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Abstract

Aim: Aqueous zinc (Zn)-ion batteries have gained recognition as a promising energy storage solution due to their
abundant zinc resources, cost-effectiveness, high energy density, and inherent safety. However, their practical
application is significantly limited by issues such as dendrite formation and parasitic side reactions, which
undermine the stability, efficiency, and longevity of Zn anodes. Methods: In this study, we present a novel approach
by introducing a nanocrystalline nickel-tungsten (Ni-W) coating onto Zn anodes via electrodeposition. This coating
acts as a functional interface, regulating Zn dissolution and deposition, suppressing dendrite growth, and
minimizing side reactions. Additionally, W enhances Zn*" ion adsorption, reduces nucleation energy barriers, and
promotes uniform Zn growth along the Zn (002) crystallographic plane. Results: The compact morphology of the
Ni-W layer further serves as a protective barrier, improving electrode stability during extended cycling. The
Ni-0.TW@Zn anode demonstrates outstanding electrochemical performance, achieving over 2,000 h of stable
operation at 1 mA cm™ with a Coulombic efficiency of 98%. In full cell configurations paired with Ni-0.1W@Zn||
V., 0., the system retains 81% of its capacity after 1,500 cycles at 1 A g”. Conclusion: These findings highlight the
transformative potential of the Ni-W coating as a scalable and sustainable solution to address the fundamental
limitations of Zn anodes, paving the way for advanced and durable energy storage technologies critical to
renewable energy systems.
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INTRODUCTION

Among various metal-based secondary batteries, aqueous zinc-ion batteries (AZIBs) have emerged as a
viable alternative for next-generation energy storage due to their abundance of zinc resources, cost-
effectiveness, high theoretical capacity of 820 mAh g'"* and inherent safety provided by aqueous
electrolytes. These attributes position AZIBs as an attractive solution for large-scale renewable energy
storage systems, offering environmental benefits over conventional batteries that rely on organic
electrolytes. Despite their potential, AZIBs face critical challenges, particularly at the zinc anode. Dendrite
formation, driven by the "tip effect" during repetitive zinc plating and stripping cycles*, remains a
significant issue, leading to unstable cycling behavior'”. Furthermore, side reactions such as hydrogen
evolution reactions (HER), corrosion, and passivation™’ reduce both efficiency and lifespan, severely
limiting the commercial viability of AZIBs"". To mitigate these issues, several approaches have been
developed""", including surface modification*"'?, structural optimization"”'", electrode engineering"*?*"/,
and electrolyte/separator regulation**”, effectively reducing dendrite formation and unwanted side

13-16)

reactions” ). These challenges necessitate the development of advanced materials and engineering

26,27]

strategies to stabilize the zinc anode™**”.

Researchers have made considerable strides in improving the stability of Zn anodes through alloying and
applying protective surface coatings”. Zinc-nickel alloys®”, for example, are widely recognized for their
| Their low susceptibility to hydrogen embrittlement further

[33]

31,32

corrosion resistance and structural stability'
enhances their applicability in environments prone to degradation

Among the emerging solutions, tungsten-based alloys have demonstrated remarkable potential as protective
coatings in zinc-ion batteries. Tungsten offers several exceptional properties, including a high melting point
(3,410 °C), low thermal expansion coefficient (4.3 x 10° C"), and excellent thermal conductivity
(173 W/m-K), which contribute to enhanced stability and performance in demanding electrochemical
environments. Its incorporation into zinc anodes provides significant benefits, such as controlling zinc
deposition, suppressing dendrite growth, and improving corrosion resistance. The ability of tungsten to
maintain structural integrity under repetitive plating and stripping conditions further extends the cycling
life of zinc-based systems. Despite these advantages, the optimization of tungsten-to-nickel ratios and the
scalable fabrication of such coatings remain underexplored™*".,

In zinc-based batteries, tungsten’s properties contribute significantly to improved stability and longevity.
The addition of tungsten to the electrode enhances corrosion resistance, a critical factor in maintaining
electrode integrity in aqueous electrolytes. Its strong bonding and high melting point help prevent structural
degradation during repeated charge and discharge cycles. Furthermore, tungsten's ability to regulate zinc
deposition effectively reduces dendrite formation, minimizing the risk of short circuits and extending
battery lifespan®**.

This paper examines the effects of nickel-tungsten (Ni-W) alloy coatings on Zn foil under varying tungsten
ratios while maintaining a constant nickel concentration, focusing on their impact on zinc anode stability.
By promoting uniform ion transport and forming a durable alloy with zinc, Ni-W shows potential to
improve both the efficiency and durability of AZIBs.

In this study, a nanocrystalline Ni-W alloy coating was developed through electrodeposition to address
these challenges'*’. By forming a durable alloy with zinc, the Ni-0.1W@Zn layer enhances uniform Zn
deposition and promotes controlled Zn growth along crystallographic planes. This design improves
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corrosion resistance, suppresses dendrite formation, and ensures electrode stability during cycling. The
Ni-0.1W@Zn anode exhibits exceptional performance, enabling symmetric cells to operate for over 2,000 h
at 1 mA cm” with reduced polarization. In full-cell configurations with Zn||V,O,, the system achieves
capacity retention exceeding 81% after 1,500 cycles at 1 A g". The incorporation of a nanocrystalline Ni-W
coating offers an innovative strategy to address the inherent challenges of Zn anodes. By enhancing Zn
plating/stripping efficiency and effectively mitigating dendrite growth, this study provides a scalable and
sustainable pathway for the development of high-performance Zn-ion batteries.

MATERIALS AND METHODS

Experimental details

The electrodeposition bath composition was adjusted”*], and deposition was conducted in galvanostatic
mode using a two-electrode setup. Zinc foil, with an exposed surface area of 4 cm x 4.5 cm and a thickness
of 0.1 mm, served as the cathode substrate, while a platinum electrode functioned as the anode. Ni-W
coatings were plated onto the zinc foil at four concentrations (0.05, 0.1, 0.15, and 0.2 M) and for four
varying durations (180, 300, 600, and 900 s). For comparison, Ni was deposited on the zinc foil at a
concentration of 0.07 M. The resulting findings are summarized in Tables 1-3.

Preparation of Ni@Zn foil and Ni-W@Zn foil

Ni@Zn and Ni-W@Zn foils were prepared through constant-potential electrodeposition. Before deposition,
high-purity Zn foils (99.9%) measuring 4 cm x 4.5 cm were thoroughly cleaned with acetone to remove any
surface contaminants. The cleaned foil was then mounted on an acrylic plate to allow coating on one side
only. Ni and Ni-W electrodeposition was performed for 180, 300, 600, and 900 s in an electrolyte solution.
Deionized water was used to dilute the nickel concentration to 0.07 M, while sodium tungstate
(Na,WO,-2H,0) was used at varying concentrations (0.05, 0.1, 0.15, and 0.2 M). Tri-Sodium Citrate
Dihydrate (Na,C,H,O,-2H,0) at 0.58 M acted as a complexing agent, with Ammonium Chloride (NH,CI) at
0.58 M and Sodium Bromide (NaBr) at 0.2 M added to enhance conductivity. The electrodeposition setup
included a Pt mesh as the counter electrode, a saturated calomel electrode (SCE) as the reference, and Zn
foil as the working electrode, with a current density of 1.8 A/cm®. After deposition, the foils were rinsed with
deionized water and dried in a vacuum oven at 80 °C for 600 s to produce the Ni@Zn and Ni-W@Zn foils.

Material characterizations

The morphology of Ni@Zn foil, Ni-W@Zn foil, and bare-Zn foil was determined through scanning electron
microscopy (SEM) with Energy Dispersive X-ray (EDX) mapping to determine the elemental distribution.
The phase analysis of electrodes was obtained by X-ray diffraction (XRD). The optimal Ni-W@Zn samples
were analyzed using X-ray Fluorescence (XRF) to determine the elemental composition of the
nanoparticles. The surface roughness was identified using a confocal laser scanning microscope (CLSM).

Electrochemical measurements

The electrochemical performance tests were conducted using 2 M ZnSO, electrolyte packaged in CR2032
coin batteries. The ionic conductivity of bare-Zn, Ni@Zn, and Ni-W@Zn foils was characterized by
electrochemical impedance spectroscopy (EIS) at frequencies ranging from 0.01 Hz to 100 kHz. Cyclic
voltammetry (CV) tests were performed at a scan rate of 0.1 mV s and a voltage range of 0.2-1.6 V. The
Tafel curve and linear scanning voltammetry (LSV) measurements used a three-electrode system, with bare-
Zn, Ni@Zn, and Ni-W@Zn as the working electrodes, platinum as the counter electrode, and Ag/AgCl as
the reference electrode, respectively. The scanning rate was set to 0.1 mV s (CHI 660e, Chenhua, China).
Full cells were assembled using V,O, as the cathode to evaluate the effectiveness of the Ni@Zn and Ni-
W@Zn foils as anodes. The V,0, cathodes were prepared by mixing the active material, conductivity agent,
and PVDF binder in a weight ratio of 7:2:1, then pressed onto carbon paper using a doctor blade and dried
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Table 1. Plating bath formulation and conditions for Ni-W deposition on Zinc foil

Chemicals Bath composition [M (mol/I)] Purpose

Nickel sulfate (NiSO,-6H,0) 0.07 Ni source

Sodium tungstate (Na,WO,-2H,0) 0.05,0.1,0.15, 0.2 W source

Trisodium citrate dihydrate (Na;CH;0,2H,0) 0.58 Complexed for Ni and W
Ammonium chloride (NH,CD) 0.58 To increase current efficiency
Sodium bromide (NaBr) 0.2 Improve conductivity

Table 2. Plating bath formulation and conditions for Ni deposition on Zinc foil

Chemicals Bath composition [M (mol/I)] Purpose

Nickel sulfate (NiSO ,-6H,0) 0.07 Ni source

Sodium tungstate (Na,WO,-2H,0) - W source

Trisodium citrate dihydrate (Na;C,H;0,2H,0) 0.58 Complexed for Niand W
Ammonium chloride (NH,CD 0.58 To increase current efficiency
Sodium bromide (NaBr) 0.2 Improve conductivity

Table 3. Electrodeposition parameters for depositing Ni and Ni-W coating on Zn foil

Parameters Ni Ni-W

Plating time (s) 180, 300, 600, 900 180, 300, 600, 900
Current density (A/cmz) 1.8 1.8

Anode material Pt mesh Pt mesh
Temperature (°C) 25 25

under vacuum at 80 °C for 12 h. The diameter of the electrodes was 14 mm. The cell also included the
integration of polypropylene microporous separators (GF/D 47 mm). Long-cycle stability during the
charge-discharge process of bare-Zn, Ni@Zn, and Ni-W@Zn foil symmetrical cells was tested at 1 mA cm™.
The performance of bare-Zn||Cu, Ni@Zn||Cu, and Ni-W@Zn||Cu asymmetrical cells, along with bare-Zn||
V.0, Ni@Zn||V,0,, and Ni-W@Zn||V,O, full cells, was evaluated using the NEWARE system over a voltage
range of 0.2-1.6 V.

RESULTS AND DISCUSSION

The electrodeposition process for a nanocrystalline Ni-W on Zn foils is outlined in Figure 1A. Ni and Ni-W
electrodeposition was performed for 180, 300, 600, and 900 s in an electrolyte solution. The solutions used
for Ni-W and Ni deposition, as detailed in Tables 1-3, were fully dissolved in deionized water to ensure
clarity and consistency. To determine the optimal tungsten concentration and deposition time, rate
performance tests were conducted to assess the electrochemical efficiency of the coatings. These tests
evaluated the specific capacity across various tungsten concentrations and deposition times, providing
critical insights into their correlation and performance trends. As shown in Supplementary Figure 1, the
results reveal a correlation between specific capacity and both tungsten concentration and deposition time,
with the combination of a 0.1 M tungsten concentration and a 300 s deposition time delivering the highest
specific capacity. This outcome highlights an optimal balance between coating quality and electrochemical
performance, emphasizing the importance of fine-tuning deposition parameters to achieve maximum
efficiency in Zn-ion battery anodes. The optimal condition of 0.1 M tungsten concentration and 300 s
deposition time provides the highest specific capacity, emphasizing the importance of deposition
parameters. To evaluate the effects of tungsten concentration and deposition time, morphological analysis
was conducted to examine the surface structure and coating quality of Zn electrodes. As shown in
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Figure 1. (A) Schematic illustration of preparation procedure and mechanism simulations of Ni-0.1W@Zn. SEM images and cross-
section of (B) Bare-Zn, (C) Ni@Zn and (D) Ni-O.TW@Zn. (E) Element mapping images of Ni-0.TW@Zn. and (F) XRD patterns of Bare-
Zn, Ni@Zn and Ni-O.1IW@Zn.

Figure 1B, SEM images illustrate the results for deposition times of 180, 300, 600, and 900 s at a tungsten
concentration of 0.1 M. At 180 s [Supplementary Figure 2], the Ni-W layer was insufficient to fully cover
the Zn foil. Prolonged deposition times, such as 600 and 900 s [Supplementary Figure 3], led to the
formation of tungsten oxide, resulting in non-uniform adhesion and reduced coating quality, particularly
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when the tungsten concentration exceeded 0.15 M. Additionally, deposition times below 300 s were found
to be suboptimal due to hydrogen gas adsorption on the Zn surface, causing surface cracks and voids
[Supplementary Figure 4] Optimal deposition was achieved at 180 and 300 s for both Ni and Ni-W
coatings. The top-view and cross-sectional SEM images [Figure 1B-D] illustrate the structural differences
among Bare-Zn, Ni@Zn (nickel concentration of 0.07 M, deposition time of 180 s), and Ni-0.1W@Zn
(tungsten concentration of 0.1 M, deposition time of 300 s).

SEM characterization reveals that Ni@Zn [Figure 1C] exhibits a polygonal structure with rough facets,
whereas Ni-0.1W@Zn [Figure 1D] forms a semi-spherical and more compact morphology. This distinct
morphological evolution upon tungsten incorporation highlights its critical role in facilitating uniform Zn
deposition and enhancing surface compactness, both of which are essential for improved cycling stability.
SEM-EDX element mapping [Figure 1E and Supplementary Figure 5] confirms that Ni and W are
uniformly distributed across the Ni-0.1W@Zn surface, forming a highly compact and homogeneous layer
approximately 5 pm thick. XRF [Supplementary Figure 6] analysis further substantiates tungsten
incorporation, revealing a tungsten content of 5.03%, indicating its successful integration within the bulk
structure. Complementary energy-dispersive X-ray spectroscopy (EDS) analysis identifies a higher tungsten
content of 12.51%, suggesting preferential enrichment near the coating surface. These findings not only
verify the presence of tungsten but also underscore its strategic localization, which enhances Zn*" ion
adsorption, promotes uniform Zn deposition, and suppresses dendrite formation.

The optimized coating thickness of approximately 5 pm ensures efficient electron transport and minimizes
internal resistance, critical for achieving high-performance Zn-ion batteries'*”. Tungsten incorporation
significantly enhances structural stability during prolonged cycling, making Ni-0.1W@Zn highly suitable for
long-term applications. In contrast, the Ni@Zn coating exhibits a considerably thicker layer (approximately
13 um), as shown in cross-sectional SEM analysis [Supplementary Figure 7]. While providing surface
coverage, this excessive thickness increases internal resistance and hinders efficient electron transport.
Moreover, the absence of tungsten in Ni@Zn results in insufficient suppression of dendrite growth and
limited structural stability during extended cycling. Conversely, the Ni-0.1W@Zn coating, with its
optimized thickness and tungsten incorporation, delivers superior electron transport and reduced
resistance, ensuring efficient Zn plating and stripping cycles'*!. These properties position Ni-0.1W@Zn as a
more effective and reliable anode material for Zn-ion batteries. SEM analysis further highlights the uniform
and dense morphology of the Ni-W coating, which is vital for controlling Zn deposition and mitigating
dendrite growth. These structural attributes significantly enhance anode stability, addressing challenges
associated with uncontrolled Zn growth during extended cycling. The optimized morphology and
compositional features establish Ni-0.1W@Zn as a promising material for developing durable, high-
performance energy storage systems.

Additionally, XRD analysis [Figure 1F] confirms the presence of Ni and W coatings on Zn foil. Distinct
peaks are observed for the Ni (200) crystallographic plane at 20 = 44.52° in a face-centered cubic structure
and for tungsten at 20 = 43.19°, aligning with the Joint Committee on Powder Diffraction Standards
(JCPDS). The average particle size of nickel nanoparticles, calculated from the Ni (111) peak at 20 = 44.54°
using the Scherrer equation, is approximately 27 nm. The nanoscale particle size shortens diffusion paths
for ions and electrons, enhancing reaction kinetics and increasing rate capability. Furthermore, the
structural flexibility of nanoparticles accommodates volume changes during charge and discharge cycles,
minimizing degradation and improving cycling stability. These features are particularly valuable for
applications requiring high energy density and extended cycle life*”.
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Figure 2A-C illustrates bare-Zn, Ni@Zn, and Ni-0.1W@Zn electrodes soaked in a 2 M ZnSO, electrolyte for
14 days to evaluate their chemical stability. The SEM images of the electrodes after soaking, as shown in
Figure 2D-F, reveal a uniform surface on Ni-0.1W@Zn, whereas Zn dendrites are more pronounced on the
bare-Zn and Ni@Zn surfaces. This indicates that the Ni-0.1W@Zn coating effectively minimizes Zn

[46-48]

dendrite formation and controls crystal growth, contributing to enhanced battery longevity!*.

Figure 2G-I shows contact angle measurements for bare-Zn, Ni@Zn, and Ni-0.1W@Zn with 2 M ZnSO,
electrolyte, measuring 110.45°, 129.63°, and 71.10°, respectively. The significantly lower contact angle of
Ni-0.1W@Zn demonstrates superior wettability'*. This increased hydrophilicity enhances electrolyte access
and Zn* ion transport, which positively affects cycling performance!™’. As shown in Figure 2], the corrosion
potential of Ni-0.1W@Zn (-0.898 V) is higher than that of bare-Zn (-0.900 V) and Ni@Zn (-0.909 V),
indicating improved corrosion resistance. Additionally, corrosion tests conducted in 2M ZnSO, solution
demonstrate that Ni-0.1W@Zn significantly reduces corrosion current, further underscoring its durability.

To verify the positive effects of the Ni-W coating on zinc metal anodes, long-term cycling stability tests were
conducted at a constant current density of 1 mA cm™ and a capacity of 0.5 mAh cm? While the initial
cycles exhibited relatively high voltage polarization, the overpotential for Zn plating/stripping with
Ni-0.1W@Zn||Ni-0.1W@Zn stabilized at 68.1 mV, as shown in Figure 3A and Supplementary Figure 8.
Moreover, the Ni-0.1W@Zn||Ni-0.1W@Zn cell maintained stable cycling for over 2,000 h, indicating
enhanced Zn* ion transport due to the Ni-W coating. In contrast, bare Zn and Ni@Zn electrodes
experienced significant and irreversible voltage drops between 100 and 400 h, signaling battery failure due
to short circuits caused by Zn dendrite growth. The poor electrochemical performance of Ni@Zn was
further evident from the increased overpotential (114.9 mV) compared to its initial value of 96.9 mV, as
shown in Figure 3B. When symmetric cells were tested at a higher current density of 2 mA cm™ and a
capacity of 1 mAh cm?, the Ni-0.1W@Zn||Ni-0.1W@Zn battery demonstrated stable cycling for over
1,300 h, as depicted in Figure 3C and Supplementary Figure 9. The voltage curve remained steady, with a
low initial overpotential of 92.1 mV, compared to 108.2 mV for Ni@Zn. The Ni-0.1W@Zn exhibited
ultralow voltage hysteresis, contrasting sharply with the poor performance of Ni@Zn, which failed within
100 h, accompanied by a sharp increase in overpotential to 146.6 mV [Figure 3D]. This was significantly
higher than the 84.9 mV overpotential observed for Ni-0.1W@Zn. The low nucleation overpotential and
minimal voltage hysteresis of Ni-0.1W@Zn indicate a decreased energy barrier for Zn deposition and
improved Zn ion transfer kinetics”'. The superior Coulombic efficiency (CE) and prolonged cycling
lifespan of Ni-0.1W@Zn underscore its potential for advanced energy storage applications. As shown in
Figure 3E, the voltage hysteresis values of bare Zn and Ni@Zn are 186 and 177 mV, respectively, indicating
disordered Zn nucleation and growth. In contrast, Ni-0.1W@Zn exhibits a significantly lower overpotential
of 89.5 mV, reflecting stable cycling and enhanced Zn*" ion transport®. Additional performance tests using
Cul|Zn asymmetric cells, with Cu foil as the counter electrode, were conducted at 1 mAh cm™ capacity and
1 mA cm” current density. Bare Zn and Ni@Zn showed an initial CE of 98% but maintained stable cycling
for only up to 150 and 400 cycles, respectively”™. In contrast, Ni-0.1W@Zn demonstrated superior cycling
reversibility, achieving a CE of 98% for up to 1,100 cycles [Figure 3F]. This performance highlights a more
reversible Zn ion plating/stripping process. XRD analysis in Figure 3G reveals that Ni-0.1W@Zn retained
strong diffraction peaks even after extended cycling, indicating high electrochemical stability. In
comparison, bare Zn and Ni@Zn exhibited increased by-products, such as Zn,SO,(OH),-5H,O (PDF#7s-
0246), a common by-product in zinc-ion batteries. This by-product formation reflects electrode surface
changes due to H" insertion, as confirmed by a peak at 12.27° observed during discharge. Notably, Ni-
0.1W@Zn generated fewer by-products even after 1,000 cycles, with prominent nickel and tungsten peaks
remaining visible. Furthermore, XRD patterns indicate significant Zn crystal growth along the (100) and
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Figure 2. Optical image of initial state of (A) Bare-Zn and (B) Ni@Zn and (C) Ni-0.1TW@Zn compared with after soaked and immersed
in 2M ZnSO, electrolyte for 14 days. SEM images of (D) Bare-Zn, (E) Ni@Zn and (F) Ni-0.1W@Zn immersed in 2M ZnSO, electrolyte
for 14 days of surface. Contact angles of (G) Bare-Zn, (H) Ni@Zn and () Ni-0.1W@Zn and (J) Tafel curve of Bare-Zn, Ni@Zn and Ni-
0IW@Zn.

(110) planes in bare Zn and Ni@Zn, whereas Ni-0.1W@Zn exhibited markedly reduced crystal growth in
(002) planes®™, indicating enhanced structural stability”**. The dissolution of Ni-0.1W@Zn and Zn
deposition beneath the Ni-W layer during cycling suggests a Zn deposition mechanism involving electron
transfer between Zn(OH), and charge carriers"™”. This layer creates a potential gradient across the coating,
enabling ion diffusion through the Ni-W layer [Figure 3H], and promoting uniform Zn deposition across
the electrode”™. However, uncontrolled Zn growth during extended cycling could ultimately lead to internal
short circuits under the Ni layer or on bare Zn surfaces™.

Figure 4A-C presents the morphologies of Bare-Zn, Ni@Zn, and Ni-0.1W@Zn anodes in symmetric cells at
1 mA cm?. The Bare-Zn surface exhibits an uneven texture with prominent Zn flakes and dendrites, which
appear after 100 h in bare-Zn cells and after 400 h in Ni@Zn cells [Supplementary Figure 10]. These changes
reflect progressive dendrite growth and surface degradation over time. In contrast, the Ni-0.1W@Zn anode
retains a smooth and uniform surface even after 2,000 h, demonstrating its effectiveness in achieving
consistent Zn deposition and minimizing by-product formation during plating and stripping. Further
analysis, as shown in Supplementary Figure 11, examines the morphologies of Bare-Zn, Ni@Zn, and Ni-
0.1W@Zn electrodes at a higher current density of 2 mA cm? On Bare-Zn and Ni@Zn surfaces, zinc
dendrites gradually grow and cluster into large protrusions due to uncontrolled Zn plating and stripping,
leading to the formation of Zn flakes and unwanted side reactions. In contrast, SEM images of the Ni-
0.1W@Zn anode reveal a highly uniform Zn deposition, effectively suppressing dendrite growth and
reducing the occurrence of side reactions. Laser confocal microscopy in Figure 4D-F and
Supplementary Figure 12 provides additional insight, revealing significant height differences on the surfaces
of bare-Zn and Ni@Zn electrodes, exceeding 90 and 20 pm, respectively. By comparison, the Ni-0.1W@Zn
anode exhibits much lower surface roughness (14 pm), ensuring an even distribution of Zn deposits and
effectively suppressing dendrite formation.
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Figure 3. (A) Cycling stability of Bare-Zn, Ni@Zn and Ni-0.1IW@Zn in symmetrical cells at 1 mA cm; (B) enlarged voltage profiles of
Ni@Zn and Ni-0.I\W@Zn at 1 mA cm™ (C) Cycling stability of Bare-Zn, Ni@Zn and Ni-0.1TW@Zn in symmetrical cells at 2 mA cm (D)
enlarged voltage profiles of Ni@Zn and Ni-0.IW@Zn at 2 mA cm™; (E) The first curves of Cul|Zn cell, Cu||Ni@Zn and Cul|Ni-0.1W@Zn
cell at 1 mA cm™ for 0.5 mAh cm™; (F) Coulombic efficiency of Zn plating/stripping in Bare-Zn, Ni@Zn and Ni-0.1W@Zn cells with a
current density of 1 mA cm™ capacity of 1 mAh cm™ (G) XRD patterns of Bare-Zn, Ni@Zn and Ni-0.1IW@Zn after 200 h cycles at
1 mA cm’?; Schematic illustrations of (H) Bare-Zn and (F) Ni-0.1W@2Zn during plating/stripping.
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Figure 4. SEM images of (A) Bare-Zn after 100 h at T mA cm™ and (B) Ni@Zn after 400 h at 1 mA cm” and (C) Ni-0.1W@Zn after
2,000 hat1mA cm™ The laser confocal microscopy images of (D) Bare-Zn (E) Ni@Zn and (F) Ni-0.1W@Zn after plating/stripping.

Further evaluation of the Ni-0.1W@Zn anode was conducted in full cells paired with V,O, as the cathode, as
shown in Figure 5A. CV curves at 1 mV s* demonstrate significantly enhanced electrochemical capacity in
Ni-0.1W@Zn||V,0; cells. The Nyquist plots for full cells using bare-Zn, Ni@Zn, and Ni-0.1W@Zn anodes,
tested before and after cycling [Figure 5B], reveal that the charge transfer resistance of bare-Zn (119.0 Q)
and Ni@Zn (90.0 Q) is markedly higher than that of Ni-0.1W@Zn (45.0 Q). These findings confirm the
superior charge transfer ability of the Ni-0.1W@Zn anode. The reduced impedance highlights enhanced
Zn* ion transference number and improved charge transfer kinetics, both critical for achieving stable and
uniform Zn plating/stripping. The incorporation of tungsten generates a uniform electric field across the
electrode surface, enabling homogeneous Zn deposition while effectively suppressing dendrite formation.
This well-regulated deposition mechanism ensures efficient Zn cycling and high reversibility, contributing
to the improved cycling stability of the Ni-0.1W@Zn anode. These results underscore the importance of the
Ni-W coating in optimizing Zn*" transport, stabilizing Zn deposition, and addressing challenges in Zn-ion
battery performance and durability.
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Figure 5. (A) CV curves of Bare-Zn// V,0 4, Ni@Zn//V,0; and Ni-0.IW@Zn//V,Og; (B) EIS curves of Bare-Zn//V,0, Ni@Zn//V,0,
and Ni-0.1TW@Zn//V,0s; (C) Charge and discharge curves of Bare-Zn//V,0,Ni@Zn//V,0s and Ni-0.1W@Zn//V,0,; (D) Rate
performances of Bare-Zn//V,0., Ni@Zn//V,0s and Ni-0.1\W@Zn//V,0; and (E) Cycling stabilities of Bare-Zn//V,0, Ni@Zn//V,04
and Ni-0.1IW@2Zn//V,0, at T mA cm™.

The charge/discharge profiles of full cells at a current density of 0.3 A g*, as shown in Figure 5C, reveal
significant differences in specific capacity among the electrodes. The bare Zn anode achieves a discharge
specific capacity of 117.33 mAh g, while the Ni@Zn anode reaches 150.06 mAh g™

Notably, the Ni-0.1W@Zn anode delivers the highest discharge specific capacity of 210.42 mAh g7,
demonstrating its ability to significantly enhance reversible capacity through improved Zn plating/stripping
behavior. Furthermore, the Ni-0.1W®@Zn anode exhibits substantially reduced voltage polarization
compared to both bare Zn and Ni@Zn electrodes, aligning with CV results and further validating its
superior electrochemical performance. High-rate performance testing Figure 5D shows that the Ni-
0.1W@Zn battery achieves an initial capacity of 210.42 mAh g” at 0.3 A g and maintains capacity even at
5.0 A g [Supplementary Figure 13]. The Ni-0.1W@Zn||V,O, batteries exhibit significantly improved long-
term cycling performance compared to bare Zn||[V,O, and Ni@Zn||V,O, batteries. At 1 A g, the Ni-
0.1W@Zn anode achieves a specific capacity of 163 mAh g with capacity retention exceeding 81% after
1,500 cycles [Figure 5E]. At a lower current density of 0.5 A g" [Supplementary Figure 14], the Ni-0.1W@Zn
anode demonstrates excellent stability, retaining 89% of its capacity after 1,000 cycles. These results
highlight the consistent electrochemical performance of the Ni-0.1W@Zn anode across varied operating


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/microstructures40118-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/microstructures40118-SupplementaryMaterials.pdf

Page 12 of 15 Choonha-Anothai et al. Microstructures 2025, 5, 2025049 | https://dx.doi.org/10.20517/microstructures.2024.118

conditions. Combined with its outstanding performance at 1 A g, the Ni-0.1W@Zn system demonstrates
versatility and durability, making it a promising candidate for advanced Zn-ion battery applications. In
contrast, bare Zn||V,0, and Ni@Zn||V,O, batteries show rapid capacity loss and structural degradation
caused by dendrite growth and ongoing corrosion during extended cycling. Morphological analysis reveals
that the Ni-0.1W@Zn anode maintains a smooth and uniform surface even after prolonged cycling
[Supplementary Figure 15], while bare Zn anodes develop rough, vertically grown Zn flakes, exacerbating
dendrite formation. These findings emphasize the role of the Ni-W coating in suppressing dendrite growth
and minimizing side reactions, key factors in enhancing cycling stability and extending the lifespan of Zn-
ion batteries. Collectively, these results confirm that the Ni-0.1W@Zn anode is a durable and efficient
solution for advancing Zn-ion battery technology, offering a pathway toward reliable, long-lasting energy
storage systems.

CONCLUSIONS

In summary, we successfully developed a nanocrystalline Ni-W layer on Zn foil that directs Zn deposition
along specific crystal planes, effectively minimizing corrosion and suppressing by-product formation. This
modification significantly enhances Zn*'/Zn reversibility, presenting strong potential for stable and high-
performance AZIBs. Optimal performance was achieved using a 0.1 M Ni-W concentration with a 300 s
deposition time, producing favorable surface properties and improved battery performance. The Ni-
0.1W@Zn anode demonstrated exceptional cycling stability, enabling symmetric cells to operate for over
2,000 h at a current density of 1 mA cm™ with a high CE of 98%. Additionally, these electrodes consistently
outperformed both Ni@Zn and bare Zn anodes, underscoring their practicality for energy storage
applications.

The nanocrystalline Ni-W coating plays a pivotal role in advancing Zn-ion battery performance by
providing a uniform and compact surface that facilitates controlled Zn deposition, suppresses dendrite
formation, and reduces by-product accumulation. Its superior corrosion resistance protects the Zn substrate
during prolonged cycling, while its excellent electrical conductivity ensures efficient electron transport.
These synergistic features enhance structural stability and enable consistent Zn plating and stripping,
resulting in a longer battery lifespan and improved operational safety.

This study presents a transformative approach to overcoming the challenges associated with zinc anodes
through the integration of a scalable and practical Ni-W coating. The exceptional electrochemical stability,
enhanced durability, and dendrite suppression demonstrated by the Ni-0.1W@Zn anode highlight its
critical importance in the development of sustainable and high-efficiency energy storage solutions. By
bridging the gap between laboratory research and industrial application, this work establishes a promising
foundation for next-generation battery technologies essential to the future of renewable energy systems.
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