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ABSTRACT:

Bio-based gel polymer electrolytes (GPEs) are emerging as promising components for
rechargeable zinc-air batteries (ZABs), combining electrochemical functionality, mechanical
adaptability, and sustainability. Yet, progress in this area is increasingly limited not only by
materials design, but also by the lack of rigorous and application-relevant characterization
workflows. This critical, practice-oriented review assesses the characterization strategies used
for bio-based GPEs in ZABs, focusing on relevant, recent studies reported between 2021 and
2026. Methods are grouped into six categories: mechanical and rheological characterization,
electrochemical analysis and cell-level testing, spectroscopic techniques, microscopy and
nanoscale imaging, thermal analysis, and bulk physicochemical characterization. Rather than
merely cataloguing methods, the review examines what each technique can reliably reveal, the
key parameters controlling data quality, and the limitations imposed by conditions specific to
ZAB operation, including highly alkaline environments, dynamic electrode interfaces, and the
soft, heterogeneous nature of biopolymer networks. Recurring inconsistencies in experimental
practice and reporting are highlighted, and best-practice recommendations, methodological
adaptations, and emerging approaches are discussed. Overall, the review provides a workflow-
oriented framework linking formulation, structure, interfacial behavior, and electrochemical
performance, underscoring that better electrolytes require better characterization to enable
more rigorous evaluation and accelerate the rational development of next-generation
sustainable GPEs for ZABs.

Keywords: zinc air battery, polymer electrolyte; biopolymer, alkaline environment, electrode
interface.



Contents

1.

2.

INEEOAUCTION ...ttt sttt bttt st sb et nas 4
1.1 Working principle 0f RZABS .......cccuiiiiiiiieiecieee ettt 4
1.2 Biopolymer EIGCtrolytes .......ccoeviiiiiiiiieiieiieeieeee ettt e 6

Mechanical and Rheological Characterization ..............cceeevevieeriienieenieenie e 8
2.1 MEChANICAl tESING .....ecuvieiieiiieiieeie ettt ettt e e et e sabeenaeeennes 8

2.1.1 COMPIESSION ..eeeiieniieeiiieiieeteeeiteeteeeeteesteestaeesseesseeeseesaseenseesssesnseessseenseasssessaens 9

2.1.2 TENSIIE LESTING ..evvieneieeiiieiieeie ettt ettt esabe e b e senes 10

2.1.3 Bending and flexibility .........ccoooiiiiiiiiiieieie e 10

2.1.4 ARESION ...ttt 11

Electrochemical Characterization and Cell-Level Testing............ccccceeeveevieniiienienieennnn. 12
3.1 Electrochemical Impedance Spectroscopy (EIS)......ccoocieriieiiinieniiieiieeieeieee, 12
3.2 Linear Sweep Voltammetry (LSV) ....ccooviiiiiiiiiiiiie et 13
33 Cyclic Voltammetry (CV) ..oouiiiiieiieieeieeete ettt 16
3.4  Open Circuit Voltage (OCV)....ccouiiiiiiiieiieieeeieetteeee ettt e e e 17
3.5 Plating-stripping tESES.....ueeuiereieeiiieiieetiesieetee e et e eee et esiteebeeseaeebeesaaeebeessneeseens 18
3.6  Charge-Discharge, Cycling Performance, and Polarization Behavior..................... 20

Spectroscopic Techniques for Chemical Structure and Speciation............cccceecveeueennnne. 23
4.1 Fourier Transform Infrared (FTIR) SpectroSCOPY .....ceeevierereeiieniieniieiieeieeiie e 23
4.2 Raman SPeCtrOSCOPY .....vvieriiieiiieeiie ettt et 24
4.3 UV-VIS SPECIIOSCOPY .eevvienrieeniieiiieeiientieeiteesiteeteestteeseessaessseesseessseesseessseesseessseenseens 26
4.4  Nuclear Magnetic Resonance (NMR) SPectroSCOPY ......cueevreruierieenienieeriieeieenaeens 26
4.5  X-ray Photoelectron Spectroscopy (XPS) ..ccveiiieriiiiiieiieeieeieeieee e 28
4.6 Inductively coupled plasma (ICP) .......cccooieiiieiiiiniieiieciece e 29

Microscopy and Nanoscale Imaging of Morphology and Interfaces..........c.cccccevveeneennen. 30
5.1 OPICAL MICTOSCOPY ..envvienrieeuiieiiieeiteniteeteestteeteesteeeteessseeseesseeeseessseesseassseeseessseenne 30
5.2 Scanning Electron MicroSCopy (SEM) ....c.oiviiiiiiiiiiiieeieeiieeieeteee e 31
53 Energy-Dispersive X-ray Spectroscopy (EDX/EDS) .....ooovveiiiiiiiiiiiiiciieieee, 33
54  Transmission Electron Microscopy (TEM) ......c.cocciiriiiiiiiiieniieniiciieceeeeeee e 35
5.5  Atomic Force MicroSCOPY (AFM) .....ccuioviieiiiiiiieiieeie ettt 36

Thermal Analysis and Thermo-Physical Stability .........cccccoeeieriiiiiiiniiiiiiieceee, 37

6.1 Thermogravimetric Analysis (TGA) .....ccoveviiiiieiieeieeeee e 37



6.2  Differential Scanning Calorimetry (DSC) .....coovieiiiiiiiiiieiieiece e 38

7. Bulk Structure and Physicochemical Property Tests .........ccocvverviierieniienieniieiienieeiens 39
7.1 X-ray diffraction (XRD) .....cooiiiiiiiiiieiiecieeeeee ettt 39
7.2 Water/electrolyte uptake and retention .............ccoeceeeiieiiieniienienie e 40
7.3 SWEILING .ottt ettt et e e e rbe e bt e e st e enseesaaeenseannnas 41
T4 CONtACT ANGLE ...eooniiiiiieiie ettt ettt ettt et e et eaae b e ssbeenseenn 43
7.5 Brunauer—-Emmett—Teller (BET) Analysis........ccccceeriieiiienieeiieieeieeieeeeee e 44
7.6 Zeta POtENIAL ....oc.eiiiiiiiiiiiieiceieeeee e 45
7.7  Gel Permeation Chromatography (GCP) ........cccceeviiiiiiiiiiiieiecieeeeee e 46
7.8 Biodegradation in SOil ........cccceeiiiiiiiiiiiiiii e 47

B COMCIUSION 1. e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeaaaeeaaaeeeeaereseaenaaanas 52



1. Introduction

The transition toward sustainable energy systems calls for the development of safe, high-
performance, and environmentally responsible energy storage technologies. Among the
emerging candidates, metal-air batteries offer considerably high energy densities because
oxygen is supplied from the surrounding air rather than stored within the cell as an active
material. Although lithium-air (Li-O2) batteries have the highest theoretical specific energy
(5928 W h.kg™!), lithium metal is highly reactive upon exposure to air or aqueous electrolytes.
In contrast, zinc is not only more stable than lithium metal, but also more abundant in the
Earth’s crust (72 ppm crustal abundance) and available at a comparatively low cost (3.33$.Kg
1. More importantly, zinc-air batteries (ZABs) have a high theoretical energy density of 1218
Wh.kg! (gravimetric) and 6136 Whkg! (volumetric)!, which makes them particularly
competitive for applications where cost, safety, and material availability are critical.

Primary ZABs have been used commercially since the 19" century in hearing aids, medical
devices, and navigation and railroad signal applications, owing to their high energy density and
long shelflife. In contrast, significant progress has been made in advancing rechargeable ZABs,
driven by extensive research on electrode materials, electrolytes, interfacial phenomena, and
cell design, as summarized in previous reviews . Several zinc-air cell architectures have been
proposed, including the standard planar design, flexible cells and flow-battery-like
configurations. A detailed discussion of each architecture is beyond the scope of this work;
reader is referred to more specific reviews in the field> °. However, achieving stable
electrochemical performance remains the main obstacle preventing the commercialization of
rechargeable zinc air batteries (RZABs). To date, their practical implementation has been
limited by challenges associated with electrolyte stability and electrode degradation caused by
parasitic reactions and interfacial instability during repeated cycling. These challenges involve
virtually every component of the cell and its interfaces, making it particularly challenging to
identify solutions that are effective at the full-cell level rather than only for a single component.

1.1 Working principle of RZABs

An electrochemical zinc-air cell typically consists of a zinc metal anode (in the form of foil,
paste, or a composite), an air electrode, an electrolyte, and a separator. The air electrode is
commonly built from a gas diffusion layer (GDL), a current collector and a catalyst layer
containing a bifunctional oxygen electrocatalyst to enable the oxygen reduction reaction (ORR)
during discharge and the oxygen evolution reaction (OER) during charge. The liquid electrolyte
is usually a concentrated alkaline solution, often 6 or 8 M KOH, which wets the separator
placed between the two electrodes to prevent electronic contact while allowing ion transport®.
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Figure 1 Schematic illustration of a rechargeable zinc-air battery, showing the zinc anode, air cathode
with gas diffusion layer and catalyst, and alkaline electrolyte. Ion (OH") transport and electron flow
during charge and discharge are indicated, together with the associated ORR/OER processes.

The working principle of a ZAB is summarized in Figure 1. During discharge, zinc at the
negative electrode is oxidized and dissolves into the alkaline electrolyte, forming zincate ions
(Figure 1 eq 1). As the discharge proceeds, the local zincate concentration can reach
supersaturation and insoluble products precipitate, typically as ZnO (Figure 1, eq 2) and
Zn(OH),. At the positive electrode, oxygen from ambient air diffuses through the porous GDL
to the catalyst layer, where it is reduced at the three-phase boundary (TPB) formed by the gas
phase, the electronically active cathode surface, and the alkaline electrolyte. The ORR produces
hydroxide ions (Figure 1, eq 3), which are transported through the electrolyte toward the zinc
electrode to sustain zinc oxidation. During charge, the cell reactions are reversed at both
electrodes: the air electrode consumes OH™ and evolves O: via the OER, while the zinc
electrode reduces zincate or solid discharge products and redeposits metallic Zn.

During charge and discharge, several parasitic reactions arise that compete with the main
electrochemical pathways, lowering the coulombic efficiency (C.E.) and accelerating
performance degradation. These parasitic reactions lead to hydrogen evolution reaction (HER)
(eq 4) that consume water from the electrolyte, promoting gas formation, local pH variations,
and corrosion of the zinc anode (eq 5-6)7, while exposure to atmospheric oxygen can further
induce chemical oxidation of Zn to ZnO, contributing to self-discharge. Additionally,
continuous plating and stripping can result in non-uniform deposition, leading to the formation
of zinc dendrites and a risk of short-circuiting the cell. Besides, the air catalyst is prone to
chemical deactivation due to flooding or drying, carbonate precipitation, and electrolyte
redistribution, which clog the pores and progressively reduce the number of active sites,
thereby increasing mass transport resistance. In some cases, the porous structure of the cathode
makes it susceptible to mechanical degradation upon gas evolution (OER) during charging?.
All these factors can reduce the lifetime of a ZAB and degrade its performance.

These problems are further exacerbated by the conventional alkaline electrolyte (6-8 M KOH)
used in RZABs. High hydroxide anion concentration enables zinc dissolution and transport as
zincate species, ZnO and Zn(OH),, insulating the anode surface, thereby increasing charge-
transfer resistance and hindering ion transfer. In alkaline electrolytes, CO: uptake from the
atmosphere leads to carbonate formation (eq7), which reduces ionic conductivity and clog



pores of the air electrode. Nonetheless, in an alkaline medium, the high overpotential required
for OER further accelerates carbon corrosion and catalyst degradation (eq 8)’.

Hydrogen evolution (HER, mainly during charge)

2H.O+2¢ —- H+2 OH (eq4)
Zinc corrosion in alkaline electrolyte:

Zn+2 OH + 2 H20 — Zn(OH)+* + H> (eqd)
Zn +2 HO — Zn(OH), + H» (eq 6)
Carbonates formation from COx : (eq7)

CO:+2 OH — COs* + H20
2 K"+ COs*” — K2CO:s (s)

Carbon corrosion at high anodic potentials (during charge):
C+40H - CO:+2H0+4¢ (eq 8)

1.2 Biopolymer Electrolytes

The challenges of conventional alkaline electrolytes mentioned above increasingly shifted
attention toward the role of the electrolyte in governing cell stability and interfacial processes.
Overall, these limitations underscore the central role of the electrolyte in governing interfacial
processes and transport phenomena within RZABs. Several strategies have been explored to
mitigate the parasitic reactions, some of which include anode engineering and air electrode
optimization'-8, Accordingly, increasing attention has been directed toward electrolyte design
as a more integrated approach to stabilize the system. In this context, alternative electrolyte
systems have been investigated, ranging from near-neutral electrolytes, which can suppress
parasitic hydrogen evolution and corrosion?, to more advanced architectures such as gel
polymer electrolytes (GPEs), which immobilize the liquid phase within a polymer network °:
10

GPEs, often functioning as both electrolyte and separator, offer several advantages over
conventional liquid electrolytes. A wide range of synthetic polymer matrices has been
investigated, including poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA),
poly(acrylamide) (PAM), poly(vinylidene fluoride) (PVDF), poly(acrylic acid) (PAA), and
poly(vinylpyrrolidone) (PVP)!!: 12, In addition, copolymers and polymer blends have been
extensively explored for their enhanced electrochemical stability, improved mechanical
properties, and tuneable physicochemical characteristics.

More recently, naturally derived polymers such as cellulose, chitosan, alginate, and starch have
emerged as promising alternatives to synthetic matrices!*!6, These biopolymers provide
renewable and biodegradable frameworks with abundant functional groups that enable versatile
crosslinking and molecular-level tailoring of electrolyte properties. Furthermore, their use
aligns with circular-economy principles by converting renewable biomass into functional
energy-storage materials, offering a sustainable pathway for the development of next-
generation GPEs!’.



From an electrochemical point of view, the three-dimensional polymeric network can regulate
ion transport and local current distribution, promoting more uniform and controlled metal
deposition and thereby mitigating dendrite formation'®. The partial confinement of the solvent
within the polymer network reduces the amount of free water, thereby suppressing parasitic
reactions such as HER and anode corrosion'®. Additionally, GPEs stabilize the air electrode by
reducing flooding and drying and by helping to maintain a more stable three-phase reaction
interface over cycling®. Many GPEs exhibit improved water retention and enhanced chemical
stability, limiting electrolyte evaporation and reducing degradation pathways over prolonged
cycling. These features can contribute to improved C.E. and longer charge/discharge lifetimes.
In addition to these electrochemical advantages, the intrinsic mechanical integrity of polymer
networks enables the fabrication of flexible, bendable, or shape-conformable batteries. This
property is particularly attractive for emerging applications in wearable electronics, portable
devices, and integrated energy storage systems, where mechanical adaptability and safety are
critical requirements?’.

Biopolymer-based GPEs pose additional challenges, as they typically exhibit limited
mechanical robustness and relatively low ionic conductivity compared to well-established
synthetic counterparts. Effective enhancement strategies frequently involve blending with
synthetic matrices, grafting functional groups, or incorporating inorganic fillers to reinforce the
polymer network and facilitate ion transport?!. Furthermore, improving mechanical strength is
not merely a structural concern but a prerequisite for enabling flexible, durable, and
mechanically reliable battery systems, particularly in emerging wearable and implantable
applications??. These inherent limitations underscore the necessity of carefully correlating
structural modification strategies with quantitative mechanical and electrochemical
characterization under realistic operating conditions.

Given the critical influence of material properties on the performance of ZABs, rigorous and
context-aware characterization is essential. However, despite the rapid development of these
materials, their characterization is often adapted from methodologies developed for synthetic
polymers or other electrochemical systems, and still lacks standardized and widely adopted
testing protocols, hindering direct comparison across studies. While these approaches provide
a useful baseline, they often fail to account for ZABs’ unique operational constraints. For
instance, a typical ZAB operates in highly alkaline media, with continuous oxygen exposure.
These conditions not only influence the polymer structure, swelling behavior, and crosslinking
stability of the GPE, but also affect measurement reliability and, in some cases, corrode
components of the characterization equipment. As a result, discrepancies can arise between the
reported material properties and their actual performance under practical battery cell
conditions. Although widely employed, characterization is often treated as a standard
procedure rather than a subject of critical analysis, resulting in a lack of systematic
understanding of the techniques, the measured variables, and their appropriate use under
relevant conditions.

In this review, we move beyond a simple compilation of characterization techniques by
establishing correlation between properties and techniques tailored for ZAB systems.
Classified into six major categories (Figure 2) mechanical and rheological analyses,
electrochemical characterization and cell-level testing, spectroscopic techniques, microscopy



and nanoscale imaging, thermal analysis, and bulk physicochemical property evaluation, this
approach clarifies the specific information each technique provides, the conditions under which
it remains meaningful, and the limitations that must be considered. Specifically focused on
recent literature published between 2021 and 2026 and supported by practical challenges
encountered during experimental implementation, we highlight common pitfalls, propose best
practices, and identify opportunities for methodological refinement. Actually, the aim is not
only to guide researchers in the proper application of existing techniques, but also to encourage
methodological refinement and the adoption of advanced or cross-disciplinary tools better
suited to RZABs. By doing so, we aim to develop a structured, reproducible, and ZAB-specific
workflow that enables meaningful comparisons, reliable performance evaluation, and
accelerated development of next-generation biopolymer electrolytes.
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Figure 2 Overview of the main characterization techniques applied to bio-based GEPs for ZAB:s,
grouped into six categories: mechanical and rheological, spectroscopic, electrochemical, microscopy
and imaging, thermal, and bulk physicochemical analyses, highlighting the type of information each
approach provides.

2. Mechanical and Rheological Characterization

2.1 Mechanical testing

Hydrogels are typically characterized by using the same core mechanical testing methods
commonly applied to polymeric materials. However, their response is more strongly time-
dependent, owing to both the intrinsic viscoelasticity of the polymer network and fluid
transport within the gel structure. As a result, their mechanical behavior can in principle be
investigated in either the time or frequency domain through techniques such as tensile and
compressive testing, indentation, shear rheometry and Dynamic Mechanical Analysis (DMA).
Universal testing machines are widely used for the mechanical characterization of hydrogels.



These instruments are generally uniaxial, although biaxial configurations are also available,
and can be adapted for both tensile and compressive testing by changing the sample-contact
setup. In tensile mode, reliable gripping is often challenging because hydrogels are soft and
highly hydrated, whereas compression tests can be performed in either unconfined or confined
geometries. The resulting load-displacement data are typically converted into stress-strain
curves to determine parameters such as Young’s modulus and failure strength. Owing to the
time-dependent response of hydrogels, experiments at different strain rates, as well as creep
and stress-relaxation tests, may be required for a more complete mechanical assessment?3: 24
25

In the GPE literature reviewed here, however, mechanical characterization is predominantly
limited to conventional methods such as tensile and compression testing, together with
qualitative flexibility assessments, whereas rheological analyses are reported only rarely. In
particular, oscillatory measurements providing storage and loss moduli and strain-dependent
viscoelastic information are generally absent, even though such data could be especially
informative for flexible battery systems. The following sections, therefore, focus on the
mechanical characterization methods most reported in the literature, with particular attention
to experimental setups, typical usage, common pitfalls and good practices for GPEs in ZABs.

2.1.1 Compression

Compression testing probes the response of a GPE to inward mechanical loading and is used
to evaluate stiffness, deformation resistance, elastic recovery, and compressive strength.
Although still not widely reported in the literature on GPEs for Zn-based batteries, it is
particularly relevant in zinc-air systems, where the gel may experience pressure during cell
assembly and operation and must accommodate dimensional changes associated with zinc
oxidation, ZnO formation, gas evolution, and electrolyte redistribution without structural
collapse. In the reviewed literature, when performed, compression is typically carried out in
uniaxial mode using universal testing machines, with the sample placed between two parallel
plates and compressed either to failure or to a predefined deformation. However, only a limited
number of studies report compression tests; moreover, sample geometry and dimensions are
rarely specified, and only a few works include cyclic loading—unloading measurements to
assess recoverability or structural fatigue?>-?’.

Representative conditions include cylindrical hydrogel specimens with diameters of about 10-
40 mm and heights of about 2-12 mm, compressed between parallel plates at rates of 1-20 mm
min', in some cases using load cells up to 2 kN, cyclic loading-unloading protocols up to 15%
strain, and protective polymer sheets to prevent corrosion of metallic plates in alkaline media
2629 Approximate approaches are also frequently reported, including finger pressing,
hammering, or placing weights on the gel 2 3%, However, these methods do not provide
controlled force, contact area, or loading rate and should not be overinterpreted as evidence of
high compressive strength 3!. More broadly, the literature still lacks a sufficiently standardized
approach to compression testing, which limits reliable comparison across studies. In highly
hydrated alkaline gels, electrolyte expulsion under load may also create a lubricating interfacial
layer between the specimen and the plates, which can alter the measured response, while hand-
cast gels can introduce substantial thickness variation. Good practices, therefore, require
reporting specimen geometry, especially thickness and contact area, loading rate, number of



replicates, hydration state, and failure criterion, together with clearly defined soaking, ageing,
or cycling histories and explicit consideration of electrolyte exudation, slippage, and fixture
protection when relevant.

2.1.2 Tensile testing

Tensile testing evaluates the response of a GPE to outward loading and is commonly used to
determine tensile strength, elongation at break, Young’s modulus, and ductility?* 3?33, In ZAB
research, tensile behavior is often used as an indicator of the mechanical integrity of the gel
during handling, as well as its suitability for flexible or stretchable devices. In the reviewed
literature, tensile tests are generally performed using universal testing machines equipped with
flat or serrated grips. However, the exact setup varies considerably in terms of specimen shape,
gauge length, and crosshead speed. Among the studies reporting experimental details, tensile
characterisation was typically conducted using uniaxial testing on universal testing machines
or equivalent tensile analyzers. A crosshead speed of 20 mm min™" was the most commonly
reported condition®”***°, while other values such as 1, 10, 30, and 50 mm min~' were reported
less frequently*® 4142, When specified, the gauge length was typically 20 mm, with fewer cases
reporting shorter values such as 10 mm. The specimens were most often described as strip- or
rectangular-shaped membranes, with representative dimensions of about 30 x 10 mm or 30 X
5 mm?” 3* 35, However, these parameters significantly affect the measured mechanical
response. Due to the viscoelastic nature of hydrogels, higher crosshead speeds generally lead
to increased apparent stiffness and strength. In addition, gauge length, sample dimensions, and
geometry influence strain distribution and stress calculation, hindering direct comparison
between studies®’. Some studies also reported cyclic loading—unloading tests to illustrate
resilience or recoverability?> #. Alongside standardized tests, manual stretching
demonstrations are also common and include uniaxial or biaxial stretching by hand, stretching
over a ruler or scale, and hanging weights from the specimen??: 38: 40 41,45, 46

Special attention should be given to ensure reliable tensile measurements, as factors such as
sample gripping, hydration, and testing conditions can affect measurement reproducibility.
Failure should ideally occur within the gauge section rather than at the clamps, so that the
measured response more closely reflects the intrinsic tensile behavior. Manual stretching
demonstrations may still be useful as qualitative illustrations, but they should be clearly
distinguished from quantitative tensile measurements because the deformation conditions are
not controlled®® 4%- 43, More reliable tensile characterization therefore requires clear reporting
of the main test conditions, while suitable specimen geometries and grip designs can further
improve measurement reliability*’.

2.1.3 Bending and flexibility

Bending tests evaluate the ability of a material or device to withstand curvature without
fracture, delamination, or loss of function. For GPEs in ZABs, bending is mainly relevant to
flexible and wearable systems, in which either the electrolyte or, more commonly, the full
device may undergo repeated deformation during operation*®. In the reviewed literature,
however, truly quantitative and standardized flexural testing is rare®®. Instead, flexibility is
most often assessed through manual folding or bending of the gel, or more frequently of the



assembled battery, while monitoring open-circuit voltage (OCV) or discharge behavior under
deformed conditions. Bending/flexibility evaluation is predominantly qualitative and
commonly performed at 90° and 180° 36-4%:3% Other angle values, such as 45°, 135°, and 150°,
were occasionally used’!2, In a few studies, deformation was instead defined by the bending
radius, with reported values of 5, 2.25, 1, and 0.5 cm?, or by repeated folding or bending
cycles, typically between 100 cycles and 3000 folds?®: 354,

The main limitation is that these experiments often provide proof-of-concept evidence of
device operability under deformation (e.g., bending or folding), rather than a quantitative and
standardized mechanical characterization of the GPE itself > >33, In many cases, the curvature
radius, exact deformation geometry, holding time in the bent state, and failure criterion are not
clearly specified, while manually imposed deformation is inherently difficult to reproduce
across measurements. As a result, qualitative flexibility tests may be wrongly assumed to reflect
real bending mechanics.

Good practices require a clear distinction between device-level flexibility demonstrations and
material-level mechanical testing. When bending is used as a proof-of-concept test, the bending
angle, curvature radius, holding time, number of cycles, and failure criterion should all be
explicitly reported, and controlled bending setups should be preferred over hand-imposed
deformation whenever possible®’. If a more quantitative flexural characterization is intended,
the suitability of the selected setup should be assessed carefully, particularly for very soft gels,

which may sag under their own weight or be difficult to align reproducibly.

2.1.4 Adhesion

Adhesion testing evaluates the bonding strength between the GPE and a substrate such as zinc
foil, carbon cloth, polymeric supports, or elastomeric components. In ZABs, adhesion is
relevant because stable interfacial bonding can help maintain assembly coherence, preserve
intimate contact between electrolyte and electrode, reduce delamination during deformation

1,58

and limit leakage in flexible systems':>°. In the reviewed literature, adhesion is less commonly

and less systematically evaluated than other mechanical properties!® 4+ 3962 and is often
assessed only qualitatively. When quantitatively performed, the most common setups are lap-
shear or peel-type tests on Zn foil, carbon cloth, polymeric substrates, elastomeric supports, or
wearable interfaces, typically reporting substrate type, contact area, test geometry, and loading

25,42, 63

rate . In other studies, adhesion is only illustrated qualitatively by showing that the GPE

sticks to a surface or remains attached during handling!? 30- 43, 54. 64,

The main pitfall is that adhesion is highly sensitive to substrate chemistry, roughness,
cleanliness, contact area, and loading geometry. Results are, therefore, difficult to compare
unless these parameters are clearly reported and reasonably standardized. A further challenge
is that failure may be adhesive or cohesive, yet this distinction is rarely discussed, even though
it is crucial for interpreting the results. Qualitative sticking demonstrations can support claims
of interfacial affinity, but they have little comparative value in the absence of force-based
measurements. Thus, good practices include reporting the substrate and its pretreatment,
contact area, loading rate, test geometry, number of replicates, and failure mode. Where fragile
GPEs fail within the bulk before debonding, backing layers or adapted mounting strategies may
be needed to avoid misinterpreting cohesive failure as weak adhesion.



3. Electrochemical Characterization and Cell-Level Testing

3.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a characterization technique based on
applying a small sinusoidal perturbation, in voltage or current, to an electrochemical system at
equilibrium or steady state and measuring its frequency dependent response in current or
voltage, respectively. The response contains valuable information about the system’s internal
resistive, capacitive and diffusive processes which can be analyzed in the complex impedance
plane. By fitting the resulting data to appropriate equivalent circuit models key parameters such
as ionic conductivity, and activation energy can be extracted®.

These parameters are crucial for understanding and optimizing the performance of GPEs in
ZABs. The activation energy provides insight into the ion dynamics within the polymer; while
high ionic conductivity ensures efficient ion transport, thereby reducing internal resistance and
improving both power output and energy efficiency®. In this review, we focus primarily on the
measurement of ionic conductivity, as it represents the most fundamental and widely used
parameter for characterizing electrolyte performance. More advanced analyses such as
activation energy determination and ion transference number measurement are also relevant
but fall into more specialized methodologies that will only be briefly mentioned.

EIS measurements of GPEs in Zn—air systems are commonly performed in symmetric cells
using blocking or nominally inert electrodes, such as stainless steel SS//SS 37- % or Pt//Pt6* ¢7-
88 to probe the electrolyte response while minimizing faradaic contributions. Carbon-based
electrodes can be used when better mechanical contact with the GPE is needed. The AC
amplitude is typically 5-10 mV to ensure linear response. Frequencies usually span from ~100
kHz to 0.01, 0.1, 1 Hz to separate bulk resistance, interfacial effects, and low-frequency
diffusion or viscoelastic processes!® 27> ¢ 70 Measurements are conducted at controlled
temperature with the GPE compressed between two electrodes under constant pressure, and
ionic conductivity (eq9) is obtained from the high-frequency intercept with real axis (R) using
the GPE thickness (1) and the electrode area (A).

o= (eq9)
In alkaline electrolytes, corrosion of metallic electrodes (e.g., stainless steel) can significantly
affect EIS measurements by altering the surface impedance and promoting hydrogen evolution,
leading to gas formation and unstable electrode—electrolyte contact. The use of chemically
stable electrodes, such as Pt, together with electrolyte purging, can mitigate these effects,
although faradaic contributions cannot be entirely excluded. Additionally, in highly conductive
systems, contact and cable resistances may become comparable to the sample resistance.
Therefore, high-frequency instrumentation, good shielding, and four-wire (Kelvin) connections
are essential to reduce parasitic contributions and ensure accurate EIS measurements. In the
literature, major experimental errors are rare, but incorrect data presentation is common?*? 2 71-
73, In a Nyquist plot, Z' must be on the horizontal axis and Z”’(negative) on the vertical axis.
Because Z' and Z" are the real and imaginary components of the complex impedance, a Nyquist
plot is a geometric representation of Z=Z7'+jZ" in the complex plane. Therefore, the axes must
be linear, orthogonal, and use the same scale otherwise the true geometry of the impedance



response is distorted. Incorrect scaling alters the shape of semicircles and diffusion features,
leading to misinterpretation of the underlying electrochemical processes®.

Beyond standard ionic conductivity measurements, the application of EIS to the
electrochemical characterization of Zn—air systems with GPEs remains surprisingly scarce.
Although the technique is, in principle, well suited to probe coupled processes at the zinc anode,
the electrolyte, and the air electrode, its use in full-cell configurations is rarely reported in the
analyzed literature, among the 70 articles reviewed in this work, only 14 report impedance
measurements on full cells.

When EIS is employed beyond conductivity measurements, it is typically performed in
simplified two-electrode configurations, often without a reference electrode, which prevents
the decoupling of anode and cathode contributions. Moreover, experimental conditions are
frequently poorly defined. In contrast to the relatively standardized protocols used for
conductivity measurements, the frequency range, perturbation amplitude, and measurement
conditions are often not explicitly reported. Only in a few cases, small-amplitude signals (=5
mV) and conventional frequency windows (typically spanning from the kHz region to sub-Hz)
can be inferred, but without systematic justification or consistency across studies.

From an analytical perspective, the use of equivalent circuit fitting is generally absent or
extremely limited® 7376, In most cases, the interpretation is limited to qualitative observations
or simplified resistance estimates, without extracting parameters such as charge-transfer
resistance, interfacial capacitance, or diffusion-related contributions ' 3 54 67,877,767 ' Thjg
limitation is particularly critical for ZABs, where multiple electrochemical processes are
strongly coupled and require proper deconvolution.

Overall, this lack of defined experimental protocols, combined with the absence of rigorous
fitting and interpretation, indicates that EIS is often treated as an ancillary measurement rather
than a diagnostic tool. Notably, even in high-impact studies on GPEs and solid-state Zn—air
systems, EIS is often absent or only briefly mentioned, underscoring its underutilization at the
cell level.

To fully exploit the potential of EIS in these systems, a more rigorous and standardized
approach is required. Experimental parameters such as frequency range, perturbation
amplitude, electrode configuration, and measurement conditions must be clearly reported. The
use of three-electrode configurations is strongly recommended to decouple electrode
contributions, and impedance spectra should be analyzed using equivalent circuit models
grounded in physical meaning. In addition, time-resolved EIS measurements during cycling
are essential to capture the evolution of interfacial processes and degradation mechanisms.
Finally, EIS results should be consistently correlated with electrochemical performance and
complementary characterization techniques to ensure a physically meaningful interpretation.

3.2 Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry (LSV) is an electrochemical technique in which the potential of the
working electrode is linearly increased with time while measuring the resulting current. Unlike
cyclic voltammetry (CV), which involves potential cycling, LSV records only the forward scan
allowing clearer identification of oxidation or reduction processes. This technique is
particularly useful for determining the onset potential for electrochemical reactions such as the



OER and ORR and, more importantly for this work, for assessing the electrochemical stability
window (ESW) of electrolytes. As this review focuses on bio-based GPEs, the following
discussion will be related to the importance of properly evaluating the ESW.

The ESW is the potential range in which the electrolyte does not undergo electrochemical
decomposition, whether thermodynamically allowed or kinetically promoted, meaning that
even if decomposition reactions are energetically feasible, promoted by sufficient overpotential
or catalytic effects, they do not proceed to measurable extent within the potential window. ESW
is one of the most important parameters for an electrolyte, even more critical than ionic
conductivity, as it dictates the potential at which the cell can operate. Accordingly, its proper
measurement and evaluation are essential and should be consistently and accurately reported.
Despite the importance of properly determining the ESW, only a limited number of studies
provide an evaluation of this parameter®”- 68 74 80 for polymer-based or GPEs used in RZABs,
highlighting a general lack of attention toward this critical property!# 27:13. 26, 29, 30, 39, 42, 52, 63.28,
29.79.81-83 Degpite the importance of properly determining the ESW, only a limited number of
studies provide an evaluation of this parameter®”- % 74 80 for polymer-based or GPEs used in
RZABSs, highlighting a general lack of attention toward this critical property!# 15 26-30. 39, 42, 52,
63,81-84.

The purpose of ESW measurements is to identify the onset potentials for water oxidation and
hydrogen evolution, thereby establishing the two potential limits within which the electrolyte
remains electrochemically stable. The determination of these two potentials is commonly
carried out using LSV in two- or three-electrode cells, applying a potential sweep at a set scan
rate and defining a current threshold®. For example, Bosquez-Caceres et al.%” used a Zn//Pt
cell with a potential range of 0.0 to +4.0 V vs Zn**/Zn at a scan rate of 1 mV-s™', obtaining an
ESW of 2.1 V for a chitosan-carboxymethylcellulose-based GPE. However, the experimental
determination of the ESW strongly depends on the setup and parameters used. In particular, the
choice of inert electrode materials is crucial because planar inert electrodes, such as Pt or glassy
carbon, are useful for comparative screening but may overestimate the ESW under practical
battery conditions; for a more realistic assessment, the working electrode should ideally reflect
the interfacial environment of the actual cell. Careful selection of the scan rate is essential: it
must be slow enough for the reactions to develop measurably, since excessively fast scans can
artificially widen the apparent stability window by making water oxidation and hydrogen
evolution appear delayed. Proper selection of the experimental setup and parameters is
therefore essential to obtain accurate and reproducible ESW measurements. Consequently,
there is a clear need for standardized protocols, experimental setups, and parameters to ensure
reproducibility and enable meaningful comparisons between different bio-based GPEs. Rather
than prescribing a universal value, we recommend using slow sweep rates (e.g., 0.1-0.2 mV s
") and explicitly reporting the current-density threshold used to define the onset potential. A
threshold of 10 pAcm™ may be adopted as a conservative comparative criterion, but it should
be treated as a reporting convention rather than an absolute standard®®. These conditions are
selected to minimize kinetic distortions and capacitive contributions, which are particularly
relevant in aqueous Zn-based systems, and to ensure that the measured stability window more
closely reflects the intrinsic electrochemical limits of the electrolyte.



As an alternative to LSV, chronoamperometry (CP) can provide a more rigorous approach for
estimating the ESW®, as shown in Figure 3. Compared with scan-based methods, CP reduces
the dependence of the measured ESW on arbitrarily chosen scan rates and current-onset criteria,
thereby providing values that are often more representative of quasi-steady-state electrolyte
stability. In a typical procedure, three current densities of 300 pA cm™2, 100 pA cm™2, and 10
LA cm™ are successively applied in the anodic domain for a time long enough to have a stable
potential. The same current densities (—300 pA cm™2, =100 pA cm™2, and —10 pA cm™) are
subsequently applied in the cathodic domain, with a potential cut-off set at 0.01 V vs Zn**/Zn.
As illustrated in Figure 3 for a simple 2M ZnSOs solution, the ESW is then defined as the
difference between the steady-state potentials recorded at the current density of 10 pA cm™ in
the anodic and cathodic regions. The 10 pA cm™ is chosen to mimic the self-discharge
condition of a cell.
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Figure 3 Electrochemical stability window determination by LSV (a) and stepwise chronopotentiometry
(b). The anodic domain is shown in blue, while the cathodic domain is shown in red. c) Cyclic
voltammograms of different GPE compositions in Zn//Zn cells, showing anodic and cathodic responses
and providing qualitative insight into reversibility, kinetics, and stability of the electrochemical
system“.



3.3 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique widely used to probe redox processes
and interfacial phenomena at the electrode-electrolyte interface. It involves sweeping the
potential of the working electrode relative to a reference electrode linearly with time at a
constant rate, while recording the resulting current response®’. Forward and reverse potential
scans enable characterization of oxidation and reduction processes, providing insight into the
kinetics and reversibility of electrochemical reactions®.

In ZABs, CV is primarily used to investigate both ORR and OER at the air electrode, thereby
assessing the activity and stability of the bifunctional catalysts>®. Since this work focuses on
GPEs, this section will specifically address the experimental procedures that employ CV for
electrolyte characterization. In the GPE literature, CV is commonly used to evaluate the ESW
of electrolytes® and to characterize the chemical reactions occurring at the zinc anode and their
reversibility®®. This makes CV a valuable tool for understanding how the composition and
physicochemical properties of GPEs influence the behavior of the zinc electrode.

As shown by Cruz-Balaz et al.®8, and also in other studies®”- 7%, CV was qualitatively used in
Zn symmetric cells to characterize the oxidation and reduction processes occurring at zinc
electrode interfaces and the reversibility of the products. It is important to emphasize that CV
should be regarded only as a qualitative tool for assessing reversibility. First, the experimental
conditions do not reflect the actual operating life of a battery, and the choice of sweep rate can
significantly affect the results. High sweep rates, such as 50 or 100 mV s™', may mask sluggish
parasitic reactions, such as hydrogen evolution, by masking their slow kinetics. Moreover, the
overall experimental time is extremely short. For example, a typical CV experiment performed
at 50 mV s™' over a potential window from —1.5 to 1.5 V for 50 cycles lasts only about 1 hour
and 40 minutes, which is insufficient to reliably assess reversibility®’. Therefore, such
measurements are more appropriately used to evaluate the compatibility between the GPE and
the electrode than to demonstrate true reversibility. The reversibility of the anode reactions can
be assessed using plating—stripping measurements. A detailed description of the experimental
protocol, its inherent limitations, and best-practice guidelines is provided in the dedicated
section.

In addition, evaluating the ESW through CV, as well as LSV, can be problematic. The stability
window obtained depends strongly on the cell setup and the sweep rate. The choice of the
working electrode is critical, since the measured response is governed by interfacial processes.
Inert and chemically stable electrodes are generally preferred for comparative assessments, as
metallic substrates such as stainless steel may undergo corrosion and can catalyze HER in
alkaline media. Common choices include glassy carbon, carbon-based electrodes, and boron-
doped diamond. However, these model electrodes may not fully represent the interfacial
conditions of practical devices. Conversely, high sweep rates may lead to an overestimation of
the onset potentials of the OER and HER because of their sluggish kinetics** 3% %2, Furthermore,
in addition to the often arbitrary selection of the sweep rate, the choice of the current-density
threshold is equally important, yet commonly arbitrary and, in many cases, not reported at all,
leaving readers to rely on assumptions. Clear reporting of these parameters is strongly
encouraged, and ESW evaluation should ideally be complemented by CP measurements, as
discussed in detail in the LSV section.



3.4 Open Circuit Voltage (OCV)

The open-circuit voltage (OCV) of a ZAB corresponds to the electromotive force (emf)
generated between the zinc anode and the air cathode when no external current is applied®!. It
represents the thermodynamic potential difference arising from the redox couples participating
in the overall cell reaction. Under ideal conditions, the OCV reflects the equilibrium potential
of the redox reaction between zinc oxidation and oxygen reduction in the presence of a given
electrolyte. Any deviation from this equilibrium potential provides valuable information about
the internal electrochemical state of the cell®.
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Figure 4 (a) OCV stability under bending?’. (b) OCV measured with a digital multimeter’”. (c) Long-
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plating/stripping in symmetric Zn||Zn cells, showing voltage evolution and assessing interfacial
stability, polarization, and reversibility®.

Given the fundamentally thermodynamic nature of the OCV, its measurement is among the
simplest electrochemical characterizations. Nevertheless, within the literature on bio-based
GPEs, OCV determination is frequently conducted inappropriately. A common source of error
is the determination of OCV before the establishment of thermodynamic equilibrium, or, more
seriously, the omission of OCV reporting entirely’® 7® 7% %4 Interfacial processes and ionic
redistribution require extended stabilization times, and measurements taken after only a few
minutes typically reflect transient polarization rather than the true equilibrium potential®. This
issue is even more pronounced in gel-based electrolytes, where longer OCV measurement
times are necessary relative to liquid systems. Their higher viscosity and limited ion mobility
significantly hinder ionic redistribution and interfacial equilibration, thereby delaying the
establishment of true thermodynamic equilibrium. Furthermore, OCV is frequently recorded
over very short time intervals, only some minutes 2% 3% 33 and the absence of a reference
electrode prevents determining whether potential variations originate from the zinc anode or
the air cathode. In flexible Zn—air cells, where the electrolyte structure can affect ionic



distribution and oxygen permeability, OCV tracking also serves as an indirect indicator of
membrane homogeneity and electrolyte—electrode compatibility 27.

Given the prevalence of improper practices in literature, it is essential to ensure that the OCV
is measured accurately. Rather than reporting a single value!> 25 5% 74 % the OCV should be
recorded as a full OCV vs time series’’ like reported in Figure 4 by Garcia-Gaitan et al 2
allowing observation of relaxation behavior and providing insight into electrolyte—electrode
interactions. The use of a reference electrode is strongly recommended to distinguish
contributions from the zinc anode and the air cathode. Environmental factors such as
temperature, gas composition (especially oxygen partial pressure and CO: content), and
humidity should be controlled or reported, as small variations can induce measurable shifts in
OCV. It is also good practice to include an OCV period at the end of cycling to evaluate the
system’s return to equilibrium. Whenever possible, replicates and time-resolved measurements
should be performed to assess experimental uncertainty, and care should be taken to minimize
self-discharge and current leakage, which can artificially lower the measured voltage. Rather
than prescribing a single universal equilibration time, OCV should be monitored until the
voltage reaches a stable plateau or a predefined low drift rate. As a practical recommendation
for gel-based Zn—air systems, OCV should be recorded for at least 1 h and extended when drift
persists; when feasible, longer equilibration periods of several hours may be required to
approach steady-state conditions. A drift-based criterion should therefore be reported explicitly
together with the total measurement time.

3.5 Plating-stripping tests

The plating and stripping test is an electrochemical protocol in which a metallic species is
electrodeposited (plated) onto a current collector or electrode surface under an applied current
or potential, and subsequently oxidatively dissolved (stripped) back into the electrolyte by
reversing the current. In zinc—air systems, zinc is oxidized to soluble zincate species
(Zn(OH)+*") during stripping; upon supersaturation, these species can precipitate as ZnO, which
may subsequently re-dissolve into zincate and be reduced back to metallic zinc during plating.
Therefore, the process involves a coupled dissolution—precipitation re-deposition mechanism
rather than a direct and fully reversible metal plating/stripping. Although this protocol does not
fully reproduce the operating conditions of a complete zinc—air device, it enables the anodic
processes to be investigated in a more controlled manner. In particular, it partially decouples
zinc deposition/dissolution from cathode-related phenomena and other cell-level complexities,
providing clearer insight into the intrinsic reversibility and stability of the zinc electrode, while
still being influenced by electrolyte-driven side reactions such as hydrogen evolution and ZnO
formation.

This technique allows for the direct assessment of electrochemical reversibility and interfacial
stability between the electrode and the electrolyte, under controlled and repeatable conditions®.
Electrochemical reversibility and interfacial stability are fundamental properties for an
electrolyte in a rechargeable cell; therefore, the plating and stripping test represents one of the
benchmark experimental protocols for electrolyte characterization. It is widely adopted and
considered a basic diagnostic method for batteries employing other chemistries such as sodium
97 lithium®®, and also in the zinc-ion field®”. Unfortunately, in bio-based GPEs for ZABs, this
technique is not frequently employed, making it difficult to obtain a comprehensive picture of



the electrochemical behavior of the investigated electrolytes,!# 2% 41.53. 67. 74. 77 By properly
conducting plating and stripping tests, it is possible to evaluate and obtain highly valuable data
which provides fundamental insight into reversibility of the anode reaction in the electrolyte,
reaction overpotential, C.E. of the anodic reactions and stability of the electrode—electrolyte
interface!> 363 100. 101 A] these properties are clearly critical parameters for the rational design
of electrolytes with improved electrochemical performance.

The reversibility of zinc anode reactions is one of the most critical factors determining the
lifetime and efficiency of zinc—air cells. Efficient plating and stripping with low overpotential
generally indicate favorable charge transfer kinetics and limited interfacial resistances, both of
which are essential for long-term cycling stability?. By precisely controlling the applied current
density and cycling capacity, the test enables probing of interfacial processes, including zinc
nucleation, dendritic growth, and hydrogen evolution.

Moreover, the plating/stripping protocol can be combined with advanced in situ or operando
characterization techniques (e.g., SEM, XRD, TEM) and spectroscopic methods (e.g., XPS,
Raman, XAS, NMR) to yield a comprehensive physico-chemical understanding of zinc
deposition and dissolution mechanisms, as well as the composition and evolution of surface or
soluble species 3% % 7!, In the context of biopolymer-based electrolytes, this test also helps
reveal how polymer functional groups influence zinc nucleation uniformity and how the ionic
environment within the gel affects electrochemical kinetics and dendrite suppression.

Fan et al. reported a stripping—plating test performed on a sulfonated starch-PAA based gel
polymer electrolyte using Zn||Zn symmetric cells, demonstrating a prolonged cycling stability
exceeding 800 hours at a current density of 1 mA cm™ with a capacity of 0.5 mAh cm™,
significantly longer than that achieved with PVA-KOH electrolytes®*. Likewise, starch-based
electrolyte tested in Zn||Zn symmetric cells under plating and stripping conditions at current
density of 1 mA cm™ with a capacity of 0.5 mAh cm™? and 5 mA cm™ with 2.5 mAh cm™>,
exhibited a stable voltage profile with low overpotential and extended cycling life of more than
600 h and 500h, respectively>®. Through plating/stripping measurements, these studies reveal
a highly reversible zinc deposition/dissolution behavior and a stable Zn/electrolyte interface
under controlled conditions. Such features are beneficial for improving the cycling stability of
rechargeable zinc—air batteries.

It is extremely important to emphasize that the results from plating—stripping measurements
are highly dependent on the specific cell configuration and the selected current densities and
capacities; this must always be clearly reported. The use of symmetric cells allows the
evaluation of dendrite formation or suppression tendencies, interfacial stability, and
overpotential behavior; however, this configuration presents intrinsic limitations. Symmetrical
cells represent the least demanding experimental configuration for testing electrolytes, due to
the virtually unlimited zinc reservoir provided by both electrodes, which do not allow CE and
real reversibility evaluations. As a consequence, the information extracted from these tests is
limited to interfacial stability and morphological evolution and cannot be directly interpreted
as a measure of plating/stripping reversibility.
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Figure 5 Schematic representation of plating/stripping protocols in asymmetric Zn // carbon
cloth cells used to evaluate reversibility and coulombic efficiency, including excess Zn
deposition (Q,), fixed charge cycling (Q.), and exhaustive stripping (Qs)!2.

It is therefore strongly recommended to employ asymmetric cells to evaluate plating and
stripping reversibility and coulombic efficiency of the system. Figure 5 schematically
illustrates three experimental protocols that enable the evaluation of these two fundamental
parameters!®?, Since the optimal chemical environment for Zn dissolution and deposition lies
near mildly acidic pH, while most zinc—air electrolytes are highly alkaline, tests employing
counter electrodes without a defined zinc reservoir represent an objectively too extreme
experimental condition.

Therefore, protocols B and C, which employ a zinc reservoir, are recommended. It is important
to emphasize that the zinc reservoir should not be excessive, and a significant fraction of it
should be involved in the plating and stripping processes. If the reservoir is excessive, an
effectively infinite reservoir would be recreated, thereby indirectly forming a “symmetric” cell.

3.6 Charge-Discharge, Cycling Performance, and Polarization Behavior

Polarization curves, galvanostatic charge—discharge (GCD) tests, and cycling measurements
are fundamental electrochemical protocols for characterizing RZABs and batteries in general.
A clear definition and reporting of experimental parameters and testing conditions are essential
to ensure reliable and reproducible electrochemical characterization? 192,

GCD is based on charging and discharging the zinc—air cell at constant current density within
defined voltage limits to evaluate cell capacity. Although the depth of discharge (DoD) and
state of charge (SoC) can in principle be controlled, in most Zn—air studies they are not directly
imposed but instead result from the selected current density and voltage cut-offs. Typical

current densities used for GPE characterization range between 1 and 5 mA ¢m2 2751, 14,1653, 62,
77-79, 101



The resulting voltage—time and voltage—capacity profiles reflect reaction kinetics, polarization
losses, and overall energy-storage behavior, from which key metrics such as specific capacity,
voltage gap, and coulombic efficiency can be derived. However, in metal-based systems,
coulombic efficiency does not necessarily reflect actual cycling stability, as the non-capacity-
limiting metal anode can sustain cycling even in the presence of significant parasitic
reactions!®.

These metrics are influenced not only by the catalyst and electrode materials but also by the
properties of the GPE, including ionic conductivity, interfacial stability, and mechanical
response, particularly under bending conditions. Therefore, reliable GCD characterization
requires careful control of experimental parameters such as air supply and electrode—electrolyte
contact, especially in flexible configurations where not uniform pressure can increase
polarization.

When different current densities are applied sequentially, the operating voltage and capacities
of the cell can be monitored over time under a range of conditions, as illustrated in Figure 6.
This approach is commonly used to assess rate capability and is often expressed in terms of C-
rate. The current densities employed in this protocol typically span from 0.1 mA cm™ to 10
mA cm2 15:27.29,51,52,60, 61,67, 77, 80, 101, 105 " enabling evaluation of performance at increasingly
high current densities. However, in Zn—air systems the definition of C-rate is not always
straightforward, as the accessible capacity depends on multiple factors, including zinc loading,
air cathode performance, and selected voltage cut-offs.

In addition, polarization curves provide complementary information to GCD and cycling by
probing the cell's instantaneous voltage response as the applied current density is progressively
increased. From these measurements, the power density can be directly calculated as a function
of current density, allowing determination of the maximum power density.

In cycling tests, Figure 6, the repeated application of galvanostatic charge—discharge protocols
extends GCD analysis to long-term operation. This approach enables the evaluation of
electrochemical reversibility and durability, as well as the progressive evolution of
overpotentials associated with zinc plating/stripping and oxygen electrochemistry. In addition,
cycling measurements provide insight into the mechanical and chemical stability of the
electrolyte-electrode interfaces over extended operation. Typical current densities used range
between 0.5 and 5 mA cm, while cycle times are usually 10, 20 minutes, or slightly higher,

reaching 40 or 60 minutes!>: 164351, 60,77,
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Figure 6 Representative galvanostatic protocols for Zn—air cell characterization. (a) Galvanostatic
discharge (GCD) at different current densities. (b) Stepwise rate capability (“C-rate”) test to assess rate
capability and polarization. (c) Long-term galvanostatic charge—discharge cycling showing voltage
evolution during extended cycling'> %% %,

Floating tests, in which the cell is held at a constant voltage to probe parasitic reactions and
interfacial stability, are only rarely reported in Zn—air systems and are therefore not discussed
further.

All these test types are strongly influenced by the experimental protocols and experimental
parameters defined during the experimental design stage. The choice of cycle duration is a
clear example of how critical protocol selection can be. Short cycle times are typically used
when the focus is on catalyst performance. Conversely, when the electrolyte is the main subject
of investigation, longer cycle durations should be used better to evaluate its stability and ion-
transport properties under sustained operation. In polarization measurements, the response is
particularly influenced by the rate at which the current density is increased. In GCD and cycling
tests, key parameters include the applied current density and the duration of the charge—
discharge steps. In all cases, the loading of the air electrode plays a critical role and must be
carefully specified.

In addition, reporting the depth of discharge (DoD) at which electrochemical tests are
performed is critically important but is unfortunately often neglected in the literature. Among
the studies reviewed in this work, only one explicitly calculates and reports the DoD rigorously
26 In a limited number of studies, the DoD can be estimated from the reported experimental
data®6- 41, 60-62, 76, 78,79, 101 "However, in most studies, the information required to calculate the
DoD is either incomplete or entirely absent.

To fully appreciate the importance of selecting an appropriate DoD, consider the following
example: a zinc electrode with an area of 2 cm™ and a thickness of 0.1 mm is discharged at 2
mA c¢m? for 10 minutes per cycle. These hypothetical values are not selected from any



particular article but fall exactly in the ranges commonly used, as shown above. This protocol
yields a DoD of approximately 0.6%. Such a shallow DoD implies that only a very small
fraction of the available Zn anode is used per cycle, thereby limiting the impact of inefficiencies
and parasitic reactions on the observed cycling behavior. This effect is further amplified by the
use of low areal loadings and small electrode dimensions in laboratory configurations, which
can artificially enhance apparent cycling stability and mask degradation processes under more

realistic conditions!%6: 107

. As a result, extended cycling lifetimes may be observed even when
C.E. is low or interfacial losses are high. This could happen simply because the Zn reservoir is
far from being depleted. Importantly, without explicitly reporting the DoD, cycling data
obtained with different GPEs, electrode designs, or testing protocols cannot be meaningfully
compared. This could lead to apparent improvements in cycling stability that may instead
reflect differences in Zn excess rather than intrinsic electrochemical performance.

It is now evident that adopting standardized testing protocols is essential to enable meaningful
comparisons among newly developed GPEs. In this context, previous studies have emphasized
that parameters such as electrode loading, electrolyte amount, and cell configuration must be
carefully controlled to obtain meaningful and comparable results in metal-based batteries!**
106,108 'The depth of discharge (DoD) should be clearly reported and preferably be 10-50% or
higher to obtain relevant information, while cycle durations should be long enough to ensure
steady-state ion transport and electrode potential stabilization, providing a reliable assessment
of electrolyte performance and practical rechargeability.

4. Spectroscopic Techniques for Chemical Structure and Speciation

4.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy measures the absorption of infrared radiation by a molecule, revealing the
molecular vibrations associated with specific functional groups. Absorption occurs when
incoming radiation induces a change in the molecular dipole moment, producing a
characteristic peak whose intensity reflects the extent of this change!®. In the mid-infrared
region (4000-200 cm™), FTIR is useful for studying GPEs by providing insights into bond
configurations, hydrogen bonding, and water retention by the gel polymer, making it one of the
most widely used characterization techniques for ZABs. FTIR is commonly performed post-
synthesis, after the polymer has been prepared and dried. By comparing the FTIR spectra of
the gel polymer or composite with that of the pure polymer, the formation of the target
compound can be confirmed through the structural and bonding information of characteristic
functional groups!®: 2% 26, 29: 36, 52, 60, 69, 75, 82, 94, 101, 109 ' The relative prominence of specific
functional groups can then help identify which polymer predominates in the composite,
determining its properties®. This technique can also be employed to verify crosslinking,
confirm the incorporation of additives and polymeric blends and monitor the interaction with
the fillers. For instance, the formation of CMC:PVA or CMC:PAA composite electrolytes
soaked in KOH for ZAB applications is validated by comparing the FTIR spectrum of the final
material with those of PVA, PAA, CMC, and KOH individually. Successful blending is
indicated by the emergence of new vibrational bands, shifts in existing peaks, and the
disappearance or weakening of characteristic peaks from the individual components 27- 476, 110,



This also stands for the formation of polymeric composites through physical mixing without
chemical reaction, like in the case of cotton-fiber and PVA 13- 2329, 36, 52,36, 60, 69,75, 82,94, 101 The
relative prominence of specific functional groups can then help identify which polymer
predominates in the composite, determining its properties®’. This technique can also be
employed to verify crosslinking, confirm the incorporation of additives and polymeric blends
and monitor the interaction with the fillers. For instance, the formation of CMC:PVA or
CMC:PAA composite electrolytes soaked in KOH for ZAB applications is validated by
comparing the FTIR spectrum of the final material with those of PVA, PAA, CMC, and KOH
individually. Successful blending is indicated by the emergence of new vibrational bands, shifts
in existing peaks, and the disappearance or weakening of characteristic peaks from the
individual components?’- %4 76110 This also stands for the formation of polymeric composites
through physical mixing without chemical reaction, like in the case of cotton-fiber and PVA .
FTIR is also essential for assessing whether the polymer matrix is adequately functionalized or
has successfully embedded the electrolyte within its network. Changes in peak intensity and
shifts in band position (red or blue shifts) provide evidence of chemical interactions or reactions
occurring within the system. For example, hydrogen-bond interactions between polymer chains
are evidenced by an increased intensity or redshift of the O—H stretching band (3300-3400
cm™), along with shifts in other characteristic peaks*® 33 195 111 "Tn some cases, this shift is
attributed to the hydrogen bonding between the water molecules and the biopolymer matrix?S.
It is crucial to note that relying solely on peak shifts without accounting for the instrumental
error bars associated with each measurement can lead to misinterpretation of the data.

Since FTIR is based on the absorbance phenomenon, it is highly sensitive to the thickness of
the sample!'?. GPEs with uneven thickness and compositional inhomogeneity, due to poor
casting or pressing, may yield inconsistent absorbance values that are not representative of the
entire sample, leading to poor reproducibility. To minimize thickness dependence, it is
preferred to probe the sample surface using attenuated total reflection (ATR)-FTIR. ATR setup
enables precise surface analysis through interactions with the sample via effervescence waves
at the crystal-sample interface revealing surface functional groups®> 61- 67, 68, 78, 81, 113-115
Porosity can also create problems because it may prevent uniform contact with the ATR crystal,
resulting in noisy signals: 61 67- 68. 78. 81 "Porogity can also create problems because it may
prevent uniform contact with the ATR crystal, resulting in noisy signals. Another challenge
arises from hydrophilic polymers that tend to retain water after drying, changing the hydration
level during measurement results in a persistent O-H stretching band that can mask other
features”. To avoid this, it is advisable to perform measurements under controlled
environments, such as purging the system with nitrogen. When analyzing biopolymers such as
chitosan, cellulose, starch or alginate, it may be helpful to consider that their complex
multifunctional groups can generate broad, overlapping IR bands. In such cases, the use of peak
deconvolution methods such as second-order derivative analysis® can facilitate spectral
interpretation. It is important to keep in mind that FTIR is mainly qualitative; accurate
quantitative measurements require rigorous calibration and complementary techniques.

4.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive technique used to analyze hydrated or soft
biopolymer gels. It is based on the inelastic scattering of photons upon interaction with the



electron cloud of the material, which induces a change in molecular polarizability!!S. The
resulting Raman shift generates spectra that serve as molecular fingerprints, revealing chemical
structures, molecular interactions, and material phases. Typically performed post-synthesis
using visible laser (532 or 785 nm); the method requires thin, homogeneous films or dried gel
fragments to optimize laser penetration and reduce water interference. Heterogeneous gels
require multiple spot measurements to ensure representative data, as local variations in
composition or hydration strongly affect spectral intensity.

Complementary to FTIR, the Raman spectrum reveals characteristic vibrational bands that can
be used to study hydrogen bonding and polymer-salt interactions in GPEs?”- %%, The intensity of
the Raman signal is highly sensitive to the variation in polarization and macromolecular
interactions in the system. Water has a low scattering cross-section, which makes studying
hydrated systems easier by reducing the background noise'!’. However, the inherently weak
Raman response often requires higher laser power or longer acquisition times, increasing the
risk of thermal degradation or photodamage of the sample. In specific cases, Surface-Enhanced
Raman Spectroscopy (SERS) may be explored to enhance Raman signals through plasmonic

effects at metal-analyte interfaces!'®

. However, its applicability to bulk 3D polymer networks
may be limited due to the short-range nature of the enhancement, making it more suitable to
probe surface-exposed functional groups or low molecular-weight species that are products of
a chemical reaction. Raman is particularly useful to confirm the graphitization of the GPE by
identifying the characteristic D band (~1350 cm!), which is associated with structural disorder
and defects in carbon materials, and the G band (~1600cm™), which reflects the degree of
graphitization of carbon components embedded in the GPE. The high Ip/Ig ratio indicates a
higher content of defects and a lower content of crystalline carbon material®-°2.

The polarizability of biopolymers is a critical factor in obtaining high-quality Raman signals.
Materials such as chitosan or cellulose exhibit inherently low polarizability, resulting in weak
signals that hinder the detection of subtle phenomena such as ion coordination or polymer—salt
interactions. Additionally, residual proteins, pigments, or naturally occurring phenolic
compounds in biopolymers may induce fluorescence under laser illumination, potentially
overwhelming or masking the Raman bands. In practice, working with biopolymers often
reveals certain challenges, such as significant fluorescence that can obscure characteristic
Raman peaks. Multiple accumulations and longer acquisition times are commonly used to
improve the signal-to-noise ratio; by averaging random noises and enhancing the weak Raman
features which facilitates spectral interpretation when florescence is moderate and decreases
during repeated exposure It may also be necessary to increase the laser power (sometimes up
to around 10%, which is considerably higher than the standard 1%) to penetrate translucent
gels and enhance the Raman signal. However, this approach can introduce the risk of local
thermal damage to the sample. Additionally, issues like water evaporation and sample drying
during measurements can lead to a loss of focus and a decrease in spectral quality over time.
To mitigate these limitations, practical strategies include improving sample compaction or
effective thickness within the laser probe area, raising laser power within safe limits (up to
~100 mW at 785 nm for chitosan), reducing spectral resolution to enhance photon throughput,
and averaging multiple long-exposure scans for chitosan and other biopolymers that are
intrinsically weak and morphologically complex Raman scatterers. In addition, coupling



Raman with complementary techniques such as AFM-Raman or confocal mapping can provide
spatially resolved information on polymer structure and ionic distribution, which is particularly
relevant for both synthetic and biopolymer electrolytes in zinc-air systems.

4.3 UV-Vis Spectroscopy

UV-Vis spectroscopy is based on the principle of electronic transitions upon absorption of
ultraviolet (100-400 nm) or visible (400-800nm) light. The resulting absorption spectrum
provides information about molecular structure, particularly in systems with conjugated bonds
19 This technique enables quantitative analysis using the Beer—Lambert law, which relates
absorbance to concentration and optical path length (A = &lc).

Although UV-Vis is not routinely used for GPEs, targeted applications can yield highly
informative insights. For instance, implemented UV-Vis to monitor the degree of
quaternization in Soybean protein isolated membranes (QSPI) by adding a UV-Vis active
marker?’, such as O-Phthalaldehyde (OPA) reagent, that reacts with the amine groups of the
SPI. The resulting absorption peak near 330nm enabled quantification of unreacted amine
groups, thereby determining the optimal functional group ratio for GPE quaternization.
Additionally, UV-Vis was used as a complementary technique to FTIR to confirm Fe*
coordination within gelatin-graphene oxide-ferric ion cross-linked poly(acrylic acid) (Gel-GO-
PAA-Fe*") hydrogels. The emergence and intensification of a shoulder peak around 405 nm
with increasing Fe** concentration indicated the formation of Fe** coordination bonds linking
GO, PAA, and gelatin chains*’. In another study, UV-Vis spectroscopy was used to monitor
iodate (IO,") species in PAM-CNF/KOH/KI hydrogel electrolytes during cycling. The
appearance and subsequent disappearance of the 313nm absorption peak confirmed the
reversible I/10s™ redox conversion, highlighting KI’s role in regulating the oxygen reaction
mechanism in ZABs*. Based on these examples, UV-Vis can be practically applied to track
coordination interactions and redox active species in hydrogel electrolytes by monitoring the
emergence, shift, or intensity changes of characteristic absorption bands, thereby enabling
researchers to correlate spectral features with cross-linking degree, ion speciation and
electrochemical reaction pathways during operation.

UV-Vis measurements are typically performed after synthesis and, for UV-cured polymers,
only after the curing step is complete, to avoid further photochemical changes during analysis.
The gel film should preferably be thin, transparent, free of bubbles, turbidity, or contaminants
that might scatter or interfere with light transmission!2°,

Taken together, these examples show that UV-Vis can be a useful complementary tool for GPE
characterization when a suitable chromophore, coordination feature, or derivatization strategy
is available, allowing researchers to quantify functionalization, monitor specific interactions,
and extract chemically meaningful information that may not be evident from bulk
electrochemical measurements alone.

4.4 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy is based on the interaction between an external magnetic field and the
magnetic moment of certain atomic nuclei (such as 'H, 13C, or '°F). When placed in a strong
magnetic field, these nuclei align with or against the field, creating discrete energy levels. By
applying radiofrequency (RF) pulses at the resonance frequency of each nucleus, transitions



between the energy levels occur. The signals emitted during relaxation are detected and
transformed into spectra that provide information on the chemical environment, molecular
structure, and dynamics of the system. This technique serves as a versatile analytical tool for
studying GPEs, providing structural, dynamic, and molecular-interaction insights across
diverse systems. Complementary to FTIR, high-resolution NMR is primarily used for structural
identification and verification of the successful synthesis of the target GPE. Through the
identification of chemical-shift variations and signal-intensity changes in'H NMR and *C
NMR, the successful synthesis of GPEs, including grafting and quaternization, can be
confirmed?® 61- 84 195 Conversely, the loss of specific peaks in the final material can serve as
evidence of complete polymerization and successful purification from residual monomer and

cross-linker species?? 61> 84, 105

. Conversely, the loss of specific peaks in the final material can
serve as evidence of complete polymerization and successful purification from residual
monomer and cross-linker species®!.

Low-field NMR (LF-NMR) is a form of nuclear magnetic resonance that operates at much
lower magnetic field strengths (typically 0.5-2 T, corresponding to 20-80 MHz for 'H nuclei)
compared to high-field or conventional NMR, which usually uses superconducting magnets of
7-14 T (300-600 MHz or higher)!?!. Because of this lower magnetic field, LF-NMR does not
resolve fine chemical shifts, so it cannot identify precise molecular structures like conventional
(high-field) NMR. Instead, LF-NMR focuses on relaxation behavior, particularly the spin-
lattice (T:) and spin-spin (T2) relaxation times, which provide information on molecular
mobility, phase composition, and interactions. LF-NMR is applied for GPEs to probe
crosslinking density and water dynamics within the hydrogel matrix. The spin-spin relaxation
time (T:2) shortens as the content of cationic additives increases, indicating enhanced
crosslinking and stronger polymer-ion interactions*!> °. Furthermore, LF-NMR distinguishes
between free, bound, and immobile water fractions in hydrogels through T: relaxation
distribution, where a decrease in the free-water component reflects improved water
confinement and reduced side reactions in ZAB systems!> %, Excess free water at the Zn anode
accelerates parasitic reactions, most notably zinc corrosion and the HER, leading to gas
formation, loss of active zinc, and deterioration of interfacial stability'?2. This behavior can be
probed by NMR through changes in water proton chemical shift and relaxation times which
allow quantification of free versus bound water and thus enables researchers to correlate water
activity with the extent of Zinc corrosion and HER in the system. From a practical perspective,
LF-NMR allows the water populations in the GPE to be interpreted in terms of electrochemical
behavior: a high free-water fraction indicates greater susceptibility to zinc corrosion and HER,
whereas increased bound or immobile water indicates better electrolyte confinement and a
lower tendency toward parasitic reactions. Collectively, these studies demonstrate that NMR,
both high- and low-field, provides essential molecular-level information on structural integrity,
crosslinking behavior, and ion—polymer interactions governing GPE performance.

NMR is usually performed after synthesis and purification, either by dialysis or by using
solvents that dissolve residual impurities but not the GPE polymer network. Samples are then
dissolved in deuterated solvents such as DMSO-d6 or D>O, and measurements are performed
using tetramethyl silane (TMS) or sodium trimethylsilyl propane sulfonate (TSP) as references.
Reliable data acquisition depends heavily on careful sample preparation. The sample should be



thoroughly homogenized, degassed, and loaded into the NMR tube with an appropriate filling
height and without bubbles or suspended particulates, to minimize measurement artifacts.
Proper filling of the detection region improves magnetic-field homogeneity and reduces
shimming problems, line broadening, and baseline distortions. Degassing the sample helps
remove dissolved oxygen that broadens peaks due to paramagnetic relaxation; degassing can
be done with the freeze-pump-thaw technique (at least three cycles). Alternatively, the
headspace can be carefully flushed with nitrogen, avoiding direct bubbling through the solution
that could lead to solvent loss and inefficient oxygen removal. Nonetheless, using an
appropriate amount of material is essential for efficient spectral acquisition. Normally, 5-25 mg
of dried sample material is required; it is possible to perform analysis with lower quantities,
but, at very low concentrations, more spectrometer time will be required (for example, halving
the sample concentration requires approximately four times longer acquisition to achieve the
same signal-to-noise ratio).

NMR analysis of hydrated gels is inherently difficult, as these materials do not exhibit sufficient
fluidity and, in most cases, behave essentially as soft solids. For liquid-state NMR, it is
recommended to dilute the gel to sufficiently low concentrations so that the material reaches a
liquid-like state suitable for measurement. However, this approach requires careful sample
preparation and may still provide insufficient spectral resolution, especially for structurally
complex organic systems. Consequently, solid-state NMR (ssNMR) is generally more suitable,
as it probes nuclear spin responses in insoluble or rigid materials and employs techniques such
as magic-angle spinning to average anisotropic interactions, thereby resolving local atomic-
scale chemical environments'2. In ssNMR, the sample spins during the measurement, so water
entrapped within the network may be expelled during rotation, potentially altering the sample
balance and compromising measurement stability or damaging the rotor. ssNMR can also be
performed on dried and ground gels; however, as noted for other characterization techniques,
drying may significantly alter the original gel structure.

Future research could leverage advances from other gel systems to expand NMR’s application
in GPEs. For example, in petroleum reservoir studies, NMR has been employed to monitor
gelation kinetics, crosslinking evolution, and water mobility in both in-situ and pre-formed gels
123 Adapting such methodologies to GPEs could enable real-time tracking of gel formation,
ion confinement, and structural evolution under operational conditions, offering deeper insights
into the molecular mechanisms that govern electrochemical performance.

4.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive analytical technique used to determine the elemental composition
and chemical states of materials. It relies on the photoelectric effect, in which irradiation of the
sample with X-rays ejects core electrons. By measuring the kinetic energy of these emitted
electrons, the binding energies of the corresponding orbitals can be calculated, and these are
characteristic of specific elements and their chemical environments!?*. This enables the
identification not only of the elements present at the sample surface but also of their oxidation
states and chemical bonding environment. Because XPS probes only the outermost surface
region of a material, typically within about the top 0-10 nm, sample preparation is extremely
important, and the technique must be interpreted with particular caution when used to infer



bulk composition or to support reaction-mechanism claims, since surface contamination,
adventitious carbon, drying effects, or air exposure may strongly alter the detected chemistry.
For GPEs, XPS provides detailed information on the elemental composition, chemical states,
and surface valence environments of the polymeric matrix. It is particularly useful for
analyzing functionalized membranes through deconvolution of the high-resolution core-level
spectra (e.g., Cls, Ols, N1s) which enables the identification of functional groups introduced
through chemical modification or additive incorporation, helping to validate the success of the
modification process and to assess surface homogeneity?’ 30 36 41, 42,59, 60, 69, 105

For example, analysis of the high-resolution C 1s spectrum showed that the presence of C-O—
C bonds supported the successful reaction between the PVA/chitosan membrane and the
crosslinker glutaraldehyde (GA) . In another study, monitoring the C1s and S2p characteristic
peaks confirmed the successful formation of linkage between the acrylic acid and sulfonate
starch in a novel sulfonate functionalized nanocomposite quasi-solid state gel polymer
electrolyte!®!. Consequently, XPS can provide surface-sensitive evidence of successful cross-
linking and grafting reactions®®- 36 % 71,

Nonetheless, XPS can verify successful cationic doping of GPE by examining the survey
spectrum and the characteristic core-level peaks of the dopant of interest!® 3% ¢, Beyond
polymer characterization, XPS is an essential tool for probing the Zn-anode. High-resolution
Zn 2p spectra allow discrimination between Zn® and ZnO species, enabling direct visualization
of zinc valence evolution during cycling, while the detection of electrolyte-derived elements at
the Zn surface highlights strong interfacial bonding in hydrogel-based electrolytes.
Collectively, these studies demonstrate that XPS provides irreplaceable chemical-state
sensitivity for understanding GPE composition, reaction pathways, and electrode—electrolyte
interactions in advanced ZAB systems!>> 2% 113,

XPS measurements are typically performed post-synthesis on thin films or dried gel samples
to ensure a stable, uniform surface. XPS is a surface-sensitive technique, and for this reason,
the sample must be kept clean and dry, as even trace surface contamination or oxidation can
significantly affect the measured spectra. The technique operates under ultrahigh vacuum, and
the choice of X-ray sources (commonly Al Ka radiation) depends on the desired resolution and
detection depth. A major challenge in XPS analysis of GPEs arises from surface charging
during measurement, particularly for non-conductive polymers. This leads to peak shifts and
broadening, which complicates the accurate interpretation of binding energies. To prevent
sample charging, especially for non-conductive polymeric materials, charge neutralization
systems, such as low-energy electron or ion flood guns, are required to stabilize the signal'?>.

4.6 Inductively coupled plasma (ICP)

ICP is a hard ionization technique used to atomize and ionize elements in a sample for
subsequent quantitative analysis. In this method, the sample, typically in liquid form, is
nebulized into a fine aerosol and carried by argon gas into the plasma, which reaches
temperatures of up to 10,000 K (hotter than the surface of the sun). Under these conditions,
most elements are converted into singly charged ions, though some may form doubly charged
species. ICP is commonly coupled with a mass spectrometer (ICP-MS), enabling ions to be
separated and quantified by their mass-to-charge ratio (m/z). As a result, ICP-MS enables
multi-elemental detection and trace-level quantification across nearly the entire periodic table,



making it a more reliable technique for elemental analysis than Energy Dispersive X-ray
Spectroscopy (EDX)!2¢,

This technique is performed post-synthesis, where the gel samples are typically digested or
diluted before analysis to release metal ions into a homogeneous liquid matrix suitable for
nebulization and plasma ionization. Sample digestion can involve acid treatment or other
chemical breakdown methods, depending on the polymer type and crosslinking density. Proper
sample preparation is essential to ensure complete extraction of analytes and to minimize
matrix interferences. Matrix effects represent a major challenge in ICP analysis of GPEs. The
high salt content, organic solvents, and viscous nature of polymer matrices can alter plasma
stability and ionization efficiency, leading to signal suppression or enhancement. Therefore,
accurate ICP measurements require rigorous calibration and quality control, as the absence of
matrix-matched standards or improper digestion protocols can lead to significant analytical
errors. Additionally, the strongly alkaline nature of ZAB electrolytes may damage standard
analytical hardware, requiring appropriate, high-resistance sample-handling systems.

ICP-MS is primarily used to quantify elemental composition and trace impurities; however,
within GPE systems, this technique is far less common, and its application is highly situational.
One particularly interesting possibility is its operando use to track ion migration and crossover
phenomena in ZABs during battery operation. For instance, ICP was used to quantify the
migration of zincate ions (Zn(OH)+*>") from the zinc anode chamber to the air cathode through
a starch-based superabsorbent hydrogel polymer electrolyte (SSHPE) during cycling. The
significantly lower Zn concentration detected in the cathode chamber compared to the anode
side confirmed the effective suppression of zincate crossover, demonstrating the electrolyte’s
strong ion-selective barrier properties and stability under prolonged operation'>. ICP-MS is
one of the most powerful techniques for trace-level elemental analysis and provides critical
insight into ion migration phenomena in ZABs. When properly optimized for alkaline
polymeric matrices, it can serve as a powerful diagnostic tool for probing degradation, ion
crossover, and electrode—electrolyte interactions, effectively bridging analytical chemistry with
electrochemical performance evaluation.

5. Microscopy and Nanoscale Imaging of Morphology and Interfaces

5.1 Optical Microscopy

Optical microscopy is a valuable technique for visualizing GPEs in ZABs at the mesoscale,
bridging the gap between macroscopic digital imaging and high-resolution electron
microscopy. It provides an in situ, non-destructive view of the material which is particularly
useful for identifying intermediate-scale structural features such as phase separation, thickness
variation, gel non-uniformity, and surface defects. In this context, digital imaging remains
useful for documenting self-standing behavior, transparency, and overall macroscopic
homogeneity, but it cannot resolve these finer structural details. Likewise, Scanning Electron
Microscopy (SEM) offers much higher spatial resolution, yet it often requires dehydration,
freezing, or conductive coating, which may alter the native hydrated structure of the gel and
lead to incomplete interpretation if not complemented by mesoscale observations.
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Optical microscopy is based on the interaction between visible light and the specimen of
interest. Its principle relies on geometrical optics, in which light rays are refracted by a system
of lenses to produce a magnified image of the sample. This allows the visualization of features
in the micrometer range and the observation of surface and internal textures, phase separations,
and defects. By adjusting illumination, magnification, and contrast, optical microscopy
provides valuable qualitative information about the microstructure and homogeneity of GPEs
127 In certain configurations, optical imaging can further support porosity analysis or time-
lapse studies to monitor gel drying, swelling, or water retention behavior under different
environmental conditions.

Despite these advantages, optical microscopy is rarely employed for direct GPE
characterization in ZAB literature. The most commonly reported applications of optical
microscopy are the investigation of zinc deposition on the zinc anode surface®® ’! or interfacial
adhesion between the GPE and different types of carbon cloth current collectors®*. The
omission of optical microscopy can be partly attributed to practical limitations: the three-
dimensional and highly hydrated nature of GPEs may require confocal setups to resolve
internal structures; highly translucent gels can be difficult to focus, whereas opaque gels may
restrict transmission-mode imaging to top illumination only. In addition, mesoscale
inhomogeneities may necessitate broader statistical sampling, and immersion-based imaging
can be challenging for corrosive or wet electrolytes. These constraints are likely to reduce the
routine adoption of optical microscopy unless clear mesoscale features are anticipated.
Nevertheless, its use may be facilitated through strategies such as imaging thin polymer slices,
employing contrast-enhancing dyes, or adopting tailored illumination modes, suggesting that
optical microscopy remains a valuable yet uncommon tool for mesoscale analysis of GPEs
when structural heterogeneity, interfacial phenomena, or dynamic gel behavior are of interest.

5.2 Scanning Electron Microscopy (SEM)

SEM is a high-resolution imaging technique that enables visualization of the surface
morphology and microstructure of materials down to the nanoscale. It is based on the
interaction of the primary electrons from a focused high-energy electron beam with the atoms
in the surface of a specimen under high vacuum. SEM commonly operates at accelerating
voltages ranging from about 1 to 30 kV, with adjustable parameters such as beam current,
working distance, spot size, and scan rate, which influence image resolution, penetration depth,
and signal intensity. In more advanced configurations, such as Field Emission SEM (FESEM),
a field-emission electron source produces a much narrower and more coherent electron beam,
significantly improving spatial resolution and enabling the observation of finer nanoscale
details’®.

Used to study GPEs in ZAB systems, SEM can be applied at multiple stages of GPE analysis,
from post-synthesis morphology evaluation to post-cycling degradation assessment. If applied
directly after synthesis, this technique can provide detailed insight into surface morphology
and three-dimensional porous structure of the GPE, allowing the evaluation of pore size and its
distribution, uniformity, homogeneity, and overall connectivity of the network>! %% 76, A
homogeneous porous network not only ensures good mechanical properties but also enables
effective electrolyte retention, thereby enhancing the ionic conductivity of the GPE and the ion
transport efficiency. Larger cavities facilitate electrolyte storage and wetting, while



76,128 and water retention capacity>!. The role of

interconnected channels enhance ion mobility
pore-forming agents such as PEG400 is often highlighted!?. A comparison between purely
synthetic polymer and biopolymer-modified GPEs (e.g., cellulose-added composites) reveals
that cellulose increases pore size and density, improving KOH absorption and electrolyte
retention’, Comparative SEM imaging can also directly indicate the success of synthesis when
the network components exhibit distinct morphologies that allow visual differentiation between
crosslinked and non-crosslinked structures®. After electrochemical cycling, SEM can also be
used to monitor changes in pore size caused by ZnO clogging and to assess the resulting
structural degradation of the GPES.

SEM is also employed to monitor morphological changes in GPEs upon contact with liquid
electrolytes, for example, by comparing freshly prepared samples with those soaked in KOH
to evaluate swelling and structural stability’®. Similar analyses have investigated the effect of
immersion conditions, such as soaking time®* or pH®?, to understand how the polymer network
evolves and maintains its integrity in different chemical environments. Moreover, by assessing
surface smoothness, SEM can provide indirect evidence of the mechanical integrity of the GPE
and its ability to establish intimate contact with the electrodes; for instance, lignocellulose-
reinforced GPEs have been reported to have increased surface contact area and better electrode
adhesion along with enhanced interfacial conductivity due to the improved uniformity of the
hydrogel®. Additionally, SEM has occasionally been used to qualitatively illustrate
macroscopic mechanical features, such as the flexibility of gel electrolytes, by imaging bent or
twisted samples®!. Beyond GPEs, SEM is used to evaluate the influence of GPE formulation
on the dendrite suppression of the zinc anode. Several studies report that cellulose-containing
polymers result in smoother surfaces and fewer dendrites®® 7. SEM is also employed to
monitor morphological changes in GPEs upon contact with liquid electrolytes, for example, by
comparing freshly prepared samples with those soaked in KOH to evaluate swelling and
structural stability’®. Similar analyses have investigated the effect of immersion conditions,
such as soaking time® or pH®?, to understand how the polymer network evolves and maintains
its integrity in different chemical environments. Moreover, by assessing surface smoothness,
SEM can provide indirect evidence of the mechanical integrity of the GPE and its ability to
establish intimate contact with the electrodes; for instance, lignocellulose-reinforced GPEs
have been reported to have increased surface contact area and better electrode adhesion along
with enhanced interfacial conductivity due to the improved uniformity of the hydrogel.
Additionally, SEM has occasionally been used to qualitatively illustrate macroscopic
mechanical features, such as the flexibility of gel electrolytes, by imaging bent or twisted
samples®!. Beyond GPEs, SEM is used to evaluate the influence of GPE formulation on the
dendrite suppression of the zinc anode. Several studies report that cellulose-containing
polymers result in smoother surfaces and fewer dendrites>® 7.

Even though SEM is a widely used and relatively simple characterization technique, its
application to GPEs can pose some challenges because hydrated gels cannot withstand the
high-vacuum conditions of conventional SEM and therefore must be dried before imaging.
However, drying may induce volume shrinkage and, in some cases, structural collapse of the
polymeric network. For this reason, freeze-drying is typically carried out by lyophilization, in
some cases after rapid freezing with liquid nitrogen®!- 7682129 Nevertheless, freeze-drying can



itself modify the polymeric structure if not done properly. Rapid cooling to temperatures
between -60 and -80 °C forms small ice crystals that sublime under vacuum, potentially altering
pore morphology and introducing artificial porosity!*® 13!, Consequently, SEM images may not
accurately represent the true hydrated structure of the gel. Many studies fail to acknowledge
that SEM observations reflect the dried state of the GPE rather than its morphology during
operation, potentially leading to misleading conclusions about porosity and network
uniformity. Although low-vacuum or environmental SEM modes can offer an alternative
approach for imaging hydrated gels, they are not standard and often produce lower-quality
images. Gentler drying methods may also help preserve the original structure of the GPE; for
example, supercritical drying, widely used for fragile materials, avoids capillary stresses during
solvent removal and better maintains structural integrity. To the best of our knowledge,
however, this technique has not yet been reported for GPE characterization in ZAB systems.
A further limitation encountered during SEM analysis is the tendency of some nonconductive
polymers to accumulate surface charge under electron irradiation, which can result in image
artefacts or even induce structural damage, particularly when high accelerating voltages are
used (up to 20kV)!'*2. To mitigate charging effects, conductive coatings such as sputtered gold
or platinum can be applied; however, this step is sometimes omitted to preserve the sample's
native surface features and is rarely reported in the reviewed works. Alternatively, using lower
accelerating voltages (5 kV for polymers) can reduce charging and minimize beam-induced
damage. In comparison, higher voltages (15-20 kV) are typically used when imaging metallic
components, such as the anode. For anode studies, interpreting corrosion or dendrite
morphology from post-cycling SEM images can be tricky, as gel removal, oxygen exposure, or
mechanical detachment of strongly adhered GPEs may alter or damage the Zn surface, while
differences between GPE formulations can be subtle and difficult to distinguish from intrinsic
COITOSion processes.

SEM plays a central role in correlating GPE microstructure with electrochemical behavior, but
careful sample preparation and the use of complementary techniques are necessary to avoid
misinterpretation and ensure reproducibility and reliability of the results®2.32. SEM
observations can be complemented with techniques such as atomic force microscopy (AFM),
which provides additional information on surface texture and local topography of non-
conductive gels. At the same time, approaches like tomography or cross-sectional focused ion
beam (FIB) analysis may further help validate SEM-derived interpretations of the three-
dimensional structure.

5.3 Energy-Dispersive X-ray Spectroscopy (EDX/EDS)

EDX/EDS is an analytical technique coupled with SEM that identifies elements by measuring
characteristic X-rays emitted when high-energy electrons excite atoms in the sample. The
resulting spectrum provides qualitative and, under well-controlled conditions, quantitative
information on elemental composition. By comparing X-ray intensities to standard reference
materials, concentrations of major and minor elements can be estimated in terms of weight or
atomic percentages.

EDX is conducted using the same hardware configuration as the SEM, with the detector
positioned to collect X-rays emitted from the sample during electron-beam irradiation. The
setup typically includes a silicon drift detector (SDD) with high energy resolution. The



accelerating voltage is chosen based on the atomic numbers of the elements to be detected:
higher voltages for heavy elements and lower for light elements, to minimize beam penetration
depth and surface distortion. The analysis is performed under vacuum, and sample preparation
follows standard SEM protocols, including drying and, when necessary, sputter coating to
reduce charging. When analyzing non-conductive polymers, carbon coating is preferable to
metallic sputtering to avoid introducing strong characteristic peaks that interfere with elemental
analysis'®’. Measurements are typically performed post-synthesis to confirm elemental
composition and homogeneity of the polymer matrix. In some studies, EDX is used in post-
mortem analysis of full cells to examine the evolution of electrode or electrolyte composition
after cycling. It can also be applied to aged samples to monitor compositional stability during
storage.

When applied to GPEs, EDX can provide both point analysis for localized compositional
assessment and elemental mapping, thereby offering a more complete picture of the elemental
distribution within the GPE. Mapping confirms that the key elements, metallic and non-
metallic, are present and evenly distributed, validating the homogeneity of the gel polymer
under study!3:2%-34.59.69. 78,94, 10L. 113 Thyjg ig particularly important when assessing the dispersion
of salts®® or cationic additives®® within the gel polymer, grafting functional groups 2%->% 78, and
doping the backbone polymeric chain®*, as agglomeration or uneven distribution can directly
influence mechanical and electrochemical properties. In some cases, EDX can provide
evidence of the dispersion of added KOH throughout the polymer electrolyte surface,
confirming its complexation within the polymer matrix®®. In addition to elemental
identification, EDX spectra can also be used to infer contamination, crosslinking element
incorporation, or the presence of residual salts or decomposition products after cycling’® within
the gel polymer, grafting functional groups®>% 78, and doping the backbone polymeric chain®,
as agglomeration or uneven distribution can directly influence mechanical and electrochemical
properties. In some cases, EDX can provide evidence of the dispersion of added KOH
throughout the polymer electrolyte surface, confirming its complexation within the polymer
matrix®®. In addition to elemental identification, EDX spectra can also be used to infer
contamination, crosslinking element incorporation, or the presence of residual salts or
decomposition products after cycling’® 7. Quantitative analysis, when performed correctly
with calibration and matrix corrections, can determine the atomic percentages of elements
present>* 3% 8. 78 - Quantitative analysis of elemental content also supports confirmation of
crosslinking or doping levels and helps verify whether post-cycling degradation leads to
compositional changes at the polymer-electrode interface’s.

Despite its versatility, EDX has inherent limitations. The rough and porous surfaces of GPEs
often lead to geometric shadowing and variations in X-ray detection due to changes in local
take-off angles, making intensity values partly dependent on morphology rather than pure
composition. Its sensitivity to light elements (below atomic number 11, such as H, Li, and B)
is limited, requiring their presence to be inferred indirectly. Quantification accuracy is further
influenced by sample thickness, coating material, and matrix effects, while the analysis volume
(~1-2 pm?®) may extend beyond the true surface region of interest. In heterogeneous or
multiphase materials, overlapping peaks (e.g., Zn—-K and O-C) complicate spectral
deconvolution unless appropriate standards and correction algorithms are applied. Beyond



GPEs, post-mortem EDX has been used in Zn—air systems to detect ZnO or carbonate residues
on anodes, correlating their formation with dendrite growth and performance degradation.

5.4 Transmission Electron Microscopy (TEM)

TEM is an advanced imaging technique that uses a focused beam of high-energy electrons to
image nanoscale structural features. As electrons pass through the material, their interactions
with atoms produce image contrast based on local variations in thickness, density, and atomic
composition. This enables the acquisition of high-resolution images that reveal morphological,
structural, and crystallographic characteristics. TEM is also one of the principal techniques
used to investigate the structure of catalysts employed in ZABs*% %684, TEM is also one of the
principal techniques used to investigate the structure of catalysts employed in ZABs 3% 35 84,
For GPEs, TEM allows visualization of phase morphology, filler dispersion!®!, and interfacial
organization, offering a link between nanoscale architecture and macroscopic ionic transport
and stability. Dou et al''* developed a mesh-like gel electrolyte by functionalizing cellulose
nanofibers (CNFs) extracted from bamboo with poly(acrylamide) (PAM), which provides high
hydrophilicity, and poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride (PDMC),
the quaternary ammonium groups of which allow efficient ionic conductivity. TEM was used
to confirm and track the structural evolution during the preparation procedure, from pristine
CNFs to modified CNFs and, finally, to the resulting GPE. Complementary techniques, such
as Selected Area Electron Diffraction (SAED) and EDX, provide information on crystallinity
and elemental distribution, respectively, further enhancing structural interpretation.

However, TEM has several limitations; GPEs are sensitive to both vacuum and clectron
irradiation. As in SEM, the high-vacuum conditions required for TEM, together with sample
preparation steps, can induce dehydration, collapse of the hydrated polymer network, and
redistribution of mobile species, so that the observed morphology may not accurately represent
the native structure of the GPE under operating conditions. These factors can induce
dehydration, shrinkage, and localized degradation, resulting in significant structural distortion.
Their hydrated nature makes ultrathin sectioning challenging. In addition, TEM requires
electron-transparent specimens, meaning that the sample must be thinned to very small
thicknesses by ultramicrotomy, cryo-sectioning, or focused ion beam (FIB) milling. These
preparation steps can themselves be detrimental, because cutting, milling, or ion bombardment
may deform soft polymer domains, redistribute the liquid phase, introduce damage, or generate
preparation-induced interfaces and voids. The low electron density contrast between organic
polymer domains and absorbed solvent phases further complicates imaging, often necessitating
staining or cryogenic techniques. Additionally, prolonged exposure to the electron beam can
trigger beam-induced crosslinking, scission, or crystallization, introducing artifacts that
obscure true structural features.

Consequently, TEM often provides only a potentially distorted view of the native hydrated
morphology, and the resulting images should be interpreted with caution. To mitigate these
effects, cryo-TEM or environmental TEM can be employed, although these approaches are
more experimentally demanding and may involve trade-offs in image quality, resolution, or
accessible imaging conditions. Complementary non-destructive methods such as Atomic Force
Microscopy (AFM) and Small-Angle X-ray Scattering (SAXS) are strongly recommended to
verify the representativeness of the observed structures’® 13!,



5.5 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscopy that generates images based on the interaction
between a sharp cantilever tip and the sample surface. The cantilever deflection, resulting from
attractive and repulsive tip—sample forces, is monitored using an optical lever system in which
a laser beam reflected from the cantilever is detected by a photodiode, enabling the
measurement of minute vertical displacements. The probe position is controlled by
piezoelectric actuators with superior precision, allowing AFM to achieve sub-nanometer
vertical resolution and nanometer-scale lateral resolution for detailed surface topography
imaging!3*,

AFM is still less commonly employed in the study of GPEs, even though it offers significant
advantages for nanoscale surface characterization compared to SEM. In addition to high-
resolution imaging, AFM can provide quantitative information on surface roughness, pore size,
and pore distribution without requiring conductive coating or vacuum conditions, allowing to
investigate GPEs under conditions closer to their native hydrated state*?. The surface texture
information obtained from AFM can provide insights into wettability, liquid electrolyte
absorption behavior, and interfacial adhesion between the GPE and the electrodes®.
Furthermore, AFM can be used to examine topographical changes on the zinc anode associated
with dendrite formation or suppression induced by GPE stabilization. For instance, the
incorporation of chitosan into the electrolyte has been reported to decrease the surface
roughness of the zinc anode, thereby improving interfacial stability!34.

AFM measurements on GPEs are commonly performed on small, relatively flat polymer
surfaces using contact or tapping mode. The latter is generally preferred for soft surfaces, as it
reduces tip-sample interaction forces and minimizes deformation of the polymer surface during
scanning. Despite its advantages, several technical challenges arise during AFM imaging of
GPEs due to the conical shape of the cantilever tip, which can cause lateral distortion in the
acquired image. Imaging of soft, uneven surfaces can also be challenging if the cantilever
spring constant is poorly matched to the sample's mechanical stiffness. Proper selection of
cantilever stiffness and imaging parameters is therefore critical to minimize deformation
artifacts. For soft biopolymer-based electrolytes, force-distance curve analysis or
nanoindentation AFM can further quantify mechanical compliance and adhesion energy at a
nanoscale, providing a comprehensive understanding of GPE-electrode surface interactions.
AFM PeakForce QNM (Quantitative Nanomechanical Mapping) mode could also be utilized
to measure both morphology and local mechanical properties!?. For surfaces with large height
variations, such as porous polymeric networks and zinc anodes with needle-like dendrites, the
cantilever tip may not fully access deep cavities or narrow pores, leading to incomplete
topographical information. Collisions with steep surface features can lead to tip wear,
contamination, or breakage. For alkaline GPEs, proper tip corrosion-resistant materials, such
as silicon nitride or diamond-like carbon, should be used.

When studying zinc anodes, challenges may arise from the heterogeneous nature of their
surfaces. The zinc electrode can exhibit regions of varying mechanical properties caused by
oxide layers, residual electrolyte, or corrosion products, which may destabilize the feedback
signal and reduce measurement reliability. Moreover, salts or hydroxide phases formed during
electrochemical cycling may detach during scanning, producing imaging artifacts or unreliable



measurements. To mitigate these effects, it is advisable to rinse the zinc anode and dry it under
controlled conditions to remove residual electrolyte and minimize oxidation and carbonate
formation*> %°. Several studies have utilized in-situ or operando AFM to monitor dendrite
nucleation and growth during cycling in lithium-based systems'*¢ and have been extended to
zinc metal systems!3”. In zinc-air systems, however, the use of in-situ AFM for tracking of zinc
dendrite evolution at the Zn anode still appears to be scarcely reported. Finally, external factors
such as thermal drift, humidity fluctuations, and mechanical vibrations can introduce image
instability. Consequently, AFM measurements are often conducted under controlled
environmental conditions and with appropriate vibration isolation to ensure high-quality
imaging.

Since AFM imaging is limited to small scan areas, misleading or incorrect conclusions can be
drawn from reporting single scans without confirming surface homogeneity. Inhomogeneous
surfaces require multiple scans of different locations to obtain statistically reliable data. It is
important to recall that AFM provides only a surficial view with limited vertical depth.
Therefore, it is advisable to report AFM images alongside SEM images*> %°, with proper
indications of the preparation procedures and measurement conditions for both techniques to
enable cross-technique validation, data comparison, and reproducibility.

6. Thermal Analysis and Thermo-Physical Stability

6.1 Thermogravimetric Analysis (TGA)

TGA is a thermal characterization method that measures the mass change of a material as a
function of temperature under controlled atmosphere, producing a thermogram in which
distinct weight-loss regions correspond to processes such as water evaporation, bond cleavage,
polymer degradation, and eventual pyrolysis.

In GPEs, particularly bio-based systems, TGA is primarily used to assess water retention
behavior, decomposition temperature and overall thermal stability!4 5% 73, 78.81.94. 110 T jterature
consistently shows that blending polymers improves the thermal stability of the resulting
composite compared to the constituent polymers alone'# 2 73. 78 81 [ jterature consistently
shows that blending polymers improves the thermal stability of the resulting composite
compared to the constituent polymers alone 3% 326768138 For example, the TGA thermogram
of PVA-CMC composite membrane shows greater thermal stability than pure PVA and CMC
due to the intermolecular H-bonding of PVA and CMC molecules’®. Similarly, adding cellulose
to PVAA improved its thermal stability compared with PVAA and PVA alone’’. Comparable
trends of increased thermal stability are observed in the presence of KOH, where incorporating
KOH in the GPE composite improved the thermal stability of CMC:PVA and CMC:PAA!? as
well as chitosan and starch blend membranes™. In certain cases®?, a study reported that neutral
GPE shows lower weight loss and, consequently, higher water retention than alkaline GPE,
which is beneficial for semi-open FZABs*2. TGA trends can be used to reinforce XRD results:
in general, the higher the crystallinity of a material and the more regular its internal molecular
arrangement, the higher the temperature required for decomposition?®.

TGA experiments are usually performed post-synthesis on fully dried, homogeneous samples
to avoid premature water-loss artifacts. Experiments are performed under inert atmosphere



such as nitrogen or argon, to avoid oxidative degradation, at heating rates of 5-10 °C min™!.
Faster heating rates may lead to overlapping or smeared decomposition steps, obscuring
intermediate transitions. TGA is highly sensitive to sample uniformity, and consequently, the
homogeneity of gels determines the consistency of the thermograms. To ensure reproducibility,
the gel must be free of excess moisture, evenly mixed, and properly dried. When coupled with
complementary methods, such as differential scanning calorimetry (DSC), TGA can provide
important insight into the correlation between thermal transitions and structural changes.
Together, these considerations underscore the value of TGA as a powerful tool for evaluating
the thermal endurance, water retention properties, and degradation behavior of bio-based
GPEs.

6.2 Differential Scanning Calorimetry (DSC)

DSC is a thermo-analytical technique that measures the difference in heat flow between a
sample and a reference as a function of temperature under a controlled temperature program.
By monitoring heat flow as a function of temperature or time, it identifies endothermic and
exothermic transitions, such as melting, solidification, crystallization, the glass transition, and
thermal degradation. These transitions are generally related to the polymer’s structural and
thermodynamic state!.

DSC is one of the fundamental thermal analysis techniques in polymer chemistry; it allows the
determination of important parameters such as the glass transition temperature (Tg), melting
temperature (Tm), crystallization temperature (Tc), the associated enthalpy changes (AHf and
AHc), and the onset of thermal degradation (Td). From these parameters, the degree of
crystallinity (yc) can also be estimated when a crystalline phase is present.

For GPEs used in ZABs, these thermal parameters are directly linked to the electrochemical
behavior. DSC is a key technique particularly for applications that require tolerance to very

low temperatures3® 6% 111,128,140,
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Figure 7 (a) DSC curves of agar—polyacrylamide gels showing DMSO-induced crystallization
suppression down to —36.9 °C'?, (b) DSC curves of sodium polyacrylate—starch hydrogels showing
freezing-point depression below —20 °C*,

Li et al. performed DSC measurements from —60 °C to 40 °C at 5 °C min™' and found that, in
an agar—polyacrylamide gel containing DMSO, the crystallization temperature was lowered to



—36.9 °C. This suppression of crystallization enabled good ionic conductivity and stable
cycling performance at —30 °C!?%. Zhang et al. also demonstrated, using DSC measurements
from —80 °C to 25 °C at 10 °C min™’, that sodium polyacrylate—starch hydrogels exhibit a
depressed freezing point below —20 °C while preserving stable electrochemical behavior3®,
To ensure reproducibility, some good practices include selecting appropriate temperature ramp
rates, as fast heating or cooling can shift or broaden transitions, suppress crystallization, or
mask subtle thermal events. Moderate ramps (typically 5-10 °C min™") ensure better thermal
equilibrium between the sample and reference, while very slow ramps may improve resolution
but increase the risk of moisture loss or degradation over long runs.

7. Bulk Structure and Physicochemical Property Tests

7.1 X-ray diffraction (XRD)

XRD is a non-destructive analytical technique used to determine the structure of materials. It
operates on the principle of diffraction, as described by Bragg’s law (2duasinOna = n)), with the
diffracted intensity recorded as a function of 20 to reveal lattice spacing, crystallinity, and
structural order. The position, width, and intensity of the diffraction peaks provide information
about the degree of crystallinity, lattice spacing, and structural order of the material. A higher-
intensity peak indicates a greater number of crystallites with that specific spacing, while peak
width is inversely related to crystallite size. Sharp, narrow peaks correspond to larger and well-
ordered crystals, whereas broader peaks indicate smaller crystallites, structural defects, or the
presence of amorphous regions lacking long-range order!*!.

For studying GPEs, especially bio-based polymers, XRD is a widely used structural tool for
understanding how polymer matrices, additives, and alkaline environments influence the
microstructure and ion-transport behavior. In most systems, XRD is first employed to track the
crystal structure of the pristine polymer and to follow its evolution after salt addition or polymer
blending, typically through shifts in peak position and changes in peak intensity>2 769 101, 114,
Numerous reports demonstrate that incorporating a secondary polymer or filler disrupts long-
range order and promotes amorphous-phase formation. For instance, crosslinking PVA with
multicomponent additives, such as agar, graphene oxide, or CMC, leads to chain disordering
and reduced crystallinity®> ’!- 76, This decrease in crystallinity is central to GPE design, as
expanding the amorphous fraction enhances segmental mobility and thus facilitates ion
transport, thus improving conductivity!?: 32 3% 94 114,

XRD is also essential in studying alkaline GPEs, where strong bases such as KOH can
drastically alter polymer crystallinity and even induce phase transitions  33-6%6%7% Tn chitosan-
, starch-, or cellulose-based GPEs, the addition of KOH can weaken or suppress characteristic
crystalline peaks, indicating structural disruption as well as possible crosslinking and
complexation between K* and polysaccharide chains®’.

Similarly, bacterial cellulose (BC) treated with KOH shows a transformation from cellulose
type I to type II, accompanied by a pronounced loss of crystallinity, reflecting the alkaline-
driven destruction and subsequent recrystallization of the cellulose framework?®’. Additionally,
XRD can also be used to identify crystalline phases introduced upon doping the GPE®!. Apart
from the polymer matrix, XRD provides indispensable insights into zinc electrochemistry,



allowing identification of discharge products such as ZnO and Zn(OH)., as well as zinc-related
phases associated with dendrite formation, by comparing the diffraction patterns of zinc
electrodes before and after cycling?® #. Additionally, XRD can also be used to identify
crystalline phases introduced upon doping the GPE3!. Apart from the polymer matrix, XRD
provides indispensable insights into zinc electrochemistry, allowing identification of discharge
products such as ZnO and Zn(OH)., as well as zinc-related phases associated with dendrite
formation, by comparing the diffraction patterns of zinc electrodes before and after cycling®®
61,69, 73,84, 113, 115

Typical XRD measurements on GPEs are performed after synthesis and/or electrochemical
cycling, with samples prepared as either cast polymer films or dried, free-standing membranes.
Achieving uniform thickness and a flat, homogeneous surface is essential to avoid excessive
absorption, minimize scattering artifacts, and reduce preferred orientation effects, all of which
can distort peak intensities and compromise reproducibility. For hydrogel-based GPEs, residual
water produces strong background scattering and suppresses crystalline peaks, making drying,
preferably via freeze-drying, necessary to obtain interpretable diffraction patterns. Because
GPEs are soft and mechanically sensitive, mounting them onto sample holders without
deformation can be challenging, and prolonged X-ray exposure may induce polymer chain
degradation, further emphasizing the need for careful sample preparation and controlled
measurement conditions. For highly amorphous systems, complementary techniques such as
Small- or Wide-Angle X-ray Scattering (SAXS or WAXS) can be used to study medium-range
order and confirm the interpretation of XRD data.

7.2 Water/electrolyte uptake and retention

Water and electrolyte uptake and retention are typically assessed using simple gravimetric
protocols that quantify the amount of water/electrolyte the polymeric network of the GPE can
absorb?8. Uptake is measured by immersing a dried polymer or membrane in a liquid for a fixed
period and calculating the mass gain relative to the initial mass, usually reported as a ratio or
percentage. Electrolyte or water retention, instead, is evaluated from the swollen GPE by
monitoring mass as a function of time under controlled temperature and humidity, or in a closed
environment. Also, for retention, the GPE's ability to retain the liquid phase within its
polymeric network is expressed as a percentage of the initial GPE mass.

Since hydroxide ions are the charge carriers in ZABs, evaluating the GPE’s ability to absorb
and retain liquid electrolyte over time is crucial. Maintaining sufficient water content is vital
for sustaining ionic conductivity and enabling cell reactions. Studying water uptake and
retention provides direct insight into how polymer composition and structure influence
electrolyte absorption. Polymers bearing hydrophilic functionalities can interact with water
through hydrogen bonding, increasing the fraction of bound water and often improving
moisture retention. In this context, for example, incorporating agar, which is rich in hydrophilic
groups and forms a robust gel network, has been reported to significantly enhance mass
retention in gel electrolytes'?8. From a practical perspective, retention stability is important
because drying and evaporation can induce gel shrinkage and loss of interfacial contact, reduce
ionic conductivity, and ultimately compromise cell operation. Therefore, tracking mass
retention over time under controlled conditions can provide a simple, comparative proxy for



electrolyte stability during storage and handling. However, it should not be interpreted as a
standalone measure of long-term durability.

The most straightforward approach used to assess those properties is the gravimetric method
applied after synthesis. It relies on monitoring the mass change of a GPE sample over time,
using an analytical balance.

Although simple and accessible, the gravimetric evaluation of electrolyte/water
uptake/retention can be difficult to interpret. At high concentrations, KOH is highly
hygroscopic, and mass changes measured may reflect not only drying but also the adsorption
of water from the air. Results are also highly dependent on how thoroughly the liquid is
removed from the samples. Moreover, sample geometry and surface-to-volume ratio critically
affect the adsorption and evaporation of the liquid phase, yet are often not reported, making
comparisons across different materials unreliable2.

A lack of standardized procedures makes comparison between studies difficult. Reported
experimental conditions vary widely, for instance, 20 °C and 40% humidity'?°, 30 °C and 40%
humidity?®, or 25 °C and 30% humidity!''4, all of which can lead to substantially different
outcomes. Many works fail to report ambient temperature and humidity altogether.

Reliability could be improved by performing the tests at controlled temperature and humidity,
ideally in a climatic chamber, and by clearly reporting all environmental conditions and test
parameters (e.g., EC-46MHHP 26 '2%) to ensure accurate and reproducible results while
minimizing the influence of uncontrolled atmospheric variations.

To support gravimetric retention data, several studies combine mass tracking with
complementary techniques such as TGA, DSC, or electrochemical measurements, which can
help interpret water loss and its consequences on ionic transport, but should be treated as
supportive rather than definitive metrics. Coupling gravimetry with in situ conductivity
measurements is particularly informative because it directly links retention to functional
performance'®. In addition, performing soaking tests in both deionized water and battery-
relevant 6 M KOH can clarify the impact of alkaline conditions on swelling and retention!!“.
Wettability and capillarity tests (contact angle, capillary rise) may further rationalize liquid
distribution, although quantitative interpretation is often difficult for soft, porous gels. Finally,
replicate measurements and clear reporting of sample geometry, soaking duration, and handling
procedures remain essential for reproducibility; automated balances in humidity-controlled
enclosures can further reduce handling artifacts.

7.3 Swelling

The swelling rate is the rate at which a hydrogel or, more generally, a gel absorbs liquid and
increases its volume or mass over time when exposed to a solvent or electrolyte. Swelling
properties reflect the kinetics of solvent diffusion and polymeric network relaxation. The
swelling ratio of a hydrogel is most commonly determined gravimetrically, by measuring the
sample mass in the initial state and again after immersion in the liquid medium for a defined
time or at swelling equilibrium, and then calculating the relative increase in weight®s.
Alternatively, swelling can be evaluated from dimensional changes by measuring the hydrogel
geometry before and after liquid uptake and calculating the corresponding volume expansion
ratio, in some cases using the known densities of the polymer and the solvent to relate
dimensional or mass changes to volumetric swelling.



The mass-based swelling factor can be expressed as (eq10):

SE,, =TT (eq10)

mo
where m,, is the initial mass and m,is the mass after immersion at time t.

The corresponding volume swelling factor (eql1) is:
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SE, (eqll)
When volume is not measured directly, SF, (eql2) can be estimated from gravimetric data
using polymer and solvent densities:

SE, ~ (%) «SE, + 1 (eql2)

With p,, the density of the dry polymer network and p, the density of the liquid medium.
Typically, a dry polymer sample is weighed and measured, then immersed in the liquid medium
for a specific time period or until swelling equilibrium is reached*®. Some works provide optical
images of the sample placed next to a scale or ruler to visually illustrate the dimensional
changes*®. In some cases, changes in area, thickness, and volume are all reported, providing a
clearer picture of the sample’s swelling behavior. Typically, a dry polymer sample is weighed
and measured, then immersed in the liquid medium for a specific time period or until swelling
equilibrium is reached*®. Some works provide optical images of the sample placed next to a
scale or ruler to visually illustrate the dimensional changes*®. In some cases, changes in area,
thickness, and volume are all reported, providing a clearer picture of the sample’s swelling
behavior.

Swelling behavior provides insight into hydration kinetics and network flexibility, but it
involves a clear trade-off and should not be considered as a standalone parameter, which clearly
depends upon the material under study. Excessive swelling weakens dimensional and
mechanical stability; in open-air systems, it may also promote additional moisture uptake and
KOH dilution, thereby lowering the ionic concentration. In contrast, moderate swelling is
beneficial because it maintains liquid-filled pathways and ionic conductivity. Swelling trends
can also reflect polymer structure, as crystallinity and crosslinking affect free volume and
solvent uptake.

Swelling data are often difficult to compare across studies because the measured values depend
strongly on soaking time and temperature and, in alkaline systems, on ambient humidity. In
addition, key details such as sample geometry and surface-to-volume ratio are frequently not
reported, and results are often presented only as relative comparisons rather than as absolute
swelling ratios*?. Swelling data are often difficult to compare across studies because the
measured values depend strongly on soaking time and temperature and, in alkaline systems, on
ambient humidity. In addition, key details such as sample geometry and surface-to-volume
ratio are frequently not reported, and results are often presented only as relative comparisons
rather than as absolute swelling ratios*> 84,

Since swelling typically shows rapid uptake followed by a slow approach to equilibrium,
immersion time must be defined consistently; otherwise, reported values mainly reflect uptake



kinetics rather than the true swelling capacity. Major artifacts also arise from non-
representative media and handling: tests in deionized water do not reliably predict behavior in
concentrated KOH, and the method used to remove excess surface liquid (blotting or wiping
versus evaporation) can change both the apparent uptake and the sample dimensions’®. For
biopolymer gels, exposure to alkaline conditions may also induce partial degradation or
irreversible dimensional changes, further confounding data interpretation'# %6, Since swelling
typically shows rapid uptake followed by a slow approach to equilibrium, immersion time must
be defined consistently; otherwise, reported values mainly reflect uptake kinetics rather than
the true swelling capacity®. Major artifacts also arise from non-representative media and
handling: tests in deionized water do not reliably predict behavior in concentrated KOH, and
the method used to remove excess surface liquid (blotting or wiping versus evaporation) can
change both the apparent uptake and the sample dimensions*. For biopolymer gels, exposure
to alkaline conditions may also induce partial degradation or irreversible dimensional changes,
further confounding data interpretation!# 3634,

To improve swelling test reliability, measurements should be performed under controlled
temperature and humidity, and preferably using the battery-relevant electrolyte rather than
deionized water (*% #?). Immersion time should be defined using a clear saturation criterion
(e.g., the attainment of a mass or dimensional plateau) to account for the two-stage swelling
kinetics®, and excess surface-liquid removal should follow a standardized procedure. Finally,
sample geometry must be reported, and replicate tests should be used; when possible, coupling
swelling with conductivity or electrochemical impedance spectroscopy (EIS) is particularly
informative, as it links hydration behavior to functional electrochemical performance.

7.4 Contact angle

By definition, the contact angle is the angle between the tangent line to a liquid droplet at the
three-phase contact point and the solid surface'#?. Measuring the contact angle provides insight
into film surface properties, including wettability, surface energy, hydrophilicity, and
interfacial interactions. It is particularly important in studying GPEs, given that the ability to
absorb liquid electrolyte, which is responsible for ionic conductivity, is an essential
requirement for a polymer to serve as a GPE matrix. Several studies showed that the addition
of cellulose fibers or chitosan can decrease contact angle, indicating improved wettability
compared to synthetic polymers like PVA3% 8, Additionally, since most GPEs rely on water-
based electrolytes, determining the hydrophilicity is useful in this context.

There are three methods for measuring contact angle: sessile drop, captive bubble, and
Wilhelmy plate. The Wilhelmy plate method is challenging to apply and requires homogeneous
surfaces. The captive bubble method is usually applied to wet surfaces, whereas the sessile
drop method is preferred for measuring contact angles of GPEs. In the sessile drop method,
which can be used on wet and dry surfaces, a drop of liquid is dripped onto the surface with a
syringe, and the contact angle is determined from images captured by high-resolution cameras
using an optical goniometer. It is important to capture the optical image perpendicularly to the
surface; the contact angle measurements are imprecise!’!. To address difficulties in interpreting
optical images, it is highly recommended to explicitly state the exact contact angle values in
the text and support them with clear, high-quality images. Some works indicate the angle



directly in the image by drawing lines, which is very helpful for interpretation, especially when
the photo quality is poor’!.

Liquid electrolytes of different concentrations, such as the aforementioned examples, exhibit
different physical properties, including surface tension, density, and viscosity, which can
influence droplet shape and the measured contact angle. Common electrolytes reported in the
reviewed literature include 6M KOH 27 and 0.1M KOH?%. Some studies include images of both
pendant and sessile drops?’. Given that no standardized liquid electrolyte is used for this
measurement and that the experimental setup is often tailored to the specific GPE under study,
it is difficult to establish a comparison with other works.

There are several challenges to address when performing contact angle measurements. If
evaporation or absorption of the liquid is very fast, it may be difficult to capture high-quality
optical images in time. Some works do not specify the time interval but describe the
measurement as reflecting the final equilibrium state®®. For accurate, reproducible
measurements, the acquisition time should be explicitly defined, as the contact angle can
change rapidly as the liquid is absorbed or evaporates. Other studies suggest allowing a small
interval after the droplet is placed to imitate the absorption process. However, the best approach
appears to be comparing the contact angle immediately after the drop is placed and after a 5-
second resting period. This allows capturing a portion of the electrolyte absorbed into the
surface, which will decrease the contact angle over time 2’. Comparing measurements taken
immediately and 5 seconds after droplet placement is also valuable, as it provides additional
insight into the dynamic behavior of the polymer surface. Many modern setups now implement
software that automatically captures high-quality images and measures contact angles
instantaneously or induces vibrations to achieve an equilibrium contact angle.

Nonetheless, factors such as electrolyte purity, temperature, pressure, and humidity can
influence measurements and introduce variability. On the other hand, GPEs with rough
surfaces can induce droplet deformation, potentially altering the angle measurement. One must
also remember that the contact angle represents a relative relationship among the liquid, solid,
and gas phases, and is influenced by all three. To further enhance the quality of the
measurement, the Owens, Wendt, Rabel, and Kaelble (OWRK) method can be used to calculate
the surface free energy of the solid, enabling more quantitative comparisons of materials
(KRUSS Scientific). Additionally, comparing biopolymers to commonly used polymers, such
as PVA, could provide a benchmark for evaluating the new biopolymer's performance in ZABs.
Likewise, using a commonly adopted electrolyte, such as 6 M KOH, as a reference liquid could
improve the comparability of contact-angle measurements across different polymer systems.

7.5 Brunauer—-Emmett—Teller (BET) Analysis
The BET method describes the physical adsorption of gas molecules onto a solid surface and
is widely used to determine specific surface area, porosity, pore volume, and pore-size
distribution of materials. The technique relies on measuring adsorption-desorption isotherms,
typically using nitrogen gas, and applying the BET model to the resulting data to determine the
amount of gas adsorbed at varying relative pressures!*’. The shape of the isotherm provides
insight into the type and geometry of pores, the nature of gas—solid interactions within the
material, and its roughness. It can provide more quantitative data, complementing SEM surface
imaging, for example, allowing the determination of micro-, meso-, or microporous structure.



When applied to GPEs, BET analysis provides valuable information on the polymeric
network's porosity, specific surface area, and pore structure, which strongly influence
electrolyte uptake, wettability, and, ultimately, ionic transport within the gel matrix. These
parameters are particularly useful for evaluating how biopolymer incorporation can alter the
electrolyte's internal structure, thereby affecting the accessible pore volume and the interaction
between the polymer framework and the liquid electrolyte.

The analysis is usually performed at low temperatures, desorption isotherms at -195 °C or at -
196 °C>° and the GPE must be thoroughly dried to remove residual solvents or water. Drying
can be performed under vacuum at 80 °C for 1 hour®” or by freeze drying>®, as discussed in
section related to SEM. In the reviewed literature, preparation procedures vary considerably,
leading to structural inconsistencies and unreliable inter-study comparisons, as degassing and
drying processes can alter the nature of the hydrogel or biopolymer. Given the drying process's
direct effect on BET results, it is crucial to report the sample preparation conditions for BET
analysis, including drying temperature, duration, degassing method, and atmospheric
conditions.

BET is traditionally optimized for rigid materials such as catalysts*!- %%, as the model assumes
a rigid surface and a monolayer-to-multilayer adsorption mechanism, conditions that may not
be fully applicable to soft and flexible GPEs. To date, no standardized workflow has been
established for soft or hybrid biopolymeric systems, and data misinterpretation is a major issue,
as porosity often arises from the deformation of the soft polymeric domains during drying.
More advanced models, such as NLDFT (Non-Local Density Functional Theory) or BJH
(Barrett-Joyner—Halenda) analysis, can be employed to provide more realistic representations
of pore size and distribution for soft and deformable systems. On the other hand, GPEs
containing residual salts and high electrolyte concentrations may exhibit surfaces dominated
by crystallized salts after drying, and thus, the final surface area values may be misleading. In
such cases, BET results may not accurately reflect the true pore characteristics of the polymer
component, and pre-treatment is necessary to reduce interference from residual inorganic
components.

Using alternative gases, such as argon or CO2, may also yield better accuracy for materials with
small or irregular pores. Additionally, pore-side distribution analysis can be supported by
Density Functional Theory (DFT)>. Finally, BET can be complemented with techniques such
as SEM or TEM for a more complete understanding of pore morphology (see related sections).
In contrast, NMR, SAXS, or ultrasound porosimetry could help capture structural features in
hydrated states.

7.6 Zeta Potential

Zeta potential is the electrical potential at the slipping plane surrounding a charged particle or
surface dispersed in a liquid, reflecting the magnitude of electrostatic interactions and the
stability of colloidal systems. It is typically determined by measuring the electrophoretic
mobility of particles under an applied electric field and converting it to zeta potential®*. Zeta
potential measurements provide insight into particle dispersion within a matrix, electrostatic
interactions, aggregation tendencies, and the stability of colloidal suspensions. The
measurement can be used when the GPE composite contains additives in the form of
nanometric-sized particles. For instance, using zeta potential, the addition of aluminium-based



bentonite nanoparticles has been proven to enhance the strength and conductivity of the
3" whereas grafting of (3-acrylamidopropyl)trimethylammonium chloride
(APTMAC) particles onto chitosan increased the surface charge and decreased polymer
viscosity®*.

polymer

When applying zeta potential measurements to GPEs in ZABs, the alkaline environment can
pose a challenge. The measured potential is strongly dependent on pH, ionic strength, and the
type of surrounding medium. Future studies could benefit from performing zeta potential
analysis as a function of pH and electrolyte concentration to construct stability maps for
polymer—particle systems. Additionally, exposure to highly alkaline conditions may corrode
electrodes or damage the measurement cell. To avoid this, it is advisable to use alkali-resistant
measurement cells and protected electrode materials. New advancements allow expanding zeta
potential studies to in situ or operando conditions, where electrolyte composition and pH
evolution during battery cycling could offer new insights into dynamic charge stabilization
mechanisms and material degradation in Zn-air systems!#.

On the other hand, viscous polymer solutions can induce signal noise and extend measurement
time due to slower particle mobility and possible inhomogeneities. Measurements of non-
Newtonian polymer dispersions must be carefully considered when interpreting results. The
method is also limited to dilute dispersions and is best suited for spherical or near-spherical
particles. The presence of air bubbles, undissolved clusters, or impurities can further distort the
electrophoretic mobility signal, making pre-filtration or gentle sonication a recommended step
before measurement. This technique can also be complemented with FTIR or XPS to evaluate
grafting or surface modification inferred from changes in zeta potential.

7.7 Gel Permeation Chromatography (GCP)

GPC is a size-exclusion chromatography technique in which the polymer is dissolved in a
suitable organic solvent (mobile phase) and passed through a column packed with porous gel
beads (stationary phase). The separation mechanism is based on the hydrodynamic volume of
the polymer molecules. Larger molecules are unable to enter the pores of the stationary phase
and thus elute earlier, while smaller species enter the pores and are retained longer.
Consequently, polymers are separated according to their size distribution. Beyond separation
and purification, GPC also enables determination of the molecular weight and polydispersity
index (PDI) by comparing retention times to standard samples of known molecular weight!'4°,
These parameters provide insights into polymer structure, uniformity, and degree of
crosslinking, as well as the typical batch-to-batch variability of bio-sourced raw materials. It
can be potentially used to identify degradation products.

Optimized aqueous GPC methods are suitable for highly viscous gels and crosslinked
biopolymers and can enable real-time monitoring of molecular weight evolution during
synthesis or aging. After separation, detection can be performed using UV-VIS, IR, or light-
scattering detectors, depending on whether the analyte absorbs visible light. Colored polymers
may be visually identified, but non-absorbing species require advanced detectors for reliable
quantification. Additionally, coupling GPC to multi-angle light scattering (MALS) or a
refractive index detector could improve molecular weight accuracy.

One of the main challenges of using this technique can be selecting a suitable solvent mixture,
particularly for high-viscosity or partially cross-linked polymers, which can be difficult to



dissolve and may clog the column. To facilitate the study of viscous or solid electrolytes,
chaotropic compounds can be used to facilitate redissolution of GPE and prevent column
clogging. Some works also report the use of ionic liquids to allow gel dissolution!*®, High-
temperature GPC is recommended for high-molecular-weight polymers to facilitate their
passage and reduce viscosity.

The choice of column and flow rate must be carefully optimized to achieve both sufficient
resolution and reasonable analysis time. Highly crosslinked gels may require pre-treatment
(partial hydrolysis) to enable proper elution. Some biopolymers exhibit very high
polydispersity, resulting in complex chromatograms that are challenging to interpret. Similarly,
separating degradation products formed in complex degradation pathways may yield difficult-
to-interpret chromatograms. Accurate calibration requires a standard reference polymer with a
similar structure and solvent compatibility. For instance, in the reported study®*, polymer GPC
was performed using pullulan standards. The technique can be further coupled with zeta
potential measurements to provide additional information on surface charge and colloidal
stability, particularly when particulate additives or polymer aggregates are present.

7.8 Biodegradation in Soil

Biodegradation in soil involves microorganisms, such as bacteria and fungi, that degrade
complex macromolecules enzymatically or hydrolytically into smaller fragments, which are
eventually converted to carbon dioxide, water, and biomass.

Biodegradation tests may be among the unique techniques used to demonstrate the potential
environmental advantages of biopolymers over synthetic polymers. In literature,
biodegradability is most often evaluated through soil burial or soil exposure tests followed by
visual inspection and gravimetric mass loss.

Biodegradability, in principle, could offer lower disposal costs and a lower carbon footprint of
the devices. Unfortunately, there is no widely adopted protocol in the literature for assessing
the biodegradability of GPEs. Key experimental details such as soil type (often reported simply
as “’commercial soil’’), soil composition, pH, moisture control, and microbial activity are
frequently missing or insufficiently described®!: ’®. In most cases, small pieces of the GPE are
placed or buried in moist soil for extended periods, for example, 7 weeks?’, 24 days®! or 40
days’®. Degradation is then inferred from optical images and/or mass changes, sometimes by
benchmarking biopolymer-based gels against synthetic references®!.

The lack of standardized procedures leads to significant interpretation difficulties and limits
the meaning of these tests. First, the soil environment is inherently variable. The apparent
“degradation” rate depends on microbial composition, pH, mineral content, humidity, and
oxygen availability. Yet, most studies report these parameters only superficially or not at all,
which prevents meaningful comparisons across works>!> 7. Moreover, technical issues show
that mass change alone is not a reliable indicator of true biodegradability, since weight can be
biased by soil particles adhering to the surface, microorganisms growing on the polymer (for
example mold or fungi)’8, and water uptake or drying and rehydration cycles in moist soil’8.
Measurements can also be compromised when the material fragments into small pieces that are
difficult to collect fully, and visual changes such as discoloration or surface roughening are not
specific to biodegradation, as they may also reflect contamination or purely physicochemical



alterations. Importantly, many polymers are tested as synthesized rather than after cycling,
which can be unrealistic for battery-relevant gels, especially considering residual alkalinity,
dissolved salts, and possible zinc-related traces that can inhibit microbial vitality and enzymatic
kinetics, and can also drive leaching of soluble fractions that mimic rapid “degradation”.
Overall, these soil-based mass-loss and optical protocols often assess environmental
disintegration and component leaching more than true biodegradability, which would require
mineralization-based endpoints such as CO; evolution or O, uptake, and appropriate controls,
including sterile soil, before strong claims can be made?® ¢!,

Some methodological improvements could strengthen biological relevance and comparability.
Soil burial tests should report basic soil parameters (at least pH, moisture, and organic and
mineral content) and include a sterilized-soil control to separate microbial effects from purely
physical disintegration. Where possible, protocols should align with recognized standards and
be supported by mineralization-based endpoints, such as CO» evolution, rather than relying
solely on mass loss (e.g., ASTM D5988!47). Finally, battery-relevant conditions should be
clarified by defining whether the polymer matrix is tested after electrolyte removal or whether
the full alkaline GPE formulation is evaluated, since pH and residual salts can inhibit microbial
activity and confound interpretation; simple pH monitoring and standardized washing or
neutralization steps would already improve reproducibility.

Table 1. Summary of the main characterization techniques for bio-based GPEs in ZABs, including their
relevance, typical methodologies, main limitations, and key experimental parameters to report for
reliable comparison.

Technique

Main output /
relevance

Typical methodology

Main limitations /

Experimental conditions to

Mechanical characterization

pitfalls

report / control

Compression

Stiffness, compressive
strength, deformation
resistance, elastic
recovery.

Uniaxial compression
between parallel plates;
failure or fixed-strain tests;
cyclic loading for
recoverability when
possible.

Still weakly standardized,
electrolyte expulsion,
slippage, and thickness
variation distort the
response; hand pressing or
weights are only
qualitative.

Report specimen geometry,
thickness/contact area, loading
rate, strain limit or failure
criterion, hydration/soaking
history, replicates, and plate
protection in alkaline media.

Tensile testing

Tensile strength,
elongation at break,
Young's modulus,
ductility.

Uniaxial tests on strip or
rectangular membranes with
flat or serrated grips; cyclic
loading may be added to
assess recoverability.

Strongly affected by strain
rate, gauge length,
gripping, and hydration;
clamp failure and manual
stretching demonstrations
are often overinterpreted.

Report sample geometry,
gauge length, grip design,
crosshead speed, hydration
state, failure location, number
of replicates, and any pre-
ageing or soaking.

zinc, carbon cloth,
polymer supports, or
elastomeric substrates.

off style tests when
quantified; otherwise
qualitative sticking
demonstrations.

substrate chemistry,
roughness, cleanliness,
and contact area, so
qualitative sticking
images are rarely
comparable across studies.

Bending / flexibility | Tolerance to curvature, | Usually, manual bending or | Mostly proof-of-concept | Report whether the gel or full
folding, and folding of the gel or full rather than standardized cell was bent, bending angle or
deformation without device at defined angles or mechanics; device-level radius, number of cycles,
voltage loss, fracture, or | radii while monitoring OCV | demonstrations should not | dwell time, pressure/contact
delamination. or discharge behavior. be confused with intrinsic | conditions, and the

material properties. electrochemical metric tracked
under deformation.

Adhesion Interfacial bonding to Peel, lap-shear, tack, or pull- | Highly sensitive to Report substrate type and pre-

treatment, contact area,
loading geometry and rate,
dwell/ageing time, hydration
or electrolyte state, and the
failure mode.

Electrochemical characterization and cell-level testing




Technique

Main output /
relevance

Typical methodology

Main limitations /

Experimental conditions to

pitfalls

report / control

EIS Ionic conductivity, bulk | Small perturbations in Metal electrodes can Report electrode identity, cell
and interfacial blocking-electrode cells or | corrode in alkaline media; | geometry/thickness, contact
resistance, transport battery cells over a defined | many studies use two- area, frequency range,
kinetics, and sometimes | frequency range; interpret electrode simplified cells, | perturbation amplitude,
activation energy. with appropriate equivalent- | omit reference electrodes, | temperature, hydration state,

circuit fitting. or avoid rigorous fitting. | electrolyte composition,
equilibration time, and fitting
model.

LSV Electrochemical Two- or three-electrode The apparent ESW Report electrode materials and
stability window and potential sweep on inert or | depends strongly on reference scale, scan rate,
onset of HER/OER or model electrodes; slow electrode choice, scan potential window, current-
other decomposition scans are preferred for rate, and the arbitrary density threshold, temperature,
reactions. comparative ESW current threshold used to | electrolyte composition, and

assessment. define onset; planar inert | any chronoamperometric
electrodes may confirmation.
overestimate practical
stability.

Ccv Qualitative redox Potential cycling at a Useful mainly as a Report sweep rate, potential
behavior, interfacial defined sweep rate in Zn qualitative tool; high window, cycle number,
compatibility, zinc symmetric or model cells sweep rates can hide electrode configuration,
reaction reversibility with clear specification of sluggish parasitic hydration/electrolyte state, and
trends, and sometimes working, counter, and reactions, and short test any current threshold if CV is
ESW screening. reference electrodes. duration cannot prove true | used for ESW interpretation.

long-term reversibility.

ocv Equilibrium cell Time-resolved OCV Single-point OCV values | Report the full OCV-vs-time

voltage, relaxation
behavior, and indirect
information on
electrolyte-electrode
compatibility and

monitoring after assembly or
after cycling until a stable
plateau or low drift rate is
reached; a reference
electrode is preferable.

are often misleading
because gels equilibrate
slowly; short
measurements mostly
capture transient

trace, equilibration criterion,
total measurement time,
reference-electrode use,
temperature, humidity,
oxygen/COz conditions, and

homogeneity. polarization. replicates; at least about 1 h is
a practical minimum for gel
systems, longer when drift
persists.

Plating-stripping Zn Galvanostatic cycling at Symmetric cells are the Report cell configuration,
deposition/dissolution fixed current density and least demanding current density, areal capacity
reversibility, areal capacity in Zn||Zn or configuration and cannot | per half-cycle, Zn reservoir
overpotential, asymmetric Zn//inert quantify real reversibility | size, cutoffs, test duration,

interfacial stability,
dendrite tendency, and
CE when asymmetric
protocols are used.

configurations; asymmetric
finite-reservoir protocols are
preferred for CE.

because both electrodes
act as a large Zn reservoir.

temperature, and whether post-
mortem or operando analyses
were coupled to the protocol.

GCD / cycling /
polarization

Capacity, voltage gap,
power density, rate
capability, and long-
term cycling durability
at the full-cell level.

Galvanostatic charge-
discharge within defined
voltage limits, stepwise
current increase for
polarization or rate tests, and
repeated cycling for
durability.

Very sensitive to protocol
design; shallow DoD,
excess zine, low areal
loading, or poor air-
supply control can create
artificially optimistic
stability.

Report current density, voltage
cutoffs, cycle duration, air-
electrode loading, electrolyte
amount, air or O2 conditions,
cell configuration, number of
cycles, and especially DoD;
values around 10-50% or
higher are more informative
than very shallow cycling.

Spectroscopic techniques for chemical struc

ture and speciation

FTIR

Functional groups,
crosslinking, hydrogen
bonding, polymer-salt
interactions, and
retained water
signatures.

Usually post-synthesis on
dried membranes or
composites; compare spectra
of the final GPE with
precursors, blends, salts, and
additives; ATR-FTIR is
often preferable.

Absorbance depends on
thickness and contact
quality; residual water can
mask bands; small peak
shifts are easy to
overinterpret; the
technique is mainly
qualitative.

Report ATR versus
transmission mode, drying and
hydration control, sample
thickness or contact quality,
atmosphere control (e.g., N2
purge), spectral treatment or
deconvolution, and calibration
if quantitative claims are
made.




Technique

Main output /
relevance

Typical methodology

Main limitations /

Experimental conditions to

pitfalls

report / control

Raman Complementary Laser-based spectra on thin | Signals can be weak in Report laser wavelength and
vibrational fingerprints, | homogeneous films or dried | biopolymers, fluorescence | power, exposure time, number
polymer-salt fragments, often with can overwhelm peaks, and | of accumulations, spot-
interactions, hydrated- | multiple spots or maps to higher laser power or long | selection strategy, hydration
state chemistry, and address heterogeneity. acquisition can heat, dry, | state, sample thickness, and
graphitization via D/G or damage the sample. any mapping or SERS
bands. conditions.

UV-Vis Degree of Thin transparent films, Not universally Report path length,
functionalization, derivatized solutions, or applicable; scattering wavelength region, marker or
coordination changes, operando liquid-phase from turbidity, bubbles, or | derivatization chemistry, film
chromophore monitoring when a suitable | inhomogeneous films transparency and thickness,
speciation, and tracking | chromophore or marker is degrades the data, and baseline/reference correction,
of redox-active available. many GPE systems lack a | and the timing relative to
dissolved species. useful optical marker. curing or cycling.

NMR Molecular structure, High-field liquid-state NMR | Hydrated gels are difficult | Report solvent and reference
successful grafting or on dissolved samples in to dissolve or measure as | standard, sample mass and
purification, crosslink deuterated solvents; LF- liquids; drying alters the concentration, homogenization
density, water NMR or ssNMR for structure, and ssNMR and degassing, field strength
dynamics, and free relaxation behavior and rigid | spinning can expel water | or frequency, liquid versus
versus bound water or hydrated gels. or destabilize the sample. | solid-state configuration,
fractions. hydration state, and relaxation

protocol.

XPS Surface elemental Survey and high-resolution | Extreme surface Report cleaning and storage
composition, chemical | core-level spectra on clean, | sensitivity means protocol, drying route, X-ray
states, grafting or dried films or post-mortem | contamination, air source, charge compensation
doping evidence, and interfaces under ultrahigh exposure, drying, or method, binding-energy
Zn/ZnO interfacial vacuum, often with charge | adventitious carbon can calibration, and whether depth
chemistry after cycling. | neutralization. dominate the signal; XPS | profiling or sputtering was

should not be treated as applied.
bulk analysis.
ICP Quantitative multi- Digest or dilute the gel into | Strong matrix effects from | Report digestion chemistry,

element analysis, trace
impurities, ion
crossover, and
migration of Zn-
containing species.

a homogeneous liquid
matrix for ICP-MS;
operando electrolyte
sampling can track
crossover during cycling.

salts, organics, and
viscosity can bias
ionization; incomplete
digestion and alkaline
corrosion of hardware are
major practical issues.

dilution and calibration
strategy, matrix-matched
standards and blanks,
sampling location and time,
hardware compatibility with
alkaline media, and detection
limits.

Microscopy and nanoscale imaging of morp

hology and interfaces

Optical microscopy

Mesoscale
homogeneity, phase
separation, thickness
variation, surface
defects, and dynamic
drying or swelling
behavior.

Non-destructive reflected or
transmitted light imaging,
sometimes confocal or time-
lapse, on intact gels or thin
slices.

Resolution is limited;
translucent or opaque gels
can be difficult to focus,
and representative
sampling is needed for
heterogeneous systems.

Report illumination mode,
magnification, sample
thickness, hydration
environment, contrast-
enhancement method if used,
and number of fields or
locations analyzed.

SEM Pore structure, surface | Vacuum imaging of dried or | Hydrated gels cannot be Report drying route, freezing
morphology, network freeze-dried samples, often | imaged directly in protocol, coating material,
homogeneity, post- before and after KOH conventional SEM; drying | accelerating voltage, working
cycling degradation, soaking or cycling; FESEM | and freeze-drying can distance, mounting procedure,
and zinc dendrite can improve resolution. collapse or create artificial | and whether the image reflects
morphology. porosity, and charging the pristine, soaked, or cycled

affects nonconductive state.
polymers.
EDX/EDS Elemental composition | SEM-coupled point analysis | Low sensitivity to light Report accelerating voltage,

and mapping of salts,
dopants, additives, or
degradation residues.

and elemental mapping on
dried samples; carbon
coating is preferable when
polymers must be coated.

elements, morphology-
dependent shadowing,
matrix effects, and
overlapping peaks can
make quantification
uncertain.

coating material, standards and
correction procedures,
mapping area and spatial
resolution, sample geometry,
and whether the sample is
pristine or post-mortem.




Technique

Main output /

Typical methodology

Main limitations /

Experimental conditions to

relevance pitfalls report / control
TEM Nanoscale phase Ultrathin electron- Soft hydrated gels are Report sectioning method and
morphology, filler transparent sections made by | highly vulnerable to thickness, cryogenic or
dispersion, interfacial ultramicrotomy, cryo- vacuum, beam damage, environmental mode, beam
organization, and local | sectioning, or FIB, with dehydration, and dose, staining protocol, and
crystallinity when optional staining or cryo- preparation-induced complementary validation
combined with SAED. | TEM. artifacts; contrast is often | with techniques such as AFM
weak in organic domains. | or SAXS.
AFM Surface topography, Contact, tapping, or Small scan areas can be Report cantilever material and

roughness, pore
distribution, local
mechanics, adhesion,
and nanoscale changes
in Zn surfaces.

PeakForce imaging on
relatively flat regions, with
optional force-distance
curves or nanoindentation.

unrepresentative; tip
convolution, tip wear,
soft-surface deformation,
salts, and thermal drift can
all distort the
measurement.

stiffness, imaging mode, scan
size and rate, vibration and
humidity control, rinsing or
drying of cycled Zn surfaces,
and number of scan locations.

Thermal analysis an

d thermo-physical stability

TGA Water retention Heating of dried Residual moisture and Report drying state, sample
behavior, homogeneous samples under | poor sample homogeneity | mass, purge gas, heating rate,
decomposition steps, inert atmosphere, commonly | distort early weight-loss temperature range, pan type,
onset of degradation, at about 5-10 °C min™". regions; very fast ramps and any coupling with DSC or
and overall thermal smear overlapping derivative analysis.
stability. processes.

DSC Tg, Tm, T¢, transition Controlled heating and Ramp rate changes the Report temperature window,

enthalpies, crystallinity,
and freezing behavior
relevant to low-
temperature
performance.

cooling programs, usually
with moderate ramps, on
conditioned samples in
sealed or standard pans.

apparent transition
temperature and width;
subtle events may be
masked, while long runs
can promote moisture loss
or degradation.

ramp program, pan type,
sample mass, purge gas,
thermal history, and whether
the sample is dry, swollen, or
electrolyte-loaded.

Bulk structure and physicochemical property tests

XRD

Crystallinity, lattice
spacing, amorphization,
phase transitions, and
ZnO or Zn(OH)2
formation after cycling.

Diffraction on flat dried
films or membranes before
and after blending, salt
addition, KOH exposure, or
electrochemical cycling.

Residual water raises
background, preferred
orientation and thickness
distort intensities, and
dried samples may not
represent the operating
gel.

Report drying route, sample
flatness and thickness, scan
range and step size, whether
the sample is pristine or
cycled, and any
complementary SAXS/WAXS
analysis for highly amorphous
systems.

Water / electrolyte

Mass gain after

Gravimetric immersion of

KOH is hygroscopic, so

Report liquid composition,

uptake and immersion and mass dry samples followed by mass change can reflect temperature, humidity, sample

retention retention over time, as | time-resolved mass tracking | drying plus atmospheric dimensions, surface-liquid
proxies for liquid- of the swollen gel under water uptake; liquid- removal method, test duration,
storage ability and controlled conditions. removal procedure and replicates, and any
drying resistance. surface-to-volume ratio simultaneous conductivity or

strongly affect results. electrochemical
measurements.
Swelling Mass, area, thickness, Immersion of a dry sample | Without a clear Report electrolyte

or volume expansion
and the kinetics of
hydration-induced
network growth.

until a defined endpoint,
followed by gravimetric or
dimensional quantification,
sometimes with optical
images.

equilibrium criterion,
results may reflect uptake
kinetics rather than
swelling capacity; DI
water can be a poor
surrogate for concentrated
KOH.

composition, immersion time
and saturation criterion,
temperature and humidity,
sample geometry, surface-
liquid removal method, and
any coupling with conductivity
or EIS.

Contact angle

Wettability,
hydrophilicity, surface
energy trends, and
affinity for electrolyte
uptake.

Usually sessile-drop
goniometry on wet or dry
films, sometimes comparing
the initial value with a short
resting time.

Roughness, rapid
absorption, evaporation,
and liquid properties can
all shift the angle; non-
standard liquids and
acquisition times reduce
comparability.

Report test liquid and
concentration, acquisition
time, temperature and
humidity, image-analysis
method, surface condition, and
replicate-droplet strategy; a
common reference liquid such
as 6 M KOH improves
comparability.




Technique

Main output /
relevance

Typical methodology

Main limitations /

Experimental conditions to

BET

Specific surface area,
pore volume, and pore-
size distribution of the
dried network.

Gas adsorption, usually Na
at cryogenic temperature,
after controlled drying and
degassing of the sample.

pitfalls

Drying can create
artificial pores or salt-rich
surfaces, and the classical
BET model assumes rigid
surfaces that do not fully
match soft gels.

report / control

Report drying and degassing
route, temperature and
duration, gas used, isotherm
model (BET, BJH, NLDFT,
etc.), and any salt-removal or
pre-treatment step.

Zeta potential

Surface charge,
colloidal stability,
additive dispersion, and
polymer-particle
interaction trends.

Electrophoretic mobility
measurements on dilute
dispersions, ideally mapped
as a function of pH and
electrolyte concentration.

The measured value is
strongly medium-
dependent; viscous or
non-Newtonian systems
are noisy, and bubbles or
agglomerates distort
mobility.

Report pH, ionic strength or
electrolyte concentration,
dispersion concentration,
measurement-cell
compatibility with alkali,
filtration or sonication steps,
and temperature.

GPC

Molecular-weight
distribution, PDI, raw-
material variability, and
sometimes degradation
products.

Size-exclusion
chromatography after
dissolving or pre-treating the
polymer in a compatible
solvent, with RI, UV, or
MALS detection.

Crosslinked or highly
viscous gels are hard to
dissolve and may clog the
column; broad or complex
chromatograms
complicate interpretation
and calibration.

Report solvent system,
temperature, pre-treatment or
hydrolysis, column and flow
rate, calibration standard,
detector type, and analyte
concentration.

Biodegradation in
soil

Environmental
disintegration trends
and tentative evidence
of biodegradability or

mineralization potential.

Soil burial or exposure tests
with visual inspection and
mass-loss tracking; stronger
claims require
mineralization-based
endpoints such as CO2
evolution.

Highly non-standardized;
soil variability, microbial
growth, retained soil,
salts, and water cycling
mean mass loss alone
does not prove true
biodegradation.

Report soil type and
composition, pH, moisture,
microbial activity, sterile
control, exposure time, post-
cycling or washed state of the
sample, and any COz or O2
endpoint used to distinguish
true biodegradation from
physical disintegration.

8. Conclusion

Bio-based gel polymer electrolytes have emerged as promising candidates for advancing zinc—
air batteries, offering a unique combination of electrochemical functionality, mechanical
stability, and environmental sustainability. However, as highlighted throughout this critical
review, the performance of these materials is governed by complex, interdependent factors,
including polymer structure, ion-transport pathways, interfacial interactions, and operating
conditions specific to ZAB systems. Their accurate evaluation therefore requires not only a
broad set of characterization tools, but also a context-aware interpretation of the information
provided by each technique, as Table 1 schematically illustrates.

More importantly, no single technique is sufficient on its own: meaningful interpretation
requires integrating structural, physicochemical, mechanical, thermal, and electrochemical
information, always in relation to electrolyte formulation, morphology, and testing conditions.
In this sense, the correlation among formulation, resulting structure/morphology, and
functional performance emerges as a central theme for the rational development of bio-based
GPEs.

The key characterization methods used for bio-based GPEs were systematically reviewed,
organized into six major categories, and critically assessed in terms of their capabilities,
limitations, and relevance to ZAB operation. Particular attention was given to challenges
associated with highly alkaline environments, dynamic electrode interfaces, and the soft,
heterogeneous nature of biopolymer-based systems. Common inconsistencies in experimental
practices and reporting were also highlighted, as they currently hinder meaningful comparison



across studies and slow down progress in the field. A recurring conclusion of this review is that
the value of a characterization result depends not only on the technique itself, but also on the
rigor with which the measurement is designed, executed, and reported. Parameters such as
sample history, hydration state, electrolyte composition, environmental conditions, cell
configuration, scan rate, loading protocol, and post-treatment procedures can substantially
affect the measured response, yet they are still often incompletely described. Improving
methodological transparency is therefore not a secondary issue, but a prerequisite for
reproducibility, cross-study comparability, and reliable interpretation.

Moving forward, the development of standardized protocols, improved reporting practices, and
the adaptation of existing techniques to better reflect realistic operating conditions will be
essential. In parallel, the integration of complementary and advanced characterization
approaches, including in situ and operando methods, will be crucial to uncover the dynamic
processes governing electrolyte behaviour and battery performance. Establishing robust
correlations between material properties and electrochemical behaviour will be key to guiding
the rational design of next-generation bio-based GPEs. This need for rigor and standardization
in reporting becomes even more pressing in the context of increasingly data-driven research.
As Al-assisted literature analysis, automated text mining, and machine-learning-guided
materials discovery become more widespread, poorly described methodologies and ambiguous
datasets risk jeopardizing not only human interpretation but also the extraction of reliable and
reusable knowledge from the literature. Standardized reporting of experimental conditions,
measurement protocols, and data quality will therefore be essential for building datasets that
are both scientifically robust, trustworthy and computationally accessible. In this perspective,
future progress in bio-based GPEs for ZABs will depend not only on the design of new
materials but also on the quality, consistency, and interpretability of the characterization
workflows used to evaluate them.

Taken together, we tried our best to frame this work as a critical review with a tutorial-like and
practice-oriented scope, rather than as a conventional descriptive review or a perspective
article; indeed, rather than merely cataloguing characterization techniques, it examines what
each method can truly reveal, where its interpretive limits lie, and how it should be applied and
reported to generate meaningful and comparable knowledge in zinc-air systems. Its main take-
home message is therefore that progress in bio-based GPEs for ZABs will not depend solely
on the discovery of new materials, but at least equally on the quality of the frameworks used
to evaluate them. In other words, better electrolytes require better characterization: techniques
and methods must be selected judiciously and critically, applied under conditions relevant to
ZAB operation, and reported with sufficient rigor to enable reproducibility, meaningful cross-
study comparison, and mechanistic interpretation. With this in mind, the field now needs to
move beyond isolated proof-of-concept demonstrations toward standardized, quantitative, and
workflow-driven characterization strategies capable of establishing robust links between
composition, structure, interfacial behaviour, and electrochemical behaviour. Such a shift will
accelerate the rational design and development of more durable, efficient, and sustainable
biopolymer electrolytes, while also generating the reliable knowledge base with the high-
quality and interoperable datasets needed for future data-driven and Al-assisted materials
discovery in RZABs.
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