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Zinc anode as one of the most promising energy storage materials for aqueous zinc-ion batteries (AZIBs),
suffer from significant degradation in cycle life and Coulombic efficiency (CE) due to uncontrolled den-
drite growth and H,0-induced side reactions. In this work, we propose a nonionic dual-additive (gelatin,
urea, abbreviated as GU) strategy that utilizes the dual hydrogen bond (H-bond) network H,O-locking
structure. Due to the H-bond reinforcement effect introduced by the GU additive, the energy barrier
for H-bond breaking and reconfiguration is elevated, effectively impeding the rapid proton shuttling be-
tween H,0 molecules. It can induce the preferred growth of the (002) crystal plane by adsorbing onto
other crystal planes, thereby achieving a dendrite-free zinc anode. Thus, the stability and reversibility of
the zinc anode have improved significantly. The symmetrical cells stably cycled for more than 2100h at
2.0mA/cm2@1.0 mA/cm?, and the Zn||Cu asymmetric cells cycled for 1600 times at 5mA/cm?@1 mAh/cm?
with an average CE of 99.4%. The full cells matched with the PANI cathode cycled more than 3500 times
at 1 A/g. The work provides a new strategy for regulating the interfacial chemistry of zinc anodes to
achieve highly stable high-performance zinc batteries.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Aqueous zinc-ion batteries (AZIBs) have attracted attention due
to their high safety, low cost, non-toxicity and high theoretical
zinc capacity (820 mAh/g or 5855 mAh/cm?3) [1-4]. However, the
zinc anode is unstable and has low reversibility during deposi-
tion/stripping due to the issues such as dendrite growth, hydrogen
evolution reaction (HER), and corrosion, which hinders its com-
mercialization [5,6]. The intrinsic surface defects of the zinc anode
lead to an uneven electric field and Zn?* flux, promoting dendrite
growth at tips and internal short circuits. Concurrently, Zn%* sol-
vation with water triggers local pH increase and the generation of
by-products [7-9]. These by-products exacerbate the uneven de-
position of Zn?*, resulting in "dead zinc". More imminently, the
unfavorable dendritic growth and insufficient interfacial protection,
which are mostly brought on by the uneven surface morphology of
zinc deposition, easily pass through the separator during repeated
electrochemical tests and eventually result in irreversible device
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failure [10-13]. Severe water-induced corrosion and HER that cur-
tail cycle life and rate performance [14-16].

Traditional mitigation strategies, such as high-concentration
electrolytes and interface modification strategies, to some extent
compromise cost, kinetic performance, and safety [17,18]. Conse-
quently, various strategies have been proposed to resolve or alle-
viate these challenges, including an effective strategy to stabilize
zinc anode electrode is to inhibit H,O activity in aqueous elec-
trolyte. The risk of H,O decomposition stems from its triggering
of a HER within the electric double layer (EDL), resulting in local
disturbances during zinc deposition. Specifically, hydrated zinc ions
desolvate at the outer Helmholtz plane (OHP) and promote charge
transfer at the inner Helmholtz plane (IHP), resulting in zinc de-
position [19]. According to the principle of minimum energy con-
sumption, zinc tends to form an aggregate state during diffusion
and deposition, resulting in dendrite formation. At the same time,
H,0 molecules continue to migrate from OHP to IHP, exacerbating
HER process through H,O decomposition on the zinc negative sur-
face. In addition to inhibiting HER, the construction of stable and
high-quality artificial SEI layers has also been extensively studied
because its structure and composition significantly affect the de-
position behavior of zinc metals [20,21].

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic representation of the deposition mechanism of Zn in different
electrolytes. Schematic diagram showing the Zn anode status in a Zn(OTf), and
Zn(0Tf),+Gel+Urea (Zn(OTf),/GU). (Left) Dendritic formation and hydrogen evolu-
tion occurred upon cycling. (Right) Smooth deposition was achieved with the aid of
gel and urea dual-additives.

Typical electrolyte additives for AZIBs include organic molecules
and inorganic/organic salts (e.g., ionic liquids) with associated hy-
drophilic functional groups [22]. Unlike organic small molecules,
organic macromolecules not only inhibit dendrite growth by mod-
ulating the Zn?* cluster structure in the conventional electrolyte
ZnS0y. Their flexible long-chain/host-guest structure helps to mod-
ulate the zinc anode surface, except in the presence of strong or-
ganic acids/amines, whose functional groups typically dissociate at
low pH [23]. Inorganic/organic salt additives in ZnSO4 are highly
dissociated into polar anions (e.g., inhibiting zinc dendrite growth
by shielding the zinc surface tip or compensating for electrons in
the electrolyte carrier). These ions are highly polar and interact
strongly with the charged Zn%* ions. Effective zinc anodic depo-
sition/etching in ZnSO, requires proper Zn?* desolvation and sol-
vation energies [24,25]. Therefore, H-bond acceptors in the elec-
trolyte additives that are coordinated to Zn2* or Zn are essential
for a reversible deposition/stripping process. Ideal additives should
be able to inhibit the electrochemical activity of Zn dendrites and
H,O0 in the IHP while maintaining the fast reaction kinetics of the
zinc anode to ensure long cycle life at high currents [26].

Consequently, designing an effective approach to achieving no-
table advances in the regulation of electrolyte with high structural
toughness and conductivity is essential for the long-term perfor-
mance of AZIBs technology [27-29]. In this study, we report a
highly efficient additive of N, O receptors with a double H-bond
network structure and non-ionizing properties, which are used as
electrolytes in AZIBs [30]. It is different from other organic molec-
ular additives or salt additives [31]. The coordination ability of N in
the modified H-bond network, where the O acceptor with a donor
(such as Zn?*/H,0) is theoretically located between the organic
molecule and the ionic acceptor, allows Zn?* to achieve an appro-
priate desolvation/solvation energy to uniformly stripping/plating
the Zn anode while inhibiting IHP. The results of H,O activity in it
indicate that the Zn||Zn symmetrical battery using the optimized
Zn(0Tf), electrolyte exhibits excellent cycling stability (up to 2160
h at a current density of 2 mA/cm? and a capacity of 1 mAh/cm?2).
In AZIBs, gelatin and urea (GU), as composite additives, which can
effectively inhibit the activity of free H,O in the electrolyte by syn-
ergistic construction of a dynamic H-bond network H,O-locking
structure, thereby reducing side reactions (such as HER and zinc
corrosion). The mechanism of action as shown in Fig. 1. The -NH,
(donor) and C=0 (acceptor) in the urea molecule can respectively
form multiple H-bond with H,O molecules (each urea molecule
can combine with a maximum of 4 H,O molecules), forming a sta-
ble hydrated shell layer. By binding H,O molecules through com-
petitive H-bond, the direct contact between free H,O and the Zn
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surface is reduced, and the hydrolysis side reactions are inhib-
ited. The amino acid chains of gelatin (containing -OH, -COOH,
-NH,) are cross-linked with the urea-H,O complex through

H-bond to form a dynamic gelatin (gel)-like structure. The hy-
drophobic micro-regions of gel (such as proline residues) can

repel free water and further isolate active H,O molecules. The
long chains of the gel network physically prevent dendrite growth,
while the H-bond network regulates the Zn solvation structure,
promotes uniform deposition, and inhibits side reactions.

To analyze the influence of the electrolyte on the zinc an-
ode, the contact angle test of the electrolyte on the Zn anode
is shown in Fig. S1 (Supporting information). The value in pure
Zn(0Tf), electrolyte is 73.5°, while in Zn(OTf),/GU electrolyte the
contact angle value is 62.3°. These experimental results indicate
that, when GU are added to the electrolyte, the affinity between
the electrolyte and the Zn anode increases, which is conducive
to reversible galvanizing/stripping at the anode-electrolyte inter-
face. The values of the contact angle bar graphs of different elec-
trolytes are presented in Fig. S2 (Supporting information). Fig. 2a
shows the results of local environment of the electrolyte using nu-
clear magnetic resonance (NMR) technology. After adding GU to
the Zn(OTf), electrolyte, the 'H peak shifted from 4.83 ppm to
4.9 ppm. This is attributed to the formation of Zn(H,0)g and the
reduction in the electron density around the protons in the H,0
molecule [32,33]. The introduction of GU causes the 'H peak to
shift towards higher magnetic fields, indicating the formation of a
new H-bond network between GU and H,0 molecules. This change
results from cosolvents and H,O forming more intermolecular H-
bond, which breaks the network of H-bond connections that al-
ready existed between H,O molecules. By preventing adverse in-
teractions at the electrolyte/electrode contact, this variation is ad-
vantageous. The FT-IR spectrum shows characteristic peaks at 1632
cm~! (assignable to C=0 stretching), 1220 cm~! (-CONH bend-
ing), and 1030 cm~! (C-C stretching). These vibration modes in-
dicate strong chemical coordination within the gel. The significant
change in the O-H stretching vibration band (3000-3500 cm~1)
shown in Fig. 2b, serves as evidence for the reconstruction of the
original hydrogen-bond network. Raman spectroscopy was used to
investigate in order to have a better understanding of the elec-
trolyte’s condition in Fig. 2c. Raman spectral shifts, the red shift
and changes in full width at half maximum (FWHM) of the O-
H stretching vibration peak (~3400 cm~!) of H,O molecules sur-
rounding Zn%* serve as direct evidence for the perturbation and
weakening of the hydrogen-bond network within the solvation
sheath. This observation aligns with the mechanism of competitive
hydrogen bonding between GU molecules, Zn?*and H,0. Consid-
ering both FT-IR and Raman spectra analysis, the oscillation spec-
tra between 3000 cm~! and 3500 cm~! significantly display weak
and narrow peak bands, indicating maximum utilization of the hy-
drophilic functional groups within the region and adequate chemi-
cal co-ordination networks during polymer building matrix. As de-
picted in Fig. 2d, the energy levels of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of Gel molecules and H,O molecules were carried out. The
results show that the HOMO energy level of the Gel molecules
(-6.35 eV) exceeds the highest occupied molecular orbital of H,0O
(-8.61 eV). This indicates that electrons are more likely to transfer
from Gel to the surface of the Zn anode after adsorption [34]. The
adsorption energy of Gel molecules on different Zn crystal planes
is determined through density functional theory (DFT) calculations
(Fig. 2e). The structural model shown in Figs. S3-S5 (Supporting
information) indicates that the adsorption energy of Gel molecules
on the Zn (002) crystal plane reaches -3.28365 eV, which is sig-
nificantly higher than that on the Zn (100) (-2.64099 eV) and Zn
(101) crystal planes (-2.88271 eV). This result confirmed that Gel
molecules have a stronger adsorption capacity on the Zn (002)
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Fig. 2. (a) "H NMR spectra of the Zn(OTf), and Zn(OTf),/GU electrolytes. (b) FT-IR spectra of the Zn(OTf), and Zn(OTf),/GU electrolytes. (c) Raman spectra of the Zn(OTf), and
Zn(OTf),/GU electrolytes. (d) LUMO, HOMO isosurfaces of Gel and H,O. (e) Comparison of the absorption energy of Gel on different Zn crystalline planes. (f, g) 3D snapshots
of the electrolytes and typical solvation structures in Zn(OTf),/GU electrolytes obtained by MD simulations. (h) The RDFs and CN of Zn?*-H,0, Zn2+-OTF-, Zn?*-Gel and

Zn?+-Urea collected from MD simulations in Zn(OTf),/GU electrolytes.

crystal plane. This excellent adsorption property is conducive to
achieving more uniform and dense Zn deposition during the plat-
ing/stripping process. In order to further study the structural evo-
lution of the solvated sheath layer at the molecular level, molec-
ular dynamics (MD) simulations were first conducted to compare
the solvated structure of hydrated Zn%* in the Gel mixed elec-
trolyte system [35]. Gel molecules and urea molecules additives
enter the primary solvation structure of hydrated Zn®*. Due to
their superior zinc affinity, they may replace some H,0 molecules
from the primary solvation sheath (Figs. 2f and g). Importantly,
the results show that Gel molecules and urea molecules additives
can change the solvation sheath layer of hydrated Zn2?t ions by
partially replacing the coordinating H,O molecules. Gel and urea
molecules can participate in the first solvation structure of Zn2*
ions and reduce the number of ligand H,0 molecules. The Radial
distribution function (RDF) in Fig. 2h indicates that the first solva-
tion peak of Zn?* is at 0.208 nm and the first solvation peaks of
Zn%+-OTf~, Zn2*-Gel, Zn?+-urea are all 0.204, and the coordination
number (ACN) of Zn2t-H,0 is 2.633, Zn?t-OTf~ is 0.9, Zn%*-Gel
is 1.367, Zn%*-urea is 0.133. It indicates that enter the first solva-
tion structure of Zn2t jons to participate in coordination further
demonstrating the existence of the coordination mechanism [36].
Meanwhile, the differential charge density indicates in Figs. S6-S8
(Supporting information) that there is a strong interaction between
Gel molecules and the Zn surface, and Gel molecules have more
charge transfer sites on the (002) crystal plane of Zn. This theo-
retical calculation result shows that there are more charge transfer
sites between the (002) crystal plane of Zn and Gel, thus the com-
bination is tighter [37].

Further, we assembled Zn||Cu and Zn||Zn cells to investigate
the plating/stripping behaviors of Zn anodes in Zn(OTf), and
Zn(0Tf),/GU electrolytes, respectively. The impact of GU additive
on the Zn deposition kinetics was investigated via CV measure-

ments (Fig. 3a). After the introduction of GU, compared with the
pure Zn(OTf), electrolyte, the nucleation overpotential increased
by 34 mV. At higher nucleation overpotential, the nucleation ra-
dius of the grains was smaller, and the nucleation formation prob-
ability was higher. Therefore, during the subsequent Zn?t depo-
sition process, more and smaller nuclei could be formed, which
is conducive to the uniform deposition of zinc ions on the zinc
foil surface. This indicates that the introduction of GU has opti-
mized the deposition process of zinc ions on the zinc foil sur-
face and more homogeneous and finer zinc particles are formed
[38,39]. In addition, the reversibility of the Zn plating/stripping
process was evaluated by means of an asymmetric Zn||Cu cell.
In Zn(OTf) ,/GU electrolyte the Zn||Cu half-cell exhibited an av-
erage Coulombic efficiency (CE) of 99.71 % nearly 1600 cycles, at
5 mA/cm2, 1 mAh/cm? (Fig. 3b). A high CE indicates a stable
electrode-electrolyte interface, significant suppression of byprod-
ucts, and highly reversible zinc anode deposition/dissolution be-
havior. In contrast, the Zn||Cu half-cell could not operate effectively
after 70 cycles due to the fluctuation of the CE, at 1 mA/cm?, 1
mAh/cm? (Fig. S9 in Supporting information) 880 cycles, which
is attributed to the continuous growth of Zn dendrites and un-
wanted side reactions [40]. EIS measurements (Fig. 3c) of pure
Zn(0Tf), and Zn(OTf),/GU electrolytes show that the charge trans-
fer resistance of the Zn||Zn symmetric cell in Zn(OTf),/GU elec-
trolytes is significantly smaller, confirming the fast electron trans-
fer capability, which is conducive to the reduction of concentra-
tion polarisation and the achievement of a homogeneous distribu-
tion of Zn2* during the Zn stripping/plating process. The voltage-
capacity curves of Zn deposited in pure Zn(OTf), and Zn(OTf),/GU
electrolytes (Figs. S10 and S11 in Supporting information). Further-
more, the reversibility of Zn plating/stripping is evaluated using
asymmetric Zn||Cu cells. The low polarization of the Zn||Cu half-
cell at 1 mA/cm? and 1 mAh/cm?2 during 880 cycles was 111.9 mV.
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Fig. 3. (a) Cyclic voltammetry (CV) curves of Zn-Cu asymmetrical cells in Zn(OTf), and Zn(OTf),/GU electrolytes. (b) CE of Zn-Cu asymmetrical cells operated at 5 mA/cm?,
1mAh/cm?. (c) EIS plots, (d) Tafel plots, (e) LSV plots of the Zn(OTf), and Zn(OTf),/GU Zn||Zn symmetric cells. (f) Rate performance of Zn||Zn symmetric cells with Zn(OTf),
and Zn(OTf),/GU electrolytes. (g) Galvanostatic cycling of the Zn||Zn cells with the Zn(OTf), and Zn(OTf),/GU electrolytes at a current density of 2 mA/cm? and a capacity of

1 mAh/cm?.

In contrast, the Zn||Cu half-cell failed to function effectively after
108 cycles due to CE fluctuations, with a charge and discharge volt-
age gap of 67.6 mV. This was caused by the continuous growth
of zinc dendrites and adverse side reactions. The impact of GU
on corrosion inhibition was investigated using Tafel plots (Fig. 3d).
When GU was added, the electrode’s corrosion potential (Ecorr)
decreased in comparison to the pure Zn(OTf), electrolyte, suggest-
ing that the electrode’s corrosion was prevented and its rate of
self-corrosion decreased. Additionally, the inhibitory action of HER
decreased electrode surface corrosion. This demonstrates that GU
has a beneficial effect in preventing corrosion-related side reac-
tions. The liner scan voltammetry (LSV) is performed, as displayed
in Fig. 3e, the GU containing electrolyte exhibits more negative
overpotential than the pure Zn(OTf), electrolyte, further validate
this improvement, showing significantly HER activity in the GU-
modified electrolytes. The current density evolution of the Zn||Zn
symmetrical cell employing Zn(OTf), electrolyte (Fig. S12 in Sup-
porting information), the current density exhibits a continuous in-
crease over 800s, suggesting a progressive expansion of the effec-
tive surface area of the Zn anode. This behavior can be attributed
to the predominance of an uncontrolled 2D diffusion process at the
electrode/electrolyte interface. In such a regime, Zn2* ions pref-
erentially adsorb and migrate along the surface, leading to ran-
dom nucleation and uneven nucleation site distribution. The sus-
tained 2D diffusion promotes preferential Zn accumulation at ex-
isting protrusions, which gradually develops into dendritic struc-
tures. In contrast, the cell employing the Zn(OTf),/GU electrolyte
shows clearly different behavior. After an initial 2D-dominated pe-
riod (~55s), the current density stabilizes, indicating a transition
to a steady-state deposition process governed by 3D diffusion from
the bulk electrolyte. This 3D diffusion controlled mode favors more
uniform nucleation across the electrode surface and helps main-
tain a planar growth front. Consequently, this mechanism facili-
tates the formation of a homogeneous, compact, and smooth Zn

deposition, effectively suppressing dendritic growth. Owing to the
dual hydrogen-bonding capability of the GU additive, which effec-
tively confines H,O molecules within the electrolyte, the interfa-
cial stability of the Zn anode is significantly enhanced. This im-
provement suppresses parasitic side reactions and promotes highly
reversible Zn plating/stripping behavior during long-term cycling.
The rate capability and cycling stability of Zn||Zn symmetric cells
were systematically evaluated. Rate capability tests were systemat-
ically performed across current densities ranging from 1 mA/cm?
to 10 mA/cm? and with an area capacity of 1 mAh/cm? to further
conducted to evaluate the zinc plating/stripping efficiency (Fig. 3f).
Obviously, the Zn||Zn symmetrical cells tested in pure Zn(OTf),
electrolyte failed rapidly a short circuit occurred when the current
density at 1 mA/cm2, showing poor rate capacity and reversibility.
For the cells with Zn(OTf),/GU electrolytes, even after a high-rate
charge and discharge of 10 mA/cm?2, when the current density re-
turns to 1 mA/cm?, the cells can still work well and exhibit ex-
cellent reversibility. Symmetric cells assembled with Zn(OTf), and
Zn(OTf),/GU electrolytes were subjected to galvanostatic cycling at
varying current densities while maintaining a fixed areal capac-
ity of 1.0 mAh/cm?2. As depicted in Fig. 3g, the Zn||Zn symmetric
cell employing pure Zn(OTf), electrolyte demonstrates limited cy-
cling stability, exhibiting a sudden voltage drop after merely 119 h
of operation (Fig. S13 in Supporting information). This premature
failure can be attributed to severe Zn dendrite formation and per-
sistent interfacial side reactions at the electrode/electrolyte inter-
face. In striking contrast, the introduction of GU additive confers
remarkable stability enhancements owing to multiple synergistic
mechanisms including the optimized interfacial between Zn and
electrolyte, effective suppression of HER and associated byprod-
ucts, and establishes dual H-bond for H,O molecule confinement.
These combined effects enable the GU-modified cell to achieve
exceptional cycling stability, maintaining uninterrupted operation
for 2160 h at 2 mA/cm? with 1 mAh/cm? capacity, while com-
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Fig. 4. SEM morphology image of Zn||Zn symmetric cells after 50 cycles (at 2 mA/cm? and 1 mAh/cm?) in (a, b) Zn(OTf), and (c, d) Zn(OTf),/GU electrolytes. Optical
microscope images and corresponding height distribution of (e, f) Zn(OTf), electrolyte and (g, h) Zn(OTf),/GU electrolyte after 50 cycles at 2 mA/cm? with a capacity of 1
mAh/cm?. (i) Schematic illustration for the Zn deposition process in different electrolytes.

pared to pure Zn(OTf), electrolyte, the system exhibits a remark-
ably low overpotential, demonstrating exceptional electrochemical
kinetics. The dramatic improvement in cycle life underscores the
critical role of interfacial engineering in stabilizing Zn metal an-
odes. The GU additive forms dual cooperative H-bond, effectively
locking H,O molecules within the electrolyte matrix and prevent-
ing their participation in side reactions. Magnified views of se-
lected cycles with the Zn(OTf),/GU electrolytes at a current den-
sity of 2 mA/cm? and a capacity of 1 mAh/cm? in Fig. S14 (Sup-
porting information). The electrochemical performance is mainly
evaluated under relatively moderate current densities at high-rate
operation is critical for practical Zn metal batteries, we assessed
zinc anode cycling stability through long-term Zn||Zn symmetric
cell tests. As shown in Fig. S15 (Supporting information), the GU
system achieved 500 h cycle life at 5 mA/cm? and 1 mAh/cm?.
The charge/discharge voltage profiles remained stable throughout,
with no significant polarization increase or sudden voltage drop.
As illustrated in Fig. S16 (Supporting information), the exchange
current density corresponding to the Zn deposition process under
different current densities can be determined. The exchange cur-
rent density, which reflects the intrinsic redox reaction rate at the
equilibrium potential, was determined to be significantly higher
for Zn(OTf),/GU electrolytes (12.04 mA/cm?2) compared to Zn(OTf),
electrolytes (4.45 mA/cm?), as derived from linear fitting analysis.
This result demonstrates that the Zn(OTf),/GU system exhibits en-
hanced Zn deposition kinetics, suggesting a more favorable electro-
chemical environment for rapid charge transfer during the electro-
plating process.

Understanding the morphological evolution and preferen-
tial growth orientation of metallic zinc during repeated plat-
ing/stripping cycles is crucial for the rational design of advanced
electrolyte systems. To elucidate the electrolyte-dependent mor-
phological evolution of Zn anodes, scanning electron microscopy
(SEM) characterization was performed after 50 cycles at 2 mA/cm?
and 1 mAh/cm2. We analyze its morphological evolution under
two electrolyte systems. As shown in Figs. 4a and b, the Zn anode
cycled in pure Zn(OTf), electrolyte exhibits a highly irregular
surface morphology characterized by vertically aligned dendritic
flakes with random orientations. Notably, the formation of loose
sedimentary structures and intrinsic by-products is clearly ob-
served, suggesting an inhomogeneous Zn?+ deposition process that

leads to unfavorable dendritic growth. More compelling evidence
demonstrates that the multifunctional GU additive effectively
modulates the electrochemical deposition behavior on the Zn sur-
face, maintaining a remarkably smooth and compact morphology
throughout prolonged plating/stripping cycles. Notably, the zinc
deposition follows a layered stacking mode, which substantiates
the uniform redistribution of Zn®* ions during electrodeposition in
Figs. 4c and d. To further investigate the current-dependent mor-
phological evolution, we systematically examined the zinc anode
surfaces cycled under at 5 mA/cm? and 1 mAh/cm? current den-
sities using SEM (Fig. S17 in Supporting information). Strikingly,
the samples subjected to higher current conditions exhibited sig-
nificantly denser and more homogeneous deposition morphologies
compared to their low-current counterparts. Comparative analysis
revealed that optimal morphological compactness was achieved
under moderately elevated current densities. In summary, the SEM
characterization thus confirms the preferential growth of the Zn
(002) crystal plane and the effective optimization of Zn deposition
morphology by the GU additive [41]. XPS was performed on the
zinc anode after reaction in Zn(OTf),/GU electrolytes. As shown
in Figs. S18 and S19 (Supporting information), Zn 2p, and C 1s
signals could be clearly observed. The C 1s spectrum demonstrates
a dominant peak located at ~284.8 eV, which is assigned to
the C-H/C-C species. In addition, other peaks are detected and
assigned (~286.9 eV for C-0/C-N, and ~293.0 eV for CF3). To gain
deeper insights into the morphological evolution under operational
conditions, zinc metal anodes were systematically investigated us-
ing laser confocal scanning microscopy (LCSM). As evidenced in
Figs. 4e and f, the zinc anodes cycled in Zn(OTf), electrolyte
exhibits significant surface degradation, and deep voids are clearly
visible on the surface of the zinc anode. The non-uniform contours
and 3D images verified the irregular peaks and valleys. After a
long cycle life of 50 cycles, the anode surface develops severe
roughness accompanied by extensive dendritic growth, it con-
firmed that the extremely uneven Zn deposition behavior on the
surface, the random speckled irradiation correlation on the surface
and the severe HER in Zn(OTf), electrolyte led to the unstable
interface behavior. In striking contrast, the GU-modified electrolyte
demonstrates remarkable interfacial stabilization, as evidenced
by the maintenance of exceptionally smooth and uniform surface
morphology even after 50 cycles (Figs. 4g and h). The absence
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Fig. 5. (a) Three-dimensional view of distributions of Zn sheet after cycled in Zn(OTf), and Zn(OTf),/GU electrolytes in the TOF-SIMS sputtered volumes. (b) XRD patterns
of deposited Zn. (c) In situ optical microscope images of Zn anode surface deposition using pure Zn(OTf), electrolyte (top) and Zn(OTf),/GU electrolyte (bottom) at a current
density of 5 mA/cm?2. (d) COMSOL simulations of dendrite growth and HER models at different times for Zn(OTf),/GU (top) and Zn(OTf), (bottom) electrolytes.

of topological irregularities or dendritic protrusions confirms the
effectiveness of GU in regulating Zn2* deposition kinetics and
suppressing parasitic side reactions. Based on the above analysis,
the regulation mechanism of GU additive on the cycle performance
of zinc anodic plating/stripping is shown in Fig. 4i. In conventional
Zn(0Tf), electrolytes, the aqueous-rich interfacial environment on
the zinc anode facilitates uncontrolled water-induced side reac-
tions, including HER and corrosion. These parasitic processes not
only generate undesirable by-products but also create tip effect
that exacerbate dendritic growth. In contrast, the introduction of
GU additive establishes a dual H,O-locking mechanism through
H-bond interactions with interfacial H,O molecules. This unique
structure effectively including disrupts the solvation shell of free
H,0 molecules, significantly suppressing their adsorption and
subsequent decomposition at the electrode surface and modulates
the electrochemical double layer structure, guiding uniform Zn%*+
diffusion and nucleation kinetics. Furthermore, the adsorbed GU
molecules preferentially interact with specific zinc crystal planes,
favoring the exposure of the (002) crystallographic orientation.
This oriented deposition behavior, characterized by parallel Zn
platelet alignment, fundamentally prevents dendritic proliferation
while enhancing interfacial stability [42,43]. The synergistic com-
bination of water activity suppression and crystallographic control
enables the realization of dendrite-free zinc deposition mor-
phology. In summary, the GU additive significantly improves the
cycling stability of zinc anodes through a multifaceted mechanism
that regulates Zn deposition kinetics, suppresses side reactions,
and stabilizes the electrode-electrolyte interface.

To gain deeper insights into the compositional distribution
of interfacial byproducts, time-of-flight secondary-ion mass spec-
trometry (TOF-SIMS) was systematically employed for phase anal-
ysis (Fig. 5a). Random distribution of negative ions C-, OH™, F~
and ZnO,~ by-products was detected from the with Zn(OTf), and
Zn(0Tf),/GU electrolytes. In the electrolyte without additives, the
concentration of inorganic substances on the surface of zinc is rel-
atively high. In contrast, the electrolyte containing GU contains
minimal of by-products such as ZnO,~. The corresponding two-
dimensional rainbow plots are distributed in Fig. S20 (Support-
ing information). X-ray diffraction (XRD) analysis (Fig. 5b) unam-
biguously confirms the formation of byproducts. They physically
obstruct ionic diffusion pathways due to their poor conductivity
and induce uneven electric field distribution that promotes den-
dritic growth, increasing interfacial impedance through discontin-
uous charge transfer networks. Such unfavorable phase accumula-
tion stands in marked contrast to the homogeneous, conductive in-
terphase formed in GU-modified systems directly correlating with
the observed electrochemical performance enhancement. To ob-
serve the evolution of the galvanizing process in real time, we
adopted an in-situ optical microscope. Uniform and dense Zn de-
posits can be obtained by electroplating in the Zn(OTf),/GU elec-
trolytes, indicating that electroplating inhibits the growth of den-
drites. It can be seen from Fig. 5¢ that the deposition of zinc in the
GU additive is uniform throughout the electroplating process. Con-
versely, in the Zn(OTf), electrolyte, after electroplating for 10 min
under the condition of 5 mA/cm?, a large number of nuclei or pro-
trusions appeared on the zinc surface, obvious protrusions, after
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Fig. 6. Electrochemical performances of full cells. (a) CV curves at 1 mV/s. (b) self-discharge behavior of full cell Zn(OTf), electrolyte. (c) self-discharge behavior of full cell
Zn(OTf),/GU electrolyte. (d) The charge/discharge curve at 1 A/g of Zn(OTF),/GU electrolyte. (e) Long-term cycling performance of different cells at 1 A/g. (f) pouch battery
voltage diagram. A digital photo shows the power supply for the fan by two Zn||PANI pouch cells in series. (g) Initial state, (h) working status.

electroplating for 20 min finally formed a large number of bub-
bles and dendrites were eventually produced. In order to deeply
explore the influence of GU additive on dendrites, in this study,
the finite element simulation theory was adopted to simulate and
calculate the zinc ion concentration at the dendrite tip and the de-
position interface, as well as the changes in HER in Fig. 5d. The
simulation of the electric field and hydrogen distribution by COM-
SOL confirmed that the presence of GU homogenized the electric
field and slowed down the HER. The galvanizing process is uneven,
with severe dendrite growth, showing a "tip effect". However, af-
ter the introduction of GU, this phenomenon has decreased signif-
icantly. The surface of Zn remains relatively flat and the electric
field distribution is uniform. In Zn(OTf), electrolytes, after electric
field-induced diffusion, H* accumulates rapidly at the protrusions,
and the local concentration flux exceeds the maximum. The H*
distribution in the adjacent plate areas is relatively thin. After the
introduction of GU, the flux on the Zn surface remains uniform,
and the concentration flux increases slightly. The results of simu-
lating the electric field and hydrogen distribution confirm that the
introduction of GU leads to the homogenization of the electric field
and inhibits the evolution of hydrogen. In Fig. S21 (Supporting in-
formation), the observed cells swelling after 50 charge-discharge
cycles in pure Zn(OTf), electrolytes can be attributed to gas evolu-
tion during the electrochemical cycling process.

In order to investigate the sufficient practicability of the de-
sign of the electrolyte in the H,0-locking structure strategy, the
zinc storage performance in the actual full cells was determined.
The full cell was assembled using zinc anode combined with
polyaniline (PANI) as the cathode material, and the performance
of the constant current charge-discharge full cells was evaluated
by Zn(OTf), and Zn(OTf),/GU electrolytes. Cyclic voltammetry (CV)
was conducted in the voltage range of 0.3-145 V at 1 mV/s
(Fig. 6a). Similar peaks in the CV curve indicate that the oxidation-
reduction processes were the same with or without the GU ad-
ditive. Subsequently, the effectiveness of GU additive in inhibit-

ing side reactions was further demonstrated through self-discharge
tests (Figs. 6b and c). After standing for 24 h, the CE of the
Zn||PANI battery with GU electrolyte was 99.3 %, which was signif-
icantly better than 97.5 % of pure Zn(OTf), electrolyte. The EIS tests
of the full cells with Zn(OTf), and Zn(OTf),/GU electrolytes demon-
strate that the Zn(OTf),/GU electrolytes can deliver a smaller inter-
face impedance, in contrast to the Zn(OTf), (Fig. S22 in Supporting
information). The corresponding galvanic charge-discharge curves
in Fig. 6d and Fig. S23 (Supporting information) for the Zn||PANI
full cells in Zn(OTf),/GU electrolytes illustrate the enhanced re-
versibility of the electrode reaction. The long-term cycling perfor-
mance was further evaluated at a current density of 1 A/g. As
shown in Fig. 6e, the Zn||PANI cells employing Zn(OTf), exhibits
rapid capacity decay after 3500 cycles, demonstrating relatively
low CE and a poor capacity retention rate of 44.03 %. This per-
formance degradation can be primarily ascribed to uncontrolled
Zn dendrite formation and aggravated parasitic side reactions. In
contrast, with the Zn(OTf),/GU electrolytes cells demonstrate re-
markable cycling stability 3500 cycles while maintaining excep-
tional CE exceeding 89.36 %. Moreover, electrochemical characteri-
zation reveals that the Zn||PANI cells with Zn(OTf),/GU electrolytes
features a capacitive-dominated charge storage mechanism with
rapid kinetics, which contributes to its outstanding rate capability
in Fig. S24 (Supporting information). The cells deliver stable per-
formance across a wide range of current densities from 0.1 A/g
to 5.0 A/g (0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A/g), further highlighting
the advantages of the Zn(OTf),/GU electrolytes system. Fig. 6f is
a schematic diagram of the voltage of the assembled device. To
evaluate the practical application prospects of the GU additive, we
assembled a standard Zn||PANI fully charged battery (Figs. 6g and
h). The integrated bag-shaped batteries connected in series provide
the same energy density. Notably, two connected batteries can eas-
ily power a fan, further demonstrating the prospects of GU as an
electrolyte additive for AZIBs. From the above experimental results,
it can be seen that adding the dual water-locking additive to form
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hydrogen bonds with H,O molecules can effectively extend the cy-
cle life of the Zn anode, and it has good compatibility with the
PANI cathode, thus providing an innovative method for the further
development of high-performance AZIBs from the PANI cathode.

In summary, GU as the electrolyte additive to inhibit the den-
drite growth and side reactions of the Zn anode. Meanwhile, the
mutual synergistic effect of the dual additives enables dual reg-
ulation of the zinc deposition morphology, resulting in a denser,
smoother zinc deposition layer with minimal dendrite formation.
The results show that the electrolyte with GU added supports the
stable operation of the Zn||Zn symmetric battery for 2160 h un-
der the conditions of 2 mA/cm? and 1 mAh/cm?. In the assem-
bled Zn||Cu asymmetric cells, it operates nearly 1600 times at 5
mA/cm? and 1 mAh/cm?2, with a CE of 99.71 %. Impressively, the
Zn||PANI full cells assembled with a small amount of zinc demon-
strated excellent electrochemical performance with a capacity re-
tention rate of 89.36 % after 3,500 cycles at 1 A/g. These results
confirm that GU, as a multifunctional dual additive, can effectively
improve the electrochemical performance of AZIBs. Based on the
synergistic stabilization strategy constructed with the GU dual ad-
ditives, provides new insights for the design of high-performance
aqueous zinc battery electrolytes. Future work will focus on explor-
ing the practical application potential of this strategy in high-area-
capacity pouch cells, thereby advancing its progress toward large-
scale energy storage.
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