#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

REVIEW

Flexible electrochemical energy storage devices
and related applications: recent progress and
challenges

i ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 11229

Bo-Hao Xiao,?® Kan&Xiao,@*a Jian-Xi Li,* Can-Fei Xiao,® Shunsheng Cao & *°
and Zhao-Qing Liu { *2

Given the escalating demand for wearable electronics, there is an urgent need to explore cost-effective and
environmentally friendly flexible energy storage devices with exceptional electrochemical properties.
However, the existing types of flexible energy storage devices encounter challenges in effectively
integrating mechanical and electrochemical performances. This review is intended to provide strategies
for the design of components in flexible energy storage devices (electrode materials, gel electrolytes,
and separators) with the aim of developing energy storage systems with excellent performance and
deformability. Firstly, a concise overview is provided on the structural characteristics and properties of
carbon-based materials and conductive polymer materials utilized in flexible energy storage devices.

Secondly, the fabrication process and strategies for optimizing their structures are summarized.
Received 1st April 2024 Sub il hensi . . ted ding th licati ¢ bon-based terial
Accepted 26th June 2024 ubsequently, a comprehensive review is presented regarding the applications of carbon-based materials
and conductive polymer materials in various fields of flexible energy storage, such as supercapacitors,

DOI: 10.1039/d4sc02139h lithium-ion batteries, and zinc-ion batteries. Finally, the challenges and future directions for next-
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1. Introduction

The rapid consumption of fossil fuels in the world has led to the
emission of greenhouse gases, environmental pollution, and
energy shortage."? It is widely acknowledged that sustainable
clean energy is an effective way to solve these problems, and the
use of clean energy is also extremely important to ensure
sustainable development on a global scale.* Over the past 30
years, great progress has been made in the development of
electrochemical energy storage (EES) devices, such as
rechargeable lithium-ion batteries (LIBs) and supercapacitors
(SCs), which have been used in portable devices, electric vehi-
cles, and stationary energy storage systems.®® With the
increasing demand for energy storage devices, research on
flexible electronic devices with flexible, folding and stretching
functions is imminent, such as wearable electronic devices,
electronic paper, smart clothing, electronic skins, displays,
flexible smartphones, implantable medical devices, etc.*** To
power these devices, it is necessary to develop flexible, scalable
energy storage systems that can withstand mechanical defor-
mation while maintaining their electrochemical properties.’**?
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generation flexible energy storage systems are proposed.

In general, LIBs and SCs are composed of several main
components such as a positive electrode, negative electrode,
isolation layer, electrolyte, fluid collector and packaging mate-
rial.** Due to the limitations of molding technology and tradi-
tional structure, the commercial LIBs and SCs currently used
have high hardness and weight.>*® Conventional electrodes are
prepared by coating an electrode slurry (including active
materials, conductive materials, and polymer adhesives) on
a collector, then drying and pressing tightly.’>** As a result,
electrode materials easily fall off from the collector. As for the
metal collectors, it is difficult for them to return to the initial
state after repeated deformation, which leads to the deteriora-
tion of energy storage performance.” In addition, the delami-
nated electrode material may penetrate the isolation layer,
leading to short circuits and thermal runaway.”?* Additionally,
conventional liquid electrolytes inevitably exhibit leakage under
deformation, thus necessitating the utilization of solid/quasi-
solid gel electrolytes possessing superior mechanical proper-
ties and adhesion as an optimal solution to this issue.*

For flexible and scalable LIBs and SCs, all components are
inevitably subjected to repeated elastic deformation, but tradi-
tional components do not have this advantage, so all compo-
nents in LIBs and SCs should be selected to withstand
continuous deformation.*** Among these components, the
electrodes and electrolytes play a pivotal role in determining the
mechanical and electrochemical properties of the system.
Previous research has predominantly focused on investigating
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Fig. 1 (a) Timeline showing the key development of flexible energy storage devices and their applications in wearable electronics.3°-48

Reproduced with permission. (b) Summary of the publication records pertaining to “flexible energy storage device” in the Web of Science and

Lens.org databases, with a search date of June 2024.

these two crucial elements.**?* Fig. 1a presents a comprehen-
sive timeline illustrating the evolution and development of
deformable electrodes and electrolytes for energy storage
devices, as well as their applications in wearable electronics.***
The timeline categorizes these advancements based on material
composition and functionality, showcasing the diverse progress
achieved using carbon-based materials and organo-gels for
developing wearable energy storage devices. The increasing
number of published papers and patent applications (Fig. 1b)
reflects that flexible energy storage has gradually attracted
extensive attention from academic and industrial circles in
recent years. These technological advancements are poised to
revolutionize wearable electronics by enhancing their comfort,
durability, and multifunctionality, ultimately paving the way for
their commercialization. However, it is still in the early stages of
research. Therefore, the exploration of novel material and
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structural design solutions for flexible and scalable EES
remains an urgent and thorny challenge.

In this review, we review the design, synthesis strategies, and
recent advances of electrode and electrolyte materials for
various flexible energy storage devices (Fig. 2). The review
begins with a detailed discussion of synthetic strategies for
flexible electrode materials and gel electrolytes in Section 2.
Subsequent sections provide a comprehensive discourse on
electrochemical energy storage systems currently employed in
wearable electronics: SCs in Section 3, zinc-ion batteries (ZIBs)
in Section 4, metal-air batteries in Section 5 within an aqueous
system, lithium-ion batteries in Section 6, lithium-sulfur
batteries (LSBs) in Section 7, and sodium ion batteries (SIBs) as
well as potassium ion batteries (PIBs) in Section 8 within the
organic system. Finally, we provide a comprehensive overview of
strategies aimed at optimizing flexible electrode and electrolyte

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The outline map of this review.
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materials, as well as integrating flexible energy storage devices,
to expedite the realization of next-generation flexible electronic
devices.

2. Material design for flexible
electrochemical energy storage
devices

In general, the electrodes and electrolytes of an energy storage
device determine its overall performance, including mechanical
properties (such as maximum tensile/compressive strain,
bending angle, recovery ability, and fatigue resistance) and elec-
trochemical properties (including capacity, rate performance, and
long-term cycling stability). To cater to the requirements of flex-
ible electronic devices, it is imperative for electrodes and elec-
trolytes to retain their original mechanical and electrochemical
properties across diverse deformation states.

2.1 Flexible electrodes

There are two primary approaches to the design of flexible
electrode materials: one involves transforming non-flexible
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(a) Schematic illustration of a biomimetic freestanding carbon nanotube array designed to replicate the gradually crosslinked structure

found in the beak of a giant squid.®” Reproduced with permission from ref. 37. Copyright 2019, Wiley-VCH GmbH. (b) Schematic representation
of the preparation of TizC,T, films.*® Reproduced with permission from ref. 49. Copyright 2021, Wiley-VCH GmbH. (c) Schematic representation
of a helix-inspired battery designed with reference to the DNA structure.*® Reproduced with permission from ref. 50. Copyright 2022, American
Chemical Society. (d) Schematic representation of in situ synthesis of polymer PEDOT on carbon cloth.®* Reproduced with permission from ref.
51. Copyright 2021, American Chemical Society.
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materials into flexible ones through structural engineering,
while the other entails combining active electrode materials
with flexible substrates. Both strategies require further devel-
opment to effectively address the increasing demand for wear-
able electronics.

2.1.1 Structural engineering. The flexibility of the electrode
material can be achieved through macroscopic or microscopic
material structure design, in accordance with the specific
requirements. For example, Peng et al.*” fabricated a carbon
nanotube array with a gradient structure resembling the beak of
a giant squid through vapor deposition, resulting in a progres-
sively cross-linked architecture. This ingenious structural
design enables the carbon nanotube arrays to offer reversible
compressive strain up to 60%, exceptional fatigue resistance
(100 000 cycles at 20% strain), and remarkable electrochemical
stability across varying strains (Fig. 3a). The recombination
strategy proposed by Tao et al.*® enables the construction of
independent and flexible MXene thin film electrodes. The
Ti;C,T, microgels, isolated from 3D structured hydrogels, are
reassembled with individual Ti;C,T, nanosheets in varying
mass ratios to form a densely packed 3D network in microscale,
and a film morphology in macroscale. The resulting material
demonstrates excellent bending properties (180°) and exhibits
a high capacity of 736 F cm > at an ultrahigh scan rate of 2.0 V
s~ ' (Fig. 3b). Yin et al.* developed a flexible LIB that draws
inspiration from the helical structure of DNA. The battery
architecture primarily consists of multiple rigid, thick energy
stacks and some flexible, thin connectors. The thick energy
stacks serve as the main storage units for energy, while the thin
connectors are responsible for accommodating deformation.
This design allows for stress buffering in the spiral strain region
within the cell slot. As a result, this battery exhibits satisfactory
capacity retention and stable energy output even under static,
dynamic, and harsh in situ stress loads (Fig. 3c).
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2.1.2 Combination with elastomers. Traditional pseudo-
capacitive energy storage cathode materials such as MnO,,”
V,0s5,%* and conductive polymers®* exhibit satisfactory theoret-
ical specific capacity. However, when they are applied to flexible
energy storage devices, the fabrication of flexible composites
necessitates the use of other highly conductive substrates
through hydrothermal, electrodeposition, and chemical vapor
deposition methods. A typically substrate is carbon-based
materials including carbon cloth,* carbon fibers,*® carbon
aerogel,”” and carbon foam®® which are commonly employed as
flexible conductive substrates. And the optimization of the
preparation process is crucial to prevent shedding of the active
material grown on the substrate when it is deformed. For
example, Wang et al.>* demonstrated a chemical strategy for
controlling the oxidative radical polymerization process of
conductive polymer PEDOT on carbon cloth using Fe,O; parti-
cles as oxidant precursors. The reasonable spatial distribution
of oxidants results in minimal increase in mechanical stiffness
of the composite electrode material, which exhibits excellent
adhesion even at higher mass loading. As a result, the PEDOT/
CC composite electrode material displays high area capacitance
(6.21 F cm™?) and maintains 94% of its initial performance
under 180° bending (Fig. 3d). Wei et al>® engineered and
fabricated self-supporting hybrid nanostructures comprising
ultra-long manganese dioxide nanowires integrated with gra-
phene nanosheets as cathode materials for flexible ZIBs. This
unique one-dimensional (1D)/two-dimensional (2D) nano-
structure not only exhibits electrochemical synergy but also
demonstrates exceptional mechanical flexibility, retaining its
performance even under bending deformation. The composite
demonstrates a specific capacity of 317 mAh g " at 0.1 A g™},
thereby retaining its original properties even in the folded state.
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(a) Schematic of a solid-state lithium-ion battery using the layered heterostructure ionic gel electrolyte with two different ionic liquids and

hexagonal boron nitride nanoplatelets and the electrochemical properties.®® Reproduced with permission from ref. 60. Copyright 2021, Wiley-
VCH GmbH. (b) Schematic illustration of the ionic transportation mechanism of hydrogels.®*
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2.2 Flexible hydrogel electrolytes

Another crucial element of energy storage devices is the elec-
trolyte, comprising inorganic salts and solvents with high
conductivity. Within an electrolyte, the conductive salt
undergoes dissociation into charge-carrying ions and shuttles
between the positive and negative electrodes to facilitate charge
transport. The electrochemical properties, such as conductivity,
mobility rate, and diffusion coefficient, are determined by
factors including ion concentration within the electrolyte,
solvent type (inorganic/organic), and electrode interactions.

Gel electrolytes have been extensively utilized in the field of
flexible energy storage due to their excellent mechanical
stability and conductivity. To develop electrolytes suitable for
flexible energy storage devices, it is imperative to modify the
physical state of the electrolyte to a solid or quasi-solid form,
thereby preventing any leakage during mechanical deforma-
tion. The commonly employed raw materials for gel preparation
mainly include polyvinyl alcohol, polyacrylamide, polyethylene
glycol, and polyacrylic acid. Gel electrolytes can be categorized
into ionic gel electrolytes, hydrogel electrolytes, and organic gel
electrolytes. For instance, C. Hersam et al.*® have reported on
the development of an ion-gel electrolyte based on layered
heterostructures utilizing two imidazole ionic liquids. This
unique layered architecture exhibits a significantly expanded
electrochemical window while maintaining exceptional ionic
conductivity. In comparison to conventional ion-gel electro-
lytes, the heterogeneous nature of this layered ion-gel electro-
lyte enhances both the cycling stability and mechanical
properties of LIBs (Fig. 4a). To solve the problems of low
conductivity of solid gel electrolyte and poor interfacial stability
of the Zn anode, Zhi et al.** developed a water-deficient hydrogel
electrolyte as an intermediate layer. The polymer backbone of
the hydrogel features a polymeric zwitterion, with sulfonate end
groups that exhibit both hydrophilic and zincophilic properties,
while the coordination unit is provided by the zinc salt. This
unique structure enables impressive ion conductivity (2.6 x
10° S em ™) even under water-poor conditions, demonstrating
excellent long-term cycling stability (91% at 5C for 4000 cycles),
as well as strong adhesion and strain tolerance (Fig. 4b).

3. Flexible supercapacitors

SCs represent a highly promising candidate for flexible/
wearable energy storage devices owing to their high power
density, long cycle life and fast charge/discharge rates.®* Cate-
gorized based on the energy storage mechanism, they can be
classified into electrical double layer capacitors and pseudo-
capacitors.®® Electrical double layer capacitors store charge
through the electrostatic adsorption process that occurs at the
interface between the electrode and electrolyte, while pseudo-
capacitors store charge through electron gain/loss via a rapid
and reversible redox reaction on the surface of the electrode.
Although the flexible electrode materials and hydrogel electro-
lytes investigated thus far exhibit commendable mechanical
properties, there remains space for improvement in the elec-
trochemical performance of these devices. The electrode

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials for flexible SCs are classified and discussed in this
section, encompassing three categories: compressible elec-
trodes, foldable electrodes, and stretchable electrodes.
Furthermore, a concise overview is provided on the electrolytes
and current collectors employed in flexible SCs.

3.1 Flexible electrodes

3.1.1 Compressible electrodes. Freestanding three-
dimensional (3D) carbon-based materials, such as carbon aer-
ogels and carbon foams, exhibit great potential as advanced
materials for compressible SCs.** These carbon-based electrode
materials possess a highly porous structure and rough surface,
resulting in their super-hydrophilicity and low densities.
Moreover, their regular honeycomb internal architecture
enables efficient stress distribution along the vertical axis to the
lateral directions, thereby preventing fracture of the carbon
framework and facilitating elastic energy storage.®

Zhang and his colleagues® prepared cellulose nanofibrils/
carbon nanotubes/reduced graphene oxide (CNF/CNTs/rGO)
composite carbon aerogels through bi-directional freezing and
annealing treatments. By introducing cellulose nanofibers and
carbon nanotubes into the reduced graphene oxide, a regular
layered porous structure was formed, effectively inhibiting the
stacking of graphene sheets. Therefore, the CNF/CNTs/rGO
exhibited excellent performance with a capability to undergo
10000 cycles at 50% compressive strain. Furthermore, it
demonstrated outstanding area capacitance (109.4 mF cm™ > at
0.4 mA cm %) as well as long-term cycling stability (88% retention
after 5000 cycles at 50% compression strain). The CNF/CNTs/rGO
can be used as a strain sensor to capture biological signals from
the human body (Fig. 5a). Ye et al.*” synthesized nitrogen-doped
carbon aerogels (C-NGDs) through a biomass-mediated
approach, utilizing cost-effective glucose and dicyandiamide as
raw materials instead of the expensive graphene oxide and
carbon nanotubes. Owing to the highly stable wave-layered
structure of the aerogels, it can withstand up to 95% compres-
sive strain. Moreover, when assembled into a symmetric device, it
exhibits an impressive specific capacity of 220.2 F g™ " at a current
density of 0.5 A g™, thus establishing itself as a versatile material
for applications in biosensing, flexible electronics, and energy
storage and conversion devices (Fig. 5b). However, despite the 3D
carbon aerogel's potential as a SC electrode material, it cannot
meet the required capacity demands, hence the need for intro-
ducing pseudocapacitive materials to enhance their electro-
chemical performance. M. Razal et al.*” developed a super-elastic
and highly loaded MXene/rGO composite aerogel through
reduction, freeze-drying and annealing processes. The highly
loaded MXene was attached to the graphene wall to form a robust
cellular scaffold (Fig. 5c). Due to the synergistic effect of the
pseudocapacitive material MXene and graphene, the composite
aerogel exhibits not only excellent mechanical stability (60%
strain for 1000 cycles) but also high specific capacity (397 F g~ at
0.5 A g~ 1). Similarly, Liu and his colleagues® proposed a “poly-
mer chainmail” strategy, wherein electrochemically stabilized
anion-doped PEDOT is synthesized on a 3D nitrogen-doped
carbon foam skeleton through chemical in situ polymerization

Chem. Sci., 2024, 15, 11229-11266 | 11233
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GmbH.

(Fig. 5d). Due to the film-forming characteristics during the
PEDOT polymerization process and excellent electrochemical
performances, the resulting composites exhibit a synergistic
enhancement of mechanical properties (1000 cycles of
compression at 80% strain) and electrochemical properties
(604.6 F g~ " at 3 mA cm™>).

3.1.2 Foldable electrodes. Commercially available carbon
and cellulose cloths with low cost, high conductivity, high
toughness, and excellent foldability are promising substrates
for flexible electrode materials. Various types of energy storage
active materials can be easily synthesized on carbon or cellulose
cloth by chemical redox, vapor phase deposition and electro-
deposition to enhance capacity and energy density. Dahiya
et al.®® fabricated a textile based wearable SC using sweat as an
electrolyte by coating PEDOT:PSS as an electroactive material
onto a cellulose cloth substrate (Fig. 6a). The conjugated poly-
mer forms an electrochemical double layer on the surface of
electrodes upon interaction with authentic sweat, and its

1234 | Chem. Sci, 2024, 15, 11229-11266

performance exhibits significant dependence on both the
quantity and concentration of sweat. Consequently, this devel-
oped SC holds promising potential for applications in human
perspiration sensing. Zhao and his coworkers® used a mild
solvothermal method followed by post-nitriding treatment to
synthesize honeycomb-shaped CoN-Ni;N/N-C nanosheets in
situ on a flexible carbon cloth. The problem of structural tran-
sition metal nitrides during electrochemical reactions was
successfully addressed by employing the strategy of growing
transition metal nitrides on a conducting substrate (Fig. 6b).
The rational design of the hierarchically integrated nano-
structures yields a substantial specific capacity (1.48 F cm ™2 at
0.5 mA cm ?) and an extended cycle life (93.3% capacity
retention after 10 000 cycles), while maintaining proper func-
tionality across diverse bending angles.

In addition to commercially available fabrics, a wide range of
homemade flexible 2D thin-film carbon-based electrode mate-
rials have been extensively developed for application in foldable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SCs. These materials can be tailored with diverse internal
structures based on specific requirements using techniques
such as laser cutting, repeated drop-casting, and 3D printing,
thereby overcoming the limitations imposed by the original
structure of commercial flexible substrates. Pan et al.” prepared
CNC/PEDOT:PSS flexible films with hierarchical structure by
alternating deposition of carbon nanocoils and PEDOT:PSS
(Fig. 6¢). The interconnected CNCs within the porous structure
serve as high-speed channels for ion transport, while the pres-
ence of the PEDOT:PSS conductive film ensures structural
stability and enhances interlayer electron transfer kinetics.
Consequently, these thin-film electrodes exhibit excellent
bendability and electrochemical properties, achieving an area
capacitance of 1402.5 mF cm > at 0.25 mA cm 2. Moreover,
when assembled into solid-state SCs based on CNC/PEDOT:PSS,
they demonstrate a wide potential window of 2.0 V and main-
tain initial performances even under various bending angles. Li
and his coworkers™ developed a spatially interleaved SC using
the laser cutting method (Fig. 6d). In this approach, graphene

© 2024 The Author(s). Published by the Royal Society of Chemistry

microelectrodes are reversely stacked layer by layer in 3D space,
with narrow gaps strategically incorporated to enhance ion
transport within the electrolyte. The unique interlaced structure
of graphene microelectrodes imparts excellent mechanical
flexibility to the spatially interleaved SCs, which exhibits negli-
gible capacity decay even after undergoing 10 000 bending tests.
Moreover, it achieves an impressive area-ratio capacitance of
36.46 mF cm > within a compact thickness of only 100 pm,
thereby showcasing its potential for seamless integration into
wearable electronic devices. Lee et al.””> improved the process of
laser engraving to design flexible SCs, wherein the electrode
layer was designed with intersecting sharp edges to induce
a pronounced electric field at the corners of the electrode
fingers, thereby augmenting charge accumulation near the
electrode surface (Fig. 6e). Wu et al.” employed screen-printing
technology to fabricate electrode materials composed of
manganese hexacyanoferrate-manganese oxide and electro-
chemically reduced graphene oxide composites (MnHCF-
MnO,/ErGO), which can be tailored into diverse patterns as
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required (Fig. 6f). At a current density of 1.0 A g ', a high
specific capacity of 467 F g~ was achieved, and the capacitance
remained stable for 100 cycles under different bending angles
(60°, 90°, and 180°).

In recent years, the widespread utilization of 3D printing
technology in the domain of flexible energy storage devices has
been attributed to its capability to design electrode materials or
energy storage devices with diverse geometries based on specific
requirements. This addresses the issues related to limited
scalability, flexibility, and adaptability encountered by flexible
energy storage devices. Fink et al.”* pioneered the fabrication of

View Article Online
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fiber supercapacitors through a top-down approach, wherein
macroscopic prefabricated components were thermally
stretched into 100 meter-long energy storage fibers possessing
excellent mechanical strength and moisture resistance (Fig. 6g).
Wu et al.” developed a heterogeneous nanostructured black
phosphorus/metal-organic framework hybrid (E-BP/ZIF-67),
which exhibited high specific surface area and remarkable
electrochemical activity (Fig. 6h). The highly active nanohybrid
along with the poly(vinylidene difluoride-hexafluoropropylene)
binder functioned as stabilizing ink constituents, enabling
successful construction of this electrode material using 3D
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printing technology in a fully integrated manner. The resulting
solid-state flexible supercapacitor demonstrated an ultra-high
volumetric energy density of 109.8 mW h c¢cm™>, long-term
stability over 12000 cycles, and exceptional deformable
performance.

3.1.3 Stretchable electrodes. The unique stretchable
mechanical properties, excellent electrical conductivity, and
energy storage properties of polymer hydrogels make them
widely employed in the design and fabrication of electrode
materials for stretchable SCs.”*”” Yu and his colleagues,”
referencing the structure of a spider's web, synthesized an
adhesive by the biosynthesis process, and used it to attach the
electroactive material to the interconnected and entangled
bacterial cellulose 3D structure of the web to obtain stretchable
electrodes (Fig. 7a). The electrode was able to withstand a high
tensile strength of 19.5 MPa (tensile strain of 29%). In addition,
thanks to the spiderweb-type 3D binder, the electrode material
possesses a high mass loading and thus exhibits a high specific
capacitance of 225.8 F ¢ at 0.5 A g~ '. Yu et al.”® synthesized
a silver nanowire (AgNW)/silver nanoparticle-decorated carbon
nanotube (Ag-CNT)/polyacrylamide (PAM) hydrogel (AACP)
through in situ polymerization of polyacrylamide on the AgNW/
Ag-CNT, which effectively preserved the interconnection
between the networks of Ag-CNT and AgNW after applying
a thin layer of PAM (Fig. 7b). Consequently, the resulting
hydrogel exhibited an impressive electrical conductivity of
965 S cm™'. Benefiting from the structural advantages, the
composites effectively dissipate crack energy through shape
deformation of the honeycomb network, formation of crack
bridges in the intertwined network, and utilization of Ag-SR
bond-induced crack sharing in the integrated structure. Addi-
tionally, hydrogels exhibit an impressive tensile strain of
2430%. SCs assembled using an AACP electrode and multi-
functional GNP electrolytes demonstrate exceptional tempera-
ture adaptability (—35-80 °C) as well as remarkable cycling
stability (97.1% capacity retention after 10 000 cycles at —35 °C).

3.2 Flexible electrolytes

Hydrogel electrolytes have attracted a great deal of attention in
flexible and safe SCs due to the risk of electrolyte leakage from
SC devices under deformation or bending. However, the inter-
facial contact problem between the hydrogel electrolyte and
electrodes as well as the environmental instability are the key
factors restricting the development of hydrogel supercapacitors.
Therefore, in recent years, people have been committed to
developing new high-performance hydrogel electrolytes. Gao
et al® developed a nucleotide-tackified adhesive organo-
hydrogel electrolyte (P(AM-co-DMAEMA)/gelatine) that facili-
tates intimate electrode-hydrogel electrolyte contact while
reducing the interfacial contact resistance (Fig. 7c). Moreover,
the hydrogel exhibited excellent mechanical properties and
freezing resistance, ensuring the absence of delamination and
displacement between the electrolyte and electrodes even under
severe deformation conditions. Additionally, these SCs oper-
ated reliably for 5000 cycles at temperatures as low as —20 °C.
However, further reduction in temperature leads to a significant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decline in both the conductivity and mechanical properties of
these SCs, thereby severely compromising interfacial adhesion.
To address this issue, Yang and his colleagues®* developed an
anti-freezing and self-adhesive polyzwitterionic hydrogel elec-
trolyte (PZHE) using an autocatalytic nano-enhancement
strategy (Fig. 7d). The PZHE maintained good interfacial
adhesion even at a low temperature of —60 °C. Additionally, the
ZnCl,-filled salt-in-water type PZHE facilitated ion migration
channels and enhanced the reversibility of the Zn metal elec-
trodes, effectively reducing side reactions and prolonging cycle
life. As a result, the Zn>* ion hybrid capacitor achieved a high
energy density of 80.5 W h kg™ " with excellent cycle stability of
up to 100 000 cycles. On the other hand, to address the issue of
instability exhibited by conventional hydrogel electrolytes
under high temperature, Chen et al.** developed a montmoril-
lonite/polyvinyl alcohol (MMT/PVA) hydrogel electrolyte,
which exhibited enhanced thermal stability due to the presence
of montmorillonite and a reduced freezing point by incorpo-
rating dimethyl sulfoxide into the solution (Fig. 7e). As a result,
the electrolyte demonstrated high conductivity ranging from
0.17 x 10 * to 0.76 x 10°* S cm™* over a wide temperature
range (—50 °C to 90 °C). Moreover, the assembled devices
exhibited excellent capacity performance and mechanical flex-
ibility. In addition to its exceptional temperature adaptability, it
is crucial not to overlook the influence of flexible gel electrolyte
modification on the cycling stability of devices. Chen et al.®
have successfully developed a mechanically flexible water-in-
salt hydrogel electrolyte based on a chloride ion-facilitated de-
solvation mechanism within hydrated ZnCl'-(H,0),_, (with n
= 1-6) clusters (Fig. 7f). This innovative approach not only
enhances the energy storage capacity of porous carbon mate-
rials but also improves the reversibility of Zn metal electrodes.
The resulting zinc-ion hybrid capacitor exhibits an impressive
energy density of 217 W h kg™ and demonstrates outstanding
cycle life with up to 100 000 cycles.

To accommodate supercapacitor electrode materials with
customizable external geometries obtained through 3D printing
preparation, studies on gel electrolytes prepared using 3D
printing technology have also been reported. Hydrogel electro-
Iytes, due to their excellent mechanical strength, reproduc-
ibility, and plasticity, can serve as a suitable substrate for 3D
printing. For instance, Wang et al.** developed a robust hydro-
gel by random copolymerization of 3-(methacryloylamino)-
propyl trimethylammonium chloride and methacrylic acid,
utilizing various interactions such as hydrophilic hydrogen
bonding and polyanionic interactions along with entanglement
of hydrophobic polymer chains (Fig. 7g). The resulting hydrogel
exhibits mechanical stability and self-repairing properties
owing to the interplay between the hydrogen bonding network
and polyanions/cations. When employed in flexible super-
capacitors, this electrolyte can also function as a binder that
integrates active materials into the polymer network while
significantly reducing interfacial resistance between the elec-
trolyte and electrodes. Consequently, the assembled device
maintains stable mechanical and electrochemical properties
even after undergoing over 100 consecutive bending cycles.
Zhou et al.*®* proposed an innovative fabrication method for

Chem. Sci., 2024, 15, 11229-11266 | 11237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02139h

Open Access Article. Published on 28 June 2024. Downloaded on 4/1/2026 8:31:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

flexible supercapacitors wherein a gel electrolyte template was
initially prepared via 3D printing followed by assembly of elec-
trodes, collectors, and encapsulation materials through the dip-
coating technique, thus enabling realization of flexible super-
capacitors possessing both an internal three-dimensional
structure and overall 3D geometry that can be easily inte-
grated into diverse electronic products (Fig. 7h).

4.

Compared to LIBs employing organic electrolytes, aqueous ZIBs
have garnered attention due to their superior safety profile, cost-
effectiveness, and simplified assembly process (eliminating the
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need for glovebox operation).® Since the Zn anode enables two-
electron participation in the electrochemical reaction, it
exhibits a remarkable specific capacity of 820 mA h g~ * along-
side a low redox potential of —0.76 V (vs. the standard hydrogen
electrode).?” Therefore, ZIBs hold great promise as highly effi-
cient energy storage devices for next-generation wearable
electronics.®®

4.1 Foldable electrodes

Manganese-based or vanadium-based oxides, such as V,Os,
VO,, MnO,, and Mn;0,, are commonly employed as cathode
materials for aqueous ZIBs.*>*° However, the limited electrical
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conductivity inherent in these metal oxides poses challenges to
their rate performance and cycling stability. To address this
issue, these active materials are usually compounded with
various carbon-based materials, such as carbon nanotubes,
reduced graphene oxide and carbon cloth.”

1D carbon nanotubes can serve as linking materials for
transition metal oxides, thereby addressing the issue of
mechanical instability in the direction perpendicular to 2D
nanosheets. For instance, Wang et al.*® developed a strategy
involving the use of 1D carbon nanotubes stitched with Zn;(-
OH),V,0,-2H,0 (CNT-stitched ZVO) 2D nanosheets directly
grown on oxidized carbon nanotube fibers (Fig. 8a). The
incorporation of stitched carbon nanotubes onto the ZVO
nanosheets not only imparted electrical conductivity but also
enhanced mechanical properties. Consequently, even when
subjected to bending at 180°, the composites exhibited no
active material detachment and retained their original proper-
ties. Moreover, assembling a full cell with Zn NSs@CNT fibers
(carbon nanotube fibers electrodeposited with zinc nanosheets)
as anodes demonstrated exceptional performance stability over
extended cycling periods (69.7% capacity retention after a 100-
fold increase in current density and 88.6% capacity retention
after 2000 cycles).

2D graphene nanosheets are commonly used as flexible and
conductive scaffolds for layered transition metal oxides. For
instance, Fan et al.** fabricated layered Zn orthovanadate and
Zn nanosheets on a 3D porous graphene substrate to serve as
the cathode and anode, respectively, in flexible ZIBs (Fig. 8b).
Due to the ordered structure of the active material, the full cell
assembled with quasi-solid hydrogel electrolyte exhibited
exceptional rate capability at 50C and demonstrated excellent
cycling stability (2000 cycles at a rate of 20C), effectively sup-
pressing dendrite growth. Furthermore, the fully functional cell
displayed remarkable mechanical flexibility within a bending
angle range of 0 to 180°. Li et al.*® innovatively embedded gra-
phene nanosheets into MoS, channels (Fig. 8c). The sandwich
structured MoS,/graphene nanosheets promoted the diffusion
of Zn>* as well as the penetration of the electrolyte solution,
along with strong structural stability. The composite thus
demonstrated high-rate performance (285.4 mA h g ' at
0.05 Ag ' with 141.6 mAh g "at 5 Ag ') and long-term cycling
stability (88.2% capacity retention after 1800 cycles). Through
a series of ex situ characterizations, the authors validated that
the introduction of graphene nanosheets enabled highly
reversible phase transition between 2H-MoS, and 1T-MoS,, thus
elucidating the energy storage mechanism. Similarly, Wei
et al.> fabricated a composite material comprising of ultra-long
manganese dioxide nanowires and graphene nanosheets as
a flexible cathode for ZIBs (Fig. 8d). Benefiting from the strong
electrochemical synergy provided by the unique 1D/2D nano-
structures, the MnO,/rGO composite demonstrates an
enhanced specific capacity (317 mA h g ') in its conventional
state and maintains normal operation even when folded at
180°.

Commercial carbon cloths are also commonly used to
prepare cathode materials for flexible ZIBs. Wang et al®®
synthesized oxygen-deficient Mn;O,@C nanorod arrays (Od-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Mn;0,@C NA/CC) on carbon cloth by carbonizing the manga-
nese metal-organic framework (Fig. 8e). In addition to
enhancing the conductivity of Mn;O,, they successfully
improved the stability of the MnOg octahedral structure, effec-
tively inhibiting Mn*>* dissolution. As a result, the assembled
full cell achieved an impressive capacity retention of
84.1 mA h g™ (up to 95.7% of the initial capacity) after 12 000
cycles at 5 A g~ '. Similarly, Tan et al.** fabricated a cathode
material for ZIBs by growing defective MnO,_, nanosheets on
carbon cloth (Fig. 8f). A Li treatment during the preparation
process was employed to expand the layer spacing of MnO, and
induce oxygen vacancies. Compared to pristine MnO,/CC, the
utilization capacity, rate capability, and cycling stability of
MnO,_,/CC as a cathode were significantly enhanced. Even at
an ultra-high mass loading of 25.5 mg cm >, the specific
capacity reached 3.63 mA h cm > Self-powered wristbands
based on flexible ZIBs assembled with MnO,_,/CC and inte-
grated with solar cells demonstrated their potential in powering
commercial wearable electronic devices.

The 3D printing technology has been utilized for the fabri-
cation of carbon-based cathode materials in flexible ZIBs. For
instance, Ma et al.*” developed a bendable electrode material by
employing the 3D printing technique to prepare manganese
dioxide-coated carbon nanotube (CNT@MnO,) ink. The
resulting Zn//CNT@MnO, flexible ZIBs exhibited a stable
capacity of 63 pA h cm™? at 0.4 mA cm ™2, with only a maximum
capacity loss of 2.72% when subjected to bending in different
states (Fig. 8g). Tan et al.*® reported an F/Ce co-doped V,05
printing ink that demonstrated improved specific capacity, rate
performance, and long-term cycling stability due to increased
layer spacing and introduction of oxygen defects in V,05 after
co-doping (Fig. 8h). The electrodes fabricated using the 3D
printing technology displayed high-quality loading and excel-
lent mechanical properties, leading to ultra-high capacity
(10.1 mA h cm™?) and energy density (8.1 mW h cm™?) in
assembled flexible ZIBs.

The primary obstacle currently impeding the advancement
of ZIBs lies in the uncontrolled growth of dendrites on the
anode Zn electrode, which is primarily attributed to excessive
local current density and electric field imbalance during Zn
deposition. This flaw is inevitably exacerbated under conditions
of device bending and deformation. Consequently, it is imper-
ative to consider the issue of dendrite growth when designing
flexible anode materials for ZIBs.

Generally, there are two design concepts for flexible ZIB
anodes. The first involves employing structural engineering
techniques to make the Zn anode flexible. For example, Duan
et al.”® have developed a topology-optimized bionic honeycomb
Zn anode that effectively enhances the distribution of current,
stress, and thermal fields within the anode (Fig. 9a). This
innovative structure achieves a multi-field modulation effect,
leading to improved electrochemical and mechanical stability.
Notably, the electrode exhibits an impressive cycle life of 2000 h
(at a current density of 30 mA cm2) and demonstrates excep-
tional rate performance at 20C. Furthermore, this anode stands
out for its remarkable performance while maintaining cost-
effectiveness.

Chem. Sci., 2024, 15, 11229-11266 | 11239


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02139h

Open Access Article. Published on 28 June 2024. Downloaded on 4/1/2026 8:31:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Review

Dendrite Free

b Electrolyte Electrolyte c O

_ Further

e

Plating

Zn-P-MIEC

lonic conductor Electronic conductor ® Zn-P

(@)

LU L

®) © i
J.

[, I 0, IO, 1 [ - 0 O B U A T AT T
o

d e Distribution of current density (mA cm2) f
L ~ zwco@cC
|RXXRRX Ky P29 g XXX XX XX KKy
EE T
L e 0.4 08 1.2 1.6 2.0

il B~

g LR I s v T T

2004 //] “ g'": kJ {7 N

wl L H M |

3 % 1 ® 0 ——— 5 PR I —

100
Specific capacity (mAh/g)

Fig. 9 (a) Theoretical simulations of current density redistributions and morphology of the biomimetic honeycomb anode.®® Reproduced with
permission from ref. 99. Copyright 2023, Wiley-VCH GmbH. (b) Schematic illustrations and electric field simulation on the mixed ionic—-elec-
tronic conductor scaffold for Zn-powder.*®® Reproduced with permission from ref. 100. Copyright 2022, Wiley-VCH GmbH. (c) Schematic
diagram of desirable bottom-up and dendrite-free Zn deposition behavior in the Zn powder-based anode with gradient particle size.*°*
Reproduced with permission from ref. 101. Copyright 2023, Wiley-VCH GmbH. (d) TEM images and electrochemical performances of the Zn/
CNT sample.’®? Reproduced with permission from ref. 102. Copyright 2019, Wiley-VCH GmbH. (e) Electric field simulation, TEM image, and
electrochemical performances of Zn/rGO@CC electrodes.’*®* Reproduced with permission from ref. 103. Copyright 2023, Wiley-VCH GmbH. (f)
Schematic diagram and models of the electric field distributions for the Zn@N-VG@CC electrode.*** Reproduced with permission from ref. 104.

Copyright 2021, Wiley-VCH GmbH.

Flexible Zn anode materials can also be prepared using Zn
powder as a raw material by the tape-casting technology. Liang
et al.** mixed Zn powder, ethylene vinyl acetate copolymer and
carbon nanotubes sufficiently and then cast them onto a film,
which was peeled off from the mold after drying to obtain a Zn-
P-MIEC film (Fig. 9b). This freestanding flexible electrode
material consists of a hybrid ionic-electronic conductor scaf-
fold formed by carbon nanotubes and ethylene vinyl acetate
copolymer, providing flexibility to the material while protecting
the Zn powder from corrosion in aqueous solutions. The
resulting zinc anode enables homogenization of the Zn** flux
during repetitive galvanizing/stripping processes for stable and
reversible cycling of Zn>'. Remarkably, even after 1270 h of
cycling, only a minimal increase in voltage hysteresis was
observed in batteries assembled with Zn-P-MIEC. Guan et al.'*
employed a similar method to fabricate thin-film anode mate-
rials based on Zn powder, but they introduced a novel concept
of gradient particle size (Fig. 9c). By reducing the particle size of
the Zn powder and electrode porosity with increasing depth,
a vertical gradient particle flux is generated, facilitating bottom-
up Zn deposition and exfoliation while impeding dendrite
growth. Consequently, these prepared electrodes exhibit
exceptional cycling stability even under high current density

1240 | Chem. Sci, 2024, 15, 11229-11266

and capacity conditions (5 mA cm ™2, 5 mA h cm™?), achieving
a cycle life of up to 130 h.

A more streamlined and efficient approach to mitigating
dendrite growth in ZIBs involves the construction of a flexible
3D conductive framework, which serves as a galvanized/
stripped support. Lu et al.*®* utilized 3D carbon nanotubes as
a flexible substrate and a galvanized support, resulting in
a notable enhancement in the coulombic efficiency of the Zn/
CNTs compared to the pristine deposited Zn electrode
(Fig. 9d). This improvement can be attributed to the preparation
of Zn/CNTs with reduced Zn nucleation overpotential and
a more uniform distribution of electric field. Moreover, it
exhibited excellent stability, operating at 2 mA cm™> for 200 h
without any observed dendrite growth. Lu et al.'*® fabricated
a Zn/3D reduced graphene oxide composite on carbon cloth
substrates via one-step co-electrodeposition (Fig. 9e). The
incorporation of a 3D reduced graphene oxide network not only
enhanced the electrical conductivity and wettability of the
electrode materials but also resulted in a more uniform electric
field distribution and lower local current density, effectively
suppressing the growth of zinc dendrites. The electrode mate-
rial exhibited excellent long-term cycling stability for 1000 h at 1
mA cm 2, while the assembled full battery with MnO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrated remarkable rate performance and maintained its
original properties even under bending conditions. Further
optimization was conducted by Guan and his colleagues,***
resulting in the proposal of an in situ growth method for 3D
nitrogen-doped vertical graphene nanosheets on carbon cloth
(Fig. 9f). This approach also enables the realization of flexible
Zn anodes without dendrite growth. The introduction of
nitrogen-containing groups into the 3D graphene nanosheets
significantly enhances the interaction between Zn** and the
carbon substrate, thereby reducing the overpotential for Zn
nucleation and facilitating uniform distribution of Zn nuclei on
the surface of the anode.

4.2 Stretchable electrodes

Compared to foldable batteries, stretchable batteries play an
equally crucial role in wearable electronic devices. Chen et al.**
designed a stretchable ZIB which is based on a V,CT, cathode
and a Zn-modified Tiz;C,T, film composition (Fig. 10a). During
electrode fabrication, both MXene-based electrodes were
intentionally designed with a wrinkle-like micro-texture,
enabling reversible folding/unfolding behaviour upon stretch-
ing to effectively mitigate in-plane stress. Consequently, the
assembled device exhibits remarkable tensile strain resistance

© 2024 The Author(s). Published by the Royal Society of Chemistry

up to 50% while experiencing only minimal capacity attenua-
tion (from 118.5 to 103.6 mA h g™') under tensile conditions.
However, the tensile properties of MXene films are not inherent,
thereby limiting the maximum tensile strain of this electrode
material. Guan and his colleagues'® have reported an intrinsi-
cally stretchable liquid metal fiber anode (LM@Zn) (Fig. 10b).
The inherent stretchability and liquid properties of LM@Zn
ensure that the fiber ZIBs possess excellent tensile properties.
When subjected to a tensile strain of 50%, the fiber ZIBs based
on the LM@Zn anode retain 83% of their initial capacity.
Furthermore, owing to its remarkable zincophilic and alloying
effect, the LM@Zn anode exhibits a more uniform Zn deposi-
tion process along with enhanced Zn (002) crystal orientation.
Consequently, the assembled ZIB demonstrates exceptional
cycling stability, enabling continuous operation for over 800 h.
Wei et al.'” prepared NiCo,S, , arrays with tunable sulfur
vacancies grown on carbon yarn (NiCo,S; ,@CY) through
a simple hydrothermal method, utilizing carbon yarns as
substrate materials that possess intrinsic stretchable properties
(Fig. 10c). The introduction of sulfur vacancies was found to
promote the surface remodelling and phase transition of
NiCo,S,_, leading to enhanced conductivity and charge storage
kinetics. As a cathode material for ZIBs, the composite exhibited

Chem. Sci., 2024, 15, 11229-11266 | 11241
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favourable discharge capacity (271.7 mA h g~') and excellent
cycling performance (70.9% capacity retention at 5 A g ).
Moreover, when integrated into stretchable ZIBs as the base
material, NiCo,S; ,@CY demonstrated exceptional tensile
stability and durability under various mechanical deformations.
However, during the process of the device being stretched, the
individual components within it may separate from each other,
thus affecting the overall performance of the cell. In order to
solve this problem, Niu et al'® successfully developed
a stretchable ultrathin all-in-one ZIB through a blade coating
and rolling assembly process, wherein the PANI/SWCNTs
cathode, Zn/SWCNTs anode, and PVA/Zn(CF;S0;), gel electro-
lyte were seamlessly integrated into a single unit (Fig. 10d). This
innovative integrated structure effectively prevents any relative
displacement or detachment between adjacent components,
ensuring continuous and efficient ion and/or load transfer
capability even under external deformation while maintaining
exceptional structural and electrochemical stability. Moreover,
this battery can be customized into various shapes and struc-
tures to meet specific requirements.

1242 | Chem. Sci, 2024, 15, 1229-11266

4.3 Flexible electrolytes

A solid gel electrolyte is required to replace the aqueous zinc salt
solution in flexible ZIBs. The high-performance gel electrolyte
not only enhances device deformability but also improves anti-
freezing properties, inhibits anode Zn dendrite formation and
side reactions to a certain extent, thereby enhancing cycling
stability. Therefore, the development of flexible hydrogel elec-
trolytes holds significant importance in assembling flexible
ZIBs.

Zhi et al.*® developed a polyacrylamide-based hierarchical
polymer electrolyte (HPE) by grafting polyacrylamide (PAM)
onto gelatine chains embedded in a network of electrostatic
spinning fiber membranes made from polyacrylonitrile (PAN),
which enhanced the mechanical strength and conductivity of
the polymer electrolyte (Fig. 11a). The assembled full cell with
an MnO,/CNTs cathode demonstrated remarkable specific
capacity (306 mA h g ') and excellent cycling stability (97%
capacity retention after 1000 cycles at 2772 mA g~ '). Due to the
exceptional mechanical stability of the layered hydrogel, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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battery exhibits outstanding wear resistance and safety,
enabling normal operation under extreme conditions such as
cutting, bending, beating, etc. Subsequently, Zhi et al.**® have
developed a high-performance, stretchable zinc-ion battery with
a double-helical structure utilizing an HPE as a gel electrolyte
and MnO,/CNTs as electrodes. The cell exhibits exceptional
programmability and customizability while being able to with-
stand 300% tensile strain (Fig. 11b).

However, conventional hydrogel electrolytes exhibit a signif-
icant loss of flexibility at low temperatures and a notable
decrease in conductivity, resulting in the attenuation of elec-
trochemical properties. To address this issue, Zhou et al.*™
developed GG/SA/EG hydrogels by combining two natural
polymers, guar gum (GG) and sodium alginate (SA), which
possess excellent antifreeze properties. The inclusion of
ethylene glycol (EG) forms stable molecular clusters with H,O
molecules and competes with hydrogen bonds in water, leading
to a reduction in the saturated vapor pressure of water and
consequently lowering the freezing point. Moreover, the GG/SA/
EG hydrogels demonstrate remarkable mechanical properties
with capacity retention rates of 87.2% and 78.3%, respectively,
after undergoing 1000 bending cycles (Fig. 11c). Zhang et al.'**
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fabricated a highly flexible polysaccharide hydrogel incorpo-
rating a low concentration of Zn(ClO,), salt, wherein the ClO,~
anion, water, and polymer chains establish ternary and weak
hydrogen bonds. This interaction enhances the mechanical
properties of the polymer chains while disrupting the hydrogen
bonding network among water molecules, leading to a signifi-
cant reduction in electrolyte solidification point. Simulta-
neously, it diminishes free water content and effectively
suppresses hydrogen precipitation side reactions as well as
dendrite growth at the Zn anode (Fig. 11d). In order to achieve
enhanced freezing resistance and mechanical properties, Niu
et al."** developed a hydrogel electrolyte (Zn(BF,),-PAM) based
on Zn(BF,), and PAM. The BF, anions interact with water
molecules through strong O-H---F hydrogen bonds due to the
highly electronegative nature of fluorine atoms, replacing the
weak O-H---O hydrogen bonds between water molecules and
effectively inhibiting ice crystal formation at low temperatures.
As a result, the Zn(BF,),-PAM hydrogel remains unfrozen even
at —70 °C, enabling the construction of freeze-resistant flexible
ZIBs that exhibit excellent cycling stability and consistent elec-
trochemical performance under low temperature conditions as
well as during bending (Fig. 11f).
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5. Flexible metal—air batteries

The rapid advancement of portable and wearable electronic
devices has led to widespread interest in flexible metal-air
batteries due to their safe operation, low cost, high energy
density, and eco-friendliness.>® However, the ORR and OER of
the air electrode often experience sluggish kinetics under
significant polarization conditions that rely heavily on efficient
and stable catalysts."* Additionally, conventional electrolytes
face significant challenges in semi-open systems such as water
evaporation at high temperatures or gel freezing at low
temperatures leading to battery failure in harsh environ-
ments."® To promote the development of flexible metal-air
batteries, researchers have recently developed various new
flexible air cathode catalysts and gel electrolytes, which are
mainly used in Li-air batteries (LABs), Zn-air batteries (ZABs),
and Al-air batteries (AABs).

5.1 Li-air batteries

Due to their reasonable theoretical energy density (~400 W h
kg™ ") and energy efficiency (>90%), LABs have garnered signif-
icant attention in the realm of metal-air batteries."” Despite the
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synthesis of air electrodes with porous structures and organic/
aqueous electrolytes, conventional lithium-air batteries are
manufactured with inflexible integral architectures that fail to
meet the demands of wearable electronic devices. Furthermore,
LABs still encounter substantial challenges such as side reac-
tions, limited recyclability, and electrolyte leakage.

To develop an electrochemical energy storage system
compatible with wearable electronics, Peng et al.'*® fabricated
a novel fibrous LAB featuring a coaxial structure that integrates
an external carbon nanotube cathode and an internal Li wire
anode within a polymer gel electrolyte, rendering it fibrous in
nature. The incorporation of the gel electrolyte effectively
hinders air diffusion onto the Li anode, thereby lowering its
corrosion rate. Consequently, the resulting LAB exhibits excel-
lent flexibility, braiding capability, and cycling stability
(Fig. 12a).

To enhance the protection of the anode in lithium-air
batteries, novel gel electrolytes with superior mechanical
properties have been developed. For instance, Zhang et al.**
drew inspiration from the umbrella structure to develop
a robust hydrophobic composite polymer electrolyte film that
exhibits exceptional flexibility, hydrophobicity, and stability for
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safeguarding the lithium anode. The electrolyte is composed of
thermoplastic polyurethane and hydrophobic silica nano-
particles, effectively preventing cell deformation and flooding.
By mitigating the risks of puncture and heat-induced short-
circuit fires, this innovation significantly enhances the safety
profile of wearable LABs. Furthermore, the in situ preparation of
the electrolyte film ensures its uniform distribution on the
surface of the Li anode, thereby substantially retarding corro-
sion and dendrite growth while leveraging its inherent hydro-
phobic properties to prevent undesired side reactions (Fig. 12b).
The tetraethylene glycol dimethyl ether gel electrolyte was
prepared in situ on the lithium anode surface by Ding et al.
through a crosslinking reaction.”® Notably, the inclusion of
a polymer-free additive allows for the maintenance of high ionic
conductivity within the gel, while the in situ preparation method
ensures excellent interfacial contact between the electrodes.
Thanks to this enhanced conductivity, the LABs assembled with
this gel electrolyte exhibit stable operation for 1175 h in air
(Fig. 12¢).

The inherent mechanical stability of the organic gel elec-
trolyte effectively safeguards the Li anode, but its low conduc-
tivity remains a limiting factor in its development. Despite
efforts to enhance conductivity through the incorporation of
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inorganic electrolyte additives, they have not yet resolved the
issue of unstable performance in air. To solve this problem, Yu
et al.®®! introduced a flexible solid zeolite electrolyte—a thin Li"
ion exchange zeolite membrane—through an innovative in situ
assembly strategy that integrated it with both the Li anode and
carbon nanotubes at the cathode (Fig. 12d). Due to the inherent
chemical stability in air as well as high conductivity of zeolites,
this all-solid-state LAB exhibited remarkable specific capacity
(12 020 mA h g~ for carbon nanotubes) and cycle stability (149
cycles at 500 mA g 'and 1 mAhg™).

5.2 Zinc-air batteries

Since Zn participates in a redox reaction involving the transfer
of two electrons, the theoretical specific energy density of Zn-air
batteries reaches 1086 W h kg~', which surpasses that of
LABs."”* Moreover, ZABs exhibit cost-effectiveness, safety, and
environmental friendliness, positioning them as potential
candidates for next-generation electrochemical energy storage
and conversion systems.'?*>*** However, the sluggishness of the
oxygen reduction reaction at the air cathode and the vulnera-
bility of water electrolytes and Zn anodes to external conditions
impede their further advancement."*>'** Therefore, developing
affordable, high-performance, and stable cathode catalysts
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along with temperature-responsive gel electrolytes is essential
for practical implementation of flexible ZABs in wearable elec-
tronic devices."

5.2.1 Flexible cathode catalysts. Due to their inherent
flexibility, carbon nanofibers can be used as independent air
cathodes for the assembly of portable and flexible ZABs."”® For
instance, Dong et al.** designed a nitrogen and oxygen co-
doped porous carbon nanofiber (NPCNF-O) by employing
a simple electrospinning technique with B-cyclodextrin as
a pore inducer and oxygen modifier (Fig. 13a). Through both
DFT calculations and experimental investigations, it was
confirmed that the carboxyl groups effectively modulated the
local charge density of the nitrogen-doped carbon matrix,
optimized the adsorption energy of intermediates, and reduced
reaction energy barriers, thereby enhancing the catalytic activity
towards oxygen. The NPCNF-O design exhibited exceptional
activities in terms of ORR (E;,, = 0.85 Vvs. RHE) and OER (E;_;
= 1.556 V vs. RHE). Liu and his colleagues®® employed a nano-
fiber weaving technique to fabricate 3D ultra-light, ultra-elastic
nanofiber woven hybrid carbon assemblies (NWHCA) by
incorporating N and P co-doping into carbon aerogels
(Fig. 13b). The resultant material not only demonstrated fold-
ability but also exhibited remarkable compressibility, enduring
up to 80% compressive strain while fully recovering its original
shape.

Moreover, the compressive stress retained 94% of the initial
stress even after undergoing 5000 cycles of compression and
release. When used as an ORR electrocatalyst, NWHCA dis-
played exceptional catalytic activity with an onset potential of
0.93 V vs. RHE, a half-wave potential of 0.84 V vs. RHE, and
outstanding electrochemical stability.

To further enhance the catalytic activity of the air cathode in
flexible ZABs, cost-effective and high-performance ORR/OER
catalysts can be integrated onto flexible porous carbon nano-
fibers. For instance, Liu et al.*** developed Ni single atoms
coordinated with O and N for OER activity, as well as a Cos-
0,@Co;_,S nanosheet array for ORR activity, which were inte-
grated on the inner and outer walls of flexible hollow carbon
nanofibers (Ni-SAs/HCNFs/Co-NAs), respectively (Fig. 13c). As
stand-alone bifunctional oxygen catalysts with flexibility, Ni-
SAs/HCNFs/Co-NAs demonstrate remarkable ORR (E;, =
0.89 V vs. RHE) and OER (E;_;, = 1.554 V vs. RHE) activities,
rapid electron/ion transfer kinetics, large electrochemically
active specific surface area, and excellent mechanical flexibility.
The assembled flexible all-solid-state ZABs exhibit outstanding
cycling stability exceeding 80 h. Zhang et al™' successfully
fabricated N-doped porous carbon nanofibers interconnected
by nanotubes, incorporating Co single atoms through electro-
spinning (Fig. 13d). The atomically dispersed Co species
provide a plethora of catalytic sites for ORR/OER reactions with
exceptional reactivity. The abundant pyridine N moieties not
only serve as active sites but also effectively anchor the Co
atoms, forming a stable Co-N, configuration that enhances the
activity and stability of the catalyst. Moreover, the internal CNTs
enhance the flexibility and mechanical strength of the porous
fibers. As an air cathode without binders, the prepared catalyst
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exhibits remarkable durability over 600 hours at a current
density of 10 mA cm™>.

Carbon cloth, composed of a cluster of carbon filaments,
exhibits remarkable electrical conductivity, mechanical
strength, and flexibility, causing it to be extensively employed in
flexible ZABs. Nevertheless, commercially available pristine
carbon cloths typically exhibit limited specific surface areas and
lack electrochemically active sites on their surfaces." In order
to enhance the electrochemical properties of carbon cloth for
direct utilization as a catalyst-free air cathode material in flex-
ible ZABs, Zhang et al.*** developed a highly electrochemically
active carbon cloth (Fig. 14a). The activated carbon cloth was
prepared through simple electrochemical oxidation/reduction
of commercial carbon cloth in an NH,CI solution. Following
the electrochemical treatment, a graphene-like exfoliated
carbon layer formed on the surface of the carbon cloth, intro-
ducing oxygen-containing groups and doping N and Cl atoms to
significantly improve its electrochemical performance. The
flexible ZABs assembled on the treated carbon cloth exhibited
an energy density of up to 690 W h kg™ ' with no degradation
under the bending state.

To further enhance the electrocatalytic performance of
carbon cloths, it is imperative to introduce catalysts with
exceptional electroactivity on their surface; however, this inev-
itably results in the incorporation of adhesives. The presence of
a poorly conductive binder would cover the catalyst's surface,
diminishing its reactive sites and increasing electrode imped-
37 Moreover, a conventional binder may degrade when
exposed to air for extended periods, significantly impacting the
cycle life of the air electrode. Therefore, there is an urgent need
to design novel binder-free and efficient OER/ORR catalysts.**®
Jiang et al.*** synthesized a flexible and self-supporting bifunc-
tional cathode material by combining a Ni-Fe Prussian blue
analogue with N-doped carbon fibers grown on carbon cloth
(N,-NiFe-PBA/NCF/CC-60) (Fig. 14b). The in situ formation of
CN vacancies in NiFe-PBA enhanced the catalytic activity of the
oxygen evolution reaction (OER) while suppressing the loss of
elemental Fe during the OER process. The 3D interconnecting
network structure formed by NiFe-PBA and carbon fibers
significantly increased specific surface area and electrical
conductivity, ensuring sufficient and stable active sites for ORR/
OER reactions. As a result, N,-NiFe-PBA/NCF/CC-60 exhibited
excellent OER performance (overpotential of 270 mV at 50 mA
ecm?) and ORR performance (0.89 V at 5 mA cm™?), enabling
stable operation of ZABs assembled based on this electrode for
up to 2000 hours. Peng et al.**® fabricated reduced graphene
oxide-coated oxygen-rich void porous perovskite (CaMnOj;)
nanofibers (V-CMO/rGO) as an air electrode catalyst on a carbon
cloth support (Fig. 14c). The incorporation of the graphene
oxide coating enhanced the conductivity of the perovskite,
thereby promoting reaction kinetics within the 3D network
structure. Consequently, this catalyst achieved a half-wave
potential of 0.86 V vs. RHE, enabling a high peak power
density of 56 mW cm 2 and long cycling stability exceeding
80 h. Lee et al.** reported a graphitic carbon nitride framework
catalyst (FeCo SAs@Co/N-GC) for growing Fe, Co single atoms
(Fig. 14d). The Co active sites were integrated by an electronic

ance.
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(a) PDMC ionomer network, mechanical properties, and water retention properties.*** Reproduced with permission from ref. 144.

Copyright 2022, Wiley-VCH GmbH. (b) Schematic illustration of the ion transport mechanism via combination of the Grotthuss mechanism and
the vehicle mechanism by synergy of channels along the CCNF surface and within PDIL.*** Reproduced with permission from ref. 145. Copyright
2022, Wiley-VCH GmbH. (c) Morphology and performances at low temperatures of A-PAA hydrogel.**¢ Reproduced with permission from ref.
146. Copyright 2020, Wiley-VCH GmbH. (d) Mechanical and electrochemical properties of the A-PAA hydrogel at high temperature.*¥’

structure modulation method to enhance the OER and ORR
performance of the catalyst. Compared with commercial Pt/C,
FeCo SAs@Co/N-GC demonstrated a lower overpotential
(0.29 V at E;_,,) and Tafel slope (56.6 mV dec™"). The catalyst
coated on a carbon cloth carrier can be directly used as an air
cathode for flexible ZABs. The assembled solid-state flexible
ZABs demonstrated an energy density of 1017 W h kg, ' and
an endurance of 680 cycles at 50 mA cm 2.

5.2.2 Flexible electrolytes. The electrolyte of a typical flex-
ible ZAB is typically composed of a polymer hydrogel, which
functions as an ion transport pathway and an insulator to
mitigate internal short circuits.”®® The utilization of polymer
electrolytes circumvents the issue of corrosive liquid leakage,
thereby meeting the requirements for flexibility and safety in
wearable electronics.'*® However, common hydrogel electrolytes
encounter several noteworthy challenges. Firstly, the distinctive
semi-open system of ZABs accelerates water loss within the
hydrogel, rendering it susceptible to reacting with atmospheric
CO,."** Secondly, due to moisture evaporation at high temper-
atures and sluggish ion transport at low temperatures, main-
taining proper functionality under extreme temperature
conditions becomes arduous.'**> Lastly, devices incorporating
hydrogel electrolytes suffer from significant charge/discharge
polarization and exhibit limited cycle life.**

© 2024 The Author(s). Published by the Royal Society of Chemistry

Taking inspiration from the intricate structure of animal
dermis and the high water retention capacity of plant cells,
Chen et al.*** developed a gel electrolyte with a dynamic double-
permeable network structure by creating an OH™ conductive
ionomer network in situ within a hollow polymer microcapsule-
modified hydrogel polymer network (Fig. 15a). The resulting
electrolyte exhibited excellent water retention (107 g g~ '), ionic
conductivity (215 mS ecm™ "), and ultra-high tensile strength
(1800%). When used to assemble a flexible ZAB, this electrolyte
demonstrated long-term cycling stability for up to 320 h without
significant performance degradation even when bent at 180°.

An ionic liquid is a kind of non-volatile, high conductivity
and heat stable electrolyte. It is promising to use it to design
new gel electrolytes for flexible ZABs. Inspired by the reinforced
concrete structure, Chen et al.*** constructed a CCNF-PDIL gel
electrolyte with hierarchical nanostructures by confining the
polymerization (PDIL) of a double cationic ionic liquid to
a robust 3D porous cationic cellulose nanofiber (CCNF) matrix
(Fig. 15b). Owing to the synergistic effect of the robust CCNF
skeleton and strong noncovalent interactions, as well as the
high hydrophilicity of PDIL, the CCNF-PDIL gel electrolyte
exhibits high OH~ conductivity (286.5 mS cm™'), good
mechanical properties (withstanding 105 MPa tensile stress),
and appropriate water retention (27 g g~ '). Assembled from

Chem. Sci., 2024, 15, 11229-11266 | 11247
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series.**? Reproduced with permission from ref. 152. Copyright 2017, Wiley-VCH GmbH. (c) Schematic of FeNi SAs/NC catalyst preparation, cycle
stability and electronic photographs of the flexible device.*** Reproduced with permission from ref. 153. Copyright 2021, Wiley-VCH GmbH. (d)
Schematic diagram of the NiFe LDH A—FesaCosa—FeCo,0,—~CNT/NC cathode catalyst structure and electrochemical properties.*** Reproduced

with permission from ref. 154. Copyright 2023, Elsevier.

CCNF-PDIL gel electrolyte ZABs have realized the cycle life of
240 h.

Although the newly designed and prepared hydrogel elec-
trolyte exhibits excellent mechanical properties and electrical
conductivity, it is susceptible to deactivation under extreme
temperature conditions.”® Chen et al™® developed a cold-
resistant hydrogel electrolyte, demonstrating that the polarity
of the end group plays a crucial role in enhancing its antifreeze
performance (Fig. 15c). Motivated by this finding, they signifi-
cantly increased the interaction energy between alkalized poly-
acrylic acid (A-PAA) and water molecules by neutralizing the
carboxyl group into salt using an alkali. Consequently, the
assembled flexible air cell maintained 92.7% of its initial
capacity at —20 °C while retaining satisfactory flexibility. In
contrast, Chen et al' discovered that the incorporation of
a conventional low-vapor-pressure glycerol substance could
ameliorate the desiccation of the water-saturated A-PAA hydro-
gel, thereby augmenting the stability of the hydrogel under
elevated temperatures (Fig. 15d). Consequently, flexible zinc-air
batteries fabricated with the modified A-PAA hydrogel can
function seamlessly at temperatures as high as 80 °C.

1248 | Chem. Sci, 2024, 15, 11229-11266

5.3 Al-air batteries

Aluminium is the most abundant metal on earth, with a low
redox potential (—1.67 V vs. SHE), high volumetric capacity
(8056 mA h cm™?), low cost, and safety in aqueous solutions.™*®
Therefore, AABs have received increasing attention. However,
the low activity of the air electrode and the formation of by-
products, Al oxide/hydroxide or hydrogen, lead to a low prac-
tical specific energy of ~1000 W h kg '.**® Therefore, the
development of efficient air cathode catalysts is of great
importance.

Peng et al.*** fabricated a fibrous AAB by sequentially coating
a gel electrolyte and wrapping cross-stacked carbon nanotube/
silver-nanoparticle hybrid sheets as the air cathode onto
a spring-like Al substrate, achieving a specific capacity of
935 mA h g~ ' and an energy density of 1168 W h kg~ ". The fiber
shaped AAB exhibits flexibility and stretchability, rendering it
suitable for integration into wearable textiles and large-scale
applications (Fig. 16a). To enhance the deformation perfor-
mance of AABs, Shim et al.*>* proposed a shape-reconfigurable
cell for assembling flexible AABs with deformable components
made of micro-meter scale or nanoscale composite materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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They fabricated an Al foil anode and a carbon composite
cathode using cellulose as a flexible current collector, enabling
the assembled device to withstand folding, wrinkling, and 3D
expansion. The AAB demonstrates a specific capacity of
496 mA h g~ " and can deliver a voltage of 10.3 V when connected
in series with 16 cells (Fig. 16b).

The improvement of the flexible AAB cathode catalyst
performance has also been documented. For instance, Peng
et al.* synthesized a N-doped carbon matrix embedded with
bimetallic MOF-derived Fe-Ni nanoparticles (FeNi SAs/NC).
Density functional theory calculations revealed the presence
of a stable Fe-Ni-Njg structure in this system, which exhibited
enhanced stability and high intrinsic electrocatalytic activity.
Furthermore, the hollow porous carbon matrix facilitated
improved contact between the catalyst and electrolyte, leading
to enhanced atomic utilization. As a result, FeNi SAs/NC
demonstrated remarkable ORR activity (with an onset poten-
tial of 0.98 V and half-slope potential of 0.84 V). When
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incorporated into an AAB configuration, it displayed a specific
capacity of 1576.4 mA h ¢! and maintained normal operation
even under bending conditions (Fig. 16c¢). Li et al.*>* synthesized
the air cathode catalyst material (NiFe LDH A-Feg,CoOga—
FeCo,j10,~CNT/NC) by immobilizing an iron-cobalt alloy and
iron-cobalt double single-atoms in a N-doped carbon frame-
work that contains carbon nanotubes, which exhibited a half-
wave potential of 0.84 V and an OER potential of 1.56 V (E; =
10 mA cm™?). The excellent electrocatalytic performance of this
catalyst can be attributed to the augmentation of charge density
on the material surface by metal/alloy nanoparticles, as well as
the synergistic effect between Fe-Co dual single atoms and Ni-
Fe LDH. An AAB assembled using this catalyst achieved a power
density of 145 mW cm™? at a current density of 157 mA cm >
(Fig. 16d).

In summary, the primary challenges faced by flexible metal-
air batteries are how to mitigate metal anode fracture during
device deformation and maintain electrolyte stability in air.
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(a) Schematic of the fabrication process of the V,Os hollow multishelled structures/Ni-cotton fabric electrode and the electrode

performances. Reproduced with permission.*** Reproduced with permission from ref. 161. Copyright 2020, Wiley-VCH GmbH. (b) A schematic of
the stepwise fabrication of the single-bodied Sn@Ni fabric electrode. Reproduced with permission.*? Reproduced with permission from ref. 162.
Copyright 2020, Wiley-VCH GmbH. (c) CoP@CC anode.**®* Reproduced with permission from ref. 163. Copyright 2022, Wiley-VCH GmbH. (d)
Schematic illustration of fabrication of the CQIENIO-CC freestanding electrode.’®* Reproduced with permission from ref. 164. Copyright 2021,
Wiley-VCH GmbH. (e) TEM and performances of 3D porous MXene foams.'®* Reproduced with permission from ref. 165. Copyright 2021, Wiley-
VCH GmbH. (f) Digital photographs and cycle stability of MXene/L-Si/C.*%¢ Reproduced with permission from ref. 166. Copyright 2020, American
Chemical Society. (g) The gradient distribution of binders enables simultaneous optimization of bendability and electronic conductivity in the
upgraded electrode.’®” Reproduced with permission from ref. 167. Copyright 2022, Wiley-VCH GmbH. (h) Schematic diagram, SEM and rate
performance of LFP/SWCNTs.*¢8
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Utilizing gel electrolytes with excellent mechanical stability is
a favourable option for safeguarding the metal anode against
mechanical fractures and reducing its corrosion rate. Addi-
tionally, further advancements are required in developing all-
solid-state metal-air batteries to prevent degradation of elec-
trochemical properties caused by exposure to air.

The electrolytes utilized in the flexible aqueous energy
storage devices (SCs, ZIBs, and metal-air batteries) are hydrogel
electrolytes that possess non-volatile and non-flammable
properties. Consequently, there is no risk of fire or explosion
resulting from electrolyte leakage or device short-circuiting.
Moreover, even if these energy storage devices endure
mechanical damage caused by external forces, the internal
materials can be easily collected and recycled without any
significant impact on human health or the environment.
Additionally, it is crucial to consider the biocompatibility of
flexible electronic devices intended for prolonged interaction
with human skin as this greatly influences user experience.
Therefore, it is imperative to fabricate an encapsulation shell
for such devices that exhibits skin-friendly characteristics.
However, there remains a scarcity of relevant research in this
field at present.

6. Flexible lithium-ion batteries

Since its introduction in 1991, LIBs with high energy density
and stable output voltage have become the primary power
supply system for everyday electronic products.’> The energy
storage mechanism of LIBs is similar to that of ZIBs. By facili-
tating the transmission of Li" ions between electrolytes and
enabling the intercalation/deintercalation process of the
cathode and anode, the charging and discharging process of
LIBs can be achieved.”® When used in wearable electronic
devices, LIBs ensure prolonged durability.’*”**® However, due to
the utilization of organic electrolytes in these batteries, it is
essential to consider safety aspects during the development of
flexible electrodes and electrolytes while ensuring stability
amidst device deformation.'>*'%

6.1 Flexible electrodes

6.1.1 Foldable electrodes. Due to excellent chemical
stability, electrical conductivity and bendability, textile-based
energy storage devices have garnered attention for applica-
tions in flexible and wearable electronics. Wang et al.'®
employed the solution-treated polymer-assisted metal deposi-
tion method to prepare a Ni-cotton flexible substrate, onto
which they coated V,05 with a hollow multi-shell structure to
fabricate the V,05; hollow multishelled structures/Ni-cotton
composite electrode (Fig. 17a). Taking advantage of the desir-
able structure of V,05 HoMSs that effectively buffers the volume
expansion and alleviates the stress/strain during repeated Li-
insertion/extraction processes. Consequently, the capacity
remains at 222.4 mA h g~* after 500 charge-discharge cycles,
and it can withstand hundreds of bending cycles. However, the
Ni-cotton flexible substrate serves solely as a current collector.
To further enhance the electrochemical performance and

1250 | Chem. Sci, 2024, 15, 11229-11266
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deformability of the electrode material, Lee and his
colleagues'® took advantage of the electrochemical potential
difference between Ni and Sn to replace the thin layer of metal
Ni deposited on the flexible fabric with Sn to obtain a single-
bodied Sn@Ni fabric electrode (Fig. 17b). The electrode struc-
ture possesses a bi-continuous ion/electron transport path, and
the Sn volume changes driven by the Ni matrix are also allevi-
ated during repeated lithiation/de-lithiation. Consequently,
both the electrochemical and mechanical properties of the
electrode are synergistically improved.

In addition to metallic fabrics, low-cost and easy-to-handle
2D carbon materials can also serve as suitable flexible
substrates. When used as a substrate for transition metal
compound anode materials with high theoretical specific
capacity, it can significantly expedite lithium-ion diffusion and
enhance electron transport kinetics, thereby optimizing the
multiplicity performance and cycling stability of the active
materials. Yang et al.*®* successfully synthesized arrays of CoP
nanosheets on carbon cloth through a facile one-step electro-
deposition and in situ phosphorylation strategy, which served as
a binder-free anode material for LIBs (Fig. 17c). The CoP
nanosheets exhibited excellent interfacial bonding properties
with the carbon cloth substrate, effectively preventing agglom-
eration and exposing more reaction sites. Moreover, the 3D
lattice morphology of the electrodeposited CoP nanosheets
provided sufficient space to accommodate volume expansion
during charging. The CoP@CC demonstrated a high discharge
capacity of 1866.9 mA h ¢ (3.8 mA h cm™?). Furthermore, the
assembled full-battery device exhibited slow warming rates
during external short circuits, ensuring enhanced safety. In
comparison to the conventional direct carbon coating method,
Lu et al.*** employed an indirect carbon cladding approach to
synthesize a carbon-covered NiO composite material on
a carbon cloth (Fig. 17d). This novel method ensured the
formation of a well-graphitized carbon cladding layer while
preventing the reduction of transition metal oxides into metal
monomers at elevated temperatures. The resulting anode
composites exhibited a high areal capacity of 3.08 mA h cm ™2 at
0.25 mA cm ™2 and demonstrated excellent flexibility.

The 2D transition metal carbides and nitrides, called MXene,
are currently under development as anode materials for flexible
LIBs. Xu et al.'® successfully fabricated 3D MXene foams with
a well-defined porous structure using a simple sulfur templat-
ing method, which effectively prevents the aggregation and re-
stacking of MXene nanosheets while providing abundant
active sites for Li' storage (Fig. 17e). The resulting self-
supporting foam exhibits excellent bendability and high elec-
trical conductivity, delivering a capacity of 455.5 mA h g~ " at
50 mA g~ ! when directly employed as a LIB anode. Moreover, it
demonstrates outstanding rate performance and long-term
cycling stability. Feng et al.*®*® synthesized the layered Si/C
materials using MXene films as flexible substrates (Fig. 17f).
Incorporating carbon with a reasonable degree of graphitization
can effectively mitigate the volume expansion of Si and enhance
its conductivity. Moreover, the integration of monolayer Si and
C facilitates the transport of Li" within the active material.
Consequently, this composite material exhibits remarkable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a) Schematic illustration of the fabrication of the stretchable lithium-ion battery based on micro-honeycomb structures of graphene—
carbon nanotube (CNT)/active materials.*”* Reproduced with permission from ref. 171. Copyright 2020, American Chemical Society. (b) Scanning
electron microscope images and mechanical properties of pristine PVDF/LFP.*”2 Reproduced with permission from ref. 172. Copyright 2022,
American Chemical Society. (c) Schematic illustration of the fabrication process of the 3D-printed TPU-based electrodes.*”® Reproduced with
permission from ref. 173. Copyright 2023, Wiley-VCH GmbH. (d) Schematic illustration of different types of 3D compressible electrodes.*”*
Reproduced with permission from ref. 174. Copyright 2021, Wiley-VCH GmbH. (e) Preparation and characterization of GPE.*”* Reproduced with
permission from ref. 175. Copyright 2021, Wiley-VCH GmbH. (f) Schematic diagram of the preparation process of functionalized BN nanosheet
added ion gel.*”® Reproduced with permission from ref. 176. Copyright 2020, Wiley-VCH GmbH. (g) Optical photograph and characterization of
a c-PEGR gel.*”” (h) High flexibility and fire resistance of the PIA separator.*’® Reproduced with permission from ref. 178. Copyright 2021, Wiley-
VCH GmbH. (i) The characterization of MGFs.*”® Reproduced with permission from ref. 179. Copyright 2023, Wiley-VCH GmbH. (j) Schematics
and morphology characterization of the SBCIF.*®° Reproduced with permission from ref. 180. Copyright 2022, American Chemical Society.

mechanical robustness while maintaining a capacity retention
of 82.85% over 3200 cycles at 5 A g ".

Layered oxides (LiNi; ,M,0,, M = Co, Mn, and Al), spinel
oxides (LiNiysMn, s0,4), and polyanionic compounds (phos-
phates, sulfates, silicates) play a crucial role as cathode mate-
rials in LIBs." In the process of assembling flexible LIBs, they
are generally coated on flexible conductive substrates as active
materials. In general, the easiest way to increase the energy
density of a battery is to increase the load of the active material.
Nevertheless, such electrodes typically become more

© 2024 The Author(s). Published by the Royal Society of Chemistry

susceptible to mechanical fracture under deformation condi-
tions like bending and folding compared to thin and light-
weight electrodes with loading."”® Consequently,
designing flexible LIBs that strike a balance between mechan-
ical properties and energy density becomes challenging. To
tackle this issue, Chen and his colleagues'” proposed
a mechanically graded electrode featuring a gradient distribu-
tion of maximum allowable strain to mitigate the mismatch
between the mechanical properties of the electrode material
and energy density (Fig. 17g). The LiNi;;3Mn;,3C04,30, cathode

lower
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fabricated based on this concept demonstrated exceptional
flexibility withstanding a bending radius of 400 um, while
maintaining 92.3% of its initial performance after undergoing
550 consecutive bending tests. Wang et al'®® developed
a method for the massive production of ultra-long single-walled
carbon nanotubes in N-methyl-2-pyrrolidone solution by har-
nessing electrostatic dipole interactions and spatial site resis-
tance of dispersant molecules, while incorporating a low
concentration of LiFePO, as a conductive additive (Fig. 17h).
The composite electrode material exhibits a stress tolerance of
7.2 MPa and can withstand various degrees of bending and
folding. A high-quality loaded electrode with a mass loading of
39.1 mg em > was successfully fabricated, demonstrating rate
capacities of 161.5 mA h g * at 0.5C and 130.2 mA h g~ " at 5C,
respectively, while maintaining a capacity retention rate of
87.4% after undergoing 200 cycles at 2C.

6.1.2 Stretchable electrodes. Stretchable electrode mate-
rials are the core components of stretchable LIBs, which
determines the electrochemical properties of stretchable
devices. However, the active materials for LIBs tend to be rigid
materials and require corresponding deformable binders and
inactive stretchable substrates to achieve the overall electrode
stretchability. Therefore, preparing stretchable electrode mate-
rials is a relatively challenging task. For example, Son et al.'”*
designed a composite electrode consisting of concave-angle
honeycomb graphene-carbon nanotubes/LiPF, (Fig. 18a). The
entangled CNTs and graphene sheets formed an interconnected
network framework, providing mechanical stability and allow-
ing structural stretching during deformation within the
inwardly protruding framework of the concave honeycomb
structure. This design effectively avoided energy density loss
caused by using an inactive elastic substrate. Additionally, the
gel electrolyte located inside the honeycomb structure
enhanced mechanical stability in the stretched state while
serving as a stretchable spacer. The electrode demonstrated an
area capacity of 5.05 mA h cm™' and maintained a capacity
retention of 95.7% after undergoing 100 cycles of stretching.
Son et al.*”> have developed a fully integrated, stretchable, and
printable LIB system that encompasses electrodes, collectors,
and diaphragms (Fig. 18b). The electrode LiFePO, was modified
with a physically crosslinked organo-gel derived from controlled
crystal growth of vinylidene fluoride bias to achieve improved
adhesion to the active material while maintaining stretch-
ability. Even after 5000 cycles at 50% strain, the composite
electrode material exhibited only a marginal increase in
impedance, indicating exceptional electrochemical stability
during stretching. The fabric-based assembled stretchable LIBs
demonstrated a capacity of 132 mA h g~ ' under conventional
conditions (0.5C), with an impressive capacity retention of 88%
at 50% stretching. Moreover, these batteries can be seamlessly
integrated into wearable electronic devices.

The 3D printing technology demonstrates significant
potential in the production of flexible and customizable high-
performance LIBs, which are essential for the upcoming era
of smart and ubiquitous energy. However, there still exists
a notable performance disparity between 3D printed electrodes
and conventional electrodes, particularly regarding cycling
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stability. This limitation severely hinders the practical imple-
mentation of 3D printed batteries. To address this issue, Chen
et al.'”® have developed a series of intricate 3D printed elec-
trodes based on thermoplastic polyurethane (TPU) (Fig. 18c). By
leveraging TPU's exceptional stress-buffering properties, these
electrodes not only exhibit adaptability to volume changes
during charge-discharge cycling and prevent microstructure
collapse in 3D printed electrodes but also demonstrate
remarkable resistance to significant bending angles. Moreover,
they showcase an impressive capacity retention rate close to
100% after undergoing 300 cycles at a rate of 1C, thereby
providing novel insights for bridging the performance gap
between 3D printed batteries and conventional LIBs.

6.1.3 Compressible electrodes. Cao et al.”’* have success-
fully synthesized open-cell dual-mesh sponges comprising two
interconnected networks of highly conductive carbon nano-
tubes and TiO, nanowires embedded with Li* through chemical
vapor deposition followed by a hydrothermal method, aiming to
simultaneously achieve enhanced energy density and mechan-
ical stability (Fig. 18d). The 1D components within the sponge
effectively interconnect with each other, resulting in a cross-
linked network that imparts excellent compressibility to the
electrode. The specific capacity (240 mA h g~ ') remains virtually
unchanged even after subjecting the electrode to 1000 cycles of
compression at a strain of 50%. However, conventional carbon
foam-based compressible electrodes often fail to withstand
folding and tensile deformation, thereby imposing significant
limitations on their practical utilization in battery devices,
restricting their application solely to pressure sensors.

6.2 Flexible electrolytes, separators, and current collectors

The utilization of flexible LIBs in wearable electronic devices
inevitably entails the risk of electrolyte leakage, which is further
compounded by the flammable and explosive properties of
commonly employed organic electrolytes. To enhance the safety
of flexible LIB electrolytes, an innovative design approach
becomes necessary. The primary research concept revolves
around designing polymer gel electrolytes as alternatives to
conventional liquid counterparts; however, this often leads to
a compromise in the electrochemical performance of LIBs,
thereby presenting ongoing challenges in the design and
preparation of electrolytes for flexible applications.

Hu et al.'”® developed a non-flammable gel polymer electro-
Iyte that effectively addresses the fundamental issue of battery
safety (Fig. 18e). The gel electrolyte (GPE-3) was synthesized
through in situ polymerization of tri(acryloyloxyethyl) phos-
phate and triethylene glycol dimethacrylate within the electro-
lyte solution, with only 7.5 wt% flame retardant added to ensure
minimal impact on electrochemical performance. Even when
exposed to fire for over 10 s, GPE-3 remained non-combustible.
Furthermore, graphite//GPE-3//LiFePO, cells exhibited normal
operation under various deformation conditions and demon-
strated exceptional long-term cycling stability (average capacity
degradation rate: 0.057%).

In addition to the necessity of ensuring electrolyte safety, the
electrolyte also plays a pivotal role in ion diffusion rate within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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batteries. Despite their exceptional mechanical properties,
polymer gels often suffer from sluggish diffusion kinetics,
which consequently impacts overall device capacity. To address
this concern, Chen and colleagues'’® developed ionic gel elec-
trolytes incorporating amine-functionalized boron nitride
nanosheets (AFBNNSs) through thermal polymerization
processes, achieving an impressive maximum tensile strain of
72% with a tensile strength of 2.22 MPa (Fig. 18f). Importantly,
the strong interaction between amine groups on boron nitride
nanosheets and Dbis(trifluoromethanesulfonyl)imide anions
significantly reduces anion mobility while enhancing Li"
mobility. LIBs assembled using this electrolyte demonstrated
stable lithium deposition for over 600 hours. Wang et al.*”” have
synthesized cross-linked poly(ethylene glycol)-based resin (c-
PEGR) gel electrolytes prepared by the ring-opening reactions
of poly(ethylene glycol)diglycidyl ether (PEGDE) with epoxy
groups and poly(ether amine) (PEA) with amines (Fig. 18g).
These gel electrolytes exhibited exceptional Li" transport and
compatibility, along with enhanced flexibility and improved
oxidative stability. Due to the confinement of hydroxyl groups
within the crosslinked structure, their movement is restricted,
resulting in an oxidation potential of 4.36 V. Consequently, this
c-PEGR gel electrolyte holds great promise for utilization in
high-voltage flexible LIB assemblies.

In addition to the electrolyte, the separator and current
collector are pivotal components of LIBs, exerting a critical
influence on both thermal safety and electrochemical stability;
however, there is a paucity of research in this domain. For
example, Cheng et al.’® fabricated a novel polyimide aerogel
(PIA) separator with high-temperature resistance through spin-
coating, which exhibits excellent foldability and bendability
without any damage (Fig. 18h). The PIA diaphragm possesses
the remarkable characteristics of an aerogel, including a high
porosity of up to 78.35%, thereby enhancing its wettability.
Moreover, its unique 3D mesh structure can significantly
improve the rate capability and cycling stability of LIBs. Addi-
tionally, the chemical cross-linking method employed in the
preparation process has successfully enhanced its thermal
stability (>500 °C). In summary, this gel-based diaphragm holds
great potential for flexible LIB applications.

Current collectors are crucial components that facilitate
electron transport and provide mechanical support for the
electrodes. However, since they do not contribute to the
capacity, minimizing the mass of the current collector enhances
the mass energy density of the cell. In line with this concept,
Zheng et al."” introduced a novel type of low-density (2.9 mg
em?) current collector composed of 3D metal glass-fiber
fabrics (MGFs) (Fig. 18i). These MGFs were fabricated using
various metal foils (Cu, Ni, Ag), exhibiting exceptional tensile
strength (>150 MPa) and negligible impedance alteration even
after enduring 100 000 bending cycles. Moreover, their flexi-
bility was significantly improved compared to conventional
metal foils due to their pliable nature. Additionally, owing to the
fire-resistant properties conferred by glass fibers, MGFs exhibit
non-combustibility even at surface temperatures as high as 500
°C. Furthermore, these collectors demonstrate electrochemical
compatibility with a wide range of mainstream LIB cathodes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and anodes. Deng et al.*® proposed a simple and versatile bio-
self-growth strategy for the preparation of flexible LIBs
(Fig. 18j), in which the electrodes and the diaphragm (SBCIF)
are essentially integrated into a single whole, capable of
adapting to various active materials. Meanwhile, owing to the
good self-generated corrugated structure that helps to disperse
the stress, no rupture or electrode/diaphragm separation was
observed after 20 000 bending cycles at a bending angle of 165°
and a bending radius of 3 mm. The flexible LIBs assembled
based on SBCIF maintained 95% of their initial capacity after
10 000 bending/compression cycles.

In summary, to design deformable LIBs with both mechan-
ical and electrochemical properties, it is essential to employ
electrically active flexible substrates for electrode material
preparation or directly design the active materials to be
deformable. Furthermore, enhancing the synergistic effect of
the composite is crucial. Additionally, while ensuring the
device's electrochemical performance remains uncompro-
mised, efforts should be made to maximize fire resistance in
electrolyte design and eliminate safety hazards.

7. Flexible lithium—sulfur batteries

The unstable electrochemical properties and high flammability
of LIBs under mechanical deformation conditions have
hindered the widespread utilization of LIBs in flexible elec-
tronics."™" LSBs are anticipated to replace LIBs due to their high
economic viability, non-toxic nature, and abundant availability
of active materials for cathodes.*””'®* Considering the two-
electron system during the complete electrochemical reaction,
the sulfur cathode exhibits a theoretical capacity of up to
1672 mA h g™, which is approximately 2 times higher than that
of conventional LIB active materials."

However, challenges persist in the application of LSBs for
flexible energy storage. Firstly, the volumetric changes experi-
enced by the sulfur cathode during charge and discharge
processes result in continuous capacity degradation.'®*
Secondly, the low conductivity exhibited by the sulfur cathode
leads to sluggish electrochemical kinetics.'* Lastly, the disso-
lution of polysulfides in electrolytes gives rise to the phenom-
enon known as the “shuttle effect”.’® In order to tackle these
issues, researchers have made efforts towards designing and
synthesizing various novel sulfur cathodes, separators, and
electrolytes.

7.1 Flexible electrodes

Despite the high theoretical specific capacity and energy density
of LSBs, sulfur cathodes still encounter several challenges,
including low conductivity, instability of conventional polymer
binders, and the shuttling phenomenon induced by Li,S, in the
electrolyte.'® Therefore, when designing cathode materials for
flexible LSBs, it remains imperative to address these afore-
mentioned issues in order to optimize their electrochemical
performances. The preparation of sulfur cathodes has been
attempted using carbon-based and conductive polymer-based
materials.
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7.1.1 Carbon-based cathodes. Carbon materials with high
conductivity and graded porous structure are favourable for ion
transport channels for polysulfide capture in LSBs. Therefore,
various carbon-based materials can be employed to modify
sulfur cathodes.’®®'® For instance, Yang et al.*® introduced
a self-assembled electrode paste comprising a well-designed
two-component (polyacrylonitrile and polyvinylpyrrolidone)
polar binder and carbon nanotubes. Both the experimental and
simulation results demonstrate that the resulting 3D electrode
skeleton forms an exceptionally robust and mechanically flex-
ible electronically conducting network with a hierarchical
porous structure encompassing macropores and micropores,
thereby providing ion transport channels, enhanced electrolyte
wetting, and efficient polysulfide trapping capabilities.
Following 1000 charge-discharge cycles at 0.5C, the specific
capacity stabilized at 485 mA h g~ ' (Fig. 19a). Kim et al**
synthesized sulfur-loaded Al,O; carbon nanotubes (S@ACNTS)
and fabricated the cathode using a solid-state electrolyte with
a PDATFSI binder (Fig. 19b). The resulting full cell demon-
strated remarkable characteristics including high Li* conduc-
tivity of 0.45 mS cm ™' at room temperature, excellent thermal

1254 | Chem. Sci, 2024, 15, 11229-11266

stability up to 450 °C, strong bond strength with an Al collector
up to 24 MPa, sustainable nonflammability, and desirable
flexibility. Moreover, the electrode exhibited outstanding
performance in terms of capacity retention (only 12.3% decay
from 0.2C to 2C) and cycling stability (91.7% capacity retention
after 200 cycles). Park et al.**> fabricated freestanding carbon
nanotube cathodes loaded with high-sulfur content, incorpo-
rating phosphorus-doped carbon interlayers on commercial
diaphragms. The integration of an active material and struc-
tural design strategies in the electrodes and diaphragms effec-
tively immobilized Li polysulfides through a multi-peak
trapping effect, resulting in significantly enhanced electro-
chemical performance in terms of redox kinetics and cycling
stability. The foldable LSBs demonstrated a stable specific
capacity of 850 mA h g~ ' after 100 cycles, exhibiting exceptional
mechanical flexibility even under severe deformation condi-
tions without any occurrence of short-circuit or failure
(Fig. 19¢). Zhang et al.**® achieved a precise controllable phase
transition from 2H MoSe, to 1T MoSe, on flexible carbon fibers.
The resulting CNFs/1T-MoSe, exhibits high charge density,
robust polysulfide adsorption capabilities, and efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalytic kinetics. Furthermore, the LSBs based on this
composite material demonstrates an impressive capacity
retention of 875.3 mA h g~ " after undergoing 500 cycles at a rate
of 1C, while maintaining an area capacity of 8.71 mA h cm >
even under high sulfur loading conditions of 8.47 mg cm™>
(Fig. 19d).

7.1.2 Conducting polymer-based cathodes. Carbon-based
cathode materials could significantly enhance the mechanical
properties and cycling stability of LSB cathodes. However,
carbon-based materials with non-polar characteristics fail to
completely suppress the “shuttle effect” of LiPSs. In contrast,
conducting polymers such as polypyrrole (PPy), polyaniline
(PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) possess
conjugated structures and polar functional groups that not only
enhance their electrical conductivity but also exhibit favourable
thiophilicity.*** Consequently, numerous conductive polymers
have been successfully employed as coating materials for sulfur
cathodes. For instance, Su et al.*®® fabricated an ultrathin and
flexible layer of polyaniline with modified MnO, nanoparticles
through in situ self-assembly (Fig. 20a). The resulting 3D hier-
archical porous network not only facilitated volume expansion
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mitigation but also expedited the transfer of reactive species,
electrons, and ions by providing rapid channels, thereby
enhancing the kinetics of redox reactions. Following 100 cycles
at 0.5C, the initial discharge capacity reached 1275 mA h g~*
while maintaining a stabilized reversible capacity of
1195 mA h g™ %; even under a high current density of 2C, the
capacity could still reach 640 mA h g™ ' after undergoing 500
discharges. Zheng et al'® synthesized a prelithiated
polysulfide-based copolymer, poly(Li,Se-1-1,3-
diisopropenylbenzene), through a straightforward copolymeri-
zation reaction between Li,Ss and 1,3-diisopropenylbenzene
(Fig. 20b). This copolymer was employed as a cathode material
for LSBs. The authors discovered that Li,S¢ forms strong
chemical bonds with the conjugated aromatic backbone of the
copolymer, effectively impeding polysulfide solvation. More-
over, the prelithiated polysulfide-based copolymer can facilitate
Li" redox kinetics by providing additional Li" ions, leading to
batteries exhibiting stable cycling performance and high-rate
capability along with excellent coulombic efficiency. Conse-
quently, an impressive capacity of 934 mA h g~ is achieved even
at a current density of 2 A g~ . Due to its exceptional mechanical
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(a) Schematic illustration of polysulfides anchored by PANI-MnO, to form a thiosulfate (polythiosulfate) complex and the electro-

chemical properties.’*® (b) Digital images and rate performance of the Li,Se-rDIB.*¢ Reproduced with permission from ref. 196. Copyright 2021,
American Chemical Society. (c) Morphology and properties of the SVPA cathode.*®” Reproduced with permission from ref. 197. Copyright 2021,
Elsevier. (d) The microfluidic assembly process and cycle stability of PPy@S/rGOFs.**® Reproduced with permission from ref. 198. Copyright 2022,

Wiley-VCH GmbH.
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properties, Li,Ss-rDIB can be directly cast onto commercially
available carbon cloth and utilized as a flexible cathode without
requiring binders or conductive agents.

In the pursuit of higher specific capacity and charge/
discharge rates, Park et al.'*” successfully synthesized SVPA
microparticles containing various sulfur isomers via a rapid (30
min) one-pot reaction involving elemental sulfur and vinyl
phosphonic acid (Fig. 20c). The well-ordered sulfur domains
within these microparticles contribute to the formation of
a large surface area, thereby enhancing the lithium diffusion
coefficient and facilitating polysulfide conversion kinetics in Li-
S batteries. Moreover, the abundant presence of phosphonate
molecules on both the surface and interface of these micro-
particles serves as effective chemical anchors for lithium poly-
sulfides, effectively mitigating the shuttle effect and extending
cycle life at different rates. Consequently, when assembled into
a full cell configuration, this system exhibits an impressive
discharge capacity of 1529 mA h g™" at 0.05C along with excel-
lent rate performance (721 mA h g~ " at 7C). To further enhance
the mechanical properties of the electrode materials, Bao
et al."*® proposed a synergistic interfacial bonding enhancement
strategy by uniformly implanting polypyrrole@sulfur (PPy@S)
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nanospheres into the built-in cavities of self-assembled reduced
graphene oxide fibers (rGOFs) using a simple microfluidic
assembly method (Fig. 20d). The PPy@S/rGOFs composites
exhibited excellent adsorption capacity, rapid reaction kinetics,
and remarkable mechanical flexibility due to the synergistically
enhanced interfacial chemical bonding between the carbon
interface and polymer interface. Moreover, these composites
demonstrated outstanding cycling stability with 81.9% capacity
retention over 200 cycles at 0.1 A g ' and exceptional rate
performance with a specific capacity of 523 mAhg ' at5Ag .

7.2 Flexible electrolytes, separators, and current collectors

Polysulfide shuttling in liquid electrolytes, lithium dendrite
growth, and contact issues during bending are the primary
factors contributing to capacity degradation, potential safety
concerns, and limited flexibility. To address these challenges,
gel polymer electrolytes are considered a superior choice for
flexible LSBs due to their significantly reduced polysulfide
solubility compared to liquid electrolytes, enhanced inhibition
of lithium dendrite formation, and improved ability to maintain
component connectivity under bending conditions.*
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Furthermore, their lower interfacial resistance relative to
ceramic solid-state electrolytes is better suited for mitigating
the sluggish kinetics associated with the sulfur reaction.”*® For
example, Zhou et al.>*** developed a (polyethylene oxide-poly-
acrylonitrile) (PEO-PAN) copolymer membrane electrolyte,
where PAN fibers served as both fillers and cross-linkers
(Fig. 21a). This unique structure not only enhanced the ionic
conductivity, mechanical strength, and lithium dendrite
suppression ability but also effectively hindered polysulfide
shuttling due to the strong adsorption of polysulfides by the C=
N-O functional groups formed during PEO and PAN cross-
linking. Consequently, this electrolyte exhibited improved
safety, cycling stability, and rate performance when employed
in LSBs. The exceptional mechanical properties and bonding
capability of the electrolyte enabled the flexible battery to retain
over 96% of its capacity after undergoing 1000 bending cycles.

Modification of commercial diaphragms is also a viable strategy
for suppressing the polysulfide shuttle effect. For instance, Chen
et al*” employed a phase transition approach to functionalize
commercial diaphragms with polysulfone (Fig. 21b). The incor-
poration of PSU not only enhances the mechanical properties and
thermal stability of the diaphragm but also improves the overall
safety of the battery system. Moreover, reducing the pore size of the
diaphragm effectively restricts the occurrence of the shuttle effect,
thereby enabling excellent cycling stability in flexible LSBs. In fact,
even in its folded state, this flexible full cell can achieve an
impressive lifetime of up to 800 cycles. Inspired by the grassroots
system, Chen and his colleagues®® designed and fabricated a flex-
ible hierarchical carbon nanofiber-carbon nanotube membrane
modified with doped NiS, nanoparticles for LSB separators
(Fig. 21c). DFT calculations demonstrated that Co doping induced
an electron-deficient region at the doping site of NiS,, thereby
enhancing chemisorption and catalytic activity towards lithium
polysulfides. The intercalation of Co-NiS,@CNF-CNT in the
battery exhibited exceptional performance with a high specific
capacity of 951.4 mA h g ' at 3C, a reversible capacity of
944.1 mA h g " after 500 cycles at 0.2C, and an impressive cycle life
of up to 3000 cycles at 5C.

It is crucial to design a flexible collector that is compatible
with the sulfur cathode. Shao et al.>** have developed a stable
and flexible collector composed of ultra-long MnO, nanowires
and expanded graphite nanosheets (MnO, NW/EG) with excel-
lent electronic conductivity (Fig. 21d). This self-supporting
cathode, in combination with Li,Ss, demonstrates high perfor-
mance for flexible LSBs. The ultra-long MnO, nanowires
enhance the adsorption and catalytic conversion ability of
lithium polysulfides through their polar active surfaces. More-
over, the incorporation of MnO, NW/EG, which exhibits
remarkable mechanical flexibility, effectively mitigates the
volume expansion of sulfur during charge-discharge cycles.
Notably, even at a sulfur loading as high as 7 mg ecm™?, an
impressive capacity of up to 2.5 mA h cm 2 can be achieved.

8. Other flexible batteries

LIBs and LSBs are currently one of the most widely used types of
batteries, but due to the shortage of Li resources and increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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costs, alternative energy storage systems such as Na* ion and K*
ion batteries have been researched.>* SIBs and PIBs have shown
great potential due to their relatively low cost, abundant
reserves, and comparable performance to that of LIBs.**
However, due to the larger ionic radii of Na* and K' ions
compared to Li ions, their diffusion in the electrolyte is
impeded, resulting in diminished rate performance and cycling
stability. Additionally, repeated insertion/extraction of large
radius examples can cause severe volume changes in the elec-
trode material that accelerate battery capacity decay. To solve
these problems, various attempts have been made to design and
prepare new flexible electrodes and electrolytes.

8.1 Sodium ion batteries

8.1.1 Flexible electrodes. To develop wearable battery
systems, the initial step involves designing flexible electrodes
with high mechanical strength that can meet practical
requirements. Carbon fiber cloth, due to its high electronic
conductivity and excellent mechanical flexibility, serves as an
ideal substrate for supporting free-standing and binderless
flexible electrodes. For example, Zhao et al.>*” fabricated a self-
supporting and binding-free flexible SIB anode by preparing
a carbon fiber cloth supported hollow rutile type titanium
dioxide cube array composite (Fig. 22a). The unique structure of
the hollow cube, attributed to the self-assembled TiO, nano-
cube, facilitates electrolyte ion transport and provides a large
contact area for charge storage, resulting in near “zero strain”
properties during charging and discharging processes. The
composite exhibits remarkable performance (103.3 mAh g~ " at
50C) and cycle stability (95.6% after 600 cycles). Furthermore,
when assembled into flexible devices, it demonstrates the
ability to bend up to 180° while maintaining normal operation.
Niu et al.**® synthesized a bimetallic selenide heterojunction
composite (CoSe,/FeSe,_,) with carbon encapsulation on waste
carbon cloth (CCFSF), effectively regulating the selenium-
vacancy content (Fig. 22b). Due to the strong interaction
between carbon and Se-metal (Co/Fe) interfaces, electron
transfer is significantly accelerated, preventing the accumula-
tion and agglomeration of loaded nanoparticles. The outermost
carbon coating not only facilitates fast electron mobility and
high electronic conductivity but also inhibits volume changes
during sodiation/de-sodiation processes, ensuring excellent
structural stability. Moreover, the assembled quasi-solid-state
SIBs exhibit remarkable flexibility and energy storage
performance.

In addition, reduced graphene oxide can also serve as
a flexible electrode material substrate. To enhance the diffusion
kinetics of Na' ions, Sun et al>* prepared a heterojunction
composite of NasV;,03,/rGO (Fig. 22c). Within this hetero-
structure, rGO not only acts as a flexible substrate but also
undergoes chemical transformation through interfacial elec-
tronic interactions with V-O bonds of NVO, resulting in
controllable V-O-C bonds at the interface. The interfacial
synergy between excellent bonding properties and inherent
stress fields at the heterogeneous interface simultaneously
reduces Na' diffusion resistance and promotes charge transfer.
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As a result, the composite exhibits excellent rate performance
(100 mA h g ' at 10C) and cycling stability (95.4% retention
after 3000 cycles).

8.1.2 Flexible electrolytes. The low conductivity of electro-
lytes and structural collapse caused by repeated ion embedding/
de-embedding during charging and discharging pose chal-
lenges for flexible SIBs. To address this problem, Niederberger
et al.”>** developed a biopolymer-based gel electrolyte for SIBs
(Fig. 22d). By incorporating cellulose nanocrystals (CNC) with
a continuous 3D structure, the collapse of the electrolyte
structure is prevented. Furthermore, crosslinking CNC with
cellulose nanofibers (CNFs) significantly enhances the diffusion
rate of Na' ions, resulting in a high conductivity of up to 2.32
mS cm~". Additionally, Na/Na symmetric batteries utilizing the
CNC/CNF gel electrolytes demonstrate stable operation at
current densities as high as 0.5 mA ecm ™ for nearly 100 h.

To construct high-performance flexible SIBs, it remains
a challenge to simultaneously achieve high electrical conduc-
tivity and good cycling stability while maintaining the high
mechanical strength of carbon matrix composites as well as gel

1258 | Chem. Sci., 2024, 15, 11229-11266

electrolytes. The rational design and optimization of the layered
structure and interfacial properties of carbon-based electrode
materials play a crucial role in this endeavour.

8.2 Potassium ion batteries

Electrode materials for flexible KIBs can be prepared by
combining various carbon materials with electroactive
substances. For instance, Lu et al.*'* synthesized free-standing
and flexible anode materials (CDs@rGO) for PIBs by incorpo-
rating carbon dots onto the surface of reduced graphene oxide
(Fig. 23a). Due to the abundant defects and oxygen-containing
functional groups provided by the carbon dots, CDs@rGO
exhibited exceptional multiplicity performance and prolonged
cycle life. However, as CDs@rGO is an unmodified pure carbon
matrix composite, its capacity at 0.1 Ag ' is only 310 mA h g %,
which is unsatisfactory.

In order to achieve a higher specific capacity, Chen et al.***
proposed a unique multi-channeling carbon-based electrode
material composed of N,S co-doped carbon nanotubes and
carbon nanofibers (Fig. 23b). The co-doping of S,N co-doping

© 2024 The Author(s). Published by the Royal Society of Chemistry
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not only significantly enhances the electrical conductivity of the
composite material but also increases the interlayer spacing in
the carbon material, effectively mitigating volume changes
during cycling caused by K' ion intercalation/deintercalation
processes and thereby enhancing cycling stability. Based on
this, Ci et al*® further confined SnS, within N,S co-doped
carbon nanofibers as a flexible anode material for PIBs,
achieving a remarkable reversible capacity of 457.4 mAh g™ ' at
0.05 A g~ ' (Fig. 23c). Through in situ XRD tests, the authors
confirmed that the ultra-high reversible capacity can be attrib-
uted to the successive transformation alloying reactions and the
enhanced capacitive behaviour exhibited by the SnS, active
material.

To achieve synergistic enhancement of capacity and
mechanical properties, Xiao et al** fabricated a 3D multi-
heterostructure composed of V,C-VO, nanoribbons wrapped
around nanosheets with abundant heterointerfaces and heter-
ojunctions, which not only facilitates ion diffusion but also

© 2024 The Author(s). Published by the Royal Society of Chemistry

enhances the mechanical stability of the material (Fig. 23d). The
authors further demonstrate that the V,C-VO, multi-
heterojunction can self-regulate the spin polarization density
of its constituent monomers (V,C and VO,), thereby promoting
K" ion dynamics during charge/discharge cycling. As a result,
V,C-VO, exhibits satisfactory specific capacity (372 mAh g " at
0.2 A g~ ") and excellent flexibility.

The LIBs, LSBs, SIBs and PIBs belong to the organic system
of secondary batteries, which possess a wider voltage range and
larger specific capacity than those employing hydrogel electro-
Iytes; however, they also entail the risk of spontaneous
combustion. To enhance the safety of flexible devices,
numerous related strategies have been reported such as
preparing non-flammable organic gel electrolytes and modi-
fying fire-resistant coatings on electrode surfaces; nevertheless,
these approaches inevitably result in certain electrochemical
performance sacrifices for the devices. Furthermore, compo-
nents utilized in organic system secondary batteries are poorly
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biocompatible and harmful to the human body; therefore, it is
necessary to develop suitable encapsulation fabrics with skin-
friendly properties to prevent direct contact between internal
materials and human skin.

9. Conclusions and outlook

The advent of the smart electronics era necessitates the devel-
opment of environmentally friendly, electrochemically supe-
rior, and lightweight flexible energy storage devices. However,
the current performance of the developed flexible energy
storage devices still falls short in meeting practical application
demands. To advance wearable electronic device development,
this review provides a comprehensive review on the research
progress in various flexible energy storage systems. This
includes novel design and preparation of flexible electrode
materials, gel electrolytes, and diaphragms as well as interfacial
engineering between different components.

The energy storage systems applied to wearable electronic
devices in this review are categorized into two groups: water-
based systems and organic-based systems. Water-based
systems include SCs, ZIBs, and metal-air batteries, while
organic-based systems consist of LIBs, LSBs, SIBs, and PIBs.
Considering the direct contact between wearable electronic
devices and human skin, safety is the primary concern. From
a safety perspective, energy storage systems utilizing water gel
electrolytes are safer than those using organic gel electrolytes.
Moreover, hydrogels are more environmentally friendly and
cost-effective compared to organic gels. However, these aqueous
electrochemical energy storage devices have their own advan-
tages and disadvantages in terms of performance: SCs offer fast
charging and discharging but lack sufficient endurance; ZIBs
exhibit higher energy storage efficiency but suffer from poor
cycle life due to zinc dendrite growth, which is a defect that
becomes amplified in flexible ZIBs; metal-air batteries exhibit
satisfactory energy density and power density, but because the
system is in direct contact with air, there are effects on the long-
term stability of the hydrogel electrolyte, such as extreme
temperatures leading to evaporation/freezing of water and side
reactions between the electrolyte and oxygen in the air. On the
other hand, despite the inadequate safety of organic energy
storage devices, numerous strategies have been proposed to
address this issue, including incorporating flame retardant
additives into the system and utilizing non-combustible battery
housings. Due to their utilization of organic gel electrolytes,
these secondary batteries can circumvent hydrogen evolution
and oxygen evolution reactions, thereby exhibiting a wide active
voltage range and high energy density. While LIBs and LSBs
encounter escalating costs, efforts are currently being made to
substitute them with SIBs/PIBs; however, this comes at the
expense of battery capacity.

Extensive research has been dedicated to employing diverse
advanced material synthesis strategies for developing carbon-
based/polymer-based composites with both mechanical and
electrochemical properties. Nonetheless, there exist several
significant bottlenecks impeding the commercialization of
flexible energy storage devices:
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(1) The energy storage performance of most flexible energy
storage devices developed so far falls significantly short
compared to that of non-flexible energy storage devices in
similar systems, including cycle life, energy density, and power
density. The primary reasons for this disparity are as follows:
firstly, the preparation strategy for flexible electrode materials
typically involves composite flexible substrates with active
materials. However, most of these substrates exhibit low
specific capacity and mass loading of active materials. There-
fore, it is critical to develop flexible substrates with high specific
surface area and exceptional electrochemical properties or
design substrate-free flexible electrode materials. Secondly, the
active material and the flexible substrate are connected by an
unstable binder, serving as a mass transfer bridge, which
results in a reduced power density. Additionally, there exists
a potential risk of active material shedding caused by volu-
metric variations during the charge and discharge cycles.
Furthermore, material deformation exacerbates the existing
challenges faced by various energy storage systems such as Zn
dendrite growth in ZIBs, the polysulfide-induced “shuttle effect”
in LSBs, and electrolyte volatilization in ZABs, leading to
degradation in cycle life.

(2) Currently, the research focus in the field of flexible energy
storage devices primarily lies in the development of novel
electrode materials, often overlooking other crucial compo-
nents such as electrolytes, separators, and current collectors.
However, it is important to recognize that these components do
not operate independently; any performance mismatch among
them may pose potential safety hazards during practical device
utilization. Therefore, further advancements are required for
non-electrode components of energy storage devices. Moreover,
the concept of “all-in-one” energy storage devices holds great
promise as it enables seamless integration between individual
components.

(3) The majority of flexible energy storage devices are
currently limited to laboratory production and have not yet been
commercialized. To achieve cost-effective and large-scale
fabrication of these devices, it is imperative to investigate
simplified and controllable device integration technologies.
Furthermore, to meet the practical requirements of wearable
electronic devices, energy storage devices must be seamlessly
integrated into flexible, breathable textiles. Therefore, efficient
weaving techniques need to be developed as a replacement for
manual laboratory weaving. Furthermore, the utilization of 3D
printing technology enables the fabrication of flexible electrode
materials and their integration into electronic device systems
with intricate geometries tailored to specific requirements,
thereby minimizing raw material wastage. In recent years,
numerous studies have reported the application of 3D printing
for electrochemical energy storage and conversion electrodes/
devices due to its rapid prototyping capabilities and cost-
effectiveness. However, ensuring both mechanical stability
and device capacity remains a pressing challenge as the feed-
stock used in 3D printing often incorporates non-conductive
substrates (e.g., acrylonitrile butadiene styrene and polylactic
acid), which can adversely impact device performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(4) with the increasing demand for wearable/portable elec-
tronics, the development of flexible energy storage devices has
been progressively advancing towards versatility, intelligence,
and scalability. However, most of the current flexible carbon-
based composites possess a singular functionality and are
limited to specific application scenarios (compression, tensile
strain, and bending). Consequently, integrating multiple func-
tionalities into a unified carbon matrix composite remains
a significant challenge. Furthermore, exploring novel conduc-
tive polymer gel electrode materials could offer potential solu-
tions. Recent efforts have focused on developing self-repairing,
extreme temperature-resistant, and fatigue-resistant gel elec-
trodes that hold promise for future wearable electronic devices.

(5) Regarding the safety of wearable electronics, apart from
addressing issues such as electrolyte leakage and mechanical
damage-induced leakage, there is also a growing focus on the
comfort and biocompatibility aspects. Skin-friendly touch
panels are essential for electronic devices and wearable elec-
tronics to prevent skin rashes or itching caused by prolonged
usage. However, achieving touch interaction panels that are
truly compatible with human skin remains a challenge in
current designs of wearable electronics.

In the past decade, the interdisciplinary field of flexible
electronics has experienced significant growth by surmounting
the limitations associated with rigidity. It is anticipated that
this domain will find extensive applications across various
facets of human life, encompassing wearable sensors for
monitoring human behavioral patterns, miniature mobile
power sources with flexibility for portable exoskeletons, and
implantable electronic devices for minimally invasive surgeries
or diagnostic medical imaging in pathology. The convergence of
flexible sensors and display technologies holds immense
potential to facilitate the advancement of smart home and
smart city planning. The capabilities offered by flexible sensors
and Internet of Things devices could empower robots to play
a pivotal role in disaster response and agricultural monitoring,
as well as enabling real-time road traffic condition surveillance.
Moreover, the development of flexible energy storage devices
not only drives technological progress on Earth but also
supports space exploration within the aerospace industry, ulti-
mately enabling humanity's venture into cosmic realms.
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