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ABSTRACT

This study presents a green and sustainable electrolyte derived from flaxseeds (FS) aimed at enhancing the electrochemical
stability of zinc-ion batteries (ZIBs), thereby reducing the occurrence of free water molecules and alleviating the hydrogen
evolution reaction (HER) that contributes to the development of zinc (Zn) dendrites. The abundant hydroxyl groups present in
polysaccharides and phenolic compounds within the flaxseeds coordinate with Zn**, modifying the solvation sheath and reducing
HER activity. Zn//Zn symmetric cells utilizing the FS-based electrolyte exhibited remarkably stable cycling for 3000 h at a current
density of 1.0 mA cm~2 (1.0 mAh cm~2) and 2500 h at 2.0 mA cm~2 (2.0 mAh cm™2). Zn//V,0; full cells delivered a discharge
capacity of 233.8 mAh g~! at 0.2 A g! and excellent rate capability across a wide current density range of 0.2-10 A g~*. The ex situ
SEM and XRD results confirmed uniform Zn deposition along the (002) plane without dendrite formation. This work demonstrates
a biomass-derived, low-cost electrolyte formulation strategy that effectively stabilizes Zn interfaces, providing a green and efficient

pathway for next-generation zinc-ion batteries.

1 | Introduction

Rechargeable zinc-ion batteries (ZIBs) have emerged as a promis-
ing option for future large-scale energy storage applications,
experiencing substantial growth over the past decade. This
growth can be attributed to their high capacity, the reversibility
of the zinc (Zn) metal anode, cost-effectiveness, enhanced safety,
and environmental sustainability [1]. Nonetheless, during the
charge—discharge cycles of ZIBs employing traditional aqueous
electrolytes, Zn is susceptible to uneven ion flux, resulting in the
formation of Zn dendrites and byproducts linked to the hydrogen
evolution reaction (HER). The parasitic side reactions, HER
activity, corrosion, and anode passivation, within aqueous ZIBs
undermine their cycling stability and overall cell performance
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[2]. Such limitations necessitate the formulation of alternative
electrolyte systems capable of enhancing the stability and per-
formance of ZIBs through precise modulation of ionic flux,
ionic conductivity, electric-field homogeneity, and ion-solvation
structure, while simultaneously emphasizing sustainability and
environmental compatibility [3-5].

It is well established that the solvation structure of the electrolyte
significantly influences the interfacial chemistry between the
electrode and the electrolyte. In typical aqueous electrolytes
for ZIBs, Zn** ions are generally solvated by water molecules
in a strongly solvating manner, resulting in the formation of
[Zn(H,0),]**, while anions and the remaining unsolvated H,0
molecules are excluded from the solvation sheath. The presence
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of this [Zn(H,0),]** species leads to a considerable energy barrier
for the desolvation of Zn?* ions, which may result in side reactions
associated with water. Moreover, H, gas evolution alters the
local pH and triggers the formation of passivation layers, such
as Zn(OH), and ZnO, which hinder ion and electron diffusion,
reduce Zn utilization, and promote the growth of Zn dendrites [6].
The suppression of active water molecules enables the regulation
of Zn?* solvation and desolvation processes, thereby impacting
the electrochemical performance of the Zn anode [7]. Therefore,
it is crucial to suppress the side reactions in aqueous electrolytes
to facilitate good reversibility of the Zn anode [8]. Particularly,
compounds rich in hydroxyl groups interfere with the solvated
configuration of [Zn(H,0),]*" by utilizing a strategy of hydrogen
bond competition, which penetrates the primary solvation shell
of Zn** and substitutes water molecules [9].

In order to ensure the stability of Zn anodes, earlier research
indicates that a hydrophilic Zn/electrolyte interface promotes
uniform charge distribution and improves reaction kinetics,
whereas a hydrophobic interface inhibits water-induced HER
activity and Zn corrosion [10]. Biomass materials are defined
by the presence of hydrophilic functional groups, including
amine (NH,), hydroxyl (—OH), ether (—COC), amide (—CONH or
—CONH,), which exhibit a strong affinity for polar molecules. In
the context of biomass-derived electrolytes, these abundant active
sites in biomass enable the electrolytes to modify the solvated
structure, the electrical double layer, and the hydrogen bonding
network, while mitigating the adverse effects of anions or water
molecules. The presence of lone pair electrons on the oxygen
and nitrogen atoms within these polar functional groups leads
to significant interactions with water, thereby decreasing water
activity. Moreover, these functional groups can serve as sites for
hydrogen-bond networks, facilitating the formation of hydrogels
from biomass materials that possess remarkable flexibility [4, 11].

Natural materials and their derivatives, obtained from renewable
and sustainable resources, offer promising solutions to alleviate
both HER activity and dendrite formation [12]. The structural
diversity, enhanced surface chemistry, and considerable eco-
friendliness of biomass materials position them as a promis-
ing alternative for the development of high-performance ZIBs
(United Nations Sustainable Development Goals 7, 12 & 13) [13].
Natural organic compounds, including taurine, y-valeolactone,
[14] saccharides [15, 16], alkylpolyglycosides (APGs) [17], propy-
lene glycol [18], trehalose [19] and organic acids including pytic
acid [20] and tannic acid [21, 22] have recently been demonstrated
to influence the solvation structure of the electrolyte and to
improve the electrode/electrolyte interface of ZIBs [12]. As the
first example of using biomass extraction in electrolyte formula-
tion for ZIBs, Yuksel et al. developed an aloe vera-based green
electrolyte with a quinone-rich composition, which significantly
extended the electrochemical stability of the symmetrical Zn
cell to 4500 h and enabled higher specific capacities at different
current densities [23].

Flaxseed (FS, Linum usitatissimum L.), also known as linseed, is
recognized as a functional food ingredient due to its numerous
health benefits [24]. Flaxseed hydrogel has attracted consider-
able attention due to its exceptionally rich organic moiety and
amphiphilic nature [24, 25]. The extraction temperature, the
characteristics of the solvent, and the properties of the raw

material influence the yield of hydrogel from flaxseeds [26].
Flaxseed hydrogel extracted with water at room temperature
consists of phenolic acids, such as d-galacturonic, p-coumaric,
caffeic, ferulic, chlorogenic, caffeic acid [24], quercetin, and dis-
accharides [27, 28], including [-galactose, galactose, I-rhamnose,
and d-xylose [29]. The phenolic acids (e.g., ferulic, gallic, and
coumaric acids) and sugar derivatives (such as rhamnose and
galactose units) in flaxseed gel matrix contain abundant hydroxyl,
ether, and carboxylate functionalities [30], which play a key
role in coordinating Zn?* ions, mitigating HER, and suppressing
dendrite growth [31, 32], Hence, integrating FS-gel abundant in
saccharides and phenolic molecules with zincophilic functional
groups into the electrolyte formulation presents an effective route
to modulate Zn?*" solvation, minimize parasitic reactions, and
strengthen interfacial stability.

In this work, we developed a flaxseed (FS) gel-based elec-
trolyte as a sustainable and efficient strategy to stabilize the
anode/electrolyte interface in ZIBs. Unlike most previously
reported biomass-based electrolytes, which rely on the precise
blending of synthetic or isolated biomass-derived additives and
solvents, the FS-based electrolyte system directly employs the FS-
hydrogel as a natural solvent to replace pure water in preparing
the electrolyte with 2.0 M ZnSO, concentration. Due to its
superior wettability and multiple hydrophilic and zincophilic
functional groups, the FS-based electrolyte provides abundant
nucleation sites for Zn, promoting uniform deposition and inter-
facial stability. Thus, the FS hydrogel serves as a natural solvent,
offering effective hydrogen-bond regulation, minimized water
activity, and thereby enhanced electrochemical interface stability
in a green, sustainable, and scalable electrolyte system. The FS-
based electrolyte demonstrated an ultrahigh Zn** transference
number of 0.79, indicating efficient charge transport and reduced
concentration polarization. In addition, Zn//Zn symmetric cells
employing FS-based electrolyte exhibited remarkable cycling
stability, sustaining highly reversible Zn plating/stripping for over
3000 h at 1.0 mA cm™? (1.0 mAh cm™2), 2500 h at 2.0 mA cm™
(2.0 mAh cm™2), and 700 h at 10 mA cm™ (1.0 mAh cm™).
Along with detailed electrochemical and morphological charac-
terizations, the performance of the Zn//V,0;s full cell using the
FS-based electrolyte is presented in detail.

2 | Results and Discussion

The scheme illustrating the fabrication steps of the FS-based
electrolyte is presented in Figure la. Commercially available
flaxseeds were soaked in deionized (DI) water for 24 h at
room temperature and subsequently used for gelation without
additional purification. FS-hydrogel was extracted by soaking 1.0,
5.0, and 10.0 g of flaxseeds in 100 mL of DI water, yielding viscous
and transparent hydrogels.

To elucidate the chemical composition and identify the functional
groups present in FS-hydrogel, it was freeze-dried to obtain the FS
aerogel (Figure S1). As shown in Figure 1b, the FTIR spectrum
of the FS aerogel displays characteristic bands associated with
phenolic acids and disaccharides. A notably broad band at
3413 cm™ is indicative of the O—H stretching vibrations of
hydroxyl groups that are engaged in extensive hydrogen bonding
among phenolic and carbohydrate species. The subtle peaks
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FIGURE 1 | Electrolyte formulation. (a) Schematic of FS-based electrolyte fabrication steps. (b) FTIR spectrum of the FS aerogel. (c) Contact angle
measurements on Zn anode surface with aqueous and FS-based electrolytes. (d) Bar graph showing ionic conductivities of the produced electrolytes.

observed at 2983 and 2900 cm™ are linked to the aliphatic
C—H stretching vibrations of carbohydrate rings. Distinct bands
located at 1598 and 1566 cm™ are attributed to the aromatic C=C
stretching vibrations of phenolic compounds, which overlap with
the asymmetric stretching of carboxylate (COO~) groups that
arise from deprotonated phenolic acids. The bands at 1407 and
1345 cm™! correspond to the symmetric stretching of carboxylate
groups, as well as the C—O/H—O bending vibrations of phenolic
hydroxyls and alcohols present in sugars [33, 34]. The pronounced
absorptions at 1242, 1140, 1076, and 1038 cm™! are attributed
to the C—O—C and C—O stretching vibrations of glycosidic
linkages, while the band at 893 cm™ signifies S-type glycosidic
configurations. The weak peak at 628 cm™ is associated with
the out-of-plane bending of aromatic C—H. Overall, these peaks
confirm that the FS-hydrogel consists of hydroxyl- and carbonyl-
rich phenolic and sugar molecules that form a hydrogen-bonded
molecular network [30].

In metal-based batteries, the superior wettability of electrolytes
can reduce nucleation overpotential, enhance the number of
nucleation sites, equalize the distribution of cations at the
interface, and facilitate the development of thin and stable solid
electrolyte interface (SEI) films. This results in the inhibition
of dendrite formation, thereby improving the cycle stability and
safety of metal-based batteries [35]. The degree of wettability
provides insight into the electrolyte-electrode interaction, which
critically influences Zn nucleation and corrosion behavior [36]. To
evaluate the interfacial wettability and surface affinity between
the electrolyte and the Zn anode, contact angle measurements
were performed using both aqueous and FS-based electrolytes, as
shown in Figure 1c. The contact angle for the aqueous electrolyte

was measured at 94.7°. The FS-based electrolyte exhibits a contact
angle of 88.3°, indicating improved compatibility between the
electrolyte and the electrode. This increase in wettability is a
result of the adsorption of hydrophilic phenolic hydroxyl groups
and other zincophilic groups on the surface of Zn, promoting
a uniform distribution of the electric field and facilitating the
development of a dynamic protective layer [37].

The pH of the neat FS-hydrogel prepared from 5.0 g of flaxseeds
was measured as 5.62, which decreased to 3.92 after adding 2.0 M
ZnSO,. This reduction in pH is attributed to the chelation of
Zn*" ions with organic acids and phenolic compounds in the FS
mucilage, forming carboxylate and phenoxide coordination com-
plexes that release protons into the medium (Figure S2) [38]. The
ionic conductivity of the neat FS-hydrogel was evaluated using
an ionic conductivity probe, yielding values of 0.117, 0.363, and
0.467 mS cm™ for mucilages prepared with 1.0, 5.0, and 10.0 g of
flaxseeds per 100 mL of deionized water, respectively (Figure 1d).
The observed increase in conductivity with higher FS content
is attributed to the greater concentration of polar functional
groups, such as hydroxyl, carboxyl, and phenolic moieties, that
are extracted into the aqueous phase, thereby enhancing proton
and ion transport within the hydrogel network. Notably, even in
the absence of ZnSO,, the intrinsic ionic conductivity of the FS-
hydrogel is sufficient to serve as an aqueous electrolyte medium.
However, the incorporation of ZnSO, salt further improves ionic
transport and enables stable and reversible Zn plating/stripping
behavior, which is essential for long-term battery operation.
Upon the addition of ZnSO, salt, the gel-like structure of the
FS-hydrogel transitioned into a less viscous, more fluid form,
indicating disruption of the original hydrogen-bonded network
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through coordination interactions between Zn?** ions and the
mucilage’s functional groups. The FS-based electrolytes prepared
with varying concentrations of zinc salt (1.0, 2.0, and 3.0 M
ZnS0O,) demonstrated both homogeneity and stability, indicating
a favorable miscibility of Zn ions within the hydrogel matrix.
The ionic conductivity of these FS-electrolytes was measured at
room temperature, and the results are provided in Figure 1d.
The conductivity values for all formulations ranged from 46.5
to 61.8 mS cm™!. An increase in ZnSO, concentration from
1.0 to 2.0 M led to a gradual rise in conductivity, peaking at
61.8 mS cm™~!. However, when concentrations exceeded 2.0 M, a
decline in conductivity was observed, suggesting a competition
between increased ion density and reduced mobility due to ion-
ion interactions and partial coordination between Zn?* ions and
the polar hydrophilic organic molecules within the FS-based
electrolyte. This finding is in line with previous studies on con-
centrated aqueous electrolytes, which have shown that although
ionic conductivity initially increases with salt concentration, it
eventually decreases at higher concentrations due to enhanced
ion-ion interactions and the formation of ion pairs or aggregates
that reduce ion mobility and the number of freely mobile charge
carriers [39-41]. Consequently, the FS-based electrolyte having
2.0 M ZnSO, was chosen as the optimum electrolyte for this study
and used throughout the electrochemical characterization of the
new electrolyte.

To explore the capability of the FS-based electrolyte in mitigating
HER activity and enhancing the interfacial stability of the Zn
anode, a comprehensive series of electrochemical tests was
conducted, providing a detailed understanding of the electrolyte’s
effect on electrochemical processes. Linear sweep voltammetry
(LSV) was employed to evaluate the electrochemical stability
window (ESW) of the FS-based electrolyte and to assess its hydro-
gen evolution reaction (HER) behavior. As shown in Figure 2a,
when the potential reaches —0.19 V, the cathodic current den-
sity of the Zn anode in contact with the FS-based electrolyte
(—24.98 mA cm™2) is lower than that of the Zn anode in contact
with the aqueous electrolyte (—26.69 mA c¢cm~2). The reduced
cathodic current indicates suppressed hydrogen evolution in the
cell employing the FS-based electrolyte [21].

Tafel plots were used to evaluate the corrosion current (I,,.) and
the corrosion potential (E.,,), as shown in Figure 2b. The FS-
based electrolyte showed a notably reduced I, (0.978 mA cm™2)
and an increased E_,, (-0.89 V vs Ag/AgCl) in comparison to
the aqueous electrolyte (I, = —1.426 mA cm~2, E,,, = —0.90 V
vs Ag/AgCl). The higher E.,, and lower I, values suggest a
diminished corrosion on the anode surface [42]. The corrosion
inhibition efficiency (1) was also calculated using the I, values
of the fabricated electrolytes, and the % 7 is calculated as 31.4%.
Thus, the findings reveal that the use of FS-based electrolytes
significantly lowers the HER activity and the anodic corrosion of
the Zn anode.

Cyclic voltammetry (CV) tests were done using asymmetric
Zn//Cu cells to investigate Zn>* nucleation overpotential on
the Zn anode. As shown in Figure 2c, both aqueous and FS-
based electrolytes exhibit distinct and reversible redox peaks
corresponding to Zn plating/stripping processes, confirming their
electrochemical reversibility. In the CV curves, the turning point
during the cathodic scan marks the onset of Zn** nucleation, with

the associated potential representing the nucleation overpotential
(NOP). The FS-based electrolyte produced a higher current
density, reflecting its enhanced Zn?** Kkinetics relative to the
aqueous electrolyte. The nucleation overpotential of the FS-based
system (—53.6 mV) is lower than that of the aqueous electrolyte
(—64.8 mV), indicating a reduced Zn deposition barrier and
facilitated plating/stripping behavior [43]. Further evaluation at
0.1 mA cm~2 (Figure 2d) showed a decrease in NOP from 11.67 mV
in the aqueous electrolyte to 9.08 mV in the FS-based system.
The lower overpotential, attributed to weaker Zn>* solvation,
underscores the efficacy of FS-hydrogel in facilitating uniform Zn
nucleation while suppressing H,O reduction [44].

The Zn ion transference number (£,,%") serves as a vital parameter
that determines the distribution of Zn?* ions at the interface
between the anode and electrolyte, which impacts the efficiency
of Zn metal batteries. The t,,°" for the FS-based electrolyte
was determined using symmetric cells with Zn anodes. The
corresponding I-t curve and EIS spectra, observed before and
after the polarization process, are shown in Figure 2e. The t,,°*
was calculated to be 0.79, but t,,2* value of the aqueous ZnSO,
was found to be 0.32 (Figure S3). The high t,,°* reflects the FS-
based electrolyte’s ability to regulate Zn?* ion flux, improving
electrochemical performance by minimizing side reactions and
controlling Zn deposition, which is linked to the rich availability
of —OH, glycosidic ether (C—0—C) and carboxylate (—O—C=0)
groups within FS-based electrolyte, as well as the hydrogen
bonding network that modulates the solvation structure of the
electrolyte [9, 17, 45].

Temperature-dependent electrochemical impedance
spectroscopy (EIS) was conducted to elucidate the temperature
effect on the interfacial charge transfer behavior of Zn//Zn
symmetric cells using both aqueous and FS-based electrolytes.
As shown in Figure 2f (Figure S4 for aqueous electrolyte), the
Nyquist plots exhibit a clear trend of decreasing semicircle
diameter with increasing temperature for both electrolytes,
indicating a reduction in charge-transfer resistance (R.) at
elevated temperatures. The relationship between temperature
and R, was further analyzed using the Arrhenius equation.
The corresponding Arrhenius plots (Figure S5) reveal linear
correlations, from which the activation energies were calculated
to be 24.70 and 36.86 kJ mol™ for the aqueous and FS-based
electrolytes, respectively. This finding was also supported by the
lower Zn** diffusion coefficient with the FS-based electrolyte
(Figure S6). The higher value of the FS-based electrolyte
reflects a more structured solvation environment and stronger
coordination between Zn?*" ions and the functional groups (—OH,
—COOH, and C—0—C) in the FS-hydrogel matrix. Such strong
interactions and the presence of a hydrogen-bonded network
hinder ion mobility to a certain extent, requiring higher energy
for charge transfer. Nevertheless, this feature is beneficial for
stabilizing Zn deposition by suppressing parasitic reactions and
uncontrolled dendritic growth, thus maintaining interfacial
integrity during prolonged cycling.

The effectiveness of the FS-based electrolyte in enhancing the
electrochemical stability of Zn anodes was examined through
long-term galvanostatic cycling of symmetric Zn//Zn cells oper-
ated under varied current densities and areal capacities. For
comparison, stability results for the symmetric cells with the

4of11

Advanced Sustainable Systems, 2026

35S SUOWILLIOD BAIERID 3|cfed!(dde 3y Ag peusAob afe Sapile YO ‘88N JO S3InJ 10} A%eiqT 8U1IUQ AB]1M UO (SUONIPUOD-PUR-SLLLBIALIY™AS | 1M ARIq U1 IUO//STIL) SUORIPUOD PUE SWLB L 31 39S *[9202/20/20] U0 ARiqi auliuo A8|IMm ‘sarsieAun tojousp L 9 11Bes Inquess| Aq 20210202 NSPe/Z00T OT/I0pALI0Y A8 | 1M AReid 1 Ut IO PaOURADe// STy WOJ POpeOuMOQ ‘T ‘9202 ‘98Y.99EC



120

Q)
S
2

7]

O
N

—_—AQ

m
—
o
53
»
o
»
o

(g)
—
w
o

—FS
—AQ

N
(=]

o <
- % z
z 60 fi S oot £ J
2 40 b S € 0
2 20} ) = E
E BE am e om o Y 0’4'0 i 5 '10 r
(3 Voltage (V) va Za2Za" [}
‘5' or | (&)
© 20} 8.0l -20
40 = ; : g : : P8, A -30 . . .
o (05 A0 1S 20 20538 A1.10 .00 -0.88 0.75 0.2 0.0 0.2 0.4
Voltage (V) vs Zn/Zn Potential (V) vs Ag/AgCI Voltage (V) vs Zn/zn®
d) -0.04 e) 0.020 f)
S
& st paatn
s —_—
N -0.08 P £
S < 0.016} =
4 9.08 mV - Y AT IR
> 7 s .
E -0.12 11.67 mV ;é; 06431 e :.‘ " T f ° 04'
e .l % 560 s0009%00,,
§’-0.16 5 0.012 0 150 300 454; 600 T 420 i
= o Z (ohm)  0.0098. 5
S S L 280
-0.20 —Fs N 140
—AQ 0.008} t,,2+=0.79 i
0 1000 2000 3000 4000 5000 6000 7000 OL 1000 2060 3060 2000 0100200 300 400 500 600 700
Time (s) Time (s) Z' (ohm)

FIGURE 2 | (a) LSV curves and (b) Tafel plots of aqueous and FS-based electrolytes at a scan rate of 1.0 mV s~.. (c) CV curves of aqueous and
FS-based electrolyte in Zn//Cu cells at 1.0 mV s (d) Nucleation overpotential curves. (e) Chronoamperometry and EIS curves of FS-based electrolyte

before and after dc polarization. (f) Temperature-dependent EIS spectra of symmetrical Zn//Zn cell using FS-based electrolyte.

aqueous electrolyte cycled under the same conditions were also
provided. Galvanostatic charge-discharge (GCD) curves of the
symmetrical cells are provided in Figure 3. In Figure 3a, at
a current density of 1.0 mA cm™ and an areal capacity of
1.0 mAh cm™2, the symmetric cell containing the FS-based
electrolyte demonstrated impressively stable cycling performance
and operated for over 3000 h. It should be noted that, in a
two-electrode Zn//Zn symmetric configuration, the measured
overpotential reflects the combined contributions of Zn plating
and Zn stripping at both electrodes; therefore, transient volt-
age fluctuations are intrinsic to this testing method and do
not necessarily indicate interfacial instability. The overpoten-
tial fluctuation for the FS-based electrolyte was slightly higher
(~59 mV) than that observed in the aqueous electrolyte (~44 mV)
for the initial cycles. After approximately the 86th cycle, the
overpotential fluctuation for the FS-based electrolyte was around
100 mV. In contrast, the symmetric cells employing the aqueous
electrolyte exhibited a sudden voltage drop after approximately
235 h of cycling, indicative of a short circuit. The electrochemical
stability tests were further extended to higher current densities
and areal capacities to examine the compatibility of the FS-based
electrolyte under challenging operating conditions. Figure 3b
shows the cycling stability of the symmetric cells cycled at
2.0 mA cm™2 (2.0 mAh cm™). The symmetric cell containing
the aqueous ZnSO, electrolyte experienced an early short circuit
and cell failure after only 56 cycles (112 h), highlighting its
poor interfacial stability. In contrast, the cell with the FS-based
electrolyte demonstrated remarkable long-term electrochemical
stability, sustaining excellent cyclic stability for over 2500 h.
During the initial 80 h, the FS-based electrolyte maintained
a low overpotential of approximately 50 mV, which gradually
stabilized at around 100 mV with minimal fluctuation throughout

prolonged cycling. For 2500 h of cycling, the cell remained
stable, confirming that the FS-based electrolyte effectively sup-
pressed parasitic side reactions and ensured highly reversible
Zn plating/stripping. At a high current density of 5.0 mA cm™
(5.0 mAh cm™2), the cell with the aqueous electrolyte exhibited
a slightly lower overpotential (~58 mV) and failed after only 68
cycles (136 h). In contrast, the FS-based electrolyte cell main-
tained excellent electrochemical stability with an overpotential
of ~62.5 mV, sustaining stable cycling for up to 236 h (Figure 3c).
Electrochemical stability measurements were continued at highly
challenging conditions, which is an important prerequisite for
high-power applications. When the current density is increased
to 10 mA cm™2 (10 mAh cm™2), the aqueous electrolyte-containing
cell exhibited poor cycling stability and experienced a rapid short
circuit just after 47 cycles (95 h), as presented in Figure 3d.
On the other hand, the FS-based electrolyte cell maintained
its stable operation for over 600 h under the extremely high
current density, demonstrating a highly reversible and stable
Zn plating/stripping process. Remarkably, a minor change in
overpotential at high current densities is likely due to the
formation of a compact and uniform Zn layer, which promotes
efficient charge transfer and minimizes polarization at the anode
interface [45]. The electrochemical stability tests were further
conducted under incrementally varied current densities. The
current density was gradually increased from 1.0 to 10 mA cm™2
(1.0-10 mAh cm™2) over 200 h intervals, and subsequently
decreased following the same sequence as depicted in Figure 3e.
The aqueous electrolyte cell failed after 380 hours and could
not complete the analysis due to dendrite formation, whereas
the FS-based cell exhibited outstanding stability, maintaining
an almost constant overpotential throughout the entire cycling
process beyond 800 h. The beneficial effect of incorporating
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Electrochemical stability tests. Galvanostatic charge discharge (GCD) curves of symmetrical Zn//Zn cells with aqueous and FS-based

electrolytes at different current densities and areal capacities: of (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) 10.0 mA cm~2, 10.0 mAh cm™2. (e) Rate performance comparison of Zn//Zn cells with aqueous and FS-based electrolytes at

various current densities ranging from 1.0 to 10 mA cm™2 (1.0-10 mAh cm™2). (f) Cycling stability of Zn//Zn cells cycled at 10 mA cm~2 with a fixed

capacity of 1.0 mAh cm™2.

FS-based gel in reducing water activity and mitigating side reac-
tions becomes particularly evident under high current density
conditions (10 mA cm~2) with a plating capacity of 1.0 mAh cm~2
[46, 47]. As shown in Figure 3f, the cell with the aqueous
electrolyte exhibited poor cycling stability and experienced a
short circuit after only 236 h. In contrast, the FS-based electrolyte
cell maintained stable operation for 720 h under the same high
current density. Coulombic efficiency (CE) measurements of the
asymmetric Zn//Cu cells were presented in Figure S7. Overall,
the obtained stability results demonstrate that the FS-based
electrolyte effectively regulates Zn?* ion flux and suppresses
dendritic growth, leading to a more stable anode/electrolyte
interface and enhanced long-term cycling reversibility. This
improvement stems from the reduced water activity and strong
Zn** coordination enabled by the rich functional groups of FS-
hydrogel, which collectively promote uniform Zn deposition and
inhibit unwanted side reactions during extended cycling. Within

the electrolyte, polar functional groups coordinate with Zn?**
ions, regulating the solvation structure and acting as hydrogen
bond donors and acceptors (HBD/HBA), thereby influencing
the hydrogen bonding structure. This hydrogen-bond network
confines free water molecules, thereby lowering their activity
and reshaping the Zn?* solvation sheath, which in turn mitigates
parasitic side reactions [48]. Table S1 presents a comparison of the
electrochemical stability of the FS-based electrolyte developed in
this study with notable aqueous ZIB electrolytes that incorporate
natural additives, as reported in the literature. The remarkable
electrochemical stability of FS-based electrolyte underscores its
strong potential as a sustainable and cost-effective electrolyte for
advanced Zn-based energy storage systems.

To further investigate the Zn deposition behavior in FS-based
electrolytes, structural and morphological analyses were per-
formed on the cycled Zn anodes. For this purpose, ex situ SEM
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FIGURE 4 | Exsitu SEM images of cycled Zn anodes in (a) aqueous and (b) FS-based electrolytes. (c) Ex situ XRD patterns of the cycled Zn anodes.

(d) In-operando optical microscopy images of Zn anodes in the electrolyte solutions. (e) Schematics of Zn deposition behavior on Zn anodes in aqueous

and FS-based electrolytes.

analysis was conducted on the cycled Zn anodes after the cycling.
Ex situ SEM images of the cycled Zn anodes in the aqueous and
FS-based electrolytes are presented in Figure 4a,b, respectively.
After cycling, the Zn anode subjected to the aqueous electrolyte
demonstrated significant, multidirectional dendritic growths and
hexagonal flake-like deposits, suggesting pronounced interfacial
instability and irregular Zn nucleation throughout the repeated
cycling. On the other hand, the Zn anode cycled in the FS-based
electrolyte exhibited a smooth, highly compact, and morpho-
logically uniform surface, indicating uniform Zn deposition and
stable Zn stripping/plating characteristics.

Ex situ X-ray diffraction (XRD) analysis was performed on the
cycled Zn anodes to elucidate the electrochemical interactions
between the exposed Zn crystal planes and the electrolyte at
the electrode-electrolyte interface. As shown in Figure 4c, the
ex situ XRD patterns of the cycled Zn anodes from both the
FS-based and aqueous electrolytes exclusively display diffraction
peaks associated with metallic Zn. Specifically, the cycled Zn
anode from the Zn||Zn cell employing the FS-based electrolyte
exhibits diffraction peaks at 36.43°, 39.29°, 43.35°, and 54.43°,
along with weak reflections at 70.20° and 70.75°, which can be
indexed to the (002), (100), (101), (102), (103), and (110) planes
of hexagonal Zn (JCPDS No. 04-0831), respectively, confirming

the formation of crystalline Zn after cycling. Compared with
the aqueous electrolyte, the FS-based electrolyte shows higher
relative intensities of the (002) and (101) reflections, suggesting an
enhanced contribution of these crystallographic planes during Zn
deposition. Furthermore, the relative intensity ratio of the (002)
and (100) peaks (I(002)/1(100)) provides insight into the prefer-
ential deposition behavior of Zn. As depicted in Figure 4c, the
1(002)/1(100) ratios are 0.670 and 0.857 for the cycled Zn anodes
in the aqueous and FS-based electrolytes, respectively. A higher
1(002)/1(100) ratio is indicative of preferential Zn deposition
along the basal plane [9]. Accordingly, the increased 1(002)/1(100)
ratio demonstrates an enhancement of Zn nucleation along the
(002) crystal plane in the FS-based electrolyte compared with the
aqueous electrolyte.

These ex-situ results for the cycled Zn anodes in both electrolytes
further validate that the electrolyte employing FS-hydrogel as the
natural solvent effectively regulates the flux of Zn** ions and
inhibits dendritic growth, enhancing the electrochemical stability
of the Zn anodes.

To closely monitor the Zn plating behavior and the associated
HER activity, in-operando optical microscopy analysis was per-
formed. For the analysis, Zn plating was performed at a current
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density of 5.0 mA cm™2 for a 60-min duration. As shown in
Figure 4d, the Zn anode retained a smooth and compact surface
with no visible dendrite formation in the FS-based electrolyte. In
contrast, the aqueous electrolyte exhibited noticeable dendritic
growth on the Zn surface within 10 min, which progressively
evolved into irregular and enlarged dendrites after 60 min of
plating.

Figure 4e schematically illustrates the Zn deposition behavior
on Zn anodes in aqueous and FS-based electrolytes, consistent
with the ex situ SEM and XRD results. The aqueous electrolyte
promotes nonuniform Zn deposition and random crystal growth,
leading to a dendritic morphology and dominant growth along
the Zn(100) plane, as evidenced by ex situ XRD and SEM results.
In contrast, the FS-based electrolyte promotes dense and uniform
Zn deposition with a preferred Zn(002) orientation, consistent
with the smooth, dendrite-free surface observed via ex-situ SEM
and XRD analysis.

The electrochemical performance of the fabricated FS-based
electrolyte was investigated in a full ZIB device architecture
using vanadium (V) oxide nanowires (V,0; NWs) as cathode
material. The structural and morphological characterizations of
the V,05 NWs are provided in the Figures S8-S10. The CV curves
of the ZIBs using FS-based and aqueous electrolytes, recorded
at a scan rate of 0.5 mV s~ within a voltage window of 0.2-
1.6 V, exhibited two distinct pairs of oxidation and reduction
peaks associated with the V,05 cathode (Figure 5a). The use
of FS-based electrolyte does not alter the redox behavior of
the V,0; cathode. During the CV scan, two oxidation peaks
are observed sequentially at approximately 0.771 and 1.252 V,
which are associated with the transition processes of V#/v>*
and V3*/V*, Also, two reduction peaks are sequentially observed
at around 0.732 and 0.384 V, corresponding to the reduction
processes of V3*/V* and V*/V3*. The CV profile of the full
cell in the aqueous electrolyte displayed analogous redox peaks
at 0.836/0.476 V and 1.274/0.728 V. The oxidation peak observed
at 1.252 V experienced a minor shift (~22 mV) towards a lower
potential in comparison to the aqueous electrolyte. Unlike the
FS-based electrolyte, which exhibited a greater integral area in
the CV curves, indicating an enhanced Zn?* storage capacity. It
is noteworthy that the FS-based electrolyte shows considerable
enhancement in oxidation-reduction peaks, indicating that the
FS-hydrogel, as a natural solvent, improves the ion-storage ability
of the V, 05 cathode.

The CV measurements were repeated at scan rates ranging from
0.1 to 1.0 mV s7! to evaluate the rate-dependent electrochemical
behavior of the electrolytes (Figure 5b and Figure S11). As the
scan rate increased, the oxidation peaks shifted towards higher
voltages, whereas the reduction peaks shifted towards lower
voltage values. Both the redox peak current density and the
peak-to-peak separation increased in both electrolytes, which can
be attributed to the rapid charge polarization at the electrode
surface under faster potential sweep conditions. To determine
the charge storage mechanisms of the fabricated electrolyte
solutions, the contributions from surface-capacitive components
were visualized utilizing the CV curves at different scan rates
(Figures S12 and S13). Additionally, b-values were calculated to
quantify the roles of diffusion control and surface capacitance
in the charge storage mechanisms of ZIBs. As illustrated in

Figure 5g, the b-values for peaks Ol, O2, R1, and R2 were
calculated to be 0.801, 0.912, 0.817, and 0.784, respectively, for
the cell using a FS-based electrolyte (Figure S14 for aqueous
electrolyte). The obtained values indicate that both diffusive and
surface-capacitive processes govern the charge-storage process.

The impact of replacing the water with FS-hydrogel on the
electrochemical performance of the ZIBs was further evaluated
through electrochemical impedance spectroscopy (EIS). The
series resistance (R;) values for the fabricated ZIB cells using
the FS-based and aqueous electrolytes were found to be 1.54
and 2.83 Q, respectively. The R, values, obtained from the
semicircles in the high frequency regions of the Nyquist plots,
were 103.2 Q for the FS-based electrolyte and 619.7 Q for the
aqueous electrolyte (Figure 5d). The significantly reduced R
by the FS-based electrolyte demonstrates that the FS-hydrogel
effectively reduces water activity and suppresses the formation
of corrosion-induced byproducts, thereby lowering HER activity
and maintaining a more conductive Zn surface. In contrast, the
aqueous electrolyte promotes parasitic reactions such as HER
activity and surface corrosion, resulting in increased R, due to the
formation of insulating byproducts. The prevention of undesired
side reactions can substantially lower surface passivation [2],
which in turn enhances the charge transfer process, as indicated
by the reduction in charge transfer resistance [45]. Consequently,
the FS-based electrolyte enables faster interfacial charge transfer
and enhanced Zn plating/stripping kinetics.

To evaluate the effect of the FS-based electrolyte on the elec-
trochemical performance of ZIBs, GCD measurements were
conducted across current densities ranging from 0.2 to 10 A g™*.
As shown in Figure 5e, at 0.2 A g™, the full ZIB cell employing the
FS-based electrolyte delivered a specific capacity of 233.8 mAh g™,
outperforming the 210.4 mAh g~! obtained with the aqueous
ZnSO0, electrolyte. In addition, the FS-based cell exhibited a lower
voltage hysteresis (199 mV) compared to the aqueous electrolyte
(237 mV), indicating improved Zn?* reaction kinetics. GCD mea-
surements were repeated at different current densities, and the
FS-based electrolyte delivered higher specific capacities than the
aqueous electrolyte at every current density (Figure 5f and Figure
S15). The current density vs. specific capacity results are provided
in Figure 5g. As shown in Figure 5g, the FS-based cell maintained
a high specific capacity profile at all current densities, whereas
the cell using the aqueous electrolyte exhibited noticeably lower
capacity values. Moreover, the capacity recovery of the FS-based
ZIB from 10 A g™! back to 0.2 A g~! was markedly better than
that of the aqueous electrolyte cell, highlighting its superior
rate capability and reversibility. The electrochemical performance
of the FS-based electrolyte was further benchmarked against
previously reported ZIBs employing vanadium-based cathodes
and aqueous electrolytes, as presented in Table S2.

The long-term cycle life and capacity retention of the full ZIB
cells, which utilize FS-based and aqueous electrolytes, were also
examined. At a current density of 1.0 A g™ (Figure 5h), the
Zn//V,0;5 cell containing the FS-based electrolyte delivered a
markedly higher initial discharge capacity of 321.9 mAh g7,
compared to 307.5 mAh g! for the cell using the aqueous
electrolyte. After 1000 cycles, the FS-based electrolyte retained
102.5 mAh g™, while the aqueous electrolyte using cell declined
to 73.4 mAh g!, highlighting a clear advantage in capacity
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Electrochemical performance of the full ZIB cells with V,05 NW cathodes in 2.0 M ZnSO, aqueous and FS-based electrolytes. (a)
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circuit model). (e) Comparison of GCD curves at 0.2 A g~! current density. (f) GCD curves of the ZIB cell using FS-based electrolyte across varying
current densities. (g) The rate performance in different electrolytes. (h) Comparison of long-term GCD cycling performance of aqueous and FS-based

electrolytes at 1.0 A g,

retention. The remarkable durability of the FS-based electrolyte
is attributed to the suppressed electrochemical corrosion and
the absence of dendritic accumulation on the Zn anode [49].
Furthermore, inhibiting the side reactions occurring at both the
anode and cathode can significantly diminish surface passivation
caused by the accumulation of byproducts, thereby facilitating
the charge transfer process, as evidenced by the decreased charge
transfer resistance [45].

The gradual capacity decay observed during long-term cycling of
the Zn//V,0; full cell (Figure 5h) is primarily attributed to intrin-
sic limitations of the V,O; cathode rather than instability of the Zn
anode. Vanadium-based cathodes are prone to structural distor-
tion and partial dissolution of vanadium species in mildly acidic
aqueous electrolytes during repeated Zn** insertion/extraction,
leading to progressive loss of active material and capacity fading
upon prolonged cycling (Figure S16). In addition, slow electrolyte
consumption and interfacial reorganization within the FS-based
hydrogel matrix may contribute to a moderate increase in interfa-
cial resistance at extended cycle numbers, slightly restricting Zn**
transport kinetics. Nevertheless, Zn anode-related degradation is

effectively suppressed in the FS-based electrolyte, as evidenced
by the long-term stability of Zn//Zn symmetric cells, high Zn**
transference number (0.79), reduced corrosion current density,
suppressed HER activity, and dendrite-free Zn morphology after
cycling. These results indicate that the FS-based electrolyte signif-
icantly mitigates anode-induced degradation, and the remaining
capacity decay in the full cell is predominantly governed by
cathode-side structural and chemical evolution rather than Zn
anode failure or severe impedance growth.

3 | Conclusions

In summary, unlike previously reported biomass-derived addi-
tives that require the precise blending of synthetic organic
molecules into aqueous electrolytes, we formulated the FS-based
electrolyte using the flaxseed hydrogel without any purification or
chemical modification. This approach offers a simpler, greener,
and more scalable electrolyte formulation strategy, eliminat-
ing the need for industrially processed or synthetic organic
compounds as additives. Due to its superior wettability, the
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FS-based electrolyte system features multiple polar hydrophilic
and zincophilic functional groups, which create abundant nucle-
ation sites for Zn and regulate the hydrogen-bond network.
Consequently, the FS-based electrolyte promotes dense and
uniform Zn deposition with a preferred Zn(002) orientation.
The FS-based electrolyte exhibited remarkable ¢,,*" of 0.79 and
superior electrochemical stability for symmetric Zn//Zn cells,
sustaining electrochemical stability for 3000 h at a current density
0of 1.0 mA cm~2 (1.0 mAh cm~2). The Zn//V,Os full cells assembled
with the FS-based electrolyte demonstrated superior specific
capacities, improved rate capability, and significantly greater
capacity retention compared to aqueous electrolytes, highlighting
its substantial role in enhancing the performance of Zn-based
batteries. Overall, this study presents a straightforward design for
biomass electrolytes that advances the sustainable development
of safe and durable Zn-ion batteries.
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