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Abstract: Additive engineering can effectively relieve
interface issues of aqueous zinc ion batteries (AZIBs),
but most additives induce the sluggish interface kinetics
and boosted polarization, especially at high current
density and low temperature. Herein, the relationship
between additive molecular structure and desolvation
behavior is built by utilizing a series of circular and
linear sugar molecules as prototypes, which systematically
reveals molecular size, steric configuration, and electronic
structure as design criteria for additives to achieve
fast desolvation. As indicated by theoretical simulations
and experiments, circular fructose (FRU) molecule with
small size, quasi-planar adsorption configuration, and
enhanced electron delocalization enables the compact
electric double layer (EDL) with shorter Zn?* diffusion
path and lower activation energy via multisite desol-
vation, thus obtaining the rapid interface kinetics and
facilitating highly reversible zinc anode over a wide
temperature range. Zn//Zn cell exhibits long cycle life
exceeding 9500 h, and Zn//NVO cell maintains 83.92%
high-capacity retention after 2480 cycles under 6.95 pL

mg~! lean electrolyte and 11.94 mg cm~2 high loading.

Introduction

Aqueous zinc ion batteries (AZIBs) represent a promising
energy storage technology that is capable of efficiently storing
intermittent renewable energy sources. AZIBs were expected
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to replace traditional lead-acid batteries and complement
lithium-ion batteries for large-scale energy storage due
to low cost and high safety.'] However, the hydrated
[Zn(H,O0)6]** solvation structure results in water-rich electric
double layer (EDL) with abundant thermodynamically active
H,0 molecules, which induces interfacial parasitic reactions
of hydrogen evolution reaction (HER) and corrosion.[®*1 The
parasitic reactions bring uneven distribution of interfacial
electric field, which causes the inhomogeneous Zn>* deposi-
tion and accelerates dendrite growth. Moreover, the strong
dipolar Zn?** interaction within solvation shell induces the
slow desolvation with high energy barrier, which further exac-
erbates the interfacial issues (Figure la), thus significantly
reducing the cycle life.['*12]

Versatile strategies such as constructing protective layer
and nanostructured host have been proposed to solve the
above challenges. Among the proposed solutions, electrolyte
additive engineering is a straightforward and effective
strategy, offering the advantages of facile operation and
notable cost-effectiveness. Functional additives have been
introduced into aqueous electrolytes for tailoring solvation
structure or/and interface chemistry to improve battery
performance.l'*!7] Remarkably, sacrificial-type additives are
widely explored to in situ construct the solid electrolyte
interface (SEI) for inhibiting HER and dendrite growth.
However, the continuous consumption of additives results in
the limited enhancement of battery performance during long-
term cycling.'?'l Alternatively, nonsacrificial-type additives
deliver the dynamic and durable regulation capacity, which
has aroused intensive research interest. Some organic solvents
or solutes may replace H,O molecules in Zn** solvation shell
or confine H,O molecule via hydrogen-bond network recon-
struction, which reduces the H,O activity and suppresses
parasitic reactions.”??°] In addition, certain nonsacrificial
additives with large molecular weights spontaneously adsorb
on the zinc anode surface via interactions between their
polar groups (e.g., carboxyl groups, amino groups) and metal
anode, which can effectively manipulate Zn>* diffusion and
hinder the dendrite growth.[?7?° Despite the great progress,
the modification effectiveness of additives highly depends
on the high concentration or strong coordination between
additive and zinc anode (or Zn**), which results in formidable
desolvation and sluggish interface kinetics, thus causing high
polarization overpotential and poor cycle life under high
current density or low temperature. Moreover, some organic
additives compromise low cost and high safety of AZIBs.[**-3]
Therefore, it is imperative to gain a comprehensive

© 2025 Wiley-VCH GmbH
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Figure 1. Molecular engineering of electrolyte additives regulates Zn?>* desolvation kinetics and interfacial evolution. a) Baseline scenario in ZnSOy
(ZS) electrolyte: the solvated [Zn(H,0)6]>* complexes induce EDL, triggering parasitic HER, zinc corrosion, and dendritic growth through
inhomogeneous Zn?* deposition. b) Linear GLU molecules partially suppress HER by reconstructing the hydrogen-bond network, but their vertical
adsorption configuration results in insufficient interfacial coverage, allowing residual dendrite propagation. c) Circular FRU molecules with
quasi-planar adsorbed configuration and electron delocalization characteristics enable multisite coordination, effectively weakening the binding
energy of [Zn(H;0)6]**. Through in situ interfacial reactions, a compact organic—inorganic hybrid SEI is formed, which reduces the EDL thickness

and achieves homogeneous Zn?* flux distribution.

understanding of the relationship between additive molecule
structure and interface kinetics, and developing safe additives
to obtain high battery performance in harsh conditions and
building the rational design criteria for additives are highly
desirable.[?+3]

Biomolecules, such as proteins, amino acids, and sug-
ars, have attributes of wide availability, high safety, and
biodegradability, which have been widely developed as
electrolyte additives for AZIBs.***%] Particularly, sugar
molecules exhibit structural diversity with significant variation
in molecule size and configuration, which makes them an ideal
material platform for revealing the structure-performance
relationship of electrolyte additives. In this study, a series of
circular and linear sugar molecules, including fructose (FRU),
glucose (GLU), maltose (MAL), and sucrose (SUC), are
selected as prototypes, and the effects of their molecular struc-
ture on interface kinetics and electrochemical performance
are systematically investigated. As indicated by theoretical
simulations and experiments, molecular size, steric configu-
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ration, and electronic structure of additives are the decisive
factors for achieving fast desolvation. Compared with linear
molecule or large-sized molecule, circular FRU molecule
with small size, quasi-planar adsorption configuration, and
enhanced electron delocalization enables the compact EDL
with shorter Zn?* diffusion path and lower activation energy
via multisite desolvation, thus obtaining the rapid interface
kinetics (Figure 1b,c). In addition, FRU can effectively mod-
ulate the Zn*>* solvation structure and interfacial chemistry,
thereby contributing to the dense dendrite-free Zn deposition
and significantly enhancing the reversibility of zinc anode
under wide temperature. In symmetric cells, the electrolyte
containing FRU demonstrates a stable cycling capability of
9500 h at a current density of 0.5 mA cm~2. The Zn//NVO
full cell delivers a high-capacity retention of 83.92% over
2480 cycles at lean electrolyte of 6.95 uL mg~! and a high
mass loading of 11.94 mg cm~2. This study established, for
the first time, a clear correlation between additive molecule
structure and interface desolvation kinetics, which provides
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a new prospect for designing high-performance AZIBs via
structure customization of additives.

Results and Discussion

Correlation Between Molecule Structure and Desolvation
Kinetics

To elucidate the relationship between molecule structure and
desolvation behavior, four circular and linear sugar molecules
with varied size and configuration were selected as additives
and a family of electrolytes was formulated by incorporating
these sugar molecules into a 2 M ZnSO, (ZS) aqueous
electrolyte at molar ratio of 4:1, denoted as FRU-41, GLU-
41, MAL-41, and SUC-41 (Figure S1). Given the excellent
compatibility of sugars with H,O, all prepared electrolytes
remained clear, transparent, and stable. Figures 2a and S2
compared the rate performance of Zn//Zn symmetric cells
with different electrolytes at current densities varying from
0.5 to 10 mA cm~2, suggesting that polarization overpotential
was significantly affected by additive molecule structure.
As highlighted in Figure 2b, the overpotential exhibited a
consistent trend across different current densities, with the
order following FRU-41 < GLU-41 < MAL-41 < SUC-
41. Notably, FRU-41, containing the circular FRU molecule,
exhibited the lowest polarization, with an overpotential of
only 89.9 mV even at high current density of 10 mA cm™2
(Table S1). Undoubtedly, Zn>* exists as the highly hydrated
[Zn(H,0)]** complex in aqueous electrolyte, and desolva-
tion is often the rate-determining step in electrochemical
reactions.'>*] Therefore, the increase in overpotential could
have originated from the sluggish desolvation process at the
electrode/electrolyte interface. The desolvation behavior was
investigated at different temperatures using electrochemical
impedance spectroscopy (EIS; Figures 2c and $3),[“*#] and
the activation energy (E,) obtained via Arrhenius equation
fitting follows the trend FRU-41 < GLU-41 < MAL-
41 < SUC+41, and its values indirectly reflect the trend
of desolvation energy (Eq4), consistent with the mechanistic
role of desolvation as the rate-determining step. FRU-41
exhibited a notably lower E, (21.93 kJ mol™'), while values
for GLU-41, MAL-41, SUC-41, and ZS reach 32.09, 35.11,
35.24, and 41.51 kJ mol~! (Figure 2d). As anticipated, a
distinct positive correlation was observed between E4 and
overpotential polarization.

Density functional theory (DFT) calculations were per-
formed to reveal the molecule structure of these sugar
additives, including molecular size, electrostatic potential
(ESP), and electron delocalization, which helpfully built the
relationship between molecular structure and desolvation
kinetics.[*>*] The molecule size of sugar additives followed
the trend of FRU < GLU < MAL < SUC (Table S2 and
Figure S4), suggesting that larger molecular sizes led to
slower desolvation. The ESP of sugar molecules confirmed
the abundant positive and negative charged sites, which allows
them to act as both hydrogen-bond donors and hydrogen-
bond acceptors (Figure 2e), thus modulating electrolyte
property.['>3#] Significantly, the ESP range (maximum to
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minimum charge) of SUC, MAL, and GLU was considerably
larger than that of FRU (Table S3 and Figure S5). The
expanded ESP range correlated with the stronger Zn**
interactions and increased steric hindrance, resulting in slower
desolvation.[**8] Moreover, the electronic delocalization of
additives aligned with the measured E, values. Particularly,
compared with linear GLU, circular FRU exhibited the
enhanced electronic delocalization and a more homogeneous
charge distribution (Figure 2f), leading to more rapid and uni-
form Zn** desolvation.[*’] Although the desolvation process
of Zn>* was severely hindered at low temperatures, the cyclic
molecules still enable symmetric cells to achieve the lowest
polarization and longest cycle lifespan (Figure 2g). Therefore,
molecule size and electronic structure were decisive factors
for desolvation kinetics, and circular molecules with small
size and enhanced electron delocalization enabled the most
favorable desolvation behavior.

Intermolecular Forces and Solvation Structure

In light of the superior performance of FRU, a series of
FRU electrolytes with varying ZnSO,/FRU molar ratios were
formulated, which were donated as FRU-41, FRU-21, FRU-
11, and FRU-12 (Figure S6). FRU electrolytes maintained
high safety as confirmed by ignition testing (Figure S7). More
importantly, the abundant hydrogen bond donor and acceptor
sites of FRU molecule effectively modulated the hydrogen
bond network of electrolyte,[*”°0>! thereby expanding its
operating-temperature range. Antifreeze experiments and
volatility tests (Figures S8 and S9) demonstrated that FRU
electrolytes remained in a liquid state at temperature of
—20 °C, and effectively suppressed volatility at 60 °C
during 10 h test. Although the ionic conductivity of FRU
electrolytes decreased slightly with the introduction of FRU
(Figure S10), it remained at a high level, far exceeding that of
organic solvent electrolytes. Encouragingly, FRU effectively
enhanced Zn*" transfer number, boosting from 0.171 to 0.670
(Figures 3a and S11), which promoted uniform Zn?* diffusion
and fast kinetics.[5>%]

Density functional theory calculation, 'H NMR, Fourier
transform infrared spectroscopy (FTIR), and Raman analyses
were performed to investigate the intermolecular interactions
of FRU electrolyte. As revealed by DFT calculation, FRU
molecule exhibited the stronger interaction with Zn>* via
highly electronegative O atom of O-H group compared with
H,0 (—114.33 kcal mol™"), suggesting its grand possibility
for regulating the solvation structure (Figure 3b).[>*>*! Con-
currently, the hydrogen bond interaction between SO,2~ (or
FRU) and H,O is stronger than that between H,O molecules,
thereby facilitating the reconstruction of the hydrogen-bond
network. 'H NMR spectra indicated that the chemical shift of
H,O shifted to up-field and gradually weakened (Figure 3c),
suggesting that the intermolecular hydrogen bonds of H,O
were disrupted, thus reducing thermodynamic activity of
H,0.5-7] The hydrogen bond environment of H,O was fur-
ther analyzed by FTIR (Figures 3d,e and S12). The observed
blue shift of the stretching vibration peak (3200-3600 cm™!)
for H,O molecules in the FRU-11 confirmed the formation
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Figure 2. Desolvation behavior studies. a) Effect of different sugar additives on the multiplicity performance of Zn//Zn symmetric cells. b)
Comparison of overpotential of each electrolyte at different current densities. c) EIS of FRU-11 and ZS symmetric cells in the temperature range of
30-70 °C. d) Comparison of Arrhenius curves and activation energies of different sugar electrolytes. e) Electrostatic potential distribution of different
sugar molecules. f) Comparison of inhomogeneity of electron cloud distribution around nuclei of different sugar molecules. g) Time-voltage curves

of symmetric cells with different sugar electrolytes at —10 °C.

of intermolecular hydrogen bonds between FRU and H,O
molecules.’®*! Additionally, the stretching vibration peak of
SO,2~ exhibited a significant red shift, with the degree of
red shift in proportion to the concentration of FRU. This
phenomenon was attributed to the weakened electrostatic
interactions between SO,2~ and Zn?t, which facilitated the
Zn** diffusion and transport. Raman spectroscopic analysis
corroborated these findings (Figure S13), similarly revealing
significant alterations in the hydrogen bonds and electrostatic
interactions.[®¢!]
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The type and number of intermolecular hydrogen bonds
were further investigated through molecular dynamics (MD)
simulations (Figure 3f). Compared to ZS, the total number
of hydrogen bonds in FRU-11 increased from 17 800 to
about 18 700.[9%] A closer examination of the hydrogen bond
composition ratio revealed a 14.89% reduction in the number
of hydrogen bonds between H,O molecules (Figures 3g and
S14). Concurrently, new types of hydrogen bonds have been
formed between FRU molecules, HO molecules, and SO42.
More importantly, Zn>* solvation structure was further
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Figure 3. Structural characteristics of the FRU electrolyte.
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c) "H NMR spectra of different electrolytes. d) and e) FTIR spectra. f) Number of
hydrogen bonds in FRU-11 and ZS systems obtained from MD simulations. g) Types and proportions of hydrogen bonds in FRU-11. h) MD simulation
snapshot of FRU-11. i) Coordination environments of Zn?* and SO42~ in FRU-11 from MD simulations.

provided by MD simulations (Figure 3h,i). The solvation
environments of Zn** and SO,2~ were significantly altered
by the introduction of FRU. Radial distribution function
(RDF) and coordination number (CN) analysis indicated that
Zn** primary solvation shell (PSS) in ZS was predominantly
formed with 5.3 H,O and 0.7 SO4>~ (Figure S15). In FRU-11,
the solvation environment was modified, with the PSS of Zn?*
now comprising 4.9 H,O molecules, 0.7 FRU molecules, and
0.4 SO,*.[#9] Furthermore, the nanocluster morphology
of the electrolyte was modified by the presence of FRU
(Figures S1 and S18), which resulted in a more uniform
distribution of Zn?* and enhanced ionic conductivity, being
consistent with previously reported findings.[??]
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Compact EDL and Multisite Desolvation

Adsorption behavior of FRU molecule at the interface,
as well as the EDL structure and desolvation mechanism,
were investigated by a combination of DFT calculations
and experimental studies. DFT calculations revealed the
adsorption behavior of H,O, circular FRU, and linear GLU
molecules on the Zn(002) crystal plane (Figures 4a and S19).
The additive molecules exhibited higher adsorption energy
toward the zinc anode than that of H,O molecule, which
confirmed their preferential adsorption to reduce interfacial
H,O activity for suppressing HER and side reactions. Par-
allel (P) adsorption exhibited a greater adsorption energy
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Figure 4. Influence of molecular size and structure on EDL properties at the electrode interface. a) Comparison of adsorption energies of H,O, FRU,
and GLU on Zn(002) crystal surface and their adsorption patterns. b) Distribution of charge density difference along the Z-axis direction after parallel
adsorption of FRU molecules on the Zn(002) crystalline surface, with yellow and cyan colors indicating the electron aggregation and deficit regions,
respectively. c) Corresponding 2D contour plots of the slices. d) Hydrogen bond interactions between FRU molecules and solvated Zn?* and e) their
differential charge density distributions on Zn(002) crystal faces. Top and side views of MD simulation snapshots of the EDL structure formed by f)
FRU and g) GLU molecules on the surface of the zinc anode. h) Density distribution of SO42~, H,0, and Zn?*t in FRU-11 and i) GLU-11 at zero
potential along the direction away from the zinc anode.

than vertical (V) adsorption for both linear and circular  tion not only increased the surface coverage of additive
molecules. Consequently, additive molecules preferred to  molecules but also promoted the homogeneous zinc deposi-
adsorb in a parallel manner at the interface.**%*] Circu- tion by regulating Zn>* diffusion. Charge density difference
lar molecules exhibited higher binding energy than linear  diStribution 'and 2D slice Visualization  further confirmed
molecules in both parallel and vertical adsorption, which
was attributed to the larger coplanar molecular surface
area of circular molecules, facilitating multisite adsorption
via quasi-planar adsorption configuration. Multisite adsorp- Moreover, the synergistic effect of

Angew. Chem. Int. Ed. 2025, 202505372 (6 of 13) © 2025 Wiley-VCH GmbH

85U8017 SUOWIWIOD 3AE81D) 3|qeot(dde 8y} Aq peusenob ae ssppiie O ‘88N Jo Sa|n 10} ArIq1T8Ul|UO AB[IA UO (SUORIPUOD-PUE-SWLBIW0D" A3 1M AlRIq 1 [UTUO//SANY) SUORIPUOD PUe SWLB | 8U1 89S *[5202/90/50] U0 A%IqiT8uliuo A8|IM ‘EoIWsyD JO aIninsu| Ueled AQ 228505202 91Ue/z00T 0T/I0p/W0d A8 | Arelq puljuo//sdny wouy pspeojumoq ‘0 ‘€2/ETZST


夜行小蜜蜂
高亮

夜行小蜜蜂
高亮


O
QU
@
>

multisite charge transfer further enhanced the adsorption
strength.[65:66]

Desolvation mechanism of Zn?** was elucidated by DFT
calculations based on the multisite parallel adsorption con-
figuration of additive molecule (Figures 4d,e and S21).[1%]
Using the typical [Zn(H,0)]** solvation shell, it was found
that FRU molecule could form strong hydrogen bonds with
the solvated H,O molecules through multiple sites, thus
weakening the coordination between Zn>* and H,O and
facilitating the rapid desolvation of Zn>**. In addition, charge
density difference analysis further confirmed the formation
of intermolecular hydrogen bonds and the strong interaction
between FRU and zinc anode.[*"]

Molecular configuration significantly affected EDL struc-
ture on the zinc anode. MD simulations indicated that circular
FRU molecules tended to adsorb parallel to the electrode
surface, forming a dense and compact EDL. Due to this
parallel adsorption configuration, FRU molecules readily
penetrated the inner Helmholtz plane (IHP), establishing
strong interactions with the electrode. These strong interac-
tions allowed FRU molecules to maintain a stable distribution
within the IHP at negative, zero, and positive potentials
(Figures 4f and S22), effectively hindering water penetration
and reducing interfacial water content.!°¢”] In contrast, linear
GLU molecules exhibited a different adsorption behavior,
primarily adopting vertical or tilted orientations at adsorption
sites (Figures 4g and S23). The corresponding density distribu-
tion profiles further confirmed the distinct adsorption modes.
For example, at zero potential, a thinner IHP and outer
Helmholtz plane (OHP) were observed for FRU compared to
GLU (Figures 4h,i, S24, and 25). The accumulation of FRU in
the EDL slightly diminished the wettability of the electrode
surfaces (Zn and Ti), and this subtle alteration contributed
to the formation of a more stable solid-liquid interface
(Figure S26).

entered the EDL(Figures 4 and S27)! As dictated by the

relationship C = ¢A/d, smaller capacitance corresponds to
larger EDL thickness.[* 7"l For instance, larger-sized SUC
and MAL molecules resulted in greater EDL thicknesses
compared to FRU and GLU. Interestingly, the circular FRU
molecule exhibited a much lower EDLC compared to linear
GLU molecule. This was likely attributed to its quasi-
planar adsorption configuration, which minimized the EDL
thickness, thereby shortening the mass transport distance and
further facilitating faster Zn>* desolvation.

Interface Structure and Chemistry

X-ray photoelectron spectroscopy (XPS), high-resolution
transmission electron microscopy (HR-TEM), and time-of-
flight secondary ion mass spectrometry (TOF-SIMS) were
utilized to investigate the structure and chemistry of SEI on

the zine anode after cycling. XPS'Survey specira (Figires S28

. As illustrated in Figure 5a, the higher
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Zn content in the FRU-11 Zn 2p spectrum confirmed a
dense SEI. The C 1s spectrum indicated a ZnCOj3-rich SEI
formed by FRU-11, whose C—C/C—H and C—O components

signals attributable to ZnCO;, ZnSO,, and organic species,
with negligible Zn(OH), signals, indicating suppressed side
which originates from the decomposition of SO42~
electrolyte, further enhances SEI protection.[’!] In contrast,
the higher Zn?* content observed in the Zn 2p spectrum for
ZS was attributed to pronounced side reactions (Figure S30a).
Minimal carbon species were detected in the C 1s spectrum,
with ZnCO; nearly absent (Figure S30b). A pronounced
Zn(OH), signal in the O 1s spectrum further corroborated
the occurrence of extensive side reactions (Figure S30c). The
S 2p spectrum showed that SO42~ remained predominant,
indicating the plenty of by-product (Figure S30d). Therefore,
an organic-inorganic hybrid SEI in in situ formed in FRU
electrolyte, which further enhanced interfacial stability.[>7’]

The SEI formed by FRU-11 consisted
primarily of crystalline inorganic components, such as ZnCOs;
and ZnS, with minor incorporation of amorphous organic
components derived from FRU. This structure effectively
suppressed interfacial water activity, mitigating HER and side
reactions. Uniform elemental distribution was observed in the
EDS mapping (Figure 5c).#7! In contrast, the SEI formed
in ZS was primarily composed of ZnSO,4 and Zn(OH), and
exhibited structural instability, being consistent with the XPS
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Structural Evolution of Zinc Anode

The structural evolution of zinc anode was investigated
through multiscale characterization techniques.
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further demonstrated that FRU-11 effectively inhibited self-
corrosion, with a dense interface layer serving to block
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Figure 5. Morphology and chemical composition of the SEI. a) XPS spectra of Zn 2p, C1s, O Ts, and S 2p for zinc anode cycled in FRU-11 electrolyte
for 100 cycles at different etching times. b) HR-TEM image of zinc anode after galvanostatic charging at 1 mA cm~2 for 10 min in FRU-11 and c)
corresponding TEM-EDS elemental mapping. d) 3D spatial distribution of surface elements of the zinc anode after 100 cycles in different electrolytes
via TOF-SIMS. e) Schematic illustration of the SEI composition on the Zn foil surface after cycling in different electrolytes.

electrolyte erosion (Figures 6b and S34). In contrast, the
surface roughness of zinc anode immersed in ZS increased
significantly, resulting in the formation of numerous holes
and cracks. At a current density of 5 mA cm2, SEM images
obtained at various deposition times revealed the distinct
differences in Zn** nucleation process between ZS and FRU-
11 (Figure S35). In ZS, uncontrolled zinc deposition resulted
in the formation of nuclei with varying sizes, ultimately
leading to a porous and dendritic morphology susceptible
to short circuits. Conversely, uniform and controlled growth
of fine zinc nuclei was observed in FRU-11, effectively
preventing dendrite formation.”®! Cyclic voltammetry (CV)
curves revealed a higher nucleation overpotential (NOP)
for FRU-11 (37.98 mV) (Figure S36). This increased NOP,

Angew. Chem. Int. Ed. 2025, €202505372 (8 of 13)

corresponding to a higher nucleation driving force, facilitated
the formation of a large number of smaller grains.[””]
Additionally, chronoamperometry (CA) was employed to
further analyze the differences in Zn>* deposition behavior
(Figure S37). At a constant potential of —150 mV, the current
in ZS consistently increased over time, exhibiting a typical
2D diffusion-controlled deposition mode. On the contrary,
the current in FRU-11 rapidly stabilized within seconds,
suggesting that 2D diffusion of Zn>* was suppressed, resulting
in a more uniform deposition process.[*"] The morphology of
zinc anodes after cycling was observed by SEM (Figures 6¢
and S38). After 100 cycles, zinc anode surface in ZS exhibited
a large number of vertically grown dendrites, while a flat
and dense morphology was maintained in FRU-11. Focused

© 2025 Wiley-VCH GmbH
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Figure 6. Morphological evolution and crystallographic orientation of Zn deposition. ajJESViCUrves testedlin'a three-electrode systemub) SEM images

of Zn foil after soaking in ZS and FRU-11 electrolytes for 15 days. ¢) SEM and d) FIB-SEM images of zinc anodes after 100 cycles at 0.5 mA cm~2 in
Zn//Zn symmetric cells with ZS and FRU-11 electrolytes. e) 3D LCSM images of zinc anode after 100 cycles in FRU-11. f) In situ optical microscopy

images of Zn plating process in ZS and FRU-11 electrolytes at 5 mA cm

~2. g) XRD patterns of zinc anodes after being deposited at various current

densities for 2 h in ZS and FRU-11 electrolytes and h) corresponding Zn(002)/(101) peak intensity ratios. i) In situ XRD patterns of zinc anode during

continuous discharging at 6 mA cm~2 for 6 h in FRU-11.

ion beam scanning electron microscopy (FIB-SEM) cross-
sectional images (Figures 6d and S39) and cross-sectional
SEM images (Figure S40) further confirmed that the zinc
deposition layer in ZS was loose and irregular, with dendrite
fragments and byproducts [Zn,(OH)sSO,].[3%2] In contrast, a
uniform and dense deposition layer was formed in FRU-11.
Laser confocal scanning microscopy (LCSM) images fur-
ther confirmed the effective inhibition of dendrite growth
by FRU-11. The roughness of zinc anode using FRU-11 was
maintained at less than 5 pm, suggesting a uniform and
smooth surface (Figure 6¢). Conversely, zinc anode with ZS
exhibited a significant number of needle-like dendrites, with
roughness reaching 40 pm (Figure S41).13%] In situ optical
microscopy was employed to observe the Zn** electroplating
process at a current density of 5 mA cm~? (Figure 6f). In
ZS, nonuniform nucleation sites appeared within only 10 min,
and dendrites expanded over time, accompanied by significant

Angew. Chem. Int. Ed. 2025, 202505372 (9 of 13)

bubble formation. The zinc anode in FRU-11 maintained a
smooth and dense deposition morphology throughout the
experiment, and no dendrite was formed even after 40 min
of deposition.[*] The crystallographic orientation of the
deposited zinc was further investigated by X-ray diffraction
(XRD) (Figure 6g). After 2 h of deposition at various current
densities, a significant amount of byproduct (5°-30°) was
generated in ZS, and no preferred crystallographic orientation
of zinc was observed. In contrast, FRU-11 guided the prefer-
ential growth of zinc along the (002) plane, and this preferred
orientation was enhanced with increasing current density
(Figure 6h). Almost no byproducts were produced even after
cycling (Figure S42a).1%%%7] In situ XRD also confirmed the
effective regulation of zinc deposition orientation by FRU-11
(Figures 6i and S42b). After 6 h of continuous plating at 6 mA
cm~2, the peak intensity of the Zn(002) plane in FRU-11 was
significantly stronger than that in ZS. A uniform and dense

© 2025 Wiley-VCH GmbH
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Figure 7. Battery performance. a) Long cycle performance of Zn//Zn symmetric cells with FRU-11 electrolyte at 0.5 mA cm™2 and 0.5 mAh cm™2. b)
Long cycle performance of Zn//Zn symmetric cells with FRU-11 electrolyte at 10 mA cm~2 and 10 mAh cm~2. c) CE of Zn//Cu asymmetric cells. l

FRU-11 electrolyte at TA g~ .

Cycling performance of Zn//NVO full cells with

. g) Cycling stability of Zn//NVO cells

with FRU-11 electrolyte under lean electrolyte and high mass loading conditions at 2 A g™.

deposition, free of dendrites and side reactions was achieved
by FRU-11 through effective regulation of Zn>* adsorption,
migration, and nucleation processes.

Electrochemical Performance of AZIBs

The high reversibility of zinc anode with FRU electrolyte
was verified by long cycle tests in Zn//Zn symmetric cells
and Zn//Cu asymmetric cells. The performance of FRU
electrolytes with different ZnSO,/FRU ratios was compared
in Zn//Zn symmetric cells (Figure S43), confirming that
FRU could significantly improve the reversibility of zinc
deposition/stripping at any ratio. Notably, FRU outperformed

Angew. Chem. Int. Ed. 2025, 202505372 (10 of 13)

other sugar additives in cycling stability, as quantitatively
compared in Table S4.[3849588391 Tn particular, an ultralong
cycle life of over 9500 h was achieved with the FRU-11-
based cell at a current density of 0.5 mA cm~2 (0.5 mAh
cm~2) (Figures 7a, S43, and 44). In contrast, the cell with
ZS failed after only 145 h due to the severe interfacial side
reactions and dendrite growth. Moreover, at a high current
density of 10 mA cm~2 (10 mAh cm~2), FRU-11 enabled
a long cycle life of 650 h for the Zn//Zn symmetric cell
(Figure 7b). Although voltage fluctuations were observed
within the initial 50 h, which may be related to the dynamic
SEI optimization process, FRU-11 still exhibited excellent
cycling stability (Figure S45). The superior performance of
FRU-11 was also demonstrated in Zn//Cu asymmetric cells

© 2025 Wiley-VCH GmbH
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(Figures 7c and S46). At a current density of 0.5 mA cm~2, the
Zn** deposition/stripping process demonstrated a coulombic
efficiency (CE) of 99.63% for over 2250 cycles, whereas the
ZS electrolyte exhibited a significantly lower CE of 91.37%
and experienced failure after merely several dozen cycles.

The effect of FRU-11 on electrochemical performance
of full cell was explored based on Zn//NVO cell assembled
with NVO positive electrode (NaV;0g 1.5H,0) and Zn
metal negative electrode. SEM and XRD characterizations
confirmed the successful synthesis of the NVO cathode
material (Figures S47 and 48). The electrolyte significantly
influenced the intercalation/deintercalation behavior of Zn**
in the NVO material. At scan rates from 0.2 to 1.0 mV s,
the CV curves of FRU-11 exhibited narrower redox peak
voltage separations compared to ZS (Figure S49),[%] which
was attributed to the enhanced reaction kinetics and reduced
cell polarization facilitated by FRU-11. FRU-11 provided
Zn//INVO full cells with excellent rate capability and cycling
stability. High capacities of 245, 211, 189, 165, and 150 mAh
¢! were achieved at current densities ranging from 1 to 10 A
g~ !, respectively (Figure 7d). The capacity quickly recovered
to 242 mAh g~! when the current density was returned to
1 A ¢!, demonstrating remarkable capacity retention. In
contrast, the capacity of ZS-based cells remained consistently
lower, limited by side reactions and other factors. With FRU-
11, the cell retained a reversible capacity of 154 mAh g~
after 1540 cycles at a current density of 1 A g~!, with a
CE approaching 100% (Figure 7¢). Even under the more
challenging conditions of a high current density of 10 A
g~!, a long cycle life exceeding 11 100 cycles was achieved
(Figure 7f), highlighting its outstanding fast charging and
discharging capabilities. Targeting practical applications, the
Zn//NVO full cells exhibited outstanding cycling stability even
under demanding conditions of high mass loading (11.46 mg
cm~2) and lean electrolyte usage (FRU-11, 6.95 uL mg').
Stable cycling for 2480 cycles was achieved at a current density
of 2 A g7, with a capacity retention of 83.92% (Figure 7g).
More importantly, FRU-11 also performed exceptionally well
in pouch cells. A capacity retention of 100% was maintained
after 600 cycles at 1 A g1, with a reversible capacity of 150
mAh g!. The pouch cell was also able to steadily power a
rainbow circle (Figure 7h), demonstrating the feasibility of
FRU-11 for commercial applications of low-cost, high-safety
zinc-ion batteries.

Conclusions

In summary, by employing circular and linear sugar molecules
as model additives, the relationship between molecular
structure and desolvation behavior was established through
combined experimental and theoretical approaches, system-
atically revealing that molecular size, steric configuration, and
electronic structure are key design criteria for achieving fast
interface kinetics. Among the four sugars, circular FRU with
small size, delocalized electronic structure, and quasi-planar
adsorption configuration exhibited the lowest desolvation
energy and optimal performance under high current density
and low temperature. Crucially, FRU’s unique molecular
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structure facilitated multisite adsorption and a compact, thin
EDL, effectively shortening Zn>* diffusion paths, homogeniz-
ing Zn?* flux, and accelerating interface kinetics via multisite
desolvation. Moreover, FRU tailored Zn?* solvation shells
and induced organic-inorganic hybrid interfacial chemistry,
suppressing parasitic reactions and dendrite growth, thereby
enhancing zinc anode reversibility. Consequently, FRU-based
electrolytes enabled Zn//Zn symmetric cells to achieve a
lifespan exceeding 9500 h. Furthermore, under practical
conditions (lean electrolyte: 6.95 pL mg~!; high mass loading:
11.94 mg cm~2), Zn//NVO full cells retained 83.92% capacity
after 2480 cycles. This study provides critical guidelines
for additive design and new perspectives for developing
high-performance AZIB electrolytes.
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Research Article

Fructose (FRU), based on its cyclic
molecular framework, directionally
assembles a moderate-thickness EDL
at the zinc electrode interface through
its nanoscale molecular configuration,
quasi-planar adsorption orientation,
and electron delocalization effects. This

Angewandte
International Edition Chemie
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structure triggers the reconstruction of
Zn** desolvation pathways via multisite
synergistic effects, significantly reducing
the desolvation energy barrier, thereby
achieving ultrafast interfacial mass
transfer kinetics and dendrite-free zinc
deposition behavior.
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