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Abstract: Zinc-based aqueous batteries (ZABs) are promising candidates for grid-scale energy storage owing to zinc’s high
theoretical capacity, inherent safety, environmental benignity, and low cost. However, their deployment is hindered by limited
cycle life and insufficient energy density, primarily due to an inefficient zinc utilization rate (ZUR) and interfacial instability.
Distinct from previous reviews that mainly survey material modifications, this work examines anode failure modes within a
unified framework of interfacial thermodynamics and kinetics. We systematically elucidate how unfavorable thermodynamic
barriers and kinetic limitations in ion transport and charge transfer synergistically trigger dendritic growth, corrosion, passi-
vation, and mechanical pulverization, thereby constraining the ZUR. Building on these insights, we critically evaluate recent
advances in electrolyte engineering, interfacial functionalization, and host design, with emphasis on their mechanisms for
modulating nucleation thermodynamics and deposition kinetics. Finally, we propose actionable design principles that highlight
the thermodynamic and kinetic balance as a prerequisite for durable, high-utilization zinc anodes, thereby translating funda-
mental insights into scalable, high-energy ZAB technologies.
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INTRODUCTION

The rapid pace of global industrialization has led to a significant increase in energy demand, placing stringent
requirements on energy storage technologies. Among various candidates, zinc-based aqueous batteries
(ZABs) have emerged as a leading aqueous metal-ion system, primarily owing to their intrinsic safety and
scalability. Their key advantages include low cost (~$3.2 kg™"), a favorable redox potential (—0.763 V vs.
standard hydrogen electrode (SHE)), high theoretical capacity (820 mAh g~' and 5855 mAh cm ™), and the
utilization of non-flammable aqueous electrolytes [1,2]. Consequently, ZABs are increasingly recognized as
a promising alternative to lithium-ion batteries (LIBs) for next-generation large-scale energy storage.
Research on ZABs encompasses cathode materials (including manganese-based [3,4], vanadium-based [5-7],
Prussian blue analogues [8,9], among others [10,11]), anodes, electrolytes, and their interactions, the performance
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Figure 1 The balance of battery life and energy density at high-ZUR.

and utilization of the anode critically govern key energy storage metrics such as energy density and cycling
stability [12]. The functionality of zinc anodes fundamentally depends on the reversibility of Zn*" plating/
stripping electrochemistry [13]. Accordingly, considerable efforts have sought to maximize Coulombic efficiency
(CE) toward its theoretical limit of 100%, ensuring the high reversibility required for practical applications.
However, extended cycle life often comes at the expense of capacity and zinc utilization rate (ZUR), which is
defined as the ratio of electrochemically active zinc participating in reversible reactions to the total amount of zinc
present in the anode. For instance, Zn-Mn systems with a CE of 99% can cycle stably for over 458 cycles at low
ZUR (<5%). However, such conditions underestimate dendritic failure risks that emerge at higher ZUR [14]. This
highlights a critical trade-off, where high-ZUR exacerbates irreversible side reactions (e.g., hydrogen evolution,
passivation) that deplete zinc reserves and accelerate capacity decay, while low ZUR vyields full-cell energy
densities far below theoretical predictions [15]. A substantial disparity persists between laboratory configurations,
which are often characterized by low cathode loadings (~1-2 mg cm™2) and excessive zinc foil anodes (up to
1000 mg cm™?), and the balanced electrode designs required for commercial viability. Thus, the central challenge
in metallic zinc anode engineering is to balance high-ZUR, which maximizes energy density, with long-term
cycling stability, which ensures reliability (Figure 1). The interfacial thermodynamics and kinetics dictate this
balance at the anode/electrolyte interface [16]. Unfavorable thermodynamics (e.g., high reactivity leading to
spontaneous corrosion and hydrogen evolution) and kinetic limitations (e.g., sluggish Zn>" desolvation or charge-
transfer barriers) underpin irreversible side reactions and uneven zinc deposition, particularly under high-ZUR
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conditions [17,18]. Consequently, tailoring interfacial thermodynamics and kinetics is a key strategy to decouple
high-ZUR from degradation pathways, thereby enabling durable, high-energy-density ZABs.

This review comprehensively evaluates recent strategies to enhance the ZUR, linking fundamental chal-
lenges with corresponding mitigation strategies in ZABs. First, the interfacial electrodeposition mechanisms
are analyzed from both thermodynamic and kinetic perspectives, with particular attention to deep-discharge
anodes. The significant challenges associated with deep discharge (dendritic growth, corrosion, and me-
chanical degradation) are then identified and discussed. Next, strategies for achieving high ZUR are sys-
tematically categorized according to their primary interfacial regulation objectives, and representative
influential studies are summarized. Finally, building on these insights, rational anode design principles are
proposed with an emphasis on scalability and practical feasibility, facilitating the translation of laboratory
advances into high-performance ZAB technologies.

CHALLENGES OF HIGH-ZUR

Low ZUR represents an inherent bottleneck to achieving high practical energy density in ZABs. To alleviate
this, recent studies have commonly employed ultrathin zinc foils (<30 um) as a practical approach to
reducing anode mass. However, this strategy mitigates only the consequence of excessive parasitic mass,
without addressing the root cause of low ZUR. Moreover, the fabrication of ultrathin foils is costly and
technically challenging, while their limited mechanical strength compromises durability, rendering them
highly susceptible to damage and deformation. This reliance on extreme foil thinning underscores the urgent
need to redirect research efforts toward strategies that enhance intrinsic ZUR under realistic operating
conditions.

In contrast, zinc powder anodes allow precise control of active material loading, thereby enabling sys-
tematic ZUR optimization. However, their large specific surface area exacerbates interfacial side reactions
with aqueous electrolytes, and particle detachment during high-rate cycling generates electrically isolated
dead zinc, which compromises reversibility and undermines long-term anode stability [19-21].

Fundamentally, metallic zinc is thermodynamically unstable in aqueous electrolytes because the equili-
brium potential of the Zn>*/Zn redox couple (—0.763 V vs. SHE) is lower than that of the H/H, couple across
the entire pH range. As a result, zinc anodes are prone to spontaneous corrosion accompanied by hydrogen
evolution reactions (HER) [22]. Metallic impurities further aggravate this process by forming micro-galvanic
cells at the anode/electrolyte interface, thereby accelerating electrochemical dissolution. This corrosion
mechanism progressively degrades the electrode surface and increases interfacial impedance, ultimately
limiting cycling stability. As illustrated in Figure 2a, zinc dissolution proceeds via anodic oxidation (Zn —
Zn*" + 2¢7), while cathodic water reduction (2H,0 + 2¢~ — H,1 + 20H") generates gaseous H, and alkaline
OH™ ions [23]. The accumulated hydrogen increases internal cell pressure, posing safety risks. Concurrently,
hydroxide-induced precipitation of zincate species and the formation of anion-mediated passivation layers
(e.g., ZnySO4(OH)6 nH,0 in ZnSO, electrolytes) depositinsulating byproducts that impede charge transfer.
Collectively, these degradation pathways induce irreversible self-discharge, kinetic hysteresis during plating/
stripping, and reduced Coulombic efficiency (CE), thereby suppressing ZUR. Thin zinc foils (<30 pm) are
particularly vulnerable under high-ZUR conditions, as their limited Zn®" reservoirs cannot sustain prolonged
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Figure 2 (a) Schematic diagrams of current challenges of high-ZUR anodes. (b) Modulate the interfacial field to exert a key influence on
the negative electrode of ZABs.

operation, resulting in premature cell failure.

The electrode/electrolyte interface governs Zn>" electrodeposition through a combination of coupled
thermodynamic and kinetic factors (Figure 2b) [24]. Effective interfacial modulation is therefore essential to
improve the ZUR [25]. Two interfacial failure modes are of primary concern.

(1) Dendritic growth. Dendrite formation originates from the interplay of thermodynamic anisotropy and
kinetic amplification. Thermodynamically, the zinc crystal exhibits significant anisotropy in deposition
energy barriers, with certain crystallographic planes (particularly (002)) present with substantially lower
barriers than others (e.g., (100), (101)) [26]. This preference drives nucleation and growth along low-energy
orientations. Kinetically, morphological irregularities and local current density fluctuations intensify this
bias. The resulting tip-enhanced electric field effect increases surface charge density at protrusions, further
accelerating preferential deposition [27]. According to the Butler-Volmer relationship, even small increases
in local overpotential can exponentially raise deposition rates, forming a self-reinforcing loop for dendrite
growth [27]. Under high current densities, slow Zn®" diffusion generates steep concentration gradients
perpendicular to the electrode surface, exacerbating this instability. Dendritic structures also act as low-
energy nucleation sites for secondary growth and may penetrate the separator, causing short circuits [28-30].

Moreover, dendrite breakage during cycling produces electrically isolated “dead zinc,” irreversibly con-
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suming active material [12].
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where j is the current density, jj is the exchange current density, a, and a. are the anodic and cathodic charge
transfer coefficients, F' is the Faraday constant, # is the overpotential, R is the gas constant, and T is the
temperature.

(2) Mechanical pulverization. Repeated plating/stripping cycles, especially under high-rate deep-discharge
conditions, induce mechanical pulverization. At high-ZUR, zinc preferentially deposits on low-energy-
barrier sites (e.g., pre-existing nuclei or specific crystal planes), reflecting thermodynamic driving forces.
However, kinetically limited mass transport (e.g., sluggish Zn>* diffusion or desolvation) disrupts uniform
ion supply, leading to localized and non-uniform deposition. The lack of a continuous, electronically and
ionically conductive matrix further aggravates stress concentration and disrupts current homogeneity. As a
result, localized growth combined with kinetic limitations gives rise to structural degradation, compromised
electronic percolation, intensified polarization, and capacity fading due to active material detachment [31].
These predominant failure modes, dendritic growth driven by anisotropic thermodynamics and kinetically
amplified non-uniformity, and pulverization arising from localized stress, originate from suboptimal inter-
facial thermodynamics and kinetics. Achieving high-ZUR, therefore, requires simultaneously minimizing
interfacial energy barriers for uniform nucleation and ensuring fast ion transport/charge transfer kinetics for
homogeneous deposition and effective stress dissipation. A deficiency in either domain critically hinders the
durability of zinc anodes.

Beyond interfacial failure, cell-level architecture further limits practical ZUR performance. In coin cells,
full-area contact between the anode and current collector maintains connectivity even with localized strip-
ping or perforation. In contrast, pouch cells rely on localized tab welding; perforation near this restricted
contact region rapidly isolates large anode areas from the circuit, rendering them electrochemically inactive
well before bulk zinc consumption. Thus, optimizing electronic connectivity architecture under deep

stripping is equally vital as suppressing dendrites and corrosion for achieving high-ZUR ZABs.

STRATEGIES FOR HIGH-ZUR

Interfacial instabilities, including corrosion, passivation, and dendrite growth, represent the primary bot-
tlenecks limiting ZUR and battery durability in ZABs. To address these interfacial challenges rooted in
unfavorable thermodynamics (high reactivity, anisotropic deposition barriers) and sluggish kinetics (mass
transport limitations, charge transfer barriers), research strategies can be fundamentally categorized by their
primary target of interfacial control. (1) Electrolyte component optimization: Modulating ion solvation
structures, activity, and transport properties to alter deposition thermodynamics (nucleation overpotential)
and kinetics (desolvation/ion mobility). (2) Functional interface layer modification: Designing functional
interlayers to tune interfacial energy barriers (adsorption energies, tunneling probability) and local charge
distribution, thereby steering nucleation pathways and deposition kinetics. (3) Host structural design:
Constructing conductive scaffolds to homogenize nucleation sites (lowering local energy barriers) and
accommodate plating/stripping-induced stress evolution, thereby enhancing mechanical stability.

This classification highlights that each strategy addresses distinct facets of interfacial thermodynamics or
kinetic pathways. Together, they define the framework for balancing high-ZUR with long-term zinc anode
durability.
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Figure 3 (a) Schematic illustration of the underlying mechanism of enhanced electrochemical performance by additive adsorption, which
regulates Zn>* solvation structure and promotes uniform ion distribution. (b) Schematic illustration of the in situ SEI formation mechanism,
where controlled additive reduction generates a stable, ion-conductive, and electron-insulating interphase.

Electrolyte component optimization

The solvation shell of Zn*" in aqueous electrolytes plays a pivotal role in dictating zinc deposition and ZUR.
The thermodynamics and kinetics of ion desolvation and subsequent interfacial processes primarily govern
this behavior. In neutral to mildly acidic media, Zn** primarily exists as the hexaaquo complex [Zn(H,0)s]*",
stabilized by strong electrostatic ion-dipole interactions. However, the high desolvation energy barrier as-
sociated with this octahedral hydration structure results in significant kinetic challenges during electro-
deposition [32]. Incomplete desolvation facilitates parasitic water splitting via co-reduction of coordinated
H,O at the anode, generating by-products and consuming active zinc, thereby severely limiting ZUR.
Strategies, particularly through the incorporation of coordinating additives, regulate Zn®" solvation and
interfacial reactions, enhancing ZUR via two pathways: surface adsorption that regulates ion distribution and
in situ solid electrolyte interphase (SEI) formation that stabilizes the interface.

Reducing desolvation energy barrier: modifying the primary solvation shell to lower the activation energy
required for Zn*" desolvation. For instance, Sun et al. [33] demonstrated that glucose molecules in ZnSOy
electrolyte can thermodynamically displace one H,O ligand within the [Zn(H,0)]*" sheath. This substitution
lowers the electrostatic potential, thereby reducing the desolvation energy barrier, kinetically inhibiting
hydrogen evolution, corrosion, and by-product formation (Figure 3a). Glucose also adsorbs strongly on the
anode, homogenizing the interfacial electric field to promote uniform deposition. Even at low concentration
(10 mM), this thermodynamic/kinetic modulation significantly improved battery performance, implying
better ZUR. Reconstructing solvation structure & forming protective SEI: utilizing additives that not only
alter solvation but also form kinetic barriers. Wang et al. [34] employed N-methylpyrrolidone (NMP) as a
multifunctional additive. Beyond lowering desolvation barriers, electrolyte additives can simultaneously
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reconstruct the solvation environment and facilitate the formation of protective SEI layers. This SEI acts as a
kinetic barrier, suppressing interfacial side reactions and facilitating efficient ion transport. The combined
thermodynamic (solvation) and kinetic (SEI) effects enabled symmetrical cells to achieve an impressive
85.6% ZUR with stable operation for ~200 h at 10 mAh cm ™2, demonstrating superior reversibility under
high-capacity conditions.

Additives modulate interfacial kinetics by regulating the electric field and controlling nucleation at the
interface. Li et al. [29] introduced high-valent cations (Ce**, La*"). These cations preferentially adsorb at active
nucleation sites, raising the local nucleation barrier and thereby redistributing deposition to less active regions.
This forces zinc deposition to occur progressively at less active sites, shifting the mechanism from in-
stantaneous to progressive nucleation. The resulting homogenized deposition kinetics lead to highly stable zinc
stripping/plating behavior, enhancing ZUR stability. Zeng et al. [20] reported a strategy using Zn(H,PO,), as an
additive. It reacts with OH™ to form a dense, stable, and highly zinc-conductive SEI layer in situ. This SEI
provides a kinetically favorable pathway for Zn®" transport (ion conductivity: 7.2x107° S cm™"), while si-
multaneously kinetically suppressing side reactions, resulting in high reversibility and ZUR (Figure 3b).
Engineering advanced SEI architectures: creating SEI structures designed for optimal kinetics. Meng et al. [35]
formed an amorphous/crystalline bilayer SEI using a trace 1,3-dimethyl-2-imidazolidinone (DMI) additive. The
bilayer consisted of a ZnCO;-rich crystalline outer shell and a ZnS-rich amorphous inner region, which together
enhanced kinetic stability and ion transport. This optimized interfacial kinetics enabled a Zn-Zn symmetric cell
to achieve stable cycling for over 550 h under an extremely high areal capacity (28.4 mAh cm™>) and a record-
high ZUR of 98% at 2 mA cm™ (Figure 3b). These findings underscore electrolyte engineering as a powerful
strategy to tune solvation thermodynamics and interfacial kinetics. By lowering energy barriers and establishing
favorable ion transport pathways, such approaches suppress parasitic reactions and promote uniform, dense zinc
deposition, thereby dramatically improving ZUR for practical ZABs.

Functional interface layer modification

The anode/electrolyte interfacial microenvironment plays a crucial role in determining the thermodynamics
and kinetics of zinc deposition, as well as parasitic reactions, ultimately dictating the ZUR [36]. Functional
coating engineering has emerged as a key strategy to optimize this interface by modulating both the inter-
facial electric field and concentration distribution (kinetic control) as well as surface energy (thermodynamic
regulation). These coatings are classified as inorganic (Figure 4a), organic polymer (Figure 4b), and com-
posite (Figure 4c) types. Such surface modifications effectively regulate ion transport pathways, lower
nucleation overpotentials, promote uniform Zn>" deposition, and suppress side reactions, thereby collectively
enhancing the ZUR.

For instance, Ma et al. [37] constructed a dense and uniform ZnF, insulating layer on the zinc foil through
electrovalent bonding. ZnF,’s high dielectric constant and excellent ionic conductivity (80.2 mS cm™") impart
critical kinetic advantages by homogenizing the interfacial electric field and Zn** flux distribution. This
homogenization reduces nucleation overpotentials, facilitates desolvation, and accelerates migration kinetics,
thereby enabling highly uniform deposition. As a result, the Zn@ZnF,//Zn@ZnF, symmetric cell maintained
exceptional stability under ultrahigh current density and areal capacity (10 mA cm ™2, 10 mAh cm™?) for more
than 590 h, demonstrating superior ZUR even under extreme conditions. In addition, Yang et al. [38].
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Figure 4 (a—c) Schematic illustration of zinc deposition on inorganic, organic polymer, and composite functional coatings, respectively,
showing how different coating types guide Zn*" transport, enhance interfacial stability, and enable uniform zinc deposition for improved
reversibility.

reported an unconventional strategy by depositing a 200 nm Cu coating on the backside of a 10 um-thick zinc
foil, contrary to conventional surface coatings. This design provides additional mechanical support, serves as
a heat-transfer medium, and offers a reversible electronic pathway for zinc plating and stripping. Remarkably,
the modified zinc anode achieved an 85.5% ZUR at 5 mA cm™2 and 5 mAh cm™?, significantly advancing the
practical development of ZABs.

Polymeric coatings offer complementary advantages owing to their abundant polar functional groups,
which can act as interfacial mediators through both thermodynamic and kinetic pathways. For example, Zhao
et al. [39] employed a polyamide (PA) coating, in which the extensive hydrogen-bonding network interacts
with coordinated water molecules in the [Zn(H,0)s]*" solvation sheath. This interaction thermodynamically
destabilizes the solvation structure and lowers the Zn®" desolvation barrier. Simultaneously, strong co-
ordination between PA’s amide groups and Zn”" ions kinetically regulates nucleation density and facilitates
uniform ion migration, even at high areal capacities (10 mAh cm™>). In addition, PA acts as a physical barrier
that limits direct anode-electrolyte contact, thereby suppressing corrosion and passivation and further en-
hancing cycling stability (a practical indicator of ZUR). Similar interfacial regulation principles apply to
other polymeric coatings such as polyvinyl butyral [40], polyimide [41], polyacrylamide, and poly-
vinylpyrrolidone (Figure 4b) [42].

Despite these advances, limitations remain. Inorganic coatings are susceptible to fracture under mechanical
stress during cycling, while organic polymers may gradually dissolve in aqueous electrolytes, compromising
long-term protection. To address these issues, researchers develop composite functional coatings that sy-
nergistically integrate inorganic and organic components. For example, Cui ef al. [43] designed an organic-
inorganic hybrid protective layer (Nafion-Zn-X) by incorporating Zn-X zeolite into the hydrophilic domains
of Nafion. This architecture shifts ion migration pathways from solely through Nafion channels to the

organic-inorganic interfaces, thereby achieving effective ion rectification. The rectification process homo-
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genizes Zn>" flux, while the Nafion component provides a low desolvation barrier and shields SO,*~ anions,
collectively suppressing interfacial side reactions. The synergistic thermodynamic and kinetic regulation
enables Zn@Nafion-Zn-X anodes to sustain deep plating/stripping (10 mAh cm™2) for more than 1000 h,
representing one of the most durable demonstrations of high-ZUR to date.

Novel host structural design

Electrode structure design is a fundamental strategy for regulating the thermodynamics and kinetics of zinc
deposition. By optimizing interfacial electric field and ion concentration distributions, this approach ulti-
mately maximizes ZUR [44]. At high current densities (>10 mA cm™2), localized electric field intensification
and sluggish Zn?" migration exacerbate concentration polarization. These effects thermodynamically favor
non-uniform deposition and parasitic reactions, severely reducing ZUR [45]. Three-dimensional (3D)
electrodes, owing to their large surface area, provide an effective solution by homogenizing current dis-
tribution and mitigating concentration gradients (Figure 5).

Guo et al. [46] developed a 3D nanoporous zinc electrode in which the interconnected pore structure
kinetically ensures uniform current distribution and thermodynamically accommodates volume variation
during cycling (Figure 5a). This dual optimization markedly enhanced ZUR and anode stability. The re-
sulting symmetric cell exhibited outstanding cycling stability for > 200 h at a high depth of discharge (DOD)
of 71%, directly demonstrating high-ZUR. Tian ef al. [47] fabricated a 3D Zn-Mn alloy anode, whose alloy
surface exhibited strong zinc-binding energy, thereby lowering the nucleation barrier and guiding uniform
zinc deposition. The porous 3D framework further facilitated Zn>* diffusion and deposition, kinetically
suppressing dendrites and enabling efficient ZUR. Interfacial engineering can steer the crystallographic
orientation of deposited zinc. Previous studies established that zinc preferentially grows along the zinc (002)
facet to minimize interfacial energy [48]. Building on this principle, Zhang et al. [49] achieved dense, highly
oriented (002) zinc films at current densities of 10-300 mA ¢cm™2. This oriented growth not only delivered an
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impressive cumulative capacity > 2100 mAh cm? at 45.5% DOD, signifying high-ZUR, but also suppressed
dendrites and hydrogen evolution.

Conductive carbon-based materials provide versatile scaffolds that primarily benefit kinetics (Figure 5b).
For example, Zeng et al. [50] employed a 3D carbon nanotube (CNT) framework, which lowered nucleation
overpotential and enabled dendrite-free deposition under deep discharge, indicative of improved ZUR.
Similarly, 3D porous copper [51], carbon fiber [52], and MXene films [53] have been shown to homogenize
the interfacial electric field, improving deposition uniformity. Du et al. [31] further fabricated binder-free
zinc-graphene anodes, where graphene not only reduced polarization voltage (kinetic advantage) but also
guided horizontal zinc deposition (thermodynamic benefit). As a result, full cells with this design achieved
double the energy density of conventional foil anodes, demonstrating the promise of host engineering and
powder processing in advancing ZUR. Despite these advantages, dense scaffolds such as CNTs can hinder
ion diffusion, leading to preferential surface deposition. To overcome this bottleneck, Zhang et al. [54]
developed a hybrid ion-electron conductor scaffold by incorporating ethylene-vinyl acetate (EVA) copoly-
mer with CNT and zinc powder. EVA accelerated ion transport while CNT provided electronic conductivity,
synergistically enhancing cycling stability and rate performance. This kinetic optimization directly improved

the practical ZUR of high-loading zinc powder anodes.

SUMMARY AND OUTLOOK

In summary, ZABs are promising for safe and low-cost energy storage, but their practical application is
limited by poor cycle life and low energy density. These challenges mainly result from the low zinc
utilization ratio, influenced by parasitic reactions and sluggish interfacial kinetics. To demonstrate feasibility,
many laboratory studies adopt excess N/P ratios and electrolyte-rich configurations. While such practices
temporarily alleviate failure modes, they thermodynamically mask the inherent instability of the anode/
electrolyte interface and kinetically fail to resolve the fundamental transport and deposition limitations,
ultimately sacrificing energy density and practical relevance. This review systematically examines the failure
mechanisms of zinc anodes under high-ZUR conditions. It categorizes representative improvement strategies
(summarized in Table 1) into three dimensions: (1) electrolyte component optimization; (2) functional
interface layer modification; (3) host structural design. Herein, we provide critical opinions and actionable
suggestions for developing practically viable zinc anodes that simultaneously achieve high-ZUR and long-
term stability. We emphasize that future research must prioritize strategies offering concerted thermodynamic
stabilization and kinetic enhancement at the anode/electrolyte interface.

Mechanistic elucidation and thermodynamic/kinetic optimization of zinc powder anodes

Current research on zinc anode design and theoretical frameworks has primarily concentrated on ultrathin
zinc foils, whereas studies on zinc powder remain scarce. A critical knowledge gap persists in understanding
the unique interfacial thermodynamics and kinetics of powder-based anodes. The nucleation behavior,
deposition morphology, and parasitic reactions associated with powder surfaces remain poorly defined.
Future studies should therefore emphasize fundamental investigations of surface reactions and local mi-

Page 10 of 19



Natl Sci Open, 2025, Vol.4, 20250044

(28vd jxau 2y) uo panuiuod aq of)

(1] 006 0S Y0L'9 Ts€¢€ 0L surwein(3 W €0 + OSUZ N ¢ np@uz
loL] 009 0L S 01 44 () Ay W 0§ + *OSUZ N ¢ uz
[69] (1]94 S~ 01 I LLL VINAAd % ¥ + {GLOUZ N T uz
3
[89] 0S1 96T 6£'6 66 09 » HNADAL/mrem Ut Yov)uz/ (v ag)uz uz
_ ) . . _IINW 0§ + , DINA %08 + u
[L9] 00€ 0ST Seel S8’ S'SL OH %06 + HSWALUZ I Z Z
0S 0L~ or 0T 08 . .
[Ls] a IS %ST + O%H %SL + FIDUZ N T uz
011 001~ vT vT 96
[99] 0Ty S~ 911 4 06 VNOWd + “"01D)uZ N T uz
[¢9] S8 0S1 S ST S8 ONd N T0 + "OSUZ W ¢ uz
[s¢l 0SS 05~ ¥'8C 4 86 INd IWW 0T + YOSUZ IN T uz
[+9] 002 001~ S S0 0S O/ ADUZ N ¢ uz
S9 092~ 0T 0T [8%3 YOSUZ IN 1 +
(9] ) 3 uz
0S 0€T~ 01 01 I'L1 :_HMHQV_ _OOB Ucw ueuddsele)
[29] SLS S81~ €9 4 08 aupukd N Z1°0 + "OSUZ N T uz vonezumdo
[19] 0081 001~ 43 S S 491S W ALOUZ IN 1 OAUZ juouoduwos
00L €¢8 I S LS 11010319
loc] ) ) $*OS)%D N 10°0 + "OSUZ N 1 uz
00¥ S'Sy I I LS
[e€] 0LT ¥6 S S S8 950003 NW 0] + YOSUZ I 1 uz
[09] 0SS 011~ 01 01 T utreyooes | 18 6°0 + FOSUZ N T uz
(1197 09~ Sel 1 08 .
l6s] ] f(FON)ET N $°'8 + "OSUZ N T uz
091 001~ €6'S 01 08
L8T - 0l 0T 0S
0TI - 12 01 89
[8s] . . Yrdg)uz W 9°0 + *OSUZ I € uz
09¢ 8°CS € 01 €IS
00S (457 4 01 (%3
(€l 002 ot~ 01 S 9'68 dINN-OH-"0SuZ uz
0S or 0T 08 . ) .
[Ls] 061 [OUZ W T + €1 = O°H:due[ojng uz
011 ¥T ¥T 9
[9¢] 00€ 0S1 ST ST 0T o ISAL-100MP g I + YISILUZ W ¥ uz
[ss] 059 0 4 4 0 S[INIU0J0./INEM O]:06 UI "OSUZ N T npwuz
(Aw) (pwo gyw)  (,_wo yur) (%) oer
(1) oum ¢ ¢
REN| a1k SIS0I0)SAY Kyoedeo Kyisuop uonezinn 941010917 opouy K3oreng
192D 33e)joA [eary juoLIn) li14

SOpouUR JuIZ djel uoneziun Y3y Io0j sargejens juowaroidur jo Arewung | d[qeL

Page 11 of 19



Natl Sci Open, 2025, Vol.4, 20250044

(23nd 3xou 2y U0 panunuod aq of)

[8¢] 1433 001~ S S S'68 YOSUZ N T (urw 007) NO@uUZ
S9[0K0 ) (1199 1-u7)
_ uzn)H/lqu u
[£8] 00¢ 9 L'L 173 "OSTZ I 1 Zn)/Cquzuz
[98] ovh 001~ S S §'68 YOSuzZ I ¢ (np/8vuz/INd] + dvZ)@uz
[s8] 06 001~ 0S 0S S8 YOSuzZ W ¢ 8-A1Z®uz
[+8] 00€ 0z~ 01 4 L9 *OSuZ W ¢ y dZH®uZ
[¢s] 00S 002 6 0T 06 YOSUZ IN T KdNp-y@uz
[z8] 00S 001~ 01 4 968 YOSUZ N T (z00)Ouz®@UZ
[18] 0S¢ 001~ S 0¢ 0S YOSuZ IN ¢ Jusuz@uz
00¥ IS I I SI~
[1€] 095 6 <o ¢ e YOSuzZ I ¢ (Dd/z
[08] 0sC 06~ $8'8 68’8 09 fOSUZ W ¢ , 0dvV@uz
08¢ 19~ 4 4 A
[c1] 0oh o : ! L 'OSUZ W 1 ¢ ddAd-*OLL@uZ :ousmeoa
IoAe]
[e+] 0001 0S 01 I 6'9S YOSUZ N ¢ X-UZ-UoyEN@DUZ QoejIaul
00T 08~ 69% ot 08 . feuonoung
[6L] 009 Lo~ . ol b OSuZ N ¢ 3 0ZV@Duz
00LT 0$ S S $'8T
[82] 0% 03~ ol ol L YOSuzZ I 1 WVd-uI@uz
00¥ S9~ I 4 06
[LL] 00t €6~ S0 I 06 YOSuzZ W ¢ OT1I®uz
000T 05~ 10 10 06
[L€] 068 ¥'95 01 01 S8 YOSUZ W T tquzmuz
001 001 14 ST 8
[9L] i YOSuZ IN T duz@uz
00€ ¥201 0¢ 0T IS
[6€] 0ST 08 01 01 S8 YOSuzZ I ¢ Vd®uz
[17] 00€ 4 4 14 8 YOSUZ N T d®uz
[sL] 0001 0 o1 S 06 YOSUZ IN T pojeoo-onis owkjod@uz
[be] 0ov 0s SS 1 S'16 (one1 rejowr) uz
00t 0S 0€ 1 0S Iy = O°H9-Y"19)uz/ 19D
0T1/01¢€ 81/91 . . . ) i1 = [ouedoxd-N/O*H ut
u
[eL] IL1S/S88 00% Wizl S 81°S6/00°06/SL08/L0°0L (OSHIONZ I 1 A
[zl oz/0z/0€/02/08 001 0T 0T ¥ L6/S0L/6'SS/TOF/8' 1T 9)A[0103[0 §D-pajeuo)oI] uz
( (Aw) (;_uwd yyw)  (_wo yur) (%) dyex
) swn
BEN| o0k SISOI0ISAY Kroedes Ky1suop uonezinn AA10199[7 apouy K3are18
1240 93ejj0A [eary juaIIn) ourz

(panunuoy))

Page 12 of 19



Natl Sci Open, 2025, Vol.4, 20250044

“XLIRUW JR[[OUe] POYOBIS = TS U SHOMOWER]) 10qIJOURU U0GIed = N ‘W ‘sajnoruioa snoiod 1okejouowt = [NAJIA ] ‘wjoueu [eroejoiut orydoourz-oiqoydoipAy = J7ZH =y ouoyderd sunsud = nq :[ Hurensuoo

JI)SB[O UOISOLI0d-NUe = DY :1 ‘opuon]] auapijAuiakjod = JGAJ Y @prxo ouiz padop-wnurwn(e = OZV :8 {(WyVyA) SprueAIoeyiouwl pue (JLOW[HA) IeU0JNSAULYIOWOION[JLI) WNI[OZEPIWIAY)R-¢-[AUIA-] AqQ pazLIowA[0dod
aanippe owA[od e = VINTA 3J 10430 [Aypowtp [004]S sud]Aypoena) = FINADHL 0 ueypoAxoyiowip-z‘1 = NG P 9)BUOJ[NSOUBYIOWOIONJL) = SIALLL 0 ‘duejojns = TS :q ‘oprueze(jAuojnsjAyjowoion[jin)siq = [SAL &

[zo1] 0011 001 I 4 S YOSuzZ W ¢ sDAc®uz
[1o1] SL'09 0$~ € 14 09 YOSUZ IN T AND@UZ
[oo1] 006 0¢~ 4 S (1] YOSUZ IN T npWO-"("1%D)
[66] 00€ o~ 4 011 €ee YOSuzZ I ¢ DD
[t¢] 001 051~ I 01 9T'L YOSUIN IN 20 + YOSUZ I ¢ SINO+VAT/NZ
. FOSUN N 10 + INVd ,_ T8 T + .
uzn;
[86] 08¢ 1°¢6 14 4 08 "OSEN I S0 + "OSUZ N | yALle)
[L6] L81 86~ I'L Tyl 06 YOSuUZ W T « WIS@uz
[96] (144 0ST1~ S S Tse YOSUZ IN T Kofe [-uguz
[s6] 00t 08~ S S I'LT YOSuzZ W ¢ 8-41Z®uz
[6t] 01¢ 001~ 01 01 (8% YOSuzZ I ¢ (z00) uz
[v6l 0§ LS~ ! ! 0T 'OSUZ W T 005-8-A1ZDUZ uSisap
[Ly] 008 SLe~ 91 08 601 fOSUZ I ¢ Aojre upN-uz [eImonmns
[c6] 00T TL6 - 01 9 GLOZ W T (z00) uz 1501 [9A0N
uz paysodop
€€ 0S8 - Jo ssew oy} uo 18
paseq | 3V ¥
[z6] ! YOSuzZ I ¢ IND®DuZ
uz payisodop
€8 005~ - Jo ssewr oY) uo ot
peseq | 3V ¢
(94 6L ST S ST [10y uz
€5 143 4 4 6T . 20®uz
[os] ) OSUZ N T
011 89 ST S s¢
IND®DuZ
002 LT 4 4 8¢
[9t] 00T 001 01 S 1L FLONUZ N T uz snoiod
[16] 001 - 4 ¢ S8 (1199 CQUN-UZ) Y*OSUZ N T nHWSuzZDuzZ
[06] 68T - (54 01 $'8¢ (1199 §-uz) quz Ww 0T + "OSUZ N ¢ uj/uzd
[68] 0zl 0ST~ 001 001 788 Y*OStD) UZ N € QUOXIN/,, ANDDUZ
002 05~ 69 01 08 .
[6L] . OSUZ N ¢ 0zZvDuz
009 0b~ 4 01 T'v¢
[88] $9[949 00T - ST S SIS (T1e0 COUN-UZ) *OSUZ W T | LNAdN®@uz
(Aw) (p_wo gyur)  (,_tmd yu) (%) aer
(y) own z z
RN a1k, SISQIRISAY Ayoedeo Kysuop uonezInn AA10109[7 Jpouy A3o1e1S
~ U um_w“:o\/ ﬁmwtjﬂ uGuESU QEMN

(ponuipuo))

Page 13 of 19



Natl Sci Open, 2025, Vol.4, 20250044

croenvironments in zinc powder systems. Key directions include clarifying how particle morphology, size
distribution, and surface chemistry influence both thermodynamic stability and kinetic processes. Such
mechanistic insights are indispensable for the rational design of zinc powder anodes that can concurrently
achieve interfacial stabilization and kinetic enhancement at the particle level, thereby reducing voltage
polarization and enabling stable, high-ZUR performance. In addition, zinc powder anodes, despite their high
surface area and improved zinc utilization, present several practical challenges such as handling, oxidation,
and mechanical instability. To address these issues, controlled fabrication, protective coatings, and the use of
binders or conductive scaffolds are required to enhance electrode integrity and suppress side reactions.
Overall, powder-based strategies are promising but must balance electrochemical activity with long-term
durability and manufacturability.

Development of multifunctional separators for interfacial regulation

Beyond direct anode engineering, separators with tailored interfacial functionalities represent a promising
but underexplored route to stabilize zinc anodes. Research in this area remains limited, with few studies
explicitly targeting the anode/electrolyte interface through separator design. Future work should focus on
creating multifunctional separators incorporating chemical groups or coatings that (i) thermodynamically
passivate reactive sites or elevate energy barriers to parasitic reactions, and (ii) kinetically homogenize ion
transport and guide uniform zinc deposition via selective interactions with Zn>". Progress in such separator
technologies, purposefully engineered for coupled thermodynamic and kinetic regulation, could play a
pivotal role in advancing the commercialization of high-ZUR zinc batteries.

Establishment of practically relevant testing protocols for high-ZUR anodes

Bridging the gap between laboratory demonstrations and real-world deployment requires the adoption of
more rigorous and practically relevant testing methodologies. This involves a two-pronged strategy com-
prising (i) longevity assessment through long-term cycling (e.g., > 1000 cycles) at lower, practical current
rates (0.5-2 C) to reveal intrinsic stability and degradation mechanisms, and (ii) validation in relevant cell
configurations beyond Zn-Zn symmetric cells, which primarily probes interfacial stability. Critical evalua-
tion of zinc anode performance requires the use of Cu-Zn asymmetric cells to accurately assess nucleation
barriers (first deposition process) and plating/stripping reversibility under practical N/P ratios. In addition,
full-cell configurations employing high areal capacity cathodes (> 2 mAh cm™2) and lean electrolytes are
needed to evaluate system-level energy density and ZUR. For high-ZUR anodes, maintaining a ZUR of
approximately 70%—85% under realistic conditions, including N/P ratios of about 1-3 and electrolyte vo-
lumes of 10-30 uL (mAh) ™", is considered most promising for promoting the practical application of ZABs.

Adopting such protocols is essential to accurately benchmark the actual effectiveness of emerging stra-
tegies, ensuring that thermodynamic stabilization and kinetic enhancement translate into practically relevant,
high-ZUR zinc anodes.
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