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ABSTRACT

Aqueous zinc-based batteries (ZIBs) are considered promising energy storage solutions, particularly targeting low-cost

applications needed for levelling electricity production from renewable energy sources. However, numerous challenges

need to be overcome to bring the technology to the market, chiefly including cathode dissolution, dendrite formation,

hydrogen evolution reaction, and zinc corrosion. The optimisation of the electrolyte, particularly the use of gel-polymer

electrolytes (GPEs), is demonstrated as a viable approach to solve or mitigate such issues. In this respect, a comparative

study of two GPEs based on biopolymers, agarose and sodium alginate, is presented here. Despite the fast and facile

preparation procedure, the GPEs demonstrate to be strongly effective in suppressing dendrite and byproduct formation on

zinc metal anodes, due to the abundant —OH groups along the chains in polymeric matrices. The electrochemical beha-

viour of GPEs is evaluated in terms of galvanostatic cycling in laboratory-scale zinc metal cells with a CaV¢0,¢-3H,0

cathode at low and high active material loadings of 2.5 and 5mgcm™?, respectively. Resulting cycling performances in

terms of specific capacity and rate capability are comparable (low loading electrodes) and even outperform (high loading

electrodes) those obtained with a standard liquid electrolyte (2M ZnSO,) laboratory-scale cell, thus accounting for the

promising prospects of the bio-polymer GPEs as an alternative green, sustainable electrolyte for next-generation Zn-based

batteries.

1 | Introduction

Electrochemical energy storage plays a crucial role in
addressing climate change and facilitating the green transition
by enabling the efficient storage and deployment of renewable
energy. Because renewable sources like solar and wind are

naturally intermittent, dependable energy storage is essential
to capture surplus power during peak generation and supply it
when demand rises. Batteries, the preferred power source for
electric vehicles, also play a vital role in renewable energy
systems by offering efficient and scalable storage solutions. In
this respect, rechargeable lithium-ion batteries (LIBs) are
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nowadays the leading solution due to their high energy den-
sities, low self-discharge rates, and long operational lifespans
[1]. Thanks to their versatility, they can be used in a wide range of
applications, from portable electronics to automotive, and large-
scale storage from renewables. However, current LIBs depend on
scarce, expensive, and even hazardous materials. In particular,
the use of cobalt and nickel in the preparation of cathode mate-
rials is extremely critical, as well as the use of natural graphite at
the anode and lithium in the whole system; while these are
the primary critical raw materials (CRMs), other materials like
copper, aluminium, and various electrolytes and separators
are also needed in the battery manufacturing process [2].

The development of alternative electrochemical storage systems
based on abundant and non-critical elements is considered a
suitable solution to ease the resource concerns associated with
LIB technology [3]. Energy storage systems based on more
abundant elements, such as Na*, K, Mg**, Ca**, Zn**, and
AI** have been widely investigated in recent years, and notably,
the Na-ion battery technology successfully reached the market
[4, 5]. In particular, zinc (Zn), possessing a high theoretical
capacity of 820 mAh g~' or 5855 mAh cm >, is considered very
interesting for realising low-cost and sustainable electro-
chemical storage systems using aqueous electrolytes, being also
sustainable-by-design as they use water as the ion conducting
medium [6]. The Zn**/Zn redox process takes place at a higher
potential (-0.76 V vs. SHE) compared to other metals such as
Mg®* (-2.37V vs. SHE), Ca** (-2.87V vs. SHE) and AI**
(-1.66 V vs. SHE), which reduces the cell operating voltage,
but allows the use of water-based electrolytes with a reduced
competition with the hydrogen evolution reaction (HER) side
process. Using aqueous electrolytes with mild-acidic or neutral
pH minimises such parasitic reactions. In addition, it brings an
intrinsic enhanced safety, together with a boost in ionic
conductivity, compared to organic electrolytes generally
used in LIBs or NIBs. Thanks to its dielectric constant
and dipolar moment, water exhibits acid-base behaviour and
solvation capabilities that only this solvent has. Moreover,
ion-pairing and ion triplets formation in organic electrolytes is
much more severe than in aqueous electrolytes, which has
detrimental effects on the rate capabilities and cycle life of the
batteries [7]. For these reasons, aqueous zinc-based batteries
stand out as one of the best candidates for future sustainable
electrochemical energy storage systems [7, 8], including both
rechargeable zinc-ion batteries (ZIBs) and primary zinc-air
batteries (ZABs). ZIBs offer efficient rechargeability and are
well-suited for grid-scale storage due to their intrinsic safety,
ensured by aqueous electrolytes, and their environmental and
economic sustainability, stemming from abundancy and low
cost of zinc. Albeit offering much higher theoretical energy
densities by utilising atmospheric oxygen, ZABs suffer from
limited rechargeability caused by air-catalyst degradation [9].
Nevertheless, their safety, low weight, stable voltage, and low
cost make them suitable for portable and emergency applica-
tions [10]. Overall, ZIBs and ZABs highlight the versatility of
zinc-based systems for both stationary and portable energy
storage application [11, 12].

Besides the above detailed advantages, several challenges still
hinder the commercialisation of ZIBs, chiefly including the
anode stability, the electrolyte performance, and the

development of novel cathode materials. A Zn anode can be
subjected to corrosion and dendrite formation. Dendrite for-
mation and growth are associated with the uneven deposition of
Zn, given by differences in electric field strength on the surface,
gradients in ion concentration, and surface energy [13].
Uncontrolled dendrite growth can lead to dead Zn or separator
piercing and cell failure. As briefly mentioned above, thermo-
dynamically, HER inevitably occurs during Zn deposition,
although its reaction rate is strongly mitigated under a mild
acidic pH environment. HER can cause several issues like lower
Coulombic efficiency (CE), electrolyte depletion, H, bubble
formation with subsequent uneven metal deposition, and fluc-
tuation in the pH value of the electrolyte, with possible corre-
sponding byproduct formation [8]. The cathode side is also
affected by a series of detrimental effects. The major issue, as
reported for Mn-based, V-based, and Prussian Blue analogue-
based cathodes, is the dissolution into the electrolyte during
cycling with structural degradation, which worsens the elec-
trochemical properties [14, 15]. Additionally, byproduct for-
mation, usually Zn salts, can occur at the cathode surface,
increasing interfacial charge transfer resistance and lowering
cycle life. Different approaches have been proposed in the lit-
erature to solve or at least mitigate these problems, involving
anode engineering [16], development and modifications of
novel cathodes [17], and electrolyte optimisation [18].

Since parasitic reactions and dendrite growth occur at the
electrode-electrolyte interface, the role played by the electrolyte
is, without any doubt, fundamental. As Zn salts have a
direct influence on various electrolyte properties such as
pH value, ionic conductivity, working voltage window, and the
reversibility of the Zn anode, several salts, including ZnSO,,
ZnCl,, Zn(Cl0,),, Zn(NO;),, Zn(CH3COO),, Zn(TESI),, and
Zn(CF;3S03),, have been employed as electrolytes in ZIBs [19].
Electrolyte additives have been widely investigated to improve
electrochemical performance and minimise degradation pro-
cesses involving the electrolyte [20]. These include ionic species
(e.g., Mn** [21], AI** [22]), organic compounds like citric acid
or naphthalene [23], as well as metals and inorganic com-
pounds, such as tin oxide [24] and phosphoric acid [25].

Besides liquid electrolytes, gel polymer electrolytes (GPE) have
been demonstrated to substantially improve the anode revers-
ibility, CE, and cycle life of the battery. Indeed, aqueous electro-
lytes inherently suffer from narrow electrochemical stability
window and dendrite formation. The use of bio-polymer-based
GPEs mitigates these challenges by reducing “free” water mole-
cules activity and altering cation solvation, thereby enhancing
stability and ionic transport. GPEs feature a 3D porous network
composed of polymeric chains in which ions can move
with more organised ion migration compared to liquid aqueous
electrolytes. It promotes uniform ion flow and reduces the for-
mation and growth of dendrites, also thanks to the mechanical
resistance exerted in protrusions on the Zn anode [26, 27].
Functional groups along the polymeric chains play a pivotal role.
Hydroxyl and carboxyl groups, for example, can interact with free
H,0 with high electrochemical activity, converting it into bond
water [28]. This phenomenon implies that a lower amount of free
water will be available for HER, and the modification of the
solvation structure of Zn** will also be reflected by lower over-
potentials related to desolvation processes. Moreover, GPEs can
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be coupled with advanced and well-engineered liquid electrolytes,
combining the advantages of both liquid and polymer electrolytes.
Many polymeric matrices based on poly(vinyl alcohol) -
PVA [29, 30], poly(acrylamide) - PAM [31-33], poly(acrylic acid) -
PAA [34], and other polymers have been reported in the literature
[27]. In recent years, biopolymer-based GPEs have attracted sig-
nificant attention. Compared to synthetic polymers, biopolymers
offer clear advantages: they are environmentally sustainable,
biodegradable, and rich in functional groups (e.g., “OH, —COOH)
that facilitate ion transport and strengthen electrolyte-polymer
interactions, which in turn lead to comparable or even improved
electrochemical performance [35-37]. Traditional polymers,
derived from nonrenewable resources, still provide better
mechanical and thermal stability, which are important for
applications such as wearable devices and highly demanding
systems, but this advantage is less critical for large-scale storage,
where cost, efficiency, and sustainability are primarily con-
sidered [31].

Furthermore, biopolymer-based gel electrolytes are characterised
by low cost, low toxicity, and environmental friendliness,
enabling their use in a wide range of applications, where bio-
compatibility is essential [38]. Among all the natural polymers,
polypeptides and polysaccharides are the most commonly used to
prepare bio-sourced GPEs, such as chitosan [39-42], agar [43-45],
alginate [46-49], cellulose [6, 50], gelatin [51, 52], and xanthan
gum [53, 54]. GPEs broaden the applicability of ZIBs to stationary
energy storage, portable electronics, and flexible or wearable
devices. Their quasi-solid structure enhances safety, prevents
electrolyte leakage, and suppresses dendrite formation. At the
same time, GPEs maintain mechanical integrity and contribute
to improved cycling stability, making them attractive for both
large-scale (seasonal/stationary) and miniaturised (wearables,
smart-patches, etc.) energy storage systems [11].

Following an initial screening, agarose and alginate were identi-
fied as the most suitable candidates for a comparative study due
to their rapid and straightforward preparation procedures, scal-
ability potential, and capacity to form self-standing membranes,
and are used in this study as polymeric hosts for 2M ZnSO, liquid
electrolyte. Self-standing GPEs with high ionic conductivity and
improved zinc deposition in Zn//Zn symmetric cells were
obtained using facile and easy scalable preparation procedures
[55, 56]. SEM and EDX analysis also confirmed these findings.
The rate capability of GPEs was also evaluated in full cells using a
novel CaV¢0,4 3H,O cathode material never tested with bio-
polymer-based GPE. Both bio-polymer-based GPEs delivered
good specific discharge capacities, comparable with the results
obtained from the liquid electrolyte or even better in terms
of cyclability, as in the case of high-loading electrodes,
which accounts for their promising prospects in developing novel,
stable, and sustainable aqueous Zn-based batteries conceived for
large-scale (seasonal) energy storage applications.

2 | Experimental Section
2.1 | Thermal Analysis

The thermogravimetric analysis (TGA) was conducted with a
Netzsch TG-209-F3 instrument, in a temperature range between

25°C and 800°C under a nitrogen atmosphere (N, flux of

100 mL min™?), using a heating ramp of 10°C min™".

2.2 | GPEs Preparation Procedures

All chemicals used in this study were purchased from Sigma-
Aldrich. Agarose gel polymer -electrolyte (AG-GPE) was
obtained by adapting a preparation procedure reported in the
literature [55]. A solution of agarose in water with a ratio of 1:15
in weight was prepared and stirred at 90°C until complete
polymer dissolution, yielding a clear and homogeneous solu-
tion. The solution was then cast using a doctor blade, allowing
for better control of the thickness to 1 mm, and soaked in 2M
ZnS0,.

Sodium alginate gel polymer electrolyte (SA-GPE) was also
obtained by adapting a preparation procedure reported in the
literature [56]. A solution of sodium alginate and water with a
ratio of 1:20 in weight was prepared to facilitate homogeneous
mixing using a thinky mixer. Once the homogeneous solution
was obtained, it was cast using the doctor blade to obtain a
1 mm thickness. The cast solution was then directly wet with
2M ZnS0, to allow Zn>** ionic crosslinking. As the final step,
the obtained SA-GPE was soaked in 2M ZnSO,. The thickness
of both AG- and SA-GPEs ranged between 500 and 700 uM.

2.3 | Investigation of Zn Electrode Morphologies
After Cycling

Scanning electron microscopy (SEM) images were collected with
5keV electrons using an in-lens detector of a Zeiss SUPRA 40 (Zeiss
SMT, Oberkochen, Germany) field emission electron microscope
(FESEM). Evaluation of Zn electrode morphologies with SEM was
performed after plating and stripping in Zn//Zn symmetric cells
cycled at 2 mA cm™ with 2 mAh cm ™ plated/stripped capacity per
half-cycle for 100 cycles. The recovered Zn electrodes were washed
three times with ethanol before characterisation.

2.4 | Electrochemical Characterisation of GPEs

Electrochemical behaviour of GPEs and 2M ZnSO, was evaluated
by housing the materials in two-electrode electrochemical test
cells (ECC-Std by EL-Cell, Germany). Zn metal foils were cut
into 10 mm diameter discs, and Whatman GF-A was used as
the separator for 2M ZnSO, liquid electrolyte, while for
AG-GPE and SA-GPE, no separators or spacers were used. Ionic
conductivity was evaluated by electrochemical impedance spec-
troscopy (EIS) of symmetric SS//SS (stainless steel) cells within a
frequency range of 500 kHz-100 mHz and applying a sinusoidal
voltage signal (DV) of 20 mV. The values of ionic conductivity (o)
were calculated using the o =1/(RA) equation, where 1 represents
the thickness, A the contact area of the electrolyte, and R the bulk
resistance obtained from EIS measurement. The electrochemical
stability window (ESW) was evaluated using linear sweep vol-
tammetry (LSV) of Zn//SS cells in the potential range of 0-3V
versus Zn**/Zn at 0.1 mV s™". Cyclic voltammetry (CV) tests were
performed in Zn//Ni cells between —0.3 and 1V versus Zn**/Zn
with a sweep rate of 0.2 mV s, Reversible plating and stripping
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capability was tested in Zn//Zn symmetric cells by galvanostatic
cycling at various current densities of 0.25, 0.5, 1, and 2 mA cm™2
with a total exchanged capacity per half-cycle of 0.25 mAh cm™2
After the various current density steps, long-term cycling capa-
bility was evaluated at 0.5mA cm™2 For the evaluation of Zn
electrode morphologies by SEM analysis, electrodes were cycled at
2mA cm™? with 2 mAh cm™ capacity for 100 cycles.

2.5 | Electrochemical Characterisation
of Zn | | CaV4014:3H,0 Full Cells

Electrochemical characterisation of full ZIB cells was performed
in ECC-Std two-electrode cells. The CaVs0,4 3H,0O cathode
material was synthesised as reported in a previous work [57].
The cathode slurry was prepared by mixing the active material
CaV¢0,6-3H,0, the electronically conducting additive (Timcal
C-65 carbon black powder), and the polymeric binder poly
(vinylidene fluoride) - PVDF (Solvay Solef) with a weight ratio
of 7:2:1 in N-methyl-2-pyrrolidone (NMP) solvent. The slurry
was cast on a carbon gas diffusion layer (GDL, AvCarb EP40T)
and cut into 10 mm diameter discs. The electrodes (active mass
loading of approximately 2.5 and 5 mg cm™2) were then dried in
a Buchi oven overnight at 70°C and then transferred to the
glove-box for further cell assembly. Ambient temperature gal-
vanostatic charge-discharge measurements of the laboratory-
scale ZIBs were performed at different current densities (from
50 to 2000 mA g*) in the 0.2 to 1.6 V versus Zn>*/Zn voltage
range.

3 | Results and Discussion

3.1 | Electrochemical Characterisation of Gel
Polymer Electrolytes

Both AG-GPE and SA-GPE were prepared with fast and facile
preparation procedures as briefly illustrated in Figure 1 [55, 56].
The gelation of the two biopolymers occurs through different
mechanisms.

In AG-GPE, gelation occurs during the cooling process. After
casting, agarose forms single or double helix structures through
physical crosslinking that bonds one with another, contributing to
the formation of the 3D network of the gel electrolyte. Sodium
alginate chains instead consist of mannuronic acid (M) and gu-
luronic acid (G) units, organised in segments rich in G units,
segments rich in M units, and segments in which G and M units
alternate [46, 47]. Divalent cations, such as Zn**, play the crucial
role of ionic crosslinkers between the carboxylate groups at the
guluronic acid units, promoting the formation of a highly inter-
connected polymeric framework of the gel polymer electrolyte.
Thermogravimetric analysis (TGA) revealed that both materials
exhibited a similar behaviour, characterised by the initial eva-
poration of the water-based electrolyte starting at ambient condi-
tions (retaining ca. 45% of their initial mass, as shown in
Supporting Information S1: Figure S5a) and completing upon
heating at approximately 100°C (Supporting Information S1:
Figure S5b). Overall, both samples turned out to be composed of ca.
70% of water and 30% of solid content (including polymer matrixes
and electrolyte salts). Both AG-GPE and SA-GPE also displayed a

Agarose ;. walter
1:15

Stirring at90°C
fi.‘__‘.':. .‘.;‘- -
i

Doctor-blade casting

-
o' a

2MZnSO,
—_

Sodium alginate + water Doctor-blade casting

1:20 C-
2 o ala
2MZnS0O, 2MZnSQ,

\ S

FIGURE 1 | Schematic illustration of the simple preparation pro-
cedures for agarose-based GPE, AG-GPE (a), and sodium alginate-based
GPE, SA-GPE (b).

TABLE 1 | Comparison of ionic conductivity, Coulombic efficiency
(CE) of Zn metal, and electrochemical stability window (ESW) for the
electrolytes under study.

2M ZnSO, SA-GPE AG-GPE
Ionic 3.5x1072 2.5%1072 3.9% 1072
conductivity Scm™ Scm™ Scm™
CE 30% 55% 76%
ESW 1.7V 1.9V 2V

major degradation event of the polymer matrix occurring at about
300°C [58, 59]. Based on the obtained results, the polymer content
in the GPEs was estimated to be approximately 7%, while the
remaining fraction consisted of inorganic salt electrolyte. Generally,
these findings indicate that both formulations possess comparable
electrolyte-holding properties.

Ionic conductivity of GPEs was evaluated by EIS at room tem-
perature. Table 1 reports the conductivity values of the prepared
GPEs and the 2M ZnSO, solution. Indeed, the 2M ZnSO,
showed an ionic conductivity of 3.5x 107 S cm™, SA-GPE of
2.5%107% S cm™", while AG-GPE achieved the highest value of
3.9%1072 S cm™ among the electrolytes under study. The ex-
cellent ionic conductivities of SA-GPE and AG-GPE, comparable
to the results obtained with the 2M ZnSO,, indicate that ion
movement is unaffected or hindered by the polymeric network.
The obtained conductivity values are in line with those reported
for similar systems in the literature [43, 47, 55, 56] and are
suitable for applications in electrochemical storage systems

4 of 12

Battery Energy, 2025

85UB017 SUOLULLIOD BAIEBID Bdedtdde au} Aq pauRAB B8 S3o1Le YO ‘SN 4O S3INI 104 ARIq1T BUIIUO AB|IM UO (SUOIPUOD-PUE-SUIB} WD A8 | 1M ARe1q 1 BU1IUO//SARY) SUORIPUOD PUe SWis | 8U} 885 *[520Z/TT/20] Uo Ariqi auliuo A8|im ‘ounio) 1 Hiod PA 118 SIS 0uno L 1q 001usdi|od A 55005202 Z81d/200T OT/I0p/wod" A3 | im Aseiq 1 put|uoj/sdiy wouy papeojumod ‘0 ‘969T89.2



operating at high current densities at ambient conditions.
Although the measured conductivities are high, even higher
values can be obtained in aqueous systems. It should be em-
phasised that the polymer matrix in GPE formulations generally
affects ionic conductivity by hindering the mobility of ionic spe-
cies. Reducing the polymer content represents a straightforward
strategy to mitigate this drawback; however, such an approach
may compromise the mechanical integrity of the material.
Moreover, in aqueous systems, the most mobile ionic species are
H;0t and OH~. At pH 5.5, their concentration is relatively low,
thus in turn their contribution to the overall ionic mobility is
limited. Furthermore, ionic conductivity values obtained are
comparable to those reported for GPE based on other polymers.
For example, chitosan- and cellulose-based electrolytes demon-
strated ionic conductivities of about 25 and 26 mS cm™, respec-
tively [60, 61]. Similar trends were also observed for non-
biosourced GPEs, such as PVA/PAM systems, which exhibited
ionic conductivity in the order of 14 mS cm™! [61].

Linear sweep voltammetry (LSV) was used to evaluate the elec-
trochemical stability window (ESW) of the two GPEs and the 2 M
ZnS0O, electrolyte. Figure 2a shows the current response of the
Zn//SS cells employing the 2M ZnSO, (blue line),
SA-GPE (yellow line), and AG-GPE (green line) electrolytes,
evidencing ESWs of 1.7, 1.9, and 2V, respectively, defined by
considering a limit leakage current, associated with the OER
process, of 10 uA cm™2. Results show an extended ESW of the
prepared GPEs compared to the liquid electrolyte, indicating

0.10
a)
——2M ZnSO0,

008F  _ accPE
T SA-GPE
E006
=
004}
3
3]

60

40 4

[
o
1

o
1

Current (mA)

-20 4

-40 4
T

T
04  -02 00 0.2 0.4
E(V)

FIGURE 2 | (a) Linear sweep voltammetry in Zn//SS cells of 2M
ZnS0O, (blue), SA-GPE (yellow) and AG-GPE (green). (b) Cyclic vol-
tammetry (CV) in Zn//Ni cells for 2M ZnSO, (blue), SA-GPE (yellow)
and AG-GPE (green).

enhanced stability against oxidative (anodic) potentials, most
likely associated with the reduced availability of free water for
the OER process [62]. The cyclic voltammetry of the Zn//Ni cells
(Figure 2b) shows the characteristic behaviour of metal deposi-
tion processes. The measurement evidence a higher peak current
for the liquid electrolyte. However, by calculating the CE by
integrating the area of the peak current, the 2M liquid ZnSO,
electrolyte had the lowest efficiency (30%), while both the SA-
GPE and AG-GPE showed improved efficiencies of 55% and 76%,
respectively.

Metal anode-electrolyte compatibility and stability are key
parameters in an electrochemical cell, particularly in aqueous
batteries. In aqueous media, Zn electrodes can be affected by
several detrimental effects like corrosion, passivation, dendrite
formation, and HER; all phenomena in which the pH of the
electrolyte also plays a crucial role [8, 63]. Thus, the electrolytes
under study were tested for their reversible plating and strip-
ping behaviour in Zn//Zn symmetrical cells to evaluate Zn
deposition and stripping stability and reversibility. The results
obtained for 2M ZnSO,, SA-GPE, and AG-GPE are shown in
Figure 3a-c, while the direct comparison of the three systems
upon long-term cycling is shown in Figure 3d.

The 2M ZnSO, liquid electrolyte-based cell showed a stable
plating and stripping behaviour up to 1 mA cm ™2 with a voltage
polarisation of about 100 mV at 0.25 mA cm™2. However, during
cycling at 2mA cm™2, a drop in voltage polarisation can be
clearly noted, most likely due to uneven Zn stripping and
deposition and dendrite formation, as also evidenced in the
SEM images shown in Figure 4c,d. Non-homogeneous deposi-
tion and dendrite formation are well documented in the liter-
ature for liquid electrolytes [39, 61]. Several factors, such as ion
concentration gradients, surface energy, and electric field
strength, influence the nucleation of Zn. An example is the “tip
effect”, whereby a localised higher electric field promotes
preferential deposition of Zn cations in some regions at the Zn
electrode surface. As the deposition process continues, the area
close to the tip becomes depleted of Zn cations, leading to a
variation of Zn** concentration on the surface of the electrode
that further exacerbates dendrite growth. It is worth mentioning
that dendrites can lead to dead Zn or short-circuiting of the cell
due to separator piercing. Additionally, they provide more sites
where HER, corrosion, and passivation could occur. On the
contrary, by using the prepared GPEs, it is evident that there is
a more stable plating and stripping behaviour with respect to
the 2M ZnSO, liquid electrolyte. Moreover, the test carried out
using the GPEs shows a lower voltage polarisation at all of the
tested current densities. Amongst the two developed GPEs, AG-
GPE showed an almost ideal voltage profile and the lowest
voltage polarisation values of 20, 50, 85, and 115 mV at 0.25, 0.5,
1, and 2mA cm™2, respectively, while the liquid electrolyte
showed voltage polarisations of 110, 115, 130, and 150 mV at the
same current densities. In Figure 4d, the comparison between
2M ZnSO,, SA-GPE, and AG-GPE upon long-term cycling at
0.5mAcm ? is shown. Both GPEs outperformed the liquid
electrolyte-based cell in terms of long-term performance. SA-
GPE maintained the stripping and deposition for around 425 h;
however, it evidences a sudden increase in polarisation, most
likely associated with uneven deposition of the Zn, leading to
cell failure due to short circuit related to dendrite formation.
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FIGURE 3 | Rate capability test of Zn//Zn cells at various current densities from 0.25 to 2 mA cm

0.25mAh cm™2 (a) 2M ZnSOy, (b) SA-GPE, (c) AG-GPE. (d) Long-term

Instead, AG-GPE showed superior cycling stability, maintaining
a low and almost constant polarisation for more than 3800 h,
with a very stable voltage profile suggesting a smooth and
homogeneous deposition of Zn.

The enhanced performances of AG-GPE are ascribed to its
ability to mitigate parasitic reactions and promote an efficient
and stable Zn-metal deposition and stripping, driven by the
synergistic effects of two contributions related to the polymer
matrix and its hydroxyl-rich functional groups. The first one is
the guiding effect of polymeric chains and their functional
groups on the diffusion of Zn cations. Carboxylate groups of
sodium alginate restrain Zn cations' movement, hindering

-2

, plated/stripped capacity per half-cycle of
Zn plating-stripping voltage profiles at 0.5 mA cm ™2, with 0.25 mAh cm ™2

¢

their diffusion in regions of the electrodes where the “tip
effect” occurs, implying the slowing and mitigation of den-
drite growth [56]. The second one is the capability of GPEs to
perturb and alter the solvation structure of Zn?*, thanks
to the presence of —OH groups along the polymeric chains.
The interaction of —OH groups through hydrogen bonds with
water severely limits the mobility and hydration effect of
Zn**, contributing to stable electrodeposition [55]. In addi-
tion, —OH groups can also limit the free diffusion of S0,%,
lowering the formation of byproducts.

SEM imaging of Zn electrodes after 100 cycles of plating and
stripping at 2mA cm ™2 with a capacity of 2mAhcm™ (see

6 of 12
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Zn (%wt) C (%wt) O (%wt) S (%wt)
2M ZnS0O, 46.63 i 37.54 15.83
SA-GPE 73.98 6.76 17.27 2
AG-GPE 76.63 13.71 9.12 0.55

FIGURE 4 | SEM images with corresponding EDX analysis of Zn foils morphologies after 100 cycles at 2 mA cm ™2 with plated/stripped capacity
per half-cycle of 2mAh cm™2 (a, b) Pristine zinc, (c, d) 2M ZnSQ,, (e, f) SA-GPE, (g, h) AG-GPE.

Figure S1 in the Supporting Information) was performed to
evaluate the influence of the electrolyte composition on the Zn
deposition morphology. Figure 4 shows SEM images of the Zn
electrode in pristine condition (Figure 4a,b), and after cycling in
2M ZnSO, (Figure 4c,d), SA-GPE (Figure 4e,f) and AG-GPE
(Figure 4g,h), while the table reports results obtained from EDX
analysis (corresponding images with EDX maps are shown in
the Supporting Information: Figures S2, S3, and S4).

As expected from the electrochemical results, the Zn metal re-
covered by the cell using the 2 M ZnSO, electrolyte exhibited an
uneven deposition morphology, with a widespread presence of
flake-like dendrites at all the magnifications (Figure 4c,d). On the
contrary, SA-GPE (Figure 4e,(f) and AG-GPE (Figure 4gh)
resulted in a relatively uniform surface deposition of the Zn after
cycling. In particular, the Zn electrodes recovered from the cell
using SA-GPE exhibited tree-like structures uniformly distrib-
uted on the surface, along with flakes that have smaller dimen-
sions than those found in the liquid electrolyte. The Zn
electrodes recovered from the cell using AG-GPE showed a
uniform formation of plates and plate-like structures with neg-
ligible amounts of flake-like dendrites. It agrees with the plating-
stripping results (Figure 3), which account for enhanced ability
to promote even Zn deposition, preventing the formation of
dendrites. As clearly shown by plating and stripping results and
SEM analysis, the introduction of a GPE has a significant impact
on the anode-electrolyte interface. The polymeric matrix and its
functional groups have a beneficial effect on zinc deposition,
improving homogeneity. Through hydrogen bonding with water
molecules, these groups modify the cation solvation shell, low-
ering desolvation energies and suppressing HER. In contrast,

liquid electrolytes lack this confinement, leading to more free
water at the electrode interface, enhanced HER, dendrite growth,
and higher by-product formation due to the reactivity of
uncoordinated anions and water molecules [64, 65]. Moreover,
the different surface morphologies observed for the GPEs suggest
that the polymeric matrix also plays a role in the deposition of Zn
metal and, as a consequence, in the resulting morphology of Zn
electrodes. EDX measurements were carried out to evaluate the
elemental composition at the Zn electrode surface. Figure 4
shows the elemental composition, revealing a notable
difference in oxygen and sulphur content. The presence of these
elements on the electrode surface arises from the formation of
byproducts like Zn hydroxysulfate (Zn,(OH)¢SO,-5H,0) [46].
Zny(OH)eS0O4-5H,0 formed at the Zn electrode surface, where
water from the solvation sheaths of Zn** and diffused SO,>~
participate in parasitic redox reactions [66-68]. These reactions
and their byproducts contribute to dendrite formation and Zn
consumption. Compared to the liquid electrolyte, both GPEs
present a lower amount of oxygen (O %wt: 17.27 and 9.12 for SA-
GPE and AG-GPE, respectively) and sulphur (S %wt: 2 and 0.55
for SA-GPE and AG-GPE, respectively). It suggests that GPEs can
reduce the formation of byproducts, substantially improving the
cyclability of Zn anodes, and particularly agarose in AG-GPE,
having the lowest amounts of O and S, can substantially mitigate
side reactions at the surface of the Zn anode electrode. These
findings are also confirmed by XRD analysis of Zn anodes after
cycling for similar GPEs reported in literature [5, 31, 69]. Both
SEM and EDX analyses provide insight into the fading mecha-
nism highlighted in the plating and stripping results. The ex-situ
analysis clearly shows an improved deposition morphology, with
limited formation of byproducts and dendrites in GPE-based
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cells, thanks to the previously described effects on the deposition
of the polymeric backbone and functional groups of the elec-
trolytes. Additionally, SEM and EDX analyses can provide insight
into the reduced plating/stripping stability of SA-GPE. SEM
shows the presence of fine, flake-like dendrites on the SA-GPE
surface, which can expand during cycling and induce short-
circuiting. EDX further detects higher oxygen and sulphur con-
tents, indicating the formation of by-products that passivate the
Zn surface, promote uneven deposition, and reduce cycling

stability.
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The electrochemical behaviour of the prepared SA-GPE and
AG-GPE was confirmed in laboratory-scale Zn-ion cells, using Ca-
V4016:3H,0 (CVO) cathode material, and compared with 2M
ZnS0O, liquid electrolyte. Notably, to our knowledge, CVO was
never tested before with these biopolymer-based GPEs in Zn-based
cells [57]. Zn//CVO electrochemical cells were assembled with two
different active material loadings of 2.5mgcm™ (low) and 5mg
cm ™2 (high). The galvanostatic cycling tests were performed using
different specific currents ranging from 50 to 2000 mA g™; after the

rate capability test at various current densities, the cells were cycled
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to 100 cycles at a fixed 500 mA g™ current. Figure 5a—c show the
galvanostatic charge-discharge voltage versus specific capacity pro-
files for 2mgcm™ cathode loading for 2M ZnSO,, SA-GPE, and
AG-GPE, respectively. Figure 5d shows the rate capability for the
low loading cell (2.5mgem™ active material loading), while
Figure 5e shows the same test for the high loading cell (5 mg cm™2).
Representative voltage profiles recorded from the cycling test per-
formed with the low loading electrode, Figure 5a-c, evidencing two
different plateaus, indicate that intercalation of Zn** in CVO
cathode occurs through a multistep process; moreover, H* co-
insertion in vanadium-based cathodes was also already reported
[57, 70]. The capacity and storage mechanism of vanadium-based
cathodes is controlled by both capacitive and diffusive processes
[71]. Reversibility, structural stability, and high capacities of these
materials depend on crystalline polymorphs, particle size, and
components [72]. Common V,0s is subjected to structural degra-
dation upon repeated intercalation and de-intercalation of Zn**. In
recent years, the insertion of alkali and transition metals in the
cathode structure has emerged as a possible solution. Metals like Na
[73, 74], Li [75], Zn [76-78] and Ca [79, 80] act as pillaring agents in
the layered structure of the cathode significantly improving struc-
tural stability.

Specifically, Ca contributes to increased interlayer spacing,
promoting easy and efficient insertion of Zn** [54, 81]. Addi-
tionally, structural H,O has been shown to enhance and
improve the electrochemical performance of V-based cathodic
materials. H,O molecules intercalated within the layered
structure also play a crucial role in widening interlayer dis-
tances and improving structural flexibility. Moreover, the elec-
trostatic shielding effect of Zn** interactions with the cathodic
host material guarantee a facile Zn** diffusion [82-84].

Figure 5d,e show the rate capability tests of the electrolytes
assembled in cells with two different active material loadings.
At low 2.5mg cm > loading (Figure 5d), both SA-GPE and AG-
GPE delivered good specific discharge capacities, similar to the
capacities delivered by the liquid electrolyte. In the first cycle,
2M ZnSO,, SA-GPE, and AG-GPE delivered 273, 271, and
283 mAh g~ with coulombic efficiencies of 97%, 92%, and 95%,
respectively, that gradually increased upon cycling, demon-
strating overall good reversibility.

The irreversible capacity in the first cycles likely derives from the
parasitic reaction of O, reduction [85]. Although the
de-aeration of 2 M ZnSO, was conducted by N, bubbling, all cells
were assembled in an open-air environment, leading to some
unavoidable presence of dissolved oxygen. In particular, SA-GPE
delivered slightly lower specific capacities than 2 M ZnSO, at 100,
200, 500, and 1000 mA g_l, while similar rate capabilities were
obtained at 2000mA g%, as well as upon the more prolonged
cycling at 500 mA g~'. AG-GPE showed rate capabilities almost
identical to that of the liquid electrolyte at the various current
densities, while during the prolonged cycling at 500 mA g™, AG-
GPE delivered about 20 mAh g™ more than ZnSO,,

At high 5mgcem™ cathode loading (Figure 5e), the initial
irreversible capacity remains evident and is attributed to the
parasitic reactions previously described. As the cathode loading
increases, the amount of Zn participating in plating and strip-
ping at the anode also rises, due to the greater capacity of the

cathode to accommodate Zn ions. Testing rate capabilities
under high-loading conditions is particularly important,
as it better represents practical operating conditions and helps
at avoiding overestimations of performance that may arise from
low-loading configurations. In such cases, limited Zn utilisation
at the anode and reduced electrochemical and mechanical
stresses at the electrode/electrolyte interfaces can mask degra-
dation phenomena. Conversely, higher loadings amplify these
effects, accelerating failure mechanisms and enabling their
earlier detection.

Even under these demanding conditions, the gel polymer
electrolytes (GPEs) exhibited superior rate capability and con-
sistently high coulombic efficiency across all tested current
densities, outperforming the liquid electrolyte. Notably, the cell
containing 2M ZnSO, electrolyte failed after the 90th cycle,
whereas both AG-GPE and SA-GPE sustained operation until
the end of the experiment. These results demonstrate that the
use of GPEs significantly enhances the stability of the charge-
discharge processes, thereby improving both the efficiency and
the cycling life of the cells.

4 | Conclusions

In this work, a comparative study is presented of two bio-
sourced gel polymer electrolytes (GPEs) to be used in the next
generation of green, sustainable aqueous Zn-based batteries
(Z1B). They were prepared via simple and rapid procedures and
demonstrated ability to enhance electrochemical performance
in both symmetric and full cells employing a novel CaV¢O16-
based cathode material not previously tested with GPEs in
laboratory-scale ZIB. The SA-GPE and AG-GPE exhibited high
jonic conductivities of 2.5x1072 and 3.9x1072S cm™,
respectively, which are comparable to those of conventional
liquid electrolytes. Owing to the synergistic effects of the poly-
mer chains guiding Zn** diffusion and the presence of abun-
dant hydroxyl groups that modify Zn®* solvation structures,
both electrolytes enabled stable Zn plating/stripping at high
current densities (0.5 mA cm™?), maintaining remarkably stable
performance for 400 h with SA-GPE and over 3500 h with AG-
GPE. The enhanced electrode-electrolyte interfacial stability
was further confirmed by SEM and EDX analyses, which
revealed suppressed dendrite formation and reduced by-product
accumulation.

Interestingly, the surface morphology of Zn electrodes dif-
fered depending on whether alginate- or agarose-based GPEs
were used, indicating a strong influence of the polymer matrix
on the Zn deposition mechanism. In full cell configurations
with CVO cathodes, both GPEs delivered specific capacities
and Coulombic efficiencies comparable to those achieved
with 2M ZnSO, at low cathode loadings. Remarkably, under
higher loading conditions, the ZnSO,-based cell failed pre-
maturely, highlighting the superior stability, efficiency,
and cycle life imparted by the GPEs, consistent with the
results observed in symmetric cells, and demonstrating the
promising prospects of the newly developed materials for
their practical application in next-generation, sustainable, and
high-performing Zn-based batteries conceived for large-scale
(seasonal) energy storage.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

Figure S1: Rate capability test of Zn//Zn cells at 2 mA cm™2,
2 mAh cm™% a) 2M ZnSO,, b) SA-GPE, ¢) AG-GPE, which successively
underwent SEM/EDX investigations. Figure S2: Elemental maps from
EDX analysis for SA-GPE. Figure S3: Elemental maps from EDX
analysis for AG-GPE. Figure S4: Elemental maps from EDX analysis for
ZnSO,. Figure S5: Drying test of the two GPE samples at ambient
conditions (a), and TGA analysis of the dried residues under N, flux (b).
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