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Abstract: Flexible lithium-ion batteries (FLIBs) have rapidly developed as promising energy storage
devices for flexible and wearable electronics, owning to the advantages of high energy density, fast
charge-discharge, no memory effect and stable cycle performance. Research on flexible electrodes
has attracted widespread attention to maintain stable electrochemical function under deformation.
Carbon materials are some of the most popular lithium-ion battery (LIB) anode materials owing to
their low cost, high conductivity and excellent stability. However, the scaled-up fabrication of flexible
electrodes based on carbon-based materials for high-performance FLIBs is still challenging. Herein,
the fabrication strategies for FLIBs based on carbon materials such as carbon nanofibers (CNFs),
carbon nanotubes (CNTs), graphene, graphdiyne (GDY) and carbon aerogels (CAs) are reviewed in
terms of macroscopic electrode material preparation, property optimization and structure design.
Furthermore, fabrication strategies and structure design methods for electrodes are proposed to
improve energy capacity, cycle stability, conductivity and flexibility of FLIBs. This minireview can
offer potential directions for the novel design of flexible carbon-based anodes employed in FLIBs.

Keywords: lithium-ion batteries; anode; flexibility; carbon materials; wearable electronics

1. Introduction

The ever-increasing boom in flexible and wearable electronics, such as communica-
tion equipment, roll-up displays, smart garments and implantable medical devices, has
triggered extensive efforts to develop matching energy storage devices. Among them,
rechargeable LIBs have been widely recommended as ideal candidates for the advantage
of high energy and power density, stable cycle performance and no memory effects [1].
The electrodes of conventional LIBs are generally fabricated by coating slurry with active
materials, binders and conductive materials on the surface of current collectors, such as
aluminum foils and copper foils. However, metal foils are heavy and low elastic limits and
poor adhesion with active materials, which lead to insufficiently flexible and lightweight
LIBs. Once deformation applied to the battery goes beyond the limit, fatal damage of the
structure and recession of the electrochemical function may take place, and it fails to work.

As portable and wearable devices call for flexibility of batteries, conventional LIBs
cannot satisfy the requirement. FLIBs share the same components (anode, cathode and
electrolyte) and working mechanism as conventional LIBs. In addition, they also have some
new features such as being foldable, stretchable, lightweight and implantable. Among all
the components, electrodes are regarded as the core elements dominating the performance
of LIBs. For the sake of exploring high-performance FLIBs, it is critical to develop flexible
electrodes with high conductivity, outstanding mechanical flexibility and stable electro-
chemical performance under frequent and large deformation. To date, the fundamental
way is to develop flexible freestanding electrodes free of binders, current collectors and
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conductive materials, but that can be used as anodes or cathodes directly. For LIBs, anode
materials can be carbon-based materials, silicon-based materials and metals and their
oxides /nitrides/phosphides/sulfides.

Recently, carbon materials, such as 1-dimensional (1D): carbon nanotubes (CNTs),
carbon nanofibers (CNFs); 2D: graphene, graphdiyne (GDY); and 3D: carbon foams (CFs),
carbon aerogels (CAs), have attracted increasing interest in developing freestanding elec-
trodes for flexible energy storage devices. In application, 2D paper-like batteries, interdigital
electrode batteries, stretchable batteries and 1D fiber-shaped batteries are widely explored
from the carbon materials mentioned above, as shown in Figure 1. In this minireview, we
first investigated the most recent achievements devoted to carbon-based anode materials
in preparation, structure and property; then highlighted their achievements in various
types of FLIBs with emphasis on ingenious structure design and performance optimization.
In the last section, for the sake of providing certain helpful insights for the continued
development, major challenges, prospects and opportunities of carbon materials for FLIBs
are discussed.

Figure 1. Schematic diagram of carbon materials and their application in FLIBs.

2. Carbon Materials

Carbon materials are preferred and practical electrode materials for energy storage
devices for the advantages of light weight, low electrode potential, high conductivity and
outstanding mechanical flexibility [1-3]. The materials with nanoscale dimensions and
porous structure can effectively shorten the diffusion path of charged ions and increase the
capacity by providing sufficient active sites. In addition, the low dimensional structure
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plays a significant role in enhancing the structural stability. During the past decades,
considerable studies have been carried out in order to prepare carbon materials, optimize
structures and enhance performance. The most recent achievements in micromorphology,
mechanical and electrochemical performance of carbon-based macroscopic materials for
FLIBs in different dimensions will be discussed in detail.

2.1. 1D Carbon Materials

As representative of one-dimensional materials, CNTs and CNFs have fast electron and
ion transport features owing to their uniquely low dimensional structure. In addition, they
can restrain the volume changes of active materials in the cycle and reduce the pulverization
and agglomeration of materials.

In 1991, lijima first synthesized CNTs using arc-discharge evaporation [4]. CNTs re-
vealed a distinct 1D tubular structure composed of carbon atoms. According to the number
of rolling graphene sheets, CNTs are divided into single-walled CNTs (SWCNTs) and
multi-walled CNTs (MWCNTs) [5,6]. The property of CNTs depends on the arrangement
of carbon atoms, tube diameter, length and shape state. SWCNTSs are composed of only
one graphene sheet layer, and their diameters are around 0.8 to 2 nm. Nanotubes formed
with two or more graphene layers are called MWCNTs. The 0.34 nm gap between layers
of MWCNTs can accommodate lithium ions. The capacity is linear to the diameter of the
wall owing to lithium condensation reactions. According to the orientation of the carbon
hexagon along the axial direction, also named chirality, SWCNTs are divided into three
types: zigzag, armchair and chiral. The structure of SWCNTs determines their property
and application. Zhao et al. found that the diffusion barriers of lithium increase with
the increase in tube diameter [7]. In addition, CNTs have excellent mechanical behavior
(Young’s modulus and tensile strength of CNTs are reported to be up to 1.4 TPa and 500 GPa,
respectively), large aspect ratio, high conductivity (400,000 S cm~!) and high theoretical
capacity (the reversible capacities for SWCNTs and MWCNTs are around 300-600 mAh g~ 1,
1000 mAh g~ !, respectively), which also contribute to their application.

For building composite electrodes, CNTs are usually deposited or embedded on
flexible substrates [8-12]. However, because of their large aspect ratio and remarkable
flexibility, CNTs are prone to differ in length, agglomerate and become entangled in a
freely growing environment, which badly limits their potential applications. Recently,
Yang et al. made CNTs symmetrically grow on FeSiAl microflakes using rotating chemical
vapor deposition (CVD) [13]. The high-purity array CNTs provided uniform structure and
orientation and larger contact area (Figure 2a,b). In addition, they showed ideal application
prospects for electrode materials.

CNTs have been demonstrated as promising flexible electrodes. Wang et al. prepared
coaxial PANI@SnO,@MWCNT composite (Figure 2c,d) by self-assembling SnO, nanoparti-
cles on the surface of MWCNTs, then in situ coating PANI [14]. As a result, the as-fabricated
electrodes exhibited outstanding rate capability and stable cycling performance for FLIBs.
Guo et al. developed a CNT-based film decorated with NixCoy-silicate nanosheets [15].
The as-assembled composite film was sufficient to withstand various deformations because
of its excellent flexibility. In addition, it showed excellent electrochemical performance with
specific capacity as high as 1047 mAh g~! at the current density of 0.1 A g~ ! and capacity
retention of 78.13% after 140 cycles.

CNFs have similar physical and electrochemical properties to CNTs and are ideal
for Li-ion diffusion. The common and economical fabrication method of CNFs is electro-
spinning and follows carbonization [16-23]. Yu et al. prepared poly nanofibrous arrays
in random (Figure 2e) and aligned (Figure 2f) orientations on glass slips [24]. Interest-
ingly, the porous CNFs showed higher lithium storage capacity (435-600 mAh g~!) than
graphite. To introduce porosity into CNFs, blending carbon-generating materials and
sacrificial polymers which decompose during carbonization at high temperature by the
electrospinning technique has become a popular means. Li et al. prepared hierarchi-
cally porous CNFs (HPCNFs) with the use of poly and terephthalic acid [25], as shown in
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Figure 2g-i. The specific capacitance and area capacitance for HPCNFs were up to 327 Fg~!
and 80.5 mF cm ™2, respectively.
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Figure 2. SEM images of CNT array (a) grown for 1 h at 700 °C; (b) after purification. (a,b) Reprinted
with permission from [13]. Copyright Elsevier Publisher, 2022. (c,d) SEM and TEM images of
PANI@SnO,@MWCNTs. (¢,d) Reprinted with permission from [14]. Copyright Elsevier Publisher,
2018. SEM images of PLGA nanofiber arrays in (e) random; (f) aligned orientations. (e,f) Reprinted
with permission from [24]. Copyright Springer Nature Publisher, 2019. (g-i) SEM and HRTEM
images and statistical histograms of the mesopore size for HPCNFs. (g-i) Reprinted with permission
from [25]. Copyright Society of Chemistry Publisher, 2020.

2.2. 2D Carbon Materials

As electrode materials, there are some unique advantages for 2D carbon materials,
such as graphene (graphene oxide (GO) and reduced GO), graphdiyne (GDY) and car-
bon nanosheets. (1) Sufficient active sites are created on the edges of a large surface area
(graphene, 2630 m? g~ 1), which increase energy storage capacity. (2) Layered structure
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with space between layers provides convenient diffusion pathways for charged ions, which
promises high ionic conductivity (graphene, up to 10° S em~!). Graphene, as a representa-
tive of 2D carbon materials, is very popular in practical applications [26-28]. The recent
advancements in preparation, merits and applications of the corresponding macroscopic
materials based on 2D carbon materials, especially graphene, are summarized in detail.

Graphene was first isolated by mechanical exfoliation with Scotch tape. For further
application, a variety of rational synthesis routes have been developed, such as CVD, ball-
milling and chemical oxidation-reduction of graphite [1,29]. Notably, different preparation
strategies are prone to gain graphene with distinguished morphologies and properties. For
example, the layers and defects of graphene are controllable in CVD through adjusting
parameters, such as time and temperature, while this is impossible for the oxidation-
exfoliation-reduction method. Scaled-up preparation of graphene with excellent quality and
industrial fabrication of macroscopic materials with uniform morphologies and properties,
such as fiber and film, are critical for the application.

Graphene fiber, mostly prepared by wet-spinning of homogeneous GO solution and
further hydrothermal or chemical reduction, is a macroscopic carbon-based fiber with supe-
rior mechanical and electrochemical performance, such as light weight, excellent flexibility
and ease of functionalization. At a constant concentration, the prearrangement orientation
of large GO is more obvious, which gives graphene fiber high strength and modulus.
Moreover, the large GO with fewer layer nodes and defects is conducive to improving
the mechanical properties of the fiber. As shown in Figure 3a,b, Tang et al. produced
graphene fibers by scalable additive-free wet-spinning methodology [30]. By optimizing
the surface chemistry of GO sheets and controlling their spinning and fabrication behav-
ior, the pristine fibers exhibited outstanding tensile strength (875.9 MPa), high toughness
(13.3 MJ m~3) and superb conductivity (1.06 x 10° Sm™!). Zheng et al. prepared robust
ultralight graphene fibers with hierarchical structure by a twist-spinning assembly strategy
followed by chemical reduction and thermal treatment. All these property parameters
mentioned above prove that graphene fiber is especially suitable for flexible electrodes of
energy storage devices.

Based on the monolayer atomic structure, a graphene sheet, also named graphene
papet, is expected to expand to the macrodimension. Asif Mahmood et al. synthesized
freestanding graphene film with highly porous structure by temperature-dependent X-ray
diffraction [31]. In addition, the overall interlayer spacing of 0.38-0.39 nm provided a fast
mass transport pathway and allowed expansion/contraction of crystallite upon reversible
ion intercalation. Liu et al. prepared hybrid films composed of hierarchical Fe;.,S-filled
porous carbon nanowires/rGO (Fe; _xS@PCNWs/rGO) by facile assembly followed by
sulfuration [32]. The as-fabricated film had a smooth surface and exhibited excellent
mechanical deformation when bending, rolling, twisting and folding were evaluated in
detail (Figure 3c).

GDY, a new promising allotrope of graphene, was first synthesized in 2010 by Li’s
group [33]. Its unique structure and property are beneficial for the rapid transmission of
lithium ions with theoretical specific capacity as high as 744 mAh g~! [34]. There are some
synthesis strategies of GDY and its derivatives, such as coupling reaction, solvothermal
reaction and CVD. The morphology and size of GDY and its derivatives can be controlled
and adjusted by changing the reaction conditions. To improve its performance, function-
alization strategies, such as heteroatomic doping, are often employed [35]. Yang et al.
successfully prepared novel pyrimidine-GDY and pyridine-GDY films [36]. As shown
in Figure 3d, the film was deformable, freestanding and uniform. As an anode for FLIB,
the film exhibited superior rate capability (Figure 2e) and long-term cycling performance
(4000 cycles at 5 A g~ 1) (Figure 2f).
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Figure 3. (a) Schematic of f-GO, (reduced)-GO fiber. Morphology and structure of {-GO fibers:
(b1) Image of a 5 m fiber; SEM images of (by) the fiber cross-section; (bs) twisted fibers and (by) a
tied fiber knot. (a,b) Reprinted with permission from [30]. Copyright John Wiley Publisher, 2022.
(c) The appearance and flexibility exhibition images of the composite Fe; _xS@PCNWs/rGO film.
Reprinted with permission from [32]. Copyright John Wiley and Sons Publisher, 2019. (d) Image of
the bending pyridine-GDY film. (e) Rate capacity and (f) Cycling performances of pyrimidine-GDY.
(d—f) Reprinted with permission from [36]. Copyright American Chemical Society Publisher, 2019.

2.3. 3D Carbon Materials

The 3D carbon materials, such as CFs and CAs, are composed of graphene and CNTs.
The mutually cross-linked network with abundant pores exhibits high specific area and
largely avoids an irreversible capacity loss. They are typical current collectors of anodes
for FLIBs with high energy density. Yang et al. successfully fabricated lightweight and
freestanding electrodes by blending CFs with SnS nanosheets [37]. They maintained
high reversible capacity (747 mAh g~! after 100 cycles) and excellent rate capability in
FLIBs. The facile preparation of CFs is to carbonize various carbon-based precursors,
such as polymers and pitches. Shi et al. obtained freestanding porous CFs by pyrolyzing
commercial melamine foam at 900 °C under a nitrogen atmosphere (Figure 4a) [6]. As
shown in Figure 4b, the uniformly distributed and interconnected pores in CFs acted as
reservoirs for electrolytes, which were conducive to ion diffusion. The CF block recovered
its original structure and size when unloaded, which exhibited its excellent deformability
(Figure 4c).

CAs are synthetic gels with porous non-shrinking network structure and gas occupies
90—99% of the whole volume [38,39]. Owing to their ultralow density, abundant poros-
ity, multi-functionality and excellent electrical conductivity, CAs are usually employed
as electrodes with high capacity and excellent cycle stability for energy storage devices,
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such as rechargeable batteries and supercapacitors. The preparation of CAs includes three
steps, i.e., polymerization, drying and carbonization [40]. Researchers found that the facile
preparation of CAs can be realized by selecting the appropriate precursors and preparation
conditions [41-48]. By hierarchical synergistic assembly, Guo et al. reported highly stretch-
able neat CAs prepared by ink-printing a uniform mixture of GO and MWCNTs, followed
by freeze-drying and further reduction (Figure 4d) [49]. The CAs are extremely lightweight
and can be supported by a flower (Figure 4e). They were fabricated to various orders of
structural hierarchy spanning from centimeter to molecular scale (Figure 4f-i). In addi-
tion, the programmed direct writing made the design of bending dominated macrolattices
control tensile behaviors and Poisson ratios, for example, the honeycomb with a negative
Poisson ratio in Figure 4j, positive in Figure 4k and zero in Figure 41. The expansion rate
of the structure could reach 200%, which indicated they were suitable for stretchable and
flexible energy storage devices.
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Figure 4. (a) Image of melamine foam and CF. (b) FESEM image of the CF. (c¢) CF compressed
and bent by finger. (a-c) Reprinted with permission from [6]. Copyright Elsevier Publisher, 2021.
(d) Schematic of the CA assembly by 3D printing (I), freeze-drying (II) and reduction (III). (e) Image
of CA balancing on a flower. (f-i) SEM images of CAs in various size scales. (j-1) Printed structures
with negative (—0.3, (g)), positive (+0.5, (h)) and zero Poisson ratio (0, (I)). Scale bars, 5 mm (e),
500 pm (f), 100 um (g) and 5 um (h). (d-1) Reprinted with permission from [49]. Copyright Springer
Nature Publisher, 2018.

3. Application in Flexible Lithium-Ion Batteries

With the rapid propagation of technology, wearable and implantable electronics have
stimulated the unprecedented development of microscopic and flexible energy storage
devices. Among them, FLIBs emerge as the most promising candidates owing to their high
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energy density and stable cycle performance. Flexible electrodes, as the central complement
of FLIBs, have attracted widespread attention from researchers for developing electrodes
with excellent electrochemical performance and mechanical stability. Recently, flexible
freestanding electrodes based on carbon materials have been widely investigated, so as to
exploit outstanding FLIBs with 1D and 2D structures.

3.1. 1D Fiber-Shaped Batteries

The fiber-shaped battery was first developed by ITN Energy Systems for assembling a
planar battery with fiber electrodes in 2011 [50]. Recently, Khudiyev et al. presented an
ultralong Li-ion fiber battery by the thermal drawing method [51], as shown in Figure 5. The
continuous fiber-shaped battery with a length of 140 m demonstrated discharge capacity
as high as 123 mAh and discharge energy up to 217 mWh. The fiber-shaped batteries
offer potential advantages. Firstly, they are ultralight and flexible enough to adapt to
complex deformation, such as winding, twisting and tying. In addition, they have close
contact with irregular surfaces. Secondly, the textiles fabricated with fiber-shaped batteries
provide porous large surface structure and they are breathable. The 1D batteries, with
omnidirectional flexibility, deformation adaptability and high compatibility with textiles,
are excellent competitors of power supplies for practical wearable devices.

Gel
B cathode Gel

B Anode Gel & oo
Electrolyte Gel
[T] polymer ciadding ) % fi) Liguid

- Conductive Polymer
[ current Collector

"“-.__ Li-ion Fiber Battery
3D Printing

’%E\\

FABRIC POWER FIBER POWER CUSTOM SHAPE POWER
2D Electronic Devices 1D Electronic Devices 3D Electronic Devices

“LFP gel —
N 100 UM 1 1ong fiber electronics

Figure 5. (a) Configuration schematic of fiber-shaped batteries. (b) Image of the electrode cross-
section. (¢) SEM image of the fiber-shaped battery. (d) A 10 m LED/battery fiber. (e) LEDs lit by fiber
battery. Reprinted with permission from [51]. Copyright Elsevier Publisher, 2022.

Generally, the structures of fiber-shaped LIBs are mainly of two types: twisting LIBs
and coaxial LIBs [52-56]. For twisting LIBs, the two electrodes are intertwined together to
form a double-helix structure. For coaxial LIBs, one fiber electrode is selected as the core,
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and the other wraps around the inner core to form a core-shell construct. Both types should
avoid short circuit of the two opposite electrodes, so a separator is often employed when
the electrolyte is liquid. For preparing flexible fiber-shaped LIBs, the core step is to develop
flexible fiber electrodes with excellent conductivity and mechanical stability. Recently,
flexible fiber-shaped electrodes have usually been obtained by compounding active materi-
als onto the conductive fiber substrates. Various carbon materials have been developed
and worked as substrates to support active materials and current collectors to transport
electrons owing to their porosity, stability, large surface area and excellent conductivity.

Much research has demonstrated carbon-based composites as electrodes for FLIBs.
Man et al. assembled flexible twisting LIBs [57], which were composed of a LiCoO,
nanosheet array cathode (LCO@CNTE), ball-shaped NaTi,(PO4); on CNT fiber anode
(NTP@CNTF) and saturated Li;SO4 solution electrolyte, as illustrated in Figure 6a. The
battery capacity retention was up to 94.74% after 3000 cycles at 90° bending (Figure 6b).
Moreover, the batteries were integrated in series to light an LED under bending states
(Figure 6¢). They were assembled into a textile and powered the LED (Figure 6d), which
demonstrated great potential application for flexible fiber-shaped batteries. Song et al.
fabricated a coaxial fiber-shaped LIB with a length and diameter of 9 cm and 0.91 mm,
respectively. It consisted of cotton as the core, wrapped CNT films as electrodes and a
PVDF film as a separator (Figure 6e-h) [58]. The cotton fiber exhibited high mechanical
strength (with stress in the axial and circumferential directions up to 86.8 KPa and 67.4 KPa,
respectively (Figure 6i)) and superior charge and discharge performance (Figure 6j). More-
over, the fiber battery was put into practical application (Figure 6k,1), which showed the
great potential of the fiber-shaped batteries as flexible energy storage devices.
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Figure 6. (a) Schematic of the assembled twisting LIB. (b) Cycle stability at 90° bending of the
LIB. Images of (c) the LIBs in series lighting an LED, and (d) the LED powered by the LIB textile.
(a—d) Reprinted with permission from [57]. Copyright American Chemical Society Publisher, 2020.
(e) Image of the 9 cm fiber battery. (f) Cross-section of the as-assembled fiber-shaped battery. (g) Image
of a PVDF separator coated on the electrode. (h) SEM image of the PVDF film. (i) The development of
stress in the fiber surface during expansion. (j) Cycle stability comparison of cotton fiber battery and
polypropylene fiber battery. (k1) Images of the as-assembled fiber battery application. (e-1) Reprinted
with permission from [58]. Copyright Elsevier Publisher, 2019.

As mentioned above, carbon materials have been widely investigated by testing
diverse fiber-shaped batteries. The as-assembled batteries show unique superiority and
could be integrated into flexible electronics [53,54]. With carbon material optimization and
structure design improvement, the high specific capacity and cycling life of batteries will
play an indispensable role in implantable and wearable electronics. We comprehensively
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summarize the performances of some fiber-shaped FLIBs reported recently, as shown in
Table 1.

Table 1. The performance of reported 1D fiber-shaped FLIBs.

Specific Current Cycling

Carbon-Based Electrodes Capacity Density Life Capacity Retention Reference
Sn0,@rGO/LiCo0,@rGO 82.6 mAh g~! 01Ag! [59]
LTP@CNT/LFP@CNT 29.1mAhg~! 025A g1 [60]
graphite/LCO 170 mAh g~ ! 0.017 Ag! 500 93% [61]
g?g;‘;ﬁffg:g%ﬁ? 166 mAh g ! 0.1C 50 99% [53]
NTP@CNT/LCO@CNT 452 mAh cm—3 02Acm3 3000 94.7% [57]
graphitec@CNT/LCO@CNT  141.8 mAh g~! 0.145 A g1 50 84% [58]
TiO,@rGO/LiMn, 0y 126 mAh g~ ! 0.017mA g~ ! 100 80% [62]
LTO@CNT/LCO@CNT 135 mAh g~ ! 0.15A g1 100 86.2% [63]
Ag@rGo/MnO,@rGO 24.5 mF cm ™2 0.1 mA cm—2 3000 94.3% [64]
CNT@Fe 05/ CNT@NIO 10.4F-cm~3 30 mA cm 3 2000 95% [65]

@MnOy

Graphene fibers 973.1 mF cm—3 161.6 mA cm 3 10,000 91% [66]
CNT/MnO,@CF 91.6 Fcm —3 104.7 mA cm 3 7000 95.3% [67]

3.2. 2D Paper-like Batteries

The conventional LIBs are fabricated by coating slurry composed of active materi-
als, conductive materials and binders layer by layer on metal foils, which results in the
LIBs being rigid and heavy. In addition, the active materials of electrodes fabricated by
the slurry-casting strategy are apt to detach from the metal foils when the batteries suf-
fer bending/stretching and releasing periodically, lowering the flexibility and reliability
of LIBs.

Flexible freestanding electrodes without binders and metal foils make them light and
avoid detaching problems [68-71]. Carbon-based materials, such as CNTs and graphene,
are the most popular flexible electrode materials owing to their diverse structure, facile
synthesis process and excellent physical and electrochemical stability. Numerous efforts
have been promoted to prepare freestanding electrodes based on carbon-based materials.

For fabricating freestanding electrodes of paper-like batteries, the carbon-based macro-
scopic films often serve as current collectors to let active materials grow on the
surfaces [72-76]. For example, Wei et al. synthesized flexible and foldable CNT films,
as shown in Figure 7a, using the floating catalyst CVD method [77]. The as-fabricated
CNT films with a width of 1 m can replace metal foil and be employed to achieve the
production of flexible LIBs on a large scale. Figure 7c,d show the flexibility comparison
for LCO coated on Al foil and CNT film, which demonstrated that the porous and rough
CNT film is conducive to increasing the contact surface and adhesion significantly. Then,
they used LiCoO, (LCO) as the positive electrode and LisTisO1, (LTO) as the negative
electrode to form a flexible full cell for the performance test. Unlike conventional coin cells,
which are rigid and intolerant to deformation, the as-fabricated cell could be tailored to
various shapes to adapt to highly integrated and wearable environments. The unpackaged
device could still power an LED after several cycles of folding and punching (Figure 7e-i).
Notably, the open-circuit voltage of the cell remained at 2.34 V, over 92.8% of the initial
value (Figure 7j), which demonstrated an ignorable current leakage during deformation.
The results indicated that the as-fabricated cell could be employed as a tailorable and
deformable energy storage device for implantable and wearable electronics.

Electrospinning is a popular approach for preparing freestanding electrodes [78-82].
For example, Zhang et al. prepared a freestanding and foldable composite electrode with
active material ZnSe assembled in a CNF network (Figure 7k,1) by an electrospinning and
subsequent carbonization/selenization strategy [83]. The HRTEM image (Figure 7m), TEM
image (Figure 7n) and elemental mapping images (Figure 70—q) show the morphological
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characteristics and composition of ZnSe@CNFs. The as-fabricated FLIB exhibited high
specific capacity and long cycling life (Figure 7w). For further application, a pouch battery
lit the LEDs. Even though it suffered repeated folding at various angles, it was in accordance
with the original statement (Figure 7r—v). The superior FLIB confirmed that the design
was conducive to promoting the prosperous development of freestanding electrodes for
wearable electronics.
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Figure 7. (a) Folding process and (b) SEM image of the CNT film. Images of LCO/CNT film and
LCO/Ai foil (c) before and (d) after bending 1000 cycles. Flexible test of the battery: (e) Initial
state. (f) After 1st fold. (g) After 2nd fold. (h) After 1st punch. (i) After 2nd punch. (j) Voltages
under different statuses. (a—j) Reprinted with permission from [77]. Copyright Elsevier Publisher,
2022. (k) SEM, (1) TEM, (m) HRTEM and (n—q) Annular dark-filed TEM image of ZnSe@CNFs-2.5.
Qualitative test of the pouch cell by power LEDs under various deformations: (r) Pristine, (s) 0°,
() 90°, (u) 180°, (v) back to 0°. (w) Cycling stability of the cell. (k-w) Reprinted with permission
from [83]. Copyright Elsevier Publisher, 2022.

There are many approaches for forming freestanding electrodes, such as composing
carbon materials with active materials to develop solutions and then forming composite
films by vacuum filtration. In addition, by electrodeposition, the active materials can
also be deposited onto the carbon substrates. High mass loading of the active materials
on carbon-based substrates with excellent conductivity and binder-free properties will
contribute to a considerable energy density for the as-fabricated FLIBs.

3.3. Interdigital Batteries

The ever-increasing boom in wearable and miniature electronic devices has accelerated
the demand for on-chip power units. The above-mentioned paper-like FLIBs have shown
advanced performance both in mechanical and electrochemical properties. However, the
thickness, size and weight of paper-like FLIBs are still far from those required for miniature
electronics. Miniature power source system technology is of great importance to reduce the
size of units because the battery occupies 85% of the total weight and 35% of the volume [84].
This propels the development of high-performance microbatteries, such as micro-FLIBs.

The most popular micro-FLIBs are the units with on-chip interdigital structures, which
are widely adopted in microsupercapacitors (MSCs). As all the components, such as anode,
cathode and the solid electrolyte, are on a uniform substrate, MSCs are ideal candidates
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for self-powered integrated microelectronic systems. Recently, advanced 3D printing
technologies [85-91], such as direct ink writing, inkjet printing and stereolithography, have
been widely used for the preparation of miniature electrodes with complex microstructures
for interdigital FLIBs. Recently, Zheng et al. prepared interesting all-solid-state planar
lithium-ion microcapacitors (LIMCs) [92]. The LIMCs were assembled by layer-upon-layer
mask-assisted deposition on an interdigital film with carbon-coated Li;Ti5Oq; (LTO) as the
negative electrode, activated graphene (AG) as the positive electrode and ion gel as the solid
electrolyte (Figure 8a). The as-assembled LIMCs demonstrated high flexibility and could
be assembled in series to obtain microcapacitor patterns (Figure 8b-h). The volumetric
energy density of the as-assembled LIMCs is as high as 53.5 mWh cm~3. In addition, they
exhibited excellent mechanical flexibility and stable electrochemical performance even if
under repeated bending (Figure 8i-k). The microdevice revealed outstanding modular
integration for boosting voltage and capacitance (Figure 8l), which indicated LIMCs have
great potential for application in miniature electronic devices.
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Figure 8. (a—h) Images of LIMCs (in series) in flat, bending, twisted and circled, spiral and knotted
states. (i) Cycling stability of LIMCs for 6000 cycles. (j) Capacitance retention as a function of the
bending angles. (k) Cycling stability in the state of a circle shape. (1) Images of the DICP logo powered
by three in-series LIMCs under bending. Reprinted with permission from [92]. Copyright Elsevier
Publisher, 2022.

The preparation of active materials and microelectrode pattern and then modular
integration to form MSCs were originally separated and included several complicated
steps. To date, laser processing technologies have greatly boosted the design ability and
manufacturing accuracy of the microstructure [93-97]. Shi et al. reported a one-step method
for scalable preparation of patterned laser-induced graphene (LIG), which acted as both
microelectrode and conductive interconnector for planar integrated MSCs (LIG-MSCs) with
designable shapes [98]. The areal capacitance of the as-fabricated LIG-MSCs is as high as
0.62 mF cm~2 and they have excellent cycling stability (no capacitance degeneration after
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10,000 cycles). Moreover, the LIG-MSCs demonstrated outstanding flexibility, adjustable
voltage and capacitance output through arbitrary arrangements such as in series and
parallel, indicative of exceptional performance customization.

3.4. Stretchable Batteries

Stretchable electronic devices are employed as soft electronic devices, which may not
only be bent, but also be stretched, deformed and wrapped on non-planar surfaces in
conditions that cannot be tolerated by original flexible electronic devices [99-101]. Recently,
numerous efforts have been promoted to develop stretchable energy storage devices to
overcome the weakness of flexible energy storage devices. Generally speaking, there are
two ways to achieve stretchability. One is creating special bulked structure designs for orig-
inally rigid devices, such as origami, wave and helically coiled spring structures, which are
structurally stretchable. The other is replacing rigid components with stretchable ones, such
as active electrodes, electrolytes, separators and packagings, which are intrinsically stretch-
able. For instance, using an elastic electrolyte to replace liquid electrolyte could provide
better stretchability and safety while maintaining similar electrochemical performance.

Combined structurally stretchable and intrinsically stretchable designs achieves su-
perior performance. Qian et al. dispersed CNTs and active materials in water with the
assistance of nanofibrillated cellulose to form stable uniform aqueous ink for 3D extrusion-
based printing [102], as shown in Figure 9a,d. The as-fabricated electrodes and separators
could accomplish reversible stretchability as high as 50% (Figure 9e). After 50 cycles, the
resistance of the stretchable electrode only increased by 3% (Figure 9b). Owing to the well-
maintained structure of the electrode, the anode possessed specific capacity of 355 mAh g !
after 100 discharge-charge cycles (Figure 9¢c). The results demonstrated great potential to
enable stretchable batteries for wearable and epidermal electronic devices.
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Figure 9. (a) Composition and morphology of the ink for 3D printing. (b) Normalized resistance
after different cycles. (c) Cycling stability of the electrode after 50th stretching. (d) SEM image of
cross-section for the electrodes and separator. (e) Images of the electrode in different stretched states.
Reprinted with permission from [102]. Copyright Elsevier Publisher, 2022.



Crystals 2022, 12,1279 14 of 18

4. Conclusions and Prospects

In conclusion, we have investigated the most recent achievements in the novel design
and controlled fabrication of various carbon materials, including CNTs, CNFs, graphene,
GDY, CAs, etc., for FLIBs with fiber-shaped, paper-like, interdigital and stretchable struc-
tures. There are unique superiorities of carbon materials applied in flexible batteries.
(1) Carbon materials with porous and large surfaces can provide a robust and conduc-
tive cross-linked framework for active materials to adhere firmly. In addition, the carbon
framework can accommodate repeated deformation and allows both ion and electron
transportation, efficiently enhancing electrochemical kinetics. (2) Excellent properties of
carbon materials, such as light weight, low interface resistance and abundant active sites,
are conducive to increasing the energy density of FLIBs. (3) Outstanding electrochemical
stability of carbon materials enhances rate capability and favorable cyclic reversibility of
the electrodes for FLIBs.

Numerous achievements and breakthrough progress have been promoted for carbon-
based anode materials of FLIBs in the past few years, but there are still the following
difficulties and challenges that hinder their development and application: the specific
capacity is still low, compared to the theoretical capacity; the capacity fades fast after cyclic
deformations; the mass of loaded active materials on carbon-based electrodes is limited,
which is not conducive to volumetric/area energy densities; there are rarely strategies
and devices for large-scale and reproducible synthesis of carbon materials with desired
structures and morphologies at low cost. Therefore, developing flexible carbon-based
anode materials with excellent flexibility, high energy capacity, large-scale production and
low cost will be the main research direction in the future.

It is confirmed that carbon-based materials are one of the most favorable electrode
materials for FLIBs. However, there is still a long way to go to overcome the current
difficulties to meet the requirements of intelligent flexible and wearable electronics. We
firmly believe that in the future, FLIBs combining outstanding mechanical flexibility and
electrochemical performance will contribute to great advances in energy storage technology
and boost the development and commercialization of portable and flexible electronics, given
tremendous progress in structure design technology and material synthesis engineering.
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