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ABSTRACT

Aqueous zinc batteries offer inherent safety and cost advantages, yet their further application is hindered by severe surface
corrosion, H, evolution. While incorporating organic diluents is a common strategy to modify the electrolyte microenvironment,
a fundamental dilemma exists: water-miscible solvents usually have strong Zn?" binding energy, thereby increasing the Zn** de-
solvation energy barrier, and even react with Zn metal, whereas inert, hydrophobic diluents fail to form a homogeneous phase.
Here, we propose a salt-bridged miscibility mechanism to break through this limitation. Guided by systematic screening, we
demonstrate that specific Zn salts, notably Zn(OTf),, act as efficient molecular bridges, dramatically lowering the miscibility
barrier between H,0 and hydrophobic diluents like tetrahydropyran (THP), thereby constructing thermodynamically stable and
interface friendly homogeneous electrolyte. The inert THP disrupts the hydrogen bonding network between H,O molecules,
broadens the electrochemical stability window, and participates in interface regulation. As a result, the Zn|Cu half cells employing
this engineered inert electrolyte can maintain a high coulombic efficiency of 99.79% over 2000 cycles. And the full cells with HNVO
cathode can retain remarkable stability over 30 000 cycles at 5 A g™'. This work solves a fundamental trade-off of hydrophobic
diluents for future electrolyte engineering.

1 | Introduction for high-safety and low-cost energy storage battery technology

[1-6]. Among various candidates, aqueous zinc batteries (ZIBs)
The escalating demand for grid-scale energy storage and the rapid stand out due to the natural abundance, high theoretical capacity
growth of portable electronics have intensified the exploration (820 mAh g™), and low redox potential (—0.76 V vs SHE) of Zn
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metal anode, coupled with the inherent non-flammability and
high ionic conductivity of aqueous electrolytes [7-10]. However,
the practical application of ZIBs is severely hampered by the
interfacial instability of Zn metal anode in aqueous media. In
conventional aqueous electrolytes, Zn ions are surrounded by
H,0 molecules, forming a solvation structure of [Zn(H,0),]*",
which triggers continuous parasitic reactions, including cor-
rosive dissolution, H, evolution reaction, and the formation
of insulating by-products [11-14]. These processes, along with
uncontrollable dendrite growth during electrochemical cycling
process, lead to rapid capacity fading, low coulombic efficiency
and poor cycling lifespan [15-19].

To address these interfacial challenges, the rational design of the
Zn** solvation structure is paramount. A widely adopted strategy
to mitigate these issues involves engineering the electrolyte’s
solvation structure by introducing organic molecules as co-
solvents [20-24]. Its main purpose is to displace active H,O
molecules from Zn?* solvation structure of [Zn(H,0),]*", and
regulate the hydrogen-bonding network in the bulk electrolyte
[25-29]. Nevertheless, this approach presents a fundamental and
often overlooked dilemma. On one hand, solvents with high water
miscibility typically possess strong Zn** coordination ability (e.g.,
ethylene glycol, DMSO), which can create a tightly bound solva-
tion sheath [30-32]. This will inevitably result in an excessively
high de-solvation energy barrier for Zn** ions, kinetically hin-
dering deposition and increasing polarization [33-35]. Moreover,
many of these solvents are thermodynamically unstable against
the highly reductive Zn metal, especially in the electrochemical
cycling process, participating in detrimental side reactions. On
the other hand, electrochemically inert, hydrophobic diluents
(such as: some cyclic ethers, esters), which could ideally provide
a passive interface and even create an anion-rich solvation
environment, are largely immiscible with H,0O molecules. In
other words, a critical and underexplored gap remains: This
inherent hydrophobicity prevents their homogeneous integration
into the electrolyte, making them ineffective for uniform solva-
tion structure engineering and leading to bulk phase separation.
This critical trade-off between solvent miscibility and interfacial
inertness has constrained the design space for high-performance
aqueous hybrid electrolytes.

Herein, we propose and validate a novel salt-bridged miscibility
strategy to fundamentally resolve this dichotomy. We demon-
strate that specific Zn salts can act as molecular bridges, dra-
matically altering the thermodynamic miscibility between water
and incompatible hydrophobic diluents. Through systematic
screening of Zn salts (e.g., ZnSO,, ZnCl,, Zn(OTf),) and diluents,
we discover that Zn(OTf), can enable the formation of a thermo-
dynamically stable, homogeneous electrolyte with hydrophobic
THP. This salt-bridged homogeneous electrolyte achieves mul-
tiple synergistic functions: (1) disrupting the hydrogen bonding
network between H,O molecules and broadening the electro-
chemical stability window; (2) creating an anion-rich solvation
structure, formulated as Zn?*[(H,0),s(THP),,,(OTf"), 5] and
weakening the Zn?*-H,O interaction; (3) facilitating the for-
mation of a robust and uniform SEI layer with only ~10 nm
thickness, thereby simultaneously enhancing interfacial stability
and de-solvation kinetics. As a result, the Zn metal anode
exhibits exceptional reversibility, with Zn|Cu half-cells achieving
an average Coulombic efficiency (CE) of 99.79% over 2000 cycles.

Full cells paired with HNVO cathodes also demonstrate ultra-
long cycling life over 30 000 cycles at 5 A g~'. More importantly,
even at a low temperature of —20°C, the full cells with PANI
cathode can also run stably over 8000 cycles. Beyond presenting
a superior electrolyte formula, this work establishes a universal
“Zn salt-diluent-H,O” ternary phase diagram as a predictive tool,
shifting the electrolyte design from empirical trial-and-error to
rational screening based on salt-mediated miscibility, thereby
opening a new avenue for developing stable, high-performance
aqueous ZIBs.

2 | Results and Discussion
2.1 | Unlocking Hydrophobic Diluents

Introducing hydrophobic diluents into aqueous electrolytes has
proven effective in enriching anion participation within the Zn?*
solvation sheath. These diluents share a common characteristic,
that is, extremely low dielectric constant and low polarity, leading
to limited capacity to dissociate Zn salts. While this characteristic
is central to promoting anion association over solvent coordi-
nation, it also renders such diluents inherently immiscible with
high-dielectric water, aligning with the classic “like dissolves
like” principle. This presents a fundamental design conflict: the
property desired for solvation tuning creates a thermodynamic
barrier to homogeneous electrolyte formulation.

Beyond  polarity, molecular  architecture, including
hydrophilic/hydrophobic moieties, steric bulk, and molecular
size, further dictates miscibility. As shown in Figure 1a and Table
S1, we systematically evaluated several low-¢ diluents. Slight
structural changes led to remarkable changes in their water
solubility, which underwent spontaneous aggregation and phase
separation—a manifestation of the hydrophobic effect (Figure
S1). According to previous research, this effect was driven by
water’s tendency to maximize its own cohesive hydrogen-bonding
network, effectively “expelling” non-polar solutes. Based on this,
a key design insight emerged: disrupting the hydrogen bonds
among bulk water molecules should weaken this exclusionary
force, thereby enhancing the compatibility of hydrophobic
diluents [36, 37]. First, as shown in Figure 1b and Figure
S2, based on the dielectric constant, the HOMO-LUMO gap
energy and the oil-water partition coefficient (Log P) of solvent
molecules were further used to screen inert diluents. These
two parameters are employed to evaluate the electrochemical
stability and hydrophobicity of solvents, respectively. Among
these solvents, THP exhibits a relatively high energy gap value
(7.96 eV), indicating strong redox stability. It also possesses
the highest LUMO level (1.14 eV), demonstrating the greatest
resistance to reduction stability and thus the highest inertness
at the anode surface. Additionally, THP has a Log p-value of
1.21, reflecting the strongest hydrophobicity, which is beneficial
for the formation of a hydrophobic interface at the zinc anode.
Ultimately, THP was selected for further exploration.

Then, we investigated the capacity of various anions—known
to differentially perturb water structure, to mediate the dis-
solution of THP. As shown in Figure S3, while Zn salts like
ZnS0,, Zn(BF,),, ZnCl,, Zn(Cl0,),, and Zn(OTf), exhibited
almost no solubility in THP, their presence in water dramatically
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Unlocking hydrophobic diluents. (a) Structural formulas of some organic solvents with low dielectric constant; (b) Comparison of

dielectric constant, oil-water partition coefficient, and HOMO-LUMO Gap energy among different solvents; (c) Optical photograph of 2 M Zn salt
solutions containing 50 vol.% THP; (d-g) ternary phase diagrams for the H, O/THP system with ZnCl,, Zn(BF,),, Zn(ClOy,),, and Zn(OTf),, respectively;

(h) Electrostatic potential maps of different anions; (i) Corresponding oil

-water partition coefficient (Log P) values of the anions; (j) Ionic conductivity

of electrolytes with varying THP content; (k) LSV curves showing the suppression of hydrogen evolution and the broadening of the electrochemical
stability window upon THP introduction; (1) Average CE of Zn|Cu half-cells employing different electrolytes.

altered THP miscibility. As shown in Figure Ic, under the same
concentration (2.0 M) and proportion (50% THP) conditions,
BF,~, ClO,~, and OTf" fostered homogeneous phases, whereas
SO,%~ and CI~ led to clear separation. Subsequently, ternary
phase diagrams obtained by cloud point titration were used to

more precisely compare the influence of different anions on
THP dissolution. As shown in Figure 1d-g and Figure S4, the
results demonstrated a contracting multiphase region in the
order: SO,2~<Cl~< BF, <ClO, < OTf", which was related to
the electrostatic potential of anions and their tendency to disrupt
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water’s hydrogen-bonding network. As shown in Figure 1h and
Figure S5, the anions positioned toward the right side were
more inclined to disrupt the water structure, thereby facilitating
THP dissolution. Furthermore, the exceptional efficacy of the
OTf" anion was attributed to its amphiphilic structure and
superior lipophilicity. As shown in Figure 1i, the Log p-values
corresponding to different anions confirmed that the OTf™ anion
possessed stronger lipophilicity, enabling it to act as a molecular
bridge between the aqueous and organic phases. Additionally,
as shown in Figures S6-S8, several hydrophobic diluents (DMC,
DGDE, and MA) were also employed to validate the “salt bridge
effect” mechanism. Ternary phase diagrams of the “Zn salt-
diluent-H,0” systems for these solvents demonstrate that this
mechanism has a certain degree of universality.

Considering the strong molecular bridge capability and its ten-
dency to promote the formation of stable SEI layer, Zn(OTf), was
selected as the optimal Zn salt for constructing a homogeneous
electrolyte with THP. Then, we prepared a series of electrolytes
with varying THP content (named as: THP X, where X is the THP
vol.%), which was shown in Figure S9. A homogeneous phase
was maintained up to 70% THP, beyond which salt dissolution
was incomplete. Meanwhile, the ionic conductivity gradually
decreased with increasing THP proportion, and THP 50 still
retained a high ionic conductivity of 13.37 mS cm™ (Figure 1j
and Figure S10). Critically, linear sweep voltammetry (LSV)
demonstrated that THP introduction significantly suppressed
H, evolution and widened the electrochemical stability window
(Figure 1k). Furthermore, Zn | Cu half-cells were assembled to
evaluate the reversibility of different electrolytes. As shown in
Figure 11 and Figure S11, THP 50 displayed the highest average
CE and longest cycling life. Based on the above analysis, THP 50
was identified as optimal and selected for all subsequent research.

2.2 | Analysis of Electrolyte Structure

The microstructure of the electrolyte was analyzed in detail
through Fourier-transform infrared (FTIR) spectroscopy, Raman
spectroscopy, and nuclear magnetic resonance (NMR) spec-
troscopy, combined with molecular dynamics (MD) simulations
and density functional theory (DFT) calculations. The impact
of salt-bridged miscibility strategy on the hydrogen-bonding
network was first evident in FTIR spectra. As shown in Figure 2a,
the characteristic -OH stretching vibration (3385 cm™) and bend-
ing vibration (1631 cm™) exhibited pronounced blueshifts upon
THP addition, signifying a disruption of the hydrogen-bonding
network among water molecules, thus effectively reducing their
activity. Correspondingly, the 'H NMR spectra gradually shifted
from high field to low field, further confirming the reconstruction
of the bulk water structure (Figure 2b).

Then, we further investigated the state of anions in the electrolyte.
As shown in Figure S12, the FTIR peak corresponding to the -SO,
group (1034.04 cm™!) shifted to a higher wavenumber, indicating
astrengthened interaction between OTf~ and Zn?*. Furthermore,
Raman spectral deconvolution of the OTf™ characteristic peak
provided quantitative insight: with increasing THP content, the
proportion of contact ion pairs (CIP) rose markedly at the expense
of solvent-separated ion pairs (SSIP), indicating that anions
progressively replaced water molecules in the solvation shell,

which was beneficial for suppressing side reactions induced by
water molecules and promoting the formation of a stable SEI
(Figure 2c). Besides, the 1°F NMR signal exhibited a downfield
shift, reflecting a de-shielding effect on the OTf" anion due
to enhanced Zn>* coordination (Figure 2d), a finding further
supported by FTIR analysis (Figure S13).

DFT calculations provided energetic validation of these interac-
tions. As shown in Figure 2e, the binding energy between THP
and H,0 (—0.3654 eV) was found to be stronger than that between
H,0 molecules (—0.3146 eV), indicating that the salt-bridged
miscibility strategy can disrupt the hydrogen bonding network of
water, which was consistent with spectroscopic results. Moreover,
Zn*" and OTf~ exhibited the highest binding energy, suggesting
a stronger tendency for coordination between them, while the
introduction of hydrophobic THP can further enhance their
interaction.

The coordination environment of Zn?" was further analyzed
via MD simulations. Figure 2f-i shows the MD simulation
snapshots and corresponding radial distribution functions (RDF)
for the baseline (THP 0) and optimal (THP 50) electrolytes.
In the pure aqueous system, Zn** was primarily coordinated
by 5.35 H,0 molecules and only 0.65 OTf" anions, yielding a
water-rich [Zn(H,0)s ;5(OTf "), 4] solvation structure. In striking
contrast, owing to the salt-bridged miscibility strategy, the H,O
coordination number in the THP 50 electrolyte decreased to
4.50, while the OTf~ coordination number increased significantly
to 1.28. THP itself showed minimal coordination (only 0.22),
confirming its role as a non-coordinating diluent. Furthermore,
the number of hydrogen bonds in the two systems was calculated.
As shown in Figure 2j, the addition of THP reduced the number
of hydrogen bonds in the electrolyte, effectively disrupting the
continuous hydrogen-bond network among water molecules.

Finally, we probed the kinetic behavior under the influence of
the salt-bridged miscibility strategy. Electrochemical impedance
spectroscopy (EIS) was performed at different temperatures,
and the activation energy (E,) for THP 0 and THP 50 elec-
trolytes was fitted using the Arrhenius equation. As shown in
Figure 2k and Figure S14, the THP 50 electrolyte possessed both a
lower charge-transfer resistance (R.,) and a significantly reduced
activation energy (20.44 kJ mol™"), indicating faster Zn?* kinet-
ics. To summarize briefly, the salt-bridged miscibility strategy
helped to successfully engineer an anion-rich solvation sheath
of Zn?*[(H,0),s(THP),,,(OTf"), ,5]. It achieved the dual critical
objectives of passivating active water and enriching the interface
with anions, which not only mitigated parasitic reactions but also
facilitated the formation of a stable SEI layer and faster Zn?*
deposition kinetics.

2.3 | Interface Analysis and SEI Layer

The long-term cycling stability of Zn metal anodes is fundamen-
tally governed by the electrode-electrolyte interfacial chemistry.
We therefore systematically investigated how the salt-bridged
miscibility strategy mitigates corrosion and regulates the forma-
tion of SEI film. The linear polarization (Tafel) curves were first
employed to investigate the corrosion behavior. As shown in
Figure 3a, the THP 50 electrolyte exhibited a significantly more
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FIGURE 2 | Structural Analysis of Electrolytes. (a) FTIR spectra of the O-H stretching and bending regions in different electrolytes; (b) 'H NMR
spectra of different electrolytes; (c) Proportion of CIP and SSIP from Raman spectral deconvolution; (d) °F NMR spectra of different electrolytes; (e)
DFT-calculated binding energies among key components; (f) MD simulation snapshot of THP 0 electrolyte; (g) RDF and derived solvation structure
model of THP 0 electrolyte; (h) MD simulation snapshot of THP 50 electrolyte; (i) RDF and derived solvation structure model of THP 50 electrolyte; (j)
Comparison of the number of hydrogen bonds in THP 0 and THP 50 electrolytes obtained from MD; (k) De-solvation energy (E,) of THP 0 and THP 50

electrolytes fitted by the Arrhenius equation.

positive corrosion potential (—0.002 V) and a lower corrosion
current density compared to the THP 0 baseline, indicating
markedly suppressed anodic corrosion. Correspondingly, SEM
images of Zn foils after immersing in the THP O electrolyte
showed substantial surface passivation by-products, identified via
XRD as Zn,(OTf),(OH),,.,-nH,0 (Figure S15). In contrast, the Zn

surface remained smooth and clean in the THP 50 electrolyte,
directly linking the reduction of active water in the solvation
shell to inhibited corrosion. Besides, AC voltammetry was also
used to probe changes in the electrical double layer (EDL) in the
interfacial microenvironment. As shown in Figure 3b, the intro-
duction of THP resulted in a decreased interfacial capacitance,
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FIGURE 3 | Interface stability and SEI film. (a) Tafel polarization curves of THP 0 and THP 50 electrolytes; (b) Differential capacitance tests of
THP 0 and THP 50 electrolytes using Zn|Ti half-cells; (c) DFT-calculated adsorption energies of H,O, THP, and OTf~ on Zn (101) and (002) surfaces; (d)
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electrolyte systems, (e) F 1s and (f) S 2p; (g,h) Corresponding XPS depth profiles for the SEI, (g) F 1s and h) S 2p; (i) TEM images of the SEI formed in
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suggesting the adsorption of THP molecules onto the Zn surface.
The introduction of THP shifted the zeta potential positively,
indicating that THP, with its low dielectric constant, weakened
the polar environment of water and directly adsorbs onto the
zinc surface, thereby collectively “neutralizing” or “screening”
the original negative charge on the zinc surface (Figure S16).
Subsequently, the adsorption energies of H,O, OTf", and THP
on various Zn crystal planes were calculated. As shown in
Figure 3c, the adsorption energies of THP on both the Zn(002)
and (101) crystallographic planes were substantially higher than
those of H,0 or OTf". Corresponding differential charge density
analysis revealed significant electron cloud redistribution upon
THP adsorption, further corroborating the adsorption of THP on
the anode surface (Figure S17). Consequently, this preferential

adsorption established a hydrophobic molecular layer at the
interface, physically displacing water molecules and further
mitigating contact-induced corrosion.

The stability of the interface is ultimately dictated
by the SEI. The anion-rich solvation structure of
Zn**[(H,0),s(THP),,,(OTf"), ,3] modulated by THP, created
favorable conditions for the formation of a uniform SEI
layer. Multi-scale characterization was employed to reveal
the structure of the SEI formed in different electrolytes. First,
DFT calculations indicated that the energy gap between the
HOMO and LUMO for the [Zn(H,0)s(OTf)]* complex (6.50 eV)
was significantly smaller than that for [Zn(H,0),]*" (9.13 eV),
indicating a higher reducibility of OTf~ within the solvation
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sheath and its thermodynamic propensity to form the SEI
(Figure 3d).

Depth-profiling XPS analysis provided direct evidence of SEI
composition and homogeneity. As shown in Figure 3e,f, for
the Zn metal anode cycled in the THP O electrolyte, the SEI
components were heterogeneous and largely confined to the
outermost surface. In stark contrast, the SEI formed in the
THP 50 electrolyte exhibited remarkable uniformity and depth
penetration. Even after 519 s of Ar* sputtering, strong signals for
inorganic species (ZnF,, ZnS) and organic moieties (-CF;, —-SO5)
from OTf~ decomposition were clearly detected (Figure 3g,h).
Furthermore, the C 1s and O 1s spectra confirmed the presence of
ZnCO; and -CF; components within the SEI formed in the THP
50 electrolyte (Figure S18). This homogeneous, deep-distributed
hybrid structure contrasted with the THP O electrolyte system,
where the O 1s spectrum was dominated by ZnO/Zn(OH),,
indicating severe parasitic reactions. Quantitative analysis of
the high-resolution XPS depth profiles also showed that upon
introduction of THP, the F and S contents in the SEI layer
significantly increased and remained uniformly distributed with
increasing etching depth (Figure S19). Furthermore, TEM and
high-resolution TEM (HRTEM) unveiled the nanoscale mor-
phology and crystallography of this robust SEI. As shown in
Figure 3i,j, a continuous and dense SEI layer of ~10 nm thickness
was observed, with elemental mapping confirming a uniform
distribution of C, O, F, S, and Zn. Meanwhile, HRTEM images
revealed the lattice fringes corresponding to ZnF,, ZnS, and
ZnCO;, confirming the formation of an inorganic-organic hybrid
SEI layer. This hybrid SEI layer not only ensures a certain level
of ion transportability, but also the presence of organic species
endows it with a degree of flexibility and self-healing capability
[38-40].

The dynamic stability of this interface was also monitored by
in situ EIS. As shown in Figure S20, during continuous Zn
deposition, the charge transfer resistance (R) for both elec-
trolytes gradually stabilized. However, the cells using the THP 0
electrolyte system experienced an abrupt decrease in R, due to an
internal short circuit. At the same time, the corresponding distri-
bution of relaxation times (DRT) analysis offered further insight.
As shown in Figure 3m,n, during the initial deposition cycles,
the time constant 7, associated with the SEI resistance exhibited
remarkable stability in the THP 50 electrolyte system, whereas
it showed a significant increase in the THP 0 electrolyte system
(Figure S21). Additionally, longer-term in situ EIS measurements
were performed (Figure S22). Over 20 cycles, THP 50 maintained
a more stable R. The dynamic evolution of the SEI layer was
also analyzed. The 7, peak corresponding to Rgg; in THP 0 was
irregularly distributed, further indicating the instability of the SEI
layer. In contrast, the Rgy; of THP 50 gradually stabilized during
cycling.

2.4 | Zn Deposition Behavior and Cycling Stability

The interfacial properties engineered by the salt-bridged mis-
cibility strategy extend beyond corrosion suppression to fun-
damentally regulate Zn deposition behavior and overall cell
performance. The low dielectric constant of THP enhanced
the electrolyte wettability on the Zn surface, as evidenced by

a substantial decrease in contact angle from 52.13° to 19.51°
(Figure S23), promoting a more homogeneous distribution of the
interfacial electric field, which was critical for uniform Zn?* flux
and nucleation. Subsequently, Chronoamperometry (CA) was
employed to analyze the nucleation mode at the initial deposition
stage.

As shown in Figure 4a, upon applying a —150 mV overpoten-
tial, the THP O electrolyte exhibited a sharp current transient,
indicating a typical 2D diffusion process, which was associated
with localized “tip effects.” In contrast, the THP 50 electrolyte
showed a more gradual current rise, characteristic of progressive
nucleation and 3D diffusion, signaling a more uniform ion
distribution and nucleation site availability. Furthermore, cyclic
voltammetry (CV) revealed a higher nucleation overpotential in
the THP 50 electrolyte system, which favored the formation of a
larger number of finer nucleation sites, leading to a denser deposit
(Figure 4b).

Then, the impact on deposition morphology was visualized via
SEM. After depositing 1 mAh cm™ of Zn on Cu substrates,
the deposits from THP O electrolyte exhibited an irregular and
non-uniform morphology with exposed substrate areas, whereas
THP 50 electrolyte system yielded a compact and uniform
layer composed of fine grains across various current densities
(Figure 4c,d). The crystallographic orientation of Zn deposits in
different electrolytes was analyzed by XRD, which was shown
in Figure 4d and Figure S24. Both electrolytes showed a similar
crystallographic preference, with a transition from the Zn(101)
to the Zn(002) plane as the current density exceeded 10 mA
cm™2. Crucially, the XRD pattern for the THP 0 electrolyte system
showed distinct peaks corresponding to parasitic by-products,
which were virtually absent in the THP 50 electrolyte sys-
tem, underscoring its effectiveness in suppressing side reactions
during plating (Figure 4e).

The high interfacial stability and deposition uniformity directly
translated into exceptional electrochemical performance. Znl|Zn
symmetric cells with the THP 50 electrolyte demonstrated
remarkable rate capability and long-term cycling stability, main-
taining stable polarization for over 2000 h at 5.0 mA cm™
(Figure 4f) and 350 h even at an ultra-high current density of
30 mA cm~2 (Figure 4h). In stark contrast, unstable voltage
polarization was observed during cycling when using the THP 0
electrolyte system and even failed after less than 400 h, attributed
to non-uniform deposition leading to internal short circuits
(Figure 4g). Furthermore, SEM images of electrodes after 100
plating/stripping cycles revealed a much smoother and denser
surface for the THP 50 electrolyte system, while the electrode
cycled in the THP 0 electrolyte was riddled with pits and vertically
aligned dendrites, significantly shortening its cycle life (Figure
S25). Meanwhile, AFM images also confirmed a significantly
flatter and more uniform surface topography for Zn deposition
in the THP 50 electrolyte system (Figure S26).

The reversibility of Zn plating/stripping was also analyzed in
Zn|Cu half-cells. As shown in Figure 4i, the THP 50 electrolyte
enabled over 2000 cycles at 5.0 mA cm™ with an exceptional
average CE of 99.79%, while the cells cycled in the THP 0
electrolyte system failed after ~30 cycles with a lower average
CE. The corresponding specific capacity-voltage profiles were
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FIGURE 4 | Zn deposition behavior and cycling stability. (a) Chronoamperometry (CA) responses at —150 mV on Zn foil in different electrolytes;
(b) CV curves of Zn|Cu half cells in THP 0 and THP 50 electrolytes; (c,d) SEM images of Cu substrates after 1 mAh cm~2 Zn deposition in THP 0 and
THP 50 electrolytes at different current density; (e) XRD patterns of Zn deposits from THP 50 electrolyte after 100 cycles at different current densities
(1-20 mA cm™2); (f) Rate performance of Zn || Zn symmetric cells in THP 0 and THP 50 electrolytes; (g, h) Long-term cycling of ZnllZn symmetric cells

at 5 mA cm~2, 1 mAh cm™2 (g) and 30 mA cm~2, 1 mAh cm~2 (h), respectively; (i) Cycling performance and CE of Zn|Cu half-cells at 5 mA cm~2,

2

1mAh cm~2; (j, k) Low-temperature (—20°C) performance of Zn||Zn symmetric cells (j) and Zn|Cu half-cells (k) at 0.5 mA cm~2, 0.5 mAh cm~2.

also provided in Figure S27. Leveraging the lower freezing point
of the salt-bridged miscibility strategy, we further evaluated its
low-temperature performance (Figure S28). Although the ionic
conductivity of THP 50 was slightly lower than that of THP 0
when the temperature decreases to —20°C, it exhibited a much
lower R, (Figure S29). As shown in Figure 4j,k, at —20°C, the cells

using the THP 50 electrolyte delivered a significantly longer cycle
life (over 3200 h for Zn Il Zn) and superior reversibility (average
CE = 99.24% for Zn | Cu), significantly outperforming the THP
0 electrolyte baseline. Simultaneously, SEM images showed that
compared to the disordered and porous deposition morphology
in the THP O electrolyte system, the THP 50 electrolyte yielded
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FIGURE 5 | Full cells and application. (a) Rate capability of the ZnlIHNVO full cell; (b) Self-discharge test of Znl[HNVO full cells in THP 0 and
THP 50 electrolytes; (c) Cycling performance of the ZnlIHNVO full cell at 5 A g=%; (d,e) EIS spectra of THP 0 and THP 50 electrolytes at different cycle
numbers under 5 A g~1; (f) Cycling performance of the Znl/PANT full cell at —20°C and 1 A g~ 1.

a dense and well-stacked platelet-like morphology, highlighting
its promising application potential under extreme environmental
conditions (Figure S30).

2.5 | Full Cells and Application

To comprehensively assess the practical application of the salt-
bridged miscibility strategy, full cells were assembled with high-
performance cathodes. As shown in Figure 5a and Figure S31, the
ZnlIHNVO full cells employing the THP 50 electrolyte delivered
superior rate capability, with specific discharge capacities of
362.9, 307.6, 268.5, 220.1, 171.4, and 113.9 mAh g™ at current
densities ranging from 0.1 to 5 A g™, significantly outperforming
the baseline THP O electrolyte. At the same time, the capacity
recovered to 357.9 mAh g~ when the current density was returned
to 0.1 A g1, demonstrating excellent reversibility. Furthermore, a
storage test was conducted to evaluate the self-discharge behavior
of the ZIBs. As shown in Figure 5b, the cells with THP 50
electrolyte maintained a capacity retention of 93.82% after 72 h of
open circuit storage, whereas the capacity retention for the THP 0
electrolyte system dropped to 86.01%, indicating its robust charge
retention capability.

Subsequently, the long cycling performance of the Zn|[HNVO full
cells was evaluated at 5 A g~!, which was shown in Figure 5c. The
cell employing THP 50 electrolyte sustained stable operation for
over 30 000 cycles, retaining 90% of its initial capacity after 20 000
cycles and 60% after 30 000 cycles, a performance far exceeding
that of the THP 0 electrolyte system. Compared with recent
studies, the full-cell performance of the THP 50 electrolyte based
on the “salt-bridge effect” mechanism is among the most excel-
lent (Table S2). EIS spectra collected at different cycle numbers
revealed that the cells using the THP 50 electrolyte maintained
lower and more stable interfacial impedance throughout this
ultra-long cycling, further confirming its exceptional stability
during prolonged cycling (Figure 5d,e). The battery also exhibited
stable cycling performance at a low current density (0.1 A g™1),
maintaining a capacity retention rate of 84.69% after 700 cycles,
indicating that it possessed excellent stability during long-term
operation at low rates. (Figure S32). In practical applications,
it is often necessary to pair with high-loading cathodes to
achieve high areal capacity designs. In practical applications, it
is often necessary to pair with high-loading cathodes to achieve
high areal capacity designs. As shown in Figure S33, when the
cathode loading was increased to 10.61 mg cm~2, an initial areal
capacity of 1.15 mAh cm™ was obtained, which decayed by
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only approximately 0.01 mAh cm™2 after 400 cycles. Meanwhile,
replacing Zn(OTf), with Zn(ClO,), or Zn(BF,), while pairing
with the cathode still yields reasonable cycling performance
(Figure S34). Furthermore, using DMC, DGDE, or MA as diluents
with different zinc salts serving as the “molecular bridge” enables
stable operation when paired with HNVO and PANI cathode
materials, demonstrating excellent scalability (Figures S35-S37).

To verify the low temperature performance, a ZnlIPANI full cell
was tested at —20°C. The excellent kinetics also ensure that
THP 50 exhibits better rate performance at low temperatures
(Figure S38). As shown in Figure 5f, the THP 50 electrolyte
enabled a high initial capacity of 104.8 mAh g~ at 1.0 A g and
maintained 76.2% capacity retention after 8000 cycles. In stark
contrast, the cells using the THP 0 electrolyte demonstrated lower
capacity and failed after only approximately 4000 cycles. At low
temperatures, voltage hysteresis caused by sluggish kinetics can
lead to severe capacity decay and accelerated aging. As shown
in Figure S39, when the temperature decreases to —20°C, the
capacity decay of THP O system was more severe than that of
THP 50 system. As shown in Figure S40, at —20°C, THP 50 sys-
tem consistently exhibited narrower charge/discharge hysteresis
than THP O system during the first, 100th, and 1000th cycles,
corresponding to both lower polarization and superior kinetic
stability during prolonged cycling. These results conclusively
demonstrate that the electrolyte engineered via the “salt-bridged
miscibility” mechanism not only achieves breakthrough stability
in electrolyte system and interface but also enables durable, high-
performance, and wide-temperature-range operation in practical
full-cells.

3 | Conclusion

In summary, this work demonstrates a highly effective electrolyte
design for ZIBs, leveraging the synergistic interplay between
amphiphilic OTf™ anions and a hydrophobic THP. The central
innovation lies in the “salt-bridged miscibility” mechanism,
which overcomes the inherent thermodynamic barrier to dissolv-
ing inert diluents in water, thereby enabling precise solvation
engineering. This approach successfully transforms the Zn**
solvation environment from a conventional water-dominated
structure into an optimized and anion-rich configuration. This
structural reconfiguration delivers multifaceted benefits at the
Zn anode interface. The significant reduction of active water
in the solvation shell directly suppresses hydrogen evolution
and corrosion. Concurrently, the enriched OTf™ anions facili-
tate faster Zn** de-solvation kinetics, and, crucially, guide the
preferential reduction of anions during plating, thereby forming
a thin (~10 nm), uniform and hybrid SEI film. Beyond the
solvation sheath, THP preferentially adsorbs on the Zn surface,
restructuring the electrical double layer to further exclude water
and guiding uniform Zn?** flux, resulting in dense and dendrite-
free Zn deposition even at high rates and low temperatures.
Consequently, the engineered electrolyte enables ultra-stable Zn
plating/stripping over 2000 h in symmetric cells, highly reversible
cycling with an average CE>99.79% in Zn|Cu half-cells, and
outstanding full-cell cycling life exceeding 30 000 cycles at 5 A
¢! with the HNVO cathode. This work introduces “salt-bridged
miscibility” as a general design principle and provides the ternary
“salt-diluent-water” phase diagram as a predictive tool, opening

a new avenue for developing durable, high-performance energy
storage systems.
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