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Hydrogel electrolytes are widely used in zinc-ion batteries (ZIBs) due to their advantages of regulating
zinc deposition/stripping process, and limiting dendrite growth. However, their relatively poor ionic con-
ductivity and mechanical properties remain significant obstacles to their practical application in ZIBs.
Herein, the multi-component cross-linked polyacrylamide/carboxymethyl cellulose/agarose (PCA) hydro-
gel polymerized electrolytes are designed via a heat-initiated polymerization approach. The PCA hydro-
gel electrolytes exhibit high ionic conductivity of 38.78 mS/cm and excellent mechanical strength from
2.9 MPa to 5.6 MPa. Meanwhile, the ample hydroxyl (-OH) functional groups on the PCA hydrogel elec-
trolytes chain can capture and anchor H,O molecules via hydrogen bonding, thus fundamentally regulat-
ing the coordination environment of Zn2* and inhibiting side reactions. The combined effect of carboxyl
(-COOH) groups and amino (-NH,) groups in PCA hydrogel electrolytes can induce the uniform deposi-
tion of zinc ions. Consequently, The Zn//Zn symmetrical cell assembled with this hydrogel electrolytes
demonstrate excellent cycling stability over 2500 h at the current density of 1 mA/cm?2. Furthermore, the
Zn//MnO,/CNT full cell retains a specific capacity of 127.2 mAh/g after 1000 cycles at 1 A/g, with 97.8%

capacity retention.

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

Medica, Chinese Academy of Medical Sciences.

To achieve carbon peaking and carbon neutrality targets, the
development of sustainable rechargeable batteries is urgently
needed for high-performance energy storage systems [1-3]. In
recent years, ZIBs have gained widespread interest due to their
inherent safety, low redox potential (—0.76 V vs. standard hy-
drogen electrode), and high theoretical capacity (5854 mAh/cm?3)
[4,5]. However, ZIBs face severe challenges related to the Zn-
metal anode [e.g., dendrite formation, Zn corrosion, and hydrogen
evolution reaction (HER)] during the plating/stripping process,
inevitably leading to poor reversibility and even short-circuited
failure [6]. Various effective strategies have been exploited to
overcome these obstacles, exemplified with artificial interface
modification [7,8], structural optimization [9,10], electrolyte reg-
ulation [11-13] and using hydrogel electrolytes [14,15]. Among
them, hydrogel electrolytes are the most attractive because they
can effectively regulate interfacial ion transport, modulating the
Zn deposition/stripping processes, limiting dendrite growth, and
preventing the leakage of liquid electrolytes to ensure safety [16].
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Hydrogel electrolyte is a polymer network formed by the co-
valent bonds (e.g., -COO-, C=C) or hydrogen bonds (e.g., -N---H,
-0---H). The polar functional groups, such as -OH and -COOH, have
garnered significant attention for their application in gel-state elec-
trolytes [17,18]. These polar groups facilitate strong interactions
with ionic species, enhancing ion dissociation and transport. This is
critical for achieving high ionic conductivity in the hydrogel elec-
trolytes, while fixing water molecules in the polymer framework
and reduce side reactions so as to achieve uniform Zn deposition
[19-21]. Besides, the hydrogel electrolyte can also increase the en-
ergy density of the battery due to its excellent water retention and
broadened electrochemical window, and ultimately greatly prolong
the service life of flexible Zn-based devices [22]. Typically, sin-
gle network architectures like polyvinyl alcohol (PVA) [23], poly-
acrylamide (PAM) [24] and polyethylene glycol (PEG) [25] are uti-
lized to construct commonly used hydrogel electrolytes. However,
the mechanical properties of these single network hydrogel elec-
trolytes are unsatisfactory to inhibit the growth of dendrites, re-
sulting in a short circuit in the flexible battery under external
forces [26]. Besides, the conventional single network hydrogel elec-
trolyte possesses poor ionic conductivity, limiting its electrochem-
ical performance.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic diagram of the preparation process of PCA hydrogel electrolytes. (b) FTIR spectra of different hydrogel samples. (c) SEM image of freeze-dried PCA

hydrogel. (d) Digital images of the PCA hydrogel under stretching and twisting.

Some researchers have proposed a double-network hydrogel
electrolyte with the introduction of a second network on top of
the first network, where the first network is a rigid structure and
the second network is loosely structured to increase the toughness
[27]. It not only enhances the mechanical properties of the hydro-
gel, but also increases the ion transfer channels, resulting in better
ion transport properties. Mao et al. constructed a CMC/PAM double
network hydrogel electrolyte which improved the ionic conductiv-
ity and mechanical properties [28]. Therefore, it is crucial to de-
velop hydrogel electrolytes with good mechanical properties and
high ionic conductivity, as well as the ability to inhibit Zn den-
drites and side reactions, in order to meet the demand for high-
performance zinc ion batteries.

In this work, a multi-component cross-linked hydrogel elec-
trolyte PCA polymerized by PAM, carboxymethyl cellulose (CMC),
and agarose (AG) was designed by using thermal initiation poly-
merization method. The three-dimensional network structure en-
dows the PCA hydrogel electrolytes with excellent mechanical
strength and high ionic conductivity of 38.78 mS/cm. The -COOH
in CMC induce the uniform deposition of Zn2t on the (002) crys-
tal surface, inhibiting the formation of zinc dendrites. The abun-
dant -OH in PCA hydrogel electrolytes can form hydrogen bonds
with water, reducing the free water content and weakening the
activity of water molecules, thereby regulating the solvation struc-
ture of zinc ions and effectively suppressing zinc dendrite growth
while alleviating side reactions. Consequently, the Zn//Zn symmet-
rical battery assembled with the PCA hydrogel electrolytes exhibits
a cycling life of 2500 h. The Zn//Cu asymmetric cells demonstrate
nearly 98.6% Coulombic efficiency (CE) over 350 cycles. Further-
more, the Zn//MnO,/CNT full cells assembled with the PCA hydro-
gel electrolytes exhibit excellent cycle stability with a capacity re-
tention of 97.8% after 1000 cycles. This work offers a promising
strategy for polymer hydrogel electrolytes for flexible ZIBs.

The schematic diagram illustrating the preparation of PCA hy-
drogel electrolytes is depicted in Fig. 1a. In the presence of the
initiator KPS and the crosslinking agent MBA, the acrylamide
monomer undergoes a polymerization reaction, resulting in the

formation of PCA hydrogel electrolytes with a three-dimensional
network structure through crosslinking with CMC and AG. As
shown in Fig. 1b, the peaks observed around 1628 and 3445
cm! are attributed to the overlapping of asymmetric -NH,/-OH
stretching and carbonyl stretching modes, respectively. These peaks
demonstrate the successful crosslink of CMC and PAM through
physical entanglement and hydrogen bonds. The variations in
peaks within the range of 3000-3700 cm~! further confirm the
formation of hydrogen bonds between the -OH in AG and the
-NH, in PAM [29]. The characteristic absorption peaks of AG
are observable in the range of 900-1250 cm~!. The sharp and
medium-intensity band at 1045 cm~!, accompanied by a weak
band at 1156 cm~!, are both attributed to the vibration mode
of the C-0O-C bridge within the glycosidic linkage. To further ver-
ify the successful preparation of PCA hydrogel electrolytes, Raman
spectroscopy characterizations were conducted (Fig. S1 in Support-
ing information). With the addition of CMC, the combined interac-
tion between the -COOH and the -NH, in the PAM hydrogel elec-
trolytes results in a slight shift in the peak at 1423 cm™'. Addi-
tionally, upon incorporating AG, the peak shifts within the range
of 3200-3400 cm™!, indicating the formation of hydrogen bonds
between the -OH in AG and the -NH, in PAM hydrogel elec-
trolytes. Therefore, it can be deduced that the AM monomer suc-
cessfully underwent a crosslinking polymerization reaction with
the main chains of the other two polymers. This multi-component
crosslinked hydrogel electrolytes possessed more continuous net-
work structure with interconnected pore spaces (Fig. 1c¢). Conse-
quently, the PCA hydrogel electrolytes exhibited excellent flexibil-
ity, enabling them to be stretched and twisted without experienc-
ing significant fracture (Fig. 1d).

Due to the three-dimensional network structure contains in this
hydrogel electrolytes, it can not only enhance mechanical prop-
erties but also create abundant ion transport channel [30,31]. As
shown in Fig. 2a, the tensile strength of the PCA hydrogel reaches
up to 21.9 kPa, significantly higher than the 3.2 kPa of the PAM
hydrogel. Meanwhile, mechanical measurements indicate that the
compressive stress increases from 2.9 MPa to 5.6 MPa (Fig. 2b),
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Fig. 2. (a) Tensile stress-strain curve of PCA and PAM hydrogel. (b) Compression
stress-strain curves of PCA and PAM hydrogel. (c) Nyquist plots of PCA and PAM
hydrogel (inset: the corresponding ionic conductivity). (d) I-t curve of Zn/PCA-
hydrogel/Zn symmetric cell (inset: Nyquist plots before and after polarization).

demonstrating that the mechanical properties of the PCA hydro-
gel are markedly enhanced due to appropriate crosslinking. As
shown in Fig. 2c, the ionic conductivity of PCA hydrogel elec-
trolytes reaches up to 38.78 mS/cm, while that of the PAM hydro-
gel electrolytes is only 19.76 mS/cm, surpassing many reported hy-
drogel electrolytes (Table S1 in Supporting information). Notably,
the PCA hydrogel electrolytes also exhibit a higher Zn2* transfer-
ence number of 0.58 compared to PAM hydrogel electrolytes (0.42)
(Fig. 2d and Fig. S2 in Supporting information). A high ion trans-
ference number not only achieves low polarization by establishing
a smaller concentration gradient but also allows facilitates uniform
Zn deposition and high capacity in ZIBs [32].

The long-term stability in Zn//Cu asymmetric cells and Zn//Zn
symmetric cells using different electrolytes were further explored.
The Zn/[Zn cells in PAM hydrogel electrolyte only survive around
600 h, and the lifespan of Zn//Zn cells in liquid electrolytes (LE)
was as short as 100 h. However, the Zn//Zn cells in PCA hydrogel
electrolytes exhibited excellent cycle stability of up to 2500 h (Fig.
3a), which surpasses that the most reported studies (Table S2 in
Supporting information). At the same time, it was found that the
Zn/[Zn cells with PCA hydrogel electrolytes demonstrated superior
cycling stability even at low current densities (Fig. S3 in Support-
ing information). As shown in Fig. 3b, the asymmetric Zn//Cu cells
using LE exhibited a sharp decline in performance after approxi-
mately 70 cycles. The Zn anode in the PAM hydrogel electrolyte
also fails to work after 150 cycles. In contrast, the PCA hydrogel
electrolytes demonstrated outstanding reversible electrochemical
performance, maintaining an average CE of 98.6 % over 350 cycles.
This adequately demonstrating excellent reversibility and stability
of Zn plating/stripping within the PCA hydrogel electrolytes. As
shown in Fig. 3c, the voltage curves corresponding to the PCA hy-
drogel electrolytes are stable and highly overlapping, further con-
firming that the PCA hydrogel electrolytes enable an efficient and
reversible zinc deposition/dissolution process.

The nucleation overpotential (NOP) for zinc deposition on tita-
nium foil was tested using different electrolytes at a current den-
sity of 1 mA/cm?. As shown in Fig. 3d, the NOP for the Zn//Ti cell
using PCA hydrogel electrolytes was 60 mV, which is lower than
the 74 mV for PAM and 92 mV for LE. This indicates that PCA
hydrogel electrolytes provide more nucleation sites, which is ad-
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vantageous for achieving quick and uniform Zn deposition when
the nucleation overpotential is lower. Furthermore, the nucleation
and deposition processes of Zn2t were characterized using the
chronoamperometry (CA) method. As shown in Fig. 3e, the current
density sharply decreased within 150 s before stabilizing for LE. In
contrast, the zinc electrode in PCA and PAM hydrogel electrolytes
experienced only a brief decay period (within 20 s) before reach-
ing a stable 3D compact diffusion process. The continuously lower
and stable current density after 2D diffusion in PCA hydrogel elec-
trolytes suggests that Zn ions tend to deposit on the initial absorp-
tion sites and form the smooth surface on Zn anode. The diffusion
behavior variation should be initiated by the promoted Zn2+ diffu-
sion by the carboxylic groups in PCA hydrogel electrolytes, which
would be expected to benefit a smoother and slower deposition
of Zn complexes along 3D diffusion pathways. Fig. S4 (Supporting
information) shows the EIS profiles of the symmetric cells under
various temperatures (ranging from 25°C to 65°C). The Rqt of the
PCA hydrogel electrolyte remains consistently lower than those of
PAM and LE electrolytes at various temperatures, indicating that
the PCA hydrogel electrolyte possesses favorable interfacial com-
patibility. Notably, compared to LE and PAM electrolytes, the E; of
PCA hydrogel electrolytes is obviously reduced, which suggests that
the PCA hydrogel electrolytes enable a fast desolvation process of
the solvated Zn?* ions for accelerating the Zn deposition kinetics
(Fig. 3f) [33]. As demonstrated by Tafel curves in Fig. 3g, the PCA
hydrogel electrolytes can effectively restrain the corrosion reaction
of Zn anodes, exhibiting the lower corrosion current (Icorr) of 0.76
mA/cm? compared to PAM hydrogel electrolytes (0.97 mA/cm?2)
and LE (1.23 mA/cm?). These results indicate that the PCA hydrogel
electrolytes can effectively achieve stable and uniform zinc deposi-
tion, leading to highly stable cycling performance in ZIBs.

The inhibition of Zn dendrite formation and corrosion by PCA
hydrogel electrolytes is visualized in Figs. 4a-c using SEM. After
100 charging/discharging cycles in the PCA hydrogel electrolytes,
almost no significant dendrite formation was observed, and the
surface of the zinc anode remained very flat. In the PAM hydro-
gel electrolytes, the surface of the zinc anode exhibited notable
cracks and depressions, resulting in a small amount of zinc den-
drites. In LE, a large number of disordered and sharp zinc dendrites
were clearly visible on the surface of the zinc anode. To more in-
tuitively compare the side reactions of the zinc anode in different
electrolytes, EDS tests were performed on the cross-sections (Figs.
S5-S7 in Supporting information). The results showed that the sul-
fur and oxygen content in the PCA hydrogel electrolyte is signifi-
cantly lower than that in the LE and PAM electrolytes. These find-
ings further demonstrate that PCA hydrogel electrolytes effectively
guide uniform zinc deposition, inhibiting the growth of zinc den-
drites and the occurrence of side reactions.

To investigate the inhibition mechanism of solvation struc-
tures by PCA hydrogel electrolytes, Raman spectra of various elec-
trolytes were characterized. As shown in Fig. 4d, the symmetric
stretching vibration peaks of S04 were classified into contact ion
pair CIP ([Zn?*(H,0)50S052"]) and solvent separated ion pair SIP
([Zn%*+(H,0)-S0427]). The CIP in PCA hydrogel electrolytes exhib-
ited a significantly stronger intensity compared to that in PAM
hydrogel electrolytes. This result demonstrated that PCA hydrogel
electrolytes can modulate solvation structures, thereby altering the
coordination environment of zinc ions to facilitate their migration
and simultaneously reducing the activity of water molecules to in-
hibit side reactions. Fig. 4e displayed the FTIR spectra of differ-
ent electrolytes. With the introduction of AG, the H-O bending
vibration of free H,O molecules shifted to higher wavenumbers
(red-shift), indicating that -OH formed hydrogen bonds with wa-
ter molecules, converting a significant amount of free water into
bound water. This caused the water molecules to dissociate from
the hydration shell of zinc ions [Zn (H,0)g2"] and disrupted the
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complexation structure between zinc ions and water molecules.
Additionally, the evolution of hydrogen bonds in the electrolyte
was further investigated via nuclear magnetic resonance (NMR)
(Fig. S8 in Supporting information). The 'H peak of the PCA hydro-
gel electrolyte shifts to a lower field, indicating a decrease in elec-
tron cloud density around the water molecules. This suggests that
the hydroxyl groups in the PCA hydrogel electrolyte form a sig-
nificant number of hydrogen bonds with water molecules, replac-
ing the original hydrogen bonds between mobile water molecules.
Therefore, the PCA hydrogel electrolytes effectively inhibited the
growth of dendrites and the occurrence of side reactions. XRD
analysis was performed on the by-products formed on the zinc
anode. As shown in Fig. 4f, the zinc anode in the PCA hydrogel
electrolytes corresponded to a pure Zn phase with no significant
byproduct signals, suggesting that the PCA hydrogel electrolytes
greatly reduced side reactions. Notably, zinc ions on the zinc anode
in the PCA hydrogel electrolytes showed a clear tendency to de-
posit preferentially on the (002) crystal plane. Zn deposition on the
(002) plane was more uniform and less prone to dendrite forma-
tion, as the (002) crystal plane was parallel to the zinc anode sur-
face and had a lower binding energy. Consequently, the Zn deposi-
tion mechanism in LE and PCA electrolytes was concluded (Figs. 4g
and h). Zinc ions form a solvated structure in LE and reactive water
molecules on the surface of zinc electrodes are prone to participat-
ing in side reactions such as hydrogen precipitation and corrosion,
leading to the growth of dendrites. On the contrary, in the PCA
hydrogel electrolytes, the carboxyl groups guide the uniform de-
position of zinc ions through electrostatic interactions, while the
hydroxyl groups suppress the activity of water molecules via hy-
drogen bonding, reducing side reactions. The synergistic effect of
these two functional groups enhances the uniformity of zinc depo-
sition and the stability of the electrolyte, preventing the generation
of by-products, thereby improving battery performance

As shown in Fig. 5a, the CV curves of the Zn//MnO,/CNT cells
exhibited typical redox reactions in both LE and PCA electrolytes
over the voltage range of 0.8-1.8 V. The cells assembled with
PCA hydrogel electrolytes showed higher redox current peaks and
smaller polarization voltages compared to LE. EIS measurements
indicated that the Zn//MnO,/CNT cells with the PCA hydrogel elec-
trolytes had lower charge transfer resistance before and after 1000
cycles (Fig. 5b). This result indicated the excellent electrochemical
reversibility and rapid redox reaction kinetics provided by the PCA
hydrogel electrolytes. Fig. 5¢ displays the rate performance of the

Zn//MnO,/CNT cells with LE and PCA electrolytes. In the PCA hy-
drogel electrolytes, the discharge capacity was maintained at 126
mAh/g at a current density of 1 A/g and also showed better re-
covery performance when the current density was restored to 0.3
Alg. Fig. 5d showed the full battery assembled with LE dropped
rapidly with a capacity retention rate of 30.3% after 100 cycles. In
contrast, the PCA-assembled cell still retained a high specific ca-
pacity (127.2 mAh/g) after 1000 cycles, with a capacity retention
rate of up to 97.8%. Fig. 5e presented the charge/discharge voltage
distribution of the Zn//MnO,/CNT cells at different cycles. At the
first cycle, the charge and discharge platforms were almost identi-
cal, representing the same redox reactions. The capacity of the full
batteries assembled with PCA hydrogel electrolytes showed almost
no change after 1000 cycles. The specific capacity of ZIBs assem-
bled with LE rapidly decays to 54.3 mAh/g after 200 cycles (Fig.
5f). Meanwhile, the PCA hydrogel electrolytes exhibited virtually no
capacity fluctuations during the cycling, retaining a specific capac-
ity of 158.1 mAh/g after 800 cycles with a retention rate exceeding
99 %. These results indicated that the PCA hydrogel electrolytes can
significantly enhance the charge/discharge cycling performance of
ZIBs, showing good prospects for practical applications.

In summary, we have successfully prepared PCA hydrogel elec-
trolytes with high ionic conductivity and good mechanical proper-
ties. In the PCA hydrogel electrolytes, zinc ions are guided and con-
strained by the carboxy functional groups, inducing uniform depo-
sition of Zn on the (002) crystal surface and suppressing the for-
mation of Zn dendrites. Additionally, the abundance of hydroxyl
functional groups in PCA reduce the free water content through
hydrogen bonding, altering the solvation structure of Zn?* and in-
hibiting side reactions. The synergistic effect of these functional
groups ultimately promotes uniform and significantly reversible Zn
deposition. The excellent mechanical properties of PCA also ef-
fectively suppress dendrites growth. Consequently, the lifespan of
symmetric Zn//Zn cells extend to 2500 h at the current density of
1.0 mA/cm? and the capacity density of 1.0 mAh/cm2. More im-
pressively, the Zn//MnO,/CNT full cells maintain a capacity reten-
tion rate of 97.8% after 1000 stable cycles at 1 A/g.
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