dissolution of α-Al phase produced Zn lamellar framework 

with aligned channels, resulting in a highly ordered porous structure. As shown in 

Figure 1e-g, SEM image of the as-dealloyed pZn reveals a three-dimensional lamellar 

morphology composed of quasi-periodic channels and Zn ligaments, maintaining the Zn 

lamellar thickness comparable to that of the precursor alloy.  

Then, surface modification of pZn was achieved through a facile chemical 

displacement reaction. In SbCl3-ethanol solution, metallic Sb was uniformly integrated 

onto pZn sheets by galvanic replacement process. The pZn sheet was immersed in 0.15 

M SbCl3-ethanol solution to initiate the reaction, during which Zn was oxidized to Zn2+ 

and Sb³⁺ was reduced and deposited as metallic antimony (3Zn + 2SbCl3 → 3ZnCl2 + 

2Sb) [11,39]. The porous structure is fully retained after Sb modification, with Zn 

lamellar thickness and interlamellar spacing essentially identical to those of pZn (Figure 

1h-j). The modification process effectively preserves the characteristic porous structure. 

SEM micrographs with corresponding EDS mapping in Figure 2a-c and Figure S2 

confirm the uniform deposition of Sb, forming a textured layer over the freestanding 
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pZn framework while maintaining the underlying lamellar porosity. AFM imaging (scan 

size of 20 × 20 μm) further verifies the 3D surface topography, showing that Sb-pZn-

2920 (Figure 2d) exhibits higher pit depth (Sv = 3.123 µm) and larger true surface area 

(591.1 μm2) compared with Sb-pZn-750 and Sb-pZn-310 (Figure S3, Table S1). The 

greater Zn lamellar thickness increases surface roughness, indicating more developed 

porous structure and larger surface area. XRD analysis (Figure 2e, Figure S4) confirmed 

the hybrid structure, displaying two distinct sets of diffraction peaks. The minor peaks 

at 28.36°, 40.05°, 41.94°, 47.04°, 48.32°, 48.77°, 51.68°, 59.50°, 62.74°, 64.88°, 65.96° 

and 68.71° can be indexed to (012), (104), (110), (015), (006), (113), (202), (024), 

(107), (116), (122) and (018) planes of hexagonal Sb, while the remaining major peaks 

at 36.26°, 38.97°, 43.19°, 54.28°, 70.05°, 70.60° and 77.04° are attributed to (002), 

(100), (101), (102), (103), (110) and (004) planes of hexagonal Zn respectively.  

The wettability was evaluated by contact angle measurements with the 

electrolyte containing Zn ions (8.5 M KOH and 0.6 M ZnO). The bare Zn exhibited 

high contact angle of 91.03° (Figure 2f), attributed to its zincophobic planar surface that 

limits electrolyte interaction. In contrast, the contact angles of pZn-310, pZn-750 and 

pZn-2920 decreased to 74.42°, 74.10° and 67.43° (Figure S5), respectively, indicating 

enhanced wettability. Remarkably, after Sb modification, the contact angles further 

decreased to 63.54° (Sb-pZn-310), 61.36° (Sb-pZn-750) and 56.82° (Sb-pZn-2920), 

owing to the high surface energy of Sb which promotes electrolyte accessibility (Figure 

2g-i). The transition from zincophobicity to zincophilicity is also supported by the 

uniform porous lamellar architecture that enhances capillary action and liquid-solid 

interactions [40,41]. The difference in contact angle between solutions containing ZnO 

and those without was compared for bare Zn, pZn-2920 and Sb-pZn-2920 (Figure S6). 

As the result, Sb-pZn-2920 shows the most significant decrease from 69.77° (KOH 
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solution) to 56.82° (KOH + ZnO solution), indicating that Sb enhances specific 

interaction with Zn2+-containing electrolyte. The low-resolution XPS survey scan 

verified the presence of Zn and Sb in their expected regions (Figure S7). Deconvolution 

of the asymmetric Sb 3d (Figure 2j, Figure S8) and Sb 4d (Figure S9) spectra revealed 

contributions from both metallic and oxidized species. Metallic Sb was detected that 

indicates stable integration into the surface, showing that Sb is encapsulated within the 

uppermost surface layer. While, the oxidized Sb species originate from surface 

oxidation upon exposure to air. Density functional theory (DFT) calculations reported in 

the literature show that Sb possesses highly negative Zn adsorption energy (-3.12 eV), 

indicating strong Zn affinity [18]. Consistent with this prediction, XPS analysis reveals 

binding energy shifting, suggesting electronic interaction between Zn and Sb, which 

supports the zincophilic nature of Sb. Figure 2k presents the high-resolution XPS 

spectra of Zn 2p. A shift toward higher binding energy was observed after Sb 

modification. Li et al. [42] justified that the difference in Zn and Sb coordination arises 

from their polarity difference, leading to the formation of polar Zn-Sb bonds. These 

bonds strengthen adhesion to Zn metal and improve surface stability. The zincophilic 

nature of Sb promotes interfacial bonding, resulting in the increased Zn binding energy. 

Furthermore, the shift is also influenced by electronic structure changes induced by Sb 

incorporation. The presence of Sb alters the electron density distribution around Zn 

atoms, reducing the outer electron density of Zn and weaken the shielding effect on 

inner core electrons. Consequently, the core electrons experience stronger attraction 

from the nucleus, resulting in increased binding energy [43-45]. This phenomenon is 

consistent with charge transfer effects driven by differences in electronegativity 

between neighbouring atoms. Electronegativity plays crucial role in determining core-

level binding energies, as it influences charge redistribution. Zn (1.65) is less 
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electronegative than Sb (2.05), leading to partial electron withdrawal from Zn toward 

Sb [42,46]. This charge transfer reduces electron shielding and increases the effective 

nucleus attraction on Zn core electrons, further contributing to the observed binding 

energy shift.  

Electrochemical Properties of Sb-pZn  

To investigate the Zn stripping-plating behavior, diverse electrochemical 

measurements were performed on symmetric cells using 8.5 M KOH and 0.6 M ZnO 

aqueous electrolyte. In the CV curves, Sb-pZn-2920 shows the highest current response 

and the smallest stripping-plating onset potential separation (Figure 3a, Table S2). A 

clear correlation is observed, where structures with greater lamellar channels 

consistently demonstrate superior performance both before and after Sb modification, 

owing to their more open porous architecture, which offers abundant active surfaces and 

broad ion diffusion pathways. Given that both modified Sb-pZn and unmodified pZn 

exhibit nearly identical porous structure, the superior performance of Sb-pZn highlights 

the critical role of Sb in accelerating Zn deposition kinetics. This improvement is 

confirmed by EIS analysis (Figure 3b, Figure S10) that shows the introduction of Sb 

further decreases the Rct by nearly half. The lamellar thickness of 2920 nm 

demonstrated good performance, showing Rct at 0.64 Ω (pZn-2920) and reduced to the 

lowest value at 0.29 Ω (Sb-pZn-2920) after Sb modification (Table S3). Similarly, Rs 

decreases with increasing lamellar thickness, reaching as low as 1.02 Ω (Sb-pZn-2920) 

after Sb modification. The larger Zn lamellar network provides better electronic 

conductivity, while the strong zincophilicity of Sb further promotes interfacial reaction 

kinetics. To gain deeper understanding of the accelerated charge-transfer process, 

impedance measurements were carried out at varied temperatures. Sb-pZn-2920 

exhibits consistently lower Rct across all temperature ranges (Figure S11, Table S4). 

ACCEPTED M
ANUSCRIP

T



The activation energy (Ea) was subsequently determined using the Arrhenius equation, 

where it represents the desolvation energy barrier that Zn2+ ions must overcome during 

migration. Based on the temperature-dependent Nyquist plots, Ea was calculated using 

the Arrhenius equation (1/Rct = Aexp(−Ea/RT)), where T, R, A and Rct correspond to the 

absolute temperature, the gas constant, the frequency factor and charge transfer 

resistance, respectively [10,47,48]. From the linear fitting of ln(1/Rct) versus 1000/T 

(Figure 3c), the Ea of Sb-pZn-2920 was determined to be 54.20 kJ mol-1, which is lower 

than pZn-2920 (61.71 kJ mol-1) and bare Zn (76.87 kJ mol-1). These results indicate that 

Sb-pZn-2920 facilitates Zn2+ desolvation and accelerates ion migration at the 

electrolyte-electrode interface. The strong zincophilicity of Sb lowers the Ea by 

weakening the coulombic interaction between Zn2+ and its solvation sheath.  

Nucleation overpotential further evaluates the zincophilicity of the modified 

anode. The reduced nucleation overpotential corresponds to lower nucleation energy 

barrier [49-51]. The pZn-2920 shows lower nucleation overpotential than bare Zn, 

benefiting from the porous lamellar framework (Figure S12), while Sb-pZn-2920 shows 

further lower nucleation overpotential than pZn-2920, confirming contributions of Sb in 

Zn deposition (Figure 3d). The voltage profiles of symmetric Sb-pZn-2920, pZn-2920 

and bare Zn cells at varying current densities of 1 to 20 mA cm-2 are shown in Figure 

3e. Sb-pZn-2920 displays the flattest voltage plateaus with small overpotential of 25.5 

mV at 1 mA cm-2, which is 7.8 and 17.7 mV lower than those of pZn-2920 (33.3 mV) 

and bare Zn (43.2 mV), respectively. This reflects the synergistic effects of strong 

zincophilicity of Sb and the extensive electroactive surface area of the lamellar 

structure, enabling Zn stripping and plating with minimal polarization. Consistent with 

CV analysis, even as the current density increases to 2, 5, 10 and 20 mA cm-2, Sb-pZn-

2920 maintains small overpotentials of 30.3, 47.6, 76.3 and 144.4 mV, respectively, 
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which remain significantly lower than pZn-2920 and bare Zn. Exchange current density 

reflects the electrochemical reaction rate at equilibrium potential and reveals the Zn 

plating-stripping kinetics. It is determined using the equation i = 2ioF𝜂/(RT), where i 

denotes the current density, io is the exchange current density and η represents the total 

overpotential [10,52]. Figure S13 shows the linear fitted plots of overpotential versus 

current density. The exchange current densities of Sb-pZn-2920, pZn-2920 and bare Zn 

are determined to be 2.302, 1.322 and 0.672 mA cm-2, respectively. The higher 

exchange current density of Sb-pZn-2920 indicates reduced electrochemical 

polarization, improved electron transfer and accelerated Zn plating-stripping kinetics.  

To study the effect of the modified anode on plating-stripping stability, 

galvanostatic charge-discharge cycle tests were performed. At current density of 2 mA 

cm-2 and areal capacity of 2 mAh cm-2, Sb-pZn-2920 shows the most stable cycling, 

with low overpotential of 31.7 mV and prolonged lifespan of up to 1700 h (Figure 4a). 

In contrast, pZn-2920 and bare Zn experience serious voltage fluctuations, with sudden 

voltage drops occur after 405 h and 250 h, respectively, indicating short circuit caused 

by rampant Zn dendrite growth. Additionally, at high current density of 10 mA cm-2 and 

areal capacity of 10 mAh cm-2, Sb-pZn-2920 continues to maintain stable cycling for up 

to 600 h with overpotential of 64.2 mV, which remains lower than the initial 

overpotential of pZn-2920 and bare Zn (Figure 4b). Under the same conditions, pZn-

2920 and bare Zn show severe voltage fluctuations, with rapid short circuit occur after 

only 206 h and 86 h, respectively. Similarly, the failure mechanisms can be attributed to 

the accumulation of Zn dendrites, which eventually penetrate the separator and cause 

cell degradation [53,54]. Table S5 benchmarks the cycling performance of Sb-pZn-2920 

anode against state-of-the-art Zn anodes reported for symmetric cells across diverse Zn-

based energy storage systems. Given the similar electrochemical behavior of Zn anodes 
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in alkaline electrolytes, this comparison provides meaningful view of their overall 

performance. Compared to other modification strategies, Sb-pZn-2920 outperforms 

most reported anodes by up to twofold (Figure 4c). The exceptional cycling stability 

highlights both the superior reversibility and structural robustness of Sb-pZn-2920, 

establishing it as one of the most promising anode candidates for next-generation 

aqueous ZAB.  

The exceptional long-term cycling performance of Sb-pZn-2920 at high current 

density demonstrates that the modified anode effectively suppresses Zn dendrite growth 

and significantly enhances Zn2+ plating-stripping behavior. After 50 h of stripping-

plating cycles at current density of 10 mA cm-2 and areal capacity of 10 mAh cm-2, 

surface morphology of the electrode was examined. Bare Zn develops uneven 

protrusions that readily initiate dendritic growth (Figure 5a-b). In comparison, pZn-

2920 shows a rough surface with regular micron-sized bumps, indicating that the 

lamellar pores help suppress dendrite formation by providing confined spaces for 

controlled Zn deposition during the initial cycles (Figure 5c-d). Under the same 

conditions, Zn deposition on Sb-pZn-2920 appears smooth and dense without large 

protrusions, confirming that Sb-pZn-2920 promotes uniform Zn growth (Figure 5e-f). 

The incorporation of Sb within the lamellar porous structure homogenizes the electric 

field distribution and Zn2+ flux. The porous framework lowers the local current density 

due to enlarged surface area, while zincophilic Sb sites facilitate Zn2+ adsorption, 

leading to uniform Zn deposition [18,45].  

To further study the dendritic growth, ex-situ SEM was conducted to observe the 

morphological evolution of Zn electrodeposition at areal capacities ranging from 0 to 30 

mAh cm-2. Before deposition, the bare Zn surface appeared smooth (Figure 6a). 

However, in the initial plating at 10 mAh cm-2, distinct particle-like dendrites began to 
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form, resulting in a rough surface with localized regions of intense dendritic growth 

(Figure 6b). As the areal capacity increased, these dendritic structures expanded 

progressively, driven by localized electric field. At 20 mAh cm-2, numerous 

protuberances were observed (Figure 6c), which evolved into well-defined dendritic 

formations extending outward from the bulk Zn surface. Branching structures including 

herringbone-type needle formations were clearly observed. When the areal capacity 

reached 30 mAh cm-2, the dendritic formations developed into a dense, forest-like 

network that nearly covered the entire Zn surface (Figure 6d). Rather than merging into 

a uniform layer, the dendrites remained distinct and continued to grow independently. 

The sharp dendrite tips exhibited the tip effect where Zn atomic clusters preferentially 

accumulated and reinforce the self-perpetuating growth of dendrites [55,56]. At this 

stage, the deposition process became highly uncontrolled with extensive Zn protrusions 

developing 3D tree-like dendritic morphology. The formation of these dendrites was 

primarily attributed to the limited nucleation sites and poor surface wettability which 

led to the localized accumulation of Zn2+ ions and uneven Zn deposition [57-59]. In 

contrast, Zn electrodeposited on Sb-pZn-310, Sb-pZn-750 and Sb-pZn-2920 appeared 

smooth across all plating capacities (Figure 6e-p). At the initial plating of 10 mAh cm-2, 

a dense film-like Zn layer forms, effectively suppressing dendrite growth. As the plating 

capacity increases to 20 mAh cm-2, the Zn layer remains uniform with minimal surface 

irregularities. Even at high areal capacity of 30 mAh cm-2, the surface stays compact 

and free of visible dendritic features. Overall, the modified anode demonstrates 

excellent uniformity, ensuring the formation of stable, dendrite-free Zn layers under 

high Zn loading.  
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Electrochemical performance of ZAB full cells 

ZAB plays a critical role in the proposed self-powered energy system. To 

evaluate the practical feasibility of the modified anode, ZAB full cells were assembled 

(Figure S14) with MnO2 and Ni(OH)2 as bifunctional electrocatalysts for the oxygen 

reduction (ORR) and oxygen evolution (OER) reactions, respectively [60,61], supported 

on the PTFE-treated Toray carbon paper as the air cathode and paired with the as-

prepared anode in the aqueous electrolyte containing 8.5 M KOH and 0.6 M ZnO. The 

surface morphology and crystalline structure of the air cathode were characterized by 

SEM-EDS and XRD as shown in Figure S15 and Figure S16, respectively.  

Sb-pZn-2920||O2 cell delivered an OCV of 1.51 V (Figure 7a), consistent with 

values reported for typical ZABs. When exposed to ambient air for 20 h, Sb-pZn-

2920||O2 cell maintains stable voltage, indicating excellent electrode stability. In 

contrast, the OCV of pZn-2920||O2 and bare Zn||O2 cells slightly decrease from 1.50 to 

1.43 V and 1.51 to 1.48 V respectively, primarily due to self-discharge resulting from 

side reactions, surface corrosion and passivation on the planar Zn electrode. The 

presence of Sb effectively prevents localized self-passivation by reducing the tendency 

of Zn to form ZnO and slowing down surface oxidation [62]. As the result, the surface 

has low passivity, allowing Sb-pZn-2920 to maintain superior stability in strong 

alkaline electrolyte compared with pZn-2920 and bare Zn. To verify the suppression of 

side reactions, Tafel polarization measurements were performed in three-electrode 

system using graphite as the counter electrode and Ag/AgCl as the reference electrode. 

Sb-pZn-2920 shows corrosion current density (icorr) of 0.02291 A cm-2 (Figure S17), 

lower than pZn-2920 (0.02911 A cm-2) and bare Zn (0.03476 A cm-2). Meanwhile, the 

corrosion potential (Ecorr) was slightly more positive (-1.410 V) compared with pZn-

2920 (-1.418 V) and bare Zn (-1.450 V), indicating improved thermodynamic stability. 

ACCEPTED M
ANUSCRIP

T



The lower icorr and more positive Ecorr confirm that Sb-pZn-2920 possesses superior 

corrosion resistance. The Sb-enriched surface reduces direct contact between the active 

Zn and electrolyte, effectively mitigating corrosion [62,63]. In addition, the presence of 

Sb may modify the equilibrium potential through surface alloying effects, which 

contributes to the observed shift in Ecorr and further suppresses side reactions such as 

hydrogen evolution. Discharge polarization curves further demonstrate the superior 

electrochemical performance of the modified anode. Bare Zn||O2 cell experienced 

significant voltage drop with increasing current density (Figure 7b), indicating limited 

anode utilization. In comparison, Sb-pZn-2920||O2 cell showed minimal potential decay, 

maintaining discharge potential of 0.3 V even at high current density of 190 mA cm-2. 

The corresponding power density shows high peak output of 84.36 mW cm-2, sufficient 

to power compact electronic devices such as digital clocks, LED flashlights, portable 

fans and sensors. From Figure S18, the overlapping CV profiles with stable redox peak 

positions over the first four cycles indicate highly reversible and stable electrochemical 

reactions. EIS analysis shows that the Rs and Rct of Sb-pZn-2920||O2 cell are 0.75 Ω and 

3.57 Ω respectively, lower than pZn-2920||O2 and bare Zn||O2 (Figure 7c), indicating 

improved charge-transfer kinetics and reduced interfacial impedance. As shown in 

Figure 7d, the galvanostatic discharge profiles show stable voltage plateau for over 1 h 

at current density of 20 mA cm-2, indicating efficient anode utilization and sustained 

ORR activity at the air cathode. Sb-pZn-2920||O2 cell maintains steady potential at 1.21 

V, higher than pZn-2920||O2 at 1.17 V and bare Zn||O2 at 1.13 V, consistent with the 

results of polarization test and CV. As the discharge progresses, Zn is gradually 

oxidized to form soluble zincate ions in the alkaline electrolyte. When the concentration 

of zincate ions exceeds the solubility limit, ZnO precipitates on the anode surface, 

blocking active sites and hindering further Zn dissolution. The accumulation of these 
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insulating products, along with continuous Zn consumption, results in gradual voltage 

drop [64,65]. Once all active Zn is depleted, the sharp voltage drop to 0 V occurs, 

indicating cell termination and completion of the discharge process. Specific capacity 

was determined based on the discharge time and normalized to the mass of zinc 

consumed, providing measure of the active material utilization. As summarized in Table 

S6, Sb-pZn-2920||O2 cell achieves specific capacity of 580.7 mAh g-1, higher than bare 

Zn||O2 at 512.0 mAh g-1 and pZn-2920||O2 at 546.7 mAh g-1. Additionally, the anode 

utilization is around ~14%, which falls within the normal range and generally 

considered acceptable for conventional static ZABs under laboratory conditions. This 

result is consistent with previous report [66], indicating that the present system shows 

comparable anode efficiency to state-of-the-art ZABs. The enhanced Zn stripping-

plating behaviour of the modified anode enables Sb-pZn-2920||O2 cell to operate stably 

across varied charge-discharge current densities from 10 to 50 mA cm-2. Notably, it 

always shows smaller potential gap than both pZn-2920||O2 and bare Zn||O2 cells 

(Figure 7e), especially at high current densities, confirming its superior reaction 

kinetics.  

To study deeper insight into the Zn storage mechanism, ex-situ XRD was 

conducted to examine the structural and composition changes of the modified anode 

during cycling. Sb-pZn-2920||O2 cell was cycled through 8 set discharge-charge points 

(Figure 8a), after which the anodes were rinsed with deionized water and ethanol and 

dried at 40 °C under vacuum. The resulting XRD patterns at the 8 endpoints within the 

initial cycle are presented in Figure 8b-d. The pristine Sb-pZn-2920 anode shows 

combined peaks of pure crystalline Zn and Sb. After discharge for 1 h, the high-

intensity peak of Sb located at 28.38° shifts positively to 28.76°, indicating the insertion 

of Zn atoms into the Sb lattice and the formation of new alloy phase (Figure 8b) 
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[39,63]. The characteristic peak of ZnSb (JCPDS 18-0140) is detected. Indeed, 

according to the Zn-Sb binary phase diagram (Figure S19), the newly formed phase is 

indexed to ZnSb intermetallic compound, which can form at ambient temperature and 

remain stable at relatively low temperatures. In Figure 8c-d, the characteristic peaks at 

23.74, 40.30°, 42.34°, 47.18, 48.65, 52.16, 59.87°, 62.84°, 66.26° and 69.10° also 

correspond to ZnSb, matching well with the standard PDF card of ZnSb (JCPDS 18-

0140). These results confirm that Sb is alloyed with Zn to form ZnSb phase during 

discharge process. The peak intensity of Sb gradually decreased, indicating that Sb was 

actively consumed [39]. During the subsequent charging process, the characteristic 

ZnSb peak slightly shifts from 28.76° to 28.54°, demonstrating the reversible alloying 

reaction between Sb and Zn. However, the peak location does not revert to pristine Sb-

pZn-2920 (28.38°) due to crystalline lattice change after Sb alloying. According to Tian 

et al. [39], Sb exhibits good reversibility in alloying reactions. The charge-discharge 

mechanism of alloying-type antimony electrodes for Zn-ion batteries can be 

summarized as Sb + xZn ↔ ZnxSb. Over extended operation, Sb continues to 

participate in reversible alloying to form ZnSb until it is gradually depleted. Even so, 

the chemical stability remains high, as confirmed by the long-term GCD test in 

symmetric cell. Regulating the first cycle is particularly meaningful, as it directly 

influences subsequent cycling behavior. This structural change contributes to the 

formation of stable zincophilic interface, which enhances reversibility and overall 

cycling durability of the anode [67,68]. The surface alloying effect between Sb and Zn 

modifies the local equilibrium potential, suppressing side reactions such as corrosion 

and hydrogen evolution and improving the electrochemical stability. XPS analysis 

further supports the phase evolution after cycling process. High-resolution Sb 3d 

spectrum (Figure 8e) shows strong ZnSb signal, consistent with the ex-situ XRD results. 
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Peaks at 537.6 ± 0.05 eV (Sb 3d3/2) and 528.2 ± 0.05 eV (Sb 3d5/2) belongs to the 

metallic Sb species from the ZnSb intermetallic compound. Additionally, the Zn 2p3/2 

peak remains at high binding energy of 1022.8 ± 0.05 eV (Figure 8f), comparable to 

that of the pristine Sb-pZn-2920, confirming the formation of stable zincophilic 

interface. The schematic illustration of the structural and compositional changes of Sb-

pZn-2920 during cycling is shown in Figure 9. 

To verify the cycling stability, galvanostatic charge-discharge tests were 

conducted, with each cycle consist of 30 minutes charge followed by 30 minutes 

discharge at current density of 10 mA cm-2 under ambient air conditions. Sb-pZn-

2920||O2 cell nearly shows stable charge and discharge potentials at 2.44 V and 1.04 V, 

respectively, for up to 120 continuous cycles (Figure 10a). In contrast, pZn-2920||O2 

and bare Zn||O2 cells failed after 62 h and 23 h, respectively, as indicated by sharp 

voltage drop to 0 V due to anode degradation. Even at ultrahigh current density of 20 

mA cm⁻², Sb-pZn-2920||O2 cell shows remarkable long-term cycling stability, operating 

steadily for over 240 h (Figure 10b), more than 10 times longer than the bare Zn||O2 

cell, which suffers rapid failure after only 22 h under the same conditions. Table S7 

benchmarks the cycling performance against previously reported alkaline ZAB systems. 

Compared to other modification strategies, Sb-pZn-2920||O2 cell outperforms most 

reported ZABs in charge-discharge cycling at high current density. This outstanding 

performance underscores its promise for rapid energy delivery and fast-charging 

applications, addressing the critical need in modern energy storage technologies [69,70]. 

To further identify the main factor contributing to cell failure, post-mortem analysis was 

conducted. The failed pZn-2920||O2 and bare Zn||O2 cells were disassembled (Figure 

S20), and the components including the anode and air cathode were separated for 

further examination. Subsequently, new cells were assembled using the used anodes in 
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combination with new separators, fresh electrolytes and new air cathodes [71]. As 

shown in Figure 10c, both reconstructed pZn-2920||O2 and bare Zn||O2 cells operated 

for only 4 and 3 cycles respectively before failing, confirming that degradation of anode 

is the major cause of performance decay during repeated charge-discharge cycling. The 

practical applicability of the modified anode was further demonstrated through a simple 

prototype test. As illustrated in Figure 10d, 4 ZAB cells connected in series using Sb-

pZn-2920 anode successfully powered a toy car, which operated steadily and 

continuously for over 1 h in ambient air.  

Conclusion 

In conclusion, the self-supported Sb-pZn anode has been successfully developed 

as a reversible, dendrite-free and high-performance hostless Zn anode for aqueous 

alkaline rechargeable ZAB. The well-engineered structures with large interconnected 

lamellar network exhibit superior performance owing to their more open porous 

architecture, which provides abundant active sites and broad ion diffusion pathways. 

Since both Sb-pZn and unmodified pZn possess nearly identical porous structures, the 

enhanced performance of Sb-pZn underscores the critical role of Sb in accelerating Zn 

deposition kinetics through its strong zincophilicity and improved interfacial reaction 

dynamics. The Sb-pZn-2920 anode delivers low overpotential of 31.7 mV for up to 

1700 h at 2 mA cm-2 in symmetric cells. When assembled into full ZAB cell, the Sb-

pZn-2920||O2 achieves high specific capacity of 580.7 mAh g-1, high power density of 

84.36 mW cm-2 and charge-discharge cycle life 10 times longer than that of the bare 

Zn||O2 cell. The synergistic effects of porous lamellar framework and Sb modification 

present a practical strategy for overcoming the challenges of planar Zn anodes, offering 

versatile route for tailoring the surface chemistry and microstructure of metal-based 
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electrodes. These findings represent significant step toward realizing safe, durable and 

efficient aqueous Zn energy storage systems for large-scale applications.  

  

ACCEPTED M
ANUSCRIP

T



Acknowledgement, this work was financially supported by the Office of the Deputy Vice-

Chancellor (Research and Innovation), Universiti Teknologi Malaysia through the UTM Nexus 

Attachment Program and the UTM Fundamental Research (Q.J130000.3824.23H15). We thank 

the Sakaebe-Inoishi Laboratory from the Kyushu University Institute for Advanced Materials 

Chemistry for the research support towards this publication.  

  

ACCEPTED M
ANUSCRIP

T



[1] Liu Y, Zhang R, Wang J, et al. Current and future lithium-ion battery 
manufacturing. iScience. 2021;24(4):102332. 

[2] Veza I, Abas MA, Djamari DW, et al. Electric Vehicles in Malaysia and 
Indonesia: Opportunities and Challenges. Energies. 2022;15(7). 

[3] Diouf B, Pode R. Potential of lithium-ion batteries in renewable energy. 
Renewable Energy. 2015;76:375-380. 

[4] Gao Y, Pan Z, Sun J, et al. High-Energy Batteries: Beyond Lithium-Ion and 
Their Long Road to Commercialisation. Nanomicro Lett. 2022;14(1):94. 

[5] Bi X, Jiang Y, Chen R, et al. Rechargeable Zinc–Air versus Lithium–Air 
Battery: from Fundamental Promises Toward Technological Potentials. 
Advanced Energy Materials. 2024;14(6):2302388. 

[6] Kulova TL, Fateev VN, Seregina EA, et al. A Brief Review of Post-Lithium-Ion 
Batteries. International Journal of Electrochemical Science. 2020;15(8):7242-
7259. 

[7] Wang X, Sun C, Wu ZS. Recent progress of dendrite‐free stable zinc anodes for 
advanced zinc‐based rechargeable batteries: Fundamentals, challenges, and 
perspectives. SusMat. 2023;3(2):180-206. 

[8] Yaqoob L, Noor T, Iqbal N. An overview of metal-air batteries, current 
progress, and future perspectives. Journal of Energy Storage. 2022;56. 

[9] Wang Q, Kaushik S, Xiao X, et al. Sustainable zinc–air battery chemistry: 
advances, challenges and prospects [10.1039/D2CS00684G]. Chemical Society 
Reviews. 2023;52(17):6139-6190. 

[10] Lai S, Yuan Y, Zhu M, et al. 3D Carbon Fiber Skeleton Film Modified with 
Gradient Cu Nanoparticles as Auxiliary Anode Regulates Dendrite-Free, 
Bottom-Up Zinc Deposition. Small. 2024;20(13):e2307026. 

[11] Hong L, Wang LY, Wang Y, et al. Toward Hydrogen-Free and Dendrite-Free 
Aqueous Zinc Batteries: Formation of Zincophilic Protective Layer on Zn 
Anodes. Adv Sci (Weinh). 2022;9(6):e2104866. 

[12] Iqbal A, El-Kadri OM, Hamdan NM. Insights into rechargeable Zn-air batteries 
for future advancements in energy storing technology. Journal of Energy 
Storage. 2023;62. 

[13] Wang SB, Ran Q, Yao RQ, et al. Lamella-nanostructured eutectic zinc-
aluminum alloys as reversible and dendrite-free anodes for aqueous rechargeable 
batteries. Nat Commun. 2020;11(1):1634. 

[14] Zhu C, Li P, Xu G, et al. Recent progress and challenges of Zn anode 
modification materials in aqueous Zn-ion batteries. Coordination Chemistry 
Reviews. 2023;485. 

[15] Alemu MA, Worku AK, Getie MZ. Recent advances in electrically rechargeable 
transition metal-based-air batteries for electric mobility. Inorganic Chemistry 
Communications. 2024;159. 

[16] Olabi AG, Sayed ET, Wilberforce T, et al. Metal-Air Batteries—A Review. 
Energies. 2021;14(21). 

[17] Leong KW, Wang Y, Ni M, et al. Rechargeable Zn-air batteries: Recent trends 
and future perspectives. Renewable and Sustainable Energy Reviews. 2022;154. 

[18] Mohd Shumiri MAI, Mohd Najib AS, Fadil NA. Current status and advances in 
zinc anodes for rechargeable aqueous zinc-air batteries. Science and Technology 
of Advanced Materials. 2025;26(1):2448418. 

[19] Liu W, Li C, Li D, et al. Constructing zinc-tin alloy interface for highly stable 
alkaline zinc anode. Chinese Chemical Letters. 2025;36(7):110152. 

ACCEPTED M
ANUSCRIP

T



[20] Mohd Shumiri MAI, Mohd Najib AS, Putra AEE, et al. Electrochemical and 
chemical dealloying of nanoporous anode materials for energy storage 
applications. Science and Technology of Advanced Materials. 
2025;26(1):2451017. 

[21] Cai J, Li T, Zhang S, et al. Electrolyte engineering enables rapid and durable 
Zn–air self-charging batteries [10.1039/D5EE05459A]. Energy & 
Environmental Science. 2026;19(2):478-485. 

[22] Zhang W, Xiong T, Qiu X. Electrolyte engineering for future aqueous Zn-ion 
batteries. Cell Reports Physical Science. 2025;6(10):102853. 

[23] Yuan C, Xiao J, Liu C, et al. Elucidating synergistic mechanisms of an anion–
cation electrolyte additive for ultra-stable zinc metal anodes 
[10.1039/D4TA03414G]. Journal of Materials Chemistry A. 
2024;12(30):19060-19068. 

[24] Yuan X, He C, Wang J, et al. Inhibition of zinc dendrite growth in zinc-air 
batteries by alloying the anode with Ce and Yb. Journal of Alloys and 
Compounds. 2024;970:172523. 

[25] Cai Z, Ou Y, Wang J, et al. Chemically resistant Cu–Zn/Zn composite anode for 
long cycling aqueous batteries. Energy Storage Materials. 2020;27:205-211. 

[26] Wang CW, Yuan YF, Yang JL, et al. Multifunctional SiO2 dense nanopore 
sieve for ultra-stable Zn metal anodes under high current densities. Journal of 
Power Sources. 2024;623:235445. 

[27] Luo J, Xu L, Yang Y, et al. Stable zinc anode solid electrolyte interphase via 
inner Helmholtz plane engineering. Nature Communications. 2024;15(1):6471. 

[28] Wu K, Yi J, Liu X, et al. Regulating Zn Deposition via an Artificial Solid–
Electrolyte Interface with Aligned Dipoles for Long Life Zn Anode. Nano-
Micro Letters. 2021;13(1):79. 

[29] Meng H, Ran Q, Dai T-Y, et al. Lamellar Nanoporous Metal/Intermetallic 
Compound Heterostructure Regulating Dendrite-Free Zinc Electrodeposition for 
Wide-Temperature Aqueous Zinc-Ion Battery. Advanced Materials. 
2024;36(26):2403803. 

[30] Meng H, Ran Q, Dai TY, et al. Surface-Alloyed Nanoporous Zinc as Reversible 
and Stable Anodes for High-Performance Aqueous Zinc-Ion Battery. Nanomicro 
Lett. 2022;14(1):128. 

[31] Sun M, Yang K, Wang N, et al. Nitrogen-doped graphene enables stable zinc 
anode for long-term cycling aqueous Zn-ion batteries. Applied Surface Science. 
2024;648:159008. 

[32] Mu Y, Li Z, Wu B-k, et al. 3D hierarchical graphene matrices enable stable Zn 
anodes for aqueous Zn batteries. Nature Communications. 2023;14(1):4205. 

[33] Levi N, Bergman G, Nimkar A, et al. Carbon nanotubes as efficient anode 
current collectors for stationary aqueous Zn–Br2 batteries. Carbon. 
2024;228:119407. 

[34] Wei C, Tan L, Zhang Y, et al. Metal-organic frameworks and their derivatives in 
stable Zn metal anodes for aqueous Zn-ion batteries. ChemPhysMater. 
2022;1(4):252-263. 

[35] Deckenbach D, Schneider JJ. Toward a Metal Anode-Free Zinc-Air Battery for 
Next-Generation Energy Storage. Small. 2024;20(22):2311065. 

[36] Mohd Shumiri MAI, Mohd Najib AS, Fadil NA. Fabrication of uniform porous 
lamellar zinc structures by dealloying of eutectic binary zinc-aluminium alloys. 
Malaysian Journal of Microscopy. 2025;21(1):34-46. 

ACCEPTED M
ANUSCRIP

T



[37] Lu B, Li Y, Wang H, et al. Effects of cooling rates on the solidification 
behavior, microstructural evolution and mechanical properties of Al–Zn–Mg–Cu 
alloys. Journal of Materials Research and Technology. 2023;22:2532-2548. 

[38] Liu X, Zhao Q, Jiang Q. Effects of cooling rate and TiC nanoparticles on the 
microstructure and tensile properties of an Al–Cu cast alloy. Materials Science 
and Engineering: A. 2020;790:139737. 

[39] Tian Y, An Y, Liu C, et al. Reversible zinc-based anodes enabled by zincophilic 
antimony engineered MXene for stable and dendrite-free aqueous zinc batteries. 
Energy Storage Materials. 2021;41:343-353. 

[40] Zhao L, Li Y, Yu M, et al. Electrolyte-Wettability Issues and Challenges of 
Electrode Materials in Electrochemical Energy Storage, Energy Conversion, and 
Beyond. Advanced Science. 2023;10(17):2300283. 

[41] Zhao L, Peng Y, Dou P, et al. Surface chemistry of electrode materials toward 
improving electrolyte-wettability: A method review. InfoMat. 
2024;6(11):e12597. 

[42] Li H, Zhao R, Zhou W, et al. Trade-off between Zincophilicity and 
Zincophobicity: Toward Stable Zn-Based Aqueous Batteries. JACS Au. 
2023;3(8):2107-2116. 

[43] Qin R, Wang Y, Yao L, et al. Progress in interface structure and modification of 
zinc anode for aqueous batteries. Nano Energy. 2022;98:107333. 

[44] Zhang Q, Luan J, Tang Y, et al. Interfacial Design of Dendrite-Free Zinc 
Anodes for Aqueous Zinc-Ion Batteries. Angewandte Chemie International 
Edition. 2020;59(32):13180-13191. 

[45] Gong Y, Wang B, Ren H, et al. Recent Advances in Structural Optimization and 
Surface Modification on Current Collectors for High-Performance Zinc Anode: 
Principles, Strategies, and Challenges. Nanomicro Lett. 2023;15(1):208. 

[46] Zheng X, Liu Z, Sun J, et al. Constructing robust heterostructured interface for 
anode-free zinc batteries with ultrahigh capacities. Nature Communications. 
2023;14(1):76. 

[47] Qin Y, Li H, Han C, et al. Chemical Welding of the Electrode–Electrolyte 
Interface by Zn-Metal-Initiated In Situ Gelation for Ultralong-Life Zn-Ion 
Batteries. Advanced Materials. 2022;34(44):2207118. 

[48] Laidler KJ. The development of the Arrhenius equation. Journal of Chemical 
Education. 1984;61(6):494. 

[49] Huang R-B, Wang M-Y, Xiong J-F, et al. Anode optimization strategies for 
zinc–air batteries. eScience. 2025;5(3):100309. 

[50] He M, Shu C, Zheng R, et al. Manipulating the ion-transference and deposition 
kinetics by regulating the surface chemistry of zinc metal anodes for 
rechargeable zinc-air batteries. Green Energy & Environment. 2023;8(1):318-
330. 

[51] Zhang Y, Zheng X, Wang N, et al. Anode optimization strategies for aqueous 
zinc-ion batteries [10.1039/D2SC04945G]. Chemical Science. 
2022;13(48):14246-14263. 

[52] Zhou L, Yang F, Zeng S, et al. Zincophilic Cu Sites Induce Dendrite-Free Zn 
Anodes for Robust Alkaline/Neutral Aqueous Batteries. Advanced Functional 
Materials. 2022;32(15):2110829. 

[53] Wang P, Yu K, Wang H, et al. Achieving highly reversible regulation of zinc 
deposition through ultrafast in situ construction of multifunctional zinc anode 
interfaces. Energy Storage Materials. 2024;69. 

ACCEPTED M
ANUSCRIP

T



[54] Shang Y, Kundu D. Understanding and Performance of the Zinc Anode Cycling 
in Aqueous Zinc-Ion Batteries and a Roadmap for the Future. Batteries & 
Supercaps. 2022;5(5):e202100394. 

[55] Wang K, Xiao Y. Inhibiting dendrite growth of electrodeposited zinc via an 
applied capacitor. Journal of Electroanalytical Chemistry. 2022;920. 

[56] Worku AK. Engineering techniques to dendrite free Zinc-based rechargeable 
batteries. Front Chem. 2022;10:1018461. 

[57] Al‐Abbasi M, Zhao Y, He H, et al. Challenges and protective strategies on zinc 
anode toward practical aqueous zinc‐ion batteries. Carbon Neutralization. 
2024;3(1):108-141. 

[58] Li Y, Chen S, Duan W, et al. Anode Modification of Aqueous Rechargeable 
Zinc-Ion Batteries for Preventing Dendrite Growth: A Review. Energy 
Technology. 2024;12(2):2300830. 

[59] Khezri R, Rezaei Motlagh S, Etesami M, et al. Stabilizing zinc anodes for 
different configurations of rechargeable zinc-air batteries. Chemical Engineering 
Journal. 2022;449. 

[60] Salman Y, Waseem S, Alleva A, et al. Synthesis, characterization, functional 
testing and ageing analysis of bifunctional Zn-air battery GDEs, based on α-
MnO2 nanowires and Ni/NiO nanoparticle electrocatalysts. Electrochimica 
Acta. 2023;469:143246. 

[61] Marini E, Jörissen L, Brimaud S. Rational design of a low-cost, durable and 
efficient bifunctional oxygen electrode for rechargeable metal-air batteries. 
Journal of Power Sources. 2021;482:228900. 

[62] El-Sayed AE, Shilkamy HAE, Elrouby M. The passivity breakdown of zinc 
antimony alloy as an anode in the alkaline batteries. Sci Rep. 2022;12(1):18925. 

[63] Xu K, Zheng X, Luo R, et al. A three-dimensional zincophilic nano-copper host 
enables dendrite-free and anode-free Zn batteries. Materials Today Energy. 
2023;34. 

[64] Shinde SS, Wagh NK, Lee CH, et al. Scaling-Up Insights for Zinc–Air Battery 
Technologies Realizing Reversible Zinc Anodes. Advanced Materials. 
2023;35(48):2303509. 

[65] Mainar AR, Iruin E, Urdampilleta I, et al. Effect of cell design on the durability 
of secondary zinc-air batteries. Applied Energy. 2024;353:122049. 

[66] Yang PK, Turney DE, Nyce M, et al. Performance and failure mechanisms of 
alkaline zinc anodes with addition of calcium zincate (Ca[Zn(OH)3]2ꞏ2H2O) 
under industrially relevant conditions [10.1039/D4YA00093E]. Energy 
Advances. 2024;3(8):1932-1947. 

[67] Li B, Yang K, Ma J, et al. Multicomponent Copper-Zinc Alloy Layer Enabling 
Ultra-Stable Zinc Metal Anode of Aqueous Zn-ion Battery. Angewandte 
Chemie International Edition. 2022;61(47):e202212587. 

[68] Li H, Jia W, Chen P, et al. Zinc deposition characteristics on different substrates 
for aqueous zinc ion battery. Applied Surface Science. 2023;607. 

[69] Wang A, Zhang X, Gao S, et al. Fast-Charging Zn–Air Batteries with Long 
Lifetime Enabled by Reconstructed Amorphous Multi-Metallic Sulfide. 
Advanced Materials. 2022;34(49):2204247. 

[70] Khezri R, Rezaei Motlagh S, Etesami M, et al. Stabilizing zinc anodes for 
different configurations of rechargeable zinc-air batteries. Chemical Engineering 
Journal. 2022;449:137796. 

[71] Song Z, Ding J, Liu B, et al. Investigation of failure mechanism of rechargeable 
zinc–air batteries with poly(acrylic acid) alkaline gel electrolyte during 

ACCEPTED M
ANUSCRIP

T



discharge–charge cycles at different current densities. Chemical Engineering 
Journal. 2022;429:132331. 

  

ACCEPTED M
ANUSCRIP

T



 

Figure 1. Preparation and microstructural properties of the modified Zn-based anode. a) 

Schematic illustration of Sb-pZn fabricated by alloying-dealloying technique and 

surface modification with Sb. b-d) SEM images of eutectic Zn-5Al (wt%) precursor 

alloy prepared by induction melting of high-purity Zn and Al. e-g) SEM images of pZn 

prepared by chemical dealloying in NaOH solution. h-j) SEM images of Sb-pZn 

showing incorporation of Sb on the porous lamellar Zn by galvanic replacement 

reaction. 
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Figure 2. Materials characterization of the modified Zn-based anode. a) SEM image of 

Sb-pZn-2920 and the corresponding EDS elemental mappings of b) Zn and c) Sb. d) 3D 

topographic AFM image of Sb-pZn-2920. e) XRD patterns of Sb-pZn with reference 

line patterns of Zn (JCPDS 04-0831) and Sb (JCPDS 35-0732). Contact angle of 

electrolyte containing Zn-ion on f) bare Zn, g) Sb-pZn-310, h) Sb-pZn-750 and i) Sb-

pZn-2920. j) High-resolution O 1s and Sb 3d XPS spectra of Sb-pZn-2920. k) Binding 

energy shift in the Zn 2p region of Sb-pZn.  
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Figure 3. Electrochemical performance of the modified Zn-based anode in symmetric 

cells. a) CV curves at scan rate of 10 mV s-1. b) Nyquist plots at temperature of 25 °C. 

c) Activation energy of zinc deposition on Sb-pZn-2920, pZn-2920 and bare Zn. d) 

Nucleation overpotentials of Sb-pZn-2920 at current density from 1 to 5 mA cm-2. e) 

Voltage profiles of Sb-pZn-2920, pZn-2920 and bare Zn at areal capacity of 1 mAh cm-

2 and current densities from 1 to 20 mA cm-2.  
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Figure 4. Long-term cycling performance of Sb-pZn-2920, pZn-2920 and bare Zn 

symmetric cells at a) 2 mA cm-2 and 2 mAh cm-2, b) 10 mA cm-2 and 10 mAh cm-2. c) 

Comparison of cycling performance between Sb-pZn-2920 and other advanced Zn 

anodes in literatures.  
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Figure 5. SEM images of the surface of a-b) bare Zn, c-d) pZn-2920 and e-f) Sb-pZn-

2920 before and after 50 cycles at current density of 2 mA cm-2 and areal capacity of 2 

mAh cm-2. 
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Figure 6. SEM images of the surface of a-d) bare Zn, e-h) Sb-pZn-310, i-l) Sb-pZn-750 

and m-p) Sb-pZn-2920 before and after Zn deposition at areal capacities from 0 to 30 

mAh cm-2. 

 

Figure 7. Electrochemical performance of Sb-pZn-2920||O2, pZn-2920||O2 and bare 

Zn||O2 full cells. a) Open circuit potential. b) Discharge polarization profiles with the 

corresponding power densities. c) Nyquist plots. d) Galvanostatic discharge profiles at 

current density of 20 mA cm-2. e) Charge-discharge profiles of Sb-pZn-2920||O2 at 

current densities from 10 to 50 mA cm-2.  
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Figure 8. Schematic analysis of structural and composition changes of Sb-pZn-2920 

during cycling. a) Charge-discharge curves at 20 mA cm-2. XRD patterns of Sb-pZn-

2920 at various charge-discharge states within b) 22–30°, c) 38–54° and d) 55–75°. 

High-resolution e) O 1s, Sb 3d and f) Zn 2p XPS spectra of Sb-pZn-2920 after cycling.  
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Figure 9. Schematic illustration of the structural and compositional changes of Sb-pZn-

2920 during cycling based on the XRD results.  
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Figure 10. Long-term cycling performance of Sb-pZn-2920||O2, pZn-2920||O2 and bare 

Zn||O2 full cells at current density of a) 10 mA cm-2 and b) 20 mA cm-2 with 1 h per 

cycle. c) Cycling performance of reassembled Sb-pZn-2920||O2, pZn-2920||O2 and bare 

Zn||O2 full cells at 10 mA cm-2. d) Photograph of a toy car powered by 4 series-

connected Sb-pZn-2920||O2 batteries.  
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