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An Electrochemically Initiated Self-Limiting Hydrogel
Electrolyte for Dendrite-Free Zinc Anode

Yuetao Wang, Luyi Yang, Pengfei Xu, Lele Liu, Shunning Li, Yan Zhao,* Runzhi Qin,*
and Feng Pan*

The zinc dendrite growth generally relies upon a “positive-feedback” mode,
where the fast-grown tips receive higher current densities and ion fluxes. In
this study, a self-limiting polyacrylamide (PAM) hydrogel that presents
negative feedback to dendrite growth is developed. The monomers are
purposefully polymerized at the dendrite tips, then the hydrogel reduces the
local current density and ion flux by limiting zinc ion diffusion with abundant
functional groups. As a consequence, the accumulation at the dendrite tips is
restricted, and the (002) facets-oriented deposition is achieved. Moreover, the
refined porous structure of the gel enhances Coulombic Efficiency by reducing
water activity. Due to the synergistic effects, the zinc anodes perform an
ultralong lifetime of 5100 h at 0.5 mA cm−2 and 1500 h at 5 mA cm−2, which
are among the best records for PAM-based gel electrolytes. Further, the
hydrogel significantly prolongs the lifespan of zinc-ion batteries and
capacitors by dozens of times. The developed in situ hydrogel presents a
feasible and cost-effective way to commercialize zinc anodes and provides
inspiration for future research on dendrite suppression using the
negative-feedback mechanism.

1. Introduction

Aqueous zinc-ion batteries (ZIBs) have been regarded as promis-
ing candidates for large-scale energy storage devices due to
their high safety, economic viability, and high capacity.[1] It
should be noted that these superiorities mainly stem from zinc
metal anodes. On one hand, zinc metal presents the lowest
potential among the practicable metals in aqueous electrolytes
(−0.76 VSHE) and a relatively large capacity (820 mAh g−1 and
5855 mAh cm−3), guaranteeing the energy density and power
density of the full cell.[2] On the other hand, it is abundant
in resources and has a mature production process, offering a
very low cost (≈2 USD kg−1) for price-sensitive applications.[3]

However, the zinc anode suffers from poor electrochemical

Y. Wang, L. Yang, P. Xu, L. Liu, S. Li, Y. Zhao, R. Qin, F. Pan
School of advanced materials
Peking University Shenzhen Graduate School
Shenzhen 518055, China
E-mail: zhaoyan@pku.edu.cn; bushihaoren@pku.edu.cn;
panfeng@pkusz.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202307446

DOI: 10.1002/smll.202307446

performance, including short cycling life-
times that originate from arbitrary den-
drite formation,[4,5] and low reversibil-
ity relating to the high activity of wa-
ter molecules.[6] Traditionally, the zinc
anode can only cycle for a few dozen
hours, which is far from satisfactory.[7]

The dendrite formation is thermodynam-
ically favorable for zinc anode and other
metallic anodes,[8–10] which bothers the sci-
entific fields for dozens of years. The diffi-
culty for morphology control lies in the fact
that the dendrite growth follows the posi-
tive feedback mode without confinement.
Certain dendrite seeds with faster deposi-
tion rates become prominent in shape and
receive more concentrated electric fields
and ion flux locally. In turn, these inten-
sified current densities and ion flux con-
tributes to an even higher local deposition
rate (Figure 1a). As a result, the dendrite tips
grow much faster than other planar sites,
which is known as the “tip effect”, being
an intrinsic property for metallic anodes.

For example, it has been reported that zinc anodes with de-
fects and rough surfaces are more vulnerable to short circuits in
batteries.[5]

So far, continuous efforts have been made to address these
dendritic issues and to enhance the performance of ZIBs. Most if
not all of the literature focus on weakening the positive feedback
of the dendrites. For example, the surface coatings are employed
to decrease the local concentration of the electric field and re-
distribute the diffusion of zinc ions due to the sieve effect.[11,12]

Besides, electrolyte tuning is considered as an effective way, for it
can change the chemical environment of the zinc ions and make
guidance for their diffusion. It is recognized the zinc ions can
be coordinated by the foreign solvents with functional groups,[13]

then regularly arranged functional groups can provide consecu-
tive diffusion pathways to counterwork the tendency of the pos-
itive feedback.[14,15] However, such strategies are designed for
working homogeneously and statically. Once applied, they are
unable to distinguish the dendrite sites among the planar deposi-
tions, thus being out of depth to handle the dynamic morphology
variation, especially for the large-size defects.

Herein, we propose an electrochemically initiated hydrogel
that alters the zinc deposition mode from positive feedback to a
negative one. The current-sensitive hydrogel grows faster at den-
drite sites with higher electric fields, then hinders the arbitrary
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Figure 1. Schematic diagram of zinc dendrite evolution in a) traditional electrolyte with positive feedback and b) in situ gel electrolyte with negative
feedback.

growth by controlling the ion diffusion (Figure 1b). This hydro-
gel electrolyte is self-adaptive for dendrite suppression and ca-
pable of fitting to extreme configurations, even with a large cur-
vature radius of realistic metal electrodes. Additionally, the re-
fined 3D structure in the hydrogel aids in oriented zinc deposi-
tion and enhances the confinement of free water, contributing
to the ultra-stability of the zinc anode. The in situ hydrogel can
cycle for >5100 h without evidence of decay, outperforming tra-
ditional electrolytes and ex situ gels. Moreover, the hydrogel can
also be applied to full batteries with various cathode materials,
highlighting its high practical value. This novel gelation process
has the potential to advance future research on zinc-based energy
storage devices.

2. Results and Discussion

2.1. Electrochemically Induced In Situ Gelation Process

Most if not all of the literature focus on weakening the positive
feedback of the dendrites. The goal of dynamic morphology con-
trol could only be achieved by the dynamic manipulation of the
electrode reactions, which is inaccessible to the traditional static
strategies mentioned above. Here we propose an electrochemi-
cally induced polyacrylamide (PAM) hydrogel electrolyte. In the
precursor solution that consists of monomer (acrylamide, AM)
and cross-linking agent (N, N′-methylene bisacrylamide, MBAA).
The galvanostatic protocol of 5 mA cm−2 and 2.5 mAh cm−2 is ap-
plied to trigger the electrochemical cross-link onto the electrode
surface. As visualized in the in situ optical microscope images in

Figure 2a, the liquid electrolyte turns to appear blurry and less
lustrous. The magnified image exhibits a clear fiber-like configu-
ration, which is attributed to the birefringence, a typical charac-
teristic of anisotropic hydrogels.[16] Then a piece of colorless and
transparent hydrogel can be distinguished (Figure 2b). Notably,
the gel completely wraps the electrode without exfoliation, indi-
cating strong adhesion (Figure 2c). The zinc/hydrogel composite
electrode is thus prepared in a single step. It is worth noting that
such in situ gel process is related to the temperature, and it can-
not be realized at low temperatures (≈0 °C).

The gelation process is further recorded by in situ Raman spec-
tra shown in Figure 2d. The precursor solution displays strong
peaks at 1443, 1635, 3040, and 3116 cm−1, which can be as-
signed to CH2 bending, C═C stretching, vinyl C─H, and vinyl
CH2 asymmetric stretching of AM and MBAA.[17] This profile is
similar to that of the AM monomer (Figure S1, Supporting Infor-
mation). During electrolysis, the peak at 3040 cm−1 decays while
the one at 2932 cm−1 increases within ≈5 min, indicating the
breakage of C═C bonds and the emergence of C─C bonds, re-
spectively. The rapid formation of the hydrogel is also testified
by the energy dipersive spectroscopy (EDS) mapping of the zinc
surface. As shown in Figure S2 (Supporting Information), the
homogenous distribution of N element indicates the success-
ful formation of amide-contained hydrogel within 3 min. After
0.5 h, the C═C bond signal disappears, and the C─C bond sig-
nal dominates, indicating the complete transformation from AM
monomer to PAM hydrogel. Moreover, an ex situ PAM hydrogel
is also prepared using ammonium persulfate (APS) as the ini-
tiator, which quickly gels in 5 min with heat release, forming a
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Figure 2. a) Optical photos of the gelation process; b,c) optical photos of the hydrogel; d) in situ Raman spectra of the gelation process; e) SEM image
of the hydrogel; f) XPS spectra of C1s and O1s of the hydrogel.

piece of rubber-like transparent gel (Figure S3, Supporting In-
formation) with similar Raman peaks at 2932 cm−1 (Figure S4,
Supporting Information). In addition, both the gels show simi-
lar mechanical properties (Figure S5, Supporting Information).
Therefore, it can be inferred that the initiator-free hydrogel gen-
erated in situ has no chemical and physical difference from the
traditional initiator-used hydrogel.

The microstructure of in situ hydrogel and the traditional ex-
situ one is shown in Figure 2e and Figure S6 (Supporting Infor-
mation). Generally, both the two gels have porous structures in
their inner regions. The in situ hydrogel has smaller pores with
a diameter of ≈0.5 μm compared to the ex situ one, which has
a diameter of ≈3 μm. The more refined structure of the in situ
gel may be due to the progressive gelation process initiated by
electrochemical protocols. As the concentration of monomer is
equal in both gels, the refined structure of the in situ gel exposes
a larger specific area and more functional groups, which is bene-
ficial to the electrochemical performance as discussed below. Ad-
ditionally, the EDS mapping of the in situ hydrogel is presented
in Figure S7 (Supporting Information). The uniform distribution
of C, O, S, N, and Zn elements in the EDS mapping shows that
the in situ hydrogel uniformly covers the zinc surface after poly-
merization. The X-ray photoelectron spectroscopy (XPS) results
further verify the chemical states of the elements. No signal of
C═C bond is discovered in the C1s spectrum (Figure 2f), indicat-
ing the complete exhaustion of the monomer and the successful
polymerization. Then the spectra of O1s (Figure 2f), N1s, and S2p

(Figure S8, Supporting Information) prove the other functional
groups are not affected by the electrochemical conditions.

One significant difference between the in situ hydrogel and
the traditional one is the origination of the gelation process.
In traditional cases, the initiator such as ammonium persulfate
or 2-Hydroxy-4′ (2-hydroxyethyl)−2-methylpropiophenone is re-
quired in the precursor solution to produce primary radicals.
These radicals are evenly generated and dispersed in the elec-
trolyte, leading to homogeneous polymerization of monomers
at each site in the spatial scale, and almost simultaneously in
the time scale. Once initiated, the traditional gelation process
cannot stop before the exhaustion of monomers, then the poly-
mers quickly fill in the whole electrolyte randomly and indiscrim-
inately within minutes or hours. This process exhibits slow ini-
tiation and fast propagation, typical of a chain reaction. There-
fore, the traditional hydrogel is always static with a homogeneous
structure and configuration, which fails to handle the morphol-
ogy evolution of the zinc anode. In contrast, no initiator is added
to the precursor solution in our cases. The monomers are elec-
trochemically polymerized, endowing the hydrogel with the ca-
pability for stronger dendrite suppression as discussed below.

2.2. Hydrogel with Negative Feedback to Dendrite Development

The in situ gelation process presents a space-dependent and
time-dependent character. The gel appears at the very adjacency
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Figure 3. a) Optical photos of the in situ gel variation at different current densities; b) thickness of the in situ gel at different current densities; c) DRT
results of zinc electrode in gel electrolytes; CLSM images of the artificial defect evolution in d) 3 m ZnSO4 electrolyte and e) gel electrolyte; f) height
changes of the defects in different electrolytes.

of the zinc electrode instead of the whole electrolyte, then it dy-
namically grows from the electrode towards the bulk electrolyte,
which is the orientation of the electric field (Figure S9, Support-
ing Information). As a consequence, the gel film covers the zinc
surface with a well-bonded interface as the so-called “chemical
welding” reported in other literature.[17] More importantly, we
find the thickness of the gel is related to the local current density.
The thickness variation at different current densities is shown
in Figure 3a,b. It is clearly observed that higher current density
and longer time lead to larger thickness, which can be rational-
ized as the increased radicals provided from the electrode. Thus,
this gelation presents the abnormal character of fast initiation
and slow propagation, which provides a precondition for rapid
response to local current variations. Then the dynamic hydrogel
suppresses dendrite growth with a negative feedback mode.

Generally, the realistic batteries inevitably contain numer-
ous defects, such as roughened surfaces and edges in metal
electrodes,[5] and inhomogeneity in electrolytes, which perform
as potential dendrite seeds. The attempt to totally eliminate these
dendrite seeds does work to some extent, but it is unadvisable
considering the economic cost. Once the enhanced zinc plating

is induced at the defects, they further trigger the concentration of
the electric field and enhancement of current densities, resulting
in dendrite accumulation. In our cases, however, the hydrogel
also grows faster at the defects because of higher current den-
sities. With the aid of the refined structure and abundant func-
tional groups, the hydrogel directs the diffusion of zinc ions in
a well-organized way, leads to a slightly reduced kinetics of the
zinc plating. As a consequence, the dendrite accumulation is hin-
dered. The impedance results shown in Figure S10 (Supporting
Information) confirm the confined kinetics of the zinc plating at
gel conditions. Further, the analysis of the distribution of relax-
ation time (DRT) is employed to extract the kinetic information
in the impedance results in Figure 3c and Figure S11 (Support-
ing Information). The timescale issues related to different relax-
ation times are identified as peaks in the time-domain display,
and the ion diffusion is always characterized as the slowest step
in the electrochemical reaction.[18,19] Therefore, the strong diffu-
sion peak located at a larger time constant (𝜏 = 0.35 s) in the
gel electrolyte gives evidence to slower diffusion process of zinc
ions. To the inevitable dendrite seeds, it can be deduced from the
nature of the gelation process, the faster the dendrite grows and

Small 2024, 20, 2307446 © 2023 Wiley-VCH GmbH2307446 (4 of 9)

 16136829, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202307446 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [23/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

the higher the current density conducts, the slower zinc ions dif-
fuse and the heavier the suppression be activated. In this way, the
evolution of the hydrogel plays a role in peak shaving and valley
filling on the configuration of the zinc surface.

Here we have designed an experiment to clarify the effects of
the negative feedback of the in situ hydrogel. A small protrusion
is made on a zinc plate using a tweezer tip (Figure S12, Sup-
porting Information). The protrusion has a conical shape with
a height of 140 μm and a base radius of 300 μm. Its 3D con-
figuration is recorded using confocal laser scanning microscopy
(CLSM), and we believe that it is big enough to simulate com-
mon defects. Then galvanostatic stripping and plating are ap-
plied to the zinc electrode with the parameters of 5 mA cm−2,
0.83 mAh cm−2 and −5 mA cm−2, 2.5 mAh cm−2. Figure S13
(Supporting Information) shows the in situ hydrogel generated
on the surface of the zinc plate and the one after peeling from the
zinc surface. Compared to the traditional electrolyte (3 M ZnSO4
only), the electrode with in situ hydrogel formation showed
slightly higher polarization, which can be rationalized by the en-
ergy consumption of the initiation process and the slightly in-
creased diffusion barrier of zinc ions in the hydrogel (Figure S14,
Supporting Information). After plating, the defect’s height in-
creases by 27.6 μm (from 144.6 to 172.2 μm) in traditional elec-
trolytes, indicating a fast dendrite growth mode (Figure 3d,f).
Clearly, the manmade protrusion serves as a lightning rod that
attracts the main electric field, making a partial enhancement of
zinc deposition. Considering it grows in the scale of tens of mi-
crometers in just 1 cycle, the tip would inevitably evolve to den-
drites that leave a short-circuit hazard in the following cycles. In
contrast, the defect’s height underneath the in situ gel decreases
by 31.6 μm (from 136.5 to 104.9 μm), demonstrating the heavily
suppressed dendrite evolution (Figure 3e,f). The dynamic protec-
tion of the in situ hydrogel limits the diffusion of the zinc ions at
the defective site, attenuating the electric field and redistributing
the zinc ions. In contrast to other protective coatings that work
in a static mode,[17,20–22] the in situ hydrogel shows a self-adaptive
behavior never reported before.

It should be noted that the local concentration of the electric
field/ion flux reflects the disunity of the electrochemical reac-
tion. Except for the abovementioned defects of the zinc config-
uration, other nonuniform factors such as ion distribution in the
electrolyte,[23] impurity adsorption on the zinc,[24] localized passi-
vation layers on the zinc surface,[25] and chemical differences in
crystallographic planes.[4] can also contribute to dendrite forma-
tion. These imperfections alter local current densities, leading to
positive feedback of current densities and preferential dendrite
growth in traditional cases. However, given the current-sensitive
nature of the in situ hydrogel, we can reasonably speculate that
the in situ gel is capable of providing negative feedback to all
sources of imperfection. And such a gelation process may inspire
future research on zinc protection.

2.3. Confined Ion Diffusion and Enhanced Efficiency by the
Hydrogel

The confined ion diffusion in the hydrogel is achieved by the spe-
cial structure. Figure 4a,b depict a comparison between the Ra-
man profiles of a 3 m ZnSO4 solution and an in situ gel. The

broad O─H stretching vibration band can be attributed to three
states of water molecules: “network water (NW)” (≈3205 cm−1)
for which water molecules form hydrogen bonds with four other
molecules, “intermediate water (IW)” (at 3433 cm−1) for which
water molecules connect to less than four molecules, and “multi-
mer water (MW)” for which water molecules coordinate with cen-
tral metal ions.[14] The proportion of each type of water is deter-
mined based on the peak area. In contrast to the liquid electrolyte,
the in situ gel has a significantly increased NW ratio (from 43.4%
to 53.6%) and decreased IW ratio (from 50.6% to 43.4%). These
findings suggest that the gel possesses an enhanced hydrogen-
bond network, in which more water molecules are bonded with
functional groups of the polymer with four hydrogen bonds each.
Additionally, the MW ratio in the gel is halved (from 6% to 3%),
indicating the traditional hydration shell around the zinc ion is
reconstructed. The functional groups of the gel must take part in
the coordination considering the hexa-coordination nature of the
zinc ions (Figure 4c). This could explain the slightly increased po-
larization, as the combination of strong electronegativity groups
(carbonyl groups) creates higher barriers for the diffusion of zinc
ions.

The formation of the hydrogel also enhances the Coulombic
efficiency (CE) of the zinc anode. It is well known that zinc’s low
redox potential of −0.76 VSHE results in high output voltage for
the full battery, but may decrease the reaction’s reversibility. As
shown in Figure 4d, once the hydrogel is formed, more water
molecules are bonded in the hydrogen-bond network by the func-
tional groups. Such water molecules are in fact “passivated”, pos-
sessing a higher energy barrier for hydrogen evolution reaction
(HER). The reduced water activity is examined by linear sweep
voltammetry technique. Coin-type cells are assembled with tita-
nium and zinc foils as the working and counter electrodes, re-
spectively. A piece of cellulose separator is applied in the cell
to simulate the real battery. Since the cellulose material is inert
and functionless, it is widely used as the control sample[15] and
it shows no impact on the gel performance. Figure 4e shows that
the zinc reduction potential is slightly reduced from −2.364 to
−2.351 V and the onset HER potential is heavily reduced from
−2.594 to −2.785 V under the protection of the in situ hydro-
gel (current density set to 1 mA cm−2). These results suggest
an enlarged HER overpotential from 0.243 to 0.421 V, indicat-
ing a strongly depressed HER tendency. The coin-cell was used
to measure CE, and Figure 4f,g shows the comparison between
the Cu─Zn asymmetrical cell in 3 m ZnSO4 electrolyte and the
in situ gel system. The former exhibits low CE and experiences
a short circuit after only 30 cycles, indicating the unsatisfactory
reversibility of zinc, while the latter shows higher CE in each cy-
cle, with a final CE value of 98.7% within 50 cycles. The superior
reversibility enhances the utilization of zinc metal, thereby im-
proving its practicality.

2.4. Electrochemical Performance of Zinc Anode

Coin-type symmetric cells are assembled to evaluate the electro-
chemical performance of zinc anodes. In the 3 m ZnSO4 elec-
trolyte, the bare zinc electrode was only able to operate safely for
22 h at 0.5 mA cm−2 and 0.5 mAh cm−2 before a sudden volt-
age drop at the 11th cycle. The short-circuit failure is authenti-
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Figure 4. Raman results of O─H stretching vibration in a) 3 m ZnSO4 and b) in situ gel; c) schematic diagram of the coordination state of zinc ions; d)
schematic diagram of the hydrogen-bond network in different electrolytes; e) LSV results of zinc electrode with/without in situ hydrogel; CE profiles of
Zn//Cu cell f) without and g) with in situ hydrogel.

cated by the large cluster of dendrites shown in Figure S15 (Sup-
porting Information). Such dendrites have definitely followed the
positive-feedback growth mode with considerable size increase
in such short times. In contrast, the in situ hydrogel can effec-
tively protect the zinc anode by suppressing dendrite growth.
As previously mentioned, AM and MBAA get electrochemically
polymerized on the zinc surface during electrochemical cycling.
The symmetric cell with in situ hydrogel can safely operate for
>5100 h at 0.5 mA cm−2 and 0.5 mAh cm−2, which is 250 times
longer than the control sample in the electrolyte (Figure 5a). The
galvanostatic charge-discharge (GCD) profiles at different cycles
show no evidence of decay, indicating the strong protection of the
in situ hydrogel (Figure S16, Supporting Information). In com-
parison, the ex-situ gel presents far inferior performance of only
810 h, which can be attributed to the absence of self-adaptive abil-
ity (Figure S17, Supporting Information). Even at larger current
densities, the lifespan of the symmetric cell with in situ hydro-
gel can be extended to 1800 h at 1 mA cm−2 and 1 mAh cm−2

(Figure S18, Supporting Information) and 1500 h at 5 mA cm−2

and 0.5 mAh cm−2 (Figure 5b), which is ≈30 times longer than
that of traditional electrolytes. This performance is among the
best using hydrogel as electrolytes (Figure 5c). The Zn─Zn sym-
metrical cell can operate normally at 60 °C (Figure S19, Support-
ing Information), indicating that in situ gel can take place at high
temperatures. The polarization voltage of the cell at 60 °C is lower
than that at 25 °C, since higher temperature leads to faster ion
diffusion rates. Additionally, the rate performance of the zinc an-
ode was studied using a fixed capacity of 0.5 mAh cm−2 and var-

ied current densities of 0.1, 0.2, 0.5, 1, 2, and 5 mA cm−2. The
cell with 3 m ZnSO4 operated at current densities from 0.1 to
2 mA cm−2, but failed at 5 mA cm−2. It is widely accepted that
high current densities deteriorate the lifespan of zinc anode by ex-
acerbating the unbalanced distribution of the electric field, lead-
ing to the rapid growth of dendrite seeds generated at low cur-
rent densities until failure.[26] In contrast, the cell with in situ
gel displayed steady polarization at each current density, demon-
strating the gel’s excellent feasibility under rigorous conditions
(Figure S20, Supporting Information). In addition, the hydrogel
also guarantees a lower self-corrosion current rate and restricted
3D diffusion of ions, which is vital for metal anodes (Figures S21
and S22, Supporting Information).

It is reasonable to enquire the effectiveness of the hydrogel
after the completion of the gelation process, and the morphol-
ogy evolution of the zinc anode provides additional evidence. Im-
pressively, the zinc deposition underneath the gel is regularly ar-
ranged in the form of hexagonal plates, which emerge after ten
cycles (20 h) and overturn the original zinc surface (Figure 5d).
After 500 cycles, the horizontally stacked hexagonal plates domi-
nate the zinc surface (Figure 5e). Such preferential deposition is
then verified by the X-ray diffraction (XRD) results. As shown in
Figure 5f, bare zinc presents a typical profile of polycrystalline, in
which (101) facets at 2𝜃 = 42.3° are the dominant arrangement.
For the zinc anode protected by in situ hydrogel, the (002) facets
at 2𝜃 = 36.3° dominate the structure, and the I(002)/(101) increases
from 0.36 to 5.41 (20 h) and 6.29 (1000 h). Since the (002) facet
owns the highest atomic packing density and lowest surface en-
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Figure 5. Electrochemical performance of in situ hydrogel. The long cycling performance of symmetric cells with in situ hydrogel at a) 0.5 Ma cm−2

and b) 5 mA cm−2; c) comparison of cycling lifespan of symmetrical cells with hydrogel electrolyte in literature,[17,30–36] SEM image of the protected
zinc anode after cycling for d) 20 h and e) 1000; f) XRD results of the zinc anode after different cycles; g) long cycling performance of ZnVO cathode at
0.5 A g−1.

ergy, it is favorable for morphology control due to reversible epi-
taxial deposition.[4,27,28] Such highly oriented deposition is ratio-
nal for dendrite suppression in the following cycles. We specu-
late the oriented deposition results from the confined diffusion
of zinc ions in the hydrogel. The ultrafine porous structure ex-
poses abundant acyl groups, which show high binding energy to
zinc ions.[29] In the micro tunnels of the in situ gel, the zinc ions
tend to coordinate with the acyl groups, which is verified by the
dehydration of the solvation shell (Figure 4c). Our previous work
confirms the zinc ions can be confined to the adjacencies of the
functional groups and directionally diffuse along with the poly-

mer chains.[12,15] leading to regular arrangement of the deposi-
tion. To sum up, the in situ hydrogel balances the electric field by
its self-adaptive feature and directs the (002) facet-oriented depo-
sition by functional groups. These two functions synergistically
suppress the dendrite formation and prolong the lifetime of the
zinc anode. This work opens a new avenue for orientation control
through electrolyte tuning[28] rather than sophisticated substrate
or coating materials.

To validate the effectiveness of the in situ hydrogel, zinc ion-
based capacitors, and full batteries are assembled and investi-
gated in coin cells. Active carbon (AC) is used as the cathode
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material for the capacitor. As shown in Figure S23 (Supporting
Information), the gel exhibits a close capacity release to the tradi-
tional electrolyte at each current density, indicating its applicabil-
ity at various loads. Additionally, long-term cycling is conducted
to study the stability of the zinc anodes. As illustrated in Figure
S24 (Supporting Information), the cell with 3 m ZnSO4 elec-
trolyte operates for 835 cycles before experiencing a sudden po-
tential drop, indicating a short circuit derived from dendrite at the
anode side. In comparison, the cell with the protection of in situ
gel can safely operate for more than 7500 cycles, >9 times longer
than the traditional one. Furthermore, the zinc anode after 7000
cycles still presents a morphology of horizontally stacked hexago-
nal plates (Figure S25, Supporting Information), which explains
the extended lifespan of the zinc anode and confirms the supe-
rior protective effect of the in situ gel. Note that a certain amount
of hydrogel is required for dendrite suppression, and over thin-
ning the gel would lead to inferior performance (Figure S26, Sup-
porting Information). Moreover, ZnxV2O5 (ZnVO) is synthesized
as the cathode of the full battery following the literature.[37] The
XRD result verifies the validity of the material (ICDD: 01-086-
1238, Figure S27, Supporting Information). Then the transmis-
sion electron microscope images (Figure S28, Supporting Infor-
mation) show the layer structure and nanosheet morphology, al-
lowing for the conventional intercalation and de-intercalation of
zinc ions. The CV curves of ZnVO in situ gel and 3 m ZnSO4
electrolytes show similar profiles, guaranteeing the good electro-
chemical activity of ZnVO in the gel (Figure S29, Supporting In-
formation). Later, the rate performance and long cycling perfor-
mance of ZnVO in situ gel and 3 m ZnSO4 electrolytes are tested.
From Figure S30 (Supporting Information) it can be seen that
ZnVO has similar rate performance in the two electrolytes, only
showing slightly lower specific capacity at high current density
(5 A g−1) due to the increased polarization, as explained above.
Figure 5g shows the excellent long-cycling performance of ZnVO
in situ gel with 60.7% capacity retention after 500 cycles, while
the ZnVO full cell in 3 m ZnSO4 electrolytes experiences a quick
short circuit after only 18 cycles. The results of the AC capaci-
tor and ZnVO full cell demonstrate that the in situ gel can effec-
tively prolong the battery’s lifetime, proving its practical applica-
tion prospects.

3. Conclusion

In summary, we have developed an electrochemically initiated
and in situ hydrogel that is self-adaptive to the irregular config-
urations of the zinc metal due to the current-sensitive gelation
process. The gel provides negative feedback to electric fields and
ion flux concentration, promoting uniform stripping/plating re-
actions. The hydrogel’s refined porous structure induces a pre-
ferred deposition of the (002) plane, which effectively suppresses
dendrite formation. Additionally, the hydrogel reduces the activ-
ity of water in both free and coordination forms, which decreases
HER tendencies and improves the reversibility of the zinc an-
ode. As a result, the zinc anode exhibits an ultra-long lifespan
of 5100 h at 0.5 mA cm−2 and 1500 h at 5 mA cm−2, surpass-
ing traditional electrolytes and ex situ gels by a significant mar-
gin. The in situ hydrogel is compatible with both the adsorption-
type AC cathode and intercalation-type ZnVO cathode, resulting
in enhanced stability of 7500 cycles (for AC) and 500 cycles (for

ZnVO) in full cells. This study provides an economical and ef-
ficient gelation approach that opens up new possibilities for the
use of hydrogels in batteries.
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Supporting Information is available from the Wiley Online Library or from
the author.
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