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ABSTRACT: Zinc-ion batteries (ZIBs) have received much attention recently,
because they are low-cost and environmentally friendly. In addition, ZIBs can be
safer than lithium-ion batteries (LIBs) if issues, such as dendrite formation, side
reactions, and hydrogen evolution, are resolved. Overcoming these challenges is
crucial for the large-scale commercialization of ZIBs. In this article, Kevlar
derivatized Aramid nanofiber combined with poly(vinyl alcohol) hydrogel was
used to prevent the Zn dendrite growth and side reactions and increase the
cyclability of the cells. A fast and simple method that involves sol−gel transition
and in situ electrodeposition of the MnO2 cathode was developed to fabricate
quasi-solid-state ZIB cells with an initial capacity of 5.2 and 3.3 mA h after 900
cycles at 10C. In addition, we have optimized the assembling process of ZIBs
pouch cells by taking advantage of sol−gel transition and eliminating the
conventional complex slurry-casting-drying steps. This work paves the way to
efficiently assemble ZIB pouch cells with excellent rate performance and cycling stability.

■ INTRODUCTION
To keep pace with higher-quality demand in modern life,
flexible, wearable, and multifunctional electronic devices are
now a prominent focus in the digital device market. These
smart and flexible electronics put stringent requirements to
their power sources, such as batteries and supercapacitors.1−5

Therefore, it is imperative to develop energy storage devices
that combine flexibility, wearability, and dependable electro-
chemical performance, and be safe at the same time.6 Among
various energy storage devices, aqueous zinc-ion batteries
(ZIBs) offer significant potential as power sources for flexible
electronics thanks to their high safety, low cost, high
theoretical capacity (820 mA h g−1), and proper redox
potential (−0.763 V vs Standard Hydrogen Electrode,
SHE).7−11 However, the practical application of ZIBs still
encounters many challenges, such as dendrite growth due to
uneven Zn deposition at the anode, side reaction because of
water splitting reactions, poor cathode stability that limits the
cycling life, and liquid leakage.12−15 To overcome these
problems, diverse strategies have been developed, such as Zn
anode surface protection, Zn anode structure design, electro-
lyte additive adjustment, and electrolyte system transformation
(for example, hydrogel and solid electrolyte).
Hydrogels can host a significant quantity of aqueous

electrolytes, offering high ion conductivity and retaining
electrolyte over their long cycle life due to their numerous
hydrophilic groups and three-dimensional network struc-
ture.16−19 Effective Zn2+ deposition and suppressed Zn
dendrite growth could be achieved through interactions with
functional groups in 3D network structures, and close contact

with hydrogel due to abundant polar groups and mechanical
elasticity.20,21 Recent advancements in the development of
hydrogels for ZIBs have evolved from basic designs that
primarily emphasize mechanical properties, ionic conductivity,
and the suppression of Zn dendrites to more sophisticated
systems that address environmental durability, particularly
under extreme temperature conditions.16,22 As the application
scope of hydrogel-based ZIBs has expanded, certain limitations
have become apparent, such as the freezing of hydrogels at
subzero temperatures and electrolyte dehydration at elevated
temperatures. Consequently, recent research has shifted its
focus toward developing advanced functional hydrogels
designed to address these challenges and improve the
performance and reliability of ZIBs under a wider range of
environmental conditions.23,16,24−26

While recent research has been centered on improving the
functional properties of hydrogels, our work emphasizes the
importance of their fabrication and integration into fully
assembled ZIBs. The fabrication of hydrogel based ZIBs is
complex and time-consuming, involving cathode (mixing
slurry, casting, and drying) and hydrogel (mixing monomers,
polymerizing, and adding electrolyte).27−29 Then, the battery
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components, including the cathode, anode, and electrolyte, are
assembled. In this study, we focus on the design of hydrogels
and their integration into full ZIBs. Ingeniously taking
advantage of the sol−gel transition process of poly(vinyl
alcohol) (PVA) and aramid nanofiber (ANF)-based hydrogel,
we explored in situ casting and gelation techniques directly on
the cathode current collector, which allows for a more uniform
and intimate contact between the hydrogel electrolyte and the
electrode materials.30 Additionally, inspired by previous a
publication,31 the in situ electrodeposition of MnO2 on the
current collector was applied, which not only simplifies the
assembly of the battery, especially the cathode fabrication, but
also improves the electrochemical performance of the system.
The PVA component maintains a hydrated environment,
ensuring efficient ion transport and stable ion concentration at
the electrode surface, which helps to prevent uneven Zn
deposition and dendrite formation. Meanwhile, the ANFs
provide a robust network that influences the electric field
distribution, promoting uniform Zn deposition. Benefiting
from the excellent synergistic effect of the PVA and ANF, the
emerging poly(vinyl alcohol) and aramid nanofiber (PVANF)
hydrogel electrolyte has demonstrated a high Coulombic
efficiency of 99.99% during Zn plating/stripping over 1000 h.
In addition, the PVANF hydrogel enables uniform in situ

electrodeposition of MnO2 on the cathode. In full cell
configurations, this prototype pouch cell achieves a capacity
of 9.5 mA h (1.9 mA h cm−2) along with excellent long-term
cycling stability, indicating the advantages of our strategy in
battery performance.

■ EXPERIMENTAL SECTION
Preparation of the PVANF Hydrogel Electrolyte. The

preparation of the ANF in dimethyl sulfoxide (DMSO)
dispersion was conducted using the method initially developed
by Yang et al.32 and modified by Yang et al.33 In this process,
2.0 g of Kevlar 49 fibers and 3.0 g of KOH were added to 98.0
g of DMSO. The resulting suspension underwent probe
sonication for 1 h into an ice−water bath, followed by
mechanical stirring at 500 rpm for 1 week at room
temperature. A 10 wt % PVA solution in DMSO was prepared
by dissolving 5.0 g of PVA (Sigma-Aldrich, Mw 146,000−
186,000 au, 99%+ hydrolyzed) in 45.0 g of DMSO, followed
by magnetic stirring at 90 °C and 500 rpm for 5 h. The
resulting ANFs/DMSO dispersion (5 wt %) was then mixed
with the PVA/DMSO solution in weight ratios of 1:1 and 1:2.
After 20 min of mixing, the mixture was cast onto a glass plate
using a doctor blade then submerged in 2 M ZnSO4 + 0.2 M

Figure 1. Design principle and structure of the PVANF. (a) Schematic illustration of preparation of PVANF, (b) Hydron bond between PVA and
ANF polymer chains, (c) FTIR spectra of PVA, ANF and PVANF. SEM of surface (d) and cross-section (e) of PVANF1−5.
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MnSO4 solution for 24 h, resulting in the formation of the
PVANF hydrogel electrolyte.
Simple and Fast Assembly of the ZIB Full Cell. To

assemble the ZIBs full cell, the above hydrogel mixture
solution was uniformly cast onto the cathode current collector,
ensuring consistent coverage. The coated cathode was then
immersed in a 2 M ZnSO4 + 0.2 M MnSO4 solution for 24 h to
facilitate the appropriate solvent exchange, electrolyte
absorption and sol−gel transition of the hydrogel. Following
this incubation period, a Zn anode was carefully positioned
onto the hydrogel-coated cathode, thus completing the
assembly of the electrochemical cell for subsequent exper-
imental analysis.
Characterization. The morphologies of the PVANF

hydrogel (after freeze-drying) and in situ electrodeposited
MnO2 on the current collector were observed by Field
Emission Scanning Electron Microscopy (FESEM, FEI Helios
G4 UC) equipped with mapping images for elemental analysis.
The microstructure of the aramid nanofiber was characterized

via Transmission Electron Microscopy (TEM, JEM-
ARM200cF). The phase and structure of in situ electro-
deposited MnO2 on the current collector were identified by X-
ray diffraction (XRD, Rigaku SmartLab) employing Cu Kα
radiation from 10° to 80°. Fourier transform infrared
spectroscopy (FT-IR spectroscopy, JASCO 6800) was utilized
to study the functional groups in the PVANF hydrogel. The
mechanical tensile-stress properties of the hydrogels were
measured using the tensile stress−strain test conducted by a
Dynamic Mechanical Analysis machine (DMA, Rheometer
ARES-G2) at a tensile speed of 1 mm min−1. The samples used
in the experiments were prepared as dumbbell-shaped
materials (30 mm × 2 mm × 0.2 mm).
Electrochemical Measurements. Galvanostatic charge/

discharge (GCD) measurements were examined using a
Neware battery testing system (Shenzhen, China) to evaluate
the cyclic performance. Cyclic voltammetry (CV) testing along
with the ionic conductivity measurement was acquired with
Gamry Reference 3000 (Warminster, PA, USA). Different scan

Figure 2. Evaluation of PVANF in Zn symmetric cells. (a) Ionic conductivity measurement (all the hydrogels used for the ionic conductivity test
and further electrochemical tests were soaked in 2 M ZnSO4 + 0.2 M MnSO4 solution for 24 h). (b−d) Zn plating/stripping cycling test. (e, f)
SEM image of the Zn surface with PVANF1−5 after 500 h cycles.
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rates were employed to test CV curves of batteries, and the
voltage was tested from 1 to 1.8 V (vs Zn2+/Zn). The ionic
conductivity was recorded by electrochemical impedance
spectroscopy (EIS) tests in the range of 1 × 10−1−106 Hz.

■ RESULTS AND DISCUSSION
As shown in Figure 1a, the PVANF was obtained by mixing the
PVA/DMSO solution and the ANF/DMSO dispersion, and
then the DMSO solvent was exchanged during sol−gel
transition by submerging in a 2 M ZnSO4 + 0.2 M MnSO4
solution. Mixing the ANF dispersion and a PVA solution leads
to a viscous fluid that can be cast on a glass plate or other
substrates. Since DMSO is highly soluble in water, it is easily
replaced by water due to concentration gradients that appear
during immersion in the aqueous ZnSO4/MnSO4 solution.
The color change of the mixed solution from dark red to
yellow during sol−gel transition indicates that the DMSO was
replaced by the aqueous electrolyte. This exchange promotes
hydrogen bonding between PVA and ANF, resulting in
gelation. Any DMSO residue left in the PVANF improves
the performance of the ZIBs by preventing the Zn dendrite
growth.34,35 The relationship between the residue DMSO
amount, electrochemical performance of ZIBs and solvent
exchange time is worth exploring in the future. The hydrogels
used in this study have an ANF-to-PVA weight ratio of 1:5 and
1:10 with similar liquid content levels (∼94 wt % aqueous
electrolyte), denoted as PVANF1−5 and PVANF1−10. In this
study, we have focused on ANF:PVA weight ratios of 1:5 and
1:10 to investigate their effects on the hydrogel’s mechanical
strength and ionic conductivity. This approach allowed us to
integrate the sol−gel process directly into the cathode
fabrication, streamlining the production and ensuring con-
sistency in our experimental setup. While intermediate ratios
were not explored in this work, existing literature suggests that
varying the ANF:PVA ratio can influence the hydrogel’s
properties. For instance, adjusting the polymer composition
has been shown to affect the mechanical robustness and
conductivity of similar hydrogels.36,37 Exploring intermediate
ratios could potentially optimize the balance between the
mechanical and ionic properties.
Fourier transform infrared (FTIR) was employed to provide

insight into the interactions between PVA and ANF, as shown
in Figure 1c. The sharp peaks at 3316 and 1641 cm−1 are
attributed to the N−H stretching, amide C=O stretching
vibration, while the peaks at 1540 and 1505 cm−1 are
attributed to C=C stretching vibration within the aromatic
ring in the case of ANF. The broad peak ranging from 3000 to
3500 cm−1 and the peak at 2900 cm−1 are attributed to the O−
H stretching and alkanes C−H stretching vibration in the case
of PVA. Obviously specific peaks for ANF and PVA appear in
PVANF1−5 with a broad but sharp peak at 3317 cm−1 because
of the overlap of the O−H and N−H stretching vibration.
PVANF1−10 shows all intensive peaks for PVA but weak
peaks for ANF (1647 cm−1 for the C=O stretching vibration),
mainly because of the abundant PVA compared to PVANF1−
5. A distinct red shift of the aramid C=O stretching band in
PVANF composites compared to bare ANF is evidence of
hydrogen bonding between the stiff (ANF) and soft (PVA)
components, as shown in Figures 1b and S2.
Scanning electron microscopy (SEM) reveals the microscale

morphology of PVANF hydrogels, revealing that nanofibers
form a uniform, highly interconnected network, as shown in
Figure 1d,e. The inherent flexibility and branching of

individual ANFs enhance the structural integrity of the
hydrogel, as shown in Figure S1.38 The microscale morphology
of PVANF can be affected by the ratio of ANF and PVA.
PVANF1−5 demonstrates a uniform, homogeneous, and tidy
structure with a pore size below 500 nm, whereas PVANF1−
10 shows a random and flake-like structure resulting from an
excess of PVA in Figure S3. The microscale structure of the
hydrogel affects the connection of the water/solution inside
and Zn ion diffusion. PVANF1−5 shows a preferred structure
and provides a better Zn ion transfer path when applied for
ZIBs. Tensile strength tests were used to understand the effect
of the interaction between ANF and PVA. PVANF1−5 showed
a tensile strength of 3.8 MPa and Young’s modulus of 30 MPa
in Figure S4, while the addition of more PVA (PVANF1−10)
resulted in a reduction of both properties (1.2 and 2.5 MPa),
corresponding to its microscale structure shown in Figure S3.
Extensive interfacial interactions between the nanoscale
components are responsible for their mechanical property. A
uniform and 3D connected microstructure resulting from
superior interfacial interactions between the ANF framework
and PVA shows improved mechanical properties.
The ionic conductivities of the hydrogels were evaluated by

AC impedance, as shown in Figure 2a. Glass fiber (GF,
Whatman, thickness of 200 μm) soaked excess electrolyte was
employed to assess conductivity and further tests as a
comparison. The ionic conductivity of PVANF1−5 showed
an excellent value of 19.7 mS cm−1, while glass fiber and
PVANF1−10 hydrogels reached 6.9 and 10.4 mS cm−1. The
high ionic conductivity for PVANF1−5 stemmed from ordered
and uniform pores, which provide abundant accommodation
for electrolyte and a better ion transfer path. The symmetrical
Zn cells were employed to determine the plating/stripping
performance of the PVANF hydrogels. The batteries with both
PVANF1−5 and PVANF1−10 in Figure 2b demonstrated
stable cycling for more than 1000 h at a current density of 0.5
mA cm−2 (0.5 mA h cm−2). On the contrary, symmetrical cells
with glass fiber can cycle no more than 100 h because of the
formation of short circuits by the uncontrollable dendrite
formation and side reactions. Remarkably, the overpotential of
PVANF1−5 (0.07 V vs Zn2+/Zn) was lower than that of glass
fiber (0.13 V) and PVANF1−10 (0.09 V), and it decreased
gradually to 0.035 V after around 500 h. The plating curve for
glass fiber has multiple up-and-down variations during the first
couple of dozen of cycles (this can be seen in Figure 2c, which
shows the cycles from 10 to 20 h), indicating the instability
and/or parasitic reactions in the zinc plating and stripping
process.39,40 On the contrary, PVANF1−5 and PVANF1−10
showed only a slowly increasing overpotential, as seen in
Figure 2d. After 500 h cycling, PVANF1−5 showed an even
flatter and more stable potential plateau, suggesting efficient,
uniform zinc deposition and dissolution, stable electrode/
electrolyte interface, and limited side reactions.16,23,24 The
superior stability of PVANF1−5 in symmetric cells was
confirmed by SEM images of the Zn surface after plating
and stripping for 500 h. Compared to large Zn dendrite
aggregated with glass fiber in Figure S5a,b, PVANF1−5 in
Figure 2e,f and PVANF1−10 in Figure S5c,d showed fine and
small Zn grains without dendrites. The PVANF hydrogel
regulates Zn deposition in ZIBs through hydration, structural
support, and ion management benefited from the combination
of ANF and PVA. The PVA component maintains a hydrated
environment that enables efficient ion transport and stable
concentration at the electrode surface, reducing the risk of
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uneven Zn deposition. Meanwhile, the ANFs form a robust
network that directs Zn ions to deposit uniformly, minimizing
the dendrite formation. Additionally, the polymer matrix in the
hydrogel acts as a Zn ion reservoir, preventing concentration

spikes, while its elasticity accommodates volume changes,
reducing stress on the electrode.
To decrease the assembly time of ZIBs cells, the cathode

fabrication needs to be simplified. Inspired by a previous

Figure 3. Characterization of in situ electrodeposited MnO2. (a, b) SEM images of MnO2 on CNT mat with different magnitudes. (c) XRD pattern
of MnO2 deposited on various current collectors. (d, e) EDS mapping and elements distribution of MnO2 on CNT mat.

Figure 4. Electrochemical analysis of in situ deposited MnO2. (a) CV curves of MnO2 deposited on different substrates. (b−d) Charge/discharge
curves, rate (0.2C, 0.5C, 1C, 2C, 5C, and 10C) and cycle performance (10C) of MnO2 on the CNT mat.
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publication,31 in situ electrodeposition of MnO2 on the current
collector was used to save conventional steps (mixing slurry,
casting and drying). Different current collectors including
carbon fiber paper (CFP), Ti foils, and carbon nanotube
(CNT) mat were employed for in situ electrodeposition of
MnO2. Given by the best plating/stripping cycling stability and
lowest overpotential in symmetric cells, PVANF1−5 was
chosen for further application for in situ electrodeposition. To
electrodeposit MnO2 on various current collectors, the
precursor solution for PVANF1−5 (solution mixture of
ANF/DMSO and PVA/DMSO) was cast on different current
collectors and underwent solvent exchange in 2 M ZnSO4 +
0.2 M MnSO4 for 24 h. During the assembly of the coin cells,
the coated current collector was used as the cathode and Zn as
the anode. The above cells were charged to 1.8 V vs Zn2+/Zn
at a constant current density of 0.2 mA cm−2 and a then
constant voltage of 1.8 V vs Zn/Zn2+ for 8 h to electro-
deposition of MnO2, according to the reaction:

+ + ++ +Mn 2H O MnO 4H 2e2
2 2

The electrodeposition parameters (i.e., current density,
deposition time, and MnSO4 concentration) are critical in
determining the morphology and properties of MnO2 coatings.
Variations in these parameters can significantly influence the
nucleation and growth mechanisms, leading to different
morphological features. For instance, by adjustment of the
deposition time, the MnO2 morphology can transition from
initial nucleation stages to more developed structures, as
observed in studies where prolonged deposition led to changes
in surface characteristics. In our study, we have adopted a
number of parameters that were already optimized in the
literature,31 specifically charging cells to 1.8 V vs Zn2+/Zn at a
constant current density of 0.2 mA cm−2, followed by

maintaining a constant voltage of 1.8 V vs Zn/Zn2+ for 8 h
to achieve uniform MnO2 electrodeposition.
The SEM images in Figures 3a,b and S6 show that the

surface of all three current collectors was conformally covered
by MnO2. The elemental mapping images in Figure 3d,e
indicate the uniform distribution of Mn and O, and the atomic
ratio of Mn to O is around 1:2. Figure 3c shows the XRD
pattern of the obtained MnO2 electrodes. Major diffraction
peaks showed in all three current collectors with 2-theta values
around 37.0, 42.5, and 66.9 degrees corresponding to the
(100), (101), and (110) planes for Akhtenskite MnO2 (JCPDS
30-0820). The peak expected at 55° is absent, which may be
attributed to low intensity below the detection limit or affected
by orientation. Despite this missing peak, the overall pattern, as
well as the atomic ratio of Mn to O around 1:2, strongly
suggests the presence of Akhtenskite MnO2.
After electrodeposition, the cells were tested using cyclic

voltammetry (CV) and cycled similarly to the Zn/MnO2 cells.
Figure 4a exhibits the CV curves of Zn/MnO2 cells on
different current collectors with a scan rate of 0.1 mA s−1
within a potential window from 1 to 1.8 V vs Zn2+/Zn. The
CNT-based cell shows two oxidation peaks that overlap
around 1.63 and 1.65 V and two well-separated reduction
peaks at 1.18 and 1.32 V, corresponding to a two-step
reaction.31 However, the CFP and Ti foil-based cells show one
oxidation peak and two reduction peaks, indicating the
complete overlap of two oxidation peaks. This is due to the
high crystallinity of MnO2, which limits the diffusion of Zn
ions.31 Given the higher current density at oxidation and
reduction peaks in the CV curve, CNT-based cells were
employed for galvanostatic charge/discharge cycling. The first
cycle charge/discharge curves at different C rate range from
0.2C to 10C are shown in Figure 4b, where both charge and
discharge show two distinct plateaus at various C rates,
corresponding to two pairs of redox peaks in the CV curve.

Figure 5. Assembly and electrochemical analysis of ZIB pouch cell. (a) Steps taken during the fabrication of ZIB pouch cells. (b, c) Rate (0.2C,
0.5C, 1C, 2C, 5C, and 10C) and cycling performance (10C) of the ZIB pouch cell. (d) Sketch showing the assembly of cylindrical cells with the
PVANF hydrogel.
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The first voltage plateau of the discharge curve is attributed to
H+ insertion, while the second plateau to Zn2+ insertion.31 The
cell showed a high capacity of 265 mA h g−1 (based on weight
of MnO2) at 0.2C and 100 mA h g−1 at 10C for the first cycle.
The cell also showed excellent rate performance and a steady
capacity of 75 mA h g−1 at 10C, as shown in Figure 4c. After
3500 cycles at 10 °C, it still had a large capacity of 50 mA h
g−1. The fluctuations of the capacity of the MnO2 cathode that
appear during the cycling at 10C are most likely caused by a
combination of electrode/electrolyte interface evolution and
Zn plating/stripping behavior over long-term cycling (see
Figure 4d).
To illustrate the efficient assembly of quasi-solid-state ZIB

pouch cells, a Ti foil is selected as the cathode current collector
because it provides better mechanical support and is easy to
handle by hand. The procedure includes mixing PVANF
precursor solution, casting on Ti foil, sol−gel transition by
exchanging solvent, stacking with Zn and sealing with vacuum,
as shown in Figure 5a. There are some advantages and
characteristics in our prototype cell fabrication: (1) no cathode
slurry making, casting, and drying steps; (2) the PVANF
hydrogel was cast directly on the current collector; (3) the
aqueous electrolyte was soaked in the hydrogel during the sol−
gel transition step by solvent exchange; and (4) cells were
precharged to in situ electrodeposit MnO2 on the current
collectors to obtain active materials. The as-prepared ZIB
pouch cells were assessed for a performance rate range from
0.2C to 10C within 1 to 1.8 V vs Zn2+/Zn and cycling stability
at 10C in Figure 5b. The capacity of the pouch cell reached 9.5
mA h (1.9 mA h cm−2) at 0.2C, 8.1 mA h (1.62 mA h cm−2) at
5C and 5.2 mA h (1.04 mA h cm−2) at 10C. High C-rate
accelerates Zn plating/stripping, making it an effective way to
test the electrode/electrolyte interface stability, resistance to
dendrite formation, and overall reversibility. The fluctuations
observed at the 10C rate are believed to be primarily due to
kinetic limitations and diffusion processes. At these C-rates, the
rapid Zn plating/stripping process leads to less uniform
deposition and reduced Coulomb efficiency. The cell delivered
a stable cycling capacity of 3.3 mA h (0.66 mA h cm−2) at 10C
after 900 cycles in Figure 5c, showing the potential of our
battery design for high-power applications. Compared to the
large Zn dendrites observed in Figure S5a,b, the Zn surface in
full cells, as shown in Figure S7a,b, with the PVANF hydrogel
exhibits uniform deposition without obvious dendrites,
evidencing that our approach effectively suppresses Zn
dendrite growth and side reactions.
In this study, we have demonstrated the feasibility of

integrating our PVANF hydrogel technology to electrodeposit
MnO2 directly onto cathode current collectors, which is a
scalable approach for large-scale battery production, including
cylindrical cells, as shown in Figure 5d. However, we
acknowledge that the MnO2 loading achieved in our current
setup is not yet sufficient for practical applications. To address
this, future research will focus on optimizing the electro-
deposition parameters, such as electrolyte concentration and
deposition time, to increase the MnO2 loading. Additionally,
exploring alternative fabrication techniques, such as screen-
printing, could further enhance scalability and performance. By
improving MnO2 loading and refining our methods, we aim to
develop a practical and efficient strategy for large-scale battery
production.

■ CONCLUSIONS
A new method for the fabrication of ZIB full cells including
pouch cells is proposed by taking advantage of the sol−gel
transition of PVANF and in situ electrodeposition of MnO2 as
cathode active materials. PVANF hydrogel showed a high ionic
conductivity of 19.7 mS cm−1 and stable plating/stripping for
1000 h due to the improved structure and component design.
Complex procedures for cathode fabrication involving slurry
mixing, casting, and drying can be avoided by in situ
electrodeposition of MnO2 directly on the current collector.
The deposited MnO2 on the CNT mat showed high capacity
of 265 mA h g−1 and retained 50 mA h g−1 after 3500 cycles at
10C. The only step which took a long time is solvent exchange
involved the sol−gel transition and electrolyte “injection” in
hydrogel, which could potentially be significantly shortened
and achieve better performance simultaneously. Using this
strategy, a prototype pouch cell with a high capacity of 9.5 mA
h (1.9 mA h cm−2) at 0.2C, 5.2 mA h (1.04 mA h cm−2) at
10C was fabricated. The cell retained 3.3 mA h (0.66 mA h
cm−2) after 900 cycles at 10C. Compared to the large Zn
dendrites observed in Figure S5a,b, the Zn surface in full cells
(Figure S7) with the PVANF hydrogel exhibits uniform
deposition without obvious dendrites. This provides direct
evidence that our approach effectively suppresses Zn dendrite
growth and side reactions. Our proposed strategy can be
further developed and optimized for both practical flexible
ZIBs and scalable cylindrical ZIB cells.
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