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ABSTRACT

Natural solvent-based electrolytes are increasingly sought for zinc-ion batteries (ZIBs) as they provide a sustainable and cost-

effective means to regulate water activity and electrode—electrolyte interfacial chemistry while retaining the intrinsic safety of

aqueous systems. Herein, a sustainable electrolyte formulation utilizing a chia seed (CS)-based hydrogel is reported as an effective
approach to improve the electrochemical stability of ZIBs. Owing to its high content of hydroxyl-rich polysaccharides and phenolic
compounds, the chia seed-derived gel electrolyte (CSGE) tailors the Zn?** solvation environment, decreases free-water activity,
and restrains parasitic hydrogen evolution as well as dendritic zinc growth. Benefiting from this regulated solvation environment,
the CSGE achieved a remarkably high Zn?** transference number of 0.84. Consequently, Zn//Zn symmetric cells demonstrated
outstanding electrochemical stability exceeding 4000 h at 1.0 mA cm~ and 1.0 mAh cm~2. Moreover, Zn//V,0; cells achieved
a high discharge capacity of 337.8 mAh g at 0.1 A g~! and maintained reliable rate performance between 0.2 and 10 A g~'. In
addition, ex situ SEM and XRD analyses revealed homogeneous deposition of Zn with a preferred (002) orientation. These findings
demonstrate that electrolytes derived from renewable resources provide a cost-effective route for stable and sustainable ZIBs.

1 | Introduction

The rapid exhaustion of fossil fuels and growing environmental
concerns have intensified international efforts toward renewable
energy technologies. However, the intermittent nature of renew-
able energy sources such as solar and wind power necessitates the
development of efficient, safe, and economically feasible energy
storage systems [1, 2]. Although lithium-ion batteries (LIBs)
currently dominate the energy storage market due to their high
energy density and established manufacturing processes, chal-
lenges associated with lithium scarcity, high costs, safety risks,
and environmental impacts drive the exploration of alternative

battery chemistries, particularly for large-scale and stationary
applications [3, 4].

Rechargeable aqueous zinc-ion batteries (ZIBs) have emerged
as promising candidates for next-generation energy storage
systems due to the natural abundance of zinc (Zn), its low
redox potential (—0.76 V vs. SHE), high theoretical capacity,
intrinsic safety, and environmental benignity [5, 6]. These merits
make ZIBs particularly appealing for large-scale and stationary
applications. However, despite these inherent advantages, the
practical implementation of ZIBs is severely hindered by the poor
reversibility and instability of the Zn metal anode in aqueous
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environments. During repeated cycling, uneven Zn** ion flux
and non-uniform electric-field distribution lead to localized Zn
deposition, resulting in dendrite growth and premature cell
failure. Simultaneously, the high chemical reactivity of Zn in
aqueous electrolytes leads to parasitic side reactions, most notably
the hydrogen evolution reaction (HER) and Zn corrosion, which
significantly decrease Coulombic efficiency, interfacial stability,
and long-term cycling performance [7, 8].

These challenges are fundamentally linked to the solvation
chemistry of Zn?" ions in aqueous electrolytes. It is widely recog-
nized that the electrolyte’s solvation structure has a pronounced
effect on electrochemical interactions at the electrode-electrolyte
interface [9, 10]. In conventional water-based electrolytes, Zn**
ions are predominantly coordinated by water molecules, forming
the hexacoordinated Zn?*-aqua complex, while non-coordinated
water molecules and anions remain outside the inner coor-
dination sphere. The formation of this hydrated Zn*" species
imposes a substantial energetic barrier to Zn?* desolvation,
thereby promoting water-related parasitic side reactions. On the
cathode side, unbound water molecules can penetrate and chem-
ically attack both the host material and its discharge products,
leading to material dissolution. On the anode side, HER activity
is intrinsically unavoidable during Zn deposition, as water is
thermodynamically unstable at the Zn plating potential. The
generation of H, locally modifies the pH and triggers the buildup
of insulating by-products, including zinc hydroxyl sulfates (ZHS),
which impede ion and electron transport, decrease Zn and
electrolyte concentrations, and accelerate Zn dendrite growth
[9, 10]. Consequently, regulating the activity of water molecules
is essential for controlling Zn?** solvation-desolvation dynamics,
thereby directly influencing the plating/stripping reversibility
and electrochemical stability of the Zn anode [11]. Suppressing
water-induced side reactions in aqueous electrolytes is there-
fore a critical prerequisite for achieving stable, reversible Zn
plating/stripping at the Zn anode [12, 13].

In particular, compounds rich in hydroxyl (—OH) and car-
boxylic acid (—COOH) groups can disrupt the [Zn(H,0)]**
solvation configuration through competitive hydrogen bonding,
partially penetrating the inner coordination sphere and replacing
coordinated H,0 molecules [14, 15]. Biomass-derived materials
are inherently enriched with polar and hydrophilic functional
groups, namely hydroxyl, amine, carboxylic acid, amide, and
ether moieties, which can strongly interact with metal ions and
dipolar molecules. The rich distribution of functional groups
in biomass-based electrolyte systems enables regulation of Zn**
solvation chemistry, reorganization of the interfacial double layer,
and modulation of hydrogen-bond network dynamics, thereby
suppressing the detrimental effects of non-coordinated water
and aggressive anions. Furthermore, these functional moieties
provide active sites that reconfigure and densify the hydrogen-
bond network, promoting the formation of flexible hydrogel
frameworks from biomass materials and imparting favorable
mechanical compliance and interfacial adaptability for electro-
chemical energy storage applications [16-18]. Recent studies have
demonstrated that green electrolyte additives, such as phytic
acid [19], a-cyclodextrin [20], histidine [21], xylitol [22], and
B-glycerophosphate disodium salt [22], can effectively regulate
Zn** solvation, suppress parasitic reactions, and improve Zn
deposition behavior in aqueous ZIBs. Beyond additive engineer-

ing, hydrogel electrolytes (HEs) provide an alternative strategy
by restructuring the electrolyte environment through quasi-
solid polymer networks, enabling regulated Zn?* transport,
reduced free-water activity, and improved interfacial stability.
Biomass-derived hydrogels based on natural hydrogel species
such as xanthan gum [22], gum arabic [23], cellulose [24], and
gelatin have been widely explored as sustainable electrolyte
matrices [25]. Nevertheless, most biomass-derived strategies rely
on the isolation, purification, or incorporation of individual
natural molecules as electrolyte additives, increasing processing
complexity and limiting scalability. Consequently, the use of
biomass as the primary electrolyte framework remains compar-
atively underexplored, despite its advantages of being non-toxic,
biodegradable, and widely available, aligning with the growing
demand for safe-by-design ZIBs. [16, 17, 26] Notably, in our pre-
vious work, Yuksel et al. demonstrated that an aloe vera-derived
electrolyte containing 2.0 M ZnSO, can significantly extend the
lifespan of Zn symmetric cells to 4600 h at a current density
of 1.0 mA cm™ by regulating Zn deposition and suppressing
hydrogen evolution [27]. In a subsequent work, a flaxseed-derived
electrolyte enabled long-term highly reversible Zn deposition and
dissolution exceeding 3000 h at 1.0 mA cm™2, while exhibiting
substantially high Zn*' transference number (t,,?") and rate
capability [28]. From this perspective, replacing DI water in
the electrolyte with sustainable, natural, and environmentally
benign biomass extracts represents a more fundamental and
promising strategy to mitigate water-induced side reactions while
preserving ionic conductivity and electrochemical reversibility.
Such a solvent-formulating approach offers a viable pathway
toward greener, scalable, and intrinsically stable ZIB systems.

Building on this concept, herein we explore chia seeds (Salvia his-
panica L.) as another sustainable biomass resource that can serve
as a biomass-derived natural solvent for hydrogel electrolyte for-
mulations. Chia seeds are widely used in the food and animal feed
industries as a nutrient-rich resource, and their global production
has increased owing to their recognized health benefits and grow-
ing popularity. They contain significant amounts of unsaturated
fatty acids (e.g., linolenic acid), dietary fiber, proteins, and natural
antioxidants such as phenolic glycosides Q and K, chlorogenic
acid, caffeic acid, quercetin, and kaempferol [29]. Chia seed-
derived hydrogel (mucilage) has received increasing attention
due to its abundant organic constituents and amphipathic char-
acteristics [29]. When chia seeds are soaked in water at room
temperature, a hydrogel is formed with a diverse range of organic
constituents, including phenolic compounds bearing carboxylic
acid functionalities along with quercetin, phenolic glycosides,
and various monosaccharides, including glucose, galactose, ara-
binose, and xylose [30, 31]. The phenolic acids and carbohydrate
derivatives embedded within the chia seed mucilage matrix are
enriched with hydroxyl, ether, and carboxylate functional groups.
These functionalities are essential for coordinating Zn** ions,
suppressing hydrogen evolution, and mitigating dendritic Zn
deposition [32]. Accordingly, incorporating chia seed hydrogel
into electrolyte systems offers a promising strategy to modulate
the Zn?* coordination environment, suppress parasitic reactions,
and stabilize the electrode-electrolyte interface. To date, chia
seed-derived mucilage has been reported only as a gel electrolyte
for flexible supercapacitors, where it exhibited favorable rhe-
ological properties, electrochemical stability, and long cycling
life. However, its application has been restricted to electrostatic
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charge storage and low-voltage operation, without involvement in
metal-ion redox chemistry [33]. Accordingly, the potential of chia
seed hydrogel to regulate Zn*" solvation and stabilize Zn metal
anodes in ZIBs has yet to be elucidated.

In this work, a chia seed-derived gel electrolyte (CSGE) was
formulated by directly dissolving ZnSO, into a chia seed hydro-
gel, yielding a 2.0 M electrolyte while retaining high ionic
conductivity. Unlike conventional additive-based strategies, this
approach leverages the inherent molecular complexity of the
biomass-derived hydrogel as a multifunctional electrolyte matrix,
eliminating the need for synthetic or isolated additives. Obtain-
ing natural electrolytes in gel form is very important because
biomass-derived hydrogel electrolytes can form mechanically
robust ion-conduction pathways, leading to improved interfa-
cial stability and enhanced electrochemical performance while
offering intrinsic sustainability advantages [34]. Notably, the
CSGE exhibits a substantially high ¢,,°" of 0.84 and enables
electrochemically stable Zn plating/stripping behavior exceeding
4000 h in Zn//Zn symmetric cells. Moreover, Zn//V,0; cells
employing CSGE deliver a high specific discharge capacity of
337.8 mAh g at 0.1 A g, together with stable rate performance
and long-term cycling stability. Structural and morphological
analyses confirm a dense, well-distributed Zn metal buildup, with
a preferential Zn(002) crystal plane and suppressed dendritic
growth. Overall, this work establishes biomass-derived hydrogels
as scalable and sustainable electrolyte platforms for stabilizing Zn
interfaces in advanced aqueous battery systems.

2 | Results and Discussion

Figure 1a illustrates the process of fabricating the chia seed-based
gel electrolyte (CSGE) for ZIBs. For CS hydrogel preparation, 1.0,
5.0, and 10.0 g of commercial chia seeds were immersed in 100 mL
of DI water at ambient temperature, yielding viscous, transparent
hydrogels with varying extract concentrations, labeled CSG-1,
CSG-5, and CSG-10, respectively. The resulting hydrogels were
directly employed for the preparation of gel electrolytes for ZIBs
without further purification.

FTIR spectroscopy was conducted on the freeze-dried CS aerogel
(Figure S1) to probe the functional groups governing coordination
interactions and hydrogen-bond formation within the CS hydro-
gel matrix. The resulting spectrum exhibits vibrational signatures
consistent with phenolic acid moieties and carbohydrate-derived
structures, closely matching the spectral profile previously
reported for the flaxseed aerogel in our earlier study (Figure 1b)
[35]. Taken together, these observations indicate that the CS
hydrogel framework contains phenolic and carbohydrate-derived
molecules bearing hydroxyl and carbonyl functionalities, which
cooperatively establish an extensive hydrogen-bonding network
[36]. To gain deeper insights into the regulation of Zn** solvation
and water activity, Raman and FTIR analyses were performed
(Figures S3-S5). In the Raman spectrum of the 2.0 M ZnSO,
aqueous electrolyte (AE), an intense peak corresponding to SO 4>~
is observed at 980 cm™, alongside characteristic O—H stretching
modes, which are a symmetric mode at 3280 cm™ and an
asymmetric mode at 3410 cm™ [37, 38]. In contrast, for the CS-
based gel electrolyte (CSGE), while the sulfate peak remains, the
intensities of the O—H stretching modes in the 3000-3700 cm™

region are significantly suppressed. The obtained Raman results
show that CSGE inhibits free-water molecules and enhances the
stability of ZIB devices. The characteristic O—H vibration bands of
water molecules show a clear redistribution of intensities among
the different hydrogen-bonded species. Specifically, the decrease
in the intensity of the band associated with water indicates
that the CSGE matrix disrupts the hydrogen-bonding structure
of water, integrating water molecules into the hydrogel frame-
work. This is further supported by FTIR analysis, where shifts
in the O—H stretching band of CSGE indicate intermolecular
interactions between the water molecules and the functional
groups of the chia seed mucilage. This molecular-level regulation
is consistent with the enhanced electrochemical stability and
suppressed hydrogen evolution observed in CSGE-based cells.

Enhanced wettability of the metal anode by the electrolyte
plays a pivotal role in metal-based batteries, as it reduces the
nucleation overpotential, increases the density of nucleation sites,
and promotes a more homogeneous distribution of cations at
the anode surface. This improved interfacial contact supports
the formation of thin and robust solid-electrolyte interphase
(SEI) layers, effectively suppressing dendritic growth and thereby
enhancing cycle stability and operational safety [39, 40]. In
this regard, the extent of wettability offers valuable information
regarding the interaction between the electrolyte and the elec-
trode, which significantly affects the nucleation of Zn and its
corrosion characteristics [41, 42]. In order to assess the wettability
of the Zn anode, contact angles of both aqueous electrolyte (AE)
and CSGE were measured as provided in Figure 1c. The measured
contact angle for AE was 99.94°, whereas CSGE exhibited a lower
value of 90.29°, indicating stronger interfacial interaction with
the Zn surface. This improved wettability is likely associated with
the adsorption of hydrophilic hydroxyl moieties and zincophilic
functionalities in the CSGE electrolyte matrix onto the Zn
anode surface. Such interfacial interactions contribute to a more
uniform electric-field distribution and facilitate the formation of
a dynamic protective interphase [43].

To elucidate the influence of CS content and ZnSO, concentration
on the electrolyte properties, the pH and ionic conductivity of
neat CS hydrogels prepared with different seed loadings were
systematically compared with those of CS-based gel electrolytes
containing three different ZnSO, concentrations. CSG-5 exhibited
a pH value of 5.75, while the pH value decreased to 4.48 upon
incorporation of 2 M ZnSO,. This pH reduction is attributed to
the ZnSO, salt rather than the CS hydrogel matrix, as the aqueous
2 M ZnSO, electrolyte exhibited a comparable pH value of 4.42.
At nearly all ZnSO, concentrations, the CS-based gel electrolytes
exhibited a slight increase in pH. This behavior is associated
with the chelation of Zn** ions by phenolic acids within the CS
hydrogel, resulting in the formation of carboxylate and phenoxide
coordination complexes accompanied by proton release into the
electrolyte (Figure S2) [44].

Tonic conductivity measurements of the pristine CS-hydrogels
were performed by means of an ionic conductivity probe. As
shown in Figure 1d, CSG-1, CSG-5, and CSG-10 exhibited ionic
conductivities of 0.116, 0.361, and 0.625 mS cm ™, respectively. This
evident enhancement in ionic conductivity with increasing chia
seed content can be explained by the greater number of polar
functional groups, including carboxylic acid, carbonyl, hydroxyl,
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FIGURE 1 | Preparation of CS-based gel electrolyte (CSGE). (a) Schematic illustration of CSGE electrolyte formulation. (b) FTIR spectrum of the
aerogel derived from CS. (c) Results of the contact angle measurements. (d) Ionic conductivities at various concentrations.

and ether moieties, which dissolve into the aqueous phase and
thus facilitate ion transport throughout the hydrogel matrix. It
is important to note that, even without the addition of ZnSO,,
the CS-hydrogel exhibits sufficient intrinsic ionic conductivity
to function as an electrolyte medium. Nevertheless, introducing
ZnSO, strengthens ionic transport properties and enables stable
and reversible Zn deposition/dissolution processes, which are
critical for the long-term performance of the rechargeable battery
systems [45]. Following the incorporation of Zn salt, the CS-
hydrogel retained its viscous gel-like structure across the entire
salt concentration range from 1 to 3 M, suggesting that the
intrinsic hydrogen-bonded network of the CS-hydrogel matrix
remained intact. The resulting CS-based electrolytes exhibited
high compositional uniformity and robustness, suggesting effec-
tive dissolution and uniform distribution of Zn?** ions throughout
the hydrogel. Figure 1d illustrates the ionic conductivity of
the CS-based gel electrolytes measured at ambient temperature,
including the CSGE formulation, denoted as the CS electrolyte
containing 2 M ZnSO,. The measured ionic conductivities of
the CS-based gel electrolytes ranged from 43.7 to 58.8 mS cm™.
Notably, raising the concentration of ZnSO, from 1 to 2 M
yielded an approximately 25% enhancement in ionic conductivity.
In contrast, a reduction in ionic conductivity was observed
when the ZnSO, concentration was further increased to 3 M
for all investigated CS contents. This behavior indicates a trade-
off between the higher concentration of charge carriers and
diminished ionic mobility arising from intensified interionic
electrostatic interactions and partial complexation of Zn** ions
with polar, hydrophilic organic constituents of the CSGE matrix.

This behavior is consistent with reports on concentrated aqueous
electrolytes, where ionic conductivity diminishes at elevated salt
concentrations because of stronger interionic interactions and
ion-pair/aggregate formation that impede ion transport [46, 47].
Based on these observations, CSGE containing 2 M ZnSO, was
identified as the optimal formulation and was employed for all
subsequent electrochemical evaluations in this study.

To investigate the compatibility of the CSGE formulation and its
stabilizing effect on the electrochemical behavior of the Zn anode,
electrochemical stability tests were performed. Additionally, Zn
interfacial stability and suppression of parasitic side reactions
were evaluated through various stability measurements in aque-
ous electrolyte (Figure 2). When operated at 1.0 mA cm™ (1.0
mAh cm2), the CSGE-based cell achieved stable cycling for over
4000 h (Figure 2a). The initial overpotential of CSGE is around
56 mV, then increases to ~100 mV and stabilizes at ~50 mV
around 2700 h. Remarkably, while the cell with AE exhibited
an abrupt voltage drop after ~400 h, indicating a dendrite-
induced short circuit, the CSGE-based cell maintained reversible
Zn plating and stripping efficiency. To assess the robustness
of CSGE under more demanding cycling conditions, additional
electrochemical tests were conducted under intensified cycling.
Figure 2b compares the cycling behavior of symmetric Zn//Zn
cells using AE and CSGE under a current density of 2.0 mA
cm~ with an areal capacity of 2.0 mAh cm~2. The cell employing
AE rapidly encountered a short circuit and cell failure after 139
cycles (278 h), indicating severe instability at the Zn metal anode
interface. Nevertheless, the CSGE-based cell displayed superior
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FIGURE 2 | Plating/stripping performance of Zn//Zn symmetric cells with AE and CSGE under progressively increasing current densities and areal
capacities: (a) 1.0 mA cm™2 (1.0 mAh cm™2), (b) 2.0 mA cm~2 (2.0 mAh cm~2), (c) 5.0 mA cm~2 (5.0 mAh cm™2), and (d) 10 mA cm~2 (10 mAh cm™2).

(e) Rate capability across current densities between 1.0 and 10 mA cm™2 (1.

mAh cm™2.

long-term cycling durability, operating stably for more than 700
h. Within the first 132 h, the CSGE cell exhibited a relatively
modest overpotential of approximately 50 mV, comparable to
that of the AE cell. With continued cycling, the overpotential
gradually increased to around 90 mV and subsequently stabi-
lized, fluctuating between ~60 and ~90 mV during prolonged
operation. The sustained stability over 700 h confirms that the
CSGE effectively mitigates parasitic reactions while enabling
remarkably reversible Zn plating and stripping.

Further evaluation at 5.0 mA cm™2 (5.0 mAh cm™2) confirmed
the superior electrochemical performance of CSGE (Figure 2c).
Although the AE-based cell initially showed a slightly reduced
overpotential of about 40 mV, it failed after 133 cycles (265 h). By
comparison, the CSGE-based cell maintained stable operation for
up to 480 h, with the overpotential varying between ~65 and 100

0-10 mAh cm™2). (f) GCD curves at 10 mA cm~2 with an areal capacity of 1.0

mV, demonstrating enhanced electrochemical durability under
more demanding cycling conditions.

To evaluate performance under extreme operating conditions rel-
evant to high-power systems, electrochemical stability tests were
performed at elevated current densities. Under a current density
of 10.0 mA cm™ (10.0 mAh cm™2), the Zn//Zn cell using AE
experienced short-circuiting after 267 h. (Figure 3d). Conversely,
the Zn//Zn cell utilizing CSGE sustained stable operation for over
320 h, indicating excellent reversibility and stability of the Zn
plating/stripping process. Notably, the relatively small increase
in overpotential observed for CSGE at higher current densities
can be attributed to the formation of a dense, homogeneous Zn
layer, which enhances charge transfer and alleviates polarization
at the Zn anode interface [48]. As shown in Figure 2e, the
symmetric cells were evaluated under stepwise current densities.
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FIGURE 3 | Electrochemical characterizations. (a) Linear sweep voltammetry (LSV) curves and (b) corresponding Tafel plots of AE and CSGE

recorded at a scan rate of 1.0 mV s, (c) Cyclic voltammetry (CV) profiles of AE and CSGE electrolytes in Zn//Cu cells measured at 1.0 mV s7L. (d) Zn
nucleation overpotential profiles. Chronoamperometry responses and EIS spectra collected before and after DC polarization for (g) AE and (h) CSGE.

(i) Activation energy (E,) plots.

The current density was progressively raised from 1to 10 mA cm—
(1-10 mAh cm™2) every 200 h, followed by a reverse sequence.
In this test, the AE-based cell failed after 666 h due to severe
dendrite growth, whereas the CSGE-based cell maintained stable
cycling with a nearly constant overpotential for over 1400 h.
The advantage of using CS hydrogel as a natural solvent is
especially apparent under demanding conditions, where dendrite
suppression and interfacial stability are critical [49, 50]. Figure 2f
shows that the CSGE-based cell sustained reversible cycling for
more than 800 h at 10 mA cm~ with an areal capacity of 1.0
mAh cm~2, demonstrating its good ability to maintain interfacial
integrity and suppress uncontrolled Zn growth under aggressive
plating/stripping conditions [51]. Conversely, the symmetric cell
with the aqueous electrolyte showed inferior cycling durability
and underwent a dendrite-induced short circuit after 697 h.
Table S1 compares the electrochemical stability of the CSGE
reported here with representative aqueous ZIB electrolytes incor-
porating bio-derived solvents or additives. The superior cycling
durability achieved with the CSGE highlights its substantial
potential as an economically viable, environmentally benign,

and sustainable electrolyte system for advanced Zn-based battery
technologies.

To probe CSGE’s ability to suppress HER and enhance the
interfacial stability of the Zn anode, a series of electrochemical
tests was performed. The electrochemical stability window (ESW)
and hydrogen evolution behavior of CGSE were investigated
using linear sweep voltammetry (LSV). As presented in Figure 3a,
ata potential of —0.197V, the aqueous electrolyte exhibits a higher
cathodic current density (—37.34 mA cm~2) than CSGE (—26.46
mA cm™2). The suppressed current response observed in the
CSGE system indicates effective HER suppression. Potentiody-
namic polarization measurements further elucidate the corrosion
behavior of Zn anodes, and the corrosion current values of both
electrolytes were calculated from the Tafel plots (Figure 3b).
The Zn anode in the CSGE system displays a slightly more
positive corrosion potential (E., = —0.888 V vs. Ag/AgCl)
than that measured in AE (—0.893 V vs. Ag/AgCl). Moreover,
the corrosion current density of the 2.0 M ZnSO, aqueous
electrolyte reaches 0.174 mA cm™2, whereas a lower value of
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—0.982 mA cm~ is observed for the CSGE. The simultaneous
positive shift in E_,,, and pronounced decrease in I, indicate
substantially suppressed anode corrosion, which is attributed to
the formation of a stabilized interfacial layer induced by the
CS-hydrogel-containing electrolyte [52, 53].

Cyclic voltammetry (CV) experiments were conducted at 1.0 mV
s7! utilizing asymmetric Zn//Cu cells to examine the nucleation
overpotential of Zn** on the Zn anode. Cu foil was used as the
working electrode, while Zn foil served as the counter and refer-
ence electrodes. As illustrated in Figure 3c, both AE and CSGE
display unique and reversible redox peaks that are associated
with the Zn plating and stripping processes. This observation
confirms their electrochemical reversibility and suggests that
the organic moieties within the CS-hydrogel do not undergo
redox reactions during Zn plating and stripping. The CSGE
electrolyte delivers a higher cathodic current density, indicating
accelerated Zn** transport kinetics compared with AE [19, 54, 55].
Coulombic efficiency measurement results of the asymmetrical
cells using formulated electrolytes were provided in Figures S6
and S7. Furthermore, the nucleation overpotential was assessed
in Zn//Cu cells with an applied current density of 1.0 mA cm 2. As
illustrated in Figure 3d, the nucleation overpotential (NOP) was
reduced from 103 mV for AE to 97 mV for CSGE, demonstrating
rapid Zn?* transport at the Zn/electrolyte interface. This reduced
overpotential arises from the weakened hydration environment
in the CSGE electrolyte, which lowers the desolvation energy
barrier for Zn?* and facilitates homogeneous Zn nucleation. The
zincophilic species introduced by the CSGE system regulate the
Zn*" solvation structure, thereby promoting uniform nucleation
behavior [56, 57].

The Zn?* transference number (t,,?*) is a critical indicator
of ion transport behavior at the anode/electrolyte interface.
Symmetric Zn//Zn cells were employed to determine f,,°* val-
ues for both electrolytes, with chronoamperometry profiles and
electrochemical impedance spectroscopy (EIS) spectra collected
before and after dc polarization. As shown in Figure 3e,f, the
t;,>* value calculated from these measurements is 0.84 for the
CSGE electrolyte, significantly higher than 0.11 for AE. This
substantial increase in tz,>* with CSGE reflects more efficient
Zn?* transport and reduced anion mobility, consistent with
the presence of hydrogen-bonding networks and zincophilic
functional groups that tailor the solvation structure and minimize
parasitic reactions at the anode (Table S2) [48, 54, 58]. To further
elucidate the desolvation process of Zn?**, the activation energy
(E,) was also studied, which is linked to the mass transfer
kinetics of Zn?* at the anode/electrolyte interface, thus affecting
the deposition behavior of Zn?*. The Arrhenius equation was

used to determine the activation energy: E,: RL = Aexp(];iT),

where R, indicates the charge-transfer resistancue and R repre-
sents the ideal gas constant. Accordingly, temperature-dependent
EIS measurements were performed on Zn//Zn symmetric cells
containing AE and CSGE electrolytes. As shown in Figure 3g
(AE) and h (CSGE), the semicircle diameter in the Nyquist plots
consistently decreases with increasing temperature, reflecting a
decrease in R . According to the fitting results based on the
Arrhenius formula (Figure 3i), the calculated activation energies
were 36.42 kJ mol~! for AE and 29.72 kJ mol~! for CSGE. The

lower activation energy in CSGE confirms more favorable Zn>*
transport and accelerated Zn deposition kinetics [56, 59].

To elucidate Zn deposition behavior in CSGE, the morphology
of cycled Zn anodes was examined by ex situ SEM. As shown
in Figure 4a, the Zn anode cycled in AE exhibits pronounced
multidirectional dendrites and flake-like deposits with hexagonal
morphology, indicating unstable interfacial behavior accompa-
nied by uneven Zn nucleation throughout repeated cycling.
In contrast, the Zn anode after cycling in CSGE exhibits a
smooth, compact surface morphology, suggesting uniform Zn
deposition and stable Zn plating/stripping behavior (Figure 4b).
In addition, ex situ energy dispersive spectroscopy (EDS) analysis
of the Zn anode retrieved from the Zn//Zn cell after cycling
with CSGE further revealed a uniform distribution of C, S, and
O elements on the anode surface (Figures S8 and S9). This
observation suggests the formation of an in situ-generated SEI
layer during cycling. This interfacial layer may originate from
the adsorption and coordination of dipolar organic molecules
within CSGE onto the Zn anode surface. Ex situ XRD analysis
of cycled Zn anodes further corroborates the morphological
differences and reveals electrolyte-Zn crystal-plane interactions
at the interface. As shown in Figure 4c, both CSGE and AE
display characteristic Zn diffraction peaks. The (002)/(100) peak
intensity ratio (I iz /Ia00)) offers valuable information regarding
the preferential deposition of Zn [60, 61]. An increase in the
L o02)/T 100y ratio from 0.660 for AE to 1.157 for CSGE, indicating
a preferential Zn deposition along the (002) crystallographic
plane. Preferential (002) growth is widely associated with dense,
planar Zn deposition and suppressed dendrite growth [15, 62].
These findings confirm that CSGE induces (002)-oriented Zn
growth and controlled Zn?** ion transport, leading to dendrite-
free deposition, improved interfacial stability, and remarkably
enhanced cycling durability of Zn anodes.

In-operando optical microscopy was used to observe Zn deposi-
tion and concurrent HER activity by tracking the morphological
evolution during plating [63]. The Zn deposition was conducted at
5.0 mA cm~2 for 60 min. Figure 4d shows that the Zn anode after
cycling in CSGE maintained a dense, smooth surface throughout
the plating process, exhibiting no discernible dendritic features.
In contrast, AE showed dendrite nucleation within 20 min,
evolving into large, irregular dendrites at the end of 60 min.

Figure 4e illustrates a schematic comparison of Zn deposition in
AE and CSGE, which correlates well with the ex situ SEM and
XRD findings. In AE, Zn deposition is highly uneven, leading
to non-uniform crystal orientations and pronounced dendritic
growth along the Zn(100) plane, consistent with ex situ character-
ization. Conversely, CSGE induces a compact, homogeneous Zn
deposition with a dominant Zn(002) texture, in agreement with
the dendrite-free surface morphology revealed by SEM and XRD.
Collectively, these results indicate that incorporating the CS-
hydrogel as a natural solvent promotes the synergistic formation
of an in situ SEI layer and regulates the Zn** coordination
environment at the Zn/electrolyte interface. This interfacial
regulation moderates local electric-field distribution and Zn**
flux, thereby facilitating more uniform Zn nucleation and growth
[19, 64].
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on Zn anodes in AE and CSGE.

The electrochemical behavior of the CSGE was further evaluated
in a full ZIB configuration employing vanadium pentaoxide
nanowires (V,05 NWs) as the cathode. Structural and morpho-
logical details regarding the V,05; NWs are provided in Figures
S10-S13. The CV profiles of ZIBs assembled with the CSGE and
AE were collected at 0.1 mV s7! within 0.2-1.6 V (Figure 5a).
In both systems, two well-defined pairs of anodic and cathodic
peaks characteristic of the V,05 cathode are observed, indicating
that the use of CSGE does not alter the intrinsic redox chemistry.
The oxidation peaks centered at 0.758 and 0.984 V correspond
to the V¥ /V>* and V3*/V* redox transitions, respectively, while
the reduction peaks at 0.845 and 0.593 V arise from the V>*/V**
and V*/V3* processes, respectively. By comparison, AE exhibits
redox couples at 0.751/0.596 and 0.982/0.841 V. Notably, the
oxidation peak at 0.984 V in the CSGE-based cell shows a slight
anodic shift (~2 mV) relative to AE. Moreover, CSGE-based
displays a larger integrated CV area and enhanced redox peak
intensity, suggesting improved Zn>* storage capability of the V,0;
cathode without compromising redox reversibility [65].

To investigate the electrochemical kinetic response of both elec-
trolytes, CV measurements were performed at potential sweep
rates between 0.1 and 1.0 mV s™! (Figure 5b for CSGE and Figure
S14 for AE). Upon increasing the scan rate, the anodic peaks
shifted to more positive potentials, whereas the cathodic peaks
shifted to more negative potentials. At the same time, current
densities of the redox peaks and the potential difference between
oxidation and reduction peaks increased for both electrolytes.
This behavior is associated with stronger charge polarization
at the electrode interface during rapid potential sweeps. To
further elucidate charge-storage mechanisms associated with the

electrolyte systems, the fraction of surface-controlled capaci-
tive processes was analyzed using CV profiles collected under
varying scan rates (Figures S15 and S16). Moreover, b-values
were determined to quantitatively distinguish the contributions
of diffusion-controlled and surface-capacitive processes in the
overall Zn** storage behavior of the fabricated ZIBs. Figure 5¢
shows the calculated b-values belonging to the peaks O1, O2,
R1, and R2 in the CSGE-based cell, which are 0.671, 0.886, 0.818,
and 0.652, respectively. The corresponding values for the AE-
based cell are presented in Figure S17. The variation in b-values
among different redox peaks indicates that a combination of
bulk Zn?* diffusion and surface-controlled capacitive kinetics
governs the charge-storage process [28]. Notably, the relatively
high b-values for peaks O2 and R1 suggest a dominant surface-
capacitive contribution, reflecting accelerated interfacial charge-
transfer kinetics and reduced Zn** desolvation barriers in the
presence of the CSGE electrolyte. Such kinetic enhancement
is consistent with the improved rate capability and reduced
polarization observed for the CSGE-based full cells. To further
elucidate the influence of CSGE on Zn*' transport Kinetics
within the V,0; NW cathode, galvanostatic intermittent titration
technique (GITT) measurements were performed to evaluate the
apparent Zn** diffusion behavior. CSGE exhibits a higher appar-
ent Zn?** diffusion coefficient (D2« = 2.80 X 10~%cm? s7!) than
AE (Dy,2+ = 2.36 X 10~%cm? s71), demonstrating that employing
the CS-hydrogel as the solvent matrix enhances Zn?* transport
(Figure S18). This trend is likely associated with alterations in the
Zn?** solvation environment in CSGE, which may reduce anion
mobility and facilitate cation migration, in line with observa-
tions reported for hydrogen-bond-regulated electrolyte systems
[26, 66].
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electrolytes. (h) Cycling stability of cells using AE and CSGE at 1.0 A g™

EIS was employed to investigate the impact of replacing DI water
with CS-hydrogel on the electrochemical behavior of ZIBs, from
which the charge-transfer resistance (R,) values of the V,05//Zn
cells were determined. The corresponding series resistance (R;)
values for the ZIB cells assembled with CSGE and the aqueous
electrolyte were determined to be 1.95 and 1.88 Q, respectively,
indicating comparable bulk ionic transport in both systems. The
R, value, extracted from the high-frequency semicircle of the
Nyquist plot, was significantly lower for the CSGE-based cell
(174.7 Q) than for the AE cell (200.9 Q), as shown in Figure 5d. The
reduced R, associated with CSGE reflects improved interfacial
charge-transfer kinetics, which can be attributed to the regulated
Zn** solvation structure, reduced water activity, and stabi-
lized electrode/electrolyte interface provided by the CS-hydrogel
matrix. Conversely, AE facilitates parasitic reactions, including
hydrogen evolution and corrosion, leading to an increase in
R, due to the generation of insulating by-products. Prevent-
ing these parasitic reactions can significantly reduce surface
passivation [67], thereby improving interfacial charge transfer,

reflected by lower R, [48]. As a result, CSGE facilitates rapid
interfacial charge transfer and improved Zn plating/stripping
behavior.

Galvanostatic charge-discharge (GCD) measurements were car-
ried out to evaluate the charge-storage performance and rate
capability of ZIBs employing CSGE at current densities ranging
0.1 and 10 A g'. As illustrated in Figure 5e, the V,0s/Zn cell
employing CSGE delivered a high specific discharge capacity
of 337.8 mAh g! at 0.1 A g}, which is substantially higher
than the 294.0 mAh g™' achieved with AE. Across various
current densities, the CSGE-based cell consistently exhibited
higher specific capacities compared to its aqueous counterpart
(Figure 5f and Figure S19). The corresponding GCD profiles
(Figure 5g) reveal that the ZIB using CSGE maintains stable
discharge capacities across the entire current range, preserving
a relatively high capacity output. In contrast, the cell employing
AE shows markedly lower capacities and fails to deliver mea-
surable discharge capacity at high current densities of 5.0 and
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10 A g~'. Table S3 summarizes the performance of the V,05/Zn
cell with CSGE in comparison with reported ZIBs based on
vanadium-based cathodes and aqueous electrolytes.

A systematic evaluation was conducted to compare the cycling
durability and capacity retention of ZIB cells employing CSGE
and AE (Figure 5h and Figures S20-S22). At 1.0 A g7, the
Zn//V,0s cell employing CSGE exhibited an initial specific
discharge capacity of 254.2 mAh g~', whereas the cell with
AE delivered 292.4 mAh g~'. After 500 cycles, the CSGE-based
cell retained a capacity of 120.3 mAh g™, while the AE-based
cell exhibited a more pronounced decline to 106.4 mAh g7,
underscoring the superior capacity retention enabled by CSGE.
This enhanced durability is attributed to effective inhibition
of electrochemical corrosion and suppression of dendritic Zn
buildup at the anode [50]. In addition, mitigation of parasitic
reactions at both electrode interfaces reduces surface passivation
caused by insulating by-products, promoting more efficient inter-
facial charge transfer, consistent with the lower charge-transfer
resistance (Figure 5e) [48].

3 | Conclusions

In conclusion, this work presents a sustainable electrolyte design
based on a chia seed-derived hydrogel that replaces conventional
water-based formulations for aqueous zinc-ion batteries. Pre-
pared via a simple water extraction without synthetic additives,
the chia seed gel electrolyte (CSGE) offers a scalable, low-cost,
and environmentally benign platform. Its intrinsic hydrogen-
bonded network and abundant hydrophilic and zincophilic
functional groups effectively regulate Zn?* solvation, suppress
free-water activity, and stabilize the Zn/electrolyte interface,
enabling homogeneous Zn deposition along the Zn(002) plane
and long-term dendrite suppression. Consequently, the CSGE
delivers a high Zn?* transference number of 0.84, exceptional
cycling stability exceeding 4000 h at 1.0 mA cm~2 and 1.0 mAh
cm™2 in the Zn//Zn symmetric cells, and remarkable battery
performance. The Zn//V,0; cell utilizing CSGE delivers a specific
discharge capacity of 338 mAh g at 0.1 A g~'. Beyond ZIBs,
this green electrolyte strategy is readily extendable to other aque-
ous rechargeable batteries, offering a general pathway toward
low-cost, safe, and sustainable energy storage technologies.
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