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Abstract. Metallic zinc is one of the most attractive anode materials for post-lithium batteries due to its natural
abundance, safety, low cost and high theoretical capacity. However, it often suffers from severe polarization and
poor reversibility, which hinder the practical application in aqueous alkaline rechargeable zinc-ion batteries.
Herein, this work presents antimony-modified porous lamellar zinc anode (Sb-pZn) as a promising high-
performance negative electrode. The porous structure was fabricated by chemical dealloying of eutectic Zn-Al
alloy, in which the less noble Al component was selectively removed in sodium hydroxide (NaOH) solution. This
process produces a well-defined lamellar pattern with aligned porous channels, providing high surface area that
facilitates efficient ion transport and enhances electrochemical stability. Surface modification was performed
through galvanic replacement reaction in antimony trichloride (SbCls) solution. This introduces Sb sites that
promote uniform Zn nucleation. As a result, Sb-pZn anode with Zn lamellar thickness of ~2920 nm (Sb-pZn-
2920) shows improved Zn deposition behavior, with an ultralow nucleation overpotential of 101.3 mV even at
high current density of 0.2 mA/cm?. Cyclic voltammetry shows better redox kinetics with stronger peak currents
and reduced peak separation of 0.736 V, while electrochemical impedance spectroscopy confirms a notable
decrease in charge transfer resistance from 4.238 Q for bare Zn to 1.770 Q for Sb-pZn-2920. The combined effects
of Sb incorporation and the tailored porous structure effectively reduce polarization and enhance overall
electrochemical performance. This study offers a simple and scalable strategy for developing high-performance
Zn anodes and provides valuable insights for advancing next-generation aqueous Zn-based energy storage
systems.
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1. INTRODUCTION

Global energy demand continues to rise annually. Despite the rapid expansion of renewable
generation, fossil fuels remain the dominant energy source. Achieving carbon neutrality will require
not only scaling renewable technologies but also developing safe, cost-effective and sustainable energy
storage systems. Lithium-ion batteries currently dominate the electrochemical storage market due to
their high energy density [1]. However, their long-term viability is constrained by the scarcity and rising
cost of lithium resources, as well as safety risks associated with flammable electrodes [2]. These
limitations restrict their suitability for grid-scale deployment and highlight the urgent need for
alternative battery technologies that are both sustainable and reliable. Therefore, Zn-ion batteries have
emerged as one of the most promising candidates.

Zn metal is naturally abundant, inexpensive and environmentally benign, while its use with
aqueous alkaline electrolytes provides intrinsic safety benefits [3]. In principle, Zn anodes offer high
theoretical capacity and stable redox chemistry, making them highly attractive for large-scale energy
storage [4]. Nevertheless, the practical application is hindered by sluggish electrochemical kinetics.
Conventional planar Zn anodes, with their limited surface area, suffer from poor ion transport, high
polarization and accelerated degradation, which compromise efficiency and cycle life [5]. Previous
research efforts have always focused on the development of cathode materials and electrolytes, while
comparatively little attention has been given at the anode side. In Zn-ion battery systems, the mass of
Zn anode is far greater than necessary to balance the capacity of cathode [6]. Moreover, the surface-
active Zn on the anode participates directly in redox reactions during charge-discharge process.
Therefore, advanced design of Zn anode is critical for enhancing electrochemical performance.

Prior studies have demonstrated the potential of combining surface chemistry with
microstructural engineering. Zhu et al. [7] reported enhanced reversibility in surface-alloyed
nanoporous Zn, while Meng et al. [8] developed a self-supported lamellar nanoporous copper
heterostructure anode to regulate Zn electrochemical activity. The alternating layered channels promote
homogeneous ion transport and the open porous architecture provides large surface area for
electrochemical stability. Mohd Shumiri et al. [9] agreed that porous lamellar design offers exceptional
uniformity with precisely aligned channels. These characteristics make lamellar porous Zn anodes
compelling candidates for stable and efficient Zn-based electrodes. Additionally, Xu et al. [10] achieved
stable Zn deposition by dispersing Sb nanoparticles on a 3D copper substrate, whereas Hong et al. [11]
modified Zn plate anode with a thin metallic Sb layer, promoting stronger Zn-ion interaction and
reduced nucleation overpotential even at high current density. The incorporation of Sb reduces the
electrolyte contact angle, indicating improved wettability that promotes uniform dispersion of the
electrolyte across the surface. Furthermore, the high surface free energy of Sb facilitates homogeneous
distribution of Zn-ions, thereby enhancing Zn deposition behavior [12]. However, significant
opportunities remain. Despite these distinct advantages, studies on antimony modification in porous
lamellar zinc alloys remain limited.

Therefore, the present study seeks to address this gap by introducing a novel strategy that
integrates lamellar porous Zn with Sb modification to enhance electrochemical performance in alkaline
aqueous electrolytes. The tailored lamellar architecture promotes uniform ion transport, while Sb
incorporation improves reaction kinetics and regulates Zn nucleation. This work demonstrates a simple
and scalable approach for engineering high-performance Zn anodes and provides valuable insights for
advancing next-generation aqueous Zn-based energy storage systems.

2. MATERIALS AND METHODS
2.1 Preparation of Sb-pZn anode

Zn-5A1 (wt.%) precursor alloy was first prepared by induction melting of high-purity Zn (99.99
%) and Al (99.99 %) in alumina crucible, followed by solidification under controlled cooling conditions
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(water-, air- and furnace-cooled). After complete solidification, the ingot was removed from the crucible
and sectioned into 10 mm X 10 mm x 1 mm alloy sheets using precision cutter. The Zn-5Al sheets were
then chemically dealloyed to prepare porous lamellar Zn (pZn), in which the less noble Al component
was selectively dissolved in 4 M NaOH solution at 50 °C for 4 h as reported in our previous work [13].
After thorough rinsing with pure water and ethanol, the pZn sheets were immersed in 0.15 M SbCl;
solution for 3 minutes at room temperature to obtain Sb-modified porous lamellar Zn (Sb-pZn) via
galvanic replacement reaction. In this process, Zn was oxidized to Zn** while Sb*" was reduced and
deposited as metallic Sb (3Zn + 2SbCl; — 3ZnCl, + 2Sb). The as-prepared Sb-pZn sheets were
subsequently washed with ethanol to remove residual chemicals from the pore channels and directly
used as electrodes for electrochemical testing.

2.2 Materials characterization

Electron micrographic analysis was performed using variable-pressure scanning electron
microscope (VPSEM, Zeiss Supra VP35) equipped with energy-dispersive X-ray spectroscopy (EDS)
for elemental analysis. Samples were mounted on aluminium stubs with conductive carbon tape and
placed in the chamber under vacuum to minimize interference. An acceleration voltage of 15 kV was
applied and SEM images were captured at various magnifications along with corresponding EDS
elemental mappings. X-ray diffraction (XRD) analysis was carried out using Rigaku SmartLab2018
diffractometer with Cu Ko radiation (A = 1.5406 A). Diffraction data were collected over 20 range of
20°-100° with scanning speed of 2° per minute and step size of 0.02°. The diffraction patterns were
analyzed using X’Pert HighScore Plus program and compared with standard reference data from the
International Centre for Diffraction Data (ICDD) database for phase identification and structural
analysis.

2.3 Electrochemical measurements

Electrochemical properties were measured using potentiostat-galvanostat (Gamry 1010B) in
three-electrode system. The as-prepared Sb-pZn, pZn and bare Zn samples were used as working
electrodes, 10 mL of 8.5 M KOH and 0.6 M ZnO solution as the electrolyte, graphite rod as the counter
electrode and Ag/AgCl (3 M KCl) as the reference electrode. Cyclic voltammetry (CV) was performed
to evaluate Zn oxidation and reduction behavior, with initial potential of 0 V, switching potential of -
2.0 V and scan rates ranging from 10 mV/s to 50 mV/s. Current density versus voltage curves were
obtained to observe the redox peaks corresponding to Zn stripping (oxidation) and plating (reduction).
Zn*" diffusion coefficient was calculated using Randles-Sevcik Equation 1 [14],

i,=(2.68648x10°)n*2AD,*C_v!”? (1)

where i, is the peak current, n is the number of electrons involved in the reaction (assumed to
be 2), D is the apparent ion diffusion coefficient, C is the concentration of Zn?" in the electrolyte, A is
the effective electrode area and v is the scan rate. Electrochemical impedance spectroscopy (EIS) was
conducted to evaluate Zn ion transfer kinetics by applying 10 mV AC voltage signal over frequency
range of 10 kHz to 0.1 Hz. The impedance response was analyzed using Nyquist and Bode plots. The
solution resistance, R represents the intrinsic resistance of both electrolyte and electrode. Meanwhile,
the charge transfer resistance, R is associated with electron transfer kinetics at the electrode. At high
frequency, intercept of EIS spectra with the real part corresponds to Rs. In middle frequency range, the
semicircle diameter reflects the parallel connection of R and constant phase element, CPE. The plots
at low frequency represents Warburg resistance, Z,,. Based on the equivalent circuit, EIS spectra were
analyzed using complex nonlinear least squares fitting. All spectra were fitted using Z-view software.
Chronopotentiometry was conducted to evaluate nucleation overpotential by measuring voltage as a
function of time at constant current density of 0.2 mA/cm?.
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3. RESULTS AND DISCUSSION
3.1 Morphological and structural characteristics of Sb-pZn
3.1.1 SEM and EDS analysis
As shown in Figure 1, the lamellar-structured Zn-Al alloy was first fabricated by induction

melting of pure Zn and Al at the eutectic composition, followed by chemical dealloying and surface
modification process meanwhile Figure 2 shows microstructural properties of the modified Zn anode.
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Figure 1: Schematic illustration of Sb-pZn fabricated by alloying-dealloying of Zn-Al, followed by
surface modification with Sb on the porous lamellar structure
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Figure 2: Microstructural properties of the modified Zn anode (a-c) SEM images of eutectic Zn-5Al
precursor alloy prepared by induction melting of high-purity Zn and Al. (d-f) SEM images of
dealloyed pZn obtained by chemical dealloying in NaOH solution. (g-i) SEM images of Sb-pZn
showing metallic Sb deposited on the porous Zn lamellar by galvanic replacement reaction. Surface
modification of pZn with Sb was achieved by simple chemical displacement reaction.
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The precursor alloy was solidified under controlled cooling conditions, producing Zn lamellae
with thicknesses of ~310 nm in water-cooled (Figure 2(a)), ~750 nm in air-cooled (Figure 2(b)) and
~2920 nm in furnace-cooled (Figure 2(c)). Chemical dealloying in NaOH solution selectively dissolved
the Al component, creating aligned channels and resulting in highly ordered lamellar porous structure.
SEM images of the dealloyed pZn (Figures 2(d-f)) clearly reveal lamellar porous architecture consisting
of quasi-periodic channels and Zn ligaments. SEM micrographs in Figures 2(g-1) confirmed the uniform
deposition of Sb, forming a textured layer across the freestanding pZn framework while maintaining
the underlying lamellar porosity.

EDS elemental mapping in Figures 3(a-c) further validated the uniform distribution of Sb. This
demonstrates the compatibility of modification process with the Zn lamellar substrate.

Figure 3: EDS analysis of Sb-pZn-2920. (a) SEM image with corresponding elemental mappings of
(b) Zn and (c) Sb

3.1.2 XRD analysis

Crystalline structure and phase composition of Sb-pZn were characterized by XRD. The
diffraction patterns in Figures 4(a) and (b) confirmed the coexistence of metallic Zn and Sb, with
characteristic peaks corresponding to hexagonal Zn (JCPDS 04-0831) and hexagonal Sb (JCPDS 35-
0732).
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Figure 4: XRD analysis of the modified Zn anode. (a) Diffraction patterns and (b) the enlarged view
showing the minor peaks of hexagonal Sb
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The minor peaks at 28.7°, 40.0° and 41.9° are indexed to (012), (104) and (110) planes of
hexagonal Sb, confirming successful incorporation of Sb onto the pZn surface. Meanwhile, the major
peaks at 36.34°, 39.06°, 43.31°, 54.38°, 70.11°, 70.68° and 77.01° are attributed to (002), (100), (101),
(102), (103), (110) and (004) planes of hexagonal Zn, respectively.

3.2 Electrochemical performance

To evaluate the electrochemical behavior, CV measurements were conducted in three-electrode
system. As shown in Figure 5(a), all samples were preconditioned for 10 cycles to achieve stable
electrochemical response. The potential was first scanned in reverse from 0 V to -2.0 V vs. Ag/AgCl
followed by forward scan from -2.0 V to 0 V at scan rate of 10 mV/s. In forward scan, anodic peak
corresponding to Zn oxidation was observed. This process involves dissolution of metallic Zn into Zn**,
which subsequently reacts with hydroxide ions (OH") to form Zn(OH),. Further interaction with OH~
produces soluble zincate ions ((Zn(OH)4)*). As the zincate concentration reaches solubility limit, ZnO
precipitates on the electrode surface, gradually forming passive layer that impedes further Zn
dissolution [15]. The formation of ZnO layer contributes to notable decrease in current, as the reaction
rate becomes limited by the diffusion of OH™ ions to the electrode interface [16].

From Figure 5(b), the shift in oxidation peak potential shows different Zn dissolution behavior.
The peak for bare Zn appeared at -0.491 V, whereas for pZn-2920 it shifted to -0.638 V. Sb-pZn-2920
showed even larger shift to -0.765 V, indicating better Zn dissolution kinetics. The incorporation of Sb
successfully modifies the electronic structure which facilitates Zn oxidation at lower overpotentials.
Additionally, it showed stronger anodic peak current densities (0.355 A/cm?) that indicate efficient
zincate ion formation in the forward scan.
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Figure 5: CV curves of bare Zn and the modified Zn anode in KOH-ZnO electrolyte over the
potential range of 0 to -2.0 V vs. Ag/AgCl at scan rate of 10 mV/s for (a) 10 pre-conditioning cycles
and (b) one cycle

In reverse scan, additional sharp oxidation peak appeared that attributed to the re-establishment
of Zn oxidation process following the partial removal of ZnO layer. As previously reported, this peak
corresponds to the breakdown of accumulated ZnO on the electrode surface, allowing Zn to undergo
oxidation once again [17]. The reaction can be expressed as ZnO + H,O + 20H~ — Zn(OH),*. This
peak reflects the re-oxidation of Zn in the presence of pre-formed oxide layers, confirming the transient
nature of ZnO passivation. The gradual removal of ZnO exposes fresh Zn to enable renewed oxidation.
So, additional unreacted Zn surfaces become available to the electrolyte, resulting in instantaneous
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increase in current. On top of that, cathodic peak that correspond to reduction of zincate ions to metallic
Zn was observed. Bare Zn shows reduction peak at -1.674 V while pZn-2920 shifts to -1.601 V. The
greater shift is observed for Sb-pZn-2920 at -1.501 V that indicates lower energy barrier for Zn
deposition which can be attributed to improved nucleation kinetics. Additionally, stronger cathodic peak
current density further confirms the enhanced reduction activity. Sb-pZn-2920 demonstrated slightly
higher current at 0.204 A/cm?. These results emphasize the positive effects of both porosity and Sb
incorporation in enhancing the reduction behavior.

Apart from that, smaller peak-to-peak separation (AE,) indicates improved charge transfer
kinetics of redox couple. Bare Zn shows large AE, (1.183 V) that suggests sluggish kinetic and high
polarization loss. In contrast, pZn-2920 demonstrated decrease in AE, (0.963 V), reflecting enhanced
reaction dynamics. The more pronounced improvement was observed in Sb-pZn-2920 where AE,
further decreased to 0.736 V. This reduction shows superior charge transfer kinetic and lower
polarization loss. Also, the results suggested that lamellar thickness plays significant role in the reaction
mechanism. A clear correlation is observed where larger lamellae deliver better performance due to
more developed porous structure, resulting in increased surface area that enables more active
electrochemical reactions, while the introduction of Sb further enhances interfacial reaction kinetics
[13]. Table 1 summarizes all parameters obtained from CV measurement.

Table 1: Electrochemical parameters obtained from CV measurements

Oxidation peak Reduction peak
Electrode Potential Current Potential Current AEp (V)
) (A/em?) ) (A/em?)

Bare Zn -0.491 0.252 -1.674 0.161 1.183
pZn-310 -0.537 0.245 -1.617 0.172 1.080
pZn-750 -0.544 0.263 -1.620 0.174 1.075
pZn-2920 -0.638 0.308 -1.601 0.195 0.963
Sb-pZn-310 -0.716 0.316 -1.512 0.171 0.796
Sb-pZn-750 -0.736 0.337 -1.507 0.183 0.771
Sb-pZn-2920 -0.765 0.355 -1.501 0.204 0.736

As shown in Figure 6(a-c), increasing the scan rate from 10 to 50 mV/s causes AE, to widen.
This indicates that the electrode reaction is limited by diffusion and charge transfer resistance. At higher
scan rates, the electron transfer timescale is reduced and result in sluggish charge transfer.
Consequently, cathodic peak shifts to higher potential as the reduction process requires additional
energy to compensate for slower ion transport [18]. Similarly, the anodic peak shifts due to delayed
oxidation kinetics. To evaluate diffusion behavior, the current density evolution at varied scan rates was
analyzed. Zn** diffusion coefficient was calculated using Randles-Sevcik equation (1). Linear plots of
peak current versus the square root of scan rate were presented in Figure 6(d-¢). Sb-pZn-2920 shows
high diffusion coefficient for oxidation (1.10 x10™ ¢m*/s) and reduction (1.16 x10~° cm?/s), indicating
better ion transport.

As CV lacks direct measurement of resistance, EIS was conducted to quantitatively analyze the
solution resistance, Ry and charge transfer resistance, Rc.. Nyquist plots show single semicircle across
the high to low frequency range (Figure 7(a)). Bare Zn shows high R, (2.215 Q) due to low wettability
on the planar surface structure. In contrast, Sb-pZn-2920 shows lower R (0.882 Q) as the porous
lamellar structure improved electrolyte interaction. The highly uniform lamellar channels improve
liquid-solid interaction as the confined space within the pores enhances electrolyte penetration and
distribution.
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Figure 6: CV curves at scan rate ranging from 10 to 50 mV/s for (a) bare Zn, (b) pZn-2920 and
(¢) Sb-pZn-2920. Randles-Sevcik plots of (d) anodic and (e) cathodic peak current density as a
function of the square root of the scan rate
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Additionally, Sb modification promotes better electrolyte adhesion that reduce contact
resistance between electrolyte and electrode. Furthermore, bare Zn shows high R (4.238 Q) that
indicates high resistance to Zn ion transfer at the interface. The planar surface causes localized reaction
which increases interface irregularity and hinders electron flow [19]. In contrast, Sb-pZn-2920 achieves
lower Re (1.770 Q). This reduction confirms faster Zn ion transfer and improved reaction kinetics which
is consistent with CV analysis. The modified Zn anode become more conducive to electron transfer.
Observed carefully, larger lamellar pore results in lower R The larger lamellar channel creates more
open pathways for electrolyte penetration and accessibility [12].
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Figure 7: Electrochemical properties of bare Zn and the modified Zn anodes. (a) Nyquist plots, (b)
Bode plots of log |Z] vs. log frequency, (c) Bode plots of phase angle vs. log frequency and
(d) voltage-time profiles at current density of 0.2 mA/cm?

Apart from that, R and Ry were analyzed by Bode plots of impedance (Z) as a function of
logarithmic frequency (Figure 7(b)). The low frequency region represents charge transfer process while
the high frequency region dominated by solution resistance. Consistently, Sb-pZn-2920 showed the
lowest impedance plot which indicates faster charge transfer kinetics. Similarly, in high frequency
region, Sb-pZn-2920 demonstrated the lowest impedance magnitude that suggests improved electrode-
electrolyte resistance while bare Zn had the highest impedance due to poor wettability and higher
interfacial resistance. From Figure 7(c), the single peak was observed in the Bode phase angle plot
across all samples which corresponds to single loop in Nyquist plot. This confirms the presence of one
dominant time constant in the equivalent circuit. Most importantly, the increase in phase angle at
relaxation frequency was obviously observed that indicates enhanced capacitive response compared to
bare Zn.
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As shown in Figure 7(d), chronopotentiometry was conducted to further confirm the Zn
deposition behavior. Bare Zn shows large nucleation overpotential of 278.1 mV with steady-state
potential of -2.022 V. This indicates limitation of planar structure in promoting efficient Zn deposition.
In contrast, pZn-2920 achieves lower overpotential (156.2 mV), confirming that the porous structure
provides better electroactive surface exposure that promotes deposition kinetics. Additionally, the
integration of Sb further enhances the interfacial interactions. Sb-pZn-2920 shows further reduction in
both nucleation (101.3 mV) and plateau overpotentials (1.962 V). This improvement is directly related
to the synergistic effect of Sb component and porous lamellar architecture which creates abundant active
sites for more efficient Zn nucleation and growth. Consistently, greater lamellar pores result in lower
overpotential, and this trend remains consistent before and after modification. The larger lamellar
network enhances electronic conductivity, while Sb incorporation effectively regulates Zn nucleation.
Moreover, the alternating stacked lamellar structure with more open channels provides higher surface
area, thereby promoting improved Zn deposition behavior [13].

4. CONCLUSIONS

In summary, a newly designed Sb-pZn has been successfully engineered as high-
performance anode for alkaline aqueous Zn-based energy storage systems. The combination of
lamellar framework with Sb creates highly conducive surface that facilitates efficient Zn** ion
transport and accelerates electrochemical reactions. As a result, Sb-pZn shows superior Zn
oxidation and reduction behavior characterized by low polarization. Chronopotentiometry
analysis demonstrates low nucleation overpotential (101.3 mV) under high current density of 1
mA/cm?, outperforming the unmodified bare Zn electrode. CV analysis reveals better redox
kinetics with stronger peaks and reduced peak separation, indicating faster electron and ion
transfer. EIS analysis confirms these findings, showing substantial reduction in R (1.770 Q),
reflecting the improved interfacial dynamics. The combined effects between porous lamellar
architecture and Sb modification provides robust strategy to overcome the persistent challenges
of planar Zn anodes. Importantly, this approach not only enables the design of stable Zn anodes
but also establishes a broadly applicable methodology for tailoring surface chemistry and
microstructure in metal-based electrodes. These findings represent significant step forward in
advancing safe, durable and high-rate aqueous Zn energy storage systems, bridging the gap
toward their practical deployment in large-scale energy applications.
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