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Flexible agueous rechargeable sodium-ion batteries (ARSIBs) have emerged as promising energy storage
systems for flexible and wearable electronics due to their safety, eco-friendliness, flexibility, and low
cost, especially for large-scale and high-throughput storage needs. However, the design of flexible
ARSIBs with high performance and excellent mechanical performance still faces challenges including the
structural stability of electrodes, narrow electrochemical stability window of electrolytes, various side
reactions, and structural design. It is urgent to design and develop ARSIBs with superior electrochemical
performance, excellent mechanical performance and broader application scenarios. While there have
been numerous reviews on sodium-ion batteries, there is a scarcity of exclusive reviews focusing on
flexible ARSIBs. This review systematically introduces the advancements in electrode materials,
electrolytes, and their optimization strategies for flexible ARSIBs. In addition, the recent advancements of

batteries are discussed in terms of design strategies, multifunctional applications, and damage resistance.
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Accepted 19th March 2025 To manufacture flexible ARSIBs with coordinated high energy density and multi-functionality, not only

the active materials and electrolytes should be optimized, but also the structural design should be
improved. This review aims to evaluate the challenges and future prospects, and offer valuable
references for designing advanced and high-performance flexible ARSIBs.
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cameras, and computers), as well as automotive applications.*
Although conventional LIBs offer high energy density, their
rigid nature, safety issues, limited lithium resources, and high
costs remain unavoidable, hindering their further development
in the fields of wearable electronics and foldable flexible elec-
tronics. Due to the advantages of eco-friendliness, flexibility and
abundant sodium resources, flexible aqueous rechargeable
sodium-ion batteries (ARSIBs) have greater market competi-
tiveness in the development of portable flexible electronics.®™*

During the charging process of flexible ARSIBs, Na* migrates
from the cathode to the anode via the electrolyte, while

1. Introduction

In view of the success of flexible and wearable electronics,
urgently developing an energy storage system with safety and
flexibility has become a top priority. Since their commerciali-
zation in 1991, lithium-ion batteries (LIBs) have been widely
used in portable electronics (such as watches, mobile phones,
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electrons flow from the cathode to the anode through the
external circuit, often accompanied by redox reactions (Fig. 1).
Therefore, the development of active materials and electrolytes
has received increasing attention in recent years. However,
unlike non-aqueous systems, aqueous batteries encounter
special challenges, including the limited electrochemical
stability window (ESW) of water (1.23 V) and irreversible side
reactions involving the hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), and proton co-insertion. The
above problems not only lead to low coulomb efficiency (CE),
poor cycling performance, and low energy density, but also
cause battery bloating/expansion. Therefore, designing and
preparing suitable active materials and electrolytes are essential
for high-performance flexible ARSIBs.

The Na/S battery with metallic sodium as anode and
elemental sulfur as cathode is the earliest sodium battery in the
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world.” Subsequently, people began to explore the electro-
chemical behavior of Na' in aqueous electrolytes, as well as the
structural design of flexible aqueous batteries to obtain safe and
environmentally friendly flexible ARSIBs."*"” Fig. 2 shows the
evolution of flexible ARSIBs from 2017 to 2024.'%>* The elec-
trochemical performance and applications of flexible ARSIBs
including fiber-based, paper-based, metal current collector-
based, and self-supporting ARSIBs were further explored.>*>’
The above studies have demonstrated the potential of flexible
ARSIBs as promising energy storage systems in wearable and
implantable electronics fields.

This review offers an overview of the most recent research
progress in flexible ARSIBs, including battery constituent
components, structural design strategies, and practical appli-
cations. Firstly, we introduce the developments of active mate-
rials in ARSIBs, and summarize the optimization and

Flexible aqueous rechargeable sodium-ion batteries
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Fig. 1 The mechanism and crucial components of flexible ARSIBs.
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Fig. 2 The major development of flexible ARSIBs with different structural designs in recent years.*®-24

improvement strategies, aiming at enhancing the electro-
chemical performance of active materials. Secondly, we
systematically discuss diluted/concentrated electrolytes, low
freezing point electrolytes, and hydrogel electrolytes in ARSIBs.
Our findings suggest that utilizing optimized electrolytes could
potentially alleviate the limitations of certain electrode mate-
rials, thereby enhancing their electrochemical performance.
And then, according to the structural design, we elucidate
advanced configurations for flexible ARSIBs, such as fiber-
based, paper-based, metal current collector-based, and self-
supporting ARSIBs. Then the adaptability of flexible ARSIBs in
practical applications and their stability under extreme condi-
tions are discussed. Finally, we briefly discuss the future pros-
pects and challenges for flexible ARSIBs. To manufacture

This journal is © The Royal Society of Chemistry 2025

flexible ARSIBs with coordinated energy density and function-
ality, it is crucial to optimize active materials and electrolytes,
and improve structural design strategies. The purpose of this
review is not only to summarize the development and applica-
tions of flexible ARSIBs, but also to provide comprehensive
information on flexible ARSIBs.

2. Cathode materials and
optimization strategies

Compared with conventional LIBs, ARSIBs hold great potential
as next-generation energy storage devices due to their abundant
sodium resources and aqueous electrolytes, which meet the
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requirements of safety, low cost, and environmental friendli-
ness. Currently, the active materials used for the cathodes of
ARSIBs primarily include Mn-based oxides, polyanionic
compounds, Prussian blue analogues (PBAs), metal organic
frameworks (MOFs), and organic polymer materials. Fig. 3
provides a performance comparison of these cathode materials,
including energy density, cycle performance, conductivity,
structural stability, cost effectiveness, and environmental
friendliness. In the following sections, we will specifically
discuss the performance of cathode materials and optimization
strategies, providing valuable insights for the development of
high-performance ARSIBs.

2.1. Cathode materials

2.1.1. Mn-based metal oxides. Transition metal oxides are
attractive cathode materials for various energy storage systems,
due to their appealing capacity, facile manufacturing processes
and excellent stability. Transition metal oxides like V,05, MnO,,
and RuO, are frequently utilized as cathode materials of
ARSIBs. However, these metal oxides primarily exhibit capaci-
tive behavior, involving Faraday adsorption and desorption
processes on their surface, rather than insertion/extraction
behaviors of Na' or chemical reactions.?*-°

MnO, exhibits a representative pseudocapacitance behavior
in the neutral electrolyte.*! Moreover, the insertion of Na* into
MnO, will induce an irreversible phase, which limits the wide
applications of MnO, in ARSIBs.*> In recent years, Na,MnO,
compounds have been considered promising cathode materials
in ARSIBs, which have recently attracted major attention. A
variety of Na,MnO, sodium compounds were synthesized with
different sodium to manganese ratios, such as Nag,;MnO,,
Nag 4oMnO,, and Na, ,,MnO,. It has been demonstrated that
Nay.,sMnO, undergoes a biphasic reaction involving Na'
intercalation, different from the capacitive behavior of MnO, in
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Performance comparison of (a) Mn-based oxides, (b) polyanionic compounds, (c) PBAs, (d) MOFs, and (e) organic polymer materials.

aqueous electrolytes (Fig. 4a).*® After charging/discharging for
1000 cycles, the Naj44MnO, cathode still exhibits excellent
electrochemical performance, and the capacity of Nay 44MnO,
can reach 35 mA h g ' (0.5 A g™ ). Subsequently, a sodium rich
disordered birnessite Na,,,MnO, exhibits excellent discharge
capacity (138 mA h g™ "), high energy efficiency, and appealing
cycle performance, as well as nearly 100% CE after 5000 cycles
(Fig. 4b).** In summary, various Na,MnO, compounds are
developed as potential cathodes in ARSIBs, and their crystal
structures and properties depend on the ratio of sodium.
Nevertheless, these materials present significant volume
shrinkage/expansion throughout the charging/discharging
process, resulting in structural collapse and rapid capacity
reduction.

2.1.2. Polyanionic compounds. Na,M,(XO,), (X = S, P, Si,
As, Mo and W; M = transition metal elements) polyanionic
compounds exhibit an open framework structure, which
includes the tetrahedral anion units (XO,4),,” and MO, poly-
hedra with strong covalent bonds.*® This unique framework
structure of polyanionic compounds facilitates the rapid
transfer of Na*, enhances the active sites of materials, leading to
high capacity and excellent cycle performance. Among them,
NaFePO,, Na;V,(PO,); (NVP) and their derivatives are regarded
as attractive cathodes for ARSIBs, owing to their wide channel
structure, stability and large surface area.

Olivine-type LiFePO, is widely used in LIBs due to its stable
structure and appealing energy density. The sodium-rich poly-
anionic compound NaFePO, is extensively investigated as an
active material for ARSIBs, presenting a similar structure to
LiFePO,. As shown in Fig. 4c, the open framework structure of
NaFePO, is formed by the sharing of a side and corners between
the PO, tetrahedron and the FeOg octahedron.*® NaFePO,
provides high theoretical capacity (154 mA h g~') and a wide
ESW of 2.8 V, due to the existence of the Fe*'/Fe®" redox couple.

This journal is © The Royal Society of Chemistry 2025
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As shown in Fig. 4d, the framework structure of NVP is made up
of sharing corners between three PO, tetrahedra and a VOq
octahedron, which creates a large interstitial space and a three-
dimensional (3D) network of interconnected channels to facil-
itate the insertion/extraction behaviors of Na‘. The NVP pres-
ents high theoretical capacity and appealing stability, due to the
multivalent redox reaction of V>*/V®* redox couples and the
strong V-P bonds. The Na;V,(P0O,);/C (NVP/C) with 3D frame-
work structure is prepared by electrospinning technology,
which presents phenomenal discharge capacity (101 mA h g™,
outstanding electrochemical performance and great stability.?”
However, polyanionic compounds still face the following chal-
lenges: (1) the inherent low conductivity, (2) the instability of
electrode materials in aqueous electrolytes. These problems
lead to poor cycle performance and limit the practical applica-
tions of polyanionic compounds.

2.1.3. PBAs. The typical framework structure of PBAs is
represented by the chemical composition A,M;[M,(CN)¢].-
‘xH,0 (0 =n=2,0=<m=1,0 =< x), where A represents alkali
metals or alkaline earth metal ions and M; and M, represent
transition metal ions (Fe, Mn, Ni, Co, Mo, and Cu ions).**** And
the Fe*"/Fe®* redox couple and other transition metal ion redox
couples provide a high ESW and excellent capacity. These
materials are regarded as ideal cathode materials for ARSIBs,
owing to the 3D framework structure, excellent theoretical
capacity, and eco-friendliness. PBAs with open framework

This journal is © The Royal Society of Chemistry 2025

structure and 3D channels enable rapid ion diffusion, demon-
strating excellent cycling stability during the insertion/
extraction process of Na'. Based on their central ion, crystal
water, ligand, and outside conditions, PBAs are mainly divided
into monoclinic, rhombic, cubic and quadrilateral structures.
Different amounts of Na" and water molecules enter the PBA
lattice, the symmetry of the crystal decreases, the crystal phase
changes, and the structure is easy to transform into a mono-
clinic phase and orthorhombic phase. Although PBAs display
valuable applications in energy storage systems, the structural
evolvement of PBAs is highly significant and complex, the
precise mechanism is still unclear during the charging/
discharging process.

Prussian blue materials containing only Fe metal ions
undergo single-point redox reactions.”” In recent years, the
stability of the PBA structure has been improved by doping
other transition metal ions. In particular, NiFe,** CuFe,** FeFe,*
CoFe,*® and MnFe" can perform double-site redox reactions,
which shows excellent electrochemical performance. The
crystal structure of PBAs influences their redox potential, and
the different positions of Na" in various crystal structures leads
to varying electron polarizations. For example, Na,CoFe(CN)s
(CoHCF) serves as a promising cathode for ARSIBs, which was
prepared using a citric acid-assisted co-precipitation method.*®
The addition of Co®" is conducive to control crystallization, thus
enhancing the structural stability of CoHCF throughout the

J. Mater. Chem. A, 2025, 13, 12009-12038 | 12013
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cycle process (Fig. 4e). After charging/discharging 100 times at
2G, the discharge capacity of CoHCF still remains at 100% of the
initial capacity. However, there are limited reports regarding
PBAs as cathode materials for ARSIBs, due to the inherent
instability of PBAs in aqueous electrolytes.

2.1.4. MOFs. Due to the large radius of Na', the MOFs with
open framework structures, large specific surface area, and
tunable pore sizes are promising electrode materials for
sodium-ion batteries (SIBs).*”®* However, there are limitations in
the chemical stability and conductivity of MOFs, which inhibits
fully exploiting their advantages as electrode materials. At
present, there are efficient solutions: (1) carbon-coated metal
oxides with an ordered framework structure can be obtained by
the carbonization of MOFs. (2) The carbon-coated metal sele-
nides and sulfur-doped nitrogen carbon are prepared by sele-
nization and vulcanization of MOFs.

As shown in Fig. 5a, the Sn/SnO@C nano-composites are
prepared by the reduction of Sn-MOF with H,, in which SnO
nanorods and Sn nanospheres are embedded in the hexagonal
carbon framework.* As the anode material for SIBs, Sn/SnO@C
exhibits a high capacity of 130.1 mA h g~' (2000 mA g %),
excellent rate performance, and appealing cyclability (Fig. 5b).
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In Fig. 5c, the nitrogen-carbon coated FeSe, (FeSe,@NC) with
spindle nanostructure is fabricated by polymerization, carbon-
ization and selenization of MIL-BBA.*® The nitrogen-containing
carbon layer effectively improves electronic conductivity,
provides more active sites, and alleviates volume expansion
caused by the Na" diffusion process. FeSe,@NC exhibits excel-
lent cycling stability with the capacity of 269.8 mA h g™ ' after
charging/discharging 500 times. As shown in Fig. 5d, the sulfur-
doped porous carbon (S/C) is fabricated by carbonization and
vulcanization of MOF-5.>' The ordered framework carbon shows
a large specific surface area and provides more active sites,
making it an excellent host for sulfur. The unique structure
endows the S/C anode with outstanding cycle stability, and the
discharge capacity is 268.8 mA h g~ after 100 cyclesat 0.1 A g™ ".
The active materials prepared by carbonization, selenization
and vulcanization of MOFs possess phenomenal Na' storage
capacities. However, the chemical stability of MOFs in aqueous
electrolytes is limited, and there are few literature reports on
MOFs as electrode materials for ARSIBs.

2.1.5. Organic polymer materials. Organic polymer mate-
rials mainly contain elements such as C, H, O, N, and S, which
can tailor molecular structures by modifying functional groups

- 100
I—‘ 80

60

—=—Sn0@C
Coulombic Efficicncy —e—Sn/SnO@C
—h—Sn@C

1000 mA g’

Coulombic Efficiency (%)

450°C 4h
Waterbath | reduction 600 FRERpF SRS R _Sn0@C 40
) 400 -
Sn-MOF
" 0 —ao—Discharge =—@=Discharge === Discharge \Sn@ C 20
20 —0—Charge ~ =—9—Charge  =—o—Charge
500°C 4h 04 0
50 100 150 200
Cycle Number
R R e i . . T e T B A e A T i)
carbonization
i
C =
S gt 100
RF i Carbonizati = 80 2
coating erboniEatony =1 SIC g
— i = S o 3
Polymerization Selenization g %
-E 40 2
498.5mAh-g! 2
MIL-88A MIL-88A@RF FeSe,@NC 2 MOFS 20 E
L -8
e 200 300 400 500
E Cycle number (n)

|

=
i
:
|

#

-

N\

carbonization

XL

Soc
©

®e%

P

H0

3

carbonization

-

Emulsion

materials

~

~~—@ Sodium oleate —  3-Diethylaminophenol

P ONaONi ©C ON 00 oH|

Formaldehyde

Organic polymer

Fig. 5

Na:Ni-TABQ :

i

(a) Schematic illustration of the fabrication of the samples, (b) cycle performance.*® Reproduced from ref. 49 with permission from

Elsevier, copyright 2020. (c) The synthetic process of FeSe,@NC.5° Reproduced from ref. 50 with permission from Elsevier, copyright 2023. (d)
Cycle performance of S/C.** Reproduced from ref. 51 with permission from Elsevier, copyright 2024. (e) Schematic diagram of the PFMS
preparation process.®? Reproduced from ref. 52 with permission from Elsevier, copyright 2024. (f) Synthetic process of TAPBA-
NTCDA@MWCNTSs.** Reproduced from ref. 53 with permission from Elsevier, copyright 2023. (g) Crystal structures of Na,Ni-TABQ.>* Repro-
duced from ref. 54 with permission from John Wiley and Sons, copyright 2020.
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to adjust their redox and electrochemical performance. In
recent years, these materials have shown excellent electro-
chemical performance as electrode materials for SIBs. However,
some small molecule organic compounds will dissolve in the
electrolytes, resulting in the shuttle effect of active materials
and poor cycling stability. At present, the carbonization of
organic polymers to prepare hard carbon (HC) materials, the
preparation of composite materials of organic polymers with
reduced graphene oxide (rGO) and carbon nanotubes (CNTs),
and the fabrication of organometallic polymers can improve the
conductivity and stability of organic polymers.

The HC microspheres are obtained by the carbonization of
phenol-formaldehyde resin microspheres (PFMS); the graphi-
tization of the materials increases the layer spacing, and facil-
itates electron and ion transfer (Fig. 5e). The HC microspheres
exhibit a high capacity of 96.9 mA h g " even at a high current
density of 5.0 A g 5> As shown in Fig. 5f, the conjugated
microporous polyimide (TAPBA-NTCDA) is grown on multi-
walled carbon nanotubes (MWCNTs) to form TAPBA-
NTCDA@MWCNTs composites.®® The combination of
MWCNTs can enhance the conductivity, increase the active site,
and improve the stability of materials. As a cathode material for
SIBs, the TAPBA-NTCDA@MWCNTSs composites provide a high
capacity of 98.4 mA h ¢! (0.1 A ¢') and outstanding cycle
performance, with a capacity of 51.4 mA h g~ ' being maintained
after over 10 000 cycles (2 A g™).

The preparation of organometallic polymers can also effec-
tively solve the problems of low conductivity and poor structural
stability of organic polymer materials. Ni-coordinated tetra-
mino-benzoquinone (Ni-TABQ) organometallic polymers are
synthesized by d-m hybridization.** In Fig. 5g, the Ni-N bonds
and hydrogen bonds (HBs) in the polymer endow it with
a strong two-dimensional (2D) layered structure, which can
facilitate electron conduction and Na" diffusion. Moreover, the
Ni-TABQ shows outstanding rate performance; the discharge
capacity is 469.5 mAh g ' at 100 mAg ' and 3454 mAhg ' at
8 A g '. Although polymerization is an effective way to prevent
the dissolution of organic electrode materials, excessive poly-
merization will limit the exposure of active sites, thus reducing
capacity utilization. Therefore, the control of polymerization to
fully release the capacity of materials remains a significant
challenge.

2.2. Optimization strategies

In general, since the radius of Na" is larger than that of Li", the
stable active materials with microporous structure need to be
selected in ARSIBs, which highlights the significance of select-
ing electrode materials for achieving high-performance ARSIBs.
To obtain the high-performance active materials with appealing
stability, further optimization is necessary. Design and opti-
mization strategies, such as morphological engineering, defect
engineering, and composite modification, can maximize the
performance of active materials. The inherent advantages of
materials with optimization strategies can be combined to
develop active materials with high energy density and excellent
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cycling performance, making them very promising candidates
for energy storage systems.

2.2.1. Morphology engineering. The morphology of active
materials significantly impacts their electrochemical perfor-
mance, thereby affecting the specific surface area, active sites,
and ion migration pathways of materials. One-dimensional (1D)
nanostructured materials, characterized by nanowires and
nanorods, can provide effective transport pathways for electrons
and ions. 2D nanostructured materials, such as nanosheets and
nanoflowers, can offer excellent transport pathways for elec-
trons, and reduce the diffusion distances of Na‘. The 3D
nanostructured materials mainly include nanomaterials with
3D framework structure and 3D ion transport channels. Due to
their unique structure, these materials possess open channels,
which significantly increase the abundance of active sites and
reduce the diffusion distance of Na', thereby improving specific
capacity and cycle performance.

As promising 1D nanostructured materials, the special
structure of nanowire materials provides abundant active sites
for Na' storage and transfer. Dense nanowire electrodes possess
larger surface areas, offering more effective transfer pathways
for Na' and electrons, thereby maximizing the application of
active materials and enhancing electrochemical performance.
For example, the carbon-coated NazV,(PO,); (NVP@C) is fabri-
cated using the electrospinning technique, which is uniformly
arranged and densely packed intersecting nanowires (Fig. 6a).
In 19 m (mol kg™ ') NaClO,~NaOTF electrolyte, the NVP@C
cathode provides a wide ESW (3.45 V) and excellent discharge
capacity (112.2 mA h g %), closely approaching its theoretical
specific capacity. The NVP//NVP symmetric ARSIBs (Fig. 6b)
present excellent energy density (70 W h kg™ ') and appealing
cycle life, and even after charging/discharging 500 times, the
capacity of the batteries can reach 75.6% of their initial
capacity, and the CE is 100% (Fig. 6¢).>

The nanosheet and nano-flower materials are promising 2D
nanostructured materials, which provide numerous advantages
of increased surface area and affluent Na" sites. In Fig. 6d, NVP
nano-flowers with large surface area, prepared by high
temperature annealing, consist of many ultrathin nanosheets.
The symmetric aqueous NVP||NaClO,||[NVP micro-batteries
exhibit a 2.3 V wide ESW, excellent volume capacity, and
outstanding energy density (77 mW h cm™?), surpassing most
reported aqueous sodium-ion micro-batteries (Fig. 6e). Notably,
even at —40 °C, the CE of this symmetric micro-battery remains
as high as 99% (Fig. 6f).>® As shown in Fig. 6g, the NavOPO,
materials with various morphologies were fabricated using the
hydrothermal approach by adjusting the V/Na ratios in the raw
materials. These morphologies encompass microparticles (N6)
at a size of 50 pm and ellipsoidal microparticles (N12) at a size
of 30 pm x 15 pm, and flower-like micro-sized materials (N24)
with 20 um size.*” Interestingly, the internally ordered structure
of the flower-like N24 provides abundant Na" sites, providing
buffer space for the volume expansion of the materials
throughout the transfer process of Na* (Fig. 6h). In Fig. 6i, the
discharge capacities of N6 and N12 at 0.2C are 13.7 and
46.8 mA g ', respectively, while N24 shows the most excellent
discharge capacity (67.1 mA h g~ '). Furthermore, the capacity
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Fig. 6

(@) Morphology of NVP@C nanowires, (b) schematic illustration and (c) cycle performance of the full battery.>> Reproduced from ref. 55

with permission from John Wiley and Sons, copyright 2021. (d) SEM images of NVP nano-flowers, (e) the symmetric battery NVP||NaClO4||NVP, (f)
schematic illustration of the batteries at —40 °C.%¢ Reproduced from ref. 56 with permission from Elsevier, copyright 2021. (g) Schematic diagram
of the aqueous full-cell, (h) morphological characterization of N24 samples, (i) rate capability and (j) cycle performance of NaVOPO, materials.”
Reproduced from ref. 57 with permission from the American Chemical Society, copyright 2022. (k) The structure and (l) cycle performance of
NayFePO4F microparticles.*® Reproduced from ref. 58 with permission from John Wiley and Sons, copyright 2018.

retention of N24 still remains at 83.8% after charging/
discharging 200 times (Fig. 6j), demonstrating the phenom-
enal rate performance and appealing cycle performance. The
nano-flower materials composed of ultrathin nanosheets offer
a larger specific surface area, while their unique nanostructure
shortens the diffusion distance of Na', facilitating efficient
electron transfer. Consequently, this enables the active mate-
rials to engage in electrochemical reactions with optimal effi-
ciency, showing outstanding electrochemical performance.
The 3D framework structure and 3D ion transport channels
of the 3D nanostructured materials are crucial in offering more
Na" sites, which facilitated the insertion/extraction behaviors of
Na', and enhanced the efficiency of electrochemical reactions.
The porous nanomaterials with 3D framework structure offer
rapid transfer pathways for Na" and electrons, benefiting the
diffusion of electrolyte, thereby enhancing interface reaction
effects. As shown in Fig. 6k, Na,FePO,F microparticles were
synthesized using the solvothermal method, exhibiting
a morphology characteristic of stacked block-like structures
with rough porous surfaces. The porous structure increases the

12016 | J Mater. Chem. A, 2025, 13, 12009-12038

interface contact area and alleviates the material volume
expansion during the charging/discharging process. The 3D ion
transport channel is beneficial to the insertion/extraction
process of Na', which further improves its electrochemical
activity and cycle stability. In 17 m (mol kg™ ") NaClO, electro-
lyte, the capacity of Na,FePO,F is 84 mAh g~' (1 mA cm ?), and
the capacity retention and CE are up to 100% after 100 cycles
(Fig. 61).®

The rational design of the nanostructure endows materials
with unique surface morphologies, which is conducive to
improving the structural stability and obtaining high-
performance active materials. The development of multifunc-
tional nanomaterials has made significant contributions to the
widespread applications of high-performance ARSIBs in energy
storage systems.

2.2.2. Defect engineering. Defect engineering, including
intrinsic defects (vacancy defects) and extrinsic defects
(heteroatom doping-dominated defects),>** can introduce
more active sites to the materials and enhance the structural
stability, which is a promising optimizing strategy to obtain

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00276a

Open Access Article. Published on 19 March 2025. Downloaded on 3/30/2026 5:59:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

high-performance electrode materials. Introducing defects on
the surface or inside the materials to establish additional active
sites is crucial, serving as the anchoring points for intermediate
species and Na”, contributing to the insertion/extraction of Na".
Introducing vacancy defects or doping heteroatoms can alle-
viate electrostatic repulsion and stress among neighboring
layers, aiding in overcoming migration resistance and diffusion
hindrance during ion extraction processes. Doping with metal
and non-metallic ions can modify the crystal structure, and the
materials performance is significantly influenced by the doping
locations of ions. Defect engineering provides an effective
method to increase active sites and enhance material utiliza-
tion, effectively improving diffusion kinetics, and thus
enhancing the electrochemical performance. The materials can
be optimized to enhance electrochemical performance via
defect engineering strategies, contributing to developments in
energy storage applications.

In recent years, tunnel-structured Na, ,MnO, (NMO) mate-
rials have been presented as cathodes with promising electro-
chemical performance. Subsequently, Ca®*" was doped to
develop a novel cathode material, Cag o;Nag,6MnO, (CNMO),
for ARSIBs,* and CNMO showed enhanced discharge capacity
and appealing cycle performance compared to NMO. As shown
in Fig. 7a, the doped Ca®' at the Na(1) sites can reduce the
manganese ions at the adjacent manganese sites, and the
doped Ca** at the Na(2) and Na(3) sites in the manganese oxide
skeleton can form vacancy defects, thus improving the diffusion
kinetics of Na'. The CNMO displays higher capacity enhance-
ment compared with NMO, and the capacity of CNMO
increased 43% at 50C. In addition, active carbon//CNMO (AC//
CNMO) full batteries deliver phenomenal rate performance
and superior cycle performance, and the capacity retention can
reach 98.8% even after charging/discharging 1000 times at 50C
(Fig. 7b). The above suggest that the doping of Ca** leads to
vacancy defects, increasing active sites and facilitating the
transfer process of Na‘, which improves the electrochemical
performance.

NVP has the advantages of high operating voltage, 3D
framework structure, and appealing stability, making it
a potential cathode material for ARSIBs.**~*® However, there are
challenges in improving the rate performance and cycling
stability, which need to be solved for wide application
compatibility. Introducing transition metal ions (Cr**, Ti*",
Mg>*, Zr*"),%7° nonmetallic ions such as F~ (ref. 71) and rare
earths ions (Gd*" and Y**)>”* into NVP materials can increase
defect sites, leading to enhanced capacity, appealing cycle
performance, and excellent energy density. The doping of F~
can not only introduce extrinsic defects, but also significantly
increase the working voltage, further enhancing structural
stability, because of its strong inductive effect and high elec-
tronegativity. NazV,(PO,),F; (NVPF) presents outstanding
reversible theoretical capacity (128 mA h ¢ ') and a wide ESW
(3.8 V), making it a suitable cathode. As shown in Fig. 7c, the
crystal structure of NVPF is made up of [V,OgF;] octahedra and
[PO,] tetrahedra, where two [V,04F;] octahedra are connected
by a F along the c-axis. Stable phosphate-metal bonds can
develop on cathodes in fluorophosphate and phosphate

This journal is © The Royal Society of Chemistry 2025
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materials, lowering the possibility of oxygen release.” Due to
the existence of PO,*>~ polyanions, the material volume expan-
sion can be considerably reduced throughout the charging/
discharging process of Na'.

The NazV; 6Y,.1(PO,4):F3/C (NVYPF/C) materials are prepared
by adding an appropriate amount of rare earth element yttrium
(Y) to NVPF, where some V sites are replaced by Y, which can
increase the active sites and enhance the performance of the
materials (Fig. 7d). The V** sites are replaced by Y** with a larger
radius in the NVPF structure, leading to vacancy defects,
achieving rapid Na" transfer, and both Y-O and V-O bonds can
improve the conductivity and stability of materials. Further-
more, the inert Y** substitutes the V" sites in the NVPF, which
can buffer material volume expansion throughout the transfer
process of Na', thus potentially improving the structural
stability. As shown in Fig. 7e, NVYPF/C exhibits excellent
discharge capacity (121.3 mA h ¢ ') and appealing cycle
performance, and the capacity still remains at 93.5% of the
initial capacity after charging/discharging 200 times.”

The organic ligand CNg~ in NaCu[Fe(CN)g] (NaCuHCF) is
replaced by other organic ligands, which change the framework
structure of PBAs and form internal vacancies, thereby
enhancing the cycle performance of materials. The capacity
retentions of Na,Cu[Fe(CN)s(CcsH,N,)] (Na,CuCNPFe) and
Na,Cu[Fe(CN);5(CH3C¢H4NH,)] (Na,CuTolFe) cathodes are all
50% in 1 M Na,SO, electrolytes, far higher than that of
NaCuHCF (0%) after charging/discharging 2000 times
(Fig. 7f).” These results demonstrate that ligand substitution
strategies can effectively optimize the internal structure of
materials to enhance structural stability, and increase the active
sites for the transfer of Na’. Simultaneously, both doping and
substitution methods give rise to additional ions or ligands
occupying a small amount of sodium sites. Excessive occupancy
would have a counterproductive effect, leading to reduced
capacity and decreased cycling performance.

2.2.3. Composite modification. Composite materials are
prepared by combining two or more active materials, which can
endow the materials with high energy density and appealing
stability. According to numerous studies, compared to a single
electrode material, the composite materials can leverage the
strengths of multiple materials and exhibit appealing electro-
chemical performance.” The combination of different mate-
rials increases the surface area and provides abundant
attachment sites for Na* transfer. Meanwhile, it can decrease
the volume expansion of active materials, promote conductivity,
and enhance the structural stability throughout the charging/
discharging process.

The porous structure and excellent conductivity of carbon
materials play a crucial role in shortening ion transport path-
ways, reducing the interface resistance and polarization, and
making insertion/extraction of Na* convenient. As a substrate or
surface coating of active materials, the addition of carbon
materials is conducive to prevent material aggregation,
ensuring better contact between materials and electrolytes. The
commonly used carbon materials are carbon nanofibers (CNFs),
CNTs, and rGO. CNTs with unique tubular structure exhibit
great conductivity, expansive surface area, and appealing
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(a) CNMO with local structure around Na(1), (b) cycle performance of CNMO.%2 Reproduced from ref. 62 with permission from John Wiley

and Sons, copyright 2020. (c) Crystal structure of NVPF.”* Reproduced from ref. 74 with permission from the American Chemical Society,
copyright 2014. (d) Schematic illustration of the NVPF crystal structure before and after Y-doping, (e) cycle performance of NVYPF/C.” (f)
Capacity retention of NaCuHCF, Na,CuCNPFe and Na,CuTolFe.” Reproduced from ref. 75 with permission from Elsevier, copyright 2022. (g)
SEM image of NiIHCF@CNTSs, (h) cycle performance.” Reproduced from ref. 77 with permission from the American Chemical Society, copyright
2020. (i) Morphology of NM/rGO, (j) cycle performance.”® Reproduced from ref. 78 with permission from Elsevier, copyright 2018. (k) SEM images
and () TEM images of the FeS,@NCNTs@rGO, (m) rate capability.” Reproduced from ref. 79 with permission from Elsevier, copyright 2021.

mechanical performance. Nevertheless, using CNTs alone as
electrode materials for SIBs makes it difficult to meet practical
applications. Therefore, combining CNTs with other active
materials is indispensable to enhancing electrochemical
performance. Nickel hexacyanoferrate with CNT
(NiHCF@CNTs) nano-materials are synthesized using a typical
coprecipitation method.” In Fig. 7g, CNTs are intertwined with
NiHCF nanoparticles to form a 3D interconnection network,
which helps to enhance the interaction kinetics and conduc-
tivity of electrode materials. After 10000 cycles, the
NiHCF@CNTs cathode shows high energy density and

12018 | J Mater. Chem. A, 2025, 13, 12009-12038

appealing cycle performance, and capacity retention is still at
80% at 10 A g~ (Fig. 7h).

The composite material Na;Mny0;g/reduced graphene oxide
(NM/rGO) exhibits enhanced electrochemical performance,
because of the excellent in-plane conductivity, extensive surface
area, and high mechanical durability of graphene.” Having NM/
rGO films without current collectors, conductive additives and
binders as the cathodes of ARSIBs streamlines the synthesis
process and reduces the cost of the battery. As shown in Fig. 7i,
the needle-like NM is densely fixed onto the wrinkled graphene
sheet to form the NM/rGO composite material with 3D

This journal is © The Royal Society of Chemistry 2025
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channels, which provides a fast electron conduction path,
enhances the structural stability, and reduces mechanical stress
caused by the transfer of Na'. As shown in Fig. 7j, the NM/rGO
offers great rate performance and appealing cycle performance,
and its specific capacity is about 83 mA h g !, marking an
approximately 78% increase compared to NM.

FeS, was combined with N-doped CNTs (NCNTs) and rGO
using the hydrothermal method to prepare FeS,@NCNTs@rGO
composites with microsphere structure.” The urchin-like FeS,
and conductive NCNTs within the layered rGO form a stable
network structure (Fig. 7k and 1), which helps alleviate the stress
and strain caused by Na' transfer. The unique structure of
FeS,@NCNTs@rGO enables effective electron charge transfer
and reduces the transfer pathway of Na', significantly
enhancing the conductivity and structural stability of the
composite materials. The incorporation of NCNTs and rGO
enlarges the specific surface area, buffers the volume expansion
of composite materials throughout the cycling process and
reduces the dissolution of the electrode materials caused by
related strains, thereby leading to outstanding electrochemical
performance. As shown in Fig. 7m, compared with FeS,, the
FeS,@NCNTs@rGO composite materials exhibit excellent
specific capacity, phenomenal rate capability, and appealing
cycle performance, after charging/discharging 750 times at
2 A g7". In the FeS,@NCNTs@rGO composite materials, the
bent NCNTs form a cross-linked network structure, and FeS, is
wrapped together with NCNTs and rGO to form a 3D structure,
which provides an additional electron pathway, accelerates the
transfer of Na', and effectively enhances the performance of
active materials, thereby facilitating the attainment of high-
performance SIBs.

Overall, the composite of two or more materials can syner-
gize their respective advantages, significantly enhancing the
conductivity and designing active materials with excellent
energy density and phenomenal cycle performance. Neverthe-
less, the bonding mechanisms between multiple materials
(physical or chemical bonding) require further investigation.

3. Anode materials

In recent years, many studies have shown that carbon materials,
polysulfides, and poly-anionic compounds are the common
anode materials for ARSIBs.* Compared with the cathodes, the
anodes with low potential and poor stability need extensive
attention, and the further development of anodes is significant
for enhancing the electrochemical performance of ARSIBs. The
battery construction and reaction mechanism of SIBs are
analogical to those of LIBs, and Li can serve as the anodes for
LIBs, but Na is unsuitable for SIBs. The reasons are as follows:
(1) Na with a low melting point (97.7 °C) presents safety issues,
(2) Na exhibits strong chemical reactivity with water-based
electrolytes, (3) Na will form dendrites during the charging
and discharging process, causing short circuits. It is an effective
strategy to use non-metal anodes instead of Na anodes in
ARSIBs, but the use of non-metal anodes will result in
a decrease in energy density. According to previous reports,
high-performance sodium-rich active materials, “water-in-salt”

This journal is © The Royal Society of Chemistry 2025
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(WIS) electrolytes and the sodium compensation method can
replenish the Na' lost during the charging/discharging
processes, effectively improving the energy density.**® In
ARSIBs, Na undergoes intense reactions with the aqueous
electrolyte, and there are problems of dissolution and structural
collapse of some active materials in the aqueous electrolyte,
hindering the development of anode materials. Therefore, it is
essential to optimize active materials for enhancing the
performance of ARSIBs.

3.1. Carbon materials

Based on differences in microstructure and the degree of
graphitization, carbon-based electrode materials can be classi-
fied as graphite, soft carbon, or HC. Compared with Li’, Na*
with a larger radius and mass are difficult to be quickly inserted/
extracted in graphite electrodes.®*** Both HC (such as biochar,
metal organic framework-based carbon, and other porous AC
materials) and soft carbon (such as CNTs) have been effectively
used as anode materials for SIBs.**®* HC is formed by highly
disordered stacking of graphite-like crystallites and graphene-
like sheets, and there is a strong force between the carbon
layers, giving it a tight layered structure. HC has advantages of
porous structure and high conductivity, which provide excellent
performance. Nevertheless, the problems of low CE and poor
cycling stability need to be resolved in the practical applications
of carbon materials for ARSIBs.

In ARSIBs, carbon materials are mainly used as substrates to
composite with other active materials as anode materials, which
can enhance the conductivity and increase Na' active sites. As
shown in Fig. 8a, the MWCNT is used as the core to fabricate
MWCNT®@polyimide core-shell nanowires with a polypyrrole
coating (MWCNT@polyimide/polypyrrole) as the anode of
ARSIBs.”® The existence of MWCNT would be beneficial for
accelerating the Na' transfer speed throughout the charging/
discharging process, and making up for the seriously poor
conductivity of polyimide. Moreover, the polypyrrole improves
the conductivity of the material, prevents degradation of elec-
trode material structure, and improves the cycling stability of
the materials. After 100 charging/discharging cycles, the
MWCNT®@polyimide/polypyrrole nanowire presents a capacity
retention of 77.8%, and the electrode material without expan-
sion and structural damage shows appealing electrochemical
performance (Fig. 8b).

3.2. Polysulfides

Polysulfides are at risk of dissolving in aqueous electrolytes,
ultimately causing irrecoverable H,S gas, irreversible material
structure damage and high interfacial resistance, eventually
resulting in short cycle life of the battery. As the dissolution
occurs at the electrode-electrolyte interface, the energy density
and cycling stability of the batteries principally rely on the
characteristics of electrolytes and active materials. Carbon
materials with stable structure provide large surface area and
abundant anchoring sites, making them suitable hosts for
sulfides and effectively alleviating the issues of polysulfide
dissolution. Tubular mesoporous nitrogen-doped carbon
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(a) The synthetic process of MWCNT@polyimide/polypyrrole, (b) cycle performance.®® Reproduced from ref. 90 with permission from

Elsevier, copyright 2021. (c) Aqueous Na/S battery S@C//Nag 44Mn0O,.22 Reproduced from ref. 22 with permission from Elsevier, copyright 2022.
(d) Schematic representation of the S@Co-IL//Nag 44MnO, full battery, (e) cycle performance.®* Reproduced from ref. 91 with permission from
Elsevier, copyright 2022. (f) Na* storage mechanism, (g) rate capability, and (h) cycle performance of NTP@C.*® Reproduced from ref. 98 with

permission from Elsevier, copyright 2023.

(MNC-600) materials exhibit high surface area and great
conductivity, providing abundant anchoring sites and
improving the redox kinetics. Sulfur is embedded in the MNC-
600 to prepare S@MNC-600 (S@C) as the anode of ARSIBs
(Fig. 8c). As a suitable host for S, NMC-600 improves the
conductivity and structural stability of the S@C materials. S@C
still maintains 78.2% of the initial capacity, and the CE is about
98.2% after charging/discharging 300 times. The high-
performance ARSIBs are assembled with the S@C anode,
Nay.44MnO, cathode and 17 m NaClO, electrolyte, and the
energy density of S@C//Nag 44MnO, can reach 110.6 W h kg™ *.22

Fig. 8d shows that 70% elemental sulfur, CoS,, and 1-butyl-3-
methylimidazolium-o,0-bis(2-ethylhexyl)dithiophosphate ionic
liquid (BMIm-DDTP-IL) are present in the anode (S@Co-IL) for
aqueous rechargeable Na/S batteries.” After charging/
discharging 100 times, the S@Co-IL anode shows appealing
cycle performance, and the capacity retention and CE remain at
98% and 100%, respectively. Moreover, the synergistic effect of
BMIm-DDTP-IL and CoS, can enhance conductivity and effi-
ciently inhibit the structural collapse of polysulfides. As shown
in Fig. 8e, the S@Co-IL//Nay44,MnO, full battery exhibits
outstanding discharge capacity of 778 mA h g~ (based on the

12020 | J. Mater. Chem. A, 2025, 13, 12009-12038

mass of S) at 1C and excellent cycle performance, with 91.8%
retention of its initial capacity, and the CE is 100% after
charging/discharging 400 times at 2C.

3.3. Polyanionic compounds

NASICON-type polyanionic compounds have garnered wide-
spread attention owing to their high structural stability, large
ion channels, and abundant active sites.®”** Among them,
NaTi,(PO,); (NTP), NasFe,(PO4); (NFP), NazMnTi(PO,);
(NMTP), and Na,VTi(PO,); (NVTP) Na-rich polyanion
compounds are regarded as the most promising anode mate-
rials for high-performance ARSIBs, due to their structural
advantages.

3.3.1. NaTi,(PO,)3. NASICON-type NTP with 3D framework
structure composed of TiOg octahedra and PO, tetrahedra is
a promising anode material for ARSIBs. The structural advan-
tages of NTP can provide sufficient space for rapid transfer of
Na' and alleviate the volume change during the charging/
discharging process.®®®” Although NTP is a common anode
material for ARSIBs, it still faces the challenges of low CE and
significant capacity decay. Improved methods, such as carbon

This journal is © The Royal Society of Chemistry 2025
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coating, heteroatom doping, and preparing composite mate-
rials, can effectively solve this problem.

The conductivity of materials can be enhanced and the
electron transport path can be shortened by applying a carbon
layer to the surface of NTP. The conductive carbon layers on the
materials increase the Na' attachment sites, facilitating
insertion/extraction behaviors of Na', and alleviating volume
expansion throughout the charging/discharging process. The
porous NTP micron materials coated with a nano-carbon layer
(NTP@C) exhibit a unique single crystal structure, which
promotes rapid transport of electrons and Na' (Fig. 8f).”
Furthermore, the carbon layer enhances the conductivity of NTP
and serves as a protective interface, shields the electrode
material from dissolution, and enhances its stability. In three
electrolytes (1 M Na,SO, electrolyte, 1 M N,-purged Na,SO,
electrolyte, and 1 M O,-dissolved Na,SO, electrolyte), the
NTP®@C anodes provide both excellent capacity and phenom-
enal CE (none: 87.3mAh g™, 81.4%; N,: 101.4 mAh g™, 90.8%;
0,:79.2 mA h g7, 73.6%) (Fig. 8g and h). It is well known that
precious metals show excellent conductivity, and the carbon
layer containing precious metals can also provide enhanced
conductivity. The NTP@C/Ag materials are prepared as the
anode materials for ARSIBs by adding Ag to the NTP carbon
layers.” Compared with NTP materials, NTP@C/Ag materials
obviously show higher conductivity, better structural stability
and more excellent electrochemical performance. Even after
charging/discharging 400 times at 5C, the capacity retention of
materials capacity is still at 82.7% (Fig. 9a). Therefore, coating
a carbon layer on the active materials is an effective method to
improve the conductivity and enhance the structural stability of
materials.

As is well known, the hydrogen evolution potential is
—0.817 V (vs. Ag/AgCl). However, as the anode of ARSIBs, the
Ti**/Ti*" redox potential in NTP is —0.807 V (vs. Ag/AgCl), and it
faces a great risk of HER in aqueous electrolytes, which hinders
the wide applications of NTP anodes in ARSIBs, so it is neces-
sary to find an effective improvement strategy. Heteroatom
doping can solve this problem, which can introduce vacancy
defects to establish additional sodium storage sites, alleviate
the electrostatic repulsion and stress among layers, help to
overcome the migration resistance and diffusion obstacles.
Na, sTi; sFeo 5(PO4); (NTFP) was prepared by doping Fe** into
NTP, in which the combination of Fe**/Fe®" and Ti*'/Ti*" redox
pairs increased the working potential to —0.721 V, availably
preventing overlap with the potential of water decomposition
(Fig. 9b)."° The different bond lengths of Fe-O and Ti-O result
in different bond angles of Ti-O-P and Fe-O-P, changing the
symmetry of the O-P-O bonds and decreasing the average
distance between O-P-O, resulting in a slight asymmetric
feature in NTFP, according to the pair distribution function
(PDF) analysis (Fig. 9c and d). Moreover, the NTFP anode
presents high discharge capacity (122.1 mA h g '), and
appealing rate performance in 5 M NaClO, electrolyte. Subse-
quently, Nay,AlTi, ,(PO,)s/C (x = 0, 0.05, 0.10, 0.20) were
prepared by doping AI’** on NTP, which establishes vacancy
defects and introduces extra active sites.** Although the doping
of AI*" has no evident impact on the structure of the materials, it

This journal is © The Royal Society of Chemistry 2025
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accelerates the migration of Na®, improves reaction kinetics,
and enhances the electrochemical performance. Heteroatom
doping can introduce defects for active materials, increase the
active sites of Na', and enhance the structural stability, making
it a promising anode for ARSIBs.

Combining two or more electrode materials to prepare
composite materials can leverage the strengths of each material
and enhance the electrochemical performance. The MWCNT
with pore structure possess enhanced conductivity, high
specific surface area, and appealing mechanical performance.
As anode materials for ARSIBs, NTP-MWCNT composite mate-
rials are beneficial for enhancing conductivity, increasing
specific surface area, and facilitating the transfer process of
Na', thereby improving the electrochemical performance of the
composite materials (Fig. 9¢).'* In Fig. 9f, the NVPF-SWCNT//
NTP-MWCNT full batteries exhibit a discharge capacity of
75.2mA h g7, a high CE (99%), and an excellent energy density
(150 W h ke '). In addition, MXene presents excellent
mechanical performance and high conductivity, and the exis-
tence of O, OH, and F enables MXene to form HBs with other
active materials. As shown in Fig. 9g and h, the combination of
NTP nanoparticles and MXenes forms the composite materials
NTP/MXenes,'” where the introduction of external particles
between MXene sheets effectively prevents material accumula-
tion. As shown in Fig. 9i, the NTP/MXene composites deliver
outstanding cycle performance and excellent capacity retention
(88%) even after charging/discharging 1500 times (20C). The
fabrication of composite materials can combine the advantages
of various materials, enhance the structural stability, and
increase the Na' active sites, which enables the composite
materials to provide high energy density and excellent cycle
performance.

3.3.2. Na;MnTi(PO,); and Na,VTi(PO,);. In recent years,
NISICON-structured NMTP and NVTP have displayed high energy
density and appealing structural stability. NMTP with a 3D
framework structure is made up of MnOg¢/TiOg octahedra and PO,
tetrahedra, which exhibit sufficient Na' storage capacity and
reversible redox activity.'**'® NMTP is a potential active material
in the construction of symmetric batteries, and can be utilized as
both the anode and cathode of ARSIBs due to Mn*'/Mn** and
Ti**/Ti** redox couples.'®**” As shown in Fig. 10a, NMTP serves as
an electrode material for symmetric ARSIBs, Na' is extracted or
inserted from NMTP to form Na,MnTi(PO,); and Na;MnTi(PO,);
intermediates during the charging/discharging process, and the
redox potential is not in the range of HER/OER, due to the exis-
tence of Mn**/Mn>" and Ti*'/Ti** redox couples. Furthermore, the
symmetrical battery (NMTP//NMTP) presents high reversible
capacity (56.5 mA h g ") and outstanding cycle performance, with
a phenomenal capacity retention of 98% and high CE of 99%
after 100 cycles (Fig. 10b and c)."*® The NMTP materials demon-
strate excellent electrochemical performance, offering new
opportunities for the fabrication of high-performance ARSIBs.

The NISICON-structured NVTP consists of VO¢/TiOg octahedra
and PO, tetrahedra to form a 3D framework. As shown in
Fig. 10d, during the charging/discharging process, Na' was
extracted from NVTP to form NaVTi(PO,); intermediates through
the V**/V** redox couple, while Na* transfers to another electrode
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(a) Cycle performance of NTP@C/Ag.*® Reproduced from ref. 99 with permission from Elsevier, copyright 2018. (b) Schematic illustration

of the crystal structure of NTFP, (c) representative PDF data of NTFP. (d) Ti/Fe-centered local structures of NTFP.2°° (e) SEM images of NTP-
MWCNT, (f) cycle performance of the NVPF-SWCNT//NTP-MWCNT full battery.*°? (g) Preparation procedure, (h) SEM images, and (i) long-term
cycling performance of NTP/MXene.*** Reproduced from ref. 103 with permission from Elsevier, copyright 2021.

to form Na,VTi(PO,); with the redox reactions with the Ti**/Ti**
redox couple. In addition, the symmetric ARSIBs exhibit excellent
rate performance, high energy density of 55.9 W h kg™, and
appealing cycle performance (Fig. 10e). After charging/
discharging 1000 times at 5 A g™, the capacity retention of this
battery is still at 60%, and the CE is closed to 100%.%

3.3.3. NazFe,(PO,);. The NISICON-structured NFP features
a 3D framework with interconnected channels formed by the
sharing of angles between the FeOgs octahedra and PO, tetra-
hedra, which facilitates the diffusion and storage of Na®
(Fig. 10f). Moreover, the NFP serves as an anode for ARSIBs
delivering high CE (90.8%) and outstanding rate performance,
and the capacity can return to the initial capacity, when the
current density is brought from 100C back to 2C.*** As shown in
Fig. 10g, the ARSIBs are fabricated by using Na,Mn[Fe(CN)g],
NFP, and 17 m NaClO, electrolyte. During the charging process,
Fe”" in the Na,Mn[Fe(CN)¢] is oxidized to Fe*" along with the
transfer of Na" from the cathode to anode, while Fe*" in NFP is
reduced to Fe**, and the discharging process is opposite to the
charging process. After 700 cycles at 5C, the NFP//Na,Mn
[Fe(CN)g] battery shows 75% discharge capacity of its initial
capacity and the CE is 100%, demonstrating outstanding cycle
performance and high stability (Fig. 10h).

Currently, carbon materials, polysulfides, and polyanionic
compounds are the most common anode materials for ARSIBs.
Optimization strategies for these materials include carbon

12022 | J Mater. Chem. A, 2025, 13, 12009-12038

coating, heteroatom doping, and preparation of composite
materials to alleviate material volume expansion, reduce charge
diffusion distance, and increase conductivity, which can
provide excellent cycling stability and rapid kinetics.

4. Recent development of
electrolytes

The electrolyte is an important component of the battery, which
is the intermediary for ion transfer between the anode and
cathode and has a significant impact on the electrochemical
performance of the battery. Outstanding electrolytes should
possess excellent stability, superior conductivity, and a wide
ESW. Different from traditional organic electrolytes, aqueous
electrolytes exhibit high conductivity, safety, and eco-
friendliness. Aqueous electrolytes can be divided into liquid
electrolytes and hydrogel electrolytes according to the physical
properties of the electrolyte; an aqueous electrolyte solution is
often influenced by the inherent properties of electrolyte
components (salts concentrations, solubility, and freezing
point).

4.1. Solvation behavior in electrolytes

The solvation behavior determines the composition, thickness,
and structure of the solid electrolyte interphase (SEI), which

This journal is © The Royal Society of Chemistry 2025
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(a) Mechanism diagram and (b) schematic illustration of the symmetric ARSIBs, (c) cycle performance.’*® Reproduced from ref. 108 with

permission from John Wiley and Sons, copyright 2016. (d) Charge/discharge reaction mechanism of NVTP, (e) cycle performance of the
symmetrical ARSIBs.** Reproduced from ref. 95 with permission from John Wiley and Sons, copyright 2024. (f) The crystal structure of the NFP
anode, (g) schematic illustration of ARSIBs, (h) cycle performance at 5C.**° Reproduced from ref. 109 with permission from Elsevier, copyright

2019.

indirectly affects the electrochemical performance of batteries.
The solvation structure refers to a relatively stable sheath
structure formed by the interactions among the cations, anions,
solvent molecules and additives molecules. It has been reported
that solvated ions typically possess two solvation layers, a tight
first solvation layer and a relatively incompact second solvation
layer.™® The strong electrostatic forces and coordination bonds
between solvent molecules and cations lead to a balance of
attraction and repulsion, forming the tight first solvation layer.
The second solvation layer is slightly incompact, including
solvent molecules influenced by remote dipole interactions,
solvent molecules attracted by the cation, free solvent mole-
cules, and free anions."* ™ During the charging/discharging
process, cations undergo an insertion/extraction process
within the active materials. Before cations can be inserted into
the electrode materials through the SEI layer, desolvation
should occur, including the removal of solvent molecules and
anions. The desolvation process of cations significantly affects
the discharge capacity, ESW, CE, and cycle performance of
batteries.

This journal is © The Royal Society of Chemistry 2025

As an excellent solvent, water molecules exhibit high polarity
and a high dielectric constant, where the lone pairs on the
oxygen atom can coordinate with cations, which increases the
oxidation potential of the water, thus improving the stability.
These characteristics grant water molecules a strong solvation
capability for most salts. There are many more water molecules
than salt in a diluted sodium salt solution with a concentration
of less than 5 M, which usually results in two solvation layers
surrounding the Na’. When the salt concentration exceeds 9 M,
there are hardly sufficient water molecules to generate the first
solvation layer, and the WIS electrolytes can be regarded as
dissolved salt. For example, the 9.26 m NaOTF electrolyte can
expand the ESW to 2.5 V in ARSIBs."™ The concentrated NaOTF
electrolyte prevents the formation of the first solvation layer
around Na', and only an incompact second solvation layer is
formed, which facilitates the desolvation behavior of Na*
throughout the charging/discharging process. The concen-
trated electrolyte (9.26 m NaOTF) contains much more salt than
free water, which effectively inhibits the HER/OER. As for 17 m
NaClO, + 2 m NaOTF electrolyte (19 m electrolyte), the solvation
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structure of Na' is formed of the ClO, , OTF , and water
molecules, and an SEI composed of NaF, Na,0, and NaOH is
formed on the anode.* The NVP//NVP symmetric batteries with
the 19 m electrolyte present a wide ESW of 1.75 V, excellent
energy density (70 W h kg™ "), and outstanding electrochemical
performance.

4.2. Liquid electrolyte

4.2.1. Diluted electrolytes. In diluted electrolytes, there is
a substantial amount of free water, resulting in the formation of
two solvation layers around Na*, and one Na* coordinated with
six water molecules in the solvation layers. The diluted elec-
trolytes include 1 M Na,SO,4,"***¢ 1 M NaNO;,""”**®* 1 M CHj;-
COONa,"»*** and 1 M NaCl,"****> which show high conductivity,
are of low cost, and have great potential in ARSIBs. Among
them, 1 M Na,SO, can be compatible with various electrode
materials such as Na, 44,MnO,,"** NaFePO,,"** NTP,"* and Na,Ni
[Fe(CN)g].1® As shown in Fig. 11a, the Na" insertion/extraction
processes of Na,FeM;(CN)s; — NaFeM;(CN)s — Na,FeMs(-
CN), indicate that only 50% Na' can freely insert/extract for
electrochemical reactions. Furthermore, the NaTi,(PO,);@C//
Na,(MnCoNiCuZn), ,[Fe(CN)s] (NTPC//M5HCF) battery with
1 M Na,SO, electrolyte shows appealing rate performance and
excellent cycling stability. In high-conductivity dilute electrolyte
solution, the battery demonstrates appealing cycle perfor-
mance, and the battery capacity still remains at 87% after
charging/discharging 1000 times at 1C high current density
(Fig. 11b)."** In 1 M NaNOj; electrolyte, the Bi,Se; anode
possesses a phenomenal discharge capacity of 90 mA h g~ ',1®
because of the formation of an SEI (Na,O, NaOH, and Na,COj3)
around the anode.

The electrochemical performance of ARSIBs can be effec-
tively enhanced by mixing two or more diluted electrolytes to
prepare hybrid-ion electrolytes. Among them, aqueous Na/Mg,
Na/Li, and Na/Zn hybrid ion batteries collectively show
phenomenal electrochemical performance.”** An aqueous
Na/Mg hybrid ion battery is assembled with 1,4,5,8-naph-
thalenetetracarboxylic anhydride anthraquinone (PNTAQ)
polymer material, MnO,, and 1 M MgCl, + 0.5 M NacCl hybrid
electrolyte. During the charging/discharging process, the
insertion/extraction of Na® and Mg®" occurs in the active
material (Fig. 11c), thereby improving the discharge capacity
and cycle performance of the battery, and the capacity of the
PNTAQ//MnO, battery is only reduced by 12.8% (1000 mA g~ ')
after 1000 cycles (Fig. 11d)."*” Zn(CH;COO), was added to the
CH;COONa electrolyte solution to prepare the Na/Zn hybrid
electrolyte, which can expand the ESW to 1.5 V.** The presence
of Na* promotes the rapid deposition of Zn>* in the electrolyte
on the Zn anode, which can accelerate the occurrence of redox
reactions, and endow Zn//NMTP batteries with appealing
cycling stability and excellent discharge capacity (55.6 mAhg™)
(Fig. 11e). Despite the many advantages of diluted electrolytes,
they still face the problem of narrow ESW, resulting in side
reactions such as the HER/OER, proton co-intercalation and
active material dissolution, limiting their practical applications
in energy storage systems.
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4.2.2. Concentrated electrolytes. Compared with diluted
electrolytes, the concentrated electrolytes can inhibit water
decomposition, broaden the ESW, and optimize the perfor-
mance of active materials, thereby reducing side reactions and
increasing the energy density of ARSIBs. Using 5 M NaNO;
solution as electrolyte, the ESW can be expanded to 1.9 V, but
there is still a problem of material dissolution.’" Na-bis(-
fluorosulfonyl)imide (NaFSI) is easily soluble in water solution,
and the ESW of 35 m NaFSI electrolyte is as high as 2.6 V, which
improves the electrochemical performance of ARSIBs.'** Nor-
mally, NaClO,, which is a promising sodium salt in aqueous
electrolytes, can be applied in concentrated electrolytes owing
to their high solubility in aqueous solution, for high-perfor-
mance ARSIBs. As shown in Fig. 11f, the NVTP@C//NVIP@C
symmetrical battery exhibits outstanding rate performance
and appealing cycle performance in 5 M NaClO, concentrated
electrolyte, which can charge and discharge over 2500 times
even at 10C."*

In previous reports, 17 m NaClO, WIS electrolytes have been
widely used in high-voltage ARSIBs, in which the amount of free
water is less than that of salt, and can expand the ESW to
3 v.1#*13%¢ Furthermore, the 17 m NaClO, electrolytes can greatly
inhibit water decomposition, reduce the side reactions of the
HER/OER, and avert the structural collapse of active materials.
As shown in Fig. 11g, the capacities of NaCuHCF, Na,CuCNPFe,
and Na,CuTolFe are 60,41 and 36 mAhg "at25mAg 'in1M
Na,SO, electrolyte, respectively. After cycling 2000 times in 1 M
Na,SO, dilute electrolyte, the capacity of Na,CuCNPFe and
Na,CuTolFe decreased by half at 1 A g ', and the capacity of
NaCuHCF decreased rapidly to 0%. Nevertheless, after 2000
cycles in 17 m NaClO, electrolyte, the capacities of NaCuHCF,
Na,CuCNPFe, and Na,CuTolFe are rarely reduced (Fig. 11h).”
The above reason is that there is less free water in the concen-
trated electrolyte than in the dilute electrolyte, which effectively
avoids side reactions during the reactions.

With the further development of concentrated electrolytes,
in addition to conventional neutral electrolytes, 17 m NaClO,
alkaline electrolytes also exhibit promising applications for
ARSIBs. As shown in Fig. 11i, the rich OH™ in alkaline electro-
Iyte creates an alkaline environment and inhibits the HER on
the NTP anode. A layer of nickel/carbon nanoparticle (Ni/C) is
coated on the Na,MnFe(CN), to form a H;O'-rich condition
near the Na,MnFe(CN)¢/Ni/C (NMF) cathode, which signifi-
cantly inhibits the OER and causes the deterioration of elec-
trode structure. Compared to ARSIBs with neutral electrolytes,
NTP//NMF batteries with 17 m NaClO, alkaline electrolytes
(include 1 M NaOH) present outstanding cycle performance
over 13 000 cycles even at 10C (Fig. 11j).*”

In summary, the concentrated electrolytes possess many
advantages in expanding the ESW and inhibiting side reactions,
which make it possible to develop the high-performance
aqueous batteries at low cost, with safety and excellent cycling
stability. However, some inevitable problems (such as high
viscosity) still need to be resolved.

4.2.3. Low freezing point electrolytes. Due to its high
conductivity, eco-friendliness, and safety, the aqueous

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) The discharging process for M5HCF. (b) CE of the samples.!¢ (c) The insertion behavior of Mg®*/Na™ in electrode materials. (d) Rate
capability of the PNTAQ//MnO,, battery.*?” Reproduced from ref. 127 with permission from John Wiley and Sons, copyright 2022. (e) Na/Zn hybrid
ion batteries.*® Reproduced from ref. 130 with permission from Elsevier, copyright 2021. (f) Rate capability of NVTP@C//NVTP@C.*** Reproduced
from ref. 133 with permission from the American Chemical Society, copyright 2021. (g) The voltage curves at 25 mA g2, (h) cycle performance in
17 m NaClO,4.”® Reproduced from ref. 75 with permission from Elsevier, copyright 2022. (i) Reaction mechanism of the alkaline aqueous battery, (j)
cycle life of the battery.®” Reproduced from ref. 137 with permission from Springer Nature, copyright 2024.

electrolyte has gained increasing attention. Nevertheless, the
high freezing points of aqueous electrolytes significantly limit
the further applications of energy storage systems at low
temperature. Each water molecule contains two hydrogen
atoms and one oxygen atom, making water both a donor and
acceptor of HBs. Moreover, water molecules are in a constant
vibration state in the solution, and the HBs among water
molecules are in a dynamic equilibrium state of formation and
decomposition. As temperature decreases, the vibration of
water molecules reduces, leading to the average probability of
HB formation being greater than that of HB dissociation,
thereby facilitating crystallization. Therefore, further research

This journal is © The Royal Society of Chemistry 2025

on aqueous electrolytes with a low freezing point is the primary
task to expand the scope of application.

In recent years, the solvation effect has been used to prevent
the aqueous electrolytes from freezing, the addition of additives
in aqueous electrolyte can form new HBs, expanding the distance
and destroying the connection between water molecules.**® Typi-
cally, some organic solutions as co-solvents are added into the
electrolytes to obtain low freezing point electrolytes, and the ESW
can be significantly broadened. According to previous reports,
dimethyl sulfoxide (DMSO),*** acetonitrile (ACN),*** methanol,***
formamide (FA)'** and ethylene glycol (EG)*** have been explored
as co-solvents for low-freezing-point electrolytes. The proportion

J. Mater. Chem. A, 2025, 13, 12009-12038 | 12025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00276a

Open Access Article. Published on 19 March 2025. Downloaded on 3/30/2026 5:59:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

of water in the diluted electrolyte is larger than that of salt, and it
is easy to crystallize at low temperature. DMSO can be mixed with
water in any ratio and used as a receptor for HBs. An appropriate
amount of DMSO was added to 2 M NaClO, solution as a co-
solvent to get the mixed electrolyte with a freezing point of —50
°C (2 M-0.3 electrolyte).”*® At low temperature, the addition of
DMSO destroys the original intermolecular HBs and forms a new
HB network, thus avoiding the rapid crystallization and precipi-
tation of the aqueous electrolyte (Fig. 12a). Moreover, the NTP//AC
full battery shows great electrochemical performance in 2 M-0.3
electrolyte, and even at —50 °C, the battery capacity remains at
60% of the initial capacity at 25 °C (Fig. 12b).

At room temperature, WIS electrolytes resemble near-saturated
salt solutions. However, at low temperatures, the solubility of the
salt decreases, causing salt to crystallize and precipitate on the
electrodes, thus reducing the energy density and cycle perfor-
mance of ARSIBs. A mixed electrolyte was prepared by adding
ACN as additive into 17 m NaClO, electrolyte, and shows a low
freezing point. The Na" detaches from the cation-anion aggre-
gates and coordinates with the ACN molecules, lowing the inter-
actions among ions, thus preventing the precipitation of NaClO,.
The device works well even at —50 °C,*** demonstrating excellent
electrochemical performance and appealing stability. When FA is
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used as a co-solvent, FA molecules coordinate with water mole-
cules to form new HBs, breaking direct connections between
water molecules and preventing them from forming long-range
ordered structures below 0 °C (Fig. 12c). Furthermore, the
ARSIBs assembled with AC, organic polymer, and 17 m NaClO,-
FA electrolyte exhibit outstanding electrochemical performance
and appealing cycling stability."*> The specific capacity of the
battery hardly drops at —50 °C after charging/discharging for 8000
cycles (Fig. 12d), and the battery can light up an LED and power
a smartphone at —50 °C (Fig. 12e), demonstrating great applica-
tion potential in ARSIBs.

A suitable additive for aqueous electrolytes should satisfy the
needs of high polarity, high boiling points, and thermal
stability, which should not only be miscible with water but also
dissolve inorganic salts. The development of low-freezing-point
aqueous electrolytes offers a valuable strategy for the advance-
ment of high-performance ARSIBs. However, the dosage and
reaction mechanisms of additives need to be further explored.

4.3. Hydrogel electrolytes

Hydrogel electrolytes are hydrophilic polymers composed of
cross-linked polymer chains. Owing to their light weight, high
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Fig. 12 (a) The result of MD simulations, (b) the effect of electrolyte additive DMSO.*° Reproduced from ref. 139 with permission from John

Wiley and Sons, copyright 2019. (c) Different functional groups among H,O—FA clusters, (d) cycle performance, (e) the pouch cell can light LEDs
and power a mobile phone at —50 °C.**2 Reproduced from ref. 142 with permission from Elsevier, copyright 2022. (f) Schematic illustration of the
polymer structure.**® Reproduced from ref. 148 with permission from John Wiley and Sons, copyright 2023. (g) Schematic diagram of the
function mechanism of electrolyte additive EG, (h) electrochemical performance and mechanisms of the pouch cell at —30 °C.**° Reproduced

from ref. 149 with permission from Elsevier, copyright 2024.
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safety and environmental friendliness, hydrogel electrolytes are
promising in flexible electronics. Although liquid electrolytes
have high conductivity and fast ion diffusion kinetics, they can
reduce the flexibility of the devices. Under extreme conditions
(such as bending, piercing, and cutting), flexible devices with
liquid electrolytes are more vulnerable to external damage,
resulting in electrolyte leakage and device failure. In contrast,
the devices with hydrogel electrolytes not only possess excellent
mechanical performance, but also eliminate the risk of elec-
trolyte leakage, imparting better resistance to external damage.

Hydrogel electrolytes based on proton-conducting polymer
matrices, such as polyacrylic acid, polyvinyl alcohol, poly-
acrylamide, and sodium alginate, are widely used in aqueous
metal-ion (Li*, Na*, K*, Zn”") batteries.'****” The NVP//NTP full
battery with poly(N,N-dimethylacrylamide) (PDMA) hydrogel
electrolyte exhibits excellent cycle performance, and its capacity
retention is still at 82.8% after cycling 580 times at 2C
(Fig. 12f).**® As shown in Fig. 12g, an anti-freezing EG-PAM-
NaClO, hydrogel electrolyte is prepared by using EG, poly-
acrylamide (PAM), and NaClO, concentrated electrolyte, and the
addition of EG additives to the electrolyte can reduce HBs
among solvent molecules, and form new HBs between EG and
solvent molecules."® The interaction between EG and water
combines with the synergistic effect of cross-linked poly-
acrylamide networks, effectively inhibiting water solidification
in hydrogel electrolytes, maintaining superior water retention
and showing significant mechanical extensibility at —40 °C. In
addition, the anti-freezing hydrogel electrolytes, iron-
incorporated sodium titanate (FeST) anode, and NMTP
cathode are used to fabricate the flexible ARSIBs FeST//NMTP
(Fig. 12h). These flexible batteries present high energy density
(43.6 W h kg™ "), even at —30 °C, and the batteries can work well
and a capacity retention of 64% can be achieved. Additionally,
this flexible ARSIBs exhibit robust mechanical durability under
bending and compression states, which can effectively power
electronics at —30 °C. Although designing ultra-high conduc-
tivity hydrogel electrolytes needs further exploration, hydrogel
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electrolytes are still significant in the development of portable
and flexible energy storage devices due to their high safety and
excellent mechanical performance.

In summary, electrolytes are significant in the advancement
of high-performance ARSIBs. Diluted electrolytes possess the
advantages of excellent conductivity and low cost, but the
narrow ESW (1.23 V) limits their wide applications. Concen-
trated electrolytes can expand the ESW to 3 V, as well as
reducing the side reactions of the HER/OER, structural collapse
of active materials and proton -co-intercalation, thereby
improving the energy density and cycling stability of the
batteries. Nevertheless, there is also the problem of high
viscosity of the electrolyte, make it easily crystallize at low
temperature. Adding organic co-solvents as additives is a effec-
tive method of obtaining ARSIBs with low freezing point. By
adjusting the solvation structure, the HBs between water
molecules are broken, and new HBs between the co-solvent and
water are formed, thereby endowing the electrolyte with anti-
freezing performance and enhancing the energy density of the
batteries. However, the dosage of additives and the reaction
mechanism still need to be further explored. In addition,
hydrogel electrolytes exhibit light weight, high safety and eco-
friendliness, and the flexible ARSIBs with hydrogel electrolytes
can achieve excellent electrochemical performance while
maintaining high flexibility, which are promising for the
advancement of flexible and wearable electronics. Nevertheless,
it is essential to further explore high conductivity hydrogel
electrolytes and more information about characteristics of the
multiple electrolytes is shown in Table 1.

5. Flexible ARSIBs' structural design

The advancement of flexible, wearable, and even implantable
electronics has resulted in the success of corresponding energy
storage systems. Traditional ARSIBs are bulky, heavy, rigid,
failing to satisfy the conditions of flexibility, light weight, and
great biocompatibility for wearable electronics. In recent years,

Table 1 The summary of advantages, disadvantages, and applicable temperature for multiple electrolytes

Common electrolyte

Advantages Disadvantages (applicable temperature) Ref.
Diluted electrolytes High conductivity, low cost, Narrow voltage window, 1 M Na,S0, (25 °C) 116
high safety HER/OER side reaction 1 M NaNO; (25 °C) 118
0.5 M CH3COONa/ 130
Zn(CH;CO00), (25 °C)
Concentrated electrolytes Wide voltage window, high Low-cost effectiveness, high 9.26 m NaOTF (25 °C) 114
safety, superior stability viscosity 17 m NaClO, + 1 M NaOH 137
(25 °C)
35 m NaFSI (25 °C) 132
Low freezing point Low freezing point, superior Low-cost effectiveness 2 M NaClO,/DMSO 139
electrolytes stability (—50-25 °C)
17 m NaClO,/ACN 140
(=50-25 °C)
17 m NaClO,/FA (—50-25 °C) 142
Hydrogel electrolytes Low freezing point, superior Low-cost effectiveness PDMA hydrogel electrolyte 148
stability (25 °QC)
EG-PAM-NaClO, hydrogel 149

This journal is © The Royal Society of Chemistry 2025
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the studies on flexible aqueous LIBs, Zn-ion batteries, and Al-
ion batteries have been extensive, and those batteries have
already been applied in wearable electronics, but there have
been few studies on flexible ARSIBs.">**** The flexible ARSIBs
possess abundant Na resources, biocompatibility, safety, and
appealing mechanical performance, in accord with the
requirements of flexible, wearable and implantable electronics.
In addition to electrode materials and electrolytes, the struc-
tural design of batteries is also crucial to their performance and
applications. To this end, the flexible ARSIBs are categorized
based on their structural design into fiber-based, paper-based,
metal current collector-based, and self-supporting batteries,
with a detailed analysis and summary.

5.1. Fiber-based flexible ARSIBs

Different from conventional planar flexible energy storage
devices, flexible fiber-based energy storage devices without
current collectors and conductive additives not only exhibit
high energy density and excellent cycle performance, but also
satisfy the needs of flexibility and light weight for wearable
electronics. The manufacture of fiber-based flexible electrodes
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is the priority of flexible fiber-based energy storage devices.
Metal wires, CNFs, polymer fibers, and CNTs have been used to
prepare flexible fiber-based batteries and capacitors."***** For
example, CNTs have high flexibility, tensile strength, and high
conductivity, which show promise for application as current
collectors for flexible fiber-based electrodes. In Fig. 13a, the
CNTs were coated with NaTi,(PO,);@C (NTPO@C) and
Nay 44,MnO, active materials, which were twisted into fibrous
electrodes, thus fabricating the NTPO@C//Nay 4sMnO, fiber-
based flexible ARSIBs.' As shown in Fig. 13b, the prepared
NTPO@C//Nay 44MnO, fiber-based flexible ARSIBs show
appealing cycle performance in 1 M NaSO, electrolytes, and the
capacity retention of the battery can reach 76% after 100 cycles.
Moreover, even after bending at 180° for 100 cycles, the capacity
of the battery hardly decreased, and the cycle performance of
the battery barely changed (Fig. 13c), indicating that the fiber-
based ARSIBs possess excellent electrochemical performance
and phenomenal mechanical performance. To further explore
the application range of fibrous ARSIBs the electrochemical
performance of the batteries was tested in saline and cell-
culture medium, and the discharge capacities of these
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permission from Elsevier, copyright 2017. (d) Schematic representation of paper-based flexible ARSIBs, (e) the state of the paper-based flexible
battery at various angles, the capacities of the battery (f) under bending states and (g) after punching holes.?? Reproduced from ref. 22 with
permission from Elsevier, copyright 2022. (h) Schematic representation of fully-printed ARSIBs, (i) and (j) the electrochemical performance of the
battery under bending states.?* Reproduced from ref. 24 with permission from John Wiley and Sons, copyright 2024.

12028 | J Mater. Chem. A, 2025, 13, 12009-12038

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00276a

Open Access Article. Published on 19 March 2025. Downloaded on 3/30/2026 5:59:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

batteries still remained at 37 mA h g ' and 32 mA h g/,
respectively, demonstrating great biocompatibility and
appealing stability. Fiber-based flexible ARSIBs with high
energy density, outstanding mechanical performance,
appealing stability and great biocompatibility are promising in
practical applications of wearable and implantable electronics.

5.2. Paper-based flexible ARSIBs

Paper-based flexible energy storage devices can be employed in
wearable electronics due to the abundant resources, high flex-
ibility, and biocompatibility.***** The fibers in paper possess
strong intermolecular and intramolecular HBs, endowing
paper-based electrodes with appealing mechanical perfor-
mance. The large specific surface area and porous structure
enable the paper to absorb more electrolytes through capillary
action, allowing for a greater number of extensive interactions
between the electrolytes and active materials. Paper-based
flexible ARSIBs serve as an appealing energy system that holds
promise in the development of wearable electronics. Using
paper as a flexible substrate for ARSIBs typically involves
incorporating conductive carbon materials to improve their
conductivity, such as CNTs, CNFs, and graphene. For example,
S@C, Na,44MnO,, Nafion membrane, graphite paper current
collector, and 17 m NaClO, electrolyte were used to assemble
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the paper-based flexible ARSIBs S@C//Nay 44MnO, (Fig. 13d).>>
The flexible battery delivers excellent capacity (348 mA h g™ ),
phenomenal rate performance and appealing Na' storage
performance. Furthermore, under different bending angles, the
capacity of the battery decays very little (Fig. 13e and f), and even
after punching holes on the battery, the electrochemical
performance is rarely affected (Fig. 13g), proving excellent
mechanical performance and appealing stability. These paper-
based electrodes with ultra-small resistance and volume hold
promise for achieving both high power density and energy
density simultaneously.

5.3. Flexible ARSIBs with metal collectors

Owing to the superior conductivity and high flexibility, metal
foils (copper, aluminum, and titanium) used as conductive
current collectors for electrodes have gained widespread utili-
zation in flexible energy storage devices.”””**° As is well known,
silver foil, despite its excellent conductivity, suffers from poor
mechanical performance, rendering it unsuitable as a current
collector for flexible devices. Interestingly, the silver current
collector is prepared by printing silver paste on a polyethylene
terephthalate substrate via the screen-printing technique,
which presents high conductivity and excellent mechanical
performance. As shown in Fig. 13h, the first fully printed
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flexible ARSIBs were obtained by the screen-printing technique,
including the printed NazV,(PO,),F3/C (NVPF/C) cathode, Na;-
MnTi(PO,);/C with 2% nitrogenous carbon (NMTP/C/NC)
anodes, and printed electrolytes.> The metal collectors with
the advantages of high conductivity and outstanding mechan-
ical performance endow the batteries with excellent energy
density (40.1 W h kg™ %), high flexibility and stability. Further-
more, the capacity retention of this flexible battery still remains
at 81% even after bending at 180° for 200 cycles (Fig. 13i and j).
This fully-printed battery enables miniaturization, integration,
and patterning, showing outstanding mechanical performance
and excellent electrochemical performance. The structural
design and manufacturing technique of the fully-printed
batteries can offer a new perspective for the advancement of
flexible and wearable electronics.

5.4. Self-supporting flexible ARSIBs

Flexible electrodes are typically composed of active materials,
current collectors, binders, and conductive carbon materials.
However, the weight and volume of the electrodes are increased
as a result of the addition of current collectors and binders,
thereby reducing the mass specific capacity of the batteries. The
self-supporting flexible electrodes are free of current collectors,
binders and conductive carbon materials, exhibiting excellent
energy density and appealing flexibility.'*>'** Generally, active
materials are attached to carbon cloth or conductive carbon
material arrays to prepare conductive films as self-supporting
flexible electrodes.

The hollow-structure NaTi,(PO,); nanoparticles (HNTP) were
embedded in porous N-doped carbon nanofiber (PNC) arrays by
electrospinning to prepare HNTP@PNC flexible anodes. More-
over, potassium zinc hexacyanoferrate (KZHCF) materials are
loaded on CNT films to obtain CNTF@KZHCEF flexible cathodes
(Fig. 14a).”* The HNTP@PNC//CNTF@KZHCF battery exhibits
appealing cycle performance, the discharge capacity still
remains at 89.6% of its initial capacity, and the CE can reach
100% (0.48 A cm ) after 200 cycles (Fig. 14b). Moreover, the
capacity of the flexible battery decreases little at 45°, 90°, 135°,
and 180° bending states; even upon bending at 90° for 500
cycles, the capacity remains at 89.8% of the initial capacity
(Fig. 14c). The self-supporting flexible ARSIBs show excellent
mechanical performance and phenomenal stability, offering
a development direction for flexible electronics.

As a 2D transition metal carbide and nitride, MXene provides
abundant covalent bonds and ionic bonds, leading to excellent
conductivity and high hydrophilicity, which is promising as
a flexible electrode material. A carboxyl-substituted dipyr-
idophenazine (CDPPZ) suspension was fully mixed with MXene
solution to fabricate porous, conductive and flexible MXe-
ne@CDPPZ composite films, as a flexible self-supporting anode.
The NiCoLDH@MXene composite films were prepared as a flex-
ible self-supporting cathode by the same method. As shown in
Fig. 14d, the anodes and cathodes and 10 M NaOH electrolytes
were vacuum-encapsulated in aluminum-plastic film to form
soft-package flexible ARSIBs.*® The discharge capacity of the
battery decreases little under different bending states (0-120°),
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Fig. 15 The challenges and strategies with respect to the cathode, anode, electrolyte, and structural design of flexible ARSIBs.

demonstrating phenomenal electrochemical performance, and
appealing flexibility (Fig. 14e). Furthermore, this battery can
power an electronic clock whether at flat or bending states, and
its performance even surpasses that of commercial lithium iron
phosphate and lithium-ion batteries (Fig. 14f).

According to the structural designs, functional flexible ARSIBs
including fiber-based, paper-based, metal current collector-
based, and self-supporting ARSIBs are developed to meet the
requirements of flexible electronics. Table 2 summarizes the re-
ported flexible ARSIBs with the different structural designs of
flexible current collectors. Flexible ARSIBs with the advantages of
safety, low cost and flexibility are essential in the advancement of
wearable electronics. In addition, Fig. 15 summarizes the chal-
lenges and key strategies with respect to the cathode, anode,
electrolyte, and structural design, providing valuable information
for the development of high-performance flexible ARSIBs. In
summary, it is significant to optimize active materials and elec-
trolytes, and improve structural design for achieving a balance
between energy density and functionality in ARSIBs.

This journal is © The Royal Society of Chemistry 2025

6. Applications of flexible ARSIBs

6.1. Flexible energy systems for portable electronics

The flexibility, lightweight, and biocompatibility characteristics
are identified as essential design criteria for flexible energy
systems in wearable electronics, ensuring the safety and
comfort of these devices during wearing. Compared to
conventional LIBs and SIBs, flexible ARSIBs can be widely used
in wearable electronic devices, because of their low cost, safety,
eco-friendliness, flexibility, and biocompatibility (Table 3). As
shown in Fig. 16a, perylene tetracarboxylic diimide (PTCDI)
nanofibers are constructed onto flexible indium tin oxide films,
thereby fabricating a binder-free PTCDI-nano-organic anode.
The aqueous flexible sodium ion storage devices (AFSISD) with
a sandwich structure are assembled by combining the PTCDI-
nano-organic anode with an activated carbon cathode and
polyvinyl alcohol-Na,SO, (PVA-Na,SO,) gel-electrolyte. This
battery provides an excellent gravimetric energy density of 83.8
W h kg™ and a power density of 3.4 kW kg™ ', and it can light up
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Table 3 The summary of advantages and challenges for the various batteries

Battery Advantages Challenges
Flexible ARSIBs High flexibility Low energy density
Low cost
Safety HER/OER side reactions
Environmental friendliness
Aqueous SIBs Low cost Low energy density
Safety Poor flexibility
Environmental friendliness HER/OER side reactions
SIBs Low cost Unsafe
Long cycle life Poor flexibility
Aqueous LIBs Safety Low cost-effectiveness
Low energy density
Environmental friendliness HER/OER side reactions
Poor flexibility
LIBs High energy density Low cost-effectiveness
Long cycle life Unsafe
Mature manufacturing Poor flexibility
technology
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Fig. 16 (a) Schematic illustration and (b) electrochemical performance of AFSISD.?° (c) Schematic illustration of the flexible ARSIBs, (d) two
batteries connected in series can power 18 LEDs *® Reproduced from ref. 19 with permission from John Wiley and Sons, copyright 2019. (e) The
preparation process of fully printed flexible electrodes, (f) the batteries can light LEDs and power an electronic watch.?* Reproduced from ref. 24
with permission from John Wiley and Sons, copyright 2024. (g) Schematic illustration of the structure of the triple-stacked flexible battery.*?®
Reproduced from ref. 128 with permission from the American Chemical Society, copyright 2020. (h) The synthesis of the NVTP/C hybrid
nanofibers film, (i) the cross-linked nanofiber film can be used as a connector component in LED circuits, (j) schematic illustration of flexible
symmetric ARSIBs. 62
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a ring LED strip even in the bent state (Fig. 16b).>® Utilizing
a zinc nanosheet as both the zinc source and reducing agent,
a micro-cube-like K,Zn3(Fe(CN)g),-9H,0 is grown on carbon
cloth (CC) to fabricate the flexible cathode CC@KZHCF, and the
flexible anode CC@NTP@C is fabricated by growing NTP onto
CC. As shown in Fig. 16c¢, the flexible ARSIBs with a high output
voltage platform are fabricated by the CC@KZHCF cathode and
CC@NTP@C anode, which exhibit excellent energy density and
attractive mechanical performance. In addition, two batteries
connected in series can power 18 LEDs (Fig. 16d).* As shown in
Fig. 16e, the fully-printed ARSIBs NMTP/NC//NVPF/C are fabri-
cated using the screen printing technique, exhibiting excellent
electrochemical performance and remarkable mechanical
performance. Batteries with different patterns can be integrated
in series and parallel to output the required voltage and
capacity, which can light up 10 LEDs and serve as an energy
bracelet to power an electronic watch (Fig. 16f).>*

Other cations (such as Li* and Zn**) were introduced into the
Na" electrolyte to prepare flexible aqueous hybrid-ion batteries,
which present excellent electrochemical performance. For
example, the addition of LiNOj; to a Na,SO, electrolyte enables
the co-intercalation of Li" and Na', enhancing the performance
of the sodium manganese oxide cathode. A triple-stacked flex-
ible aqueous sodium/lithium hybrid-ion battery, comprising
activated carbon and Na, 30MnO,, was integrated into an energy
band that can power LEDs whether in a flat or bent state
(Fig. 16g)."*® As shown in Fig. 16h, the NVTP/C hybrid nano-
fibers were prepared by an electrospinning method, which are
well-aligned along two intersecting directions, forming flexible
films with 3D network structure. The films with cross-linked
architecture exhibit appealing flexibility, excellent stability,
and high conductivity, which can serve as a connector compo-
nent in LED circuits (Fig. 16i). Additionally, flexible self-
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supported symmetric ARSIBs NVTP/C//NVTP/C without
binders, conductive additives, and current collectors present
excellent electrochemical performance and high flexibility
(Fig. 16j).1>

Although flexible ARSIBs have been widely used in certain
small, portable wearable electronics, their electrochemical
performance still requires further enhancement while main-
taining excellent flexibility. Further development is required to
advance the applications of these flexible ARSIBs, particularly in
integrating these batteries with small energy conversion devices
to form integrated electronic systems. For example, combining
flexible ARSIBs with flexible sensors, solar cells, wind power
generators, and triboelectric nanogenerators can create a wear-
able integrated system.

6.2. Stability under extreme conditions

6.2.1. Waterproof performance. To achieve large-scale
practical applications, it is crucial to explore flexible ARSIBs
that can resist extreme conditions in complex environments.
Under extreme conditions such as rain, swimming, and
washing, the waterproof performance of flexible ARSIBs relies
on the advanced packaging technologies, while also maintain-
ing excellent flexibility. As shown in Fig. 17a, the flexible film is
prepared by the active material (Nay4,MnO, and NTP@C),
conductive agent (acetylene black), binder (polytetrafluoro-
ethylene), and isopropyl alcohol, and the film is pressed onto
a stainless steel weld mesh to fabricate flexible film electrodes.
Moreover, a separator soaked with electrolyte is placed between
the anode and cathode to fabricate the flexible strip-shaped
ARSIBs, and the batteries are sealed through a vacuum seal-
ing process to ensure promising waterproof performance
(Fig. 17b).*
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Pouch

‘Wide Operating Temp. f
= =

d 120 e
o 100 &
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Fig. 17

(a) Schematic illustration of the flexible ARSIBs, (b) the photo of flexible strip-shaped ARSIBs.*® Reproduced from ref. 18 with permission

from Elsevier, copyright 2017. (c) The synthesis and mechanism of EPN hydrogel electrolyte, (d) electrochemical performance of the battery at
—30 °C.**° Reproduced from ref. 149 with permission from Elsevier, copyright 2024. (e) Schematic illustration of the NTP//NFS battery.*¢*
Reproduced from ref. 163 with permission from John Wiley and Sons, copyright 2024. (f) The structure and mechanism of fully-printed flexible
ARSIBs.2* Reproduced from ref. 24 with permission from John Wiley and Sons, copyright 2024.

This journal is © The Royal Society of Chemistry 2025
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6.2.2. Low/high temperature tolerance. Developing wide
temperature flexible ARSIBs promotes practical applications,
especially for special applications such as electric vehicles and
extreme environment exploration. Electrolytes are most signif-
icantly affected at both low/high temperatures, especially
aqueous electrolytes in practical applications. At low tempera-
ture, the electrolyte is easy to crystallize on the electrode,
resulting in the decrease of ion-diffusion kinetics and deterio-
ration of electrochemical behavior. As shown in Fig. 17c, an
anti-freezing ethylene glycol-polyacrylamide-NaClO, (EPN)
hydrogel electrolyte was synthesized using acrylamide as the
monomer, methylene-bis-acrylamide as the crosslinker, K,S,0¢
as the initiator, NaClO, solution as the electrolyte, and EG as the
additive. The addition of EG facilitates the formation of
numerous HBs in the hydrogel electrolyte, even at —30 °C; this
hydrogel electrolyte remains unfrozen, preserving its structural
and functional integrity. Moreover, the anti-freezing battery
FeST//NMTP with the EPN hydrogel electrolyte exhibit excellent
electrochemical performance and high flexibility. After 1950
cycles at —30 °C, the capacity of the battery can remain at
approximately 86% of its initial capacity and the CE can remain
at 100% (Fig. 17d)."*

High temperatures can exacerbate the instability of electrode
materials and electrolytes. In aqueous electrolytes, solvents
evaporate easily under high-temperature conditions, resulting
in poor energy density and short cycle life. The development of
stable electrode materials and appropriate electrolyte additives
is crucial for achieving SIBs with low/high temperature toler-
ance. As shown in Fig. 17e, the high-performance SIBs NTP//
Na, 4Fe; 5(SO,); (NTP//NFS) are fabricated with the stable
Na, 4Fe; 5(SO,); (NFS) cathode, NTP anode, and ester-based
electrolyte. These batteries demonstrate an ultra-long cycle
life, and the capacity retention can remain at 70.7% after
charging/discharging 10000 times at 10C. Due to the high
voltage platform and excellent stability of NTP and NFS in ester-
based electrolytes, the full battery can work safely between —50
°C and 90 °C.'* The stable electrode materials and appropriate
electrolyte additives play a significant role in the design of wide-
temperature ARSIBs.

6.2.3. Damage tolerance. Flexible ARSIBs are promising
energy storage systems for portable wearable electronics.
However, there is inevitable external damage in practical
applications such as hammering, tearing, and puncturing.
Therefore, ensuring the safety and resistance against damage of
these batteries during use is necessary. In Fig. 17f, the fully
printed flexible ARSIBs are assembled with the NVPF/C cathode,
NMTP/NC anode, and 17 m NaClO,/ethylene glycol (17 m
NaClO,-EG) electrolyte. The prepared battery was placed in
a nylon/polyethylene vacuum-sealed pouch and secured using
a vacuum heat-sealing machine. This battery exhibits excellent
electrochemical performance and appealing mechanical
performance under bending states of 180°. Furthermore, even
when the battery is cut with a 1 cm slit, the capacity of the
damaged battery hardly decreased.** Therefore, it is significant
to develop flexible ARSIBs that resist extreme conditions for the
advancement of portable wearable electronics.
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7. Conclusions and outlook

Flexible ARSIBs have great potential for application in portable
and wearable electronics due to their low cost, superior
mechanical properties, environmental friendliness, and excel-
lent electrochemical performance. The active materials, elec-
trolytes, and structural design are of great significance for the
development of flexible ARSIBs with both high energy density
and multi-functionality, which have attracted extensive atten-
tion. This review introduces and discusses the latest develop-
ments in active materials and electrolytes in ARSIBs. The
performance of active materials can be enhanced through
optimization strategies such as morphology engineering, defect
engineering, and composite modification, thereby obtaining
high-performance ARSIBs. Furthermore, it is crucial to develop
stable active materials with high performance and eco-
friendliness, as well as low-cost aqueous electrolytes with
a wide ESW and high stability. However, more research is still
needed to fully understand the reaction mechanism of ARSIBs
and to elucidate their performance enhancement mechanism.
In addition, the recent progress of flexible ARSIBs based on
fibers, paper, metal current collectors and self-supporting
electrodes is also reviewed. These studies offer insightful anal-
ysis and helpful recommendations for the success of flexible
and wearable electronics. More importantly, the practical
applications of ARSIBs still need to be further explored.

(1) As an essential component of the battery, the develop-
ment of high-performance active materials is essential to
enhance ARSIB performance. So far, the most promising active
materials in ARSIBs are metal oxides, polyanionic compounds,
and PBAs, MOFs, and organic polymer materials. However, the
instability, poor conductivity and low energy density of active
materials in aqueous solution severely limit the advancement of
high-performance ARSIBs. Optimization and improvement
strategies such as morphology engineering, defect engineering,
and composite modification are expected to enhance the
performance of active materials. Morphology engineering aims
at improving performance by altering the morphologies of the
materials, which requires precise control over the structure and
surface modification. The purpose of defect engineering is to
optimize electrode materials by introducing defects on the
surface and inside of the materials, but it is necessary to avoid
excessive defects that could destroy the stability of the material
and lead to structural collapse during the charging/discharging
process. The fabrication of composite materials can improve
the electrochemical performance of electrode materials, but it
still faces challenges in the complex preparation process and
the unclear interactions between materials. Hence, future
research on innovative active materials and selecting appro-
priate optimization strategies is needed, according to specific
requirements and practical applications for promoting the
development of ARSIBs.

(2) Electrolytes are also an important component of the
batteries, so it is a valuable research direction to develop suit-
able aqueous electrolytes for ARSIBs. So far, dilute electrolytes,
concentrated electrolytes, and hydrogel electrolytes have been

This journal is © The Royal Society of Chemistry 2025
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widely reported. However, they still face the challenges of
narrow ESW, limited operating temperature ranges, and side
reactions (HER/OER, proton co-intercalation, and active mate-
rial structure collapse). Moreover, the organic additives used to
optimize the aqueous electrolytes still involve the risk of
combustion, and the reaction mechanism needs to be further
explored. Therefore, further exploration of novel electrolytes
and optimization of reported electrolytes are necessary to
obtain the high-performance ARSIBs.

(3) The success of high-performance flexible ARSIBs provides
significant implications for their commercial viability. To attain
this objective, there are multiple aspects that should be consid-
ered, such as optimizing electrode materials, developing aqueous
electrolytes with a wide ESW, and exploring new design strategies.
In addition, the comprehensive understanding of their energy
storage mechanisms is necessary to fully utilize the potential of
active materials. However, the current research on the reaction
mechanism of ARSIBs is not clear enough. Additional computa-
tional simulations and more in situ characterization techniques
are needed to investigate the reaction mechanism of ARSIBs and
enhance their electrochemical performance.

(4) To achieve environmental sustainability goals, the recycling
technology of active materials needs further improvement, and
the development of biodegradable and eco-friendly materials as
next-generation electrode materials is promising. Additionally,
the application of flexible ARSIBs requires further expansion. On
the one hand, these batteries can be integrated with small energy
conversion devices (such as flexible sensors, solar cells, wind
power generators, and triboelectric nanogenerators) to create
wearable integrated electronic systems. On the other hand,
further research into battery assembly and improvement strate-
gies is needed to address the extreme conditions that flexible
ARSIBs may encounter, such as high temperatures, high pres-
sures, high salinity, low temperatures, and vacuum environments.

(5) Despite the great progress of aqueous metal ion batteries,
the energy density is still lower than that of conventional
organic batteries. Due to the advantages of safety, eco-
friendliness and low cost, it is significant to explore new
manufacturing techniques to prepare flexible ARSIBs with
excellent flexibility and high performance. In recent years,
screen-printing techniques have shown many advantages in the
preparation of multifunctional flexible energy storage devices,
including fully-printed flexible aqueous metal ion batteries and
supercapacitors. The advantages of miniaturization, high flexi-
bility, the tunability of shapes and sizes, and integration make
them promising in portable, wearable, and flexible electronics.
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