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Abstract

Aqueous zinc-ion batteries (AZIBs) are promising for scalable energy storage, yet their
practical viability is constrained by zinc dendrite propagation, parasitic hydrogen evolution,
and interfacial corrosion. Formulating electrolyte additives represents an economically
viable strategy to address these long-standing bottlenecks by modulating the bulk solution
and double-layer environments. Diverging from traditional composition-based classifi-
cations, this review categorizes recent additive strategies according to their underlying
physical chemistry mechanisms. Specifically, we evaluate how these additives regulate
the primary and secondary Zn?* solvation sheaths, reconstruct the electric double layer
(EDL) for crystallographic facet control, induce sacrificial or mineralized solid electrolyte
interphases (SEIs), and establish responsive polymer confinement networks. Furthermore,
we critically discuss the operational limitations, trade-offs, and parameter dependencies
of these strategies under non-ideal, realistic conditions. Finally, prospective directions
are outlined—focusing on descriptor-driven design, operando non-equilibrium charac-
terizations, and performance validation under standard industrial metrics (e.g., low E/C
ratios and high depths of discharge)—to provide an objective framework for advancing
electrolyte optimization in practical zinc-based energy storage.

Keywords: aqueous zinc-ion batteries; electrolyte additives; solvation structure; electric
double layer; interfacial mechanisms; practical operating metrics

1. Introduction

The global transition toward sustainable energy storage has intensified research into
alternatives to lithium-ion batteries (LIBs), which face geopolitical resource constraints
and safety concerns [1-15]. Aqueous zinc-ion batteries (AZIBs) utilizing mild ZnSO,
electrolytes offer competitive advantages, including a high theoretical volumetric capacity
(5854 mAh-cm™3), a suitable redox potential (—0.762 V vs. SHE), and environmental
compatibility [16-27]. However, achieving high reversibility under practical operating
regimes remains a long-standing challenge. Fundamental issues at the zinc/electrolyte
interface—such as dendrite proliferation, parasitic hydrogen evolution reaction (HER),
and surface corrosion—are not recent discoveries; they have been recognized for decades,
dating back to early alkaline and neutral zinc battery studies [e.g., Dirkse, 1966]. These
interconnected degradation pathways drastically limit the lifespan and zinc utilization
efficiency of the anodes under non-ideal, realistic configurations [28-34].

Metals 2026, 16, 898

https://doi.org/10.3390 /met16080898


https://crossmark.crossref.org/dialog?doi=10.3390/met16080898&domain=pdf&date_stamp=2026-08-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met16080898

Metals 2026, 16, 898

2 of 24

Among various remediation strategies, incorporating targeted electrolyte additives
represents an economically viable and scalable approach to modulate interfacial chemistry
without requiring complex electrode restructuring [35-42]. Moving away from descriptive
classifications based strictly on chemical composition, this review categorizes recent addi-
tive strategies according to their underlying physical chemistry mechanisms. We critically
evaluate how additives regulate the primary and secondary Zn?* solvation sheaths, restruc-
ture the electric double layer (EDL) for crystallographic facet control, induce sacrificial or
mineralized solid electrolyte interphases (SEls), and establish responsive polymer network
architectures. Special emphasis is placed on identifying the operational limitations, trade-
offs, and dependencies on testing parameters (such as electrolyte volume and depth of
discharge) inherent to these strategies. By synthesizing these mechanistic insights alongside
their practical constraints, this framework aims to serve as an objective reference to guide
the rational optimization of electrolytes for viable zinc-based energy storage.

2. Key Bottlenecks and Failure Mechanisms of ZnSO4 Electrolyte

The interfacial instability, slow charge-transfer kinetics, and parasitic side reac-
tions governing zinc electrodes are not unique to modern aqueous zinc-ion batteries
(AZIBs) [43-48]. Historically, as pioneered by Dirkse (1966) in early studies on al-
kaline and neutral zinc systems, foundational transport limitations, passivation, and
chemical corrosion have long been recognized as severe bottlenecks for zinc-based
electrochemistry [49-51]. In contemporary mild ZnSOy systems, these degradation path-
ways remain intertwined, heavily depending on operating parameters such as current
density, localized pH variations, and electrolyte concentrations [52-54].

Thermodynamic Limitations & Parasitic Reactions: The narrow theoretical electro-
chemical stability window of water (1.23 V) inherently restricts the operational voltage of
aqueous systems [55,56]. Within mild ZnSOj, electrolytes, active free water molecules in
the primary solvation sheath readily undergo the parasitic hydrogen evolution reaction
(HER) under cathodic polarization. This localized reduction consumes protons, causing a
significant upward drift in the interfacial pH [57]. Consequently, insulated byproducts like
zinc hydroxide (Zn(OH);) and zinc sulfate hydroxide hydrates (ZnsSO4(OH)4-xHO, ZHS)
precipitate onto the electrode surface, driving active area decay and capacity fading [58,59].

Mass Transport & Solvation Kinetics: Active zinc ions predominantly exist as the
bulky hexaaqua-zinc complex ([Zn(H,0)6]%), which exhibits a high desolvation free
energy [60,61]. This solvation shell imposes a substantial kinetic barrier for charge transfer
at the phase boundary. Simultaneously, the large hydrodynamic radius and high charge
density of SO42~ anions retard their migration within the bulk solution [62-68]. Under
severe polarization or high-rate operations, these mismatched transport velocities trigger
pronounced localized concentration gradients. This exacerbates concentration polarization
and lowers the overall ionic conductivity [69-71].

Morphological Degradation (Dendrite Growth): Uncontrolled zinc dendrite propaga-
tion is fundamentally governed by non-uniform local electric fields and restricted mass
transport [72-74]. During electrodeposition, the uncompensated transport flux causes
spatial variations in Zn?* availability across the anode surface [75,76]. This non-uniformity
initiates the “tip effect,” wherein localized current crowding accelerates deposition at micro-
protrusions. Notably, these failure modes are sensitive to electrolyte concentration: dilute
formulations aggravate mass-transport polarization due to local ion deficiency, whereas
excessively concentrated regimes induce severe viscosity-driven diffusion resistance, both
of which accelerate premature short-circuits [77-79].
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3. Zinc Sulfate Electrolyte Additives

Incorporating electrolyte additives provides a practical approach to alter the physicochemi-
cal properties of ZnSO; electrolytes without requiring complex electrode restructuring [80,81].
By managing bulk or interfacial microenvironments, these low-concentration formulations
can suppress parasitic side reactions like HER and facilitate uniform zinc deposition [82,83].
To address the overlapping definitions inherent to traditional composition-based groupings
(which frequently conflate organic, inorganic, molecular, and ionic categories), this section
systematizes recent research progress based strictly on their primary physical chemistry
mechanisms [84,85]. Specifically, additive strategies are evaluated through four progressive
regulatory domains: bulk and secondary Zn?* solvation sheath modulation, electric double
layer (EDL) reconstruction for crystallographic control, sacrificial reduction and inorganic
mineralization for solid electrolyte interphase (SEI) construction, and the assembly of
responsive polymer confinement networks.

3.1. Solvation Chemistry Modulation

Solvation chemistry modulation serves as a fundamental pillar for suppressing para-
sitic side reactions in aqueous zinc-ion batteries (AZIBs). In conventional dilute electrolytes,
Zn?* exists as the classical hydrated zinc ion [Zn(H,0)s]**, wherein the highly active
coordinated water molecules easily trigger the hydrogen evolution reaction (HER) and
chemical corrosion during desolvation. Introducing organic molecules or inorganic anions
with potent coordinating capabilities into the primary or secondary solvation sheaths of
Zn?* to displace or anchor detrimental free water can thermodynamically widen the elec-
trochemical stability window and effectively lower the desolvation kinetic barrier, guiding
a uniform zinc flux distribution [86].

To achieve precise control over the solvation sheath, the academic paradigm is transi-
tioning from empirical “trial-and-error” screening to rational design based on quantitative
quantum chemical descriptors. Generally, the lowest unoccupied molecular orbital (LUMO)
energy level of a molecule dictates its electron-accepting capability, where a lower LUMO
favors preferential sacrificial reduction at the anode surface to construct a solid electrolyte
interphase (SEI) film. Conversely, the highest occupied molecular orbital (HOMO) energy
level governs the electron-donating coordination and adsorption behavior; a higher HOMO
energy level indicates a stronger coordination affinity toward Zn?*, enabling effective
displacement of bound water within the primary solvation shell [87].

For small-molecule electrolyte additives, utilizing the strong coordination of specific
functional groups to reconstruct local solvation networks has yielded significant progress.
Wang et al. [88] introduced an ethane sulfonamide (ESA) organic additive featuring a
zinc-loving sulfonamide group (-SO,NHy) (Figure 1a). This group works synergistically
with a hydrophobic alkyl chain to reshape the bulk Zn?* solvation shell, subsequently
transforming into a dense SEI film with high Zn?* conductivity and strong mechanical
barrier performance at the phase interface, enabling an average coulombic efficiency (CE)
of 99.92% at a high current density of 5 mA-cm~2. Similarly, Zhai et al. [89] reported a
tetrahydrofurfuryl alcohol (THFA) additive possessing dual hydrogen-bond regulation
sites consisting of hydroxyl (-OH) and ether (-C-O-) bonds (Figure 1b). THFA suppresses
bulk water activity through its unique dual-site anchoring effect, while its oxygen atoms
deeply penetrate the primary solvation shell of [Zn(H,0)s]** to optimize desolvation
resistance and effectively inhibit vanadium dissolution from the cathode side. With an
adjustment of only 2%, it substantially extends the lifespan of symmetric cells from 150 h
to 8800 h.
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Figure 1. (a) Schematic illustration of Zn deposition behaviors in the electrolytes before (left) and
after (right) ESA modification. Reprinted with permission from ref. [88]. 2023, Wiley. (b) Zn%* ion
behaviors during plating and stripping in ZS and THFA-ZS electrolytes. The THFA-ZS additive
significantly inhibits side reactions and the formation of Zn protrusions. Reprinted from Ref. [89].
(c) Non-sacrificial anionic surfactant additives. Reprinted with permission from ref. [90]. 2024,
Elsevier. (d) Schematic illustration of the anion-type water-free [ZnCly]?>~ solvation structure enabled
by bulky cation chloride salt for dendrite-free Zn anodes. Reprinted with permission from ref. [91].
2021, Wiley. (e) Proposed mechanism of the bimodal block molecule MA with oxygen species in
different chemical environments in the electrolyte, which serves distinct roles in enhancing the
electrochemical performance of the ZIBs. Reprinted with permission from ref. [92]. 2024, Wiley.
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(f) Anion design principle for the formulation of aqueous electrolyte solutions. Reprinted with
permission from ref. [93]. 2026, Springer Nature. (g) Schematic illustration of the working mechanism
of the trifunctional KTPP electrolyte additive. Reprinted with permission from ref. [94]. 2023, Wiley.

By finely tuning the electron-donating coordination activity of additives, the charge
property of solvation clusters can be thoroughly altered. Hu et al. [90] established a scientific
screening paradigm using the HOMO energy level as a universal quantitative descriptor,
successfully identifying the non-sacrificial anionic surfactant sodium dodecyl benzene
sulfonate (SDBS) (Figure 1c). Exhibiting strong electron-donating coordination activity
due to its high HOMO energy level, the sulfonate head of SDBS competitively displaces
coordinated water in the bulk phase to optimize zinc ion transport, while forming a dense
dynamic adsorption layer at the interface that leads to a stable symmetric cell lifespan ex-
ceeding 3200 h. While anionic surfactants optimize the environment on the outer periphery,
highly coordinated chloride ions enable a deeper structural reorganization. Zhang et al. [91]
introduced 1-ethyl-3-methylimidazolium chloride ([EMIM]CI), an ionic liquid additive
rich in bulky cations (Figure 1d). The highly coordinated Cl1~ severs traditional Zn?*-H,O
interactions, reversing the cationic hydrated zinc [Zn(H,0)6]** into an anhydrous anionic
complex [ZnCly]>~. This fundamental reversal of charge properties eliminates the attack
of active water; furthermore, the negatively charged [ZnCly]>~ complexes spontaneously
migrate away from the negatively charged zinc microprotrusions via electrostatic repulsion
during deposition, redirecting the zinc flux toward flat regions and yielding a capacity
retention of 78.8% after 300 polarizations in an anode-free configuration.

As the discipline progresses toward multi-functional and multi-dimensional protec-
tion, the long-chain topologies of polymers and the steric hindrance effects of composite
inorganic anion networks have become key instruments for modulating solvation chem-
istry. Zhao et al. [92] addressed the issue of active free water in ultra-dilute systems by
introducing a polyethylene glycol (PEG) macromolecular additive rich in bimodal active
oxygen sites (Figure 1le). The ether oxygen (eth-O) atoms on the macromolecular backbone
act as strong coordination centers to efficiently chelate Zn?* and break down the bulk water
hydrogen-bond network, while the terminal hydroxyl oxygen (ter-OH) atoms serve as
zinc-loving adsorption modules that selectively bind to the thermodynamically unstable
Zn(101) crystal plane. This steric hindrance effect forces the zinc flux to undergo directional
two-dimensional growth along the flat Zn(002) plane, allowing full cells to retain 82% of
their capacity after 1500 cycles. To further suppress free water under practical low-salt
thresholds, Dong et al. [93] proposed a “Secondary Solvation Sheath” engineering strategy
(Figure 1f). They introduced fluorinated anions with high donor numbers (DN > 18) to
deeply penetrate the primary solvation shell of Zn?*, forming [Zn(H,O)s-anion]** nan-
oclusters. These coordinating anions cleverly act as “molecular bridges” to firmly anchor
free water molecules within the secondary solvation shell and bulk phase through strong
interactions. During electrodeposition, these fluorinated anions drift synchronously with
the zinc flux to the anode boundary and undergo preferential sacrificial reduction, in
situ cultivating a protective SEI film rich in inorganic ZnF, and delivering a prominent
average CE of 99.99% at 1.5 mA-cm 2. Similarly, Yu et al. [94] incorporated a trifunc-
tional inorganic oligomer, pentapotassium triphosphate (KTPP), into a baseline ZnSOy
electrolyte (Figure 1g). This oligomer unfolds an efficient defensive sequence: the disso-
ciated K* cations act as a dynamic electrostatic shield to blunt the “tip effect,” while the
highly negatively charged TPP*~ oligomeric anions aggressively coordinate with Zn?*,
displacing bound water molecules in [Zn(H,0)4]%* to form novel anionic complexes like
[Zn(H,0)3TPP] . This process concurrently prompts a highly conductive and mechanically
resilient inorganic SEI, driving an exceptional 3800-h symmetric cell lifespan and enabling
the successful construction of a practical 9-mAh four-layer pouch cell.
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3.2. EDL Engineering & Crystallographic Control

The electric double layer (EDL) is a critical frontier for modulating mass transport and
nucleation kinetics at the anode—electrolyte interface. Due to the accumulation of active water
molecules within the inner Helmholtz plane (IHP) and the non-uniform distribution of the
local electric field, the zinc anode surface is highly susceptible to localized hydrogen evolution
reaction (HER) and disordered dendrite growth. Introducing specifically adsorbed molecules,
electrostatically shielding cations, or interfacial pH buffer pairs into the EDL can effectively
reshape the potential distribution within the interfacial microenvironment, regulate local
ionic fluxes, and guide Zn?* to undergo layered epitaxial growth along specific low-energy
crystal planes, such as the Zn(002) basal plane. This organic integration of EDL engineering
and crystallographic control represents a pivotal approach to achieving low-polarization,
dendrite-free zinc deposition under practical operating conditions [95-99].

To mitigate the parasitic HER within the acidic regions of the interface, Lin et al. [100]
introduced triazole (Ta), a five-membered nitrogen heterocyclic molecule featuring a pi-
electron conjugated system (Figure 2a). Profiting from its robust metal coordination capabil-
ity and inherent proton-buffering mechanism, Ta spontaneously constructs a dynamically
adsorbed molecular barrier on the zinc foil surface. This protective layer leverages the high
electron mobility of the large conjugated plane to homogenize the local ion flux, guiding
zinc to crystallize orderly along the lowest-energy facet and maintaining stable cycling for
over 400 h at a high depth of discharge (DOD) of 85%. To balance the global stability of
both the anode and cathode sides, Wang et al. [101] incorporated D-xylose (DX), a biomass
small molecule rich in polar hydroxyl groups (Figure 2b). DX not only suppresses zinc
flux aggregation and side reactions via characteristic adsorption on the anode side, but
its adsorption at the cathode interface also significantly accelerates charge transfer and
increases reactive sites, endowing the Zn| | textMnO; full cell with excellent rate capa-
bility. With the rise of green chemistry, natural biomass macromolecules have garnered
attention due to their unique architectures. Li et al. [102] innovatively utilized the natural
polymer chitosan (CHI) as an electrolyte modifier (Figure 2c), exploiting the highly polar
groups on its backbone to undergo spontaneous, dynamic adsorption and entanglement
on the zinc foil and newly deposited layers. This dynamic protective layer effectively
shields free water, while the chelating groups on its chain segments establish an efficient
“capture—diffusion—deposition” pathway for ion transport, allowing the symmetric cell to
operate stably for over 1380 h under a high flux of 10 mA-cm 2.

In cation-mediated interface regulation paradigms, utilizing positively charged groups
to respond to the cathodic electric field for constructing a dynamic electrostatic shielding
layer is a classic method to eliminate the “tip effect”. Gan et al. [103] introduced a long-
chain cationic surfactant, hexadecyltrimethylammonium hydrogen sulfate CHN(HSOy)
(Figure 3a). A notable feature of this work is that at an ultra-trace concentration of only
0.01 mM, the dissociated CHN™* cations can precisely target microprotrusions on the zinc
surface to guide uniform Zn?* nucleation via effective electrostatic shielding. Combined
with the drainage network woven by its 16-carbon hydrophobic alkyl chains at the interface,
it achieves a self-corrosion inhibition efficiency exceeding 90%. Furthermore, this traditional
cation shielding mechanism has been refined by a recent in-situ microscopic diagnostic
study. Yuan et al. [104] employed in-situ electrochemical liquid-phase transmission electron
microscopy (LC-TEM) to visualize the real-time nanoscale nucleation trajectory of zinc upon
the introduction of LiCl (Figure 3c). The study revealed that within the anisotropic lattice
chemistry of aqueous zinc, the shielding effect of exogenous metal cations (such as Li*)
fundamentally acts as a “facet-selective regulator.” It preferentially blocks the highly active
Zn(100) step edges around embryonic zinc flakes through directional adsorption—which
otherwise readily induce disordered dendrites—thereby forcing subsequent Zn?* ions to
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undergo continuous, layered epitaxial deposition exclusively on the flat Zn(002) basal
surface. To maximize this cationic electrostatic repulsion, Cheng et al. [105] turned their
attention to the high-valence tetravalent metal cation Zr** (Figure 3b). To address the
spontaneous hydrolysis of high-valence cations in open aqueous systems, the authors
immobilized them within a silk fibroin/polyacrylamide (SFPAM) hydrogel framework
to restrict secondary hydrolysis. As an ionic modifier with an exceptionally high charge
density, Zr** shortens the interfacial Debye length via its intense local electric field repulsion,
forcing the zinc flux to pack tightly along the thermodynamically stable Zn(002) basal plane,
enabling the symmetric cell to cycle robustly for over 1500 h at a severe temperature of
—30 °C and a high DOD of 57%.
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Figure 2. (a) Mechanism diagram of the Ta additive. Reprinted with permission from ref. [100]. 2013,
Royal Society of Chemistry. (b) Diagram of the electroplating process of Zn?* in electrolytes without
and with DX. Reprinted with permission from ref. [101]. 2024, Wiley. (c) Schematic diagram of the
function of CHI additives. Reprinted with permission from ref. [102]. 2025, Elsevier.
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Beyond individual electrostatic shielding or molecular adsorption, restructuring com-
plex ionic synergies and pH-buffering microenvironments can comprehensively enhance
EDL tolerance against extreme conditions. Zhang et al. [106] introduced ammonium di-
hydrogen phosphate (NHP) into a dilute ZnSOy baseline system (Figure 3d), seamlessly
integrating NH,*-mediated electrostatic shielding with an interfacial NHs*/H,PO,~ pH
buffer pair. This inorganic pair dynamically buffers protons at the phase boundary to
suppress the localized alkalinity spike caused by parasitic hydrogen evolution, which,
synchronized with electrostatic current homogenization, enables the cell to cycle stably
for 930 h at a demanding current density of 10 mA-cm~2. Finally, to mitigate the drastic
surge in interfacial impedance commonly encountered when ionic liquids are used as
wide-temperature antifreeze agents, Yang et al. [107] introduced the “Hofmeister series”
ion-specific effect into aqueous batteries, customizing a wide-temperature system char-
acterized by “gradient chaotropic anions” composed of Emim* -TFA~ /OTf-Zn?*-H,O
(Figure 3e). Addressing the common problem of cryogenic ion transport blockage caused
by the crowding of bulky hydrophobic Emim* cations in the EDL, the gradient-introduced
disordered anions (TFA™ and OTf™) disrupt the long-range ordered hydrogen-bond lattice
of water in the bulk phase to inhibit ice crystallization. Concurrently, at the interface,
they alleviate the steric hindrance and crowding of Emim™* through sophisticated charge
responses, constructing a low-impedance, “hydrophobic but salt-loving” EDL microenvi-
ronment on the anode surface. Benefiting from this holistic ionic reorganization, the zinc
anode delivered enhanced durability in subzero environments, achieving over 13,000 h
of stable stripping/plating at —30 °C and smooth operation exceeding 6690 h even under
extreme cold at —40 °C.

3.3. Sacrificial Reduction & Inorganic Mineralization for SEI Construction

Constructing an artificial or in-situ solid electrolyte interphase (SEI) on the zinc anode
surface represents a direct approach to isolating active water molecules and suppress-
ing dendrite growth. Compared with interfacial modulators relying on physical adsorp-
tion, solid interphases constructed via electrochemical sacrificial reduction or chemical
mineralization typically possess superior mechanical strength and lower phase-transfer
impedance. This subsection focuses on modification strategies utilizing molecules with
low lowest unoccupied molecular orbital (LUMO) energy levels for in-situ reductive
filming, incorporating inorganic salts to manipulate crystallization thermodynamics, and
employing solid nanoparticles to assemble cross-linked interfacial networks, aiming to
elucidate how solid interphase engineering enables highly reversible and dendrite-free zinc
deposition [108-111].

Utilizing small organic molecules with low LUMO energy levels, such as those bear-
ing sulfonic acid or sulfonamide groups, to induce in-situ interfacial film formation is a
representative paradigm for constructing rigid protective barriers. Li et al. [112] introduced
trace amounts of sodium 4-aminobenzenesulfonate (SABS) into a baseline ZnSO, elec-
trolyte (Figure 4a). Leveraging the zinc-loving properties of its amino and sulfonic acid
groups, SABS preferentially adsorbs onto the anode surface, inducing the formation of a
water-deficient inner Helmholtz plane (IHP). Due to the low LUMO energy level of SABS
(—1.88 eV), it undergoes in-situ electrochemical reduction during cycling, transforming
into an organic-inorganic hybrid SEI film. Under the synchronized protection of this
reconstructed EDL and the in-situ formed interphase, the Zn| | Zn symmetric cell achieved
a stable lifespan of 6500 h at 1 mA-cm 2, and the assembled Zn | |1, pouch cell maintained
a capacity retention of 99.1% after 820 cycles.
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Figure 3. (a) Schematic illustration for comparing cyclic stability of Zn anode in 2 M ZnSO, without
CHN(HSO4) and with CHN(HSO,). Reprinted with permission from ref. [103]. 2023, Elsevier.
(b) A Zr** crosslinked hydrogel electrolyte is demonstrated on side reaction resistance for high-
performance aqueous Zn-based devices. Reprinted with permission from ref. [105]. 2008, Royal
Society of Chemistry. (c) Schematic illustration of the underlying mechanism of the “electrostatic
shielding effect” in aqueous Zn batteries. Adapted from refs. [104]. (d) The multifunctional inorganic
additive NH4H,PO,4 promotes uniform deposition of zinc and inhibits side reactions. Reprinted
from Ref. [106]. (e) Schematic of chaotropic anions regulating H-bond structure in bulk electrolyte.
Reprinted from Ref. [107].
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Figure 4. (a) Schematic diagram of EDL regulation. Reprinted with permission from ref. [112].
2024, Wiley. (b) Schematic showing the advantages of the ZnSO4-VOSO, system with the functional
effects of the self-assembled passive layer on the anode surface and the inhibition of V dissolution
at the cathode. Reprinted with permission from ref. [113]. 2023, Elsevier. (c) EuCl3 preferentially
deposits zinc ions along the (002) crystal plane. Reprinted with permission from ref. [114]. 2024,
Elsevier. (d) Schematic illustration of the reaction mechanism on the anode/electrolyte interface in
ZnSOy4 + NAG. Reprinted with permission from ref. [115]. 2025, Wiley. (e) Schematic illustration of
Zn plating process with nano-Si additive. Reprinted with permission from ref. [116]. 2023, Wiley.
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In addition to the in-situ reduction of organic molecules, the introduction of inorganic
salt components serves as an effective route to regulate interfacial crystallization thermo-
dynamics and cultivate inorganic mineralized phases. Yoo et al. [113] reported a bipolar
synergistic modulation strategy using vanadium oxysulfate (VOSO,) as an active elec-
trolyte additive (Figure 4b). On the anode side, VOSO, induces the in-situ self-assembly of
a dense protective barrier that guides zinc deposition along the thermodynamically stable
Zn(002) plane, enhancing interfacial ion diffusion kinetics while suppressing corrosion
and passivation. Concurrently, on the cathode side, the common-ion effect established by
the introduced VOSOy suppresses the irreversible dissolution of vanadium from the V,05
matrix, delivering a discharge capacity of 590 mAh-g~! at 1 A-g~!. To further leverage the
kinetic regulation potential of heavy metal cations, Zhang et al. [114] introduced europium
chloride (EuCls), a rare-earth halide, as a dual-functional additive (Figure 4c). This rare-
earth salt manifests texture-engineering capabilities that elevate the hydrogen evolution
overpotential while precisely modifying Zn?* crystallization thermodynamics. This forces
zinc to arrange tightly along the highly corrosion-resistant Zn(002) plane, driving the
symmetric cells to endure over 3000 h of dendrite-free stripping/plating under rigorous
parameters of 5 mA-cm~2/2 mAh-cm 2.

Conventional sulfate anions (SO42~), owing to their high chemical inertness, are
generally unfavorable for direct participation in SEI construction. To circumvent this
thermodynamic constraint, Zhou et al. [115] introduced N-acetyl-D-glucosamine (NAG),
a green biomass molecule (Figure 4d). The adsorbed NAG molecules not only reshape
the EDL microenvironment but also serve as an interfacial catalyst that lowers the reduc-
tion activation energy of adjacent SO4%~ anions. This coordinated pathway drives the
deep decomposition of sulfate species under mild operating regimes, in situ generating a
rigid, highly Zn?*-conductive inorganic phase enriched with zinc sulfide (ZnS) and zinc
carbonate (ZnCQO3). Seamlessly integrating the mechanical rigidity and ionic transport
of inorganic crystals with the flexibility of organic cushions, this fluorine-free hybrid SEI
effectively isolates water aggression, enabling a lifespan exceeding 6500 h at 0.5 mA-cm 2
and providing an instructive reference for transitioning inorganic electrolyte chemistry
toward sustainable, multi-dimensional hybridization.

Beyond soluble inorganic salts, extending modifier precursors from ionic species to
three-dimensional solid-state inorganic nanoparticles—and further cross-linking them with
organic matrices—constitutes another essential branch of inorganic interphase engineering.
Wu et al. [116] reported a strategy utilizing silicon nanoparticles (nano-Si) to customize
the interfacial electric field (Figure 4e). Due to ambient oxidation, the nano-Si particles
are naturally enveloped in a pristine hydroxylated layer (Si-OH). Upon electrodeposition,
these surface hydroxyl groups chemically cross-link with incoming Zn?* ions to weave
a continuous, three-dimensional inorganic Si-O-Zn skeletal network. This solid network
homogenizes the spatial distribution of localized charges and electric field intensities, low-
ering the zinc nucleation barrier and yielding a 5-fold lifespan extension (over 1250 cycles
at 5 mA-cm~2) compared to the bare system.

3.4. Mechanism Analysis and Research Progress of Polymer Additives

Polymer additives—encompassing hydrophilic polymers, hydrogels, and supramolec-
ular macromolecules—exhibit distinct advantages in the interfacial regulation of aqueous
zinc-ion batteries (AZIBs) owing to their long-chain topologies, abundant multi-site func-
tional groups, and spatial confinement effects. The macromolecular networks not only effec-
tively anchor free water molecules through hydrogen-bonded networks to lower their ther-
modynamic activity, but also capitalize on fixed-charge electric fields to homogenize interfa-
cial ionic fluxes. Furthermore, the flexible backbones of polymers seamlessly accommodate
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the substantial volume fluctuations encountered during zinc stripping/plating. This sub-
section systematically reviews the research progress of polymer additives in stabilizing
phase interfaces from three dimensions: supramolecular spatial confinement, side-chain
charge regulation, and in-situ integrated dynamic self-healing interphases [117-122].

At the supramolecular level, utilizing the multimodal coordination of macromolecules
or the host—guest adsorption effects of spatially stereocyclic macrocycles represents a classi-
cal approach to shielding free water and inducing preferred crystallographic orientations.
Zhao et al. [123] reported a structure-activity modification paradigm based on cyclodextrin
(CDs, including «-, 3- and y-CD) supramolecular macrocycles (Figure 5a). Exploiting
the unique cavity property of being “hydrophobic inside and hydrophilic outside,” «-CD
chemically adsorbs onto the zinc foil surface via its peripheral secondary hydroxyl groups,
weaving a supramolecular shield that physically isolates water molecules from corrosion.
Concurrently, its electron-rich, zinc-loving outer surface exhibits prominent nucleation-
inducing activity that substantially lowers the activation energy barrier (E,), enabling
Zn| | Cu asymmetric cells to deliver a high average coulombic efficiency (CE) of 99.90%. To
advance single-ion conduction to a higher level, Sun et al. [124] reported the construction
of a single zinc-ion conducting hydrogel (SIHE) utilizing a pseudo-polyrotaxane (PPR)
supramolecular architecture with a topological “slide-ring” mechanism (Figure 5b). Distinct
from conventional rigid covalent grafting of anions, which often immobilizes polyvalent
Zn?* via intense Coulombic forces, this strategy threads linear polyethylene glycol (PEO)
into cyclic a-CD cavities followed by in-situ cross-linking. Capitalizing on the steric hin-
drance of the macrocycles and the topological sliding degrees of freedom of the long chains,
the anions are mechanically confined within the interspaces between adjacent macrocycles.
Meanwhile, the electron-rich hydroxyl groups densely distributed on the outer edges of
the macrocycles construct an unbonded channel for zinc flux, achieving a high zinc-ion
transference number of t, >+ = 0.923 and an ionic conductivity of 22.4 mS-cm~!, which
empowers the configured Zn | | V,Os cell to stably withstand 3500 cycles at 5C.

Beyond spatial steric shielding, reshaping the EDL mass transfer mechanism via side-
chain charge repulsion of polymer long chains constitutes another crucial direction for
macromolecular modification. Lin et al. [125] addressed the mass transport lag of zinc
ions caused by the intricate “jump transport” mechanism in conventional neutral polymer
matrices (such as PAM) by developing a functional polymer (PAPTMA) suspended with
strong cationic quaternary ammonium salt groups (-N+R3) on the side chains (Figure 6a).
Relying on the electrostatic repulsion of like charges, these fixed positive charges create
facilitated pathways for 7Zn?* within the gel network, pushing the zinc-ion transference
number to t, .+ = 0.79. Concurrently, the network effectively confines bulk free water
as interfacial bound water, thereby suppressing the phase passivation of the byproduct
Zn4(OH)SO4-5H,0 and endowing flexible pouch batteries with outstanding mechanical
fatigue resistance.
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Figure 5. (a) Mechanism of CD molecules (x-, 3-, and y-CD) as electrolyte additives for recharge-
able zinc batteries. Reprinted with permission from ref. [123]. 2022, American Chemical Society.
(b) Schematic illustration of the fabrication process of CD-PEO/PAM hydrogel, where the anion can
be physically confined between the two ring-shaped CDs and Zn?* can be directed along the outside
of the rings to form a single-Zn-ion conducting hydrogel electrolyte. Reprinted with permission from
ref. [124]. 2023, Wiley.
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Figure 6. (a) Schematics of the ion transport within PAM and PAPTMA hydrogels. Reprinted
from Ref. [125]. (b) Schematic of ex situ GPE and in situ GPE at the electrode-electrolyte interface.
Reprinted with permission from ref. [126]. 2022 Wiley. (c) Ion movement mechanism in the cation-
selective interval. Reprinted from Ref. [127].
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The advanced evolution of polymer conditioning strategies lies in breaking the limita-
tions of static physical contact imposed by conventional pre-made gels, moving toward
in-situ cross-linking integration and “intelligently responsive phase interphases” with
self-healing attributes. To circumvent the poor solid-solid interfacial contact, elevated
impedance, and severe side reactions typical of external gel electrolytes, Qin et al. [126]
proposed a “chemical welding” integration strategy that leverages the reducing capability
of zinc foil to trigger in-situ redox polymerization (Figure 6b). The macromolecular precur-
sor fluid spontaneously penetrates the microcracks on the zinc anode surface and, under
the autocatalytic dissolution and chemical initiation of the zinc foil, directly solidifies and
cross-links at the phase boundary to construct a seamless, continuous interphase. This not
only eliminates contact resistance but also establishes a water-deficient microenvironment
via macromolecular water-locking, driving symmetric cells to operate stably for over 240 h
under demanding conditions of 40 mA-cm~2/40 mAh-cm~2 (DOD = 87%). On this basis,
to overcome the practical challenge of rapid additive depletion under ultra-fast charg-
ing regimes, Jin et al. [127] utilized the interfacial adsorption behavior of oligomer-ion
complexes to construct a responsive dynamic protective phase with a nanometer thick-
ness in situ (Figure 6¢). As verified by quartz crystal microbalance (QCM) measurements,
a delicate “solid-liquid dynamic equilibrium” is maintained between the nanofilm and
the oligomers dissolved in the bulk phase, conferring excellent self-healing traits to the
phase interface. This oligomer boundary layer synergistically suppresses self-corrosion,
dendrite protrusions, and hydrodynamic convective disturbances (such as the Marangoni
effect), lowering the desolvation activation energy. This allows the zinc anode to sustain
dendrite-free deposition even under an ultra-fast charging current density of 160 mA-cm 2
approaching the theoretical diffusion limit. Furthermore, it delivers a high energy density
of 151 Wh-kg~! and over 12,000 high-power cycles in a practical, large-area 9 cm? Zn | 11,
pouch cell.

4. Summary and Outlook
4.1. Summary

In conclusion, formulating electrolyte additives represents a practical and scalable
approach to modulate Zn?* solvation chemistry and optimize interface compatibility in
ZnSOy-based batteries [128-132]. Based on the mechanistic framework established in this
review, recent advances have successfully transitioned from empirical trial and error to-
ward targeted physical chemistry regulation [133-136]. Table 1 lists some key evaluations
of representative electrolyte additive strategies. Additive strategies generally achieve their
protective effects through three primary pathways: (1) disrupting the hydrogen-bonded
network of bulk water and reforming the primary/secondary Zn?* solvation sheaths to
decrease desolvation barriers; (2) restructuring the electric double layer (EDL) via selective
adsorption or electrostatic shielding to guide zinc deposition along thermodynamics-
stable facets; and (3) inducing sacrificial reduction or chemical mineralization to construct
rigid—flexible hybrid solid electrolyte interphases (SEIs). While these strategies have ex-
tended the lifespan of zinc anodes under specialized testing conditions, significant kinetic
and engineering gaps remain before achieving viable technology deployment [137-143].
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Table 1. Critical evaluation of representative electrolyte additive strategies based on their physical

chemistry mechanisms, regulatory effects, and practical limitations.

Additive . Primary 24 HER Performance Critical
Typical Impact on Zn . g .
Category & Concentration Regulatory Solvation/EDL Suppression & Under Realistic Practical
Example Mechanism Morphology Conditions Limitations
Irreversible
Generates Generally Consumption:
Cathodic water-poor Significant HER evaluated Additive
Sacrificial Low (e reduction inner suppression; under flooded depletes over
Additives 1-10 ml\%l)/ governed by Helmbholtz uniform cells; rapid long-term deep
(e.g., SABS) low LUMO plane (IHP); layer-by-layer  depletion under cycling,
energy level induces deposition lean electrolyte requiring
in-situ SEI (E/C<3 g~Ah_1) continuous
replenishment.
Desorption
. under High
Coordination Expels reactive Elevates HER Moderate D?D Flux: Dynamic
e . H,O from . (usually <30%); .
Non-Sacrificial chemistry . overpotential; adsorption
Low (e.g., primary performance .
Surfactants governed by . compact and layer may fail
1-5mM) . solvation drops sharply .
(e.g., SDBS) high HOMO smooth b Oor reorganize
sheath; at high current
energy level . . Zn surface o under extreme
chemisorption densities hi
igh-rate
polarization.
Cost &
Transport:
. Alters . Shows promise Rare-earth
Inorganic N Mechanical
. . - crystallization . for deep elements are
Inorganic mineralization suppression of . .
Moderate (e.g., thermodynam- . discharge expensive; large
Modulators and crystallo- . dendrites; o L
0.1-0.5 M) . ics; induces . (DOD > 50%),  cations increase
(e.g., EuCls) graphic . highly textured .
idance preferential deposits but heavy ions low-
& Zn(002) growth increase mass temperature
mass-transfer
resistance.
. Insufficient
Heavily Complete
dependent on R
L Accumulates at . oy Protection: Fails
Cationic . - Redirects Zn excess
L . Electrostatic protrusions to completely
Shielding High (e.g., . . flux to planar electrolyte;
b shielding at the (sharp tips) . ys block free water
(e.g., Na™, 0.5-2.0 M) 2 . . regions; delays parasitic gas
+ dendrite tips without being L . attack;
NHy™) short circuits evolution
reduced ersists long-term water
olffer time consumption
still occurs.
Viscosity &
Kinetics:
Suppresses Significantly
Steric Limits free Actsas a upp increases
. . . . cross-talk at
confinement water activity;  physical barrier . electrolyte
Polymer . . thick electrodes, . .
High (e.g., and bulk constructs 3D against water viscosity,
Networks N . . but long-term .
1-5 wt%) H-bond single-ion molecules; . reducing
(e.g., CHI, PEG) mechanical . 9,
network transport rounded . overall ionic
. . ) stability .
disruption channels Zn grains . conductivity
is debated
and low-
temperature
kinetics.
4.2. Outlook

To guide future research toward rigorous development and practical implementation,
the following key priorities must be addressed.

Decoupling Multi-Dimensional Descriptor Systems: Future additive screening should
establish precise correlations between quantum chemical descriptors (LUMO vs. HOMO)
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and real interfacial behaviors [144-146]. LUMO energy levels should strictly govern sacrifi-
cial reduction and SEI formation under cathodic polarization, whereas HOMO energy levels
should rationalize non-sacrificial electrostatic adsorption and coordination chemistry. Incor-
porating machine learning and high-throughput computations can accelerate this rational
design, provided models are validated by quantifiable experimental descriptors [147-150].

Advanced Diagnostics Under Non-Equilibrium Conditions: Most current evaluations
rely heavily on static or post-test characterizations, which frequently obscure the tran-
sient dynamics at the phase boundary. Priority should be given to integrating operando
techniques—such as liquid-phase transmission electron microscopy (LC-TEM), differen-
tial electrochemical mass spectrometry (DEMS), and cryo-TEM [151,152]. These tools are
essential to monitor the real-time adsorption—desorption kinetics of additives under high
current fluxes, capture chemical decomposition products at mild potentials, and identify
transient failure modes of the boundary layers [153-155].

Validation Under Stringent, Industry-Relevant Parameters: The outstanding lifespans
frequently reported in literature are predominantly achieved under idealized configurations
(excessive electrolyte, thick zinc foils, and low areal capacities), which heavily mask realistic
cell degradation. Future work must rigorously evaluate additives under standard industrial
red lines: ultra-thin zinc anodes (<50 mum), high-mass-loading cathodes (>20 mg-cm~2),
high depths of discharge (DOD > 70%), and extremely lean electrolyte criteria [156,157].
Under these water-scarce regimes, understanding the continuous consumption rates of
additives, their mechanical shear resistance against continuous volume changes, and
their oxidation stability at high positive potentials is paramount for translating laboratory
electrolyte chemistry into reliable energy storage systems.
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