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The increasing demand for personalized health monitoring has driven the development of wearable
electronics. Flexible zinc-ion batteries (FZIBs) are ideal power sources for wearable devices, but their low
volumetric energy densities have been a limitation for practical application. We present an ultrathin
cellulose-based electrolyte (DCG) with a gradient hydropenic interface designed for stable and high-
energy FZIBs to address this. The gradient hydropenic interface composed of deep eutectic solvent
(DES) residuals effectively mitigates moisture-induced side reactions and guides planar zinc deposition.
The resulting zinc anode with the ultrathin DCG shows 99.9% coulombic efficiency (CE) and a cycle life
exceeding 4000 hours in symmetrical configuration. Under stringent conditions, including a 66% depth
of discharge (DOD) and reduced DCG thickness (10 pm), the flexible zinc battery demonstrates stable
cycling with energy densities of 222 W h kg™t and 214.3 W h L™ and successfully applied in wearable
watches, offering performance comparable to lithium-ion batteries and outperforming previously
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Broader context

The rising demand for wearable electronics has spurred the advancement of next-generation energy storage devices. Flexible aqueous zinc-ion batteries (FZIBs)
emerge as a promising alternative due to their high theoretical volumetric energy densities, which are often compromised by the substantial volume taken up
by conventional homogeneous electrolytes. However, reducing the amount of these components presents challenges due to rapid consumption from side
reactions at the interface between the electrolyte and the zinc anode, as well as uncontrolled zinc dendrite growth. In this study, we developed an ultrathin (10
um) dual-network cellulose-based gel electrolyte (DCG) with a trace amount of gradient deep eutectic solvent (DES, 1 wt%) residues. This design effectively
mitigates moisture-related side reactions and guides planar deposition with a preference for the 002 facet, significantly improving the reversibility of zinc
anodes. As a result, FZIBs utilizing DCGs demonstrated excellent electrochemical performance, including high capacity, high coulombic efficiency, and stable
cycling characteristics. The volumetric energy density of FZIBs with DCG was also enhanced, making them comparable to Li-ion and Na-ion batteries, thus
showcasing their promising potential as power sources for wearable electronics.

Introduction

Wearable electronics are poised to be pivotal in the realm
of personalized medicine, offering continuous and intimate
monitoring of an individual’s physical activities and health
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status." The inherent flexibility and conformability of these
devices make them an excellent foundation for the design of
next-generation personalized wearable devices, opening new
avenues for innovation and precision in health monitoring.*”
As the key component of power, the demand for flexible
batteries with high energy densities and safety in wearable
technology is imperative as these batteries ensure a comforta-
ble, discreet fit, meet the energy requirements for continuous
operation, prioritize user safety, and maintain durability.®” It is
believed that the volumetric energy densities of wearable
batteries should be at least 100 W h L' (Medical Patch),
considering further integration into wearable systems.®
Currently, lithium-ion batteries (LIBs) are the preferred
energy source for portable electronics, electric vehicles, and
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drones due to their high energy density and excellent cycling
performance.”'® However, traditional LIBs lack flexibility,
mainly because of the rigidity of their cell components."* To
overcome this limitation, researchers have developed a
diverse range of flexible batteries (FBs) over the past decade,
leveraging both conventional LIB materials and innovative
battery technologies, such as lithium-metal and aqueous
batteries."”'* Among these, evolution in the aqueous system
has drawn special attention due to its inherent exceptional
safety.'

Wearable aqueous zinc-ion batteries (ZIBs) are ideal
power sources for wearable devices due to the advantages of
Zn metal anodes, including unbeatable theoretical capacity
(5855 mA h cm™?), low redox potential (—0.76 V vs. SHE), and
abundant reserves.'>'® However, zinc anodes suffer from sev-
eral problems, such as uncontrollable dendrite growth, ram-
pant hydrogen evolution reaction (HER), and corrosion,
resulting in poor reversibility, low coulombic efficiency
(CE), and ineluctable electrolyte consumption.””'® Various
strategies, including the design of current collectors and
separators,'®?® construction of artificial solid electrolyte inter-
faces (SEIs),”'* and the modification of electrolytes,*>® have
been adopted to solve these problems. Compared with the
other strategies, which involve relatively complex preparation
processes, electrolyte engineering is relatively simple and con-
venient to protect Zn anodes. Among all the electrolytes, semi-
solid hydrogel electrolytes not only help fix water molecules to
alleviate side reactions but also mitigate leakage during opera-
tion, holding great potential for practical application in wear-
able ZIBs.””*® Currently, the gel electrolytes are homogeneously
structured. Their preparation involves dissolving the gel net-
work’s constituent materials in solvents, followed by solidifica-
tion and solvent removal, a cycle often repeated multiple times
before immersing the cleaned gel in an electrolyte solution.>*°
Their poor reversibility and mechanical properties constrain
the reduction of the hydrogel electrolyte thickness (>100 pm)
and the amount of Zn (depth of discharge, DOD < 10%)
involved in the full cell usually, compromising the energy
densities of wearable ZIBs.>"** Currently, the volumetric energy
density of the ZIBs was only ~70 W h L', well below that of the
lithium counterpart.®

Herein, we report an ultrathin cellulose-based hetero gel
electrolyte with solvent residues designed for stable and high-
energy wearable zinc batteries. The dual-network cellulose-
based gel electrolyte (DCG), which features a rapid Zn>" trans-
port channel due to polar coordination, was prepared through a
dissolution-regeneration procedure. In this process, trace
amounts of deep eutectic solvent (DES, mixture of 3-amino-1-
propanol and 1-allyl-2,3,4,6,7,8-hexahydropyrrolo[1,2-a]|pyrimi-
din-1-ium chloride, DBNACI 1 wt%) remained in the gel as a
functional additive (Fig. S1-S3, ESI{). Compared to other
homogeneously structured gel electrolytes, these DESs in our
DCG can migrate to the surface of the zinc anode under the
influence of an electric field, effectively displacing moisture in
the local environment and mitigating side reactions. Mean-
while, the DES can passivate the (002) plane, thereby regulating
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the nucleation and deposition direction of Zn metal along the
(002) direction, effectively eliminating dendrite growth and
improving reversibility. Consequently, the zinc anode with the
ultrathin DCG exhibited an exceptional CE of 99.9%, achieving
an ultralong cycle life (>4000 hours) in a ZnllZn symmetrical
configuration. Under the strict limitations of excess Zn (66%
DOD) and a reduced thickness of DCG, a flexible zinc battery
composed of paper electrodes can deliver stable cycling with
satisfactory energy densities (222 W h kg™ " and 214.3 Wh L ™),
reaching levels comparable to non-aqueous Li-ion counterparts
at the device level and outperforming previously reported zinc
batteries. This technology was further successfully applied in
wearable watches.

Results

Construction of the ultrathin DCG electrolyte with gradient
DES residuals

The ultrathin DCG was prepared through a straightforward
dissolution-regeneration process of cellulose fibers (Fig. 1a).
Initially, the cellulose fibers were dissolved in DES and subse-
quently regenerated in a bath containing zinc salt (refer to the
Experimental section for details, Fig. S4, ESIt). A trace amount
of DES (1%) remained in the gel (Fig. S5, ESIt), which featured
a dual interaction network consisting of hydrogen bonding
among cellulose molecules as well as coordination bonds
between Zn cations and cellulose (Fig. S6, ESIT).>* Due to the
coordination of Zn>* with the free hydroxyl groups of cellulose,
the gel provides rapid hopping pathways for the zinc cations
(Fig. S7, ESIf). Being assembled into a full cell, the DES
migrates to the surface of the Zn anode, thereby displacing
water near the electrode and enhancing reversibility by alleviat-
ing related side reactions. For comparison, full cells were also
assembled using the liquid electrolyte (LE) and the cellulose gel
(CG) regenerated in water.

The dual network was formed during the regeneration after
introducing the zinc salt in the composite. By incorporating
1.5 mol L™" Zn(OTf), in the matrix, the peak at 3438 cm™*
corresponding to the stretching vibration of the hydroxide
radicals for the original cellulose gel shifted to the
3490 cm™ ', confirming the coordination effect of Zn cations
with cellulosic chains (Fig. 1b). To highlight this point, the
Raman spectra reveal that both cellulose and CG exhibit an
—OH peak around 3000 cm™ ' (see Fig. S8, ESIt). In contrast,
our DCG displays a significant shift corresponding to the
hydroxyl radical at 2890 cm™’, which is consistent with the
results from the Fourier transform infrared (FTIR) spectrum.
This additional evidence further confirms the coordination
between Zn cations and cellulose. This dual network further
greatly enhances the mechanical properties of the gel electro-
Iyte and thus can form an ultrathin free-standing gel film
(10 pm, Fig. S9, ESIT), which can be further processed into a
round disk (Fig. 1c). This small disk can be either twisted or
bent at a small radius (<1 mm, insert in Fig. 1c), exhibiting
good flexibility. The dual molecular network can form and leave
interconnected voids inside the flexible matrix (Fig. 1d),
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Fig. 1 Construction of the ultrathin DCG electrolyte with gradient DES residuals. (a) Illustration of the preparation of DCG and the multiple interactions
within it. (b) FTIR spectra of Zn(OTf),, cellulose, CG and DCG. (c) Photographs of normal and bending of DCG. (d) Cross-sectional scanning electron
microscope (SEM) image of DCG. (e) The mechanical properties of DCG and normal cellulose gel. (f) The Ar™ Etch XPS N 1s spectra of DCG in the ZnliZn
battery after 20 cycles. (g) XPS N 1s spectra of the Zn anode in the ZnllZn battery after 20 cycles. (h) Arrhenius curves and the corresponding desolvation

facilitating rapid transporting pathways for both Zn cations and
DES residuals. Compared with the pristine cellulose gel regen-
erated in water, the tensile strength of the DCG is four times
higher, which can be ascribed to the additional network
structure by the crosslinking between the cellulose and Zn
cations (Fig. 1e). Compared to recently published gel electro-
lytes of different polymers, DCG is superior in thickness, ionic
conductivity and tensile strength (Fig. $10, ESI).>®%*>737 pur-
ing the regeneration, a trace amount (1%) of the DES remained
in the matrix, which further migrates to the surface of the zinc
anode under the electric field in the subsequent cycles because
of the positive charges in the DES (Fig. S11, ESIY), further
constructing the gradient interface near the zinc anode (N
element in the DES, Fig. 1f) due to the space occupying
effect.®® In the meantime, these DES traces can effectively
passivate the surface of the zinc anode by firmly binding the
surface (Fig. 1g).

It should be noted that DES residuals in the gel electrolyte
can bind the zinc cations (Fig. S12, ESIt), interrupting the
solvation structure, further decreasing the activation energy
and facilitating the rapid transfer of the zinc cations at the

This journal is © The Royal Society of Chemistry 2025

activation energies. (i) The overall ESW of different electrolytes at 1 mV s,

electrode-electrolyte interface. As a proof of concept, the gel
electrolyte without DES residuals (cellulosic gel, CG) was the
control sample prepared via water regeneration as CG was
immersed in a Zn(OTf), aqueous solution. We evaluated the
ability of Zn** to desolvate structures at the electrode electrolyte
interface by measuring the electrochemical impedance spectro-
scopy (EIS) characterization of ZnllZn batteries at various tem-
peratures (Fig. S13, ESIt) and calculating the activation energy
(E,) according to the Arrhenius equation. The E, value of 15.21
k] mol~" for the DCG containing DES was significantly lower
than those of CG (38.82 k] mol ") and LE (41.57 k] mol %),
suggesting that DES facilitates the desolvation process of Zn/
Zn>" for the rapid transfer of Zn>* (Fig. 1h).>*° As shown in Fig.
S14 and S15 (ESIT), the transference number of Zn** for DCG
(1.13) is significantly higher than that of CG (0.87) and LE
(0.84), demonstrating the exceptional Zn>" transport capability
of the gradient DES interface. Additionally, the locally gradient
DES residual can displace water near the zinc and thus alleviate
the side reaction associated with moisture. As shown in Fig. 1i,
the electrochemical stability window (ESW) of DCG can reach
1.95 V, much larger than those of the CG (1.62 V) as well as the
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liquid electrolyte (1.52 V), potentially enhancing the reversibil-
ity of the zinc anode.*®

Theoretical investigation of functions of the gradient DES
interface

We have conducted the theoretical investigations to further
explore the potential of the ultrathin DCG in protecting the zinc
anode. The interaction between the DES traces and the zinc
anode was first studied. It is observed that the adsorption
energy between DES and each Zn crystal plane is higher than
those between H,O and the corresponding crystal planes
(Fig. 2a), indicating that DBNACI in locally gradient DES can
repel water from the surface of zinc and alleviate the side
reaction. Additionally, molecular dynamics (MD) simulations
further demonstrate that the stable adsorption of DES on the
Zn surface prevents H,O from reaching the Zn anode (Fig. 2b).
This effectively avoids side reactions and enhances the ESW of
the batteries, which is consistent with the aforementioned ESW
results.

The zinc salt was subsequently induced in the system to
clarify the preferred orientation of the zinc deposition in two
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systems (Fig. 2c). The adsorption energy of DES on Zn(002)
(—8.35 eV) is lower than that on Zn(100) (—11.34 eV) and
Zn(101) (—10.89 eV) crystal planes. This DES can firmly be
absorbed on the zinc anode through bonding between the polar
functional groups (N atoms in the hydrogen bond acceptor as
well as -OH and -NH in the hydrogen bond donor, Fig. 2d) and
zinc metal. According to the Bravais law, the orientation of
crystal planes is determined by the ion deposition rate on
different planes, with the lowest growth rate leading to the
final exposed crystal plane.*"** Therefore, this low binding
energy suggests that the (002) plane is less constrained, causing
Zn ions to diffuse to the (100) and (101) planes and then
deposit. Consequently, the deposition rate of Zn>" on the
Zn(002) plane is the lowest, leaving the Zn(002) structure
exposed. In sharp contrast, similar adsorption energies of
Zn>" on the three crystal planes in the pure Zn(OTf),/cellulose
gel electrolyte system were observed, indicating the randomly
orientated deposition of zinc. This orientated deposition can
further render a dendrite-free morphology of the zinc anode,
which was further validated by COMSOL multiphysics field
simulations. In the DES-containing system (Fig. 2e), 3-amino-
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Fig. 2 Theoretical investigation of functions of the gradient DES interface on the Zn anode. (a) The adsorption energy of DES and H,O on the Zn(002),
(100), (101) surface. (b) The MD simulation for understanding the effect of the water environment on DES/Zn interaction. (c) Adsorption energy of Zn?* on
DES and Zn anode adsorbed crystal planes. (d) The differential charge density of DES on the Zn(002) crystal plane. (e) The COMSOL simulation results of
Zn dendrite growth in DCG. (f) The schematic diagrams of the bare Zn anode and Zn with DCG in plating/stripping cycles.
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1-propanol induces uniform nucleation and promotes a uni-
form distribution of the Zn>* flux, resulting in uniform Zn
deposition. Conversely, in the pure Zn(OTf),/cellulose gel elec-
trolyte system, the Zn>* aggregated at the most favorable
nucleation sites on the Zn metal, where they nucleate and
continuously deposit, resulting in a tip effect and the formation
of dendrites (Fig. $16, ESI{).*

In summary, the gradient DES traces in the DCG can
improve the reversibility of the zinc anode in following ways
(Fig. 2f). DES adsorption energies on zinc crystal planes are
higher than those of water, and DBNACI repels water and
mitigates side reactions, which further prevents water from
reaching the zinc anode, enhancing the ESW of the batteries. In
addition, DES traces have a lower adsorption energy on the
Zn(002) plane, and attraction of Zn>* by 3-amino-1-propanol
promotes preferential zinc deposition on (100) and (101)
planes, leading to an exposed (002) structure and dendrite-
free morphology. COMSOL simulations validated that the DCG
induces uniform Zn nucleation and flux distribution in the
matrix, resulting in uniform zinc deposition. All in all, cellulose
works synergistically with DES to rapidly transport Zn**, guide

After many cycles

—
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its planar deposition, and protect the anode, thereby reducing
the occurrence of side reactions.

Side-reaction alleviation and planar deposition of Zn in the
DCG

As discussed above, the gradient DES interface can alleviate
dendrite growth by facilitating the planar deposition of Zn
(Fig. 3a). As a proof of the concept, we examined the in situ
deposition behavior of Zn under various electrolytes using
in situ optical microscopy at a practical current density of 2
mA cm ™ (Fig. 3b). Notably, the Zn anode exhibited a uniform
and thin deposition layer devoid of dendrites and bubbles even
after 60 minutes with DCG, demonstrating DCG’s superior
performance in suppressing side reactions and promoting Zn
planar deposition. In contrast, zinc anodes immersed in LE and
CG suffered from severe dendrite growth and bubble for-
mation, which can be attributed to side reactions including
the hydrogen evolution reaction.

We further compared the deposition processes, including
nucleation and growth, by evaluating the diffusional model
with chronoamperometry (CA) tests (Fig. 3c). When a constant
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Fig. 3 Side-reaction alleviation and planar deposition of Zn in DCG. (a) The schematic diagrams for Zn deposition in different electrolytes. (b) In situ
optical images of Zn metal during the plating process with LE, CG, and DCG. (The scale bar in the figure represents 100 um). (c) The CA curves for LE, CG
and DCQG. (d) XRD patterns of Zn foils at the pristine state and the deposited states after cycling in the ZnllZn batteries for 20 cycles with CG and different
numbers of cycles (5, 10 and 20) with DCG. The SEM images of the Zn metal after plating for 20 cycles with (e) DCG and (f) CG.
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voltage of 150 mV was applied, the current density increased
rapidly over time with LE, indicating a prolonged two-
dimensional diffusional process of Zn dendrite formation,
lasting more than 300 s. In the case of CG, the 2D diffusion
still required an extended duration. However, DCG exhibited a
brief 2D diffusion phase in the first 60 seconds, followed by
stable 3D diffusion with a significantly smaller steady-state
current. This reduced period of constrained 2D diffusion can
decrease the local accumulation of zinc cations, thereby redu-
cing the possibility of dendrite formation.***

We conducted ex situ X-Ray diffraction (XRD) to further
confirm the planar deposition of zinc with DCG (Fig. 3d). The
peak intensity ratio (002)/(101) on the Zn surface with CG after
20 cycles was only 0.77, lower than that of the pristine Zn foil
(0.82), indicating dendrite growth. In contrast, the Zn surface
with DCG showed no significant by-products in the XRD plots,
suggesting that the side reaction was alleviated. Notably, the
peak intensity ratio of (002)/(101) increased significantly from
1.01 to 1.71 after 20 cycles, suggesting that Zn(002) growth was
dominant with DCG, resulting in a more uniform electrode-
posited Zn surface. In addition, XPS F 1s spectra reveal the
emergence of the by-products on the Zn anode with CG after 20
cycles (1.54%, shown in Fig. S17, ESIt). However, no discernible
by-products on the Zn anode were detected in the DCG system,
further demonstrating the successful inhibition of the side
reaction during the deposition.

This planar deposition is further evidenced by the morphol-
ogies after cycling. After 20 cycles, hexagon-shaped Zn plates
with a layered structure can be observed with the DCG electro-
lyte, corresponding to the Zn(002) crystal plane, which parallels
the Zn substrate (Fig. 3e and Fig. S18, ESIt). In contrast, with LE
and CG under the same conditions, sharp dendrites are clearly
observed on the Zn metal (Fig. 3f and Fig. S19 and S20, ESI¥),
further demonstrating excellent performance of DCG in sup-
pressing side reactions and promoting Zn planar deposition
(Fig. S21, ESIt). To more accurately evaluate the effect of DCG
on smoothing the deposition process, we conducted atomic
force microscopy (AFM) testing to measure the average rough-
ness of the zinc negative electrode surface. We analyzed the
zinc anode after 20 cycles using DCG, LE, and CG under a
current density of 1 mA cm 2 and a discharge capacity of
1 mA h ecm ™2 The results are presented in Fig. 522 (ESI). Notably,
the AFM images indicate that the average surface roughness of the
charged zinc anode with LE is 161 nm, while that with CG is
121 nm. In contrast, the anode with the DCG electrolyte exhibits a
significantly lower roughness of only 41 nm, which is approxi-
mately three to four times less than that of the LE and CG anodes.
These findings highlight the excellent capability of DCG in regulat-
ing Zn deposition, which is further supported by the complemen-
tary results from both SEM and AFM analyses.

To further illustrate the universal adaptability of this func-
tion across different electrolytes, we incorporated DES into
various liquid electrolytes (LEs) containing different salts, such
as ZnSO,, Zn(OTF),, and ZnCl,, since ZnSO, cannot form a
stable gel electrolyte with cellulose. After 20 cycles, hexagon-
shaped Zn plates with a layered structure were observed in the
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LEs containing DES, corresponding to the Zn(002) crystal plane
and aligning with the Zn substrate (see Fig. S23a, ¢ and e, ESIT).
In contrast, sharp dendrites were clearly visible on the Zn metal
in symmetric batteries using electrolytes that lack DES (see
Fig. S23b, d and f, ESIt). These findings robustly demonstrate
that the beneficial effects of DES on the deposition of Zn
particles are applicable to batteries utilizing electrolytes with
various salts, further highlighting the positive impact of DES on
Zn deposition.

Enhanced reversibility of the Zn anode in DCG

The planar deposition and alleviated side reaction in the DCG
can greatly enhance the reversibility of the zinc anode. As a
proof of concept, the ZnllCu asymmetric battery with DCG
sustained a high average CE of over 99.9% (after first cycle,
Fig. 4a) in more than 700 cycles under a current density of
1 mA cm > In sharp contrast, the CE of the ZnllCu asymmetric
battery with LE dropped to 40% after 280 cycles (average
96.1%). This decreased CE can be attributed to significant side
reactions and dendrite growth. Notably, the initial CE of DCG
was 97%, significantly higher than LE (89%) and CG (91%),
demonstrating DCG’s superior ability to inhibit side effects
from the onset (Fig. 4b). Furthermore, the corrosion and side
reactions of various electrolytes on the zinc anode were eval-
uated using the linear polarization resistance (LPR) test
(Fig. 4c).*® The corrosion potential of DCG (—0.94 V) was higher
than that of LE (—0.98 V) and CG (—0.96 V), and its corrosion
current was lower, indicating a lower corrosion rate and ten-
dency on the Zn anode, which further implies that DCG can
enhance the cycling stability of Zn batteries.

The cycling stability of the zinc anode with DCG was further
evaluated in the ZnllZn symmetric batteries with the thin zinc
metal (30 pm). The symmetric batteries with DCG demon-
strated a long-term cycling life span for more than 4000 hours,
maintaining a stable polarization voltage (70 mV) at 4 mA cm >
and 4 mA h em 2. As the controlling sample, ZnlZn symmetric
batteries using LE and CG electrolytes experienced short-
circuiting after 200 h and 432 h with much larger overpotentials
(240 mV, 80 mV), respectively. We further disassembled the cell
after cycling to check whether the gel electrolyte was pene-
trated. DCG remained intact without any dendritic crystal
residues on the surface (Fig. S24a, ESIT), while many dark spots
can be clearly observed on the CG after 200 cycles due to short-
circuiting (Fig. S24b, ESIt), which further demonstrates the
outstanding dendritic inhibition of the DCG. To further explore
the potential of the DCG in the high-energy batteries under
large areal capacity, we cycled the symmetrical cell at a high
current density of 30 mA cm > and a high areal capacity of
30 mA h em 2. The cell with DCG operated stably for over 300 h,
which outperformed the cell with LE and CG electrolytes
(Fig. S25, ESIt). This excellent cycling stability should be
firmly associated with a stable interface, which can be demon-
strated by the variation of the interfacial transfer resistance
(Ree) in the EIS tests of the ZnlZn symmetric batteries. After
1000 cycles, the R value of the cell remained a stable value
of 565 Q compared with that in the initial cycle (580 Q). In

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evaluation of the electrochemical performance of the Zn anode with the DCG electrolyte. (a) The CE performance of the asymmetrical ZnllCu
battery with LE, CG and DCG under 1 mA cm~2 and (b) the corresponding initial cycle profiles. (c) The LPR curves for LE, CG and DCG. (d) The
performance of the ZnllZn battery with LE, CG and DCG under 4 mA cm™2 and 4 mA h cm™2. (e) EIS curves of the ZnllZn battery with LE, CG (after 20
cycles) and DCG (after 1000 cycles). (f) Rate performance of the symmetrical Zn battery with LE, CG and DCG.

great contrast, the R values of the CG increased from the
980 Q to 1750 Q, demonstrating a deteriorative Zn/electrolyte
interface.

The enhanced ionic conductivity of zinc cations in the DCG
enables the superior rate capability of the symmetrical cells. As
a proof of concept, we cycled the symmetrical cells under a
varied current density. The cell with DCG exhibited stable
overpotentials of 60, 65, 70, 75, 78 and 82 mV at the current
densities of 1, 2, 4, 6, 8 and 10 mA cm >, respectively. When the
current returned to 4 mA cm 2, the cell with DCG showed
a flat and stable galvanostatic charge/discharge (GCD) profile
during the cycling, while the control samples showed sharply
increased overpotentials (Fig. 4f).

Building high-energy and flexible battery with ultrathin DCG

The low overpotential and high stability of symmetrical cells
with DCG offer significant advantages in constructing high-
energy-density flexible zinc batteries. To demonstrate this,
we paired a flexible zinc textile anode (ZnGF, Fig. S26, ESIt)
and a V,0; paper cathode (Fig. S27-S29, ESI{) to assemble
the full cell (Fig. 5a and Fig. S30, ESIt). The flexibility of

This journal is © The Royal Society of Chemistry 2025

these electrodes is shown in Fig. S31 (ESIt). The oversized Zn
in the full cell was kept under 50% to ensure high energy
density.

Our DCG exhibited excellent compatibility with the V,05
cathode. The full cell with DCG showed the same number of
redox peaks in the cyclic voltammetry (CV) curves (Fig. S32,
ESIt) as the control sample, indicating identical redox pro-
cesses of the paper cathode with different electrolytes. Con-
sidering the enhanced reversibility of the zinc anode, the full
cell with DCG could be stably cycled for over 1000 cycles with an
exceptional capacity retention of 85.2% (Fig. 5b). In contrast,
the batteries based on LE and CG failed after 630 and 811
cycles, respectively. In the meanwhile, the voltage gaps between
the oxidation and reduction reactions in the cell with DCG were
much smaller (Fig. 5¢), likely due to enhanced ionic conductiv-
ity and kinetics. This improved kinetics can enhance the
utilization of active materials in the cathode, leading to
increased capacity, as reflected in the enlarged area of the CV
curves and higher specific capacity in the full cell. As a proof of
concept, the ZnllV,05 battery with DCG exhibited a high rever-
sible capacity of up to 418.6 mAh g " at 1 A g™, far exceeding

Energy Environ. Sci., 2025, 18, 4241-4250 | 4247
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with DCG for powering LEDs and a digital watch.

those with LE (322.2 mA h g, Fig. S33a, ESIf) and CG
(331.7 mA h g7, Fig. S33b, ESIY).

Beyond excellent cycling stability, the full cell with our
DCG also exhibited improved rate capability. Batteries based
on DCG showed capacities of 411.2, 310.5, 226.4, 173.4, and
136.2 mA h g~' at current densities of 0.5, 2, 4, 6, and 8 A g™ "
(Fig. S34, ESIY), respectively, much higher than those with other
electrolytes (Fig. 5d). When the current density was restored to
0.5 A g, the capacity recovered to 387 mA h g™ *. This improved
rate capability can be attributed to higher ion mobility and lower
charge transfer resistance (R, EIS, Fig. S35, ESIT).

To further explore the practical potential for wearable appli-
cations, we prepared a flexible ZnllV,05 pouch cell. Considering
the low mass fraction of the inactive electrolyte in the pouch,
the flexible cell exhibited an impressive energy density of
222 W h kg~ ! for stable cycling over 200 cycles (Fig. 5e). The
ultrathin nature of the pouch cell also provided an excellent
volumetric energy density of 214.3 W h L™, offering a signifi-
cant advantage over other zinc batteries and potentially serving
as alternatives to Li-ion and Na-ion counterparts (Fig. 5f).

4248 | Energy Environ. Sci., 2025, 18, 4241-4250

For further practical applications, two flexible ZnllV,05
pouch cells connected in series successfully powered 39 light-
emitting diodes (LEDs) arranged in the “SCUT” pattern. The
LED array maintained its luminance even after being bent,
punctured, or sheared, with no flames or thermal runaway
observed, demonstrating high safety. To further illustrate the
capability of flexible ZnllV,05 pouch cells in powering flexible
electronic products, we assembled two series-connected pouch
cells into a strap as a single power source for an electronic
watch, which lasted over 12 hours. The improved energy density
and outstanding safety of the full cell with DCG underscore its
practical potential in various wearable electronic devices

(Fig. 5g).

Conclusions

In summary, we designed an ultrathin cellulose-based electro-
Iyte with a gradient hydropenic interface designed to enhance
the stability and energy density of wearable zinc batteries. The
dual-network cellulose-based gel electrolyte (DCG), created

This journal is © The Royal Society of Chemistry 2025
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through a dissolution-regeneration process, features rapid
Zn** transport channels enabled by coordination. During
synthesis, trace amounts of deep eutectic solvent (DES,
1 wt%) are retained as a functional additive. This DES migrates
to the zinc anode surface under an electric field, displacing
moisture and forming a gradient hydropenic interface that
mitigates side reactions. Additionally, the DES passivates the
(002) plane, directing Zn metal deposition along this plane to
prevent dendrite growth and improve reversibility. Conse-
quently, the zinc anode with the ultrathin DCG demonstrates
a coulombic efficiency (CE) of 99.9% and an ultralong cycle life
exceeding 4000 hours in a ZnlZn symmetrical configuration.
Under stringent conditions, including limited excess Zn and a
reduced DCG thickness, a flexible zinc battery with paper
electrodes delivers stable performance and achieves energy
densities of 222 W h kg™' and 214.3 W h L™, which are on
par with non-aqueous Li-ion batteries and surpass those of
previously reported zinc batteries. This technology has been
successfully applied in wearable watches, highlighting its
potential for broader application in wearable electronics.
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