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Cellulose-Based Electrolytes in Rechargeable Zn-Battery: An
Overview

Jusef Hassoun,* Kento Kimura, and Yoichi Tominaga*

Despite commercially diffused as a primary cell, zinc battery is attracting
increasing interest as rechargeable system due to its low cost, safety, and
environmental sustainability. Furthermore, cellulose-based ion conducting
media exploiting solid, jelled, or polymer configurations are well supporting
the improvement of this intriguing energy storage system. Here, an overview
of recent researches on rechargeable Zn battery, often indicated as Zn-ion
battery is reported, exploiting electrolytes using cellulose. It is shown that
cellulose-based electrolyte may have either solid, or gel, cross-linked hydrogel,
coated, biopolymer, microfibrillated, aligned, amorphous, or self-assembled
configurations. In the course of the paragraphs, how the several structural,
morphological, and electrochemical studies have clarified fundamental
characteristics to allow their operation in battery is revealed. On the other
hand, Zn-based energy storage systems are discussed, particularly focusing
on Zn–MnO2, Zn–V2O5, and Zn–air as the preferred cell configurations in
terms of reliability, electrochemical performances, delivered capacity, and
cycling stability. Last but not the least, the review remarks that the cost of
these batteries is competitive in the global energy storage market, particularly
considering the raw material availability. Therefore, the work sheds light on
this dated, while emerging, system of raising interest particularly for
stationary storage from discontinuous renewable sources.
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1. Introduction

The increasing need for energy triggered
the diffusion of alternative sources such
as solar, and wind, with consequent rais-
ing request for large-scale energy stor-
age to stabilize the grid, while green
new deals foreseen the diffusion of elec-
tric vehicles powered by batteries and
fuel cells.[1–3] Despite the recent pro-
gresses and promises,[4] the widely dif-
fused lithium-ion (Li-ion) battery still
faces several environmental issues in-
cluding safety, possible toxicity, recy-
cling, and economic sustainability.[5–7]

These challenges may be actually mit-
igated by developing different battery
technologies, e.g., using polysaccharide-
based compounds and materials as elec-
trode binders, separators, and gel/solid
polymer electrolytes, and different elec-
trochemistry at the electrode side, such
as that of the Zn battery as clarified
hereafter.[8] Specifically, polysaccharide-
based substrates can be proposed as
fluorine-free binders or polymer ma-
trixes alternative to polyvinylidene fluo-
ride (PVDF), which is the one typically

used in Li battery. Furthermore, the use of nontoxic abundant
metals such as Zn, Fe or carbons and oxides can actually repre-
sent a step forward for mitigating the impact of toxic and expen-
sive metals such as the cobalt, the use of which is still diffused in
Li-battery technology.[5–7]

1.1. The Lignocellulose

Lignin and cellulose, also known as lignocellulose materials, are
abundant, renewable, eco-friendly, cost-effective, and possess the
right characteristics for being developed into efficient electro-
chemical energy storage systems. Lignocellulose materials are
among the most representative of polysaccharide-based biopoly-
mers available, and they are sufficiently abundant to meet the in-
creasing demand. Furthermore, lignocellulose biopolymers are
mechanically flexible, abundant and possess various functional
groups, and theymay be considered for use in enhanced configu-
rations of electrodes, separators, binders, and electrolytes within
sustainable energy-storage devices, such as supercapacitors and
batteries.[9] Therefore, the natural biodegradability, renewabil-
ity, porous structure, good thermal and chemical stability, and
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tunable surface chemistry of lignocellulose triggered the use of
functionalized lignocellulose in the electrode materials. Further-
more, the flexibility of this material has allowed the preparation
of solid-state or gel electrolytes in combination with various poly-
mers, as well as of sustainable binders or separators. Biodegrad-
ability and renewability of lignocellulose is mainly due to its
derivation from biomasses (for example, wood or plant seeds),
which are periodically regenerated by natural cycles. On the other
hand, the porosity of this material is driven from its lignochar-
acter, which is naturally requested to promote the water uptake
of the flora. In addition, the lignocellulose can be combined, re-
arranged, gelled, or transformed into membranes through vari-
ous functional groups, such as─OH,─NH2,─CO, and─COOH,
which are naturally linked or artificially included into the struc-
ture as illustrated in the subsequent paragraphs.[10] This intrigu-
ing substrate acquired largely increasing interest in particular
for application in aqueous rechargeable batteries, that appeared
so far adequate for the polysaccharide-based biopolymers due to
the moderate working voltage. Among these batteries, aqueous
rechargeable zinc batteries showed promising features due to
the high safety of the metal, its abundance, and environmental
compatibility.[11,12]

1.2. The Rechargeable Zinc Battery

Zinc metal has negligible reactivity if compared with alkali met-
als such as lithium and sodium, with the additional bonus of the
limited production costs. This metal has a theoretical specific ca-
pacity as high as 820 mAh g−1, and a potential of −0.763 V ver-
sus standard hydrogen electrode (SHE), that allowed the devel-
opment of aqueous electrolytes without relevant hydrogen evo-
lution at basic pH with optimal safety level.[13] Therefore, pri-
mary zinc batteries (i.e., piles) in alkaline media have been com-
mercialized by hundreds of thousands of units as systems for
powering various electronic devices of common use.[14] How-
ever, the nonrechargeable setup hindered the actual use of the
alkaline zinc pile for cyclic energy storage, e.g., from renewable
sources or in electric vehicles, since this application requires a
rechargeable battery in which cathode and anode sides can op-
erate reversibly.[15] Among the cathodes proposed for this scope,
manganese oxide has shown the most appealing and reversible
activity in aqueous media, with formation of manganese oxy-
hydroxides or mixed oxides. This electrochemical reaction has
been indicated to involve phase changes and concomitant ion ex-
change, within a potential window extending from≈0.8 to≈1.8 V
versus Zn2+/Zn.[16] Instead, at the anode side the Zn metal pre-
sented various issues ascribed with the possible hydrogen evolu-
tion in an acidic condition, and the remarkable tendency to den-
drite growth which depended on the characteristic of solid elec-
trolyte interphase (SEI) formed on its surface.[14] In this scenario,
the solidifiedmembranes using hydrogel electrolytes appeared as
reasonable alternative to overcome the electrolyte loss and limit,
at the same time, the dendrite growth at the zinc anode upon re-
peated stripping/plating due to their elastic characteristics.[17,18]

Furthermore, the gelled electrolytes have been indicated to con-
solidate a stable and durable electrode/electrolyte interphase and
a robust SEI layer, even when acid environment was employed
in the zinc-ion batteries.[19] Last but not the least, the limited

cost of some metals employed at the cathode and anode, e.g.,
Mn and Zn, compared to metals used in Li-ion cells such as Co,
Ni, and Li itself, indicated by the recent estimation of Figure 1
(left-hand panel), has accelerated the research for these renewed
energy storage systems. On the other hand, Zn-ion and Na-ion
batteries have comparably low cost and similar energy content
of about 100 Wh kg−1, which is rather far from that of Li-ion
battery which exceeds 250 Wh kg−1, as shown by the right-hand
panel of Figure 1. Therefore, Zn-ion battery has been preferably
indicated for use in stationary energy storage rather than electric
vehicles.[20,21]

1.3. A Suitable Material Combination

Various studies reported on the use of cellulose-based
polymers,[22] modified polymers,[23] doped substrates,[24]

hydrogels,[25] separators,[26] biocomposites,[27] and biopoly-
mer gels,[28] for energy storage. The different functional groups
mentioned above, which are naturally or synthetically included
in these membranes, can facilitate hosting of the Zn2+ ions in
the backbone and allow the high conductivity by electrostatic
interactions due to their polar character. Furthermore, the
mild and favorable chemical interaction of these substrates
with the Zn metal can ensure a low interphase resistance that
typically contributes to the dendrite suppression, thus rele-
vantly improving the cycle life of the Zn-ion cells based on
functionalized cellulose substrates. In this scenario, cellulose
nanocrystals (CNCs) with different surface functions, charge,
and concentrations, have been suggested as a component for
battery application.[29] In addition, methyl-cellulose-based solid
polymer electrolytes have been proposed with dispersed zinc
oxide nanoparticles to promote the use in cell.[30] Among the
membranes, multiple cross-linked hydrogel electrolytes have
achieved a long lifespan against the Zn metal anode by ma-
nipulating desolvation effect and Zn deposition orientation.[31]

Interestingly, the dendrite growth on Zn metal anode has been
mitigated by using a cellulose-acetate coating integrating ester
group with zinc.[32] Furthermore, a dual-cross-linked and self-
healable hydrogel electrolyte was suggested for a Zn-ion battery
characterized by an improved interfacial ion deposition,[33]

while amidoxime functional groups promoted a gel polymer
electrolyte (GPE) for aqueous Zn-metal cell.[34] Solid biopoly-
mers based on cellulose acetate (CA) have revealed suitable
thermal, structural, and electrochemical characteristics.[35] An
adequate ethanol-vapor-induced synthesis of poly(vinyl alco-
hol) (PVA)/cellulose composite,[36] and the thermoresponsive
treatment of carboxymethyl cellulose (CMC) polymer[37] have
led to robust solid polymer for Zn-ion battery. Interestingly,
aqueous Zn-ion batteries have been proposed with poly(ethylene
glycol)/cellulose/ZnCl2 water-in-salt electrolytes,

[38] and flexible
sustained ionogels with ionic hyperbranched polymers were
reported with enhanced ion conduction.[39] Quasi-solid-state
Zn-ion batteries have also exploited multifunctional quasigel
(QG) layer prepared in situ,[40] and ultrathin natural-cellulose-
based hydrogel.[41] Nickel(II) nitrate has been interestingly
used as an additive to control the nanoporosity of CA, with
water pressure treatment to achieve a highly efficient battery
gel,[42] instead cellulose nanofibers (CNFs) subjected to TEMPO
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Figure 1. Rough estimation of the row metal price with inset indicating materials typically employed in the Zn-ion battery (left-hand side panel), and
comparison of the energy density of Li-ion, Na-ion, and Zn-ion batteries (right-hand side panel).

oxidation chemical fibrillation (TOCNF) produced a hydrogel
able to efficiently coordinate Zn2+ ions, allowing their mobility
in electrolyte projected for rechargeable Zn-ion batteries.[43]

Even in the case of the rechargeable Zn–air battery, gel polymer
composites with solid-state configuration have been studied as
the preferred electrolyte media.[44] Hence, a flexible gel polymer
based on CMC blended with PVA or poly(acrylic acid) (PAA)
has been developed for rechargeable Zn cell operating in air
atmosphere.[45] Another composite GPE for the same battery
setup, exploited with success the combination of CMC and
PVA,[46] while a biodegradable electrolyte was achieved for
flexible Zn–air batteries.[47] Interestingly, the CO2-retardant
effect and the Zn–air battery were exploited at the same time
by CO2 decorating a conductive cellulose electrolyte.[48] On
the other hand, composite GPEs based on graphene oxide
nanoribbon (GONR) were developed for enhancing mechanical
strength and ionic conductivity of flexible Zn–air batteries,[49]

and the flexibility of this battery was also enabled by a sodium
polyacrylate (PANa)-based gel containing graphene oxide (GO)
and CNF.[50] In summary, these synthetic pathways, including
various steps of different nature in the aqueous environment,
with gelled, polymerized, er solidified state, have well boosted
the development of a new generation of Zn-based rechargeable
systems. Figure 2 depicts a selection of the synthetic pathways
adopted in the abovementioned researches to achieve cellulose-
based electrolyte for energy storage. Indeed, Figure 2a shows the
various operating steps for preparation of a cellulose membrane,
as well as a photographic image of the obtained membrane
before soaking the electrolyte,[41] while Figure 2b reveals a syn-
thesis scheme of polyacrylamide (PAM)–poly(ethylene glycol)
diacrylate–CMC (PMC) hydrogel electrolyte.[31] The functional
groups–ions interaction in the membranes certainly played
a crucial role in stabilizing the cell performances. Some of
these interactions are schematically depicted in Figure 2c for
a double-network of a CMC/PAM hydrogel membrane,[51] and
in Figure 2d for a TOCNF hydrogel electrolyte.[43] On the other
hand, nonoptimized aqueous electrolytes can allow dendrite
growth at the Zn surface, with passive layer formation and thick-
ening, H2 evolution, and corrosion during the electrochemical
deposition process, as shown by the scheme of Figure 2e.[32]

Instead, suitable protection of the Zn, such as by the coating
with CA and Zn(CF3SO3)2 (CAZ) reported in Figure 2f, can

separate the Zn anode and aqueous species in the achieved
CAZ@Zn, inhibiting passivation and corrosion, and triggering
fast Zn2+ diffusion and homogeneous electrochemical depo-
sition without dendrite growth or H2 evolution.

[32] The above
illustrated synthetic pathways, as well as the ones in the subse-
quent paragraphs may actually pave the way for the achievement
of rechargeable batteries characterized at the same time by low
economical impact and relevant environmental sustainability,
thus allowing their large-scale diffusion as alternative to themost
widespread rechargeable system. A proof of the improvement
achieved by the use of the membranes based on cellulose for
battery application is represented in Figure 3, which reports the
Zn2+ plating/stripping voltage profiles in Zn/Zn symmetric cells
using some of the various electrolyte samples already illustrated
in Figure 2.
Indeed, the cell in Figure 3a was tested at the current den-

sity of 1 mA cm−2 at areal capacity of 1 mAh cm−2 (magnifi-
cation in Figure 3b) showing a substantial voltage increase for
the glass fiber membrane, ranging from 180 to 260 mV over a
span of 90 h due to uneven Zn deposition and the formation of
a wide solid electrolyte interface, and abrupt polarization voltage
drop to zero upon 120 h due to zinc dendrites penetrating the
glass fiber membrane, resulting in direct electrical contact be-
tween the two electrodes with short circuit. Instead, the cell us-
ing cellulose membrane exhibited much smaller and relatively
stable polarization (30 mV at 1500 h) without significant fluc-
tuations due to improved interfacial compatibility between the
electrode and electrolyte. The slight increase in polarization from
1500 to 1800 h has been attributed to electrolyte volatilization,
within the cell.[41] Furthermore, the cell with PMC hydrogel elec-
trolyte in Figure 3c revealed a cycling stability extended for 5000
h at a current density of 1.0 mA cm−2 and a capacity density of
1.0 mAh cm−2. By contrast, the cell with the ZnSO4 reference
aqueous electrolyte evidenced an increasing polarization around
150 h, and short circuit around 160 h, for the same reasons il-
lustrated above.[31] Figure 3d depicts for the symmetric cell at
0.2 mA cm−2 with PAM hydrogel electrolyte stable trend only
until 200 h and subsequent deterioration, while the cell with
CMC/PAM hydrogel electrolyte operated without any short cir-
cuit or obvious overpotential rise of over 400 h, thus suggesting
significantly improved interfacial stability between CMC/PAM
hydrogel electrolyte and Zn.[51] On the other hand, the cell in
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Figure 2. a) The preparation process of cellulose-based membranes. The bottom-left picture in this panel is a photograph of the obtained cellulose
membrane before soaking the electrolyte. Adapted with permission.[41] Copyright 2023, Elsevier. b) Synthetic schematic diagram of PMC hydrogel elec-
trolyte. Adapted with permission.[31] Copyright 2022, Elsevier. c) Illustration of the double-network of CMC/PAM hydrogel. Adapted with permission.[51]

Copyright 2021, Elsevier. d) Schematic illustration of the expected internal interaction structures in the TOCNF hydrogel electrolyte. Adapted with
permission.[43] Copyright 2024, RSC. e,f) Schematic diagrams of the metal deposition processes on bare and CAZ coated Zn. (e) Dendrite growth,
passive layer formation, H2 evolution, corrosion, and passive layer growth during the electrochemical deposition process on bare Zn surface in an aque-
ous electrolyte. (f) The CAZ with high ionic conductivity can separate the Zn anode and aqueous species in the CAZ@Zn, inhibiting passivation and
corrosion and guaranteeing fast Zn2+ diffusion and homogeneous electrochemical deposition without dendrite growth and H2 evolution. Adapted with
permission.[32] Copyright 2022, Wiley. See Table 1 for acronyms’ summary.
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Figure 3. The Zn2+ plating/stripping voltage profiles in Zn/Zn symmetric cells assembled using some of themembranes illustrated in Figure 2. a,b) Cells
with cellulose membrane or glass fiber membrane (a) at the current density of 1 mA cm−2 at areal capacity of 1 mAh cm−2, and (b) the corresponding
magnification. Adapted with permission.[41] Copyright 2023, Elsevier. c) Cells with PMC hydrogel electrolyte and ZnSO4 reference solution. Adapted
with permission.[31] Copyright 2022, Elsevier. d) Cells using CMC/PAM hydrogel electrolyte and PAM hydrogel electrolyte at 0.2 mA cm−2. Adapted with
permission.[51] Copyright 2021, Elsevier. e) Cell using the TOCNF hydrogel electrolyte. Adapted with permission.[43] Copyright 2024, RSC. f,g) CAZ@Zn
symmetrical cells at (f) 1 mA cm−2 with capacity of 1 mAh cm−2, and (g) the corresponding rate performance. Adapted with permission.[32] Copyright
2022, Wiley. See Table 1 for acronyms’ summary.
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Figure 3e using the TOCNF hydrogel electrolyte revealed
gradual increase of the overpotential to 53 mV during the initial
50 h, and a subsequent decrease to 48mV and stabilization to val-
ues between 48 and 54mV held through the whole test exceeding
1500 h. This behavior suggested the growth of suitable passivat-
ing SEI during the initial stage, a subsequent stabilization, and
partial dissolutionwith decrease of the electrode/electrolyte inter-
phase resistance.[43] Interestingly, the CAZ@Zn/CAZ@Zn sym-
metrical cell was cycled both at a constant current of 1 mA cm−2

with capacity of 1 mAh cm−2 in Figure 3f, and at various current
rates in Figure 3g.[32] After 30 h at 1 mA cm−2 (Figure 3f), the
potential of the bare Zn/Zn cell suddenly fallen down due to a
“soft short.”
The above soft short consisted of small localized electrical

contact between two Zn electrodes, due to the dendrite growth
toward the opposing electrode after penetrating the glass fiber
separator and its subsequent dissolution, allowing the charg-
ing/discharging process to proceed however less stably. The slow
increase of the potential was ascribed due to gradual increase
in internal resistance, induced by dendritic growth caused by
unequal zinc deposition, and after 420 h of operation, the
symmetric Zn/Zn battery failed. By contrast, the symmetric
CAZ@Zn/CAZ@Zn battery well operated over 2800 h with a
low overpotential due to the homogeneous Zn deposition with
low interfacial resistance and without dendrites. The compari-
son of the rate performance of symmetrical cells using either
CAZ@Zn or bare Zn (Figure 3g) revealed soft shorts and higher
voltage hysteresis for the former than the latter, especially at high
current densities, suggesting favorable stability of the CAZ@Zn
anode.[32] Overall, Figure 3 well indicates a notable improve-
ment of the cycling stability of the anode side promoted by the
use of the cellulose-based membranes, in particular for those in
which the water content is limited and the mechanical stability
improved.

1.4. Subdivision of This Review

Subsequently to the previous paragraphs describing various path-
ways for cellulose-based membrane preparation, battery appli-
cation, and possible combinations, the next ones will show se-
lected examples of rechargeable Zn cells which have been cate-
gorized for convenience in this review by three main classes, i.e.,
i) zinc–manganese oxide battery, ii) zinc–vanadium oxide battery,
and iii) zinc–air battery. Although different categorization may
be made, this selection appeared to us the most convenient one
for taking into account at the same time the process scalability,
the state of the art of rechargeable Zn cells, and their best per-
formances in literature. This comparison is reported with the
aim of achieving a valid benchmark in terms of energy density
and cycle life to consider possible practical application of the Zn
battery for sustainable energy storage. On the other hand, the
material availability, modest expected cost, and suitable features
of the cells can trigger further research and development of
this intriguing system to allow its final use for selected sectors,
such as the energy storage from discontinuous renewable en-
ergy sources. For reader’s convenience, we summarized all the
acronyms, specified at their first appearance in the text, also in the
Table 1.

Table 1. Summary of the acronyms reported in this review and the corre-
sponding extended versions.

Acronym Extended version

PVDF Polyvinylidene fluoride

GPE Gel polymer electrolyte

CV Cyclic voltammetry

EIS Electrochemical impedance spectroscopy

SHE Standard hydrogen electrode

SEI Solid electrolyte interphase

CNC Cellulose nanocrystals

CMC Carboxymethyl cellulose

PAM Polyacrylamide

PMC PAM─poly(ethylene glycol) diacrylate─CMC

CNF Cellulose nanofibers

TOCNF TEMPO-oxidized CNF

CA Cellulose acetate

CAZ CA─Zn(CF3SO3)2

COP Covalent organic polymer

QG Quasigel

AO Amidoximation

PIM Polymer of intrinsic microporosity

BC Bacterial cellulose

DES Deep eutectic solvents

SA Sodium alginate

ORR Oxygen reduction reaction

OER Oxygen evolution reaction

GO Graphene oxide

PANa Sodium polyacrylate

GONR Graphene oxide nanoribbons

PAA Poly(acrylic acid)

PVA poly(vinyl alcohol)

PVAA PAA─PVA

SSE Solid state electrolyte

CC─CO2 CO2-bedecked cellulose

QSPI Quaternized soybean protein isolate

HEC Highly hydrophilic polymer hydroxyethyl cellulose

DMAc N,N-dimethyl acetamide

RCT Charge transfer resistance

2. Zinc–Manganese Oxide Rechargeable Batteries

Zinc–manganese oxide battery is one of the most promising
rechargeable system among the various proposed ones, and its
electrochemistry has been well studied since the introduction of
the primary system (e.g., zinc–carbon alkaline battery), until the
development of the reversible version of the cell by adopting a
suitable setup of cathode and electrolytemedia. Manganese oxide
(predominantly MnO2) reacts in a Zn-ion battery with a mech-
anism depending on the electrolyte condition, in general lead-
ing to a voltage signature extending from about 1 to 1.6 V ver-
sus Zn2+/Zn, and a theoretical specific capacity of 308 mAh g−1

as referred to the MnO2 weight. Therefore, in neutral condition,
Zn2+ dissolves from the anode in discharge potentially forming
Zn(OH)2 that can possibly precipitate in part at the surface.
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The Zn2+ ions can also insert in the MnO2 cathode tunnels
according to the reaction[52]

Zn2++2e−+2MnO2 ⇆ ZnMn2O4 (1)

Hence, MnO2 tunneled structure (hollandite-etype phase)
changes to spinel-like trivalent manganese phase (ZnMn2O4),
then into layered divalent manganese phase (ZnxMnO2, x < 0.5),
and finally to tunneling divalent manganese phase (ZnxMnO2,
1 > x > 0.5) during discharge.[53] Three Mn ions coexist after
discharge, and the interconversion of Mn4+, Mn3+, and Mn2+ al-
lows the energy conversion.[54] Instead, in alkaline electrolytes
Zn(OH)2 is formed certainly at the anode, and conversion reac-
tion can occur at the cathode according to mechanism involving
OH− ions as follow[55]

2MnO2 + 2H2O + 2e− ⇆ 2MnOOH + 2OH− (2)

In the latter case, OH− ions can also form the complex
[Zn(OH)4]

2− at the electrodes surface and limit the long-term re-
action reversibility, thus suggesting electrolyte change to slightly
acidic condition for increasing the lifespan of the cell.[56]

On the other hand, in acidic condition the reaction at the cath-
ode side is

MnO2 +H+ + e− ⇆ MnOOH (3)

which may be followed by the process

MnOOH + 3H+ + e− ⇆ Mn2++2H2O (4)

Increasing the H+ concentration can improve MnO2 dis-
charge, however it can also lead to parasitic reactions at the Zn an-
ode, such as corrosion of Znmetal in discharge orH2 gas produc-
tion during charge.[53] Therefore, the electrolyte medium should
be tuned ad hoc to allow the reversible Zn stripping/deposition at
the anode side and, at the same time, guarantee a reversible reac-
tion at the MnO2 cathode side. Lignocellulose-based electrolytes,
typically functionalized with suitable groups, such as carboxyl,
hydroxyl, ammine, or ether, actually allowed the development of
efficient Zn–MnO2 rechargeable batteries. In this regard, a litera-
ture work reported in situ building of a multifunctional QG layer
for protecting the zinc anode and allowing the aqueous Zn bat-
tery to operate for long cycling.[40] The authors solved the issues
of dendrite, corrosion, and H2 evolution by preparing in situ a
hydrophilic layer, consisting of a covalent organic polymer (COP)
and CMC, to construct a multifunctional QG interface between
Zn metal and the electrolyte. This COP─CMC/QG interface sig-
nificantly improved the rechargeability of the Zn anode through
enhancing Zn2+ transport kinetics, and guiding uniform nucle-
ation. Figure 4a reports a schematic diagram of COP─CMC/QG
formation and Zn plating on bare Zn and COP─CMC─Zn. The
COP─CMC─Zn anode exhibited overpotential of 12 mV at 0.25
mA cm−2, with cycle life over 4000 h at the same current and
2000 h at 5 mA cm−2 in symmetrical cells. Figure 4b depicts the
voltage profiles Zn/MnO2 full cells with bare Zn and coated Zn
at a current density of 0.3C (1C = 308 mA g−1, based on MnO2),
while Figure 4c shows the related cycling performance at a cur-
rent of 5C. The cell using the coated Zn operated with an average

working voltage of 1.4 V and a capacity of about 150 mAh g−1

for 1000 cycles, while the cell using bare Zn revealed a substab-
tial decay over the same cycling stage.[40] Another work hindered
the dendrite growth on the zinc anode by using amidoxime func-
tional groups in GPE.[34] A membrane has been prepared by in-
troducing polymers of intrinsic microporosity (PIMs) subjected
to amidoximation (AO-PIM-1) with bacterial cellulose (BC), to
achieve the AO-PIM-1/BC GPEs. In this GPE, the C═N in the
amidoxime functional group coordinated Zn2+ to promote the
ion transport, as well as uniform deposition of Zn. In addition,
the hydrophilic groups ─NH2 and ─OH reduced the energy re-
quired for the desolvation of hydrated Zn2+. Molecular dynam-
ics simulations were used to evaluate the interaction of hydroxyl,
ammine, and C═N groups with Zn2+. In bare electrolyte, Zn2+

was closely surrounded by six H2O molecules forming the octa-
hedral [Zn(H2O)6]

2+, the large size of which hindered the des-
olvation. Instead, the hydrophilic functional groups ─NH2 and
─OH in the AO-PIM-1 framework altered the hydration struc-
ture and reduced the energy required for dissolution. Hence, the
C═N bond became the transport site for Zn2+, and the desol-
vation energy resulted lower in AO-PIM-1 than PIM-1. In ad-
dition, the amidoxime functional groups adsorbed triflate anion
(OTF−), which further promoted the transfer of Zn2+. The model
indicated an average coordination number of H2O molecules
around Zn2+ of 3.08 in the AO-PIM-1 framework, rather than
3.86 in the PIM-1 structure. This decrease in the water coordi-
nation number suggested a reduction in the desolvation energy.
Consequently, deposition of Zn was considered more uniform in
AO-PIM-1 than in PIM-1. This finding confirmed that the pres-
ence of C═N group in the AO-PIM-1 can provide transport sites
for Zn2+ binding, thereby reducing the hydration coordination
number of Zn2+, and promoting uniform deposition of the Zn
anode. Accordingly, the scheme of Figure 4d depicts the regula-
tion of the Zn anode mechanism by PIMs. Hence, Zn/Zn sym-
metrical cells with the AO-PIM-1/BC GPE exhibited a cycle life
extended to 1100 h. The Zn/𝛼-MnO2 battery prepared using the
GPE retained 85% of its initial capacity of 120 mAh g−1 after 400
cycles at 0.5C (Figure 4e).[34] A TOCNF hydrogel electrolyte has
been also set as simple approach for rechargeable Zn-ion batter-
ies (see scheme in Figure 2d for related ion–gel interactions).[43]

The hydrogel using both Zn perchlorate and sulfate, was a non-
flowable solid-like with strong shear-thinning behavior. The Zn-
ion–gel battery with a 𝛽-MnO2 cathode showed a working po-
tential of 1.4 V versus Zn+2/Zn by cyclic voltammetry (CV) in
Figure 4f, an activation process after the first cycle leading to re-
sistance decrease evidenced by electrochemical impedance spec-
troscopy (EIS, Figure 4g), and delivered a capacity over 120 mA
h g−1 allowing safe energy storage, with cycle life promoted by
changing the salt from Zn(ClO4)2 to ZnSO4 (see cycling test in
Figure 4h).[43]

On the other hand, a quite robust gel electrolyte has been
developed by ethanol-vapor-induced method for flexible Zn-ion
battery.[36] This process, schematized in Figure 5a, has foreseen
the use of cellulose/deep eutectic solvent (DES) molecular sys-
tem, and was indicated to speed up hydrogen bonding and ion-
complexation with Zn2+, resulting into a mechanical strength of
0.88MPa (see photographic image), cathion transference num-
ber of 0.7, and ionic conductivity of 8.39mS cm−1. Figure 5b
shows the charge–discharge curves at different bending angles
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Figure 4. a–c) Characteristics of COP and COP─CMC/QG GPE for Zn anode. (a) Schematic diagram of COP─CMC/QG formation and Zn plating on
bare Zn and COP─CMC─Zn. (b) Voltage profiles of Zn/MnO2 full cells with bare Zn and coated Zn at a current density of 0.3C (1C = 308 mA g−1, based
on MnO2). (c) Cycling performance at a current density of 5C. Adapted with permission.[40] Copyright 2021, ACS. d,e) Characteristics of GPEs with
PIMs. (d) Schematic diagram of the regulation of the Zn anode mechanism by PIMs. (e) Zn/𝛼-MnO2 cell long cycling performances at 0.5C. Adapted)
with permission.[34] Copyright 2024, Elsevier. f–h) Electrochemical performances of Zn/MnO2 cell with TOCNF hydrogel electrolyte. (f) CV curves, (g)
impedance spectra using Zn(ClO4)2 salt, and (h) capacity trends of galvanostatic cycling tests at C/20 using two different salts at 25 (1C = 308 mAh
g−1). Adapted with permission.[43] Copyright 2024, RSC. See Table 1 for acronyms’ summary.
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Figure 5. a) Mechanism of ethanol-vapor-induced preparation of Zn–gel from DES molecular system, and a photograph of the membrane. b) Charge–
discharge curves at different bending angles of a Zn–gel/carbon cloth@MnO2 (CC@MnO2) battery. c) Cyclic performance test of flexible battery at 0.5
C, and d) rate capability of the at varied current densities from 0.5 to 10 C. Adapted with permission.[36] Copyright 2024, Wiley. e) Synthesis schematic of
the CMC/SA─Zn2+ hydrogel electrolyte. f) CV curves at 0.1 mV s−1. g) Galvanostatic cycling discharge curves and h) rate performance of the Zn–MnO2
batteries with CMC/SA─Zn2+ hydrogel electrolyte at room temperature. Adapted with permission.[33] Copyright 2024, Elsevier. See Table 1 for acronyms’
summary.
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of a Zn–gel/carbon cloth@MnO2 battery, revealing its notable
flexibility. This battery has been cycled with an average voltage
of 1.3 V, reversible capacity of about 200mAhg−1 over 500 cy-
cles (Figure 5c), and a rate capability extending from 0.5 to 10
C with a residual capacity of 75mAhg−1 at the higher C-rate
(Figure 5d).[36] With the aim of further improving the interfacial
ion deposition in Zn battery, and at the same time the mechani-
cal features, dual-cross-linked hydrogel electrolyte has been pre-
pared (scheme in Figure 5e).[33] The cross-linked self-healing hy-
drogel electrolyte, including sodium CMC, sodium alginate (SA)
and Zn2+ (CMC/SA─Zn2+), has been projected for flexible Zn–
MnO2 battery that can recover electrochemical performance even
aftermultiple damages for use in wearable electronics. Themetal
coordination interactions of carboxyl groups with Zn2+, depicted
in scheme, contributed to the mechanical and electrochemical
properties of CMC/SA─Zn2+ hydrogel, and improved the com-
patibility with the electrode, thus resulting in efficient Zn de-
position. Reversible plating/stripping performance has been ob-
served in a symmetric cell for 2000 h, and a flexible Zn–MnO2
battery has been achieved operating from 1.2 to 1.4 V (voltamme-
try in Figure 5f), and delivered capacity ranging from about 220 to
50mAh g−1 depending on the employed current (Figure 5g,h).[33]

Finally, a modified hydrogel has been designed as the electrolyte
to induce the zinc deposition without dendrite formation at the
metal anode.[51] In the above research, a CMC/PAMhydrogel has
been prepared by introducing double-network structure to im-
prove the mechanical properties of the electrolyte. The electro-
static interaction between carboxyl groups and Zn2+ induced the
deposition of zinc ions on the electrode surface, leading to re-
markable reversibility and stability (see Figure 2c and Figure 3d).
The CMC/SA─Zn2+ hydrogel electrolyte has been used in flex-

ible Zn–MnO2 battery operating from 1 to 1.4 V, with capacity
ranging from 250 to 70 mAh g−1 depending on the current rate,
and a long range cycling with capacity of 150 mAh g−1 retained
over 90% for 500 cycles at 0.3 mA cm−2.[51]

In summary, the example reported above well indicate that
the combination between polymer electrolytes based on cellu-
lose, improved Zn, and MnO2 electrodes can actually allow re-
versible energy storage systems with long lifespan and relevant
performances.

3. Zinc–Vanadium Oxide Rechargeable Batteries

Vanadium oxide structure has been defined as highly adaptable
to the accommodation of various cations, including Zn2+, due
to the deformability of the V─O polyhedra and the variable va-
lence of vanadium.[57] Therefore, various vanadates with different
M─V─O structures (where M can by a metal ion or NH4+) have
been proposed as the cathode materials.[58] Among them, V2O5
or MVxOy have been vastly employed in lithium and sodium
storage systems. Regarding Zn2+ ion intercalation in V2O5, one
of the typical proposed representatives was Zn0.25V2O5⋅nH2O.

[59]

Various research papers have demonstrated that the addition of
cations can provide excellent electrochemical properties to vana-
dates, and enhance in addition the ion intercalation kinetics.[60]

Therefore, the introduction of metal ions has so far produced
vanadates with different crystal structures and electrochemical
characteristics. Typically, the reaction of V2O5 in Zn battery fore-

sees insertion of Zn2+ into the vanadate structure, within a vast
potential range extending from 0.3 to 1.6 V versus Zn2+/Zn

V2O5 + xZn2++2xe− ⇆ ZnxV2O5 (5)

This reaction also includes the appearance of the new hydrated
phases, caused by the improved binding energy between the
Zn2+ embedded into the V2O5 layer and H2O.

[61] Depending on
the electrolyte, the electrochemical reaction may also follow the
mechanism

V2O5.nH2O + 2Zn2+ + 4e− → Zn2V2O5 ⋅ nH2O (6)

The generation of a new hydrated phasemay occur also during
this reaction.[62] Therefore, the selection of electrolytes with ade-
quate functional groups, such as the ones characteristic of the lig-
nocellulose derivatives, gels, membranes, and polymers, can play
a key role in enabling reversible and efficient electrochemical pro-
cess at the cathode, and for ensuring at the same time an efficient
and smooth metal deposition at the Zn anode. In this regard, a
cellulose-acetate coating has been performed by integrating es-
ter group to the Zn salt to limit the dendrite formation on the
Zn metal anode.[32] Hence, ion-affiliative CAZ coating has been
made on Zn anode (CAZ@Zn) to exploit the complexation effect
between the polar ester group and Zn2+ (see Figure 2f). The CAZ
polymer coating enhanced the hydrophilicity of the Zn anode and
reduced the interfacial resistance, allowing rapid Zn2+ diffusion
to get homogeneous Zn deposition and suppress dendrite for-
mation. The symmetric CAZ@Zn/CAZ@Zn cell demonstrated
reversible plating/stripping over 2800 h at 1 mA cm−2, as already
shown in Figure 3f, while CAZ@Zn battery with the NH4V4O10
cathode achieved more stable performance than that of bare Zn.
CV indicated a wide working potential range, with peaks extend-
ing from 1.3 to 0.4 V versus Zn+/Zn (Figure 6a), reflected into
the specific capacity versus voltage curves at various current den-
sities in Figure 6b,c, with similar polarization of the cell using
the CAZ@Zn and bare Zn, and an average working voltage of
0.8 V. On the other hand, the rate performance (Figure 6d) evi-
denced a better response of the cell using CAZ@Zn, and a de-
livered capacity ranging from 400 mAh g−1 at 0.1 A g−1, and 60
mAh g−1 at 5 A g−1. Furthermore, the cycling performance of
the cells at 1 A g−1 (Figure 6e) showed the most relevant dif-
ferences between CAZ@Zn and bare Zn, with a capacity of 170
mAh g−1 retained for 2000 cycles for the former and much faster
decay for the latter.[32] A natural-cellulose-based hydrogel mem-
brane has been made with ultrathin flat structure using paper
scraps as raw material in N,N-dimethyl acetamide (DMAc)/LiCl
dissolution system (see preparation process in Figure 2a).[41] The
cellulose membrane has shown a high liquid absorption ability
and favorable mechanical properties, ion conductivity of 0.643
mS cm−1, electrochemical stability over 1.6 V, and a activation
energy for Zn2+ conduction of 3.2 kJ mol−1. The Zn/Zn sym-
metric cell assembled with the cellulose hydrogel exhibited re-
versible Zn2+ stripping/plating prolonged over 1800 h at 1 mA
cm−2, as already reported in Figure 3a, while the chronoamper-
ometry profiles of the same cell at room temperature (Figure 6f)
suggested fast Zn+2-ion transfer, with a mechanism supported
by the ─OH functional groups of the membrane, as schema-
tized in Figure 6g. The cyclic performances of the Zn/cellulose
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Figure 6. a–e) Performances of CAZ@Zn in battery (a) CV of Zn/NH4V4O10 and CAZ@Zn/NH4V4O10 cells at 0.1mV s−1, (b, c) specific capacity/voltage
curves at various current densities, (d) rate performance, and (e) cycling performance of the cells at 1 A g−1. Adapted with permission.[32] Copyright
2022, Wiley. f–i) Ultrathin natural-cellulose-based hydrogel membrane and Zn/V2O5 battery. (f) Chronoamperometry profiles for the cellulosemembrane
and glass fiber membrane in the Zn/Zn symmetric cells at room temperature with a step potential of 10 mV. (g) Scheme of Zn ion transfer mechanism
in the cellulose hydrogel electrolyte. (h) Cyclic performances of the Zn/cellulose membrane/V2O5 cell and Zn/glass fiber membrane/V2O5 cell at 0.1
A g−1. (i) Rate performances of the Zn/cellulose membrane/V2O5 cell and Zn/glass fiber membrane/V2O5 cell. Rate performance, and (e) cycling
performance of the cells at 1 A g−1. Adapted with permission.[41] Copyright 2023, Elsevier. j–l) Application of PMC hydrogel electrolyte in Zn/V2O5 battery.
(j) Cycle performance of Zn/V2O5 batteries with different electrolytes (current density: 1.0 A g−1); (k) Voltage/capacity diagram at 1.0 A g−1 of Zn/PMC
hydrogel/V2O5 battery, and (l) rate capability of Zn/V2O5 batteries assembled with bare and PMC hydrogel electrolytes. Adapted with permission.[31]

Copyright 2022, Elsevier. See Table 1 for acronyms’ summary.
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membrane/V2O5 cell at 0.1 A g−1 (Figure 6h) revealed a capacity
from 400 to 250 mAh g−1 over 200 cycles at an average voltage
of 0.8 V (inset), exceeding the performances of the and Zn/glass
fiber membrane/V2O5 bare cell which delivered from 300 to 150
mAh g−1 for less than 150 cycles. Furthermore, the rate perfor-
mances of the Zn/cellulose membrane/V2O5 cell exceeded the
one of Zn/glass fiber membrane/V2O5 cell until a current of 2 A
g−1 (Figure 6i), with a capacity from 400 mAh g−1 at 0.1 A g−1 to
250 mAh g−1 at 2 A g−1.[41] Multiple cross-linked hydrogel elec-
trolytes have been exploited for manipulating desolvation effect
and Zn deposition orientation, and used in a Zn battery operat-
ing with the V2O5 cathode.

[31] The hydrogel was based on the al-
ready described PMC (see Figure 2b), and was designed to reduce
the desolvation energy barrier of Zn and orientate its deposition.
The zinc desolvation activation energy in the PMC hydrogel elec-
trolyte was deducted theoretically and experimentally to be much
lower than that of conventional aqueous electrolyte, due to the
tunedZn2+ solvation structure. Based on the high binding energy
between amide groups and Zn2+, the polymer chains in PMC
acted as Zn2+ transport channels to uniform deposition behavior
on the Zn(002) crystal surface, which has been verified by grazing
incidence XRD analysis. Therefore, the Zn stripping/deposition
was performed in the PMC hydrogel electrolyte for 5000 h with
Coulombic efficiency of 99.5%, as already evidenced in Figure 3c.
Figure 6j–l shows the application of the PMC hydrogel electrolyte
a Zn-ion cell using the V2O5 cathode. The cycle performance
(Figure 6j) and related voltage profiles (Figure 6k) at a current
density of 1.0 A g−1, indicated that the cell can deliver a capac-
ity ranging from 400 to 250 mAh g−1 over 200 charge/discharge
runs, with an average working voltage of 0.9 V and a performance
exceeding that of the reference aqueous electrolyte. Furthermore,
the rate capability test of the battery (Figure 6l) revealed capacity
higher than that of the reference solution from a current of 0.1 A
g−1 (i.e., 400 instead of 300 mAh g−1) to 2 A g−1 (250 instead of
190 mAh g−1).[31]

Therefore, basing on these examples, we may indicate that the
Zn-ion battery using the V2O5-type cathodes and an adequate
electrolyte setup can actually represent a valid choice for energy
storage, however with a voltage slope that requires a suitable tun-
ing of the electronic setup and the battery management system
to allow a proper use in the selected device.

4. Zinc–Air Rechargeable Batteries

Zn–air battery is triggering increasing interest due to its eco-
sustainability and potentially high energy content. However, this
intriguing battery has been hindered by several issues such as
the sluggish kinetics of the air cathode, irreversible reactions
at the zinc anode, and electrolyte saturation or leakage.[63] Re-
cent articles enlightened several details regarding the geometric
configuration and charge storage mechanisms in Zn–air battery,
and reported insights to enhance the various constituent com-
ponents of these cells.[64–66] Therefore, the academic research on
rechargeable Zn–air batteries is presently growing with a consid-
erable rate as demonstrated by the raising number of research
papers.[67] The electrochemical processes in a rechargeable Zn–
air battery have been described as oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER), and various stud-

ies have indicated that it may proceed reversibly, if allowed by the
electrolyte formulation and cell setup, as below[68]

O2 + 4e− + 2H2O ⇆ 4OH− (E = 0.4V vs SHE) (7)

Taking into account the reaction at the Zn anode, i.e.

Zn + 4OH− ⇆ Zn (OH)4
2− + 2e− (E = − 1.25V vs SHE) (8)

followed bay equilibrium

Zn (OH)4
2− ⇆ ZnO +H2O + 2OH− (9)

The overall electrochemical process becomes

2Zn +O2 ⇆ 2ZnO (10)

Therefore, taking into account the potentials of anode and
cathode in these conditions, the theoretical working voltage of
Zn–air battery related with the overall redox process is calculated
to be 1.65 V.
However, the electrolyte nature can trigger various parasitic re-

actions leading to the formation of a series of by-products, H2
gas, or precipitates in particular in presence of CO2, as reported
below[68]

Zn + 2H2O → Zn (OH)2 +H2 (11)

KOH + CO2 → KHCO3 (12)

2KOH + CO2 → K2CO3 +H2O (13)

The formation of these undesired chemicals, as well as hin-
dered kinetics of the ORR/OER that can foresee the formation of
intermediates or even different reaction mechanisms, have low-
ered the discharge voltage of the cell below 1.2 V, and increased
the charge voltage over 2 V in practical systems at current densi-
ties ranging from 1 to 10 mA cm−2. This huge polarization and
the abovementioned issues so far limited the energy efficiency of
the rechargeable Zn–air battery to values below 60%.[69] There-
fore the proper choice of ad hoc designed and functionalized elec-
trolyte appeared crucial to boost further the development of this
important energy storage system. Lignocellulose-based gels and
polymers have certainly contributed to the growth of the Zn–
air battery, due to the flexibility of the derivatives and the large
room for functionalization and design, as well as for their high
conductivity, water uptake, and tunable electrochemical activity
both at the oxygen cathode side and at the Zn metal anode one.
For example, a flexible Zn–air battery has used a PANa-based
gel electrolyte with GO and CNF.[50] The incorporation of rigid
GO and CNF into a PANa-bonded network of the GPE signifi-
cantly improved the conductivity as well as the mechanical prop-
erties. Hence, the conductivity has beenmeasured to be 178.6mS
cm−1, and the electrolyte revealed elongation capability over 14
times of its initial length, thus denoting a remarkable flexibility.
Sandwich-structured flexible Zn–air battery using this gel elec-
trolyte exhibited an extended cycle life of over 214 h at 2mA cm−2,
and operated even under bending.[50] Another GO-based GPE
revealed an enhanced mechanical strength and ionic conductiv-
ity, and therefore the membrane has been employed in flexible
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Zn–air battery with prolonged cycling performance.[49] The gel
electrolyte involved PANa incorporating GONR and CNF. This
hydrogen bonds in PANa/CNF/GONR electrolyte created ionic
conductive channels, enhancing the ionic conductivity and bat-
tery performance. The electrolyte demonstrated relevant water
retention, stretchability up to 20 times its length, and ion con-
ductivity of 268 mS cm−1. Figure 7a shows the synthesis scheme
of the PANa/CNF/GONR, while Figure 7b–e reveals the perfor-
mances of a rechargeable Zn-air battery with this gel and refer-
ence ones based on PAN/CNF and PAN/CNF/GO. In general,
the battery using PANa/CNF/GONR electrolyte showed higher
performances compared to the reference ones, with a capacity
for the complete discharge until 0 V at 2 mA cm−2 of 560 mAh
g−1 as referred to Zn weight (Figure 7b), delivered mainly at
about 1.25 V, and a power density of 90 mW cm−2 (from curves
in Figure 7c). Furthermore, the cell using PANa/CNF/GONR
electrolyte cycled galvanostatically at 2 mA cm−2 by limiting dis-
charge or charge time to 10 min operated for over 320 h (i.e., 960
cycles in Figure 7d), and exhibited better response at higher cur-
rent density than the reference (Figure 7e). In the same study, a
cable-type all-solid-state Zn–air battery achieved an energy den-
sity of 88 mW cm−2 with high flexibility, indicating potential-
ity for wearable energy applications.[49] A further gel polymer
electrolyte has been proposed for solid-state rechargeable Zn–
air battery.[44] The electrolyte was synthesized by cross-linking
PAA and ultrafine cellulose with the PVA to achieve the com-
posite gel (PVAA─cellulose). The extensive porous network and
hydrogen bonding of the PVAA─cellulose have led to optimal
water retention, and thermal stability, with ionic conductivity of
123 mS cm−1, all values higher if compared with PVAA (i.e.,
the mixture of PVA and PAA). The cycling performances of the
PVAA─cellulose electrolyte demonstrated the inhibition of the
dendrite growth and of oxidation byproduct generation, which
contributed to the cycling stability of the Zn–air battery. Figure 7f
shows a scheme of the PVAA─cellulose solid state electrolyte
(SSE) synthetic procedure. The discharge polarization and power
density curves of the Zn–air batteries revealed a better behavior
of the cell using PVAA─cellulose SSE compared to the cells using
PVA and PVAA, with a power density of 74mW cm−2 (Figure 7g),
and a lower polarization for discharge limited to 10minutes until
10 mA cm−2 (Figure 7h).
Furthermore, the voltage–capacity curve in Figure 7i indicated

for the cell using the PVAA─cellulose electrolyte a specific capac-
ity of 720 mAh g−1 as referred to the Zn weight for the copmlete
discharge until 0.5V, delivered mainly at about 1.25 V. The EIS
spectra evidenced interphase resistance of the cell of few ohms
(Figure 7j), and the galvanostatic discharge–charge cycling curves
at 3 mA cm−2 by limiting charge/discharge time to 10 min re-
vealed a stability for 54 h (i.e., 160 cycles in Figure 7k) as well as
the outstanding flexibility.[44] Another recent research presented
a CMC─PVA GPE for Zn–air battery.[46] The authors optimized
the process to achieve the electrolyte that retained a relevant KOH
amount to favor the electrochemical processes of the MnO2-
based air cathode and the Zn anode. The ratio of PVA:CMC,
concentration of PVA─CMC, and thickness of the gel polymer
electrolyte have been adequately tuned. The research results have
shown that the gel using a polymer membrane with PVA:CMC
ratio of 5:2 at a concentration of 0.063 g mL−1 in DI water can up-
take 6 m KOH, thus lowering the charge transfer resistance (RCT)

of the device, and increasing the discharge plateau by 5–6 times
compared to a gel using PVA only. Figure 8a shows the scheme
of the polymer matrix, and Figure 8b reveals the notable uptake
of the gel polymer electrolyte during time evolution. The cycling
performance of the Zn–air battery using MnO2 nanowires with
10min duration limit for each discharge (5.2mA cm−2) or charge
(7.3 mA cm−2) reported in Figure 8c evidences a life extended
over 75 cycles, average working voltage of about 1.3 V, however
initial polarization of 0.66 V (Figure 8d) increasing to about 1 V at
the end of the test (Figure 8e), which is justified by the increase of
the cell impedance demonstrated by the EIS of the device before
and after cycling (Figure 8f). It is worth mentioning that the elec-
trolyte uptake (Figure 8g) was correlated with RCT of the device.
On the other hand, a Zn–air battery using the same electrolyte
setup with a new porous Ni foam (air electrode) has been assem-
bled and cycled. Figure 8h shows the discharge capacity curve of
this cell fromOCV (inset) down to 0 V at 1mA cm−2, and reveals a
working voltage of about 1.3 V and a maximum discharge capac-
ity of 710 mAh g−1 as referred to the Zn weight. Furthermore,
the cycling performance of this battery (Figure 8i), within the
same condition of the previous one (compare with Figure 8c) de-
picted a reversible trend over 310 cycles (charge/discharge limit
of 10 min), thus suggesting the cathode optimization as a suit-
able strategy to improve the battery performance in addition to
the proper electrolyte setup.[46] A further literature example has
interestingly shown concomitantly CO2-retardant effect and en-
ergy storage in a system based on CO2-decorated conductive cel-
lulose electrolyte.[48] The work focused on the achievement of
highly conductive cellulose by bedecking the cellulose with CO2
(CC─CO2) via ionization, which brooked the inherent inter- and
intra-molecular hydrogen bonds. Thematerial was used as a qua-
sisolid Zn–air battery which can impede the CO2 poisoning of
the electrolyte and dendrite formation on Zn to promote the elec-
trochemical performance and stability even in a CO2-rich atmo-
sphere. Figure 8j reveals that the battery using the CC─CO2 elec-
trolyte can stand for 60 h (about 300 cycles), limiting to 10 min
the cycle duration, with polarization slightly below 1 V and the
working voltage of 1.4 V, while the cell using the CC operated
in the same condition for less than 20 h (100 cycles). The pa-
per claimed that facilely and recycling efficiency of the materials,
as well as integrating CO2 utilization with bioderived materials
was well designed for renewable energy storage systems to meet
sustainability targets.[48] Another biodegradable electrolyte was
recently designed for flexible energy storage system in literature
for lowering the cost, and increasing the safety.[47] Hence, a quat-
ernized soybean protein isolate (QSPI) with highly hydrophilic
polymer hydroxyethyl cellulose (HEC) electrolyte (QSPI@HEC)
characterized by relevant ionic conductivity, up to 24 mS cm−1,
has been prepared and applied in a Zn–air battery. The activation
energy of ion transport has been obtained for this membrane by
calculating the slope of ln(𝜎) versus (1000/T) according to the
Arrhenius equation, and OH− transport has been described to
be principally controlled by the Grotthuss mechanism. The re-
sulting Zn–air battery performed at various current densities ex-
ceeding the reference membrane (Fumasep FAA-3-PK-75 FAA-
3-PK-75), with discharge plateau of 1.3 V at 0.5 mA cm−2 and
1.2 V at 10 mA cm−2, at a time limited to 10 min for each cur-
rent (Figure 8k), and peak power density of up to 80 mW cm−2.
The galvanostatic discharge–charge cycling current at 1mA cm−2
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Figure 7. a–e) Characteristics of the PANa/CNF/GONR GPE. (a) Synthesis scheme, (b) discharge curves at 2 mA cm−2 until 0 V of Zn–air battery based
on different GPEs and (c) power densities curves. (d) Galvanostatic charge–discharge cycling of the batteries based on different GPEs at 2 mA cm−2

limiting discharge or charge time to 10 min and (e) discharge curves at different current densities. Adapted with permission.[49] Copyright 2024, ACS. f–
k) Characteristics of PVAA─cellulose SSEs. (f) Synthetic procedure scheme. (g) Discharge polarization and power density curves of Zn–air battery using
PVA, PVAA, and PVAA─cellulose SSEs. (h) Discharge curves at different current densities limiting the time to 10 min. (i) Voltage–capacity discharge
curves until 0.5V, (j) EIS, and (k) galvanostatic discharge–charge cycling curves at 3 mA cm−2 limiting discharge or charge time to 10 min. Adapted with
permission.[44] Copyright 2023, ACS. See Table 1 for acronyms’ summary.
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Figure 8. a–c) CMC─PVA GPE composite GPE. (a) Scheme of the polymer matrix. (b) Electrolyte solution (6 m KOH) uptake of the GPE (PVA: CMC:
5:2, thickness: 4mm) during time. (c) Cycling trend of Zn–air battery using MnO2 nanowires by discharge at 5.2 mA cm−2 and charge at 7.3 mA cm−2

for 10 min each, with 4 mm thick GPE, d) first cycle and e) last cycle (75th). f) EIS before and after cycling, g) electrolyte uptake of each sample and
correlation with RCT of the device. h) Discharge capacity curve of a Zn–air battery with the same electrolyte and new porous Ni foam (air electrode) from
OCV (inset) to 0 V at 1.0 mA cm−2, and i) cycling performance by discharging at 5.2 mA cm−2 and charging at 7.3 mA cm−2 for 10 min each. Adapted
with permission.[46] Copyright 2024, ECS. j) Cycling curves at the specific cycling time (10 min per cycle) of Zn–air batteries in air at 1 mA cm−2 using
bare and CC─CO2 electrolytes. Adapted with permission.[48] Copyright 2022, RSC. k) Rate capability of the solid-state Zn–air battery assembled with
QSPI@HEC electrolyte and commercial reference membrane (discharge time limited to 10 min for each current), l) cycling performance of battery with
the galvanostatic discharge–charge current at 1 mA cm−2 and a duration of 1 h per charge or discharge. Adapted with permission.[47] Copyright 2024,
ACS.
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with duration limited to 1 h per charge or discharge was stable
for around 4300 min (36 cycles), clearly exceeding the reference
samples (Figure 8l).[47]

The rechargeable Zn–air cell examples reported above demon-
strated the feasibility of this technology by properly tuning
the electrode/electrolyte interphase characteristics. However, the
cells revealed a still persistent issues ascribed to the sluggish ki-
netics, which lead to acceptable cycle life only if a small fraction
of the capacity is exploited (typically less than 1/10 of the one
achievable by full discharge until low voltage). These drawbacks
may be mitigated by the adequate cell setup, including the pres-
ence of catalysts in the cathode side. On the other hand, the best-
known catalyst for OER is RuO2, and for ORR is Pt/C, respec-
tively, which suffer frommany disadvantages, e.g., high cost, and
modest stability in the electrolyte especially at the higher oxida-
tion potential.[63,70,71] Further candidates with more sustainable
cost are transitionmetal oxide electrocatalysts, that are widely rec-
ognized for the ability in facilitating both OER and ORR, due to
their partially filled d-orbitals that facilitate numerous possible
oxidation states. Additionally, performance enhancement can be
achieved through doping or combining with other complemen-
tary materials like carbon-based ones.[72–75]

5. Evaluation on Energy Density, Applicability, and
Future Outlooks

In the previous paragraphs, we have illustrated examples of
rechargeable Zn batteries operating by using different cathode
chemistries, i.e., MnO2, V2O5, and air, exploiting the cellulose-
basedmembrane as the aqueous electrolyte media. Despite there
are many other examples of Zn cells with the setup discussed
herein,[76–79] as well as using different electrolyte media,[80,81] it
appeared to us that cellulose-based substrates are among the
most convenient in terms of processability and low economic
and environmental impact.[82–84] Unlikematerials predominately
derived from fossil feedstocks and minerals which can trig-
ger climate change, plastic pollution, and economic challenges,
cellulose represents a versatile substrate perceived by relevant
stakeholders to be biodegradable, and sustainable. In addition,
cellulose-based materials derived from various natural products
and even from biowaste can be transformed into hydrogels, aero-
gels, membranes, films, and fibers by conventional and low-cost
synthetic pathways, which further triggers the sustainability.[85]

On the other hand, our review indicates that various problems
of the mainstream cathode materials, such as MnO2 dissolu-
tion and its possible loss in the cell or V2O5 deterioration, can
by strongly limited by the several optimizations of the cellulose-
based membrane. Hence, among the batteries illustrated above,
the cell using the COP─CMC/QG─Zn and Zn/MnO2 cathode
rather than the bare electrode in Figure 4c revealed a cycle life ex-
tended over 1000 cycle with very modest decay, the cell with PIM
gel membrane and the same cathode in Figure 4e retained 85%
of the pristine capacity over 400 cycles, while the one using Zn–
gel from cellulose/DES and carbon cloth@MnO2 (CC@MnO2)
in Figure 5c showed 500 cycles with very limited decay. The same
improvement has been observed for vanadium-oxide-based cath-
ode with cellulose membranes, as clearly evidenced by the per-
formance of the NH4V4O10/CAZ@Zn cell in Figure 6e that de-
picted a life extended over 2000 cycles without any significant de-

cay. Therefore, the use of cellulose-based membranes can sub-
stantially mitigate the still existing issues of diffused cathodes
such as MnO2 and V2O5. The energy content and the cycle life
of the cells discussed herein differed depending on the feature of
electrolyte and cathode sides. Hereafter, we compare the charac-
teristics of the various cell prototypes with the aim of enlight-
ening possible applicability in suitable fields according to the
energy and economical requests.[86] Hence, for achieving this
scope, Table 2 reports a summary of the Zn- cell characteristics
shown in the various figures of this work in terms: i) battery type;
ii) working voltage considered as the average value for the sloped
or multishaped curve in Zn-ion cells (i.e., the ones using MnO2-
and V2O5-type cathodes), while an almost constant discharge
plateau of about 1.3 V for the Zn–air battery; iii) the maximum
specific capacity that is typically achieved at the lowest current,
normalized to the active material weight in the cathode for Zn-
ion batteries, and to the Zn anode weight for the Zn–air cells; iv)
the starting capacity during long-term cycling, considered as the
one after the initial few stabilization runs, with related current,
capacity retention, and total number of cycles. It is worth noticing
that the cycle number is reported only as indication also for Zn–
air cell, and it cannot be directly compared to the cycle life of the
typical Zn-ion cells since it is achieved by limiting the discharge
time, hence the cell capacity, to a very small fraction of the full dis-
charge one. On the other hand, the Zn–air cells reveal the highest
capacity value upon a single discharge without limitation, which
is however not fully reversible, instead the cells usingMnO2 have
the highest working voltage value despite the lowest maximum
capacity, and they share with cells using V2O5-type cathode the
most relevant cycle life within a practical condition comparable
to that of other rechargeable systems. Despite of the lowest aver-
age working voltage among the other cells, the ones using V2O5
cathode remark a relevant competitivity in terms of high capacity
value and feasibility.
Therefore, we may suggest that the Zn-ion batteries are

presently the most competing in terms of gravimetric capacity
and cycle life, while the Zn–air one is still the most promising,
while requesting further development to achieve at the same time
high capacity and long cycle life. A further insight to facilitate the
comparison is reported in Figure 9 that summarizes the perfor-
mances in term of expected energy density of the various cells
discussed herein. It is worthmentioning that the expected energy
density has been calculated taking into account the maximum
capacity of the cell and its average working voltage, as well as a
reduction factor to take into account the contribution of inactive
elements, such as the cell case, current collectors, and cell body
components. This reduction factor has been considered 1/3 for
the Zn-ion cells, which is a conventional fraction typically used
in the case of the most diffused rechargeable batteries, such as
the Li-ion ones.[87] On the other hand, the reduction factor is
lowered to 1/10 for the Zn–air cells, that employ gas diffusion
layers, foams, and other materials to allow the oxygen diffusion,
and foresee the limitation of the maximum capacity to a small
fraction by tuning the charge/discharge time for rechargeability.
It is worth mentioning that such a drastic normalization is typi-
cally performed also for the Li–oxygen (Li–air) rechargeable bat-
teries that share very similar issues.[88,89] Interestingly, the figure
evidences that the practical energy density ranged from a max-
imum of 135 Wh kg−1 for the most performing cell to 75 Wh
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Table 2. Characteristics of the various rechargeable Zn-batteries reported in this review in terms of average working voltage, gravimetric specific capacity,
and cycle life.

Refs. n/Figure n Battery Voltage [V] Maximum capacity
[mAh g−1]

Long-tern cycling initial
capacity [mAh g−1]

Long-tern cycling
capacity retention [%]

Long-tern cycling
employed current [A g−1]

Provided
cycles

[40]/Figure 4 Zn–MnO2 1.35 300a) 150 80 1 1000
[34]/Figure 4 Zn–MnO2 1.35 220a) 120 91 0.15 400
[43]/Figure 4 Zn–MnO2 1.35 140a) 140 77 0.1 100
[36]/Figure 5 Zn–MnO2 1.35 210a) 200 90 0.15 500
[33]/Figure 5 Zn–MnO2 1.35 225a) 130 54 1 500
[32]/Figure 6 Zn–NH4V4O10 0.8 420a) 175 97 1 2000
[41]/Figure 6 Zn–V2O5 0.8 420a) 400 63 0.1 200
[31]/Figure 6 Zn–V2O5 0.8 410a) 390 71 1 500
[49]/Figure 7 Zn–Air 1.25 560b) – – – 960c)

[44]/Figure 7 Zn–Air 1.25 720b) – – – 160c)

[46]/Figure 8 Zn–Air 1.3 710b) – – – 310c)

[48]/Figure 8 Zn–Air 1.3 780b) – – – 350c)

[47]/Figure 8 Zn–Air 1.4 600b) – – – 36c)

a)
Calculated taking into account the cathode active material weight;

b)
Calculated taking into account the Zn anode weight;

c)
Achieved by limiting the discharge time to a

small fraction of the full discharge (below 10% of the maximum value for full cell discharge).

Figure 9. Expected practical gravimetric energy density values of the var-
ious cells discussed herein, divided by 3 families: Zn–MnO2, Zn–V2O5,
and Zn–air.

kg−1 for the less performing ones.[44] In detail, one example of
Zn–MnO2 cell revealed a very promising value (135 Wh kg−1)[40]

which is almost competing with the one of the Na-ion cells,[90]

with the additional bonuses of the relevant applicability and the
long cycle life in practical battery (see Table 2 for details). Rele-
vantly, all cells using V2O5-type electrode show a similar compet-
ing value of around 110 Wh kg−1,[31,32,41] while the rechargeable
Zn–air cells show a maximum value of bout110 Wh kg−1 and the
advantage of wearability for possible niche applications.[48] The
data reported in Figure 9 show for all the rechargeable Zn cells
an energy valuewhich is typically well accepted for applications in
stationary storage, which is more affected by the battery cost than
weight and volume, rather than electric vehicles field.[86] How-
ever, we would mention that the future development of recharge-
able batteries based on Zn and cathodes such as MnO2, V2O5, or

oxygen requires the ultimate solution of problems such as metal
dissolution, cathode deactivation, or dendrite formation at the an-
ode side. Despite this review evidenced that several improvement
have been already made, the actual large-scale diffusion of these
rechargeable systems may be achieved by further optimizing all
the cell components. In particular, Zn anode may be enhanced
by using coatings, alloying systems, or direct electroplating in a
Zn-metal-free version. The cathodes can be additionallymodified
by coating, doping, or by building 3D structures, preintercalation
of guest species, introduction of defects, or by optimizing nanos-
tructures. The electrolyte can be optimized by using ad hoc addi-
tives or separators, improving the strength, functionalization of
flexible gel or plasticized membranes, and selecting proper Zn
salts.[52,57] In particular, synergistic interaction between all the
three components is considered the pathway of choice, in partic-
ular for Zn–air battery which is the most challenging system.[67]

Among the recent electrolyte optimizations, we can men-
tion that membranes with asymmetrical proton transport for
cross-communication harmony have been used as extreme lean
electrolyte for Zn–vanadium battery,[91] whilst MXene-cellulose
nanofibril ionotronic dual-network hydrogel films were success-
fully employed to stabilize the zinc anodes.[92] Furthermore,
nanocellulose-carboxymethylcellulose electrolyte has been devel-
oped ad hoc for Zn-ion batteries characterized by excellent stabil-
ity and high-rate,[93] and ultrathin cellulosic gel electrolytes with
a gradient hydropenic interface have been adopted for develop-
ing stable, high-energy and flexible Zn-battery.[94] On the other
hand, nanoengineered functional cellulose has been developed
as ionic conductor for achieving all-solid-state Zn-ion battery with
relevant performance,[95] and CNCs have been built to achieve
multiscale hydrogel electrolyte used in highly reversible and flex-
ible Zn-ion battery.[96] An ultrastable Zn anode has been achieved
using amphoteric cellulose-based double-network hydrogel,[97]

whereas electrolytes with abundant ion and water channels have
been derived from biomass for solid-state and flexible Zn–
air battery.[98] As an ultimate proof of the system applicability,
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Figure 10. Zn-ion cells with relevantly improved cycling performance. a) Zn–MnO2 cell with biobased multifunctional cellulose levulinate ester in the
electrolyte cycled at 2 A g−1. Adapted with permission.[99] Copyright 2024, Elsevier. b) Zn–MnO2 cell with multifunctional CNC in the electrolyte cycled at
10 A g−1. Adapted with permission.[100] Copyright 2024, Wiley. c) Zn–V2O5 cell with molecular chain rearrangement of natural-cellulose-based artificial
interphase cycled at 5 A g−1. Adapted with permission.[101] Copyright 2025, Wiley.
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Figure 10 reports some of the most improved Zn-ion batteries
recently reported in literature.
Impressively, biobased multifunctional cellulose levulinate

ester,[99] and multifunctional CNC[100] have been used as the
electrolyte additive for getting Zn–MnO2 battery with cycle life
extended over 3000 cycles (Figure 10a,b, respectively). Equally
impressive appeared the 5000 stable cycles of the Zn–V2O5
battery exploiting molecular chain rearrangement of natural-
cellulose-based artificial interphase on the Zn metal anodes
(Figure 10c),[101] whereas molecule-adsorption-induced interface
served as a regulator for Zn–MnO2 battery with relevant cycle
life.[102]

6. Remarks and Conclusions

This review reported a series of rechargeable Zn- batteries based
on lignocellulose polymers and hydrogels, categorized by taking
into account the cathode side, i.e., manganese oxide, vanadium
oxide, and air, all proposed as energy storage systems for low-
ering the costs and enhancing the environmental sustainability.
The work revealed substantial tunability of the membrane syn-
thesis techniques, that allowed the preparation of various types
of functionalized electrolytes, characterized by compatibility both
with Zn anode and with the cathode side. Thanks to functional
groups such as ─OH, ─NH2, ─COO, and ─CO, these mem-
branes allowed adequate hosting of the Zn2+ ions in the back-
bone, and at the same time high conductivity exceeding 1 ×
10−3 mS cm−1, lowZn–electrolyte interphase resistance, and sup-
pressed dendrite formation. For example, COP─CMC/QG has
foreseen a hydrophilic multifunctional layer in which carboxyl
and hydroxyl or ether groups intimately contacted the Zn metal
and the Zn+ ion conducting media. This setup actually allowed
Zn–MnO2 rechargeable battery with promoted kinetics and cy-
cle life. On the other hand, additional groups such as the ami-
doxime in the AO-PIM-1/BC GPE showed a synergic effect be-
tween the abovementioned groups and the C═N bonds that coor-
dinated Zn2+ to further promote the ion transport, reduce the
desolvation energy, and allow uniform deposition of Zn, thus
triggering the electrolyte performances. Hence, we can reason-
ably conclude that the concomitant effect of coordinating func-
tional groups such as carboxyl, hydroxyl, ethers, and other addi-
tional groups such as ─CN or ─SO, are the main responsible for
the improvement of the cellulose-based electrolyte membranes
in terms of Zn-transference number, ion conductivity, cell stabil-
ity, kinetics, and cycle life. In addition, various membrane pro-
totypes resulted elastic and with notable mechanical strength,
thus allowing possible scalability of the system. Regarding the
Zn- cell performances, the study revealed the possible achieve-
ment of long cycling life, in particular for the batteries using the
MnO2 and V2O5 cathodes. In detail, projections on the achiev-
able practical energy have indicated for a Zn–MnO2 cell a value
of 135 Wh kg−1, which competed with the one of Na-ion battery,
while all the Zn–V2O5-type cells steadily evidenced an energy of
about 110 Wh kg−1. On the other hand, the Zn–air cells showed
promising performances with the maximum energy density of
100 Wh kg−1, which can be further improved. Indeed, these cells
delivered the maximum discharge capacity, the reversibility of
which was still hindered by sluggish kinetics of the process lead-
ing to relevant polarization and possible cell failure, unless ca-

pacity limitation to a fraction of the maximum value is adopted
to increase the lifespan. Furthermore, the cells using the V2O5
cathode evidenced the widest voltage slope during operation, i.e.,
extending from 0.3 to 1.5 V, instead the ones using MnO2 oper-
ated between 1 and 1.5 V, and the Zn–air system discharged at
constant voltage of 1.3 V however with the abovementioned ca-
pacity limitation and polarization. Therefore, we may conclude
that all these cells may be adequate candidates for energy stor-
age, while the Zn–MnO2 ones appeared the most advanced ex-
ample for possible scalability. Furthermore, recent and relevant
progresses on the cellulose-based electrolytes have actually led
to impressive performance in terms of cycle life and stability
of Zn-ion batteries using MnO2 and V2O5 cathodes, thus sug-
gesting a concrete possibility for future practical application of
these energy storage systems. Indeed, Zn–MnO2 using biobased
multifunctional cellulose levulinate ester,[99] andmultifunctional
cellulose nanocrystals[100] revealed lifespan extended over 3000
cycles, while Zn–V2O5 battery exploiting molecular chain rear-
rangement of natural-cellulose-based artificial interphase deliv-
ered 5000 stable cycles.[101] Additional insight may be given by
considering that these batteries cannot compete with Li-ion ones
in terms of energy density, which is themost challenging request
of electric vehicles.[103–105] Rather, these sustainable systems can
actually serve as the power supply for employment in gird stabi-
lization and stationary energy storage from discontinuous, while
notably green and renewable sources, such as solar, wind, and
geothermal.[106–108] These systems are in fact more affected by
cost than energy density, and are requested for limiting fossil-
fuel energy production and decreasing the greenhouse gas emis-
sion that may trigger global warming.[109,110] On the other hand,
a possible decrease of the vehicle weight by using new compos-
ite materials, such as carbon fibers,[111,112] can even open a room
for using the rechargeable Zn-based battery in electrified road
transportation, thus further limiting emission from combustion
engine technology.[113,114]
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