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H I G H L I G H T S  

� The latest progress of flexible lithium batteries (FLIBs) is reviewed. 
� Two research routes to achieve FLIBs are summarized. 
� The challenges of FLIBs in material selection and structural design are analyzed. 
� The key points of future development of FLIBs are listed.  

A R T I C L E  I N F O   

Keywords: 
Lithium ion batteries 
Flexible 
Energy density 

A B S T R A C T   

The research in high performance flexible lithium ion batteries (FLIBs) thrives with the increasing demand in 
novel flexible electronics such as wearable devices and implantable medical kits. FLIBs share the same working 
mechanism with traditional LIBs. Meanwhile, FLIBs need to exhibit flexibility and even bendable and stretchable 
features. The development of FLIBs highly relies on the improvement of flexible electrodes and battery designs to 
achieve high performance and stability under mechanical deformation. In this review, recent advances and 
progress on the development of FLIBs are concerned. Two specific research strategies of FLIBs are discussed in 
detail: preparation of flexible battery components (including electrodes, current collectors, and electrolytes) and 
flexible structure designs or assembly methods of FLIBs. Finally, challenges and perspectives for developing high 
performance FLIBs are presented.   

1. Introduction 

With the gradual miniaturization, high-speed, and high integration 
of portable electronics, flexible electronic devices have emerged and are 
widely used in communications [1], healthcare [2,3], and wearable 
consumer electronics [4–6]. As the energy sources in these flexible 
electronic devices, high-performance flexible batteries play an indis-
pensable role. Flexible batteries incorporate all the functional attributes 
of conventional batteries in formats that have been altered to withstand 
mechanical deformations such as bending, stretching, distorting, and 
folding. Compared with traditional batteries, flexible batteries have 
great advantage in resistance to mechanical deformation, which enable 
electronic products perform well in a variety of conditions. More 
application scenarios are envisioned with the development of flexible 

batteries. For example, flexible batteries can replace traditional batteries 
as power supply components in implantable medical devices. The 
characteristics of flexible batteries make it easier to match the medical 
devices with the requirements of human body structures [7]. 

In 1980, Goodenough et al. found that layered lithium cobalt oxide 
(LiCoO2) material allowed reversible intercalation and deintercalation 
of lithium ions at a high potential, which became a milestone in the 
history of LIB development [8]. Subsequently, researchers found that 
lithium ions can be repeatedly inserted and removed from graphite 
structure at a low potential. With lithium cobaltate as the cathode and 
graphite as the anode, reversible charging and discharging processes can 
be achieved in LIBs through repeated migration of lithium ions between 
the cathode and the anode [9]. Based on this mechanism, Sony first 
realized the commercialization of LIBs in 1991. Since then, LIBs have 
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been extensively explored by many researchers for more than 20 years. 
The 2019 Nobel Prize in chemistry has been awarded to Professors J. B. 
Goodenough, M. S. Whittingham, and A. Yoshino for their great con-
tributions to the development of LIBs. Until now, LIBs have been the 
most widely used energy storage system in electric vehicles and portable 
electronic devices, and are a suitable choice for use as FLIBs due to the 
advantages of light weight, high energy density, large specific energy, 
small self-discharge, no memory effect, stable cycle performance, fast 
charge-discharge, and environmental friendliness [10]. 

FLIBs have the same working mechanism with traditional LIBs, but 
need to maintain their electrochemical performances under repeated 
mechanical deformation in actual operation. At present, the existing 
LIBs materials themselves are not flexible, and FLIBs faces the following 
challenges: (i) how to adapt the battery material to the flexible appli-
cation scenario? (ii) how to maintain good contact between active ma-
terial particles and other components (conductive agent, current 
collector, and electrolyte) and reduce the contact resistance? (iii) how to 
avoid the leakage of the electrolyte? (iv) how to increase the active 
material loading and achieve both high energy density and great 
flexibility? 

In this review, the most recent literature on FLIBs are collected and 
summarized. For traditional LIBs, research mainly focuses on the 
investigation of new electrode materials, while research for FLIBs con-
centrates on the flexible characteristics of batteries. As shown in Fig. 1, 
there are mainly two specific research strategies of FLIBs: one is to make 
flexible battery components such as electrode, current collector, and 
electrolyte; the other is to maintain excellent electrochemical properties 
of FLIBs under mechanical deformation by flexible structural designs or 
novel assembly methods. The characteristics, advantages, and chal-
lenges of these two strategies will be discussed in detail in this review. 

2. Flexible battery components 

FLIBs are required to maintain excellent mechanical and electro-
chemical properties under repeated mechanical deformation. One of the 
most feasible ways to obtain FLIBs is to make all the battery components, 
especially electrodes and electrolytes, flexible. 

2.1. Flexible electrodes 

The development of flexible electrodes is the key to achieve high- 

performance FLIBs. In general, electrodes are prepared by coating 
slurry on conductive metal substrates. However, electrode materials 
tend to detach from the rigid metal current collectors during mechanical 
deformation, resulting in capacity loss and inferior electrochemical 
performance. In order to construct flexible electrodes, it is necessary to 
focus on both active materials and substrates. Recently, there have been 
the following common strategies to develop flexible electrodes: (i) 
Applying flexible carbon materials as conductive substrates to load 
active materials. (ii) Using flexible polymers as conductive materials or 
binders in the flexible electrodes. (iii) Constructing flexible electrodes 
based on MXene materials. In this section, the assembly and preparation 
methods of flexible electrodes are reviewed. The relationship between 
the components in flexible electrodes and the electrochemical perfor-
mance of batteries is analyzed. The challenges faced by flexible elec-
trodes are also discussed. 

2.1.1. Carbon materials 
Current collector is a necessary component to support active mate-

rials and conduct electrons. The commonly used current collectors are 
metals such as aluminum (Al) and copper (Cu), which are heavy and 
often exhibit weak adhesion with electrode materials. Therefore, the use 
of metal current collectors in FLIBs causes the problems of capacity loss, 
low energy density, and poor rate performance during repeated me-
chanical deformation. Carbon materials, such as carbon nanotubes 
(CNTs), graphene, and carbon nanofibers (CNFs), exhibit excellent 
thermal and chemical stability, high electrical conductivity, and 
outstanding mechanical properties. Therefore, carbon materials are 
often used as self-supporting flexible electrodes in FLIBs to eliminate the 
need for metal current collectors [11–13]. 

CNTs are widely researched as conductive additive or current col-
lector in LIBs. CNTs construct a conductive network that provide path-
ways for electrons in the electrodes. In addition, CNTs can be assembled 
to build a membrane that works as a flexible substrate. Free-standing 
CNT-based materials with light weight, great flexibility, chemical sta-
bility, and high conductivity are promising for producing flexible 
electrodes. 

CNT film with excellent flexibility and low density can function as a 
promising type of current collectors for FLIBs with high energy density. 
Wang et al. fabricated flexible CNT current collectors by cross-stacking 
continuous CNT films drawn from super-aligned CNT (SACNT) arrays 
(Fig. 2a) [14]. Compared with the graphite/Cu interface, better wetting, 

Fig. 1. Research strategies of FLIBs.  
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stronger adhesion, greater mechanical durability, and lower contact 
resistance were demonstrated at the graphite/CNT interface. The 
graphite-CNT anode showed excellent cycling stability and rate capa-
bility (335 mA h g� 1 at 0.1 C and 326 mA h g� 1 at 2 C), and more than 
180% improvement in gravimetric energy density than the graphite/Cu 
anode due to the extremely low areal density of the CNT film (0.04 mg 
cm� 2). Wu et al. also fabricated CNT current collectors using horizon-
tally oriented, ultralarge CNT macrofilms (HUCNMs) with low electrical 
resistance and good electrolyte wettability [15]. Batteries based on these 
CNT current collectors exhibited excellent stability upon folding, and 
these foldable LIBs can serve as power sources for wearable devices. 

In addition to current collectors, both conductive additives and 
binders are commonly used in traditional electrodes. The conductive 
additives provide pathways for electrons and the binders connect com-
ponents together. However, the introduction of these electrochemically 
inactive components reduces the energy density of the electrodes. As 
CNTs can construct a self-supporting framework, flexible electrodes with 
minimized amounts of conductive additives and binders can be obtained 
by the integration of the CNT framework with active materials. For 
example, binder-free LiCoO2-CNT composite cathodes were fabricated 
by an ultra-sonication and co-deposition technique [16]. CNTs acted as 
both conductive additive and structural framework, and LiCoO2 parti-
cles were uniformly embedded in the continuous CNTs network 
(Fig. 2b). The LiCoO2-CNT electrodes showed high conductivity and 
great flexibility. Meanwhile, the porous structure of the cathodes facil-
itated electrolyte infiltration and accommodated volume change of the 
electrode. The LiCoO2-CNT electrodes exhibited outstanding cycling 
stability and rate performance (151.4 mA h g� 1 at 0.1 C with retention of 
98.4% over 50 cycles and 137.4 mA h g� 1 at 2 C). Furthermore, the 
binder-free LiCoO2-CNT composites showed a 20.6% increase in specific 

mass capacity and 64% increase in specific volume capacity than the 
traditional LiCoO2-Super P cathode with binder. As another example, an 
in-situ, scalable sol-gel method was used to prepare a TiO2/CNT hybrid 
film as an anode in FLIBs [17]. The TiO2/CNT anodes inherited the high 
flexibility of the CNT framework and demonstrated enhanced rate 
capability and charge/discharge reversibility with a pseudocapacitive 
storage mechanism. The anodes tested in half cells exhibited a discharge 
capacity of 100 mA h g� 1 at 60 C over 1000 cycles, and a flexible full cell 
showed negligible capacity decay over 500 cycles of bending. Almheiri 
et al. fabricated flexible, foldable, and freestanding multiwalled 
CNT-Fe2O3 (MWCNT-Fe2O3) electrodes by a tape casting method and 
investigated the effect of the ratio of the active materials on the elec-
trochemical performance [18]. The MWCNT-Fe2O3 electrodes with high 
Fe2O3 mass ratio showed high energy density and those with low Fe2O3 
mass ratio exhibited high power density, demonstrating the potential of 
these electrodes for use in various applications. Dong et al. synthesized 
putty-like MnO2/CNT nanostructured composites by mixing MnO2 
colloidal nanosheets with CNTs under vigorous mechanical stirring and 
worked as anodes for LIBs (Fig. 2c) [19]. The layered structure of MnO2 
afforded interlayered voids for fast and reversible lithium ions inser-
tion/extraction. The flexible CNTs among the MnO2 nanosheets acted as 
conductive additives, expanded the electron transport pathway, and 
made the whole structure stable and resistive to deformation during the 
charge/discharge processes. Moreover, with the addition of CNTs, the 
composites were flexible and could be molded into various shapes. The 
MnO2/CNT electrodes displayed a high-specific capacity of 796 mA h 
g� 1 at a current density of 500 mA g� 1 and maintained a specific ca-
pacity of 236 mA h g� 1 at a high current density of 10 A g� 1. 

Graphene is another promising material in the field of electro-
chemical energy storage due to its large surface area, low weight, good 

Fig. 2. (a) Photograph and cross-sectional SEM image of a flexible graphite electrode with a CNT current collector, and photographs of graphite slurry droplets on a 
CNT film and a Cu foil [14]. Reproduced with permission. Copyright 2013, Wiley-VCH. (b) Schematic of the structure and the preparation of a binder-free 
LiCoO2-SACNT cathode [16]. Reproduced with permission. Copyright 2012, Wiley-VCH. (c) Schematic of synthesis and photographs of a flexible MnO2-CNT 
composite [19]. Reproduced with permission. Copyright 2018, Wiley-VCH. (d) Schematic of the preparation process and photographs of a MnO@C-rGO electrode at 
different deformation status [21]. Reproduced with permission. Copyright 2019, Elsevier, Inc. (e) Schematic of the formation mechanism of conductive CNF and the 
hierarchical structure of the nanopaper electrode [29]. Reproduced with permission. Copyright 2018, Wiley-VCH. (f) Schematic of the synthesis of SnS2-graphene-CC 
electrodes [32]. Reproduced with permission. Copyright 2019, Elsevier, Inc. 
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chemical and thermal stability, high electrical conductivity, and supe-
rior mechanical flexibility [20]. Graphene demonstrates the following 
better performances than CNTs: (i) The theoretical specific surface area 
of graphene is higher than that of CNTs, and the larger surface area 
provides more active sites for electrochemical reactions. (ii) It is easier 
to disperse graphene in solution than CNTs, so the preparation of 
graphene-based composites is more feasible. 

Graphene-based composites are usually fabricated by deriving from 
graphene sheets. Ma et al. fabricated flexible electrodes through 
vacuum-assisted layer-by-layer assembly of one dimensional (1D) pol-
ydopamine coated MnO2 nanowires (MnO2@PDA NWs) and two 
dimensional (2D) graphene oxide nanosheet (GO NS) (Fig. 2d) [21]. The 
electrodes had a hierarchical void-containing structure with MnO2 NWs 
encapsulated by a carbon layer and interconnected reduced GO sheets. 
The three dimensional (3D) robust structure provided continuous net-
works and pathways for electron and ion transport, and yielded abun-
dant internal voids to accommodate any volume change during the 
charge/discharge processes. The composites delivered reversible ca-
pacities of 920 mA h g� 1 at 0.2 A g� 1 and 396 mA h g� 1 at 10 A g� 1. The 
full cell showed high mechanical flexibility, a specific capacity of 2.6 
mA h cm� 2 at current density of 0.5 mA cm� 2, and a capacity retention 
of 90% after bending for 100 cycles. Zhang et al. fabricated free-standing 
SnS2/graphene nanocomposite papers by vacuum filtration and 
two-phase hydrothermal processes [22]. The composites performed well 
due to the conductive and flexible graphene matrix, which accommo-
dated the volumetric change of SnS2 during electrochemical processes. 

Graphene sheets have high inherent electrical conductivity. How-
ever, the high inter-sheet junction contact resistance has been a chal-
lenge in developing high performance graphene based electrodes. Many 
researchers have explored novel ways to solve this problem. Cheng et al. 
fabricated 3D graphene foams (GFs) by template-directed chemical 
vapor deposition [23]. The GFs showed high specific surface area and 
outstanding electrical and mechanical properties, and the GFs loaded 
with Li4Ti5O12 and LiFePO4 were used as the anode and the cathode in a 
thin, lightweight FLIB [24]. The 3D porous structure of Li4Ti5O12/GF 
hybrid anode produced a highly conductive pathway for electron 
transfer, and provided a fast transport channel for lithium ion flux, 
suggesting its potential for fast charge and discharge. The Li4Ti5O12/GF 
anodes were examined at a high rate up to 200 C and retained a specific 
capacity of 135 mA h g� 1. The LiFePO4/GF-Li4Ti5O12/GF full cell 
exhibited a specific capacity of 98 mA h g� 1 at 50 C. Moreover, the high 
rate performance and long-life cyclic performance of the full cell can be 
maintained under repeated bending to a radius of 5 mm, suggesting the 
high flexibility of the electrode. Xu et al. designed a 3D graphene (3DG) 
aerogel and fabricated 3DG/metal-organic framework composites by an 
excessive metal-ion-induced combination and spatially confined Ost-
wald ripening strategy [25]. The composites were further transformed 
into 3DG/Fe2O3 aerogels with porous Fe2O3 frameworks well encapsu-
lated within graphene sheets. The hierarchical structure of the aerogel 
offered a porous conductive network, abundant stress buffering nano-
space for effective charge transport, intimate contact between graphene 
and porous Fe2O3, and robust structural stability during electrochemical 
processes. The free-standing 3DG/Fe2O3 aerogel was used as a flexible 
anode for FLIBs and showed an outstanding capacity of 1129 mA h g� 1 

at 0.2 A g� 1 after 130 cycles and excellent cycling stability with a ca-
pacity retention of 98% after 1200 cycles at 5 A g� 1. 

In order to further improve the chemical reactivity of graphene, ni-
trogen (N) doping has widely been introduced. Rooney et al. developed 
3D graphene foams with encapsulated germanium (Ge) quantum dot/ 
nitrogen-doped graphene yolk-shell nano architecture [26]. The 
yolk-shell structure alleviated the volume expansion/contraction during 
the electrochemical processes and enabled the formation of stable solid 
electrolyte interface (SEI) on the N-doped graphene outer shell, pre-
venting electrolyte infiltration through the outer shell. The N-doped 
graphene outer shell minimized the pulverization, exfoliation, and ag-
gregation of Ge. The 3D interconnected porous structure facilitated fast 

lithium ion and electron diffusion. The composite exhibited a high 
specific reversible capacity of 1220 mA h g� 1, long cycling capability of 
over 96% capacity retention, and high rate capability of over 800 mA h 
g� 1 at 40 C. 

CNF is a 1D inorganic polymer fiber with carbon content higher than 
90%, has excellent electrochemical stability and robust mechanical 
property, and shows great potential in the fabrication of flexible and 
free-standing electrodes [27,28]. CNF can construct a conductive 
self-standing and flexible network. Hu et al. reported a conductive 
nanofiber network by a conformal electrostatic assembly of neutral 
carbon black particles on cellulose nanofibers (Fig. 2e) [29]. Due to the 
interconnected nanopores, the conductive nanofiber network provided 
both electron and ion transfer pathways, and enabled a high loading of 
LiFePO4 particles (up to 60 mg cm� 2). The LIBs based on the conductive 
nanofiber network demonstrated area capacity of 8.8 mA h cm� 2, energy 
densities of 30 mWh cm� 2 and 538 Wh L� 1, and excellent cycling sta-
bility with 91% capacity retention after 150 cycles. The pouch cell 
possessed good durability during repeated folding and bending tests. 
Active materials can also be wrapped in CNF. Yu et al. constructed 3D 
hierarchical Fe2O3@CNFs@MoS2 fabric films as self-standing and robust 
anodes by electrospinning [30]. The Fe2O3 nanoparticles were encap-
sulated in the CNF skeleton, and the ultrathin curly MoS2 nanosheets 
were tightly anchored onto the surface of the interconnected 
Fe2O3@CNF substrate. The flexible Fe2O3@CNFs skeleton established a 
3D continuous conducting network and maintained structural integrity 
of the electrode. Meanwhile, the MoS2 nanosheets shortened the length 
of lithium ion diffusion path, and offered more active sites for reversible 
lithium ion insertion/extraction reactions. A quasi-solid-state flexible 
full cell with the LiCoO2 cathode, the poly(vinylidene fluoride)/poly 
(propylene carbonate) (PVDF/PPC) gel polymer electrolyte, and the 
Fe2O3@CNFs@MoS2 fabric anode delivered an areal specific capacity of 
6.47 mA h cm� 2 and capacity retention of 90.8% after 300 cycles even in 
the 90� bending position. Huang et al. reported a water-steam selective 
etching strategy to create pores on CNF, and transition metal oxides 
were embedded into the fiber [31]. The mechanical stress from bending 
was released by the pores on CNF, and the composites effectively 
accommodated the volume change and enhanced the kinetics of ion and 
electron transport. A FLIB using the steam-etched Fe2O3@CNF anode 
and LiFePO4/CNF cathode delivered a high capacity of 623 mA h g� 1 at 
100 mA g� 1, and stable electrochemical performances were achieved 
under the bent state. 

Carbon cloth (CC) made by CNF was also widely used. Huang et al. 
developed a freestanding binder-free electrode with SnS2 nanoflake ar-
rays decorated on graphene supported by CC (Fig. 2f) [32]. The 
SnS2/graphene/CC electrode possessed a 3D network architecture and a 
large specific surface area to enable high mass loading of active mate-
rials. The CC worked as a current collector and greatly enhanced the 
electrical conductivity of the electrodes. The composites were flexible 
and could be rolled up because of the excellent mechanical properties of 
the CC. The electrode delivered a large initial discharge capacity of 
1987.4 mA h g� 1 and capacity of 638.1 mA h g� 1 after 150 cycles with 
coulombic efficiency of around 100%. 

To summarize, high-performance flexible electrodes can be con-
structed based on carbon materials due to the following advantages: (i) 
Carbon materials build a robust and flexible network in the electrodes to 
accommodate repeated mechanical deformation. (ii) Carbon materials 
have high conductivity and the network is porous, so the network can 
provide pathways for both ion and electron transportation to enhance 
electrochemical kinetics. (iii) The porous network can buffer the volume 
change of the active materials during charge/discharge processes to 
maintain stable structures of the electrodes. (iv) Carbon materials have a 
large surface area and low interface resistance to provide abundant 
active sites for electrochemical reaction. (v) Carbon materials have good 
electrolyte wettability and strong adhesion to active materials, which 
enhance the cycle stability and rate capability of the electrodes. (vi) 
Carbon materials are lightweight compared to metal foil, which is 
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beneficial to increase the energy density of LIBs. However, there still 
exist some problems for the electrodes based on carbon materials. (i) 
These electrodes often suffer from irreversible capacity, low initial 
coulombic efficiency, and capacity fading because of the side reaction 
between carbon materials and electrolytes that arises from the func-
tional groups and the defects of carbon materials. (ii) Both the loading of 
active materials and the conductivity of the electrodes should be 
considered, because high loading of insulating active materials on car-
bon materials reduces the conductivity of the electrodes and results in 
capacity decay and interior rate performance. Therefore, in order to 
obtain carbon based flexible electrodes with high performances, stable 
connection between high loading active materials and flexible carbon 
materials should be set up and the proportion of carbon materials should 
be minimized. The formation of chemical bonding between carbon 
materials and active substances and the development of lighter flexible 
carbon materials are effective strategies to improve the energy density 
and stability of flexible electrodes. 

2.1.2. Polymer materials 
Polymers tend to be extremely flexible, so it is a natural idea to 

introduce polymers into the electrodes to achieve high flexibility. In 
traditional LIBs, polymer materials such as PVDF and carboxymethyl-
cellulose sodium (CMC) are added as binders in the slurry. The amount 
of the polymer binder is generally less than 10 wt% in traditional elec-
trodes, so it is difficult to achieve high flexibility and endure the me-
chanical deformation of the electrodes in FLIBs. But with more 
insulating binder added to improve the flexibility, the conductivity and 
the energy density of the electrode will be decreased. Therefore, a 
feasible method for preparing a flexible electrode is to add controlled 
amounts of conductive polymer according to different situations. 

Liu et al. developed two new kinds of conductive polymer binders, 

poly(1-pyrenebutyl methacrylate) (PBuPy) and poly(1-pyrenebutyl 
methacrylate-co-methacrylic acid) PBuPyMAA, in which butyl seg-
ments were synthetically incorporated between the methacrylate chain 
and the pyrene moiety [33]. Electrodes were prepared by mixing the 
graphene/silicon (Si) composite and the polymer binders together. The 
pyrene units increased the interaction between the polymer binders and 
the graphene sheets via the π-π stacking mechanism, and the insertion of 
the butyl segments enhanced the chain flexibility and increased the 
polymer-free volume. The conductive polymers helped to maintain the 
mechanical and electrical integrity of the electrode during charge/di-
scharge processes when large volume change of silicon occurred. The 
electrode achieved an area capacity of over 5 mA h cm� 2 and volumetric 
capacity of over 1700 Ah L� 1 at a high current rate of 333 mA g� 1. 

Some flexible polymers show reversible redox reaction with lithium 
ions and can be used as active materials of FLIBs. For example, Wei et al. 
synthesized a sulfur-linked carbonyl-based poly (2,5-dihydroxyl-1,4- 
benzoquinonyl sulfide) (PDHBQS) compounds as active materials for 
FLIBs (Fig. 3a) [34]. Flexible binder-free composites with single-walled 
CNTs (PDHBQS-SWCNTs) were fabricated by vacuum filtration. The 
cathode delivered a discharge capacity of 182 mA h g� 1 (0.9 mA h cm� 2) 
at 50 mA g� 1 with the potential window of 1.5 V–3.5 V, displayed a 
capacity of 75 mA h g� 1 at a high current density of 5000 mA g� 1, and 
retained 89% of its initial capacity at 250 mA g� 1 after 500 charge/di-
scharge cycles. Flexible batteries based on the PDHBQS–SWCNTs cath-
ode and the lithium foil anode exhibited good electrochemical 
performances under continuous bending. Flexible organic cathodes with 
3,4,9,10-perylenetetracarboxylic diimide (PDI) as the active compo-
nent, carbon black (CB) as the conductive agent, and thermoplastic 
polyurethane (TPU) as the elastomeric matrix were obtained (Fig. 3b) 
[35]. The cathodes displayed high mechanical/thermal stability, elec-
trical conductivity, and electrolyte compatibility. The voltage-specific 

Fig. 3. (a) Photograph and stress-strain curve of a PDHBQS/SWCNTs film, photograph of a rolling battery, and the discharge capacities in 2000 bending cycles [34]. 
Reproduced with permission. Copyright 2017, Wiley-VCH. (b) The phase inversion fabrication processes of an integrated PDI/CB/TPU cathode [35]. Reproduced 
with permission. Copyright 2019, Elsevier, Inc. (c) Schematic of the preparation process of 3D Mxene foam [38]. Reproduced with permission. Copyright 2019, 
Wiley-VCH. (d) Schematic of the fabrication of a Mxene-based Si@C film and digital images showing its flexibility [39]. Reproduced with permission. Copyright 
2019, Wiley-VCH. 
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capacity curves of the pouch cell under the flat and bent states showed 
almost the same performances, demonstrating the good flexibility of the 
pouch cell. 

Polymers have the great advantages of extensibility, and there are a 
variety of polymers that can be applied as conductive binders or active 
materials in FLIBs. However, there are some shortcomings for polymers. 
For example, some polymers are not light-weight, resulting in low 
gravimetric energy density. Some conductive polymers are unstable 
under high voltage. 

2.1.3. MXene materials 
In addition to carbon materials and polymers, there are other ma-

terials that can be applied in flexible electrodes. MXene is a 2D material 
and has been widely applied in energy storage due to its high surface 
area, superior electrical conductivity, low lithium ion diffusion barrier, 
and good mechanical properties [36]. MXene can construct a conductive 
framework and integrate with other components in flexible electrodes. 

Free-standing electrodes can be assembled by mixing MXene and 
electrode materials. Qian et al. fabricated a lightweight, flexible, and 
freestanding MXene/liquid metal paper by confining 3 �C GalnSnZn 
liquid metal in the MXene paper matrix [37]. MXene paper showed high 

electrical conductivity and good wettability with the liquid metal 
because of its rough surface. The composites delivered a capacity of 
638.79 mA h g� 1 at 20 mA g� 1 and rate capacity of 404.47 mA h g� 1 at 
1000 mA g� 1, and showed better electrochemical performance than 
liquid metal coated Cu foil. 2D MXene suffers from aggregation and 
restacking of the 2D nanosheets, which limits its electrochemical per-
formance. Xu et al. developed a 3D MXene foam with a porous structure 
via a simple sulfur-template method (Fig. 3c) [38]. The 3D porous ar-
chitecture of the MXene foam offered massive active sites to enhance the 
lithium storage capacity and facilitated electrolyte infiltration for fast 
lithium ion transfer. As a result, the electrode based on 3D MXene foam 
displayed a specific capacity of 455.5 mA h g� 1 at 50 mA g� 1, a rate 
capacity of 101 mA h g� 1 at a current density of 18 A g� 1, and an 
outstanding long-term cycle stability of 220 mA h g� 1 at 1 A g� 1 after 
3500 cycles. MXene can also be applied as binders for FLIBs. Xu et al. 
used 2D conductive MXene as a multifunctional binder to build a 
free-standing, flexible Si@C film [39]. MXene constructed a 3D 
conductive framework that provided space to buffer the volume change 
of Si@C nanoparticles and fast ion transport pathways (Fig. 3d). The 
electrodes displayed a stable performance with a capacity of 1040.7 mA 
h g� 1 after 150 cycles at 420 mA g� 1. However, the electrodes exhibited 

Table 1 
Electrochemical performances of the batteries assembled by the flexible electrodes.  

Materials Details of Materials Active materials Electrochemical performance Ref 

Carbon 
Materials 

CNT SACNT as current collector graphite 335 mA h g� 1 (0.1 C) 
326 mA h g� 1 (2 C) 

[14] 

HUCNM as current collector Li4Ti5O12/LiCoO2 700 mA h 
160 Wh kg� 1 

[15] 

SACNT as free-standing electrode LiCoO2 151.4 mA h g� 1 (0.1 C, 50 cycles) 
137.4 mA h g� 1 (2 C) 

[16] 

SACNT as free-standing electrode TiO2 190 mA h g� 1/0.247 mA h cm� 2 (1 C, 1.3 mg cm� 2) 
100 mA h g� 1 (60 C) 
180 mA h g� 1/2.7 mA h cm� 2 (0.2 C, 15 mg cm� 2 

[17] 

CNT as free-standing electrode Fe2O3 286 mA h g� 1 (1 C, 400 cycles) [18] 
CNT as free-standing electrode MnO2 796 mA h g� 1/0.955 mA h cm� 2 (0.5 A g� 1, 1.2 mg cm� 2) 

236 mA h g� 1 (10 A g� 1) 
[19] 

Graphene Graphene oxide sheets as free-standing 
electrode 

MnO2 920 mA h g� 1/2.576 mA h cm� 2 (0.2 A g� 1, 2.8 mg cm� 2) 
396 mA h g� 1 (10 A g� 1) 

[21] 

Graphene oxide sheets as free-standing 
electrode 

SnS2 593 mA h g� 1 (0.1 A g� 1, 200cycles) 
134 mA h g� 1 (2 A g� 1) 

[22] 

Graphene foam as free-standing 
electrode 

Li4Ti5O12/LiFePO4 170 mA h g� 1 (1 C, LTO/GF) 
135 mA h g� 1 (200 C, LTO/GF) 
98 mA h g� 1 (50C, LFP/GF) 

[24] 

3D Graphene as free-standing electrode Fe2O3 1129 mA h g� 1 (0.2 A g� 1, 130 cycles) 
534.2 mA h g� 1 (5 A g� 1) 

[25] 

3D N-doped graphene as free-standing 
electrode 

Ge 1220 mA h g� 1 

800 mA h g� 1 (40 C) 
[26] 

CNF CNF as free-standing electrode LiFePO4 133 mA h g� 1/2.66 mA h cm� 2 (2 mA cm� 2, 20 mg cm� 2) 
8.8 mA h cm� 2/30 mWh cm� 2/538 Wh L� 1 (60 mg cm� 2) 

[29] 

CNF as free-standing electrode Fe2O3/MoS2 938 mA h g� 1 (0.2 A g� 1, 300 cycles) 
304 mA h g� 1 (5.0 A g� 1) 
6.46 mA h cm� 2 (3 mA cm� 2) 

[30] 

CNF as free-standing electrode Fe2O3 427 mA h g� 1 (2 A g� 1) 
183 mA h g� 1 (10 A g� 1) 
623 mA h g� 1 (0.1 A g� 1) 

[31] 

CC and graphene as free-standing 
electrode 

SnS2 296,4 mA h g� 1/1.037 mA h cm� 2 (0.5 A g� 1, 3.5 mg cm� 2, 
150 cycles) 

[32] 

Polymers Polymers PBuPy and PBuPyMAA as binders Si 5 mA h cm� 2/1700 Ah L� 1 (0.333 A g� 1) [33] 
PDHBQS as active material PDHBQS 182 mA h g� 1/0.9 mA h cm� 2 (0.05 A g� 1) 

75 mA h g� 1/0.47 mA h cm� 2 (5 A g� 1) 
[34] 

3,4,9,10-PDI as active material 
TPU as the elastomeric matrix 

PDI 124 mA h g� 1 (0.05 A g� 1) 
97 mA h g� 1 (5 A g� 1) 

[35] 

Mxene Mxene Mxene paper as free-standing electrode GaInSnZn liquid metal 638.79 mA h g� 1/0.639 mA h cm� 2(0.02 A g� 1, 1 mg cm� 2) 
404.47 mA h g� 1 (1 A g� 1) 

[37] 

Mxene foam as free-standing electrode pseudocapacitive mechanism/ 
lithium 

455.5 mA h g� 1/0.456 mA h cm� 2 (0.05 A g� 1, 1 mg cm� 2) 
101 mA h g� 1 (18 A g� 1) 

[38] 

Mxene as binder Si 1040.7 mA h g� 1/1.249 mA h cm� 2 (0.42 A g� 1, 1.2 mg 
cm� 2, 150 cycles) 
553 mA h g� 1 (8.4 A g� 1) 

[39] 

Mxene as active material Ti3C2 170mAhg� 1 (0.04 Ag-1) 
114 mA h g� 1 (2 A g� 1) 
59 Wh kg� 1 

[40]  
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a lower coulombic efficiency (73.0%) than that of the CMC-bonded 
Si@C electrode (80.2%) and PVDF-bonded Si@C electrode (73.9%). 
MXene can also work as active material, as reported by Geng et al. [40]. 
A flexible, lightweight electrode for quasi-solid-state batteries was 
developed by stacking molecularly coupled titania sheets (Ti3C2) with 
CNTs. The electrode demonstrated high flexibility and could be 
repeatedly folded into any shapes. The high conductivity, high interface 
of the active atoms, and pathways for ion intercalation resulted in 
improved electrochemical performance. The electrode displayed 
discharge capacity of 170 mA h g� 1 at 40 mA g� 1, good rate capability of 
114 mA h g� 1 at a current density of 2000 mA g� 1, and excellent 
long-term cycling stability with a 93.1% retention rate after 1000 cycles 
at 1000 mA g� 1. Moreover, a full quasi-solid-state battery with high 
flexibility displayed a power density of 1412 W kg� 1 while maintaining 
an energy density of 59 Wh kg� 1. 

In summary, the preparation of flexible electrodes using carbon 
materials, polymers, and MXene is reviewed in this section, and the 
electrochemical performances of these electrodes based on these mate-
rials are shown in Table 1. There are some common characteristics of 
these materials by analyzing their performances: (i) These materials 
have high conductivity and good contact with the active materials to 
facilitate fast electron transfer. (ii) These materials can accommodate 
the volume change of the active materials and the repeated mechanical 
deformation of the electrodes, leading to structure integrity. (iii) These 
materials can create channels for effective ion transport. (iv) These 
materials show thermal and chemical stability during the charge/ 
discharge processes. In order to develop high-performance flexible 
electrodes of FLIBs, the electrode materials need to possess these char-
acteristics. Furthermore, combining several materials together to 
develop flexible electrodes is also a solution. 

2.2. Flexible electrolyte 

Electrolyte is another crucial component in FLIBs. The electrolyte 
used in FLIBs should have the following characteristics: (i) It should 
have high ionic conductivity and electronic insulation. (ii) The elec-
trolyte itself is flexible. (iii) There is no side reaction between the 
electrolyte and cathode/anode. (iv) The electrochemical window of the 
electrolyte is within the appropriate range. (v) It can maintain good 
contact with active materials, and has small interface resistance, even 
under mechanical deformation. Liquid organic electrolyte commonly 
used in traditional LIBs has the advantages of high ionic conductivity, 
wide electrochemical window, good chemical stability, and sufficient 
contact with electrodes. However, the liquid organic electrolyte has 
safety issues. Taking LiPF6, the most commonly used lithium salt in 
liquid electrolyte, as an example, its thermal stability and chemical 
stability are poor, and it easily reacts with a trace amount of water 
presented in the electrolyte to generate highly reactive PF5, causing the 
decomposition of organic solvents. The decomposition products even 
contain some inflammable gases, and these problems will become more 
serious as the battery temperature rises during the charge and discharge 
processes [41]. Moreover, the liquid electrolyte cannot prevent the 
growth of lithium dendrites, which penetrate the separator and thus lead 
to a short circuit or even battery explosion. For FLIBs, the liquid elec-
trolyte is prone to flow during mechanical deformation, which results in 
an unstable battery system. Alternatively, solid and gel electrolytes are 
ideal options for use in FLIBs. 

Solid electrolyte refers to a novel liquid-free electrolyte that can 
replace the liquid electrolyte and separator. Inorganic solid electrolyte 
and polymer electrolyte are commonly used solid electrolytes. Inorganic 
solid electrolytes including oxides, sulfides, and glass ceramics, etc. 
[42–45] can provide fast migration channels for lithium ions through 
their point defects or special crystal structure, and thus generally have 
extremely high ionic conductivity. However, these materials have a 
large interface contact resistance between the electrolyte and electrodes 
and are highly rigid, making them difficult to use in FLIBs. Polymer 

electrolyte is an ideal choice for FLIBs because of its flexibility and 
strong interface compatibility. However, the ionic conductivity and 
electrochemical stability of polymer materials are inferior to those of 
liquid electrolytes and inorganic solid electrolytes. Therefore, polymer 
solid electrolytes are composited with inorganic solid electrolytes and 
liquid electrolytes to form inorganic-organic composite solid polymer 
electrolytes and gel polymer electrolytes, which possess high flexibility, 
good interfacial characteristics, and greatly improved ionic conductivity 
and electrochemical stability. At present, inorganic-organic composite 
solid polymer electrolytes and gel polymer electrolytes are the most 
commonly used flexible electrolytes in FLIBs. In this paper, the advan-
tages and disadvantages of commonly used polymer materials are 
summarized first, and the research routes of improving ionic conduc-
tivity and electrochemical stability of solid and gel electrolytes based on 
polymers are reviewed. 

2.2.1. Commonly used polymer materials 
Commonly used polymer electrolyte materials mainly include poly 

(ethylene oxide) (PEO), poly(ester), nitrile, and PVDF. PEO was 
discovered as an ionic conductor in 1973. A linear ether oxygen (EO) 
group in the repeating structural unit of PEO makes it suitable for 
flexible polymer solid electrolytes, and its flexible nature also ensures 
good contact between the electrolyte and the active material. The EO 
groups can form complexes with many lithium salts, such as LiBr, LiCl, 
LiI, LiSCN, LiBF4, LiCF3SO3, LiTFSI, etc., and the migration process of 
lithium ions in PEO-based polymer electrolytes can be considered as the 
coordination and dissociation process of lithium ions and EO groups. 
Under electric field, the migration ions and the EO group continuously 
undergo the coordination-dissociation process, and the rapid migration 
is achieved through the segmental motion of local PEOs. However, PEO 
is a thermoplastic material, and there are many crystalline regions that 
lead to limited movement of the segments, thus reducing the ionic 
conductivity (10� 7 S cm� 1 at room temperature). Moreover, the elec-
trochemical window of PEO is narrow, and oxidation occurs at about 
3.8 V [46], limiting the application of PEO in high-voltage FLIBs. 

In order to solve the problem of the narrow electrochemical window 
of PEO, Goodenough et al. designed a double-layer polymer electrolyte 
for high-voltage LIBs. As shown in Fig. 4a, the PEO-LiTFSI layer was in 
contact with the anode and the poly(N-methyl-malonic amide) (PMA)- 
LiTFSI layer was in contact with the cathode. The double-layer elec-
trolyte constructed in this way had better electrochemical stability, 
could work stably at 4 V, and maintained excellent ionic conductivity 
even after long cycle life [47]. Many researchers have also tried to 
overcome the low ionic conductivity in PEO through some unique 
structural designs or processing methods. Yi et al. used nanoporous 
polyimide (PI) and PEO/LiTFSI to prepare an ultra-light flexible 
PI/PEO/LiTFSI solid electrolyte with a thickness of only 8.6 μm, which 
had high ionic conductivity (2.3 � 10� 4 S cm� 1 at 30 �C) [48]. 
All-solid-state FLIBs fabricated with PI/PEO/LiTFSI solid electrolyte 
showed good cycling performance in 200 cycles at 0.5 C at 60 �C and 
withstood abuse tests such as bending, cutting, and nail penetration. 

The main characteristic groups of poly(ester) are ester groups with 
strong polarity, which can effectively dissolve alkali metal salts and 
reduce the tendency of ion aggregation. Carbonate materials such as 
poly(ethylene carbonate) (PEC) [49], poly(trimethylene carbonate) 
(PTMC) [50] and PPC [51] have been widely studied because the polar 
carbonate groups can improve the dielectric constant and ionic con-
ductivity. Jannasch’s team prepared poly(ethylene oxide-co-ethylene 
carbonate) (PEO-EC) electrolyte by anionic ring-opening polymeriza-
tion. The incorporated polar carbonate groups into polyether chains not 
only reduced the crystallinity of the polymer but also increased the 
relative dielectric constant [52]. In 2015, Mindemark et al. prepared a 
copolymer of trimethylene carbonate (TMC) and ε-caprolactone (CL), as 
shown in Fig. 4b. By adjusting the ratio of TMC and CL, the ionic con-
ductivity reached 1.6 � 10� 5 S cm� 1 at 60 �C [53]. 

As a biodegradable material, PPC is alternately bonded by 

Z. Fang et al.                                                                                                                                                                                                                                     



Journal of Power Sources 454 (2020) 227932

8

heterogeneous propylene oxide and carbon dioxide. PPC has attracted a 
lot of attention due to its amorphous, low-cost, and environmentally 
friendly features. Based on the chemical structure of PPC similar to 
conventional carbonate-based liquid electrolyte, PPC is considered to 
have excellent solubility of lithium salts and excellent compatibility 
with lithium metal interface. As shown in Fig. 4c, Yang et al. introduced 
a semi-interpenetrating polymer network (s-IPN) by mixing PPC, poly 
(ethylene glycol) methylether acrylate (PEGMEA), poly(ethylene glycol) 
diacrylate (PEGDA), and LiTFSI. The PPC performs as film forming 
agent, and the ionic conductivity of the flexible electrolyte reached 5 �
10� 6 S cm� 1 at ambient temperature [54]. 

In recent years, succinitrile (SN) electrolytes containing polar 
electron-absorbing nitrile groups with high dielectric constant and wide 
electrochemical window have attracted more attentions due to their 
excellent electrochemical properties and good compatibility with 
lithium metal [55]. SN is a low molecular weight plastic crystal that 
accepts electrons with a high oxidation potential, and its dielectric 
constant of 55 at 25 �C indicates its ability to dissolve a variety of lithium 
salts. Armand et al. found that after doping 5 mol% LiTFSI in SN, the ion 
conductivity could reach 3 � 10� 3 S cm� 1. Moreover, the plasticity of SN 
is similar to that of polymer electrolyte, which indicates that the SN 
based electrolyte can adapt to the volume change of active materials and 
achieve the goal of long cycle of lithium battery [56]. 

Polyacrylonitrile (PAN) is also a widely studied material with nitrile 
groups. Similar to the PEO material, PAN has a low ionic conductivity 
(10� 7 S cm� 1) at room temperature and a narrow electrochemical 
window (<3.7 V), making it difficult to apply in polymer electrolytes 
alone. The ionic conductivity of PAN could be effectively improved by 
grafting, blocking, cross-linking and other means to reduce the crystal-
linity of PAN fragments. Beyond that, PAN composites with excellent 
ionic conductivity and electrochemical stability can be obtained by 
adding inorganic fillers or liquid plasticizers to form a gel-like polymer 
electrolyte [57]. 

PVDF has a high dielectric constant (~8.4), which is beneficial to the 

dissociation of lithium salts. At the same time, PVDF has good me-
chanical properties, wear and corrosion resistance, hydrophobicity, and 
excellent processing performance, making it more suitable for LIBs. It is 
also an ideal material for preparing polymer electrolyte. However, PVDF 
has poor ionic conductivity due to its ordered structure and high mo-
lecular symmetry. Researchers generally reduce the crystallinity 
through blending, copolymerizing, and crosslinking, to obtain gel 
polymer electrolyte with high ionic conductivity. To improve the elec-
trochemical stability and ionic conductivity, Liang et al. developed a 
poly (vinylidene fluoride)/poly (methyl methacrylate) (PVDF/PMMA) 
composite fibrous membranes as the separator of FLIBs by electro-
spinning [58]. At room temperature, the maximum ionic conductivity 
was 2.54 � 10� 3 S cm� 1, and the electrochemical window reached 5.0 V. 

The properties of commonly used polymer materials are summarized 
in Table 2. The fatal problem faced by the polymers is still the low ionic 
conductivity that causes serious polarization and poor rate performance 
of batteries. Various methods such as cross-linking, copolymerizing, 
blending, organic-inorganic composite, and preparation of gel electro-
lyte are effective to solve this problem. The related work of organic- 
inorganic composites and preparation of gel electrolytes are explained 

Fig. 4. (a) Stacking model of PEO/PMA dual layer electrolyte in an all-solid-state cell [47]. Reproduced with permission. Copyright 2018, Wiley-VCH. (b) 
Morphology and performance of TMC-εCL copolymer [53]. Reproduced with permission. Copyright 2015, Elsevier, Inc. (c) Illustration of the preparation and 
structure of s-IPN electrolyte [54]. Reproduced with permission. Copyright 2005, The Electrochemical Society. (d) Synthesis route to prepare xPTHF electrolyte [59]. 
Reproduced with permission. Copyright 2018, Wiley-VCH. (e) Lithium ion transport mechanism and electrochemical properties of COF [60]. Reproduced with 
permission. Copyright 2018, American Chemical Society. 

Table 2 
Electrochemical properties of different polymers.  

Polymer categories Polymer 
materials 

Ionic conductivity (S 
cm� 1) 

Oxidation 
potential (V) 

Poly(ethylene 
oxide) 

PEO 10� 7 [61] 3.8 [46] 

Poly(ester) PEC 10� 4 [62] 4.5 [61]  
PTMC 10� 5 [63] 5.0 [64]  
PPC 10� 4 [65] 4.6 [65] 

Nitrile SN 10� 3 [56] 6.0 [56]  
PAN 10� 7[66] 3.7 [67] 

Poly(vinylidene 
fluoride) 

PVDF 10� 4 [68] 4.3 [57]  
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in detail below. 
In addition to the commonly used polymers mentioned above, some 

novel polymer-based materials are emerging. Yi and Bao et al. intro-
duced cross-linked poly(tetrahydrofuran) (xPTHF) as a promising 
polymer matrix for “beyond PEO” solid polymer electrolytes (Fig. 4d). 
The cross-linking procedure created thermally stable and mechanically 
robust membranes for use in LIBs. The lower spatial concentration of 
oxygen atoms in the xPTHF backbone resulted in loosened O–Liþ coor-
dination that enhanced ion transport [59]. 

Covalent organic framework (COF) is an emerging class of crystalline 
organic polymers with periodic structure and tunable functionality, 
which exhibit potential as a unique ion conductor/transporter. Kitagawa 
and Horike et al. used COF as an organic solid electrolyte medium and 
applied a bottom-up self-assembly method to obtain covalently net-
worked flexible bulky glassy polymer electrolyte, which dissolved 
lithium ion by segmental motion in a rigid two-dimensional structure to 
achieve rapid lithium ion transport (Fig. 4e) [60]. 

2.2.2. Flexible composite solid polymer electrolytes 
As for FLIBs, high flexibility is the basic requirement of electrolyte. 

However, pure polymer electrolyte has low ionic conductivity and poor 
electrochemical stability, which limit its application. In 1998, Scrosati 
et al. added nano-sized TiO2 and Al2O3 ceramic powders into the PEO 
matrix, which increased the ionic conductivity by 1–2 orders of 
magnitude and enhanced the mechanical properties of the polymer 
matrix [69]. The organic and inorganic composite electrolyte aroused 
the interest of researchers. Yi et al. prepared a AAO/Polymer composite 
electrolyte using surface-modified ceramics and polymer (Fig. 5a), and 
achieved an overall ionic conductivity of 5.82 � 10� 4 S cm� 1 at room 
temperature. Moreover, the enhanced ion conduction behavior at the 
ceramic/polymer interface was confirmed by experiments for the first 

time, and the interfacial ionic conductivity was calculated to be higher 
than 10� 3 S cm� 1 even at 0 �C [70]. Nowadays, these inorganic fillers 
not only include oxide nanoparticles, but also inorganic solid electro-
lyte, MOF, ceramic, etc. and the morphology of inorganic fillers are also 
diverse, including nanoparticles, aerogels, porous membranes. This kind 
of organic and inorganic composite solid electrolyte has both the flexi-
bility of polymer solid electrolyte and good interface contact, as well as 
the improvement of ionic conductivity after adding inorganic fillers, 
which are crucial for FLIBs. 

As shown in Fig. 5b, by constructing a 3D nanostructured garnet 
skeleton as an inorganic and organic composite electrolyte, the ionic 
conductivity of the electrolyte was significantly improved [71]. At the 
same time, its electrochemical stability, thermal stability, and stability 
to the interface with lithium metal were also enhanced. This 3D skeleton 
design provided an effective strategy for developing the next generation 
of high-performance composite polymer electrolytes for lithium batte-
ries. Nan et al. used Li6.75La3Zr1.75Ta0.25O12 (LLZTO) ceramics to trigger 
structural modification of PVDF polymer electrolytes (Fig. 5c), and 
found that the interaction between PVDF matrix, lithium salt, and 
LLZTO filler activated by partially modified PVDF chains significantly 
improved the ion conductivity of flexible electrolyte membranes [72]. 

Hu et al. designed a flexible garnet-based electrolyte membrane 
consisted of c-LLZO wafers and styrene-butadiene copolymer (SBC) 
grout (Fig. 5d) [73]. The flexible electrolyte membrane body was a 
garnet ceramic block, and the slit was connected by a SBC, which 
effectively suppressed the strain energy below the fracture toughness of 
the garnet solid electrolyte, thereby eliminating random cracks. The film 
had a high ductility of up to 220% and an ultimate tensile strength of 
5.12 MPa. The method is compatible with the manufacturing industry 
technology and has great application significance. 

Goodenough et al. prepared a high Liþ mobility inorganic and 

Fig. 5. (a) Structure and performance of AAO-polymer composite electrolyte [70]. Reproduced with permission. Copyright 2018, American Chemical Society. (b) 
Schematic of 3D garnet framework based composite polymer electrolyte [71]. Reproduced with permission. Copyright 2018, Elsevier, Inc. (c) Structures of 
PVDF/LLZTO-CPEs [72]. Reproduced with permission. Copyright 2017, American Chemical Society. (d) Schematic of the fabrication of a flexible c-LLZO SSE 
membrane [73]. Reproduced with permission. Copyright 2019, American Chemical Society. (e) Schematic of FLIBs and Li deposition behavior with PEO(LiTFSI) 
electrolyte and anion-immobilized P@CMOF electrolyte [77]. Reproduced with permission. Copyright 2019, Elsevier, Inc. 
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organic composite solid electrolyte, which was composed of a garnet 
electrolyte (Li6.5La3Zr1.5Ta0.5O12) coated with a conductive polymer 
PEO-Lithium poly(acrylamide-2-methyl-1-propane-sulfonate) (PAS) 
[74]. PEO-PAS separated the garnet electrolyte from the lithium metal 
to inhibit lithium dendrite nucleation. At the same time, the introduc-
tion of the lithium ion conductor coating not only exhibited good 
adhesion to the ceramic electrolyte and lithium metal but also provided 
a uniform interface. The first coulombic efficiency of the all-solid-state 
lithium metal battery assembled with PCSSE was as high as 97%, and 
the subsequent cycle efficiency maintained at 99.9–100%. 

Metal-organic frameworks (MOFs), a compound composed of an 
inorganic metal center and an organic ligand, are a class of crystalline 
porous materials with a periodic network structure. Since the first 
addition of lithium isopropoxide to Mg2(dobdc) (dobdc4� ¼ 1,4-dioxido- 
2,5-benzenedicarboxylate) as a solid electrolyte by Long et al. [75], 
MOFs have been widely used in solid electrolytes for lithium batteries. 
Guo et al. uniformly dispersed UIO-66/Li-containing ionic liquid (Li-IL) 
as a filler in an anhydrous acetonitrile solution of PEO and LiTFSI. By 
dissolving the cast film, a self-supporting PEO-n-UIO solid electrolyte 
was obtained. When 40% of UIO/Li-IL was added, the ionic conductivity 
of PEO-n-UIO solid electrolyte increased by 37 times at 30 �C, which was 
1.3 � 10� 4 S cm� 1 [76]. Ge et al. used UiO-66 (Zr-BDC MOF) as a raw 
material to synthesize a novel cationic MOF (CMOF) material by 
nucleophilic substitution of grafted pyridine N (Fig. 5e). The specific 
surface area of the material is as high as 1082 m2 g� 1. The anion is fixed 
by the electrostatic action of the charge carrier. Subsequently, CMOF 
was dispersed in PEO/LiTFSI electrolyte and P@CMOF composite solid 
electrolyte was prepared by a hot pressing method. Its ionic conductivity 
was an order of magnitude higher than that of pure PEO. Using 
LiFe0.15Mn0.85PO4 as the cathode and P@CMOF as the electrolyte, a 
flexible pouch cell was assembled. The initial coulombic efficiency of the 
cell at 9 C was 94.1%, and the capacity retention after 100 cycles was 
81.2% [77]. 

To summarize, how to design molecular structures for fast ion con-
duction/transport in the solid-state has always been a significant chal-
lenge for flexible polymers. All kinds of polymers have distinct 
advantages and disadvantages, and they are rarely used alone. 
Inorganic-organic composite is an effective means to utilize the flexi-
bility of polymer and greatly improve the ionic conductivity. Moreover, 
through the selection of different inorganic substances, flexible elec-
trolytes for use in FLIBs can be designed. 

2.2.3. Flexible gel polymer electrolytes 
In addition to the above-mentioned preparation of composite solid 

polymer electrolytes by compounding polymers with inorganic sub-
stances, gel electrolyte is another way to obtain flexible electrolytes. 
Polymer molecules are connected under certain conditions to form a 
spatial network structure in which the liquid dispersion is swollen, and 
the gelatinous substances containing both solid and liquid form the gels. 
Feullade and Perche first proposed gel electrolyte in 1975 [78], which 
has been developed rapidly in the past 40 years. Gel electrolyte gener-
ally contains polymer matrix, lithium salt, and plasticizer. The polymer 
matrix in the electrolyte has a certain mechanical strength. The plasti-
cizer can reduce the crystallinity of the polymer matrix to improve the 
ionic conductance of the polymer. Furthermore, the plasticizer is mostly 
composed of lithium-ion conductor such as liquid electrolyte, which can 
provide express channels for of a large number of ions. Therefore, the 
ionic conductivity of the gel electrolyte is close to that of liquid elec-
trolyte. Nowadays, gel electrolytes for use in FLIBs can be obtained by 
plasticizer added gelation or in-situ gelation. 

2.2.3.1. Plasticizer added gelation. The simplest way to prepare gel 
electrolyte is to absorb liquid electrolyte by polymer matrix commonly 
used in LIBs. To obtain flexible gel electrolyte, the polymer matrix needs 
to have the following features: (i) The polymer matrix has great 

absorption and retention of liquid; (ii) The polymer matrix remains 
flexible after absorbing the plasticizer; (iii) The polymer matrix does not 
react with the plasticizer. The commonly used polymer matrix in gel 
electrolytes mainly includes PAN, PEO, PMMA, PVDF and their corre-
sponding derivatives. 

PEO was the first to be studied. The addition of organic plasticizer in 
PEO can effectively increase the distance between the molecular chain 
segments in the polymer, reduce the ordering of the molecular chain 
arrangement, weaken the interaction between the chain segments, 
reduce the crystallinity, and increase the amorphous components. 
Therefore, the ionic conductivity is greatly improved. For example, after 
adding EC, DEC, PC and other plasticizers into PEO-LiBF4 system, the 
ionic conductivity of the gel electrolyte was equivalent to that of the 
liquid electrolyte [79]. 

Gel electrolyte composed of PAN, lithium salt, and solvent has high 
ionic conductivity (10� 3 S cm� 1). The complexing force between the 
PAN polymer chain segment and lithium ions is weaker than that of PEO, 
leading to larger lithium-ion migration number of PAN gel electrolyte. 
For some large anionic lithium salts, the lithium-ion migration number 
could be increased to 0.7 [80]. The force between the chain segment of 
the PAN polymer and the liquid electrolyte was not strong, and the 
retention of liquid was poor [81]. In addition, PAN gel electrolyte was 
not compatible with lithium metal, and it was easy to form an unstable 
passivation layer, which affected the cycle performance of the battery, 
and even had a safety hazard [82–84]. 

PVDF has a strong electron-absorbing halohydrocabron group, 
which becomes a polymer matrix material with high anionic stability. 
After PVDF was plasticized by LiTFSI dissolved in PC, the ionic con-
ductivity was 1.74 � 10� 3 S cm� 1 at 30 �C, and the oxidation potential of 
Liþ/Li was 3.9–4.3 V. However, because the halohydrocabron group in 
PVDF gel polymer molecular chain reacted with lithium metal under 
certain conditions and was reduced to LiF and F, the interface stability 
between fluoropolymer and lithium metal was poor [85]. In addition, 
PVDF had a high crystallinity and contained both crystalline and 
non-crystalline phases. Liquid electrolyte wetting was mainly completed 
in the non-crystalline phase, and the existing crystalline phase could not 
store the electrolyte, resulting in a phase separation between the 
non-crystalline phase and electrolyte, impeding the migration of lithium 
ions, and affecting the circulation and performance of the battery. In 
recent years, the derivative poly (vinylidene 
fluoride)-hexafluoropropylene (PVDF-HFP) based on PVDF has attrac-
ted the attentions of many scholars. The amorphous phase to HFP 
lowered the crystallinity of the polymer main body, and helped the 
polymer substrate adsorb more plasticizer [86–90]. 

The electrochemical properties of gel electrolytes are related to not 
only the polymer materials, but also the selection of plasticizer. Plasti-
cizers used in gel electrolytes should have high electrochemical stability 
and good compatibility with polymer matrix. Plasticizers used in the gel 
electrolyte can be divided into liquid electrolyte, ionic liquid (IL), and 
aqueous solution. 

Small-molecule organic solvents commonly used in traditional 
electrolytes include dimethyl carbonate (DMC), methyl ethyl carbonate 
(EMC), diethyl carbonate (DEC), ethylene carbonate (EC), poly-
carbonate (PC). Partly or wholly fluorinated carbonates such as fluori-
nated carbonates (FEC) can be used as plasticizers. Lithium salts 
dissolved in these solvents are mainly LiPF6, LiClO4, LiBF4, LiFSI, LiTFSI, 
LiBOB, LiDFOB, etc. When the plasticizer infiltrates the polymer matrix 
film, the crystallinity of the polymer is reduced and the glass conversion 
temperature of the system is also lowered. Therefore, the activity of the 
polymer chain segment and the dissociation degree of lithium ions are 
greatly improved in the gel electrolyte system. As shown in Fig. 6a, Tang 
and Zhou et al. developed a gel electrolyte with 3D cross-linked porous 
network structure formed by PVDF-HFP, PEO, and GO through weak 
interactions such as hydrogen bond. The lithium salts and plasticizers 
were LiPF6 and a mixture of EMC and vinylene carbonate (VC), 
respectively. The battery had good flexibility and high ionic 
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conductivity (2.1 � 10� 3 S cm� 1) [91]. 
ILs are a class of molten salts with low melting points composed of 

anionic and cationic only, also known as room temperature molten salt. 
Due to their low vapor pressure, high flash point, nonflammablility, 
good thermal stability, high conductivity, and diversity of structural 
design, ILs have aroused extensive interest of researchers. There are 
many types of ILs, which are generally classified according to different 
cations, mainly including quaternary ammonium salts, quaternary 
phosphorus salts, quaternary sulfur salts, and azacyclic types. Azacyclic 
ILs have been studied the most, including imidazoles, pyridines, and 
pyrrole types. Compared with traditional liquid electrolyte plasticizer, 
azacyclic ILs have the following advantages: (i) They can conduct 
electricity by themselves, which can significantly improve ionic con-
ductivity of polymer electrolyte. (ii) They possess high thermal 
decomposition temperature and nonflammablility, which can avoid 
safety problems of the solvent that burns easily in the traditional organic 
electrolyte. (iii) They have high chemical stability and wide electro-
chemical stability window, which can be used in high-voltage batteries. 
(iv) They are non-volatile, environmentally friendly, and pollution-free. 

The gel electrolyte prepared by blending ILs with the polymer matrix 
and lithium salt is called ion gel polymer electrolytes (IGPEs). The 
earliest IGPE was prepared by Carlin et al. by blending 1-ethyl-3-meth-
ylimelate IL with PVDF-HFP [92], which had high ionic conductivity at 
room temperature. IGPE has the advantages of both ionic liquid and 
flexible polymer electrolytes, and the problems of solvent volatilization 
and liquid leakage can be avoided, obtaining batteries with high safety 
and stability. IL as plasticizer could reduce the glass transition temper-
ature of polymer and made the gel more elastic [93,94]. For instance, Hu 

et al. reported a solvated IL gel electrolyte with organic-inorganic dual 
network structure (Fig. 6b). This electrolyte combined the advantages of 
dual network structure and solvated IL, and had excellent mechanical 
properties. It could withstand compression deformation of 80 MPa and 
returned to its original state. It had a good application prospect in the 
field of high safety and flexible energy storage devices [95]. 

In recent years, with the improvement of safety and environmental 
protection requirements for batteries, aqueous electrolyte has begun to 
get more attention. Compared with organic electrolyte, aqueous elec-
trolyte is nontoxic, nonflammable, and low-cost. Moreover, the ion 
conductivity of the aqueous electrolyte is two orders of magnitude 
higher than the organic electrolyte, which greatly accelerates the reac-
tion dynamic of LIBs and makes the application of super thick electrodes 
possible. However, the narrow electrochemical window of aqueous 
electrolyte is still a biggest defect, limiting its application in traditional 
electrode materials of LIBs, such as LiCoO2/graphite. In 1994, Dahn 
et al. firstly proposed a system with VO2 as the anode and LiMn2O4 as the 
cathode, which possessed a theoretical energy density of up to 75 Wh 
kg� 1. Since then, many studies have been conducted on the materials of 
electrode and aqueous electrolyte to improve the performance of LIBs, 
and how to make flexible aqueous LIBs has become a brand new research 
field. 

Niederberger et al. assembled a highly elastic thin-film full battery 
using a polyacrylamide (PAM) hydrogel composite “water-in-salt” (WiS) 
aqueous electrolyte and flexible electrodes prepared with LiMn2O4 and 
V2O5 material coated on a composite polymer current collector with an 
internal carbon network (Fig. 6c). Under 50% tensile strain, it main-
tained a capacity of 28 mA h g� 1, and the average energy density was 20 

Fig. 6. (a) Schematic of the intermolecular hydrogen binding effect and 3D porous polymer network of PHPG, and cycling performance of the flexible PHPG-DIB 
[91]. Reproduced with permission. Copyright 2018, Wiley-VCH. (b) Schematic of the DN structures [95]. Reproduced with permission. Copyright 2019, 
Wiley-VCH. (c) Illustration of the preparation process of PAM-WiS membrane and its stretchability [96]. Reproduced with permission. Copyright 2019, Wiley-VCH. 
(d) The schematic of preparation for the GPE and S-GPE and the compressibility of S-GPE2 [98]. Reproduced with permission. Copyright 2019, Elsevier, Inc. 
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Wh kg� 1 after 50 cycles at a current density of 120 mA g� 1, which made 
it promising to be applied in flexible retractable solid-state pouch cells 
[96]. 

2.2.3.2. In situ gelation. In addition to the traditional method of pre-
paring polymer matrix first and then adding plasticizer to obtain gel 
after swelling, in-situ gelation technology has recently become an 
emerging means to improve the performance of liquid electrolyte. The 
in-situ gelation method is to design several liquids with special func-
tional groups that can spontaneously polymerize to obtain gel electro-
lytes under the condition of initiators, light, heat, etc. This method 
greatly simplifies the preparation of the gel electrolyte and reduces the 
introduction of impurities in the process of material preparation and 
battery assembly. 

Li and Guo et al. developed a new strategy to convert traditional 
etheryl 1,3-dioxopentyl ring (DOL) and 1,2-dimethoxyethane (DME) 
liquid electrolyte into novel quasi-solid gel electrolyte by adding 

commercial LiPF6. Among them, the cationic open-loop polymerization 
between LiPF6 and DOL was first discovered and applied to the lithium 
secondary battery system. On this premise, the new gel electrolyte has 
been successfully applied to a series of lithium metal batteries contain-
ing sulfur, LiFePO4 and LiNi0.6Co0.2Mn0.2O2 (NCM622) cathode, 
showing excellent universality and commercialization prospects [97]. 

As shown in Fig. 6d, Chen et al. prepared a sponge gel polymer 
electrolyte by in-situ gelation of precursor solution-soaked (1,2-dia-
crylyl ethane, 2,4,6-triallyloxy-1,3,5-triazine and LiPF6 electrolyte) 
commercial sponge [98]. The prepared gel electrolyte exhibited a 
remarkable ionic conductivity (1.08 mS cm� 1) even larger than that of 
liquid electrolyte infiltrated-Celgard 2400 (0.95 mS cm� 1) and could 
resist compression deformation. 

3. New battery structures and assembly methods 

The typical structures of commercial LIBs are mainly cylindrical 

Fig. 7. (a) Thin film structure [100]. Reproduced with permission. Copyright 2012, American Chemical Society. (b) Fiber type structure [102]. Reproduced with 
permission. Copyright 2014, Wiley-VCH. (c) Wavy structure [105]. Reproduced with permission. Copyright 2018, The Royal Society of Chemistry. (d) Island 
connection structure [106]. Reproduced with permission. Copyright 2011, Wiley-VCH. (e) Paper folding structure [108]. Reproduced with permission. Copyright 
2015, Wiley-VCH. (f) Bamboo slip structure [109]. Reproduced with permission. Copyright 2016, Wiley-VCH. 
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cells, and recently developed pouch cells and prismatic cells. The cy-
lindrical cell contains a hard protective shell on the outside [99]. This 
kind of structure cannot withstand severe external deformation, so the 
design of new battery structure or assembly method is an important part 
to achieve FLIBs. The common FLIBs structures mainly include thin film, 
fiber type, wavy, island connection, paper folding, and bamboo slip 
structures, some of which are used in pouch cells and prismatic cells. The 
recent advances of these FLIB structures are reviewed in this section. 

3.1. Thin film structure 

Thin film structure is the most typical flexible battery structure. 
Layered battery components including electrodes and electrolytes are 
assembled by vertical stacking, and the external packaging materials of 
the batteries can be Al plastic films or flexible polymer substrates. 

Lee et al. presented a thin-film FLIB using a universal transfer 
approach [100]. LiCoO2 was used as the cathode, lithium phosphorus 
oxynitride was the electrolyte, lithium metal was the anode, and the 
outermost layer was the PDMS substrate (Fig. 7a). The battery had a 
strong bending capability, and can be integrated with a flexible light 
emitting diode (LED). By replacing the protective shell with a lighter, 
more flexible Al plastic film, pouch cells assembled with the thin film 
structure showed flexibility under bending. Passerini et al. prepared a 
flexible pouch cell, consisting of Ni-rich cathode, PEO-based ternary 
polymer electrolyte, and Li metal anode, which exhibited superior 
electrochemical performance [101]. 

The advantages of thin film structure are that the preparation process 
is simple and the mass production is convenient. How to further reduce 
the mass of the packaging material and the thickness of each component 
to improve the gravimetric and volumetric energy density is the focus of 
future researches. 

3.2. Fiber type structure 

Fiber type structure typically consists of either two twisted fiber 
electrodes or a coaxial cable configuration. Devices with the fiber type 
structure exhibits wearable feature for FLIBS through integration into 
cloths, wrist bands, necklace, gloves, masks or other similar goods in our 
daily life. 

In a twisted structure, two fiber electrodes are intertwined together 
at a certain twisting angle to form a double-helix structure. Peng et al. 
developed a strategy to prepare fiber type FLIBs [102]. In this work, 
Li4Ti5O12 and LiMn2O4 nanoparticles were scrolled into two aligned 
MWCNTs respectively (Fig. 7b), and the two composite yarns could be 
paired to obtain a fiber-type FLIB that could be further woven into 
lightweight, flexible, and stretchable battery textiles. Li et al. proposed a 
novel strategy to fabricate a stretchable lithium anode by infusing 
molten lithium into robust and flexible CNT fibers modified with lith-
iophilic ZnO nanowire arrays [103]. The lithium anode integrated a 3D 
structure of ZnO arrays with the admirable stretchability of CNT fibers. 
The symmetric cells based on these fibers demonstrated an excellent 
cyclic stability under a strain of 100%. 

As for the typical coaxial structure, the flexible outer electrode is 
wound around the inner electrode with a separator between them, 
forming a core–shell architecture. Shin and Kim et al. produced a coaxial 
FLIB cable. A helical and hollow Ni–Sn-coated Cu wire was used as the 
anode and core in the coaxial structure. A separator was rolled outside 
the anode to separate the cathode from the anode, and the LiCoO2 was 
then coated on a aluminum wire as the cathode and wound on the 
outside of the separator [104]. 

The fiber type structure is novel, and its weavability and stretch-
ability greatly increase the application scenarios of FLIBs. However, this 
kind of structure may have problems such as protective layer breakage 
and electrolyte volatilization in practical use. In addition, low energy 
density is also an important factor limiting its application. Future 
research may focus on how to increase the length of the fiber electrodes, 

enhance the stability of the protective layer, and increase the energy 
density. 

3.3. Wavy structure 

By covering active materials on a pre-stretched elastic substrate and 
then removing the strain, a wavy structure can be formed on the surface 
of the active material film and substrate. When the applied strain is less 
than the pre-stretched strain, the wavy structure can be reversibly 
stretched and released while maintaining the integrity of the functional 
structure, thus obtaining high stretchability. 

Wang et al. fabricated ultra-stretchable CNT composite electrodes by 
coating CNT films and active material powder on biaxially pre-strained 
PDMS substrates (Fig. 7c) [105]. The wrinkled structures that formed 
during the pre-straining and release process extended along the strain 
axis to protect the CNT composite structures from fracture. The CNT 
composites demonstrated excellent stability and high durability. The full 
FLIB consisting of stretchable CNT/LTO anode and CNT/NCM cathode 
was able to withstand 150% strain in different axes without large de-
creases in performance. 

The method of pre-stretching can be used to transform materials that 
do not have stretchability but have great electrochemical activity, such 
as metal, carbon film, etc., into wavy structures that can withstand large 
strain. The preparation method is simple, and the stretchability of 
electrode can be easily controlled by the amount of pre-stretching. 
Therefore, it is a potential method for preparing stretchable FLIBs. The 
limitation of this method is that the maximum strain level the FLIBs can 
endure is determined by the upper stretching limit of the elastic sub-
strate. In addition, excessive pre-stretching may cause the electrode 
surface to form a serious fold after removing the pre-stretching, which 
lead to the detachment of active materials and the increase of interface 
contact resistance. 

3.4. Island connection structure 

In 2011, Rogers et al. proposed a new flexible structure and firstly 
applied to the stretchable solar modules that use ultrathin, single junc-
tion GaAs solar cells [106]. As shown in Fig. 7d, elastomeric substrates 
with surface relief in geometries was used that confined strains at the 
locations of the interconnections and away from the devices. Because 
this structure consisted of island-shape units and stretchable wires, it is 
named island connection structure here. 

Rogers et al. extended the island connection structure to FLIBs in 
2013 [107]. In this structure, small, traditional LIBs without flexibility 
were arranged in a flat island form, and were connected with bent 
stretchable wires. Under applied strain, the bent wires between the 
structural units were stretched to absorb the strain, thereby ensuring the 
structural integrity of the functional units and allowing the entire device 
to withstand mechanical deformation. The advantages of this structure 
are that the basic structural units are traditional LIBs, their electro-
chemical performances are relatively stable, and the preparation process 
is very mature. The structure of such a planar network allows the device 
to withstand strain in different directions. For such a structure in which 
the in-plane curved wire is connected, the tensile strength can be 
improved only by increasing the length of the curved wire or reducing 
the area of the island-shaped functional unit in a limited space. This can 
result in a reduction in the area utilization, which affects the energy 
density of the entire stretchable battery device. 

3.5. Other structures 

Some other structures have emerged in the study of flexible batteries, 
including FLIBs and flexible lithium-air batteries (FLABs). As shown in 
Fig. 7e and f, Zhang et al. introduced ancient Chinese calligraphy art in 
the research of FLABs, and proposed paper folding and bamboo slip 
structures [108,109]. The new designs of these flexible battery 
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structures can be applied in different material systems and provide a 
novel route to convert traditional LIBs to FLIBs. Some special structures 
can make the traditional LIBs that do not have flexibility gain the ability 
to resist deformation. The design of more ideal flexible battery struc-
tures makes the mass and volume occupied by non-active substances in 
the structure smaller, so as to obtain FLBs with higher gravimetric and 
volumetric energy densities. 

4. Conclusion 

In summary, with the development of flexible electronic products, 
the great prospects for FLIBs are unquestionable, and the progress of 
FLIBs will certainly promote further advances of flexible electronic 
products. In this review, two effective ways to assemble FLIBs are 
summarized: the fabrication of flexible battery components and the 
design of flexible battery structures. In the aspect of the fabrication of 
flexible battery components, flexible electrodes and flexible electrolytes 
are the two most critical elements. The design of flexible electrodes 
usually starts with current collectors and binders. Carbon, polymer, 
MXene, and other flexible materials are commonly used to replace the 
current collectors or binders in traditional LIBs, thus achieving the 
purpose of flexibility. In addition, flexible polymers or layered materials 
that can be used as active materials for LIBs are an ideal choice for FLIBs. 
As for flexible electrolytes, flexible polymer is an effective alternative to 
the liquid electrolyte of traditional LIBs, but the low ionic conductivity 
and narrow electrochemical window of polymer electrolytes set limita-
tion for use in FLIBs. Inorganic-organic composite polymer solid elec-
trolyte and gel electrolyte are two promising electrolytes, which can 
effectively improve the ionic conductivity and electrochemical stability. 
In addition, the design of flexible battery structures can make the orig-
inal rigid LIBs to obtain a certain degree of flexibility, such as thin film, 
fiber type, wavy, island connection, paper folding, and bamboo slip 
structures. These studies have improved the performance of FLIBs and 
brought them closer to practical application, but challenges of FLIBs 
have also been exposed. 

At present, there exist the following main factors that hinder the 
applications of FLIBs: the gravimetric and volumetric energy densities of 
the FLIBs are still not high enough; the capacity retention and cycle life 
of FLIBs are limited after cyclic mechanical deformations; high rate and 
high-temperature/low-temperature performances of FLIBs are still 
rarely studied; there are still difficulties in automated production pro-
cesses, and the cost of battery preparation is high. The development of 
FLIBs in the future may focus on the following aspects: 

(i) Preparation of flexible electrode materials with better perfor-
mance. FLIBs need to withstand large deformations, so the re-
quirements for electrode materials are high. Carbon materials 
have become a research hot spot of flexible electrodes due to its 
high conductivity, excellent mechanical properties, and high 
stability. Flexible carbon materials have excellent conductivity 
and flexibility, which can be combined with active materials to 
play an important role in FLIBs. At present, the problems that 
need to be solved by flexible electrodes are electrode structure 
design for high-load active materials, active materials with higher 
energy density, and safety problem of flexible electrodes.  

(ii) Development of flexible polymer-based electrolytes. Polymer- 
based solid or gel electrolyte lithium can solve the leakage 
problem of the current organic liquid electrolyte in FLIBs. How-
ever, due to the special lithium ion transport mechanism, these 
electrolytes generally have low ionic conductivity, unsatisfactory 
rate performance, narrow electrochemical window, low active 
material loading, and complicated preparation process, limiting 
the large-scale industrialization of FLIBs. Therefore, further 
optimization of the preparation process of polymer electrolytes, 
development of high-performance flexible electrolytes, and 

selection of suitable electrolytes for different flexible battery 
systems are the keys in future research. 

(iii) Design of battery structure. New structures such as fibrous elec-
trodes, interpenetrating island structures, and pre-tensioned 
structures are shown. It is also an effective solution to achieve 
flexibility through structural design methods. Moreover, the 
design of this structure can achieve the integration of FLIBs, 
which greatly expands the application scenarios. At the same 
time, it is necessary to develop more flexible structures and to 
optimize the structure of the FLIBs, including the interface be-
tween the electrode, the electrolyte, and the substrate.  

(iv) Improvement and breakthrough of the electrochemical system. 
The current reaction system of FLIBs is derived from LIBs with 
lithium-ion insertion/extraction, but the energy density of this 
system is relatively low. In the future, an electrochemical system 
with a higher theoretical energy density such as a flexible lithium 
metal battery system or a flexible lithium-air battery is an effec-
tive strategy. Some researchers have already performed pioneer 
work in this area [110,111].  

(v) Optimization of packaging material. The packaging material 
makes the FLIBs have better resistance to external environmental 
influences and structural stability and is an essential component 
for protecting the battery in the FLIBs. However, the introduction 
of packaging materials will lead to the loss of the overall gravi-
metric and volumetric energy density of the battery. Therefore, 
the development of a thinner, more flexible and stable packaging 
material is also demanding to obtain high performance FLIBs.  

(vi) Exploration of automated production processes. It is necessary to 
explore a large-scale automated approach to the production of 
FLIBs while ensuring lower costs, mainly including the mass 
production of flexible electrolytes and flexible electrodes, as-
sembly of flexible batteries, integration of flexible batteries, etc. 
Based on the current mature LIB production process, new mate-
rial preparation technologies, such as 3D printing and film 
preparation technology should be developed.  

(vii) Developing more application scenarios. The development of 
special FLIBs with more functional features besides flexibility, 
such as biocompatible properties, extreme temperature charac-
teristics, etc., can be used for a wider range of applications, and 
meet the needs of a variety of electronic devices. In this respect, 
there is certainly a broader demand for the practical application 
market, but this type of battery adds more functions than simple 
flexibility, and certainly there are more problems need to be 
solved. 
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