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Concentration-function coupled electrolytes
harmonize thermodynamics and kinetics for stable
zinc metal batteries
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The application of zinc-based aqueous batteries (ZABs) is limited by poor thermodynamic stability and
sluggish electrochemical kinetics due to the unfavorable bulk phase and interface. Conventional
electrolyte strategies struggle to balance these aspects. Here, we present a concentration-function
coupled electrolyte strategy that enables the independent yet synergistic regulation of bulk and
interfacial behaviors of Zn?*. Variations in molecular dipole moment, polarity, and concentration
determine their coordination with Zn®* and interfacial affinity, enabling the regulation of bulk and
interfacial structures, thereby achieving a delicate trade-off between thermodynamics and kinetics. The
high-concentration bulk-phase regulator reconstructs the hydrogen-bond network and Zn?*
coordination, effectively suppressing hydrogen evolution and zinc corrosion. Meanwhile, the low-
concentration interfacial regulator modulates the electric double layer, promoting uniform Zn deposition
via favorable interfacial chemistry. This electrolyte strategy achieves ultra-stable zinc anodes at room/
low temperatures. The strategy's practicality is validated in Zn||Zn,V,O0s-nH,O full cells (95% capacity
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Introduction

Zinc-based aqueous batteries (ZABs) have emerged as prom-
ising candidates for grid-scale energy storage owing to their
intrinsic safety, environmental friendliness, and the exceptional
properties of metallic zinc anodes. These advantages include
high theoretical capacity (820 mAh g™ '), low cost (approximately
25% of that of lithium), a moderate redox potential (—0.76 V vs.
the standard hydrogen electrode), and resistance to humid and
oxygen-rich conditions."™ Nevertheless, their practical deploy-
ment is impeded by intrinsic issues: thermodynamic instability
that triggers severe parasitic reactions (e.g., hydrogen evolution,
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into the development of durable high-performance ZABs.

passivation, and corrosion), and kinetic limitations, which lead
to dendrite formation and the accumulation of inactive zinc.
These challenges become even more pronounced in extreme
environments. Fundamentally, the issues stem from the
inability of conventional electrolytes to simultaneously stabilize
zinc anode thermodynamics and optimize interfacial kinetics,
underscoring the wurgent need for novel electrolyte
formulations.>”

To resolve this dilemma, researchers have made great efforts
in interfacial optimization and electrolyte engineering.®™®
Existing strategies generally fall into two categories: interfacial
regulators that promote kinetics, and bulk-phase regulators
that enhance the thermodynamic stability of zinc anodes. For
instance, trace amounts of interfacial regulators such as B-
cyclodextrins™ or cations' can precisely modulate the electric
double layer (EDL) and interfacial chemistry, facilitating Zn>*
deposition kinetics and suppressing dendrite growth. However,
their low concentrations and limited spatial influence are
insufficient to reconstruct the Zn>* solvation environment and
inhibit parasitic reactions fundamentally. Conversely, the
incorporation of high concentration bulk-phase regulators such
as acetamide (Ace)® or acetone' can disrupt the bulk phase
through competitive coordination, thereby suppressing water
activity and side reactions. Yet, these strong Zn>" solvation and
intensified intermolecular interactions deteriorate conductivity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and interfacial kinetics thus destabilizing interfacial deposition
behavior.”®™” This inherent contradiction highlights a funda-
mental limitation in current single-pathway designs. Most
strategies oscillate between thermodynamic stabilization and
kinetic enhancement, without achieving simultaneous optimi-
zation. Furthermore, few studies have systematically explored
the concept of spatially coupled functional roles of electrolyte
components to break this conflict and achieve a balance
between thermodynamics and kinetics. Such a critical gap in
mechanistic understanding and electrolyte design principles
restricts the advancement of durable and high-performance
ZABs.

Herein, we propose a concentration-function coupled elec-
trolyte (CCE) strategy to address the above contradiction. The
dual components with distinct concentrations and functional-
ities enable independent yet synergistic regulation of bulk and
interfacial behaviors. Specifically, a bulk-phase regulator
reconstructs the hydrogen-bond (HB) network and solvation
structure, effectively suppressing parasitic reactions but at the
expense of kinetics, while, the interfacial regulator modulates
EDL and interfacial chemistry, guiding uniform Zn”>* flux and
deposition. This spatially coordinated design achieves a balance
between thermodynamic stability and interfacial kinetics
performance of the Zn anode, achieving long-term cycling
stability under both room and low temperature conditions. The
corresponding full cell Zn||ZVO (Zn,V,05-nH,0) delivers
exceptional rate performance and cycling stability (4600 cycles
with 95% capacity retention). This work demonstrates a coupled
regulation strategy of bulk and interfacial environments,
providing a new paradigm for the rational design of efficient
and durable ZABs.

Results and discussion
Design principles for the CCE

The strong solvation interactions of H,O and Zn>" in conven-
tional ZnSO, (ZS) electrolytes induce parasitic reactions. To
address this, we employed a concentration-function coupled
strategy (Fig. 1a). As a polar and high concentration bulk-phase
regulator, Ace was introduced to reconstruct the bulk electrolyte
and enhance the thermodynamic stability of Zn anodes.
Considering the kinetic sacrifice induced by Ace, we evaluated
the hydrogen evolution reaction (HER) overpotential using
a three-electrode system and assessed the conductivity via SS||SS
tests to identify the optimal Ace concentration (denoted as ZS-
xAce, x = 3, 6,9, 12 M, Fig. S1 and S2). As the concentration of
the Ace increased, the HER overpotential shifted negatively,
while the conductivity gradually decreased (Fig. 1b). Notably,
when the concentration increased from 9 M to 12 M, the HER
overpotential remained the same, whereas the conductivity
dropped sharply. Furthermore, the relationship between
corrosion resistance and electrolyte viscosity was systematically
investigated (Fig. 1c and S3). As the concentration of Ace
increased from 3 M to 9 M, both corrosion current density and
viscosity exhibited nearly constant variation trends. However, at
ZS-12Ace, the viscosity increased sharply, while the improve-
ment in corrosion resistance was marginal. This is because
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Fig. 1 Design framework of the electrolyte and its effect. (a) Sche-
matic illustration of the concentration function coupled strategy.
Relationship between (b) hydrogen evolution overpotential and ionic
conductivity as well as (c) corrosion current density and viscosity of
ZS-xAce electrolytes. (d) Relationship between nucleation over-
potential and Zn?* transference number of different electrolytes. (e)
Polarization voltage of Zn||Cu asymmetric cells in ZS-9Ace-xAsn at 10
mA cm™2. (f) Schematics of the proposed optimal Zn anode with
balanced thermodynamics and kinetics enabled by ZS-Dual.

excessive Ace introduces stronger and more complex interac-
tions, increasing the friction between liquid layers and thereby
affecting Zn®* transport and actual electrochemical perfor-
mance.'®* Therefore, 9 M was determined to be the optimal
concentration (denoted as ZS-9Ace), at which the bulk phase is
sufficiently reconstructed to suppress side reactions, while the
viscosity remains below the threshold that would severely
impede ion migration. In addition, it was noticed that the
freezing resistance of the electrolyte was further improved when
the Ace concentration reached 9 M (Fig. S4 and S5).

However, the high concentration of Ace enhances cationic
solvation and intermolecular interactions in the bulk electro-
Iyte, leading to reduced ionic conductivity and interfacial
kinetics. To address this, L-Asparagine (Asn) was selected as an
interfacial regulator to compensate for sacrificed kinetics,
which significantly improved the conductivity (denoted as ZS-
xAsn, x = 0.10, 0.15, 0.20, 0.25 M, Fig. S6). Based on this, we
further incorporated Asn into ZS-9Ace to prepare ZS-9Ace-xAsn
electrolytes (x = 0.10, 0.15, 0.20, 0.25 M). To identify the optimal
concentration, we measured the nucleation overpotential and
the Zn>" transference number in Zn||Zn symmetric cells (Fig. S7
and S8). Among the tested formulations, ZS-9Ace-0.2Asn
exhibited the lowest nucleation overpotential and the highest
transference number, effectively mitigating the kinetic limita-
tions (Fig. 1d). Further evaluation of polarization voltage and
coulombic efficiency (CE) in Zn||Cu cells revealed that devia-
tions from the 0.2 M Asn concentration led to increased voltage
hysteresis and deteriorated plating/stripping behaviour (Fig. 1e
and S9). The accuracy of this optimization was confirmed by the
extended cycling stability of Zn||Zn symmetric cells using the
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ZS-9Ace-0.2Asn electrolyte, hereafter referred to as ZS-Dual
(Fig. S10). It is expected that Ace will reconfigure the bulk
phase to enhance the thermodynamic stability of the zinc
anode, and Asn will act at the electrode interface to compensate
for the sacrificed kinetics caused by Ace (the exact mechanisms
will be discussed subsequently). In summary, the zinc anode
has a thermodynamic and kinetic balanced relationship

(Fig. 1f).

Mechanistic insights into balanced thermodynamics—kinetics

To gain insight into the CCE strategy and to correlate the
structure with electrolyte properties, a series of calculation and
experimental characterization studies were performed. The
intermolecular interactions in ZS-Dual were analyzed using
Fourier transform infrared (FTIR), Raman and 'H nuclear
magnetic resonance (lH NMR) spectroscopy. FTIR was used to
examine the structural changes in the electrolytes, and revealed
that Ace, rather than Asn, is the main influence on the recon-
struction of the intermolecular interactions (Fig. S11 and S12).
Specifically, the shift of the sulfate peak at 1100 cm ™" reveals
a change in the interaction between cations and anions. In the
1550-1700 cm ™ ' region, ZS and ZS-Asn only exhibited simple O-
H bending vibrations. However, with the addition of Ace, the
intensity and position of the overlapping C=0 and N-H
stretching peaks changed and shifted significantly, reflecting
the strong interactions between C=0 and Zn>" as well as H,0
molecules (Fig. S13). The O-H stretching vibration peak
between 3000-3700 cm ™' also underwent a significant blueshift
and reduced intensity, indicating disruption of the HB network
and weakening of the HB between water molecules. This
conclusion can be further proved by Raman and 'H NMR
spectroscopy. The degree of HB disruption was quantified by
fitting the O-H stretching band in the Raman spectrum (3000-
3700 cm™ ") to two Gaussian peaks: I,, (due to HB) and I, (due to
non-HB).>*** The IL,/I; ratio, which reflects HB breakage, fol-
lowed the order: ZS (0.82) > ZS-Asn (0.73) > ZS-Dual (0.3) > ZS-
Ace (0.29), consistent with the thermodynamic stability trend
(Fig. S14). Similarly, "H NMR results showed increased chemical
shifts for ZS-Ace and ZS-Dual compared with ZS (Fig. S15),
suggesting interaction between Ace and the hydroxyl groups of
water molecules. This interaction reduces the electron density
of H,0, leading to higher 'H chemical shifts and peaks shifting
into the lower field.

To further explore the causes of the above phenomena,
density functional theory (DFT) computations and molecular
dynamics (MD) simulations were conducted. The C=0 group in
Ace serves as a HB acceptor, resulting in a higher binding energy
(—0.284 eV) for Ace-H,0 complexes. This interaction promotes
the reorganization of the HB network, thereby stabilizing water
molecules in the electrolyte (Fig. 2a). HBs in the bulk phase were
quantified according to established HB criteria.”” The results
indicated that the total number of HBs per water molecule
increased from 1.78 to 2.02, while the intermolecular HBs
between water molecules decreased from 1.45 to 1.20, demon-
strating the formation of a more complex HB network in the
presence of Ace (Fig. 2b and S16).
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Fig. 2 Electrolyte bulk structure and thermodynamic stability of zinc
anodes. (a) Sketch of the elementary structure and binding energy of
H,O, Ace and Asn. (b) The calculated average HB numbers in different
electrolytes. (c) The binding energy of H,O, Ace and Asn with Zn?*. (d)
Electrostatic potential mapping. 3D snapshots of the MD simulation for
(e) ZS and (f) ZS-Dual electrolytes and schematic of the solvation
sheath of Zn®*. Cationic radial distribution function g(r) and coordi-
nation number n(r) of different ligands in (g) ZS and (h) ZS-Dual
electrolytes. (i) Distribution of the different solvation structures. (j) Tafel
plots of the Zn plate tested in different electrolytes. (k) In situ DEMS of
Zn||Zn symmetric cells in different electrolytes.

For cation solvation structures, the binding energies of Zn>*-
Ace (—7.768 eV) and Zn**-Asn (—10.985 eV) are higher than that
of Zn*"-H,0 (—4.83 eV), owing to the high polarity and oxygen
atom density of their C=0 groups (Fig. 2c and d). This indicates
that both Ace and Asn have the potential to coordinate with
Zn>*.** However, spectroscopic analysis reveals that only Ace
actually participates in reconstructing the solvation sheath.
Despite its relatively weaker binding energy compared with Asn,
the higher concentration of Ace enables it to effectively compete
with H,0, forming Zn**-O=C coordination bonds and thereby
reconfiguring the solvation environment. In addition, the larger
molecular size of Asn imposes steric hindrance, limiting its
accessibility to the solvation sheath. Consequently, Asn does
not directly influence the Zn>" desolvation process. MD simu-
lations were performed to further reveal the solvation structure
of the electrolyte. As shown in Fig. 2e and f, the concentration
dominance of Ace allows it to easily replace water molecules in
the Zn®>" solvation sheath, thereby modulating the cation
solvation structure. The radial distribution function (RDF,
Fig. 2g and h) reveals the coordination peaks between Zn>" and
the O atoms of Ace as well as H,O at 2.0 A in the ZS-Dual elec-
trolyte, with average coordination numbers (ACN) of 0.77 and
4.6 respectively, indicating that Ace participates in the Zn**
primary solvation sheath. In contrast, in the ZS electrolyte, the
ACN of Zn*" with H,O is 5.42, significantly higher than the 4.6
observed in the ZS-Dual. This demonstrates that Ace effectively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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competes with H,O, displacing some water molecules in the
primary solvation sheath, which is critical for suppressing the
HER by reducing water activity. Further analysis of the Zn**
solvation configurations in different electrolytes (Fig. 2i) shows
that in ZS, the Zn>*-6H,0 configuration dominates (54%), with
Zn**-5H,0-S0,>~ in the secondary solvation sheath (35%). In
ZS-Dual, the ratio of these configurations decreases to 18% and
22%, respectively. Notably, the primary solvation sheath in ZS-
Dual also contained 19% Zn-5H,0-1Ace and 11% Zn-4H,O-
2Ace, indicating that Ace has replaced part of H,O through
competitive coordination. This finding is consistent with the
previous spectroscopic results. The reduction of solvated water
under the action of Ace is conducive to the effective suppression
of various side reactions.

Accordingly, the Ace-rich bulk phase structure effectively
reduces water activity, inhibits parasitic reactions and enhances
the thermodynamic stability of the zinc anode. To verify the
enhanced thermodynamic stability, the corrosion behavior of
Zn anodes in different electrolytes was first investigated. As
shown in Fig. 2j, Tafel fitting reveals a significant reduction in
corrosion currents for ZS-Ace (0.836 mA cm™?) and ZS-Dual
(0.851 mA cm ™ ?) compared to ZS (3.769 mA cm %) and ZS-Asn
(3.951 mA cm™?), suggesting that the restructured bulk phase
structure inhibits electrochemical corrosion. After 7 days of
immersion, the Zn anodes in ZS-Ace and ZS-Dual remained
smooth, while those in ZS showed a hexagonal corrosion
product (Zn,SO4(OH)s-5H,0) and ZS-Asn presented increased
localized pitting corrosion, as confirmed by X-ray diffraction
(XRD) (Fig. S17 and S18).>** It can be hypothesized that the
hydrolysis of carboxylate groups in Asn alters the redox poten-
tial of Zn, inhibiting the accumulation of alkaline by-products
and self-corrosion.?® This is further supported by the lower pH
in ZS-Asn and ZS-Dual (Fig. S19). To assess the HER, the LSV
curves show a negative shift in the reduction potential for Ace
(Fig. S20), while a positive shift occurs for Asn, probably due to
the lower pH, which promotes the HER. Differential electro-
chemical mass spectrometry (DEMS) was employed to monitor
H, production, revealing substantial H, evolution in ZS and ZS-
Asn electrolytes during zinc plating/stripping, whereas the H,
signal is weaker in ZS-Ace and ZS-Dual, consistent with the
previous analysis (Fig. 2k). The simulation and characterization
results highlight the effectiveness of the high-concentration Ace
component in stabilizing the thermodynamics of the zinc
anode through modulation of the electrolyte bulk phase.
However, the complex interactions in the bulk electrolyte with
Ace hinder the ordered electrochemical reduction of Zn*".
Therefore, Asn must significantly enhance the Zn>" deposition
kinetics to achieve a balance between thermodynamic stability
and kinetic performance.

The rapid electrodeposition kinetics of Zn** is largely gov-
erned by the properties of the EDL and solid electrolyte inter-
phase (SEI), since these are the main scenarios in which the
process occurs. To account for the kinetic factors and gain
insight into the electrochemical interface, a series of experi-
ments and simulations were conducted. Electronic double-layer
capacitance (EDLC) and differential capacitance curves were
used to assess molecular adsorption at the electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interface.?”?® The EDLC values follow the order: ZS-Asn (=57.7
UF em™?) < ZS-Dual (= 78.6 uF cm ™) < ZS-Ace (= 100.0 uF cm™?)
<ZS (=113.3 uF cm~ %), which is attributed to the reduced active
area after Asn adsorption and a thicker EDL (Fig. 3a and S21).
This trend arises from the preferential localization of Asn in the
inner Helmholtz plane (IHP) via the amino-Zn coordination,
which increases the EDL thickness due to its steric structure.*
Differential capacitance curves further support this conclusion
(Fig. S22). In addition, Asn exhibited adsorption advantages on
different Zn crystal planes (Fig. 3b and $23). This means that
they can compete with water molecules and preferentially
adsorb on the zinc surface, thereby effectively reducing the
tendency of hydrogen evolution reactions at surface active sites.
The preferential adsorption of Asn drives the formation of
a water-poor EDL at the interface, thereby inhibiting water-
induced side reactions. This mechanism is consistent with
the results of electrochemical tests. Moreover, Asn exhibits the
lowest unoccupied molecular orbital (LUMO) energy level and
the narrowest bandgap, suggesting a more favourable electron
exchange with the Zn metal (Fig. 3c). MD simulations visualized
the EDL structures of ZS and ZS-Dual electrolytes (Fig. 3d, e and
S24). In ZS, H,0 was predominantly adsorbed on the Zn surface,
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which promotes the possibility of side reactions. In contrast, in
ZS-Dual, organic components were competitively adsorbed at
the interface, displacing H,O. The normalized density profiles
of H,O molecules at the interface were counted (Fig. 3f), indi-
cating the formation of a water-poor interface. These results
confirm the strong IHP adsorption of Asn and its potential to
modulate interfacial chemistry.*

To investigate the interfacial chemistry under the CCE
strategy, the Zn anode after 50 cycles in different electrolytes
was analysed by X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectrometry (ToF-SIMS). As
shown in Fig. 3g-j and S2, the C 1 s spectrum of ZS-Dual reveals
an increased ZnCO; signal at 288.9 eV, probably due to the
sufficient reduction of Ace and Asn. Enhanced C-C/C-H (284.8
eV) and C-O/C-N (285.9 eV) peaks also suggest significant
organic accumulation at the Zn interface (Fig. 3g and S25a, e,
i).The N 1s spectrum exhibits two features: a dominant peak at
400.0 eV corresponding to the amide groups (-CONH,) of
absorbed Asn, and a minor peak at 398.4 eV attributed to -NH;"
interactions with the Zn surface, implying the physisorption of
Asn at the IHP (Fig. 3h). In the O 1 s region, ZS exhibits
a dominant peak at 531.5 eV (Fig. S25¢), which in combination
with XRD and SEM results, can be attributed to zinc hydroxide
sulfate (ZHS) by-products (Fig. S17 and S18). In contrast, ZS-Ace
shows no obvious by-products in XRD/SEM and no O-Zn peak
in XPS, confirming the suppression of side reactions (Fig. S25g).
Notably, ZS-Asn and ZS-Dual exhibit O-Zn peaks at ~530.0 eV,
combined with the absence of ZHS, which revealed that Asn-
induced inorganic SEI components have formed rather than
ZHS (Fig. 3i and S25k). ZnO, known for its mechanical strength,
can inhibit dendrite growth and act as an electrolyte barrier.*>*!
The S 2p spectrum reveals stratified sulphur species, with SO;>~
dominating the SEI subsurface (Fig. 3j). This is attributed to
preferential SO, reduction, driven by the distinctive EDL
structure formed through the concentration-function coupled
strategy.

The ToF-SIMS depth profile reveals the spatial distribution of
elements within the SEI (Fig. 3k). In ZS-Dual, stable secondary
ion signals for C-, CN-, O-, and S- indicate the formation of
a robust and uniform interfacial layer. In contrast, ZS exhibits
rapid signal decay, suggesting an unstable interphase forma-
tion caused by severe parasitic reactions. Additionally, the Zn
(inorganic) signal in ZS-Dual is significantly stronger than that
in ZS (Fig. S26), further confirming the formation of an
inorganic-rich SEI, consistent with the XPS results (Fig. 3l).
Although both amide molecules possess similar functional
groups, they exhibit distinct functional behaviours in the
system. Beyond concentration differences, the additional amino
side chain in Asn introduces a more complex molecular struc-
ture, resulting in a shift in the positive/negative charge centres
leading to a change in the dipole moment, which are also
factors contributing to this phenomenon. Furthermore, the
amino group, acting as an electron-donating group, strongly
interacts with the Zn surface through coordination bonding.
This adsorption not only anchors the molecule but also induces
the formation of an SEI, thereby facilitating local electronic
redistribution on Zn and uniform nucleation.
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At low temperature, the SEI composition differs from that at
room temperature (Fig. S27). Formation of inorganic motifs (N-
Zn and O-Zn) is suppressed, and component ratios shift; for Zs-
Dual, ZnCO; and SO;>", signals are weaker than those at room
temperature, indicating restrained SEI growth. Nevertheless, Zn
anodes in CCE electrolytes form a conformal, uniform SEI
under both conditions, retaining an interface favourable for Zn
deposition kinetics.

The Asn-regulated IHP and the inorganically enriched SEI
play a critical role in enhancing interfacial kinetics. The H,O-
depleted IHP suppresses parasitic reactions, while the high
surface energy of the SEI promotes vertical Zn** migration,
enabling dense Zn single crystal deposition.***" To quantify
these improvements, a series of electrochemical tests were
implemented. Cyclic voltammetry (CV) revealed that the
nucleation overpotentials in ZS-Asn and ZS-Dual were reduced
by 10-20 mV, indicating lower nucleation barriers and
improved deposition kinetics (Fig. 4a). The activation energy
(E,) of ZS-Asn and ZS-Dual calculated via the Arrhenius equation
was significantly lower than that of ZS and ZS-Ace (Fig. S28 and
$29). This is because, although Asn does not enter the Zn**
solvation sheath, its regulation of the IHP and SEI effectively
reduces the overall electrochemical reaction barrier.**** Chro-
noamperometry (CA) further revealed differences in Zn>*
diffusion behaviour. As shown in Fig. 4b, ZS-Dual quickly
transitioned from a 2D nucleation phase to a 3D diffusion
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process, promoting orderly vertical migration of Zn®>" and
uniform deposition. In contrast, the current of ZS exhibited
a continuous decrease within 300 s, indicating an uncontrolled
2D Zn*" diffusion, which induces initial protrusion and triggers
the ‘tip effect’. Notably, the ZS-Ace showed deteriorating
kinetics in all of the above tests. This is due to the fact that high
concentrations of the bulk-phase regulator significantly
enhance intermolecular forces in solution, resulting in a sacri-
fice in kinetics (consistent with our pre-screening behaviour).

In situ electrochemical impedance spectroscopy (EIS) was
performed on Zn|Zn symmetric cells using ZS and ZS-Dual
electrolytes (Fig. S30). The resulting spectra were analyzed via
distribution of relaxation times (DRT) to assess interfacial
kinetics. The relaxation times (t) at ~0.01 s correspond to the
charge transfer resistance R (Fig. 4c). During the initial plating
process, ZS-Dual exhibited a significantly lower R, than ZS, and
quickly stabilized, eventually showing no distinct R, signal,
indicating enhanced Zn”" transport kinetics and stable depo-
sition. The initially smaller t further reflects faster interfacial
reaction kinetics.****” Typically, a mismatch between slow mass
transfer and fast charge/discharge leads to sharp Zn>" concen-
tration gradients at the electrode/electrolyte interface, which
promotes dendrite formation.*® To visualize this process, in situ
electrochemical digital holography (EDH) was used. Specifi-
cally, during the electrochemical process, the amplitude and
phase changes at the electrode/electrolyte interface were
recorded, thus revealing the dynamic evolution of the concen-
tration field and the diffusion layer (Fig. 4d, e and $31).>*** In ZS
and ZS-Ace, pronounced Zn** concentration gradients were
observed, indicating inhomogeneous ion distribution. In
contrast, ZS-Asn and ZS-Dual retained a stable and uniform
Zn** diffusion layer, effectively preventing localized ion accu-
mulation and irreversible crystal formation.

The deposition morphology of Zn was investigated by scan-
ning electron microscopy (SEM). The initial Zn deposition
behavior reveals irregular and moss-like deposits in ZS and ZS-
Ace, which indicates uncontrolled dendrite growth (Fig. 4f and
S32a), while ZS-Dual and ZS-Asn showed a dense and flat
morphology (Fig. 4g and S32b). These results suggest that ZS
and ZS-Ace lack the ability to guide uniform Zn deposition. XRD
analysis was performed to investigate the microstructure of the
Zn deposition (Fig. S33). A pronounced enhancement in the Zn
(002) plane was observed in the presence of Asn, corresponding
to preferred crystal orientation and uniform deposition. Rela-
tive texture coefficients (RTCs) further confirmed this trend
(Fig. 4h). ZS exhibited a disordered growth pattern, while ZS-Ace
favoured the Zn (101) plane due to hindered electrodeposition
kinetics, which is unfavourable for uniform deposition. In
contrast, ZS-Asn and ZS-Dual showed a strong preference for Zn
(002) and decreased Zn (100) and (101) planes, indicating single
crystal and oriented growth. The Zn deposition morphology was
examined at low temperatures (Fig. S34). ZS-Ace retained
a loose, porous structure, whereas ZS-Dual produced a denser,
more compact deposit. Cooling slowed Zn deposition and
enlarged Zn nuclei, but the overall deposition morphology
remained comparable to that at room temperature.
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The surface morphology of Zn foil after 50 cycles in Zn||Zn
symmetric cells with different electrolytes was evaluated by SEM
(Fig. S35) and atomic force microscopy (AFM, Fig. S36). ZS led to
a chaotic dendritic morphology with a lot of cavities due to
irregular deposits, by-products, and severe hydrogen evolution.
ZS-Ace and ZS-Asn showed non-uniform deposition and corro-
sion voids, respectively, due to their unbalanced kinetics and
thermodynamics. In comparison, ZS-Dual produced smooth,
dense Zn layers, as confirmed by both SEM and 3D AFM
imaging. In situ optical microscopy at 10 mA cm > further
visualized the Zn growth kinetics (Fig. 4i). After 30 min of
plating in ZS electrolyte, irregular protrusions appeared on the
Zn anode surface. Driven by the “tip effect”, the dendrites grow
rapidly and eventually form a thick and dendrite-rich deposi-
tion layer after 60 min. In contrast, the Zn anode in ZS-Dual
retained a flat, uniform and dense surface throughout the
deposition period, despite the deposition of higher capacity Zn.
This facilitated Zn deposition behaviour benefits from the
modified IHP and the inorganic-rich SEI. Asn adsorbs on the
IHP, shielding unfavourable nucleation sites, while the inor-
ganic component in the SEI increases the surface energy of the
Zn anode, collectively creating a stable and uniform interface

(Fig. 4j).

Electrochemical performance of ZABs

The CCE strategy effectively boosts the reversibility of the Zn
anode, as demonstrated in both Zn||Zn symmetric cells and
Zn||Cu asymmetric cells. As shown in Fig. 5a, the Zn||Zn cell
with the ZS electrolyte fails after only 90 h at 0.5 mA cm™> and
0.5 mAh cm 2, due to side reactions and dendrite growth driven
by poor thermodynamic and kinetic control. When ZS-Ace or ZS-
Asn electrolytes are used individually, the cycle life is extended
to 130 h and 970 h, respectively, still limited by the imbalance
between thermodynamics and kinetics. In contrast, the ZS-Dual
electrolyte achieves a markedly extended lifespan of 2150 h,
highlighting the synergistic stabilization and kinetic enhance-
ment provided by the combined additives. The voltage hyster-
esis increases in the order: ZS-Asn (18 mV) < ZS (24 mV) < ZS-
Dual (26 mV) < ZS-Ace (60 mV), underlining the critical role of
Asn in improving kinetics. Even at higher current densities and
capacities, the ZS-Dual is also capable of achieving over 6700
stable cycles (Fig. 5b). In addition, higher depth of discharge
(DOD) can be achieved in the ZS-Dual electrolyte (Fig. S37). The
Zn||Zn cell cycles for more than 240 h at a DOD of 34%, which
results from the synergistic effect of the dual component, and
avoids the excessive consumption of Zn metal. ZS-Dual also
exhibits superior rate performance compared to the ZS elec-
trolyte (Fig. $38). Furthermore, at —25 °C and 0.5 mA cm ™2, ZS-
Dual enables a remarkable cycle life of 2200 h (Fig. S39),
whereas ZS-Ace fails prematurely due to its further limited
kinetic capability in low temperature environments. In addi-
tion, ZS-Dual exhibits a satisfactory lifespan at 1 mA cm >
(Fig. S40).

To further evaluate the reversibility of the Zn anode, long-
term coulombic efficiency (CE) tests were conducted on
Zn||Cu asymmetric cells using different electrolytes (Fig. 5c).
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The Zn||Cu asymmetric cell in the ZS electrolyte failed after just
281 cycles due to severe dendrite formation and uncontrolled
side reactions. In contrast, the Zn||Cu asymmetric cell in the ZS-
Dual electrolyte retained an average CE of 99.7% over 2000
cycles. In addition, the initial CE increased from 83% to 90%,
indicating reduced irreversible losses and a more efficient
formation process. Further increasing the current density to 10
mA cm >, the Zn||Cu asymmetric cell in ZS-Dual exhibited an
average CE of 99.9% over 2500 cycles (Fig. S41). In weakly acidic
systems, calendar ageing may be the main cause of shortened
zinc anode life, rather than cyclic ageing, and continuous
plating/stripping can obscure parasitic effects to produce
higher pseudo-CE.*> To isolate these, a 10 h rest period was
introduced between each cycle to allow parasitic reactions to
fully proceed (Fig. 5d).** Under these conditions, the ZS elec-
trolyte showed sharp CE fluctuations after 40 h and failed
completely after 140 h. In contrast, ZS-Dual retained a stable CE
above 99.5%, even during 140 h of cumulative rest, highlighting
superior interfacial stability. The capacity voltage curves
(Fig. s42) further confirmed this trend. ZS exhibited increasing
polarization and signs of short-circuiting after 80 h, while ZS-
Dual retained highly consistent voltage profiles, underscoring
its improved thermodynamic stability and dendrite suppression
capabilities.

To further validate the practical applicability of the ZS-Dual
electrolyte, full cells were assembled using Zn,V,0s5-nH,O
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(zvO) as the cathode. The synthesized ZVO exhibited consistent
XRD patterns and SEM morphology compared to previous
reports (Fig. S43).**** The CV curves of Zn|ZVO cells with
different electrolytes showed similar redox peaks, indicating
that the intrinsic energy storage mechanism of ZVO remained
unchanged (Fig. S44). EIS revealed a prominent semicircle in
the high-frequency region for the ZS-Dual system, confirming
the formation of a stable SEI layer, which was scarcely detect-
able with the ZS electrolyte (Fig. S45)."' Additionally, the
reduced semicircle radius indicates lower interfacial polariza-
tion. To further assess the interfacial kinetics, DRT analysis was
performed (Fig. S46). The ZS-Dual based full cell exhibited
significantly lower R and Rgifrusion Values, indicating signifi-
cantly suppressed polarization and enhanced interfacial
kinetics. Additionally, the shortened relaxation time corre-
sponding to R and Rgisusion further supports this conclusion.
Notably, a peak at t ~10~> corresponds to Rgg;, consistent with
the small semicircle observed in the EIS spectra.

The long-term cycling stability of the Zn||ZVO cells was
evaluated in both ZS and ZS-Dual electrolytes. As shown in
Fig. 5e, the Zn||ZVO cell with the ZS electrolyte retained only
44% of its initial capacity after 1000 cycles at 3 A g~ *, primarily
due to thermodynamic and kinetic deficiencies. In contrast, the
cell in the ZS-Dual electrolyte exhibited an initial capacity of
185.2 mAh g~ " and showed 95% capacity retention after 4600
cycles, with nearly 100% CE. This result is much better than the
previously reported electrolyte strategies (Fig. 5f), reflecting the
superiority of the CCE strategy.**' At —25 °C, the ZS-Dual
electrolyte also enabled excellent low temperature cycling
stability, with the Zn||ZVO cell delivering stable performance
over 3500 cycles at 0.1 A g~' with no noticeable capacity
degradation (Fig. 5g and S47). In comparison, the ZS-Ace elec-
trolyte failed to achieve satisfactory performance under the
same conditions (Fig. S48). The gradual increase in capacity
during the initial cycles in ZS-Dual is attributed to the slow
process of SEI formation, a phenomenon not observed in ZS-
Ace. The rate performance of the Zn|ZVO cells further high-
lights the advantage of the ZS-Dual system. As shown in Fig. S49
and S50, the cell delivered higher specific capacities across
a wide range of current densities (0.5-15 A g~ '), with the cor-
responding charge/discharge curves demonstrating superior
rate capability outperforming cells with the ZS electrolyte.
Furthermore, the self-discharge behaviour of the full cell was
also examined. After 48 h of rest, the Zn||ZVO cell with ZS-Dual
retained 88.7% of its initial capacity, while the cell with the ZS
electrolyte showed a drastic decrease, retaining only 76.1%, due
to pronounced side reactions (Fig. S51). To further evaluate the
practicality of the cells, the Zn||ZVO pouch cells were assem-
bled. ZS-Dual delivered a capacity of 101 mAh g~ (83% of the
initial capacity) after 200 cycles, while ZS deteriorated rapidly
(Fig. 5h). It is worth noting that the pouch cell with the ZS
electrolyte exhibits obvious swelling after cycling (Fig. S52),
implying a drastic HER, which is one of the reasons for its rapid
failure. As shown in Fig. 5i, the energy provided by a single-layer
pouch cell successfully powered a humidity/temperature
sensor. These results highlight the significance of the CCE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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design strategy and its potential for practical application in high
safety, and long-life ZABs.

Conclusions

In conclusion, a CCE design strategy was developed to harmo-
nize the thermodynamic stability and interfacial kinetics of zinc
anodes. Comprehensive MD/DFT calculations and experi-
mental characterization revealed the synergistic roles of Ace and
Asn in regulating the bulk electrolyte and interfacial chemistry.
The high concentration Ace effectively modulates the bulk
phase to inhibit side reactions, thereby enhancing thermody-
namic stability, albeit with compromised kinetics, whereas the
low concentration Asn regulates the inner EDL and SEI,
promotes uniform ion flux, and facilitates dendrite-free Zn
deposition, thereby restoring interfacial kinetics. Consequently,
the Zn||Zn symmetric cells utilizing this hybrid electrolyte
demonstrated stable cycling without hydrogen evolution or
dendrite formation for over 2000 h and 6700 cycles (at 1 mA
cm 2 and 5 mA cm ? respectively) at room temperature and
2150 h under low temperature conditions. Moreover, the Zn||Cu
asymmetric cells show suppressed calendar ageing and
impressive CE during intermittent quiescence. The corre-
sponding full cell Zn||ZVO retains 95% capacity after 4600
cycles. This study expands the electrolyte design paradigm for
ZABs and offers a promising strategy for balancing thermody-
namic and kinetic requirements.
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