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Textile electronics embedded in clothing represent an exciting new frontier
for modern healthcare and communication systems. Fundamental to the
development of these textile electronics is the development of the fibers
forming the cloths into electronic devices. An electronic fiber must undergo
diverse scrutiny for its selection for a multifunctional textile, viz., from

the material selection to the device architecture, from the wearability to
mechanical stresses, and from the environmental compatibility to the
end-use management. Herein, the performance requirements of fiber-shaped
electronics are reviewed considering the characteristics of single electronic
fibers and their assemblies in smart clothing. Broadly, this article includes

i) processing strategies of electronic fibers with required properties from
precursor to material, ii) the state-of-art of current fiber-shaped electronics
emphasizing light-emitting devices, solar cells, sensors, nanogenerators,
supercapacitors storage, and chromatic devices, iii) mechanisms involved

in the operation of the above devices, iv) limitations of the current materials
and device manufacturing techniques to achieve the target performance,

and v) the knowledge gap that must be minimized prior to their deployment.
Lessons learned from this review with regard to the challenges and prospects

1. Introduction

The next generation of wearable electronics
demands systems to be directly integrated
onto a soft and curved human body cov-
ered with highly extensible skins (with
an average elongation of 3-55%).13 As a
result, textile electronics has become a fast
growing multibillion-dollar industry. The
integration of electronic devices directly on
the inner or outer surface of single fibers,
which have typical thickness of several to
tens of micrometers, have been recently
reported. Fiber-shaped wearable electronics
are flexible, bendable, lightweight, and
conformable to conveniently integrate onto
textile surfaces. Moreover, fiber-shaped
electronic devices with shape-memory and
self-healing ability and those with a possi-
bility to be monolithically integrated with
complementary devices have also been
reported.*% These are energy harvesting

for developing fiber-shaped electronic components are presented as

directions for future research on wearable electronics.

devices such as solar cells, piezoelectric
and triboelectric nanogenerators (NGs),/*!
energy storage devices (ESDs) including
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Figure 1. An overview of various fiber-based electronic devices discussed in this article. These devices are categorized as energy harvesting (solar cells
and nanogenerators), energy storage (supercapacitors and batteries), and functional devices (sensors, light-emitting devices, and chromatic devices).
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supercapacitors (SCs), and various types of batteries,”'% light-
emitting devices,'M and sensors, used in medical devices!! and
diagnostics, civil engineering, and fitness.[>1l

Fiber structure and morphology are important because they set
restrictions for the deposition of homogeneous layers onto their
curvy surface. This makes controlling the microstructure and
composition considerably essential. Compared with bulky elec-
trodes in conventional devices, which are basically stabilized on
a rigid substrate during the fabrication process, fiber electrodes
with a certain degree of flexibility and robustness to withstand
numerous deformations have not been completely achieved yet.
Various materials such as metals, elastics covered with metals
or composites formed between them, conductive polymers, gra-
phene, carbon nanotubes (CNTs), and metal oxides have been
used to fabricate conductive fiber-shaped electrodes.>1l How-
ever, imparting electronic functions to porous, highly deform-
able, and 3D fiber assemblies and maintaining them during wear
represent great challenges in terms of the smart fiber properties
and implementation in the electronic devices therein.

In this article, the recent advancements on fiber materials,
fabrication techniques, structural design of the fibers, and their
applications in a range of wearable electronic devices is reviewed
(Figure 1). The performance requirements of fiber-based smart

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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wearable electronics, especially in terms of correlation among
materials, fiber structures, and electronic mechanical functionali-
ties are also elaborated. First, how a concise picture of the relation-
ship between the structure and properties of fiber must be well
understood before designing and fabricating fiber-based mate-
rials for wearable electronic applications is discussed (Section 2).
Section 3 provides a brief overview of the flexible electronic yarn
making techniques. Next, three main classes of fiber-shaped elec-
tronic devices, namely, energy harvesting, energy storage, and
functional devices (Sections 4-7), were explored, with emphasis
on the factors affecting their performance, and why it lags behind
that of the state-of-the-art planar counterparts is explained. A dif-
ficult topic to tackle is the scalability of those electronic devices
because making devices only up to several centimeters long is
currently possible. Next, fiber-based integrated systems that are
made from two or more electronic devices are discussed. Finally,
the lessons learnt from this review is presented as outlook of the
challenges and perspectives for the future development of fiber-
shaped smart electronic devices to overcome the existing obsta-
cles and toward their commercialization (Section 8).

2. Choice of Fiber Material and Intrinsic Properties

The intrinsic properties of fibers, such as its structure and mor-
phology, are extremely important as they restrict deposition of
homogeneous layers for subsequent device fabrication. This
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makes controlling the morphology and composition of fibers
essential. Given the high mechanical strength and the high
electrical conductivity, stainless steel fibers were initially uti-
lized as the core substrate for the fabrication of wearable elec-
tronics.l”l However, stainless steel fibers show poor softness
and flexibility,'®! which significantly limit their weavability
into textiles and stretchability for practical applications. Woven
stainless steel filter meshes were found to be stretchable when
being tailored along a direction of 45° to its weft or the warp.!"’]
For example, stretchable hybrid SCs were fabricated by knitting
nonstretchable stainless steel fibers.?” Such knitted networks
could transform the angular elasticity of stainless steel meshes
into the stretchability of textile electrodes and thus enable the
assembly of stretchable solid-state hybrid SCs (Figure 2a). How-
ever, the stretchability of stainless steel filter meshes is limited
(<40 % strain). Furthermore, the usage of metals could cause a
sensation of rigidity and stiffness when used in wearable elec-
tronics. Therefore, developing metal-free stretchable conductive
fibers is considerably important.

To address the above-mentioned issues related to pure
metal fibers as well as metal-elastomer composite fibers have
become particularly attractive for wearable electronics because
they show great improvement in flexibility while maintaining
good conductivity. For instance, highly stretchable conductive
fibers composed of silver nanowires (Ag NWs) and silver nano-
particles (Ag NPs) embedded in a styrene-butadiene-styrene
elastomeric matrix have been reported.?! Such fibers exhibit

4 mm

Figure 2. a) Stretchable solid-state hybrid supercapacitors using knitted stainless steel meshes. Reproduced with permission.?% Copyright 2020, John
Wiley & Sons. b) Stretchable conductive fibers composed of silver nanowires and silver nanoparticles embedded in a styrene-butadiene—styrene elas-
tomeric matrix. Reproduced with permission.?"! Copyright 2015, John Wiley & Sons. c) Stretchable conductive fibers composed of elastic polyurethane
fibers and conductive Cu fibers, and their demonstration for wearable electronics. Reproduced with permission.[?2 Copyright 2020, John Wiley & Sons.
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superior initial electrical conductivity (2450 S cm™) and elonga-
tion at break (900% strain) due to the high weight percentage
of the conductive fillers and the use of a highly stretchable
styrene-butadiene—styrene  elastomer matrix, respectively
(Figure 2b). Highly stretchable, conductive, and washable fibers
that consisted of elastic polyurethane (PU) fibers and conduc-
tive Cu-based fibers have been also developed.??l Such fibers
have excellent mechanical and electrical properties and they
could be readily integrated with fabrics and other functional
components to build fabric-based wearable systems (Figure 2c).

Besides utilizing metal as the conductive component, con-
ductingfibershavebeendeveloped using carbon-based materials.
For example, stretchable conductive fibers were developed
using reduced graphene oxide (rGO) as the conductive com-
ponent and commercially available double-covered yarns as
the core-substrate.’>) In addition, high-performance fibers
were fabricated using a facile and inexpensive method that was
based on layer-by-layer spray coating of PU and CNTs or gra-
phene nanoribbons onto Kevlar fibers.?’l The spray-coated PU
was used as the interlayer between the Kevlar fiber and carbon
materials to bind the carbon materials to the Kevlar fiber. The
strongly adhering single-walled CNT coatings yielded a durable
conductivity of 65 S cm™ without significant mechanical
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degradation and they could be used as a conducting wire to
light a light-emitting diode (LED) (Figure 3a,b). A superelastic
and conductive fiber was also constructed by wrapping a flex-
ible conductive CNT/polydimethylsiloxane (PDMS) com-
posite yarn onto a polyester filament.?’! The fiber showed a
high stretchability (165%), exceptional tensile force (660 cN),
extraordinary antiabrasion ability, and remarkable electrical
stability under various deformations. Apart from PDMS as the
elastic component, cotton spandex could be used to fabricate
conductive elastic fibers. For instance, CNT/cotton/spandex
composite yarn was demonstrated using airofil spinning via
dipping and drying carbon nanotubes into cotton rovings.?
Such fibers showed excellent stretchability (200% strain) and
it could be used as a strain sensor to accurately monitor real-
time human motions (Figure 3c). Overall, although pure metal
fibers showed superior electrical conductivity compared with
metal-elastomer composite and carbon materials elastomer
composite fibers, they suffer from poor stretchability and lim-
ited weavability resulting in a substantial challenge for the fab-
rication of stretchable electronic devices. As such, conductive
fibers utilizing elastomers as the matrix are considered the
most promising component for next-generation stretchable
electronics.

Figure 3. a) Electrical conductivity of the single-walled carbon nanotube-coated Kevlar fibers under different mechanical deformations. b) The dem-
onstration of LED emission by using a single-walled carbon nanotube-coated Kevlar fiber. Reproduced with permission.??l Copyright 2012, American
Chemical Society. ¢) Photographs of the stretchable carbon nanotube/cotton/spandex composite yarn and the demonstration of stretchability. Repro-
duced with permission.?!l Copyright 2018, American Chemical Society.
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Figure 4. a) Fabrication process and structural characterization of the electrochromic fibers. b) Dual-responsive actuating/color-changing performance
of the electrochromic fibers. Reproduced with permission.[?’l Copyright 2021, The Royal Society of Chemistry.

The conductive fibers utilizing carbon materials as the con-
ducting component enable an excellent conductivity along with
good stretchability. Therefore, they can be further used for dif-
ferent fiber-shaped electronic devices. Li et al. utilized CNT as
a core component for fabricating electrochromic fibers.”’] As
shown in Figure 4a, a CNT fiber serves as the core when fab-
ricating the V,0s-based electrochromic fibers. Due to the good
conductivity and stretchability of the CNT fibers, such electro-
chromic fibers possess a good color switching between yellow
and dark green, along with an actuating character (Figure 4b).
In addition, conductive fibers can be used for various appli-
cations such as fiber-shaped LEDs, fiber-shaped solar cells
(FSSCs), fiber-shaped sensors, fiber-shaped supercapacitors
(FSCs) and batteries, and fiber-shaped chromatic devices, which
are reviewed in respective sections as mentioned in Section 1.

3. Fabrication Methods and Assembly of
Conductive Fibers

The fabrication methods of conductive fibers play an impor-
tant role in determining their characteristics, cost, stability,

Adv. Energy Mater. 2021, 2101443 2101443 (5 of 58)

and scalability. They also govern the performance of the com-
plete fiber-shaped device. In this section, various fabrication
approaches are discussed with their relative merits and draw-
backs (see brief description in Table 1).

3.1. Dip-Coating Method

As pure metal fibers suffer from poor stretchability and weavability,
metal-elastomer composite conductive fibers could be an alterna-
tive due to their exceptional stretchability and a good electrical con-
ductivity. Among all the reported methods, dip-coating is the easiest
to fabricate conductive fibers. Figure 5a represents a schematic of a
three-step dip-coating process to fabricate the conductive fibers.?®!
First, commercially available Twaron fibers were dipped into the
poly(styrene-block-butadiene-styrene) (PSBS) solution to enhance
the absorption of the Ag precursor. Second, after being dried, the
SBS-coated fibers were immersed in a solution of the silver pre-
cursor. Finally, in the third step, the Ag precursor layer is reduced
to silver by immersing the fibers into a reducing solution. Thus,
an electrically conductive fiber was prepared. Another example of
conductive fibers fabricated via dip-coating method is shown in

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. A comparison of different assembly methods to produce fibers.

www.advenergymat.de

Type of assembly method Principle

Advantages Disadvantages

Dip-coating method Electrostatic adsorption

Nanoscale design of the conductive layer

Spray-coating method Atomization and air force

enhanced layer assembly

Continuous spinning method Microfluidic polymerization

No need of additional electrical
equipment or complex apparatus

No need of additional electrical
equipment or complex apparatus

Good compatibility with fabrication of long fibers

Less compatibility with
fabrication of long fibers
Slow fabrication speed

Less compatibility with
fabrication of long fibers

High fabrication speed Nonuniformity of the conductive layer

Need of additional electrical

High fabrication speed equipment or complex apparatus

Figure 5b, where the electroless deposition method was utilized
for plating the conductive metal layer.?”) Here, the poly(dopamine)
layer provided an adhesive force to anchor the Pd?*, which served
as catalyst to accelerate the plating process of Ni?*

The use of carbon materials for the fabrication of conductive
fibers showed a great potential as they could be designed into
wrinkled structures, thus lead to an enhanced stretchability. As
shown in Figure 5¢, Sun et al. fabricated a graphene coating with a
wrinkled structure on the PU fiber surface via dip-coating method.
The conductive fibers showed excellent stretchability (1010%
strain), long-term durability (>4000 stretching/releasing cycles),
and good initial conductivity (o = 124 S m™!) and they could be
used for high-performance human joint movement sensors.

3.2. Spray Coating Method

Spray coating is another typical fabrication method used to
develop conductive fibers. Compared with dip-coating method,
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the traditional spray coating demonstrated substantial advan-
tages due to its high fabrication speed.??3*l A representative
example of conductive fibers made via spray coating method
was reported by Liu and co-workers.?!l Here, an ultrafine core—
sheath stretchable conductive fiber with an insulative outer
sheath and conductive inner core was designed for underwater
wearable electronics (Figure 5d,e). In the first step, a commer-
cialized Lycra fiber (=30 um in diameter) was selected as the
core substrate of the core—sheath stretchable conductive fiber.
The main composition integrant of Lycra is PU, which could
easily react with carboxyl or hydroxyl groups to form hydrogen
bonds. Afterward, multiwalled CNTs (MWCNTs) were spray
coated onto the prestretched Lycra fiber to form the first con-
ductive layer due to the good electronic injection capacity and
interface adhesion. Then, Ag NWs were spray coated onto the
surface to further enhance the electrical conductivity up to =2 x
10* S mL. Finally, a protective layer (styrene-(ethylene-butylene)-
styrene layer) was spray-coated onto the surface to add safety
and biocompatibility.

Catalyst immobilization * ,  Electroless Deposition
e e

Catalyst-anchored Fibers

Conductive Fibers

Figure 5. a) Schematic process for the fabrication of a conductive fiber using the dip-coating method. Reproduced with permission.l?¥l Copyright
2017, The Royal Society of Chemistry. b) Schematic illustration of processes for preparing conductive fibers by dopamine functionalization and
electroless deposition. Reproduced with permission.?°l Copyright 2019, John Wiley & Sons. c) Stretchable conductive fibers composed of poly-
urethane filaments and worm-shaped graphene microlayer, which were prepared via dipping the polyurethane filaments into graphene/polyurethane
ink. Reproduced with permission.% Copyright 2019, American Chemical Society. Schematics for the core-sheath stretchable conductive fiber.
d) The structure of the fiber. e) The fabrication process of the fiber. Reproduced with permission. Copyright 2020, John Wiley & Sons.
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3.3. Continuous Spinning Method

Although the aforementioned dip-coating and spray coating
methods could develop many different types of conductive
fibers, the development of a continuously processed method
(i-e., continuous spinning method) is more attractive due to its
advantages, including the possibility of long fiber fabrication
and commercialization potential. For example, a microfluidic-
spinning method to fabricate conductive polyaniline-wrapped
MWCNTs-rGO/thermoplastic PU (PANI/MWCNTs—rGO/

Microfluidic-spinning process
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TPU) composite fibers were successfully demonstrated.4 As
schematically illustrated in Figure 6a, a mixture of MCNTs,
rGO, and TPU was dissolved in N,N-dimethylformamide by
vigorous stirring to form a uniform microfluidic-spinning
precursor. Then, the precursor solution was extruded into a
T-shape microfluidic chip as an interphase fluid, while the
outer-phase channel was filled with pure water. Benefiting
from a large specific surface area in the microfluidic chip, a
fast exchange of solvents occurred between pure water and the
precursor on the interface and solid fibers. The diameter of

Step 1. Wet spinning method

\

Step 2. Ag precursor absorption and reduction

AgNW-mixed
SBS solution

Ag precursor
solution

Spool

@

Hydrazine
Absorption

Cycling

Reduction

Conductive fiber

4 A\
Conductive fiber

Cu fibeg

A
{

PU fibér.
N

cy!noacrylate

Figure 6. a) Schematic illustration of the microfluidic-spinning process. Reproduced with permission.B¥l Copyright 2018, John Wiley & Sons. b) Sche-
matic illustration of the wet spinning process for the stretchable conductive fiber.2l Copyright 2015, John Wiley & Sons. c) Schematic illustration of the
procedure for preparing conductive core-sheath fibers. Reproduced with permission.B> Copyright 2021, John Wiley & Sons. d) Schematic illustration
of fabrication and excellent properties of poly(polymerizable deep eutectic solvent (PDES)) fibers, including harsh environment tolerance, transparency,
stretchability, and knittability. Reproduced with permission.®l Copyright 2021, American Chemical Society. e) Schematic illustration of the fabrication
process of the 3D helical fiber and the corresponding morphology of the fiber. Reproduced with permission.?2l Copyright 2020, John Wiley & Sons.
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the as-prepared fibers could be controlled by choosing appro-
priate needles and thus the optimal electrical conductivity
(874 S m™) can be obtained. The MCNTs—rGO/TPU com-
posite fibers were then immersed into a solution containing
acidic aniline monomers to prepare PANI-wrapped fibers and
enhance the capacitance of the conductive fibers when used as
electrodes for SCs. They exhibited good conductivity and out-
standing flexibility, which enabled fiber assembly into wear-
able SCs.

Besides the carbon-based materials used in the precursor
for fabricating conductive fibers, Ag NWs can also be used
in the spinning precursor to fabricate stretchable conductive
fibers. Lee et al. reported a wet spinning method for fabri-
cating highly stretchable Ag NWs/Ag NPs embedded sty-
rene-butadiene-styrene (SBS) composite fibers. The method
involved two steps (Figure 6b): wet-spinning of Ag NW-SBS
composite fibers followed by Ag NPs modification of the
composite fibers. In the first step, Ag NWs were uniformly
mixed with the SBS polymer solution and then the solution
was injected in polyvinyl alcohol (PVA) coagulation liquid. The
SBS polymer was precipitated immediately as the SBS was
injected into the PVA bath. A 100 cm long conductive Ag NW-
SBS fibers were successfully obtained and collected on a long
cylindrical-shaped spool. A series of sequential processes were
then conducted via dipping the fibers into Ag precursor for
Ag" absorption and hydrazine reduction, to further enhance
the conductivity of the composite fibers. Another representa-
tive example regarding the wet spinning method for the fab-
rication of conductive fibers is shown in Figure 6¢.3° SBS
solution was first prepared through dissolving SBS pellets in
tetrahydrofuran, which served as a precursor to spin the core
layer of the fibers. The outer layer of the fibers was prepared
from the MWCNTs—SBS mixture suspension. After the coagu-
lation process of the two precursor solutions through a coaxial
needle occurred, the fibers were dried and collected on a roller.
The as-prepared SBS-SBS/MWCNTs core-sheath fiber dis-
played outstanding sensing performance and excellent dura-
bility (5000 cycles at 10% strain).

Transparent ionic conductive fibers could be also pre-
pared through a continuous spinning strategy.3®! As shown
in Figure 6d, a spinning solution was prepared by heating
a mixture of choline chloride (ChCl) and acrylic acid until
a homogenous transparent solution was obtained. After-
ward, dphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and
poly(ethylene glycol) diacrylate, which serves as a photo-
initiator and a crosslinker, respectively, were added into the
cooled transparent solution. Then, the spinning solution was
loaded into a syringe and injected into a silicone tube, which
was exposed to ultraviolet light to trigger the polymeriza-
tion. At last, an ionically conductive poly(polymerizable deep
eutectic solvent) fiber was prepared after taking off the outer
silicone tube. Such ionically conductive fibers possessed excel-
lent transparency, high stretchability, and good knittability.

3.4. Assembly of Conductive Fibers

Different from the above-mentioned conductive fibers made
via chemical transformation, some conductive fibers were

Adv. Energy Mater. 2021, 2101443 2101443 (8 of 58)
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prepared via assembling the off-the-shelf components. The
most frequently used strategy to assemble conductive fibers
is through wrapping a fine metal wire onto an elastomer.
For example, conductive 3D helical fibers were fabricated
via the assembly of prestretched PU and Cu fibers.?? This
kind of conductive fibers used a highly stretchable PU fiber
as an elastic substrate and a Cu fiber as a conductive mate-
rial. Figure 6e schematically illustrates its fabrication process,
where two steps are involved during the procedure. First, the
PU fiber was prestretched by a large strain, firmly bonded to
an intact Cu fiber via a fast-acting glue (i.e., cyanoacrylate), and
then wrapped with the same glue. Then, the conductive 3D
helical fiber was prepared via spontaneous relaxation process.
As cyanoacrylate is very stable when exposed to moisture and
household detergents, such conductive fibers could be used in
washable and wearable electronics.

3.5. Assembly of 2D Stretchable Substrate

Considering wearable electronics could be viewed as func-
tional textiles, they should potentially be fabricated directly
on a 2D stretched substrate. For instance, a smart stretch-
able supercapacitor was fabricated by depositing conducting
polymers (CPs) onto aligned CNT sheets. Figure 7a illustrates
the fabrication process of the smart SC.1*”] First, a stretchable
PDMS film was prestretched. Then, a thin layer of aligned
CNT sheet was paved onto the prestretched PDMS substrate
to make a stretchable, electrically conducting film, followed by
electrodeposition of PANI. The stretched electrode was then
released and coated with a gel electrolyte. Finally, the stretch-
able SC was fabricated by assembling the two stretchable elec-
trodes together. A similar prestrained strategy could be used
to fabricate elastic transparent conductors. Moreover, a “bal-
loon-blowing” method was developed to provide a multiaxial
prestretch of the polymer substrate (i.e., polyacrylic ester) and
an elastic transparent conductor was prepared by spraying a
highly dispersed rGO solution onto the substrate (Figure 7b).
Another representative example of the fabrication of stretch-
able conductors is shown in Figure 7c, where Ag NWs were
spray-coated onto the prestretched PDMS substrate. Then, an
electroluminescent device was developed when two pieces of
the stretchable conductors were sandwiched as an electrolumi-
nescent unit. A notable detail that even though 2D stretchable
substrates show a great potential in many applications, they
still present challenges for successful utilization in wearable
electronics. Most of the 2D stretchable substrates are dense
polymer membranes, which suffer from low breathability for
wearable electronics. As such, developing stretchable 2D sub-
strates with high breathability is the next target for the wear-
able electronic community.

4. Fiber-Shaped Energy Harvesting Devices

Harvesting energy from the atmosphere and body motion are
the most prominent ways. Solar cells are employed to harvest
energy from sunlight whereas the energy from body motion can
be harvesting via, for example, nanogenerators. In Sections 4.1

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED “ENERGY
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a)

PDMS Stretching

Depositing
PANI

Releasing &
Fabricating coating gel
capacitor . electrolyte
_‘ . Y e—

AT

’s

2 pm

C) Prestrain biaxially Spray coating AgNWs
» Deposition of light-
Deposition of top emission layer
John Wiley & Sons. b) Steps for and schematic illustration of transparent conductor preparation. Reproduced with permission.? Copyright 2016, John
Wiley & Sons. c) Schematic interpreting the fabrication procedure of the actively self-deformable electroluminescent device. Reproduced with permis-

to 300% as electrodes
electrode &
Figure 7. a) Schematic illustration of the fabrication process of the stretchable, smart supercapacitor. Reproduced with permission.[”] Copyright 2014,
sion .l Copyright 2015, John Wiley & Sons.

Adv. Energy Mater. 2021, 2101443 2101443 (9 of 58) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Table 2. Summary of key parameters and features for fiber-shaped
DSSC/perovskite/OPV solar cells.

Type Structure Design PCE Refs.
[%]
DSSC Ti/TiOy/N719/[” —[;/Pt Twisted 1.22 [47]
DSSC Ti/TIOy TTZS /I —1; /Pt Twisted 157 [49]
DSSC Ti/TiOo/N719/I" — [ /core-sheath CF  TWisted 10 B
DSSC P25-1GO/NTIS/I — I-/Pt Parallel 5364  [S1]
DSSC Ti/TiO+Ag@SiO, NPs/N719/ Twisted 538  [54]
solid-state electrolyte/Pt
DSSC Ti/TIOy/NTO/I —I5 | Parallel 1028  [59]
CF@PANI@CoSe
DSsc Ti/TiO, NTA/PVAF-HFP/I —I;/pt  TWisted 632 [>7]
DSSC Ti/TiO,/N719/Quasi-solid-state Coaxial 2.6 [56]
electrolyte/MWCNT sheet
Perovskite Ti/TiO,/perovskite/ Twisted 10.79 [61]
spiro-OMeTAD/Au
Perovskite Ti/TiO,/perovskite/ Twisted 7.53 [63]
spiro-OMeTAD/Au
Perovskite ~ Ag/P3HT/perovskite—PVP nanofiber ~ Twisted 15.7 [64]
yarn/SnO,—PCBM/CF yarn
Perovskite  Ti/TiO, NTA/perovskite/CNT sheet ~ Coaxial 7.1 [65]
Perovskite Ti/TiO,/CsPbBry/CNT sheet Coaxial 5.37 [66]
opv Ti/TiO,/PEDOT:PSS/P3HT:PCBM/  Twisted 015 [73]
CNT fiber
oPV Steel/ZnO/PEDOT:PSS/ Coaxial 253 [74]
P3HT:PCBM/graphene
opv Ti/TiO2/P3HT:PCBM/ Twisted 123 [45]
PEDOT:PSS/MWCNT sheet

and 4.2, we summarize key developments in fiber-shaped
energy harvesting devices, e.g., solar cells and nanogenerators,
respectively.

4.1. FSSCs

Photovoltaic (PV) devices, also known as solar cells, generate
electricity by harvesting photon energy. Their rapid progress
in recent decades!**#!l has widely attracted attention from the
academia and industry to propel the development and imple-
mentation of next-generation renewable energy sources. Unlike
a traditional solar cell in which the active layer is sandwiched
between two electrodes in a planar structure, an FSSC adopts
an unconventional approach to form a fiber- or wire-shaped
structure, which renders the geometrical advantage to harvest
photons regardless of incident angles.*?l When evaluating solar
cell performances, its power conversion efficiency (PCE), open-
circuit voltage (V,), short-circuit current (I), and fill factor
(FF) are critical figures of merits that entail its light-to-current
capability, charge separation, charge collection, and charge
recombination performance.®¥! Specifically, PCE is defined as
the ratio of output electrical power to the incident light power
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(PCE = 2 = FFX‘P—XV) and FF is the quotient of maximum power
output divided 'f)y I, and V,.. Therefore, obtaining a holistic
understanding of how these figures of merits are related to the
unique structure of FSSC is imperative. Commonly catego-
rized into either twisted or coaxial form, the 1D configuration
of FSSC inevitably induces tension to the entire device. Thus,
the choice of materials should consider the durability and bend-
ability while maintaining high light harvesting. To date, the
most widely studied options for FSSC are organic solar cells
(OPVs)i#6l dye-sensitized solar cells (DSSCs),[#48:49-55.56-59)
and perovskite solar cells (PSCs)0-6263-66 (Table 2). The past
decades have witnessed a great deal of interest in the fiber-
based PVs based on the latter two material categories. As
plotted in Figure 8, DSSC and perovskite FSSCs correspond-
ingly reached remarkable PCEs of 10.28%0°% and 15.7%,4
respectively, and decent levels of [V, and FF, as shown in
Figure 8b—d. Apart from photoactive layer, judicious design and
selection of contacts, charge transporting layers are required
to maintain charge transport and collection. Thus, the recent
progress of FSSC was summarized in this section from the
perspective of OPV, DSSC and perovskite to shed light on the
material selection and device fabrication. Moreover, the photo-
physics and mechanical properties were considered to provide
constructive insights to further improve FSSC performance for
a wider range of applications.

4.1.1. Fiber-Shaped Dye-Sensitized Solar Cell (FSDSSCs)

DSSCs based on glass electrode were first invented in the
1980s.%1 They are known for their facile manufacturing pro-
cess, low cost, and versatile integration. DSSC PV perfor-
mance shows noticeably less sensitivity to light intensity than
traditional p-n junction solar performance.l®® This unique
characteristic, along with its reasonable stability makes
DSSC a competitive candidate for indoor light harvesting.[®%
A DSSC comprises a photoanode, a semiconductor layer,
an organic or inorganic dye, an electrolyte, and a counter-
electrode to complete the entire light-to-current conver-
sion process. Depending on the specific structure design,
the incident photons may penetrate through the electrolyte
from the counter-electrode side or directly impinge upon the
photoanode. In the case of organic dye, the photons are ulti-
mately absorbed and excite the electrons from the highest
occupied molecular orbital level to the lowest unoccupied
molecular level. The electrons are subsequently injected into
the adjacent semiconductor layer, where the electrons are
transported to the conduction band. Then, the electrons go
through the external circuit and they are eventually collected
at the counter-electrode where they are used to regenerate
the dye through the reduction of triiodide to iodide. Given
the unique structure and mechanism of the DSSCs for light-
harvesting, separation, and charge transport, efforts have
been made to strengthen the charge transfer efficiency and
suppress the charge recombination.” The energy difference
between the semiconductor’s Fermi level and redox poten-
tial determines the device V, (%% and serves as the primary
energetic step for dye regeneration. The most commonly
adopted semiconductor is titanium dioxide (TiO,), which

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. Recent yearly progress of a) PCE, b) J, c) V., and d) FF for OPV, DSSC, and perovskite FSSCs.

has been presented in the form of nanoparticles, nanowires,
and nanofibers.’!) The recently emerging mesoporous TiO,
structure creates an elevated capability for dye loading and
thus enhances the charge injection (Figure 9a). In addition,
the core—sheath-like porous network could achieve in situ
growth with Ti wire beneath it (Figure 9b), which increases its
mechanical strength toward deformation to suppress charge
recombination.’?) However, the thickness of the semicon-
ductor layer should be addressed properly so as not to inhibit
the charge collection and compromise its conductivity.

Other semiconductors such as ZnOP! have also been used in
DSSCs. Despite their decent electron mobility, the susceptibility
to electrochemical reactions and unsustainability to acid and base
limit their use as an alternative photoanode material for TiO,.
Other surface engineering techniques have also been explored to
modify the Fermi level for improved photoanode performance.
Kim et al.”¥ demonstrated the strong localized surface plasmon
resonance effect of Ag-coated SiO, nanoparticles on mesoporous
TiO, network, resulting in PCE of 5.38% and a strong increase in
the Jg. Apart from charge injection, charge recombination is of
great concern for efficient charge carrier collection. Techniques
such as electrochemical impedance spectroscopy and transient
photovoltage/photocurrent measurements have been widely
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implemented for quantitative analysis of the charge recombina-
tion 133545776 The charge recombination mainly occurs at injec-
tion interfaces, electrolyte/dye/semiconductor interfaces, and/or
contaminant-induced traps inside the system.

Xiao and Linf’! employed a quasi-solid-state poly(vinylidene
fluoride (PVdF)-Hexafluoropropylene (HFP) gelator electrolyte
in a spiral FSSC structure and obtained a PCE of 6.32%
(Figure 9c). By optimizing the gel electrolyte concentration,
the device managed to achieve a well-constructed pore struc-
ture to reduce the charge transfer resistance and suppress
charge recombination. Moreover, the iodine concentration
was found to play a key role in the charge recombination, in
which the mobile electrons may interact with oxidized trii-
odide at the electrolyte/photoanode interfaces. The authors
also pointed out the transmittance relationship with iodine
concentration for effective light absorption. Recently, solid-
state or quasi-solid-state electrolytes are emerging to find a
balance between high conductivity and low viscosity while
suppressing volatility and corrosion as well as improving
mechanical stability for enhanced flexibility (Figure 9d)./678l
A recent work employed quantum dots (QDs) with N719 dye
to boost the PCE to 7.39% through novel core—sheath design
and the incorporation of carbon-based electrodes.® However,
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Figure 9. Device structure for a) long-thin FSDSSC with Ti and Pt electrodes. Reproduced with permission.l*l Copyright 2021, Elsevier. b) Titanium
nitride (TiN)-CF FSDSSC. Reproduced with permission.’ Copyright 2021, American Institute of Physics. c) FSDSSC with spirally wrapped photoanode.
Reproduced with permission.’”l Copyright 2020, Elsevier. d) FSDSSC with ITO as photoanode. Reproduced under the terms of the CC BY license.l”]
Copyright 2018, Springer Nature. ) FSDSSC with electrocatalytic components. Reproduced with permission.>l Copyright 2019, American Chemical
Society.
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the charge-transfer intermediate layer formed in solid-state
FSDSSC may present optical loss in lower wavelength region,l
indicating the necessity for a thinner and low-loss material for
enhanced photon harvesting. Besides electrolytes, photoanode
and counter-electrodes are critical for charge collection and
effective catalytic reactions. For further enhancement, CNT
fibers (CNTFs)/sheet/yarn have been introduced as substitutes
for Ti- and Pt-counterparts. These new alternatives offer nontox-
icity, lightweight, superior conductivity, a higher tensile strength,
and large specific surface area favorable for dye loading (than
Ti), and catalytic components incorporation.[*$>%l By sequentially
growing PANTI layers and CoggsSe nanosheets on the surface of
carbon fibers (CFs) as the counter-electrodes, Zhang et al. suc-
cessfully pushed the PCE of FSDSSC to a remarkable 10.28%
(Figure 9¢),”” which is the highest up to date, and it provides
key insights for designing next-generation high-performance
FSDSSCs.

4.1.2. Fiber-Shaped Organic Solar Cells (FSOPVs)

The past decade has witnessed the unprecedented growth and
breakthrough of OPV technology.*! With high performance
and specific advantages of low-cost, printability, lightweight,
and nontoxicity, these devices have successfully attracted
industry for potential commercialization. Unlike DSSC, a typ-
ical OPV is made of a photoactive organic semiconductor layer
sandwiched between two electrodes. The active layer consists
of donor and acceptor components, which can either be in a

www.advenergymat.de

planar structure or an interpenetrating bulk configuration to
form a heterojunction.”” When light irradiates the photoac-
tive layer, it generates excitons that are tightly bonded by Cou-
lombic force. Those excitons then diffuse to the donor/acceptor
interface to complete the charge dissociation process, which is
subsequently followed by the charge transport and charge col-
lection to produce electricity. Due to the intrinsic low dielectric
constant of organic materials, the amount of energy required
for charge separation is much higher than that of inorganic
counterparts. Therefore, relatively lower charge mobility
and a higher charge recombination is expected. For FSSC,
reported OPVs usually present in the form of polymer or
polymer:fullerene, for example, poly(3-hexylthiophene) (P3HT)
or poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl
ester (P3HT:PCBM). An ordered structure can be obtained
through facile optimization of morphology, which could pro-
mote the stability and lifetime of the photoactive layer® for
fiber application. However, few attempts that justified its lim-
ited PCE of 3.87%, the highest value for FSSCs to date, have
been made on the photoactive layer (Figure 10a).BU Given
the copious amount of recently developed high-performance
polymer and small molecules, along with numerous promising
small bandgap derivatives and nonfullerene acceptor alterna-
tives, a much more versatile approach could be implemented to
boost efficiency.BZ Meanwhile, much progress has been made
on electrode engineering to improve charge transport and light
absorption. Multiple carbon-based materials such as CNT, CNT
fiber, and graphene were exploited as light-weight conductive
alternatives for contacts.[*+7374381

a) b)
Light
Transparent Cladding
Primary Electrode
Electron Transport Laye = .
e ' Modified Ti wire
Hole Transport Layer
— Conductive Cladding 'noz nanoparﬁde
MWOCNT fiber
C) PMMA/Graphene Single layer graphene

PEDOT
P3HT:PCBM
Zn0

Steel wire

Figure 10. Device configuration of a) double-twisted FSOSC primary-secondary electrode with cladding. Reproduced with permission.®!l Copyright
2009, The American Association for the Advancement of Science. b) Double-twisted FSOSC with MWCNT fiber electrode. Reproduced with permis-
sion.] Copyright 2014, John Wiley & Sons. c) Coaxial FSOSC with single-layer graphene. Reproduced with permission.’¥ Copyright 2012, The Royal

Society of Chemistry.
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The specific manner of twisting configuration noticeably
plays a vital role in its performance. As shown in Figure 10a,
Lee et al.®! adopted a primary and secondary electrode double-
twisting approach to form an encapsulated FSOPV. Even
though fiber-shape was supposed to be designed for 3D light
harvesting, the photoactive primary could be completely shad-
owed at certain angles, thus prohibiting effective light absorp-
tion. By incorporating a larger cladding with a high refractive
index, the authors managed to improve the absorption by
18%. A similar twisting technique reported by Zhang et al.*%l
deployed MWCNT fiber as the electrode (Figure 10b). The
results pointed out that a short pitch distance could potentially
give rise to enlarged shading effect, which also increased the
distance for charge carrier transport and the tensile force of the
device. However, a longer pitch distance could be unfavorable
for forming stable and sufficient contacts for charge collection.

The diameter of MWCNT fiber also plays a vital role. While
a thicker MWCNT wire could induce shading, a thinner fiber
produces larger electric resistance, which compromises the Jg
level. Unlike double-twisted configuration, single-wire structure
preserves the uniform coverage of the contact layer through
dip-coating or chemical vapor deposition. Liu et al.’ presented
a coaxial structure with single-layer graphene as the transparent
electrode. By optimizing the electrode thickness and doping
with Au, the advantage from high conductivity and superior
optical transmittance rendered a stable FSOPV with a PCE of
2.53% (Figure 10c). Apart from achieving a highly conductive
and flexible contact, the interfaces with adjacent layers were
meticulously addressed to ensure the uniform deposition to
avoid shunts and short-circuit issues. Tuning the work function
of anode and cathodes was also essential for optimum charge
transfer and collection. In light of the high performance and
versatility of carbon-based materials for fiber integration, real-
izing a novel all carbon-based FSOPV is plausible. However,
problems such as strain-induced cracks, chain alignments,
orientation, and reduced degree of crystallinity remain chal-
lenging®®l but they are all detrimental for maintaining high
efficiency.

4.1.3. Fiber-Shaped Perovskite Solar Cells (FSPSCs)

Solar cells based on perovskite material have attracted tremen-
dous interest in recent years,® achieving a PCE that is com-
parable with silicon.®) A commonly adopted composition for
perovskite is ABX; configuration, where A is a monovalent
cation such as methylammonium (CH3;NH3-, MA-), formami-
dinium (CH(NH,),-, FA-), and cesium (Cs); B is a divalent metal
such as Pb and Sn and X is a halide anion. Benefiting from their
unique structure, perovskites demonstrate high charge carrier
mobility, long diffusion length, superior lifetime, and small
exciton binding energy.®®) Moreover, the tunability achieved by
engineering the halide ratio and emerging substitutes for Pb
creates prospects for promising applications. In an effort to
develop lead free FSPSCs, Balilonda et al.®”] recently developed
perovskite solar yarns using methylammonium tin halide-
polyvinylpyrrolidone (PVP) composite nanofibers doped with
PC61BM as the light harvester. A knitted solar fabric of active
area =4.5 cm X 3.5 cm developed using the above solar yarn
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showed a maximum power density of 1.21 mW cm~2 under

standard testing conditions. For FSPSCs, the past few years
also witnessed the incorporation of perovskite into high-per-
formance fiber PV devices. Nanostructured perovskites are
also believed to obtain enhanced optical and electronic proper-
ties due to the quantum confinement effect, which is absent
in the bulk form.[*#8 Apart from optimizing the contacts and
incorporation of carbon-based material for improved conduc-
tivity and flexibility, recent research stressed on the effective
method to preserve the quality of the perovskite layer. As shown
in Figure 11a, Deng et al.®) presented a unique structure com-
posed of a spring-like Ti wire and a CNT-based fiber, with an
average PCE of 5.01%. The introduced addition of 1,8-diiodooc-
tane (DIO) to the process, contributed to the enhanced crystal-
linity and film coverage.

In addition, unconventional spring-shaped electrodes
could help alleviate the stress induced by stretching and
bending, thereby justifying their stable performance after
numerous testing cycles. Hu et al.[®®l successfully improved
the morphology of the perovskite absorber layer by using
lead acetate, Pb(CH;COO), to realize a PCE of 7.53%. The
solvent annealing enabled much larger grains and less grain
boundary density, which are conducive traits for reducing
traps and charge recombination sites, than thermal annealing
(Figure 11b). Annealing time is also reported to be crucial in
improving film morphology. A long time does not necessarily
guarantee improved crystallinity, it could also instigate low
surface coverage. While material synthesis and processing are
crucial, fabricating techniques are also of paramount impor-
tance. The widely adopted dip-coating methods are proven to
potentially cause low crystallinity and prohibit efficient charge
transport, which eventually compromises the output current.
Dong et al.l!l instead implemented vapor-assisted deposition,
which is favorable for Pbl, coating and subsequent solid—gas
reaction with methyl ammonium iodide (Figure 1lc). Fol-
lowed by direct thermal annealing to remove the residue
without additional solvent, the device reached a remarkable
PCE of 10.79%. Li et al.*¥ formed an unconventional elec-
trospun nanofiber web composed of perovskite and PVP
(Figure 11d). The novel hybrid active layer structure exploited
the flexible support from the polymer to ensure the uniform
and compact growth of perovskite, which prompted the purer
and larger domain size at later stages. The interconnected
fibrous web favored the multireflection inside the layer to fur-
ther promote light harvesting. With the encapsulation of poly-
methyl methacrylate (PMMA), the authors managed to realize
a champion PCE of 15.7% and demonstrate the capability of
the web to be woven into weft and warps for further textile
electronics applications. The success of the incorporation of
organic hole transport layer and hybrid electron transport
layer noticeably paved the way for low-temperature processing
options to reduce the manufacturing cost. As far as FSPSC is
concerned, efficient deposition of the active layer on a fibrous
surface while maintaining excellent morphology remains
an ongoing challenge. Judicious processing techniques and
material combinations are required to form the desired
perovskite composition. With proper encapsulation and novel
contacts, FSPSCs could herald the future of next-generation
high-performance fiber-shaped electronics. Furthermore,
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Figure 11. a) Spiral-like Ti wire-based FSPSC structure, energy diagram, and configuration. Reproduced with permission.l®l Copyright 2015,

The Royal Society of Chemistry. b) Grain size comparisons after thermal annealing (TA) and solvent annealing (SA). Reproduced with permis-
sion.I3l Copyright 2018, The Royal Society of Chemistry. c) Device structure and vapor-assisted deposition SEM cross-section image. Repro-
duced with permission.[®'l Copyright 2019, John Wiley & Sons. d) Device structure of flexible solar yarn based on electrospun perovskite
composite nanofibers along with the bending cycles and weaving application schematics. Reproduced with permission.l®l Copyright 2020, John

Wiley & Sons.

Balilonda et al.l®%] pointed out the importance of passivation
of traps at individual junctions to mitigate charge accumula-
tion for reduced recombination, as well as the necessity of
thermal induced degradation analysis on perovskite layer for
long-term stable FSPSCs.

In conclusion, we have critically reviewed recent advances
for FSDSSCs, FSOPVs, and FSPSCs. In light of their uprising
performances, FSSCs have demonstrated their presence in
novel wearable applications.®® As pointed out by several
review articles,[®?!l geometric feasibility as well as key figure of
merits should be equally emphasized to achieve further com-
mercial applications. In addition, even though scalability is
vital for general solar cells fabrication, the suitability of device
structure, choice of materials, along with flexibility and degra-
dation should also be considered for optimum design. In this
way can we maximize the advantage of fiber-shape properties
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and approach with user-oriented perspective to bridge the gap
between lab and industry.

4.2. Fiber-Shaped NGs

As the fiber-shaped optoelectronic and sensor’s technology
makes great strides and the demand for flexibility, mobility, and
stretchablility of these multitudes of light emitting and sensing
devices is rapidly increased, the necessity of energy sources and
self-powered systems is of great importance. Over the last 20
years, research has turned to eco-friendly, “green,” and renew-
able energy sources, such as solar,?? magnetic,®¥! thermal,*¥
and chemical®! energies, to supply enormous energy consump-
tion in the modern society on the basis of portable and wearable
electronic devices, while prohibiting the pollution-proneness
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Table 3. Summary of fiber-shaped PENGs and F-TENGs.
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Structure of F-PENG Electrode Active materials Power outputs Refs
Spiral twining Au ZnO NWs 5pA, TmV, 20 mW m2 [98]

Coaxial Carbon fiber (inner), Ag (outer) ZnO 3.2V, 0.15 pW cm™ 7

Core—sheath CF (inner), Au (outer) ZnO 0.09 pA cm=2,17 mV [99]

Coaxial Cr-coated Kevlar ZnO NWs 4.8 pA, 1.8 mV [100]
Coaxial Carbon (inner), indium (outer) PVDF-TrFE IRY [1o1]
Coaxial Ag-coated nylon (inner), CNT sheet (outer) PVDF-TrFE 26V [102]
Twisted Aluminum foils PVDF-TrFE 20 mV [103]
Core—shell Au/Cr/PI film PTO NT array 1.0 nA cm™, 623 mV [104]
Woven Ag-coated Pl/stainless steel PVDF (melt-spun) 3.5V,130 nW [105]
Coaxial Ag-coated nylon yarn PVDF (NFs and film) 18.76 nA, 0.52V [106]
Triaxial-braided Ag-plated PA yarns PVDF (fiber) 380 mV, 29.62 uW cm™3 [107]

F-TENG
Structure of F-TENG Device’s components Power outputs Refs.
Coaxial Stainless steel/PET-blended fibers wrapped by silicone rubber 0.3 1A, 18V [108]
Coaxial Cu-coated PET fiber covered by PDMS - [109]
Coaxial CNTs as the core fiber and silk fibroin as the sheath layer 18 mW m~2 [10]
Coaxial Carbon fiber bundles covered with silicone rubber 0.5 uA, 42V ma)
Woven Silicone rubber and Au-coated Cu threads 344 uW cm m3]
Helical Silicone rubber tubes and stainless steel yarns 12.5 W m™ [14]
Spiral Spiral steel wire covered by silicone rubber 2.67 A, 59.7 V, 213 uW msj
Coaxial Nylon fiber wrapped Cu fiber and PTFE fiber wrapped Cu fiber 1.42 mA m2, 215 V (vertical separating mode) 6]
Coaxial PDMS core coated with a carbon electrode and an outer silicon rubber tube 115 A, 32.2V ma
Coaxial Liquid metal Galinstan injected in silicone rubber 15.6 LA, 8.43 mW m~2 (area of 6 X 3 cm?) ms]
Coaxial Organogel injected in silicone hollow fiber 550 HA m~2, 40 V m9]
Core-shell CNT films wrapped on silicone rubber fiber, further covered by silicone 0.18 UAm™, 140V [120]
rubber film Cu wires
Coaxial Ag NW and PTFE coatings on a bare PU fiber, and a sheath electrode PDMS-Ag NW 2.25 nW cm? [21]
Core—shell Ag-coated nylon fibers wound on PU fiber and PVDF-TrFE mats 8 nA, 24 mV [122]
covered by CNT sheets
Core—shell Ni-coated polyester conductive textile wrapped around a silicone tube 11 uA, 380V, 1.638 mW [123]
Core-shell CNT/PANI covered on silicone rubber fiber and varnished wire 12.5nA, 0.2V [124]
containing insulation varnish

Core-shell Ag-coated nylon fibers spirally twined around silicone rubber fiber 0.43 A, 19V [125]
Core-shell Cu/Ag PET fibers spirally twisted PU fibers 5.8 UA, 84V [126]

of convention fossil fuels. However, their high dependence on
external factors such as environmental conditions and their
rigidness and heavy-weight, make them unsuitable for large-
scale and wearable applications. NGs are an emerging energy-
harvesting technology, suitable for lightweight, flexible, and
environmental friendly wearable electronics, based on the con-
version of mechanical energy to electrical energy.’®! In terms of
the working principle, the materials and the device structure,
NGs could be categorized into pyroelectric NGs,I"’! piezoelectric
NGs (PENGs),® and triboelectric NGs (TENGs) (see Table 3).1°%]
Pyroelectric NGs utilize the pyroelectric effect to covert the
thermal energy into electricity, while PENGs could effectively
convert the applied mechanical strain inside the material into
electrical energy. TENGs conjoint the contact electrification
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process with the electrostatic induction for the successful power
conversion of mechanical energy into electricity. Among their
many advantages, the ability of NGs to harvest energy that is
daily wasted has boosted research interest and their broad appli-
cation in wearable electronics and self-powered systems.

NGs have been successfully developed and incorporated in
wearable electronics to harvest and convert body motion energy
into electricity. In particular, the integration of NGs into con-
ventional textiles contributed to the full usage of their proper-
ties attributed to the comfortability of the textile and the high
integration with the human body. However, the stretchability is
one of the main drawbacks of textile-NGs. Fiber-shaped NGs
have been extensively studied due to the fibers advantage such
as small-dimension, lightweight, flexible, bendable, permeable,
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Figure 12. Fiber-shaped piezoelectric nanogenerators. a) Schematic experimental setup of the fiber-based nanogenerator. b) An optical micrograph of
a pair of entangled fibers, one of which is coated with Au (in darker contrast). c) SEM image at the “teeth-to-teeth” interface of two fibers covered by
nanowires (NWs), with the top one coated with Au. The Au-coated nanowires at the top serve as the conductive “tips” that deflect/bend the nanowires
at the bottom. d) The piezoelectric potential created across nanowires | and Il under the pulling of the top fiber by an external force. Reproduced
with permission.ll Copyright 2008, Springer Nature. e) Cross-polarized optical micrograph (scale bar of 200 um) and f) SEM image (scale bar of
20 um) of the cross-section of a flexible piezoelectric yarn consisting of a layer of electrospun PVDF nanofibers integrated with PVDF film. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License.l®l Copyright 2018, Nature Publishing Group. g) Cross-section
SEM image and h) schematic illustration of a melt-spun piezoelectric microfiber consisting of a conducting carbon black/polyethylene core sur-
rounded by phase PVDF polymer. Reproduced with permission.%l Copyright 2018, IOP Publishing. i-b) Optical photograph of the as-developed
triaxial braided piezogenerator; i) silver coated nylon as inner and outer electrodes and ii) braided PVDF fibers as the intermediate layer. Photograph
of the cross-section of the fabricated energy harvesting generator based on triaxial braided PVDF fibers; a,b) silver coated nylon as outer and inner
electrodes, respectively, and c) braided piezoelectric PVDF fiber, presented as inset of panel (i). Reproduced with permission.["% Copyright 2019, The

Royal Society of Chemistry.

and washable properties.'%] The first reported fiber-based
PENG (F-PENG)!U was fabricated using ZnO NWs radi-
ally grown on Kevlar fibers which were then coated with Au
to serve as electrode. The proposed F-PENG, as illustrated in
Figure 12a—d, was based on the entangling of two fibers, one
as-grown and one coated with Au, and on the relative brushing
of the two fibers to power generation due to piezoelectric
effect combined with a semiconductor process. However, this
approach is unsuitable for long-term wearable use. Various
F-PENGs using inorganic”% and organic-polymer(1031%4
piezoelectric materials have been developed afterward for effec-
tive harvesting of inexhaustible mechanical energy and the con-
version into electricity. PVDF is one of the most widely used
polymer in PENGs to enhance mechanical endurance and
power generation.'>%7] Tn particular, S-phase PVDF exhibits
high piezoelectric activity attributed to the large polarization.

A high-power-output F-PENG was recently demonstrated
using melt-spun continuous microfibers with a conducting core
consisting of carbon black/polyethylene and a PVDF-sheath,
while the outer electrode was spirally winding (Figure 12e,f).[1%]
The fabricated F-PENG effectively harvested body motion ener-
gies even in rainy days compared with other energy harvesting
textiles that shows shorting under water contact. Moreover, a
flexible F-PENG with good power output was reported, where
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PVDF electrospun nanofibers winded around the conductive
core, were coated with PVDF film (Figure 14g,h).1%! The dual
role of the nanofibers to serve as piezoelectrical materials and
as porous scaffolds for the polymer absorption to form high-
quality PVDF films improved the energy conversion ability of
the F-PENG. A novel type of energy harvesting devices based
on triaxial braided F-PENG with enhanced mechanical and
piezoelectric properties and improved stability in the terms of
the metallic electrode’s durability was recently demonstrated
(Figure 12i)."% This new F-PENG using the triaxial structure,
where melt-spun PVDF fibers were braided with Ag-coated
nylon yarns, followed by a second braiding with Ag-coated
nylon fibers exhibited a maximum output voltage of 380 mV
and a power density of 29.62 uW cm™.

Forouzan et al' undertook a comprehensive study on
the effect of geometrical parameters, viz. yarn linear density
(measured as Tex), twist per meter (TPM), plying, as well as
weft and warp density on the piezoelectric voltage of aligned
electrospun yarns of PVDF polymer and poly[(vinylidene
fluoride)-co-trifluoroethylene] [P(VDF-TrFE)] copolymer. Yarns
were developed by twisting and plying electrospun nanofibers
and their mechanical and piezoelectric properties are system-
atically investigated. This work shows that piezoresponse of the
woven nanogenerators can be enhanced by decreasing Tex and
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Figure 13. Direct printing of core—sheath fiber-based patterns on fabrics for energy-management smart textile. a) Schematic illustration showing
the 3D printing process using a coaxial spinneret. b) Photograph of the 3D printing process. c) Photographs of customer-designed patterns on
textile, including English letters of SILK, a pattern of a pigeon, and Chinese characters of PRINTING. d) A smart textile under twisting and folding,
showing its high flexibility. Reproduced with permission."l Copyright 2019, Elsevier. e) Schematic illustration of the flexible single-strand fiber-based
woven-structured TENG; the figure on the right is the fiber-based TENG. f) Top-view SEM image of the Au-coated Cu thread; scale bar: 300 um.
Reproduced with permission.["®l Copyright 2018, American Institute of Physics. g) The structure of the F-TENG with a coaxial double helix struc-
ture. h) Digital photograph of the F-TENG. i) Stress—strain curves of the nylon-wrapped Cu fiber, PTFE-wrapped Cu fiber, and the composite FTNG
fiber. The inset is a digital photograph of the FTNG hanging a 500 g weight. Reproduced with permission.l""®l Copyright 2020, The Royal Society of
Chemistry. j) The preparation process of the highly flexible and mechanically stable F-TENG with coaxial structure, in which the conductive silver
nanowires/carbon nanotubes core was encapslulated by PDMS. k) Schematic diagram and photographs of the flexible and stretchable F-TENG.
The F-TENGs can be well maintained after being stretched with a strain up to 140%, and can also be folded into different shapes. SEM images of
I) Ag NWs electrode (scale bar: 5 um) and m) CNTs electrode (scale bar: 500 nm) coated on the spandex fiber. n) Cross-sectional SEM view of the
F-TENGs. o) The electric resistance changes of the F-TENG with the initial length of 100 mm at various strain levels (0-200%). Reproduced with
permission.?l Copyright 2020, Wiley-VCH GmbH.

increasing the TPM, the plying number, and the fabric density.  practical use of direct printing and the achieved high-power
A record piezovoltage of =2.5 V is achieved through this work. density of 18 mW m™2, the device exhibited poor stretcha-

In addition, fiber-shaped triboelectric NGs (F-TENGs) have  bility attributed to the straight core electrode. One strategy to
been extensively studied and various F-TENGs have been improve stretchability is the use of stretchable fibers wrapped
designed and developed in accordance with the coaxial or core  with fiber electrodes."”! The F-TENG based on this approach
shell structure. Based on the working mode, F-TENGs could be ~ with Au-coated Ag electrode woven with silicone rubber fiber
divided into two groups, namely single-electrode (SE) F-TENGs  (Figure 13e,f) showed good flexibility, a high power generation
and vertical contact-separation (CS) devices. In the former performance of =344 uW cm~2, and excellent durability.l!]
case, an inner fibber electrode serving as the dielectric mate-  Meanwhile, improved stretchability was achieved by a helix
rial and the protective layer is encapsulated by an outer layer.  design method,"”!8 where a spiral steel wire, which served as
The CS F-TENGs usually adopt the core-sheath design, where  the electrode, was coated with silicone rubber that acted as the
the inner core of the device is separated with the sheath by a  triboelectric layer. The fabricated F-TENGs exhibited high flex-
gap. According to the simple design of SE F-TENGs, the core  ibility and improved stability and tailorability. Besides stretcha-
fiber electrode is wrapped by dielectric polymers, such as sili-  biliy, the helical design was explored to improve the robustness
cone rubber! and PDMS.["3] However, the absence of abso-  of F-TENGs, where nylon/Cu and PTFE/Cu fibers were winded
lute matching of the outer polymer layer with the human skin  in a coaxial double helix structure (Figure 13g-i).'"®) Further-
and the increase in fiber size due to polymer coating led to  more, flexible SE fiber-shaped TENGs have been developed
the use of commercial fibers winding the core electrode. For  using stretchable components,'?” including PDMS, carbon,
instance, high-performance fiber-shaped TENG consisting and silicone rubber. Highly flexible and mechanically stable
of CNTs as the core electrode coated with silk fibroin directly =~ F-TENGs with coaxial structure, in which the conductive Ag
printed on fabric were developed.'™ Figure 13a-d shows the =~ NWs/CNT core was encapsulated by PDMS (Figure 15j-o),[1’]
direct printing of core—sheath fiber-based patterns on fabrics ~ were recently reported. In another work, poly(3,4-ethylenedi-
for energy-management smart textile. Despite the simple and  oxythiophene)—poly(styrenesulfonate) (PEDOT:PSS) combined

Adv. Energy Mater. 2021, 2101443 2101443 (18 of 58) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

with silicon rubber, which served as liquid electrode and tribo-
electric layer, respectively, was introduced in liquid electrode-
based stretchable and highly efficient F-TENGs with an average
power density of 8.43 mW m™ at 3 Hz.'?!l| Triboelectric fibers
with an organogel/silicone core/shell structure recently pre-
sented good stretchability and also limited the cracking issues
of the metallic core wires used in most F-TENGs.[22 The solid
form of the organogel was beneficial to the device, confining
the liquid conductor.

Despite the simple and easy fabrication process of single-
electrode F-TENGs, these devices suffer from low and
unstable power output, thereby limiting their prospect for
wide application. Thus, vertical contact-separation F-TENGs
were developed on the basis of the core-shell structure.
Depending on the device structure, CS fiber-shaped TENGs
could be categorized into four different types and many
materials with different properties have been used as core
and shell layers. For example, in the simplest first type, a
F-TENG was prepared using CNTs twined by silicone rubber
serving as the core of the device and copper wire as the shell
(Figure 14a).1'3 In the case of the second type, the core is con-
sisted by a dielectric layer twined around the inner electrode,
while the shell has the same configuration, such as PTFE-
coated PU/Ag NWs and Ag NWs/PDMS (Figure 14b).?4 The
third type is the reversible construction of the second type.
In this type, a F-TENG was fabricated with a core consisting
of Ag-coated nylon fiber wrapped on PU fiber and a shell of
CNTs coated with PVDF-TrFE (Figure 14c).'?l The fourth
type is the most commonly used. A F-TENG based on this
type (Figure 14d) was developed using a silicone rubber tube/
Ni-coated polyester textile-based core and CNT-layer inserted
between two silicone rubber layers serving as the shell.}2¢]
The corresponding F-TENG with a length of 6 cm exhibited
high Isc of 11 A and V¢ of 380 V, hence a high power of
1.638 mW. In the same framework, a varnished wire served
as one electrode wrapped around another electrode consisting
of CNT/PANI-coated silicone rubber (Figure 14e).128] A flex-
ible F-TENG was also fabricated on the basis of the twining
process of both inner and outer fibers.'?’l A yarn network
composed of three-ply-twisted nylon/Ag fiber with a zigzag
structure incorporated in an elastomer dielectric improved
the stretchability and mechanical stability of the F-TENG.
The helical structure was also applied in the inner electrode
of a core-shell F-TENG (Figure 14f), where a conductive fiber
was winded around a urethane fiber that served as the core,
exhibiting a maximum open-circuit voltage of 169 V and a
short-circuit current of 18.9 uA.[13%

In summary, various fiber-shaped NGs have been devel-
oped and studied with main differences on working principles
and respective mechanisms. A large variety of materials and
structures was also summarized. Although fiber-shaped NGs
have attracted much interest among the scientific society, in
the last decade, and great progress has been achieved in this
field, there are still obstacles on the way of their commerciali-
zation, such as long-term stability, wearability, stretchability,
and low power output. However, their vigorous development
solving these issues makes fiber-shaped NGs a promising
energy-harvesting technology highly suited for wearable
applications.
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5. Fiber-Shaped Energy Storage Devices

Energy storage is inevitably an important future technology,
with its role mounting following a stronger entanglement
between human activities and cyber technologies. In this sec-
tion, we discuss key updates regarding the fiber-shaped energy
storage devices, namely, supercapacitor (Section 5.1) and bat-
teries (Section 5.2).

5.1. FSCs

The high demand of energy in the 21st century mandatorily
necessitates sustainable and high-performance ESDs aside
from renewable energy sources. SCs are energy storage devices
known for high power density, cyclic stability, and environ-
ment safety.3! In particular, FSCs are potential candidates for
high-performance wearable electronic devices as traditional
planar SCs could not meet the lightweight, compactness, flex-
ibility, portability, etc., requirements. An FSC comprises a
cathode, an anode and an electrolyte, exactly as conventional
SC. FSCs require flexible current collectors, firm attachment
or coating of active material over current collectors, sol-gel or
semiaqueous electrolytes, flexible packaging, and most impor-
tantly a fiber-like shape. A wearable FSC needs fiber-shaped
current collectors that could be able to withstand frequent
wear and tear, squeezing, bending, air, and moisture resist-
ance. However, fiber-shaped electrodes lack in electrochemical
performance compared with conventional planar electrodes
due to their less active surface area. In other words, assem-
bling a wearable FSC with all its required features give rise
to decreased electrochemical performance compared with tra-
ditional SCs, i.e., lower energy density, inferior power density
and cyclic stability. Several innovative steps are being adopted
by many research groups to enhance the performance of FSCs.
In accordance with the device architecture, FSCs could be cat-
egorized into planar (PFSCs), twisted (TFSCs), coaxial (CFSCs),
and roll-typed (RFSCs). A schematic of four types of FSCs is
shown in Figure 15. These devices could be easily used for
wearable electronics via knitting or weaving with textiles or
garments. The different types of FSCs are described hereafter
with their merits, demerits, device design, and electrochemical
performance.

5.1.1. PFSCs

In PFSCs, the two fiber-shaped electrodes, i.e., anode and
cathode, are placed parallel in one plane over a flexible sub-
strate and coated with some gel electrolyte. An FSC for wearable
application may undergo several mechanical deformations such
as bending, twisting, stretching, or squeezing. Thus, 1D SCs
are preferable for FSC application as they endow less weight,
flexibility and compactness than 2D or 3D bulky SCs. However,
the small dimension of electrodes reduces the active surface
area and ion storage space thus diminishing the energy density.
Therefore, high mass loading is required to achieve the target
electrochemical performance, which, however, may hinder ion
diffusion and decrease capacitance retention. Constructing
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Figure 14. Four different types of CS fiber-shaped TENGs depending on the device structure. a) A highly stretchable F-TENG fabricated by wrapping
Cu microwire around a stretchable CNT/silicone rubber fiber. Reproduced with permission.['?3l Copyright 2017, Wiley-VCH. b) A stretchable F-TENG
with a core—sheath fiber structure assembled from a core fiber comprising Ag NW and PTFE coatings on a bare PU fiber, and a sheath electrode of
PDMS-Ag-NW film. Reproduced with permission.l?!l Copyright 2017, Elsevier. c) A stretchable triboelectric fiber with multilayered core-shell and
wrinkle structures designed with Ag-coated nylon fiber twining around PU fiber as the core and wrinkled PVDF-TrFE/CNT layer as the shell. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License.?’l Copyright 2016, Nature Publishing group. d) A core—shell
coaxially structured F-TENG designed with conductive textile wrapped silicone rubber tube as the core and CNT sandwiched between two silicone
rubber layers as the shell. Reproduced with permission.['?6l Copyright 2018, The Royal Society of Chemistry. e) A self-powered wearable sensing fiber
presented by coating multiwall CNT and PANI derivatives on silicone rubber fiber, and further twining with varnished wires. Reproduced with permis-
sion.[28 Copyright 2018, IOP Publishing. f) A core—shell and helical-structured cylindrical TENG with a conductive fiber was winded around a urethane
fiber served as the core. Reproduced with permission."% Copyright 2019, American Chemical Society.
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Figure 15. Schematic illustration of a) PFSC, Reproduced with permission. Copyright 2018, The Royal Society of Chemistry, b) TFSC, Reproduced
with permission.*3l Copyright 2018, Elsevier, c) FPSC Reproduced with permission.'*4 Copyright 2018, Elsevier d) CFSC, Reproduced with permis-
sion.* Copyright 2018, Elsevier, and e) RFSC, Reproduced with permission.[®!l Copyright 2018, Elsevier.

hierarchical porous architecture in the 1D fiber electrode is an
effective solution to address these issues. Based on this con-
cept, Zhang et al. designed a composite fiber (PHCFs) with
good porosity and hollowness.*2 To add up electrical con-
ductivity of the fiber, PANI was composited electrochemically
to form PHCFs@PANI electrode. This electrode delivered an
aerial capacitance of 2723 mF cm™ at a scan rate of 2 mV s7.
For realization of the true performance of the electrode, a sym-
metric PFSC was assembled by keeping two PHCF electrodes
in parallel and coating with PVA/H,SO, gel electrolyte. This
device exhibited a highest energy density of 55.3 uWh cm™ at
a power density value 447 uW cm™2 along with 95% capacitance
retention even after 20 bending cycles.[32

Graphene fibers (GFs) have been widely adopted in PFSCs
due to their wide availability, low price, facile functionalization,
and tailorable structure.’®) Theoretically, GFs possess high
specific a surface area of 2630 m? g%, but only a low surface
area of only 13.4-35.8 m? g! originating from the restacking
phenomenon is obtained in graphene sheets.'””! This reduced
surface area of GFs lowers the ion interaction active area and
decreases the charge storage ability. Enhancing the porosity by
adding carbon-based material is an effective method to address
this problem. Zheng et al. fabricated a hierarchically porous
GF-based electrode with core—sheath structure by introducing
carbonized phenol formaldehyde into it.1*¥ The hierarchically
porous structure facilitated ion transport and storage ability and
good electrical conductivity in the developed electrode. A sym-
metrical PFSC was fabricated and it exhibited a specific capac-
itance of 311.2 mF cm™ at a current density of 0.1 mA cm™,
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with a potential window of 0.8 V in PVA/H,SO, electrolyte.
The maximum energy density delivered by this device was
66.4 uWh cm™ at a power density value 540 uW cm™ in an
organic electrolyte.®® Further, Lu et al. introduced holey gra-
phene in N-doped 3D porous GFs for complete exploitation of
graphene.’3] The 3D hierarchical porous structure of the GF
provided fast electrolyte ion diffusion, whereas N-doping and
holey graphene impeded the restacking of the graphene sheets
and provided high charge storage efficiency. This optimal GF,
i.e., N-doped 40% holey graphene revealed reliable electrochem-
ical performance when assembled into a symmetric PFSC. This
device exhibited 95.65% capacitance retention even after 10 000
cycles.3%

CFs are also used as current collectors for supercapacitor
fabrication due to their good electrical conductivity, high
mechanical stability, lightweight, and low price. However, FSCs
based on CFs usually show poor efficiency due to low mass
loading over CF current collectors. Gong et al. electrochemi-
cally fabricated CNT/MnO, hybrids with an optimal thickness
of 1.44 um coated over the CF. The symmetric PFSC deliv-
ered a high specific energy of 8.14 mWh cm™ and an optimum
specific power of 463.8 mW cm™ in PVA/LICl electrolyte.l%]
Apart from CNT/MnO,, various composite materials embed-
ding 3D porous transition metal oxides (TMOs) have also been
combined with CFs. A unique approach was adopted by Liu
et al. to fabricate negative electrode in flexible FSCs.!l They
applied sulfur (S)-doping to atomically modulate MoOj; and pre-
pared S—MoOs_, nanobelts, which improved the charge storage
capacity. The oxygen vacancies created in MoOs upon S-doping
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Figure 16. a) Pictorial display and digital image of T-SFSSs assembled of eight SFSSs connected in series. b) Image of T-SFSSs assembled of SFSSs
connected in series under ascending strains from 0% to 400%. c) The GCD curves of the T-SFSSs with 1, 2, 4, and 8 SFSS cells connected in series
quantified at 1 mA cm™2 current density. d) CV profiles of T-SFSSs with the ascending cells at 50 mV s~ scan rate. e) Curves of voltage and capacitance
versus device number. f) Nyquist plots of T-SFSSs assembled of 1, 2, 4, and 8 cells connected in series. g) GCD curves of T-SFSSs assembled of eight
SFSSs connected in series under ascending strains from 0% to 400%. h) Capacitance retention versus tensile strain from GCD profiles. i) Digital photos
of T-SFSSs to glow a commercial USB light. j) Digital image of the T-SFSSs assembled of three SFSSs connected in series to glow a logo abbreviation

with five LEDs. k) Digital image of a digital watch powered by three T-SFSSs connected in series woven into a fabric. Reproduced with permission.

Copyright 2018, Elsevier.

acted as shallow donors increasing the carrier concentration
and charge transport kinetics. The fabricated asymmetric PFSC
MnO,@TiN//S-MoO;_,@CF showed a high volumetric energy
of 2.79 mWh cm~ in PVA/LiCl gel electrolyte.!

CPs such as PEDOT:PSS are used in fibers well known for
their high flexibility, good chemical stability, and excellent film
forming nature.*?) However, the poor electrical conductivity
and specific capacitance of PEDOT:PSS are bottlenecks for its
successful application in SCs."3! Hybridization or deposition
of conductive material over PEDOT:PSS may boost up the elec-
trical conductivity and specific capacitance. Li et al. fabricated
a tGO-PEDOT:PSS composite via wet-spinning method.*
The presence of PEDOT:PSS helped avoid restacking of rGO
nanosheets whereas rGO improved the electrical conductivity
(up to 590 S cm™) of the composite electrode, which also pos-
sessed high flexibility, mechanical strength, enhanced elec-
trolyte absorbing capacity, and good electrochemical perfor-
mance. A symmetric PFSC was designed using PVA/H;PO,
gel electrolyte and the device displayed a high specific capac-
itance of 131 mF cm™ at current density of 20 pA cm™ and
maximum specific energy value 4.55 uWh cm™. This highly
wrinkled PFSC also possessed excellent stability against various
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[134]

mechanical deformations.™! The proper functionality of
FSCs relies on the ability to stretch or bend the device without
affecting the electrochemical performance. An acid (H,SO,)
modified PEDOT:PSS-based fiber was designed by Wang et al.
to achieve high stretchability.'*¥l These electrodes, exhibited a
tensile strength of 112.7 MPa and an electrical conductivity of
1771.8 S cm™l. A symmetric PFSC device assembled using this
electrode showed a high specific energy of 41.1 uWh cm™ at a
specific power of 3520 UW cm™ with exceptional capacitance
retention up to 400% elongation (Figure 16).34 Apart from
PEDOT:PSS, other CPs such as PANI, PPy, polyacetylene (PA),
and polythiophenes (PTs) have been used as electrode materials
due to their good intrinsic electrical conductivity.!
Freestanding fiber electrodes may provide good electrical con-
ductivity because of their superior ion transportation behavior.
For flexible FSCs, aerogels have been considered as good free-
standing electrodes with excellent mechanical stability to defor-
mation. Serrapede et al. synthesized a hematite:rGO composite-
based aerogel via hydrothermal method for FSC electrode
application.®l An asymmetric PFSC was also fabricated using
MnO,, as positive electrode and the device delivered very good
flexibility with excellent electrochemical performance. Another

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 17. a) Pictorial display of PANI/GO hybrid hydrogels preparation followed by shaping/reduction process, b) black: RGO; green: PANI chain;
silver white: PA molecule; purple: oxygen contained groups. c,d) The elasticity of the spring-like device. €) A display of a synthesized yarn glowing two
LEDs in the actual and bending states (the scale bars are 2 cm). Adapted with permission.l'®l Copyright 2018, John Wiley & Sons.

freestanding fiber electrode was assembled by He et al. by using
rGO and MXene hybrid through wet spinning approach.¥]
These highly conductive 2D nanosheets proved to be excel-
lent fiber electrodes for FSC application. A nonvolatile H,SO,,
electrolyte was inserted into the layers of MXene and rGO to
enhance the ion access in the inner pores of these fibers. A sym-
metric PFSC was also developed and it delivered a volumetric
energy of 12 UWh cm™ at a power density of 8.8 mW cm™
with 85% capacitance retention after 10 000 GCD cycles.'”]
A MWCNT-PEDOT:PSS hybrid solution was employed by
Meng et al. to develop a freestanding fiber electrode via a wet
spinning method.*¥ By regulating the percentage of MWCNT
in the solution, the electrical conductivity of the electrode was
highly improved up to 1394 S cm™. The fabricated PFSC deliv-
ered a maximum specific energy of 16.3 uWh cm™2 and 87%
capacitance retention after 1000 bending cycles.*! Natural
fibers could also be used in these freestanding electrodes
owing to their various features such as good weavability, high
flexibility, low cost, and abundance. Bombyx mori silks were
adopted as fiber current collector by Song et al. upon coating
carboxyl mediated MWCNT:PANI composite over them.l*
The fabricated electrode, PANI@F-MWCNT @silk revealed the
highest areal capacitance of 95.5 mF cm™ at a current density
of 5.3 mA cm™2, with 33% elongation efficiency and 225 MPa
tensile strength. Further, a symmetric PFSC was derived using
this electrode and it demonstrated the highest energy den-
sity of 1.22 mWh cm™ at a specific power of 127 mW cm™
in PVA/H;PO, electrolyte.] However, most freestanding
films and fibers are based on rGO, which undergoes restacking
and clumsy pore size distribution and thus provides poor
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electrochemical efficiency. The formation of 3D graphene
CP hydrogel (CPH) by self-assembly of rGO nanostructures
and CPHs by Li et al. resulted in high performing FSC elec-
trode.l" The as-fabricated PFSC device with the structure rGO/
PANI/rGO/PANI in PVA/H,SO, electrolyte exhibited a high
volumetric energy of 8.8 mWh cm™ at a power density of
30.77 mW cm~, with magnificent stability up to 86% capaci-
tance retention even after 17 000 charge—discharge cycles and
mechanical strength (strain =~ 40%)11! (Figure 17).

Metal wires possess high conductivity which makes them
excellent candidates for freestanding fibers for FSCs although
they have poor flexibility and high resistance to mechanical
deformations. Introducing heterogonous porous architectures
in metal wires and depositing electroactive materials in them
may uplift their electrochemical performance by promoting
their specific surface area, flexibility and mechanical stability.
Wang et al. assembled a symmetric PFSC device by using MnO,
deposited over direct flame and implemented on micrometer
cellular Ni wire (MPNW) and PVA/Na,SO, gel electrolyte.'>%
Similarly, a bimetallic sulfide (CuCo,S,) was directly prepared
over Ni NW via hydrothermal synthesis to fabricate CuCo,S,/
NW electrode, which exhibited an optimal areal capacitance
of 367 mF cm™ at a current density of 0.5 mA cm 25U The
as-assembled symmetric PFSC derived a maximum specific
energy of 72 uWh cm™ at a specific power of 599.9 uW cm™
in PVA/KOH gel electrolyte.’>!l Furthermore, to create strong
attachment between the current collector and active material, a
Ni wire was converted into NiO, which acted as a strong nano-
glue to grow MnCo-layered double hydroxide (LDH) over it.
This NiO layer added supplementary capacitance to the overall
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electrode. The asymmetric PFSC (NiO@MnCo-LDH//AC) by
Gao et al. exhibited a high specific energy of 0.0198 mWh cm™
at a specific power of 0.38 mW cm™ in PVA/KOH gel electro-
lyte.’?) Employing a bimetallic 3D conductive network could
result in decreased contact resistance, faster ion diffusion, and
better ion intercalation and deintercalation.™® For example,
Zhang et al. derived 3D N-doped carbon composited Fe,O;
nanocubes derived from metal-organic framework (MOF) over
CFs via binder-free method.> This unique fiber was fabricated
by high-temperature annealing of PPy nanowire-deposited CFs
under N, atmosphere. The negative electrode exhibited a volu-
metric capacitance of 39.6 mF cm™ at a scan rate 10 mV s An
asymmetric PFSC MnO, @TiN//Fe,0;/NCWs/CFs also showed
75.5% capacitance retention even after 5000 cycles with a high
energy density of 27 mWh ¢cm™ in LiCI-PVA electrolyte.'>l
Yarn-based fibers are excellent current collectors for FSCs due
to their high flexibility, lightweight, and cost-effectiveness.
However, the less surface area of interaction between the active
material and current collector impedes the energy density in
yarn-based FSCs. Vertically aligned 3D structure with pseudoca-
pacitive nature could be grown directly over SC yarns to improve
their specific surface area. This strategy was applied by Le et al.
to fabricate NiCo—OH/ZnO-nanorod (NR)/CNT yarn electrode
by coating ZnO NRs over CNT yarns and then growing NiCo—
OH over them.! A symmetric PFSC designed by this elec-
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trode exhibited 100% capacitance retention after 150° bending
angle and a maximum energy density of 0.897 uWh cm™2 at
power density of 1170 uW cm™ in PVA-LiOH gel electrolyte.
Several nanocarbons are being adopted as scaffold for SC
application. However, their low specific capacitance and poor
long-term stability are the bottlenecks in achieving efficient
electrochemical performance. Using metal nanotube array
as electrode template may provide excellent surface area and
remarkable cyclability. Li et al. assembled a titanium nano-
tube arrays (TNTAs) as the template for fiber like electrode.['®
The wide bandgap issue of TiO, (=3.2eV) was addressed
via advanced interfacial engineering, i.e., with S-doping of
TNTASs.>7158] PANI was further coated over TNTAs to avail the
electrode with flexibility, conductivity, and structural stability.
The as-prepared PANI/S-TiO, electrode was used to fabricate
a symmetric PFSC in PVA-H;PO, electrolyte, which delivered
maximum specific capacitance of 91.9 mF cm2, an energy den-
sity of 3.2 uWh cm™ and 93.8% capacitance retention even
after 12 000 charge—discharge cycles!™®® (Figure 18). A novel
strategy was followed by Wang et al. to address sluggish charge
storage kinetics, slow ion diffusion due to the thickening of
electrolytes, and decomposition of active material from the cur-
rent collector in FSCs at extreme climatic condition.’! This
group adopted a core—shell conductive polymer electrode coated
with RuO, in between, where the outer PEDOT:PSS layer

o.

S-doped TNTA -

PANI

1.00 (i)

“

2

Potential / V

Figure 18. a) Pictorial depiction of the step-by-step preparation of the PANI/S-TiO,/Ti fiber. b—d) SEM photographs of the top and cross-section of the
S-TiO,/Ti fiber. e-g) SEM pictures of the top and cross-section of the PANI/S-TiO,/Ti fiber. h) Digital images of the PFSCs at various bending angles
and a tied PFSC. i) GCD profiles at current density of 0.2 mA cm™ after several bending cycles. j) Cycling stability test of the PFSCs after 150 bending
cycles at 0.2 mA cm2 (inset shows a digital image of the PFSCs at a bending angle of 180°). k,I) GCD profiles of the four PFSC devices connected in
series and parallel at a current density of 0.2 mA cm™2. m,n) Digital pictures of the letter “M” woven on a cotton fabric surface, and all-solid-state PFSCs
woven on cotton fabric glowing a green LED. Reproduced with permission.l'®l Copyright 2018, American Chemical Society.
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worked as the current collector and obstructed the electrode
from pulverization and the inner PEDOT:PSS/RuO, provided
sufficient electrical conductivity and pseudocapacitive behavior.
The as-fabricated symmetric PFSC revealed high energy den-
sity values of 14.2 and 22.9 uWh cm™ at temperatures —60 and
75 °C, respectively, in LiCI-PVA gel electrolyte.['>’]

The use of aqueous electrolyte for FSC application is safe,
environmentally friendly, and easy to synthesize.?¥252 How-
ever, the working potential window of these electrolytes is lim-
ited only up to 1.23 V, i.e., (water decomposition potential).l1%]
Organic electrolytes could work in the potential range of 3 V
but their complex synthesis, toxicity and noneco-friendliness
restrict their use in FSCs.[®1l An effective solution to overcome
this issue is to enhance the stability of aqueous electrolytes by
exceeding the oxygen evolution reaction and hydrogen evolu-
tion reaction overpotential by incorporating a high concentra-
tion of active ions to combine with water to modulate its hydra-
tion energy.'® Liu et al. fabricated water-in-salt gel polymer
electrolyte with optimized ion concentration (8.96 m LiCl/PVA)
and incorporated a N-doped RGO fiber (NRGF) with wrinkled
surface morphology.’®¥ The high concentration of Li* ions
combined with water (Li* H,0) improved the hydration energy
of water and thus provided a wide potential window of 2.2 V to
the symmetric PFSC. The maximum energy density achieved
by this quasi-solid-state PFSC was 25.6 uWh cm™2, with 84%
capacitance retention even after 20 000 GCD cycles.[162

5.1.2. TFSCs

In the case of TFSCs, the fiber-shaped cathode and anode are
twisted with each other and precoated with gel electrolyte.
CNTFs are promising fiber candidates owing to their appreci-
able electrical conductivity, high flexibleness, good surface area,
and lightweight.>163] Instead of using bare CNTFs, composites
with electroactive materials could potentially enhance the poten-
tial window of device and thus the overall electrochemical per-
formance. The interfacial growth of 3D electroactive structure
of CNTFs may endow the electrode with high electrical conduc-
tivity, appreciable specific surface area, high structural stability,
and good energy density.'1%] Direct deposition of ternary
metal oxides over CNTFs enabled efficient flexible electrode for
supercapacitor application. Multiple metals possessing various
oxidation states could induce redox reaction mechanisms and
fast charge—discharge ability. Accordingly, Guo et al. adopted
solvothermal synthesis followed by annealing to grow Zn-Ni—
Co oxide nanowires over CNTFs as positive electrode and vana-
dium nitride (VN) over CNTFs as a potential negative electrode
to assemble a TFSC device.'3®] This device showed a wide poten-
tial range of 1.6 V in PVA/KOH electrolyte while maintaining a
high volumetric capacitance of 50 F cm~ and specific energy of
1778 mWh cm™ (53.33 uWh cm™2). Further, it sustained 91% of
its original specific capacitance even after 3000 bending cycles
at 90° bending angle.33] Wang et al. synthesized a manganese—
nickel-cobalt-sulfide (MNCS) hybrid with CNTFs forming a
nanotube array morphology.'®l The fabricated MNCS NTAs/
CNTF electrode exhibited maximum volumetric capacitance of
2554.5 F cm™ and an asymmetric TFSC device was fabricated
using VN coated CNTF as negative electrode. The assembled
TFSC delivered a high specific capacitance of 1473 F cm™ and a
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specific energy of 52.4 mWh cm™ in PVA/KOH gel electrolyte
with a 1.6 V potential window. Even after 5000 bending cycles,
this device retained 92.9% of its original capacitance value, thus
proving itself as an excellent FSC.%! A hierarchical nanowire
array (HNWA) morphology could endow the electrode with
huge active sites for ion intercalation and deintercalation, fast
ion electron path length and high energy density. Wang et al.
designed Ni(OH),-wrapped NiCo,0,, i.e., HNWA over CNTF
as positive electrode and VN/CNTF as negative electrode.’]
The assembled TFSC showed a maximum areal energy of
103.8 uWh cm™ with 90% capacitance retention even after
3000 bending cycles in PVA/KOH gel electrolyte.!’]

As in the case of PFSCs, many TFSCs use CPs, such as PPy
microfibers, which could not achieve competitive electrochem-
ical performance due to their poor conductivity unless they are
hybridized with carbon-based materials. Mo et al. conducted
wet-spinning synthesis to assemble cellulose nanofibers (CNFs)
modified with graphene/PPy as an FSC electrode.'*® These
CNFs played the role of spacer between the graphene sheets
and enabled strong hydrogen bond interactions to toughen
the interlaminar force between the sheets. The fabricated
microfibers possessed a tensile strength of 364.3 MPa and the
assembled symmetric TFSC delivered a high areal capacitance
of 218 mF ¢cm™ at a current density of 0.1 mA cm~2 in PVA/
H;PO, gel electrolyte.'8! Conjugated microporous polymers
(CMPs) are novel materials formed by expanded 7-conjugation
and persistent porosity; they exhibit tailored porosity, huge spe-
cific surface area, redox reaction ability, and excellent chemical
stability.'% The high surface area benefits the storage of large
amount of charge, whereas the implementation of several atoms
possessing redox active sites provides pseudocapacitive nature
to these materials.”"l The major bottleneck in their implemen-
tation in FSCs is their inherent insolubility. Therefore, Lyu et al.
directly grafted CMPs over CNTFs and the as-prepared electrode
exhibited a maximum specific capacitance of 671.9 mF cm™
at a current density of 1 mA cm™2.["! The assembled symmetric
TFSC demonstrated a high energy density of 18.33 uWh cm™2
at a power density of 0.99 mW cm™2, with 84.5% capacitance
retention even after 10 000 bending cycles.!!

Various novel materials such as holey tungsten oxynitride
nanowires,[”2l. MOFs, MXenes, LDHs, CFs,” and GFs4
have been recently applied as fiber-shaped current collectors
for assembling TFSCs.[”>"7¢] MOFs provide excellent specific
surface area, good porosity, and tailored structures and they
may form electrodes with good charge storage ability and
ample ion diffusion pathway.™ The binderfree growth of
MOF from metal oxides over flexible current collectors is an
effective method to achieve high performance FSCs. Zhou
et al. fabricated a MIL-88-Fe (iron-based MOF) derived from
o-Fe,053 through carbonization. This o-Fe,0;/C was directly
grown over CNTF, which possessed a spindle structure.”’]
Further, this negative electrode underwent S-doping to obtain
S—orFe,O;@C/oxidized carbon nanotubes grown on carbon
fiber (OCNTF) electrode, which exhibited a high specific capac-
itance of 1232.4 mF cm™ at a current density of 2 mA cm™.
A TFSC was designed using Na-MnO, NS/CNTF via binder-
free method. The asymmetric TFSC delivered maximum
areal capacitance and energy density of 201.3 mF cm™ and
135.3 uWh cm™2, respectively, with 971% capacitance retention
even after 4000 bending cycles at 90°.177]

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Various surface-treated flexible polymer fibers co-deposited
with electroactive materials have also been proven to be ben-
eficial electrodes for TFSCs. Ba et al. utilized commercial pol-
yethylene terephthalate (PET) thread as template to coat CuS
followed by PANI via chemical bath deposition and electro-
deposition.”8] The cost-effectiveness, chemical inertness, high
mechanical strength, and abundance of PET has caught the
attention of research groups working in the field of FSCs.[”]
The fabricated PANI/CuS/PET electrodes twisted together to
form a symmetric TFSC and this device delivered a high spe-
cific capacitance of 29 mF cm™2 and 93.1% capacitance retention
after 1000 cycles in PVA-H;PO, electrolyte.l”®l The high elec-
trical conductivity of PANI is favorable in aiding high specific
capacitance to the electrode. In another attempt, a core—sheath
porous structure that consisted of 1D PANI nanorods, which
relieved the volume expansion during the charge-discharge
process offered good stability to the electrode!™ (Figure 19).
The assembled symmetrical TFSC provided the highest specific
capacitance of 3571 mF cm™ and a maximum areal energy den-
sity of 793 uWh cm™ in PVA/H,SO, electrolyte.'®) Moreover,
Zhao et al. designed a high-performance flexible electrode by
dry spinning a PANI coating over Au nanowires.'8! A symmet-
rical TFSC, which was stretchable up to 360% with a specific
capacitance of 16.8 mF cm~2, was devised using this electrode.

With continuous efforts to improve the electrochemical per-
formance of FSCs, various novel strategies are being adopted

Heating
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by many research groups. For example, Gao et al. employed
commercially available sewing threads as fiber to derive
TFSC.82 In situ polymerization was adopted to coat PEDOT
over the threads. Consequently, MnO, was covered over these
conductive threads electrochemically. Finally, one additional
PEDOT layer was coated over it. A symmetric TFSC PEDOT/
MnO,/PEDOT//PEDOT/MnO,/PEDOT exhibited a maximum
areal capacitance value of 132.02 mF cm™ with knittability and
stability in PVA/LiCl electrolyte.'®? Furthermore, phosphoriza-
tion and sulfurization were proven to be fruitful in achieving
reliable flexible electrodes for FSCs. Liu et al. fabricated iron
oxide nanowire arrays (Fe,0; NWAs) over CNTFs and this elec-
trode underwent phosphorization and sulfurization to prepare
FeP and FeS, NWAs, respectively.!33] These negative electrodes
possessed a maximum areal capacitance of 1135 mF cm™2 (FeP)
and 833 mF cm™ (FeS,) at a current density of 1 mA cm™.
With excellent weavability and mechanical flexibility, the assem-
bled asymmetric TFSCs, FeP NWAs/MnO, CNTF, and FeS,
NWAs/MnO, CNTF showed high energy density values of 23.4
and 18.72 mWh cm™ in LiCI-PVA electrolyte, respectively.!'3!

5.1.3. CFSCs

CFSCs consist of a core fiber electrode where an active material
is coated followed by coating of gel electrolyte. CFs are widely
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Figure 19. a) Step-by-step synthesis of GF@PANI, the assembled full cell, and the morphology of GF@PANI. b,c) Longitudinal SEM picture of GF.
d,e) Longitudinal SEM photo of GF@PANI. f) CV profiles and g) GCD profiles of GF@PANI-based FSSC at different bending angles. h) GCD profiles
of single and three GF@PANI FSSCs in series connection. i) Stability test of GF and GF@PANI FSSCs (1 mA cm™2). Reproduced with permission.[¥%

Copyright 2019, American Chemical Society.
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Figure 20. Graphical depiction of a) synthesis of MnNiCo-CH nanoneedles array on CFs and b) fabrication method of CFSC. c) Step-by-step graphical
(left) and photos (right) of the fabrication process of the CFSC. d) Ragone profile of the CFSC. e) Stability test of CFSC at 5 A g7'. f) Pictures of the
CFSC under different bending conditions. Designed applications of the CFSCs: g) two CFSCs in series connection glowing different shaped LEDs;
h) seven CFSCs stitched into the cotton fabrics and attached in series and parallel connection to glow LEDs; i) seven CFSCs connected in group of
series and parallel glowing “Q, D, U” LEDs, respectively. Reproduced with permission.[®] Copyright 2020, The Royal Society of Chemistry.

used in CFSCs due to their flexibility, mechanical strength,
low mass, and good electrical conductivity."® The binder-free
deposition of high-performance electroactive materials over
these CFs was proven as an excellent strategy to achieve reliable
FSCs.] For example, a Swiss-roll type CFSC was developed by
utilizing Fe,O;@CF and MnO,@CF electrodes in PVA-LiClO,
gel electrolyte. A wide potential window of 2.0 V and a high
energy density of 33.1 Wh kg™ (0.16 mWh cm™) at a power
density of 1.32 kW kg™! was achieved by this CFSC. The device
layout diminished the contact resistance between the electrodes,
thereby enabling enhanced ion transport between the elec-
trode and electrolyte. The following mathematical relation was
adopted to calculate the volume of CFSC: © = 7(2)’h; where &
is the volume of the device, D is the device diameter, and h is the
length of the full cell.'®% A significant difference in the equiva-
lent series resistance 12.6 and 19.7 Q was observed in CFSC and
PFSC assembled using the same electrodes, respectively.

High performance sustainable FSCs require a wide potential
window, a firm attachment of the active material with the cur-
rent collector, an ample area of interaction between the electrode
and maintenance of uniform distance between them to avoid
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short circuit, proper device packaging to avoid leakage current
and full flexibility. Patil et al. synthesized Fe,O; over CF and
MnO, over CNT-web paper via binder-free method to achieve
all these criteria in a single FSC device.'®! The as-fabricated
Fe,03/CF//MnO,/CNT asymmetric CFSC achieved an energy
density of 0.43 mWh cm™ at a specific power of 0.02 W cm™3
in PVA-LiClO, electrolyte. With a wide potential window of
2.2V, this device retained 80% of its initial specific capacitance
even after 10 000 charge-discharge cycles.'®> Multiple TMO
hybrids with hydroxides or carbonate hydroxides prepared
by doping diversified metal cations into the host can lead to
electrodes with superior electrochemical performance due to
multiple redox sites that favor high ion intercalation—deinter-
calation efficiency.'® Binder-free coatings of these multi metal
oxide/hydroxide and carbonate hydroxide composites over flex-
ible conductive CFs may furnish 3D hierarchical arrays with
core—shell structure. For example, a Mn, Ni co-substituted
cobalt carbonate hydroxide fabricated over CFs (MnNiCo-CH/
CF) with nanoneedle array morphology was developed by Cao
et al. (Figure 20).1%] An asymmetric CFSC (MnNiCo-CH/CF//
AC) was assembled, which exhibited wide potential window

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Fiber Society.

of 1.5 V with a maximum energy density of 30.04 Wh kg™ at
power density of 749.9 W kg™ in PVA/KOH gel electrolyte.!'®"]
Additionally, Zhao et al. synthesized 3D MnO,@Ni cones over
CNTFs,[®8] and the fabricated 3D MnO,@Ni/CNTF electrode
delivered a maximum areal capacitance value of 609.06 mF cm™
ata current density of 0.5 mA cm~2. A asymmetric CFSC was fab-
ricated using MoS,/CNTF as negative electrode and the device
exhibited a maximum specific capacitance of 195.38 mF cm™2
at an energy density of 83.59 uWh cm™ in PVA/KOH electro-
lyte.88] CFSCs possess higher electrochemical efficiency than
PFSCs and TFSCs. However, CFSCs have some shortcomings
related to the separators used in these devices, which usu-
ally have high thickness and increase the internal resistance
between the electrode and electrolyte. A thickness controlled
thin and hugely wrinkled polymer electrolyte was coated over
GFs by Yang et al. to address this issue.®! Wet spinning
strategy was applied to fabricate PVDF nanofiber as separator
for graphene-based CFSCs. The assembled symmetric CFSC
showed a maximum energy density of 30.8 uWh cm~2 with 94%
capacitance retention after 10 000 cycles.[””!

5.1.4. RFSCs

Two thin-film flexible electrodes are placed one over the other
and rolled at a time to form RFSCs (Figure 21). As shown
in Figure 21b, the interaction between positive and negative
electrodes is higher in CFSCs and RFSCs than in parallel
FSCs. CFSCs commonly adopt a concentric circle structure.
Thus, effective interactive surface area is formed. However,

Adv. Energy Mater. 2021, 2101443 2101443 (28 of 58)

their layer-by-layer assembly makes them tedious to fabri-
cate. Therefore, RFSCs are good alternatives to CFSCs as they
could provide the same utilization area and ease of synthesis
at a time.

Various fiberlike electrodes are used to fabricate RFSCs
including metal wires, CNT fibers, polymer @metal fibers, GFs,
etc.' An RFSC was fabricated via chemical deposition syn-
thesis by Yu et al. who employed PANI coated CFs as binder-
free flexible conductive electrode.’® This RFSC provided
almost three times higher energy density of 2.97 Wh kg™ at
a power density of 4 kW kg™ in H,SO,/PVA electrolyte than
TFSC. As the power density is inversely related to internal
resistance (Rin),1°? having low R, is a measure to achieve
high electrochemical performance.”l In the case of RFSCs,
the distance between the cathode and anode is consistent and
uniform, thus creating good diffusion path length between the
electrode and electrolyte, decreased Ry, and increased power
density." Yu et al. fabricated another asymmetric RFSC by
using PANI@CF as positive electrode and MoO;@CF as nega-
tive electrodes (Figure 23).18% PANT and MoO; were coated over
CFs via chemical bath deposition. Finally, PVA/H,SO, gel elec-
trolyte was utilized as electrolyte to the fabricated RFSC. This
device exhibited an optimum energy density of 6751 uWh cm™3
and the highest power density of 59.71 mW c¢m 3.8

Overall, this section summarized the recent progress in
FSCs (Table 4), including electrode synthesis and four types of
device assembly with strategies to multiply the electrochemical
performance. Several FSCs have been designed and incorpo-
rated as smart wearable textiles. However, their specific capaci-
tance and energy density are inferior to the conventional planar
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Table 4. Overview of electrochemical performance of different FSCs.
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Type of FSC Electrode Potential Electrolyte Specific capacitance Maximum energy den- Capacitance retention Refs.
window [V] at current density/  sity at power density (cycle numbers)
scan rate
PFSC S-MoOs_,//MnO,@TiN 1.8 PVA/LICI 6.19 Fcm™ at 2.79 mWh cm™ at NA [141]
0.5mAcm™ 21 Wem™
MWCNT/PEDOT:PSS//MWCNT/ 10 PVA/H;PO, 117.0 mF cm™2 at 16.3 uWh cm2 at 90% (2000 cycles) [148]
PEDOT:PSS 0.1mA cm™? 0.05 mW cm™?
PANI@F-MWCNT@silk// 0.8 PVA/H;PO, 95.5mFcm~2ata 122 mWhm=2at  80% (under an applied [149]
PANI@F-MWCNT@silk current 0.1 mA 127 mW m=2 strain of 20%)
EM-rGO/MXene//EM-rGO/MXene 0.8 PVA/H,SO, 304.5 mF cm™ at 12 uWh cm™ at 85% (10 000 cycles) [147]
0.08 mA cm~2 8.8 mW cm™?
LiCl/PVA GPE//LiCl/PVA GPE 22 PVA/LICI 152.1 mF cm~2 at 256 uWhcm2at  84% (20 000 cycles) [162]
1mA cm™ 275 pW cm™2
NiCo-OH/ZnO-NR/CNT-yarn// 1.2 PVA/LIOH 1065 mF cm™ at 1.38 uWh cm=2 at 60.5% (7000 cycles) [155]
NiCo-OH/ZnO-NR/CNT-yarn 5mVs N7 uW cm=
Holey graphene/graphene fibers 0.8 PVA/H,SO, 2543 Fcm™at 0.1 57mWhcm™at  95.65% (10 000 cycles) [139]
(HG@GFs)//holey graphene/ Acm™ 17Wem™
graphene fibers (HG@GFs)
PEDOT/MnO,/PEDOT//PEDOT/ 0.8 PVA/Na,SO; 13202 mFcm2at 751 uWhcm2at 83% (300 bending [182]
MnO,/PEDOT 0.067 mA cm™! 117 uW cm2 cycles)
AC//NiO@MnCo-LDH 15 PVA/KOH 633mFcm2at 00198 mWhcm=2at  95.1% (7000 cycles) [152]
0.5 mA cm™? 0.38 mW cm™
TFSC CNF@PTPA//CNF@PTPA 14 PVA/H;PO, 398 mF cm~2 at 1833uWh cm=at  84.5% (10000 cycles)  [171]
0.28 mA cm~2 0.99 mW cm~2
FeP NWAs/CNTF//MnO, NSs/ 1.8 PVA/LICI 195 mFcm2at1mA 234 mWh cm™ at 86.5% (3000 cycles) [183]
CNTFs cm™? 240 mW cm3
Self-twisted GFs (ST-GFs)//self- 1.0 PVA/H,SO, 9731 mF cm™ at 25.5 mWh cm™ at 91% (10 000 cycles) [174]
twisted GFs (ST-GFs) 10mvs™ MIWem™
CoNi,S,@CFs//AC@CFs 1.0 PVA/KOH 632 F g at 20 mV NA NA [173]
S—]
WON NWs@CNT fiber//MnO,@ 1.8 PVA/LiCI 52Fcm>at0.5A 23.4mWh cm™ at 0.45 82.5% (10 000 cycles) [172]
CoNi@CNT fiber cm? W em™
GF@PANI//GF@PANI 038 PVA/H,SO; 357.1 mF cm™2 at 57mWhem=at  96.2% (5000 cycles) [180]
0.23 mW cm~2 14.5 mW cm™
CFSC and VN@CNF//Zng CuO@MnO, 18 Na,SO,/PVA 296.6 mFcm2at 1335 uWh cm2 at 76.57% (10 000 [194]
RFSC 1mA cm™ 0.9 mW cm? bending cycles)
Graphene@PVDF nanofiber@ 0.8 PVA/H;PO, 346.5 mF cm™2 at 30.8 uWh cm™ at 94% (10 000 cycles) [195]
graphene//graphene@PVDF 0.6 mA cm™? 0.24 mW cm™2
nanofiber@graphene
CNT@Fe,05// 1.8 PVA/LICI 104Fcm3at30mA 47 mWhcem>at 959% (2000 cycles) [196]
CNT@NiO@MnO, cm™3 27.1mW cm™
AC//MnNiCo-CH/CF 15 PVA/KOH 9613Fgat1Ag?  3004Whkg'at  83.6% (8000 cycles) [187]
749.97 W kg™
CNT/MnO,//CNT/MnO, 0.8 PVA/LICI 91.6 Fcm~> at 8.14 mWh cm at 95.3% (7000 cycles) [140]
104.7 mA cm™ 31.7 mWem™
MoOs//PANI 15 PVA/H,SO, 47.4mF at 1 mA 67.51 uWh cm™ 40% (1000 cycles) [189]

supercapacitors due to the low mass loading over lightweight,
flexible, and miniature fibers. Therefore, the fabrication of 3D
porous electrode materials with a high surface area and aspect
ratio is a potential solution. Most of the FSCs are symmetrical,
which manifests a shrunken potential window, and this issue
can be handled by integrating supercapacitor-type and battery-
type electrodes in a single FSC.
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Moreover, most devices are fabricated using carbon-based
yarns, concentrating on metallic fibers taken to the next step
to solve the conductivity and mechanical viability issues. The
implementation of PVA-based gel electrolytes in FSCs leads to
higher resistance due to polymer matrix, which needs more
attention. On that account, proper packaging of FSCs to pro-
tect them from human contact must be followed. Moreover,
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uniform and calculated spacing between anode and cathode
will protect the FSCs from short circuits. As future work, care
should be taken to fabricate stretchable fibers with excellent
electrochemical efficiency, high mechanical strength, and light-
weight to meet the real time demand. Focusing on nontoxic and
biocompatible materials is more suitable for wearable-based
devices since the device in contact with the human body. The
focus should be assessed to synthesize highly conductive gel
electrolytes with a wide potential window and eco-friendliness.
Device design, packaging, and scalability must be prioritized
with correct evaluation of performance parameters following
true standards.

5.2. Fiber-Shaped Batteries

With the rise of flexible electronics, especially wearables, the
development of flexible batteries was placed under tremendous
focus as the primary energy source in powering the other flex-
ible electronics. Numerous flexible batteries were demonstrated
previously, with their performance consistently improved in
response to extensive development and investigation.'””] In
this section, the three mainly adopted device configurations,
namely, parallel, twisting, and coaxial configurations, are dis-
cussed and the pros and cons of these respective configurations
are compared.

5.2.1. Configuration of Fiber-Shaped Batteries

As shown in Figure 22a, fibrous batteries could be further
developed from rolling planar structured flexible batteries.
However, such technique results in unsuitably larger diameter
yarns for weaving, thus contradicting the requirement on weav-
ability. Besides, rolling the planar structured flexible batteries
subject the components to tensile and compression stress even
before the exertion of external mechanical deformation.™!l As
a result, poor mechanical integrity of the components could
be anticipated, followed by severe capacity degradation when
exposed to bending, twisting, or stretching. Therefore, recon-
figuration of fibrous batteries is required to ensure standard
electrochemical performance while ensuring its flexibility. The
most widely adopted device configurations for fibrous batteries
could be categorized into paralleling, twisting, and coaxial
configurations as illustrated in Figure 24b—d, and their pros
and cons are summarized in Table 5. Parallel configuration
involves pairing of two fiber electrodes (cathode and anode)
in parallel with a separator separating fibers as illustrated in
Figure 22b. The anode and cathode fiber electrodes could be
separately developed, and they were then aligned in parallel on
a polymeric substrate for flexibility."®®! The planar polymeric
substrate needs to be removed to achieve the fibrous dimen-
sionality, which was demonstrated by Zhou et al. through
wrapping parallel electrodes around a polymeric fiber sub-
strate.19%200] The main drawback in parallel configuration is
the formation of electric field in the axial direction along the
fiber where the effective area of the electrode is limited, sig-
nificantly reducing the electrochemical performance of fibrous
batteries (Figure 22e).
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Twisting configuration can be obtained by twisting the par-
allel electrode pair through a rotation-translation setup as illus-
trated in Figure 22c. Given the increased complexity in fabri-
cating twisting configuration and the difficulties in inserting
a separator, precoating of solid-state electrolyte as a shell on
each fiber electrodes is essential to mitigate short circuiting.
Aside from complex manufacturing, the delicate twisting
design is susceptible to detachment of electrodes from each
other when exposed to frequent mechanical deformation (daily
body movement). Such detachment could cause a significant
rise in internal resistance, followed by severe electrochemical
performance deterioration and low cycling stability. The fric-
tion between both electrodes during mechanical deformation
could also wear out the gel polymer, causing short-circuit and
performance degradation. Fu et al. demonstrated an attractive
approach to mitigate the occurrence of short-circuit by wrap-
ping a nonconducting plastic shell around one of the fiber elec-
trodes as spacer.?!l Appropriate twisting stress also needs to be
considered because increased twisting tightness pushes both
electrodes too close to each other, leading to short circuit.?
Otherwise, the distance between both electrodes increases at
low twisting tightness, leading to high internal resistance and
poor electrochemical performance. With the electrochemical
performance of the twisted fibrous batteries heavily depending
on the distance between both electrodes, eliminating any vari-
ation of distances from either pre- or postmechanical defor-
mation could be crucial in ensuring stable cycling. Such vari-
ation in distance could be completely eliminated by developing
coaxial configuration.

In coaxial configuration, the components were wrapped on
a core fiber electrode, with a design identical to the sandwich
structure of their planar structured counterpart, as illustrated in
Figure 22d. Coaxial configuration could be fabricated through a
layer-by-layer deposition of active materials for inner electrode,
electrolyte (either aqueous or solid-state electrolyte), separator,
and outer electrode layer. Conductive materials were usually
adopted as inner core to ensure high performance-to-weight
ratio and specific power and energy density of the coaxial
fibrous battery, where the core acted as the supporting sub-
strate for the coating of subsequent components and the cur-
rent collector for the inner electrode. Some examples of mate-
rials for the core fiber are metal (such as lithium),?%% CPs,1204
MWCNT,?%! and metal-coated or doped carbon nanofiber.[%l
One main concern with coaxial configuration is its limited
coating thickness as an effort to control the overall diameter of
the fibrous battery to be identical with the typical yarns/threads.
However, low coating thickness, especially the active material
components, is directly related to low energy density and it
could be a major drawback in fabricating fibrous batteries for
high energy consumption devices. The pros and cons of these
configurations are summarized in Table 5.

5.2.2. Fiber-Shaped Electrodes

Several techniques were suggested to prepare electrodes, i.e.,
anode and cathode, mostly deposited on a fiber-like core mate-
rial. For fibrous batteries, the electrode could be fabricated
using a non-CP fiber, where two parallel aligned Au current
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(@) (b)

PANVCFs

PVA-H,SO, gel PANVCFs sheet

Overlap two PANIVCFs sheets

Roll-type assembly

(d)

PANUCFs roll-type FSC

@ Positive electrode ® Negative electrode Gel electrolyte

Figure 22. a) Schematic illustration showing the rolling of planar PANI/CFs/PVA-H,SO,/PANI/CFs into fibrous batteries. Reproduced with permis-
sion."l Copyright 2019, Elsevier. A schematic representation of b) paralleling, c) twisting, and d) coaxial configurations. Reproduced with permission.’!
Copyright 2020, John Wiley & Sons. e) The pattern of electric field formation across the electrodes for (from left to right) rolling, parallel or twisted,
and coaxial configurations. Reproduced with permission.[”!l Copyright 2019, Elsevier.

Table 5. Summary of structure parameters and pros and cons of various fibrous batteries. Adapted with permission.2”] Copyright 2020, John Wiley & Sons.

Design Features Advantages Disadvantages Refs.

Parallel Parallel aligned electrode on + Ease of large-scale production - Bulky in size [200]

flexible planar or fiber substrate Short distance between electrodes Less compatibility with other devices

Twisting Intertwisted fiber electrodes - Miniature in size - Lack of long-term durability [202,208]

Good compatibility with other devices  « Less effective contact area
Inconsistent distance between electrodes

Coaxial Fiber substrates with layer-by-layer coating Intimate contact and compact size - Limited coating thickness [209]

Short distance between electrodes

Complexity in preparation

Structural stability
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collectors are sputter coated, followed by deposition of active
materials (in the paralleling configuration).’ However,
non-CP and metal (aluminum, copper, or nickel in their wired
form) core substrates only solemnly transfer charges and they
do not contribute to the gravimetry specific capacity, leading to
decreased specific energy and power density. Therefore, con-
sidering conductive materials with intrinsic electrochemical
performance as the current collector and electrode is crucial
for achieving high specific energy and power density. CPs and
CNT, which functioned simultaneously as the active materials
and the current collector, were widely accepted as the electrode
candidates for fibrous batteries. A summary of the electrochem-
ical performance of electrode materials used in fibrous batteries
is provided in Table 6.

Polymeric fibers, either intrinsically conductive or embedded
with conducting substances such as graphene, were regarded
as a suitable candidate for the current collector in fibrous bat-
teries compared with metal wire analogues in term of cost,
performance-to-weight ratio, and mechanical flexibility.[210-2121
However, the low electrical conductivity of polymeric fibers
could hamper the electrochemical performance of the fibrous
batteries, prompting a switch of focus toward conducting CNTs.
In fact, the high electrical conductivity and mechanical strength
make CNT one of the most suitable materials as the current
collector for fibrous batteries.?'#2A free-standing MWCNT
anode was previously investigated for prismatic lithium-ion
battery; it showed a significantly higher discharge capacity of
960 mAh g (at a discharging current of 200 mA g™!) compared

www.advenergymat.de

with that in commonly used graphite (372 mAh g™).2"l The
electrochemical performance of the MWCNT was further
enhanced by incorporating active materials, such as MWCNT/
Si core-shell design, as demonstrated by Lin et al.l?®! The
results offered an improved discharge capacity of 1670 mAh g
Zhang et al. further reduced the particle size of silicon
and deployed inactive Cu3Si as adhesive between the Si
and MWCNT, further enhancing the discharge capacity of
MWCNT/Si to 2533 mAh g™ with a significant improvement
in cycling stability.?' Different from these studies that utilized
lithium wire as the counter-electrode, Ren et al. deployed metal
oxide/MWCNT composite as cathode (MWCNT/LiMn,0,) and
anode (MWCNT/Li,TisOy;) and revealed an energy density
of 27 Wh kg™! (an order of magnitude higher than its planar
structured counterpart) and 97% performance retention after
1000 cycles of bending. CNT can be undoubtedly regarded as
the most promising electrode and current collector material for
fibrous batteries. However, the hydrophobicity of CNT needs
to be considered when selecting suitable electrolyte to avoid
poor electrochemical performance due to the incompatibility
between the electrolyte and electrode.

5.2.3. Solid-State Electrolytes

The electrolyte used in current batteries could be separated
into aqueous and nonaqueous electrolyte, where the former
is water-based and the latter includes ionic liquid and aprotic

Table 6. Electrochemical performance summary of some fibrous batteries. Adapted with permission.Pl Copyright 2020, John Wiley & Sons.

Design Cathode (anode) Voc [V] Energy density Specific capacity Capacity retention/cycles/ Refs.
current density
Parallel MWCNT/Si (lithium wire) 0.02-1.2 N/A 1168 mAh g'at 2.0 A g™ 58%/50/0.6C [215]
CNT/LiMn,0, (CNT/Li,TisOr,) 1.5-3.3 27 Wh kg™ 138 mAh g at 0.01 mA 859%/100/0.05 mA 217]
17.7 mWh cm™
CNT/MosS, (lithium wire) 0.01-3.0 N/A 1084 mAh g~ at 0.5A g™ >1250 mAh g7/100/0.2 A g”! [218]
Titania/rGO (lithium wire) 1.0-3.0 N/A 126 mAh g™ at 0.0170 mA 70%/200/0.0085 mA [219]
LiMn,O,/CNT (PI/CNT) 0-1.2 48.93 Wh kg™ 86 mAh g™' at 600C 90%/200/10C [220]
14.30 mWh cm™
CNT/Nag4MnO, (NaTi,(PO,);@C) 0-1.6 25.7 mWh cm™? 46 mAh g at0.1A g 76%/100/0.2 A g™ [227]
CNT@MnO, (CNT@Zn) 0.8-1.85 53.8 mWh cm™ 302.1mAh g at 60 mA g 98.5%/500/2 A g™ o]
NCHO@®@yarn (Zn@yarn) 1.2-2.0 8 mWh cm™ 16.6 mAh cm™ at 31 mA cm™ 60%/1000/31 mA cm™ [222]
Twisted Mn-NiO, (Zn@Li-RTiO,) 1.0-2.0 34 mWh cm™ 19.6 mAh cm™ at 1.4 A cm™ 95%/2000/11.2 A cm™ [21M]
Ni-NiO fiber (Zn fiber) 1.5-2.0 0.67 mWh cm™3 116.1uAh cm3 at 3.7 A g 99.6%/10 000/22.2 A g™ [212]
RuO,/N-CNTs (lithium wire) 2.0-4.6 N/A 1981 mAh g™" at 320 mA g™ 100 cycles (>600 h) [223]
Mn-NiO (Mn-Fe,03) 0.4-2.0 61.0 mWh cm™3 46.0 mAh cm™ at 2.5 Acm™ 91.2%/30 000/20 A cm™3 [224]
CoP@Ni(OH), (S—o-Fe,03) 0-1.6 81.0 mWh cm™3 0.203 mAh cm~ at 3 mA cm™2 85.3%/3000/30 mA cm™ [225]
NiZnCoP/CNTF (Fe,O3/OCNTF) 0-1.6 30.61mWhcm™  0.092 mAh cm2 at 1 mA cm™ 88.6%/3000/2 mA cm™2 [226]
Coaxial CNT/LiMn,0, (CNT-Si/CNT) 2.0-4.3 242 mWh g 106.5 mAh g! 87%/100/148 mAh g~ [227]
99.3 mWh cm™
rGO/sulfur/SSF (lithium wire) 1.8-2.8 N/A 335 mAh g at 167.5 mA g~ 569/90/0.1C [228]
LiCoO,~CMF (Li,TisO;,~CMF) 1.5-2.8 215 mWh cm 131 mAh g at 1C N/A [229]
LiFePO,~CF (Li;TisOy,) 1.0-2.5 6 mWh cm™ 3.1 uAh cm™ ar 26 pA cm™ 85%/100/26 A cm™2 [230]
Aligned CNT (Li,Si/CNT) 2.1-4.0 512 Wh kg™! 500 mAh g at 0.1 mA 500 mAh g7'/100/0.1 mA [231]
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Figure 23. a) Comparison of differences in the potential window of aqueous electrolyte with different concentrations of LiNO; and LiTFSI, showing an
enhancement in electrochemical stability window when the presence of water molecules was reduced. Reproduced with permission.?*2 Copyright 2018,
Elsevier. b) Effect of crystallinity of polyethylene oxide polymer on the ionic conductivity of the lithium ions. Reproduced with permission.?¥”] Copyright
2020, Elsevier. ¢) The diffusion of ions through the space within the metal-organic framework. Reproduced with permission.[?3®l Copyright 2020, Wiley.
d) Illustration of the anchoring of anion within the metal-organic framework due to the interaction with the metal ions, leading to higher lithium-ion
transference number. Reproduced with permission.?*l Copyright 2013, Elsevier.

electrolytes. One major drawback with aqueous electrolytes is
the low electrochemical stability window, where the electrolysis
of H,O took place at 1.23 V, leading to severe deterioration in
the electrochemical performance of rechargeable batteries
when charged to voltage higher than 1.23 V.I2*2 Through
theoretical analysis, Zheng et al. demonstrated that the elec-
trochemical stability window could be improved by reducing
the water content in the aqueous electrolyte (Figure 23a).23?
A recently successful approach to mitigate this drawback has
been introduced by adopting water-in-salt tactic, where ionic
salts are dissolved in water to or higher than their solubility
limit.23323 Through this approach, all the water molecules
were involved in solvating the ionic ions and eliminated “free”
water molecules, leading to significant increase in electrochem-
ical stability window to 3 V (compared to 1.23 V in salt-in-water
counterparts).’* Meanwhile, nonaqueous electrolytes have
been the electrolyte of choice in commercialized lithium-ion
batteries owing to their superior ionic conductivity (10'-107!
S cm™) and high electrochemical stability window for high-
voltage rechargeable batteries.[3°] These electrolytes included
a mixture of methyl ethyl carbonate, ethylene carbonate, dime-
thyl carbonate, and diethyl carbonate, with lithium containing
salt (LiPFq, LiTFSI, LiCl, LiClO,, LiBF,, etc.).®l The usage of
aqueous and nonaqueous electrolytes required proper sealing
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owing to the hydroscopic nature and reactivity of lithium ions
with ambient atmosphere as they are flammable and explosive
in nature. Even though fibrous rechargeable batteries could be
encapsulated, worn-out encapsulation due to frequent mechan-
ical deformation could resulted in electrolyte leakage, a phe-
nomenon not acceptable in wearable electronics.

In this aspect, solid-state electrolyte is much preferred over
aqueous electrolyte because of 1) no leakage when encap-
sulation is worn out; 2) ease in fabrication, where electrolyte
could be coated onto the active materials instead of injection
at the end of fabrication; and 3) the separator that could be
completely removed. Some most commonly deployed solid-
state electrolytes could be categorized into gel-polymer elec-
trolyte, 241 MOF,?*I and ionic conducting ceramic.?*?l With
the removal of aqueous water molecules, the electrochemical
stability window of the solid-state electrolyte was significantly
improved, allowing the development of 5 V batteries without
severe electrolyte decomposition.?*¥ The elimination of organic
liquids also eradicate the flammability concerns and greatly
improve the safety of batteries.?* Even though solid-state elec-
trolytes offer high electrochemical stability window, they suffer
from poor mechanical stability (as in the case of ionic con-
ducting ceramic) and low ionic conductivity (as in the case of
gel-polymer electrolyte). Efforts were taken to incorporate ionic
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conducting ceramic and gel-polymer electrolytes by forming
a composite polymeric electrolyte with high ionic conductivity
while preserving the mechanical flexibility. For example, Liu
et al. demonstrated an improvement in the ionic conductivity of
PAN-LiClO, gel-polymer electrolyte (2.1 x 107 S cm™) to 2.4 x
107+ S cm™! by incorporating 15 wt% Lij 33Lag 557TiO5 as filler.?*]
Zhao et al. adopted a similar approach by incorporating 0.3%
graphene oxide into the gel-polymer electrolyte (mixture of
LiTESI, EMITFSI, PVDF-HFP, and dimethylformamide) to
achieve a lithium-ion transference number of as high as 0.79,
approaching unity, which is favorable for high electrochemical
performance.?*! The incorporation of filler was reported to
disrupt the crystallinity of polymer molecules, thus allowing
enhanced ion conductivity (Figure 23b). A similar effect could
also be observed through the incorporation of plasticizer.?#

Other than gel-polymer electrolytes, MOFs offer superior
electrochemical performance as the electrolyte. Due to the
strong interaction with central metal ions, the anions of ionic
salt (such as TFSI-, ClO, , BF,”, and PF¢") were anchored
and immobilized, leading to high lithium-ion mobility
(Figure 23c,d).2#!

However, MOFs were investigated to mainly mitigate den-
drite growth at the lithium metal anode. Thus far, the appli-
cation of metal-oxide framework as the electrolyte in flexible
planar or fiber batteries is lacking. Overall, the poor intrinsic
ionic conductivity could be regarded as the main obstacle for
the widespread adoption of solid-state electrolytes. Even after
numerous efforts to enhance the ionic conductivity of gel-
polymer electrolytes, their ionic conductivity is still far from sat-
isfactory compared with that of metal-oxide analogues (in the
range of 10710~ S cm™). The capability to deposit a thin-layer
metal-oxide electrolyte, either through vapor deposition or
sputtering, could offer high electrochemical performance while
retaining mechanical flexibility.

Deploying active materials with high gravimetry or volu-
metry specific capacity, such as alloying type anode and con-
version type cathode, could be a suitable approach to increase
energy density. By using sulfur as the electrode (with a gravim-
etry specific capacity of =1600 mAh g7), Fang et al. demon-
strated a lithium-sulfur fibrous battery with an energy density
of =1500 Wh kg L.12%! The next major development for fibrous
batteries could be based on high gravimetry capacity materials
as cathode and anode. Besides, encapsulating fibrous batteries
is another area that is lacking research. In most cases, the
gel-polymer electrolyte completely covers the electrodes, thus
serving as an encapsulate. However, gel-polymers are not rigid
and they could be displaced under pressure, leading to a high
likelihood of short circuiting. Suitable encapsulates for fibrous
batteries could be developed on the basis of technology advance-
ment achieved in planar structured flexible batteries,>° with
few extra considerations as follows: the encapsulate needs to 1)
withstand extensive friction during frequent body movement,
2) possess normal yarn features for enhanced wearing experi-
ence, and 3) be mechanically strong from being torn or worn
out, even at small thickness, to preserve the overall diameter of
fibrous batteries. Finally, planar structured counterparts could
be developed on a 2D polymer substrate using the available
production line of rechargeable batteries. However, the fibrous
batteries based on a 1D wired polymeric or conductive substrate
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is incompatible with the current battery production line. Thus,
a new facilities/production line capable of fabricating fibrous
batteries on a large scale need to be constructed.

In summary, with the advancement of technologies moving
toward Internet-of-Things applications where portability matters
the most, fiber-shaped or wearable batteries would play a major
role as the energy source for future electronics. Undoubtedly,
the configuration of the fiber-shaped batteries is a vital aspect
to be look into, where both parallel and twisted configurations
can be easily manufactured compared to coaxial configuration.
However, bending and twisting the fiber-shaped batteries could
alter the distance between the cathode and anode, causing poor
performance as well as short-circuiting if both electrodes are
too close to each other. Besides, the effective surface area of the
electrode in these two configurations is very low, leading to low
energy density. Even though coaxial configuration could over-
come all these drawbacks, the mechanical properties (Young’s
modulus) of each component need to be tailored such that no
one components will failed while bending. In the case where
lithium wire is utilized in the coaxial configurations, the poly-
meric electrolyte remains functional while the core could sus-
tain from mechanical fatigue, rendering the fiber-shaped bat-
tery functionless. Other than the design configuration of the
fiber-shaped batteries, its tap density is yet another puzzle to
be solved. Fiber-shaped batteries utilized numerous supportive
materials that are electrochemically inactive to preserve their
functionalities, such as polymer additives to ensure the flex-
ibility of the electrode, etc., which severely deteriorate the spe-
cific volumetric capacity and energy density of the batteries.
The volume changes of the electrode during both charging and
discharging need to be critically studied due to the fact that the
components could be detached from each other, increasing the
shunt resistance and deteriorating the electrochemical perfor-
mance of the batteries. Undoubtedly, fiber-shaped batteries is
still in its early stage of development and promising advance-
ment can be envisaged. More efforts are needed to advance
fiber-shaped batteries to its new height, especially in discov-
ering suitable materials for each component.

6. Other Fiber-Shaped Functional Devices

In addition to energy harvesting and storage devices, fiber-
shaped architectures are also common for a range of func-
tional devices. In this section, we highlight some key results
from various fiber-based functional systems such as sensors
(Section 6.1), LEDs (Section 6.2), and chromatic devices (Sec-
tion 6.3). These functional devices are an important part of
fiber-based integrated system for a self-standing complex elec-
tronic device (see Section 7).

6.1. Fiber-Shaped Sensors

Sensing devices based on fiber-shaped technology have been
widely investigated for medical applications, due to their ability
to effectively monitor health conditions via physiological signal
sensing. Smart systems with the ability to sense multiple
inputs while retaining their flexibility, stretchability, portability,
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and wearability have been successfully demonstrated. The pro-
gress of the last decade has led to the fabrication of commercial
devices for real-time monitoring. Next-generation technologies
are also being built from textiles, incorporating sensors that
harness movement and heat to generate power and become
self-powered, while having high electrical conductivity and
mechanical robustness. Physical and chemical sensors are the
main types of fiber-shaped sensing devices, which are based on
electrical signal detection.[*!

6.1.1. Conductive-Fiber Physical Sensors

These fiber-shaped sensing devices consist of conductive mate-
rials used for their sensing abilities, not only on fibers but
also on fabrics too. Their conductivity must be changed from
an environmental or mechanical stimulant to obtain an elec-
trical signal from them. Various materials have been used for
conductive-fiber sensors, including CPs, carbon materials,
nanowires, and liquid metals.”@ They could be used as sen-
sors for measuring temperature, because they could showcase a
linear change in resistivity under temperature change. By using
PEDOT:PSS as a dye, Lee et al. developed a temperature-sensing
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device that exhibited negative temperature coefficient character-
istics with the resistance linearly decreasing with the increase
in temperature. The linearity was 99.8% for temperature
ranging from —50 up to 80 °C.>>! In addition, rGO fibers that
contained metallic Cu and semiconducting Cul particles were
used by Yeo et al. to fabricate sensors that could be chemically
sensitive and temperature insensitive or the opposite by con-
trolling the Cu concentration in the fibers.?> Wu et al. also
presented a method for designing and fabricating flexible mul-
timode electronic textiles on the basis of functionalized silk-
worm fiber coiled yarns (Figure 24a—c). A combination of CNTs
and an ionic liquid was used, which resulted in a sensitivity of
1.23% °C! and very good stability (Figure 24d). The change in
capacitance of each cross-point of two yarns results in a sensi-
tivity sensing of 0.136 kPa™’. This combo textile sensor could
sense temperature and pressure independently with a posi-
tion precision of 1 mm?.[25°l Moreover, Lee et al. demonstrated
an intrinsic strain-insensitive fiber-type temperature sensor
with compressed microwrinkles. The sensor exhibited a sensi-
tivity of 0.93% °C~! and a strain insensitivity up to 60% tensile
strain. When the sensor was knitted into the fabric, a negli-
gible change in resistance was observed with up to 180% strain.
The temperature responsive device was fabricated on a fiber
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Figure 24. a) Schematic of the strategy of fabrication of silk fiber-wrapped combo temperature—pressure sensors: Coiling supporting yarns by silkworm
silk fibers; coating the silk fibers coiled yarns with temperature or pressure sensing materials; coating the protection or dielectric layers on the functional
yarns/fibrous sensors; and weaving the fibrous sensors into a combo two-layer multimode sensors textile. b) Composite temperature sensors and
conductive mechanisms using different sensing materials. ¢) Schematic illustration and multimode sensing performance of the smart gloves having
fibrous pressure and temperature sensors embedded. d) Schematic diagram of the beaker with different capacities and corresponding electrical signal
variations for pressure sensor and temperature distribution. Reproduced with permission.2>% Copyright 2019, John Wiley & Sons.
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surface via dip-coating, after a prestrain, followed by lamination
of an elastic protective layer and it was integrated into a smart
glove with a wireless transmitter to track continuous changes of
the temperature without deformations.l?*®l A highly flexible and
durable fiber-shaped temperature sensor was also developed by
Hilal and Han, who fabricated a G/Ni-based temperature device
(D-1) with a positive temperature coeflicient of resistance of
0.0108 (°C™}), a high repeatability and a linear response to tem-
perature changes. The device also retained 75% of is character-
istics after 10 000 bending cycles of an 11.42 mm radius, while
maintaining its resistance for a 40-90% humidity level. When
exposed to various gases for 20 min, the resistance remained
unchanged.**’]

Carbon-based fibers could be also used as humidity sen-
sors as their electrical resistivity undergoes significant changes
upon the chemisorption of water molecules when exposed to
different relative humidity measures. Liang et al. developed a
single fiber self-powered generator unit, which was less than 1
mm long with a diameter of 80 um and could provide 355 mV
in response to the variations in humidity, for use as a self-pow-
ered humidity sensor.?*®! Another application for conductive-
fiber physical sensors is the monitoring of bioelectrical signals,
such as electromyograms.?>% The first electrocardiogram sen-
sors were based on wet Ag/AgCl electrodes in direct contact
with the skin through the use of an electrolyte gel. However,
because this geometry was inconvenient and it led to allergies,
dry electrodes were later developed to be used without the need
of an electrolyte gel. Yokus and Jur fabricated dry electrodes
via screen printing of conductive inks and the output showed
results comparable to those of wet electrodes.[2%]

One of the most studied type of conductive-fiber sensors are
the strain sensors. They are used for tracking vital signs such
as blood pressure, oxygen saturation and heart rate, or even
movement with very high accuracy.?®!! One of the first strain-
sensing fabrics were developed by Scilingo et al.?*4 who coated
fabrics with conductive polymer polypyrrole (PPv), which exhib-
ited piezoresistive and thermoresistive properties, in order to
detect human body gestures. Yang et al. used CNTs as a coating
on fabric, to improve its mechanical properties leading to fast
response and great stability. The sensors were used to track
real-time human motions, while exhibiting a strong electric
heating effect.?*3] Machine washable and scalable sensors with
materials applicable in the textile industry were fabricated by
Zhao et al.,?* through loom weaving of Cu-PET and PI-Cu-
PET yarns, generating triboelectric charges for self-powered
human respiratory sensing. The triboelectric effect was also
utilized by Ning et al., who developed flexible and stretchable
coaxial F-TENGs with 0.63 mm diameter, by depositing conduc-
tive Ag NWs/CNTs and encapsulated PDMS on the fiber to con-
vert mechanical stimuli to electric signaling.'*’]

In an attempt to improve the stability of these devices,
Li et al. fabricated textile-based stretchable sensors with the
use of Ag nanocrystals that showcased good sensitivity, rapid
response, and excellent durability.?*°! A polyamide monofila-
ment yarn that was dip coated with GO and reduced via a green
chemical reduction method was produced by Tas et al.2%¢l The
seven-layer graphene-coated polyamide monofilament yarn had
a low sheet resistance at 3.09 kQ sq~! and the 90° and 180° bent
yarns had 3.57 and 3.81 kQ sq ! sheet resistance, respectively,
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making them a promising candidate for their use in sensing
devices. Chen et al. demonstrated a Ni/active material-coated
flexible electrode with different dimensionalities, namely, 1D
fiber-shaped, 2D plane, and 3D spatial, as various tensile and
compressive strain sensors, for monitoring human health and
movement. They concluded that any kind of absorbent fiber
material could be coated with Ni/CNT via “dipping-electroless
plating” method, thus making those compressible or stretch-
able substrates demonstrate very good conductivity and good
electromechanical properties to be used as wearable smart tex-
tiles with electrical functionalities.?¢’]

Highly stretchable MWCNT-decorated TPU fibers with a
porous microstructure were developed by Yu et al. through a
scalable strategy by wet-spinning and ultrasonication. The use
of MWCNTs on the TPU fiber provided great sensing capa-
bilities with a high gauge factor and a large workable sensing
range at 300% strain, a very good durability of 10 000 cycles,
a light weight of 0.85 g cm™, and a fast response of 200 ms,
while being insensitive to torsion, temperature, and humidity
changes.?%®l A fibrous strain sensor for detecting various
human movements was recently developed via coaxial wet-spun
approach by Yue et al. It exhibited a stretchable black/ther-
moplastic PU with porous and core-sheath structure. It also
obtained an ultrahigh sensitivity with a maximum gauge factor
of 20084, a fast response time of 200 ms, a large strain range
of more than 200% and a good durability of more than 11 000
cycles. 126

One of the main challenges faced by flexible strain sensors
is the development of a multifunctional sensor with simulta-
neous ultralow detection limit, a broad sensing range, and a
high reproducibility. Moreover, most sensors rely on external
power supply, which limits their practical application. There-
fore, an increasing need to design and develop self-powered
fiber-shaped stretchable sensors is present, something that
remains very challenging. Lu et al. reported a CNT/flexible
fiber-shaped strain sensor with a highly elastic rubber fiber
core tightly wounded by a spring-like polypropylene fiber as
shell. The sensor achieved a combination of ultralow detec-
tion limit of 0.01%, a sensing range of 200%, and a repeata-
bility of 20 000 cycles, while its response time was less than
70 ms for stretching and releasing.?% A multifunctional
coaxial energy fiber for energy harvesting, storage, and sensing
was recently reported by Han et al., who developed an energy
fiber consisting of as F-TENG, as SC and a pressure sensor in
a coaxial geometry. It displayed a =96.6% retention of cyclic
stability, a maximum power of 2.5 uW, and a sensitivity of
1.003 V kPaL?U An integrated multifunctional sensor was
also prepared by Pan et al., who created an all-in-one stretch-
able coaxial-fiber sensor that simultaneously detects strain and
stores energy via an SC. It was fabricated on an elastic fiber
with a maximum voltage of 1.8 V by using manganese dioxide
and PPv as positive and negative electrodes, respectively, on
aligned CNT sheets. It delivered an energy density of 1.42 mWh
cm™3, very good flexibility, 85.1% capacitance retention after
stretching for 6000 cycles at a strain of 200%, and great dura-
bility at repeated unloading/loading of 40% strain for 10 000
cycles on one single charge.*”? Zhao et al. recently reported an
all-in-one coaxial fiber-shaped asymmetric SC device, fabricated
by a multi-ink 3D printing technology, where they designed the
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internal structure of the coaxial needles and controlled the rhe-
ology and feed rate of the multi-ink; the device could be inte-
grated with a mechanical unit and pressure sensor.?”?! Printing
was also used by Tang et al. who developed a low-cost coaxial
printing technique to fabricate stretchable and flexible fibers for
wearable strain sensors. The dimensions of the printed fibers
could be controlled with the change in pressure of the used
inks. The fabricated CNT-based sensors exhibited good sen-
sitivity, a stretchability of 150% and waterproof performance,
while being able to detect a 0.1% change in strain and having a
high durability of over 15 000 cycles.[?’4

For wearable sensors, having real-time feedback is important
to help track and display the measured signals. Expressing force
directly by themselves is a significant advantage for wearable
sensors. Therefore, integrating visualized feedback with sen-
sors is highly desirable and photonic and fluorescence signals
are one of the most intuitive and effective methods to deliver
those signals. Zhou et al.?’! recently developed a fiber-shaped
light-emitting pressure sensor that visualizes and simulta-
neously detects a force stimulus. It was made using a sheath
composed of a micropatterned polymer composite hollow
fiber and a fiber electrode core. The electroluminescent phos-
phors present in the sheath, served as pressure-sensing and
light-emitting layers. It showed a high capacitive sensitivity of
16.81 N7 and real-time electroluminescence intensity changes.
This fiber-shaped sensor was also flexible and robust and was
woven into a smart textile worn on human skin to track human
activities. Finally, Zhang et al. recently integrated a high-perfor-
mance UV photodetector with the heterostructure: AZO/ZnO
NRs/polyvinylcarbazole/PEDOT:PSS on human hair. They
obtained a flexible UV-image sensor with a fast response time,
high photoresponsivity, and excellent flexibility; it consisted
of seven display pixels that could produce accurate images of
numbers from 0 to 9.276]

6.1.2. Conductive-Fiber Chemical Sensors

Another important aspect of health monitoring is the tracking
of chemical and biological parameters, such as metabolites,
electrolytes, and various biomarkers. Conductive-fiber chemical
sensors have been developed to monitor health at a molecular
level. A chemical sensor has two units, a receptor that trans-
forms the concentration of an analyte into a chemical output
signal, and a transductor that converts the generated signal to
a readable value.l?”7l Wang et al. reported a strategy to obtain
highly flexible electrochemical fabrics from sensing fiber units,
for detecting various physiological signals such as glucose,
Nat, K, Ca®, and pH, with maintained structural integrity
and detection ability.! A fast one-step process for producing
PEDOT:PSS fibers without the insulating PSS component
was developed by Zhang et al. They tested these fibers in var-
ious environments such as boiling water and sonication, and
showed that the fibers could withstand mechanical stressing,
thereby making them a good candidate for sensitive touch sen-
sors and body moisture tracking.”’!! Zhao et al. also demon-
strated an elastic Au fiber-based three-electrode electrochemical
device for wearable textile glucose biosensing, where a func-
tionalized Prussian blue and glucose oxidase Au fiber was used
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as the working electrode and a unmodified Au fiber was used as
the counter-electrode. The textile glucose sensors demonstrated
a linear range of 0 x 107° to 500 x 107® M and a sensitivity of
11.7 A mm~' cm2.127]

Fiber-shaped In,0; crystalline nanofibers were achieved
by Wang et al.?8% via electrospun and calcination route. They
exposed the nanofibers to acetic acid vapors with concentrations
ranging from 500 ppb to 2000 ppm at a temperature of 250 °C
and obtained an ultrahigh response of 66.7 at 2000 ppm, a
low response of 25 s and a recovery time of 37 s at 100 ppm.
The sensor showcased a low detection limit and it could reach
500 ppb, making it a good candidate for acetic acid detection.
Wang et al. proposed a method to construct a potentiometric
ion sensor on a surface strain redistributed elastic fiber with
high stretchability and good sensing stability to design highly
stretchable and stable biochemical sensors that could be used
in textiles for wearable monitoring. In this method, the sensing
materials on a unilateral bead region were unchanged during
0-200% stretching, thus being able to perform stable functions
while ignoring the stretching of the fiber.[?8!

Yang et al. reported the development of organic electro-
chemical transistors (OECTs)!?2 on nylon fibers and revealed
very stable performance during bending tests (Figure 25). The
authors coated multilayer films with Cr/Au/PEDOT:PSS on
nylon fibers and used them as source/drain electrodes, showing
excellent bending stability for use in various chemical and bio-
logical sensing applications, with high sensitivity and selectivity.
OECTs are a promising candidate for high-sensitive monitoring
because they take advantage of the local amplification effect.l83]
Reports on deep-tissue detection are very few. However, Wu
et al. recently developed a fiber-shaped all-in-one OECT on the
basis of CNTFs to track biochemical parameters, such as H,0,,
glucose, dopamine, and glutamate. They demonstrated high
sensitivity and stability in the physiological environment and
reported a seven-day dopamine sensing in vivo.?® Finally, a
fiber-shaped hydrogen gas sensor was developed by Zhu et al.,
which they electrochemically grew a palladium sensing layer on
a conductive PEDOT:PSS fiber electrode. The PEDOT:PSS@
Pd fiber sensor provided flexibility, light weight, knittability,
high mechanical strength, and a good H, sensing performance
at room temperature, under mechanical bending stress, thus
making it a good candidate for wearable sensor devices for fast
H, leak detection.[2%"]

In summary, despite the recent advancements in the field of
fiber-shaped devices, there are not yet many commercially avail-
able systems. The fiber-shaped sensors are one of the few fiber-
shaped devices that have been integrated into functional applica-
tions, however, they are still limited to signal detection and mon-
itoring. The combination of an energy harvester device along
with a sensor, making it self-powered, is a great advantage since
they can be used for long periods and in demanding conditions.
In the future, more sensing abilities are awaited from those
devices, when the existing challenges are successfully addressed.

6.2. Fiber-Shaped LEDs and Other Lighting Devices

Fiber-shaped LEDs are another important functional device that
enable the fabrication of light-emitting textiles and those with
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Figure 25. a) The design of a core-shell conductive nylon fiber with Cr/Au/PEDOT:PSS/parylene coating. b) SEM image of the cross-section of a core—
shell conductive nylon fiber. c) Resistance versus bending times of five kinds of conductive fibers, including Cr/Au, Cr/Au/PEDOT:PSS, PEDOT:PSS, Ti/
Pt, and Ti/Pt/PEDOT:PSS-coated fibers. d) Photos of Cr/Au and Cr/Au/PEDOT:PSS-coated fibers before and after 1000 bending tests. e) The fabrication
process of functionalized fiber-based channel and gate for an OECT (top). Photograph of fiber-based devices with different diameters: 0.08, 0.15, 0.30,
and 0.50 mm (bottom, left). Photograph of a fiber channel 1) before and 2) after coating a PEDOT:PSS layer, and 3) with the adhesion of a drop of
water to demonstrate the hydrophilic property on its surface (bottom, right). f) Photograph of a fiber device with different bending statuses: 1) origin,
2) moderate bending, and 3) big bending. Reproduced with permission.[28#2 Copyright 2018, John Wiley & Sons.

Li-Fi communication capabilities. In an LED, electrons and
holes are injected in an emitting semiconductor that emits light
by radiative recombination. High injection rates and low levels
of nonradiative recombination are needed,”®® indicating that
careful optimization of the materials and the LED structure is
instrumental to fabricate highly efficient LED. Typical efficient
LED could make use of up to seven layers (plus a substrate)
with different functions: one transparent electrode, a hole
transport layer (HTL), a hole injection layer (HIL), an emitter
layer (EML), an electron injection layer, an electron transport
layer (ETL), and a second electrode. Given that LED efficiency
is also limited by light outcoupling,?®”! transparent electrodes
are often combined with an antireflection layer to maximize the
light output. Furthermore, as the emission of a LED is mainly
monochromatic, the fabrication of white LED requires either
doping a host matrix with different emitters (for organic LEDs
(OLEDs)) or using an additional layer of phosphorous to extend
the emission spectrum across the visible light region. Most
organic or hybrid LEDs are rather sensitive to oxygen and water,
thus proper encapsulation is also needed to achieve durable
devices. The complexity of this structure, the use of thin layers,
the need for a flexible and mechanically stable structure, and
with the requirement of a transparent electrode make the fabri-
cation of fiber-shaped LED a challenging task.

LEDs could be fabricated with inorganic, organic, and hybrid
semiconductors. While all of them could be fabricated on flex-
ible substrates, 28828 the wide range of mechanical stresses
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experienced in a wearable textile promotes the use of softer
materials. OLED, polymer LED (PLED), or perovskite LED
(PeLED) are promising candidates in this area because they are
known to be flexible and/or stretchable,?*) and compatible with
solution processing on fiber-shaped materials. Even if vacuum
depositions are feasible on fiber-based substrates,?°!l the use
of solution processing is more in line with the scope of pro-
ducing a large volume of fibers required for a textile. Given the
complexity of the fabrication of LEDs, alternative fiber-based
lightning devices with simplified structures as light-emitting
electrochemical cells (LECs) and alternating current electrolu-
minescence (ACEL) have been evaluated. Three figures of merit
could be used to evaluate the quality of LEDs: luminance or
brightness (cd m™?), external quantum efficiency (EQE, %), and
current efficiency (cd A™'). For a detailed description of these
parameters, we refer to a comprehensive review article.”® As a
reference, state-of-the-art flexible LEDs have a luminance above
10 000 cd m~2, with efficiency in the range of 130 cd A™! with an
EQE of above 60%.125%

6.2.1. Fiber-Shaped LEDs
The first fiber-based LED was patented in 2001 by Anil Raj
Duggal.[?2l 1t showed a structure where the active layers were

wrapped around a core, having a transparent conductor on
the outer side. The patent already described a method to deal
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with the low conductivity of transparent electrodes, adding a
thin strip of metal on one side of the fiber. The low conduc-
tivity of this layer could be an obstacle to developing long elec-
troluminescent fibers. O’Connor et al. published in 2007 the
first paper on fiber-shaped organic LED (Figure 26a).2°!! The
stack of layers of the LED was deposited by thermal evapora-
tion around a polyimide (PI) fiber of 20 pm. Even if solution
processing may be more convenient for large-scale production
on fibers, the possibility of using the same fabrication process
used for highly efficient LEDs is interesting. The fiber was axi-
ally rotated at 30 rpm during evaporation to achieve a uniform
deposition. The device required the deposition of seven layers,
highlighting the complexity of transferring OLED over fiber-
based substrates. Nevertheless, compared with planar OLED
with the same structure (deposited on silicon or PI), the drop
in EQE was rather limited at low driving voltages (i.e., below
5 V). Interestingly, the fiber-based OLED did not show any
change in the emission spectrum at different angles. This effect
is clearly visible on planar devices due to microcavity effects.
One limitation of this structure is the use of thin metals as the
light outcoupling electrode, due to the complexity of depositing
a transparent electrode over the stack deposited on a fiber. Axi-
ally rotating evaporation could provide full coverage of the fiber.
However, a transparent electrode is needed on top of the stack.

a)

| Source Meter | _
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A possible method to overcome this issue and develop bottom
emitting fiber LED was presented in 2018 by Ko et al.?%3l They
developed a method to deposit an OLED stack on a portion
of the outer shell of hollow fibers (Figure 26b). After partially
embedding the fibers on a PDMS substrate, they deposited the
stack starting from an indium tin oxide layer as a transparent
electrode. After the deposition of the other layers and the metal
electrode, the fibers were detached from the PDMS and ready
to be used. The hollow structure was shown to improve the
light extraction efficiency with respect to planar OLED, ena-
bling an improvement of EQE from 2.25% to 4.6%. The fibers
also exhibited a high luminance of up to 6300 cd m~2 and an
efficiency of 11 cd A™. However, even if these fibers present
high performances, their fabrication process might hinder the
scaling up the production of long fibers. As a solution to this
problem, Kwon at al. demonstrated a method to deposit most
of the layers of a PLED by dip-coating, a technique suitable for
mass production of e-textiles.'"™ Starting from a PET fiber they
deposited PEDOT:PSS and a poly(phenylvinylene) super yellow
emitter. The top electrode was made by the deposition of LiF/
Al on one side of the fiber, obtaining a bright bottom emissive
fiber-shaped PLED. The fibers displayed a high luminance of
up to 1458 cd m? at 10 V, with a luminous efficiency between
2 and 3 cd AL Even though the efficiency is not very high,
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Figure 26. a) Structure and photograph of the first OLED fiber reported in literature. The photograph shows a fiber wrapped around a rod emitting
in green. Reproduced with permission.?°!l Copyright 2007, John Wiley & Sons. b) Scheme of the fabrication of a hollow fiber LED. Reproduced with
permission.?®l Copyright 2018, The Royal Society of Chemistry. c) Scheme and cross-sectional SEM of a PeLED fiber based on quantum dots blended
with charge injectors. d) Scheme of the implementation of PeLED fiber in a LiFi full-duplex communication. Reproduced with permission.?°¢! Copyright
2020, Nature Publishing Group.
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the luminance already satisfied the range required for conven-
tional display applications, e.g., smart phones.?*Yl In 2018, the
same group reported significant improvement on this type of
structure.?”l By optimizing the structure (i.e., including a low-
temperature solution-processable zinc oxide—polyethylenimine
(ZnO:PEI) nanocomposite layer in between the PEDOT and the
emitter), they achieved a high luminance of above 10 000 cd m?
at 10 V and an efficiency of 11 c¢d A™ at =6 V. In terms of lumi-
nance, the fiber showed even better performance compared to
planar OLED. The fiber was also hand-woven into textiles to
prove the integration in clothes.

Finally, considering that hybrid metal halide perovskites
emerged as a very promising candidate for PV and LED appli-
cation, Shan et al. demonstrated the fabrication of a PeLED
fiber (Figure 26¢).?*l In this case, dip-coating was used for
the deposition of all the layers (bottom electrode, HTL, emitter
blend, and ETL) beside the top metal electrode. The emitter
layer was composed of perovskite QDs blended with the charge
injectors, namely, polytriarylamine for holes and 1,3,5-tri[(3-
pyridyl)-phen-3-yllbenzene for electrons. The fiber had a lumi-
nance of up to 300 cd m™? with an efficiency of 1.67 cd A™.
Even if these values are still considerably lower than those in
OLED and PLED fibers, the PeLED has some specific advan-
tages. Compared with the other electroluminescent materials.
The perovskite materials show a very narrow emission spec-
trum that could be beneficial for display applications. To sup-
port this application, the same paper demonstrated the fabri-
cation of blue and red PeLED fiber by changing the composi-
tion of the perovskite QDs. The PeLED could be used also as
a photodetector, which enables its use in Li-Fi communication
(Figure 26d). The authors demonstrated that the fiber could be
used simultaneously as a receiver and as a transmitter with a
bandwidth of 50 kb s7, thus obtaining a full-duplex Li-Fi com-
munication suitable for transmitting audio signals.

In summary, fiber-shaped LEDs based on organic and perov-
skite semiconductor materials are developed. Although there
performance parameters are far lower than their planar state-
of-the-art counterparts,[?#27] fiber-shaped LEDs are advanta-
geous due to their super flexibility and light-weight. Super
yellow fiber-shaped OLEDs have demonstrated brightness
above 10 000 cd m~2 (Table 7). Currently, the research focus on
fiber-shaped LEDs is considerably low and most repost do not
consider a standard protocol to report figure of merits, which
makes it difficult to compare with their planar counterparts.
For example, photoluminescence quantum yield is an impor-
tant parameter to quantify optical quality of emitter layer, which

Table 7. Figure of merit of fiber-shaped LEDs.
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is never reported for any fiber-shaped LED. Current efficiency
of fiber-shaped LEDs is an order of magnitude lower that, for
example, best performing planar perovskite LED.1?! This sug-
gest that the defects in the emitter film as well as the device
heterojunctions require future optimization. Also, the current
fiber-shaped LEDs only report green or yellow emission; there
are no reports on blue, red, or near infrared emission. Future
research should also target blue and red emission so that a
solid-state white light source might be realized by mixing dif-
ferent colors.

6.2.2. Fiber-Shaped ACELs and LECs

Before the advent of LED fibers, the only fiber-shaped lighting
devices were based on phosphorus layers sandwiched in
between insulators and two electrodes.?*2l They are based on
ACEL and they emit light upon the application of an alternating
voltage to stimulate the emission from the phosphorus. This
makes ACEL devices less suitable for wearable electronics due
to the high voltage requirements and the need for alternating
current (requires an inverter if used with a battery). Even if
these devices suffer from low brightness compared with LED,
recent works continued the investigation into this topic. Liang
et al. developed ACEL based on a PET fiber by using Ag NWs
as the inner and outer electrodes, ZnS as phosphor and silicone
as an insulator.?””! All the constituent layers were deposited
by dip-coating (Figure 27a), enabling the rapid fabrication of
many fibers. The thin layers and the use of silicone provide the
fiber with high mechanical stability, being able to have a stable
emission upon tensile stress of up to 547 MPa, withstanding
test as bending with 2 mm radius and resistance to artificial
human sweat. The fiber showed a wide emission spectrum and
it required relatively high voltages to achieve high luminance,
e.g., 60 and 195 V (frequency of 2 kHz) to achieve brightness
of 19 and 202 cd m2, respectively. Sun et al. demonstrated an
ACEL fiber that could be easily dissolved in water to ease the
recycling process.’% They used a PVA fiber, Ag NWs as elec-
trodes, and phosphorous (ZnS:Cu and ZnS:Cu,Mn) that were
blended in PVP. In this manner, the insulating layer could be
deposited together with the emitter, thereby simplifying the
fabrication process. In addition, high voltages were needed to
achieve high luminance (100 cd m~2 at 300 V), but the authors
showed that such voltage did not cause heating even after 3 h
of continuous operation. The transparent electrodes could also
be prepared by carbon-based materials as aligned CNT sheets

Device architecture Fiber EL emission Current Luminance EQE [%] Refs.
thickness [mm)] peak [nm] efficiency [cd A7) [cd m
PI/Al/Ni/CuPc/NPD/Alqs/LiF /Al 20 =550 0.18 [297]
HF /a-ITO/2-TNATA/NPB/Algs/LiF /Al 518 1 6300 46 [293]
PET/PEDOT:PSS/SY?)/LiF /Al 300 550 3 1458 - [11b]
PET/PEDOT:PSS/ZnO:PEI/SY?) /MoO;/Al/Al,O5 90-300 Super yellow n 13937 - [295]
PEDOT:PSS/PTAA/perovskite QDs/TmPyPB/TPBi/Liq/Al 516 1.67 100 [296]

3SY = super yellow (SY, Merck Co., Mw = 1668000 g mol™).
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Figure 27. a) Fabrication process of an ACEL electroluminescent fiber by a sequence of dip-coating steps. In the bottom left subpanel, it is possible
to observe a picture of the fiber during emission. Reproduced with permission?*l Copyright 2017, John Wiley & Sons. b) Structure and scheme of the
fabrication process of an LEC nanofiber based on iTMC emitters. Reproduced with permission.*3 Copyright 2012, American Chemical Society. c) (Left)
Structure and fabrication scheme of an LEC fiber based on an LEP. (Right) Picture of the emission from the fiber using two different LEPs. Reproduced

with permission.?%2 Copyright 2015, Nature Publishing Group.

wrapped around a fiber.3%U When this material is combined
with an elastic fiber and a silicone elastomer, the resulting
ACEL fiber could also be stretched up to 200% without losses
in the luminance.

Another method to fabricate electroluminescent fibers with
good luminance at low voltages is the use of LECs. In this case,
an organic emitting layer that contains mobile ions is sand-
wiched among two electrodes. The emitter could be either an
ionic transition-metal complex (iTMCs) or a light-emitting
polymer (LEP), and both type of materials were implemented in
fibers. Zhang et al. demonstrated highly efficient fiber-shaped
polymer LECB%2 by using a steel wire coated with ZnO, an LEP,
and a CNT sheet wrapped around it (Figure 27c). These devices
demonstrated major improvement compared with ACEL fibers,
with a high luminance of 600 cd m=2 at 13 V (with driving cur-
rents of 70 mA cm2). While the efficiency was not particularly
high (0.83 cd m™2, EQE of 0.35%), the low voltage and high
luminance made these approaches more suitable for wear-
able electronics than ACEL fiber. The size of LEC fiber could
also be strongly reduced by fabricating nanofiber-based iTMCs
(Figure 27b) with a modified electrospinning method.?®l By
using a liquid metal core, fabricating fiber with a diameter
below 1 um it was possible, with a maximum luminance of
23 ¢d m™ and an EQE of 0.27% at 6 V. Structures based on
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ACEL fibers are generally could be more robust than fiber-
shaped LEDs that enables the use of transparent conductive
electrodes. However, they are not as bright as fiber LEDs and
they require high voltages for light emission, thus preventing
safe application in wearables. LECs could be a good compro-
mise among LED and ACEL fibers because they could provide
compatibility with vacuum-free production, and a sufficient
brightness at low voltages.

6.3. Fiber-Shaped Chromatic Devices

Chromatic devices capable of reversibly changing their optical
properties under external stimulations have attracted great
attention and undergone rapid development in the last few dec-
ades due to their various potential applications, such as optical
components,?* sensors,3%! detectors,3%! displays,?”! and
wearable electronics.3%®! Significant research efforts have been
devoted to the chromatic devices that change colors in response
to electric field, specific light wavelength, thermal heating, pH
level, and mechanical stress. Among these applications, the
wearable chromatic electronics represent the most active one as
they provide new opportunities for intelligent human-machine
interactions.?%! Therefore, fiber-shaped chromatic devices are

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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more preferred as this type of device could be woven to tex-
tiles with breathability.?1% As color changes could be triggered
via different stimulations, chromatic devices could be divided
into different classifications. In this part, the recent progress of
state-of-the-art fiber-shaped chromatic devices, including mech-
anochromic, thermochromic, and electrochromic devices, was
discussed.

6.3.1. Mechanochromic Fibers

As the name implies, mechanochromic fibers could revers-
ibly change their colors under mechanical deformations of the
fiber. These colors could be generated from the stress-driven
chemical transformations,?™ and the mechanical deformation-
induced changes in periodic lattice constants of the structure-
colored materials.3') Compared with chromic fibers utilizing
stress-driven mechanochemical transformations, mechano-
chromic fibers with structural color have received increasing
interest for their applications in wearable electronics because
they are safe to use and simple to implement in various
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J EPDof PS microspheres
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J Thermal grafted by silicone fluid

7
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platforms."®l For example, a novel mechanochromic fiber was
prepared by simply depositing polymer microspheres (polysty-
rene microspheres) onto an elastic PDMS fiber (Figure 28a).13%!
The color of the fiber could be tuned by varying the size and
the center-to-center distance of the polymer microspheres
(Figure 28b). Figure 28c shows that the mechanochromic fibers
possessed reversible and rapid multicolor changes (i.e., red,
green, and blue) during the stretch and release actions. High
sensitivity and stability were maintained after 1000 deformation
cycles. Furthermore, these elastic photonic-crystal fibers could
be woven into patterns and smart fabrics for various display
and sensing applications (Figure 28d).

Commercially available polymer fibers were also employed
to prepare dye-free mechanochromic fibers.*™ Core—shell
microspheres, coated on the commercially available black
spandex fibers were arranged into a photonic crystal structure
to display brilliant colors covering the visible light region. The
colors of the commercially available black spandex fibers could
be easily controlled by varying the diameters of the core—shell
microspheres. Interestingly, the high elasticity of such fibers
can be used to vary the center-to-center distance between the
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Figure 28. a) Schematic illustration to the preparation of the mechanochromic photonic crystal fiber. b) Schematic illustration of the mechanochromic
fibers and the photographs of the mechanochromic fibers made from 200 and 240 nm PS (polystyrene) microspheres before and after stretching.
c) Mechanochromic performance of the elastic photonic-crystal fibers. d) Chromatic patterns and fabric are made from elastic photonic-crystal fibers.

Reproduced with permission.%® Copyright 2015, John Wiley & Sons.
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Figure 29. a) Schematic illustration of the steps used in preparation of mechanochromic fibers: 1) synthesis of core—shell microspheres; 2) concentra-
tion of microsphere dispersions; 3) surface modification of spandex fibers; 4) continuous deposition of microspheres onto the spandex fibers. b) Mech-
anochromic performance of the photonic crystal fiber made from polystyrene/poly(methyl methacrylate) /poly(ethyl acrylate) core-shell microspheres
with a diameter of 273 nm. c) Photographs of chromatic patterns and textiles made from the mechanochromic fibers. Reproduced with permission.™l

Copyright 2016, The Royal Society of Chemistry.

core-shell microspheres leading to distinct color change under
stretching. Figure 29a shows the continuous fabrication pro-
cess of the mechanochromic fibers.

Such a simple fabrication process not only offers a great
potential as an alternative to the traditional dyeing technique
but also presents a promising commercialization platform for
the smart wearable textile industry. Figure 29b reveals that the
color of a mechanochromic fiber could be changed from green
to blue with increasing strains from 0% to 50%. Figure 29c
shows that the mechanochromic fibers provide unique advan-
tages in many applications, such as textiles and displays,
because they are easily woven into color-tunable patterned
textiles

6.3.2. Thermochromic Fibers

Thermochromic materials exhibit a reversible color change
in response to a change in temperature. Such materials have
various applications, including smart windows,?"! adaptive
camouflage,B'®! and displays.?"”] Thermochromic materials
could also be employed to make chromatic fibers, where flex-
ible architectures offer novel functionalities. The conventional
method used to fabricate thermochromic fibers is by spinning a
mixture consisting of a polymer powder and a thermochromic
microcapsule. Zhang et al. used a typical single-screw extruder
spinning machine to spin the mixture of commercially available
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polypropylene and thermochromic microcapsule particles.3®!
The resultant composite polypropylene fibers were shown to
exhibit vivid temperature-dependent colors when such fibers
were exposed to different temperatures (Figure 30a). As the
color changes in the above mentioned thermochromic fibers
are triggered by the ambient temperature change, precisely
controlling the ambient temperatures on demand is often chal-
lenging. Therefore, controlling the temperature of the ther-
mochromic fiber controlled by using an electric heater, is the
easiest strategy to change the color on demand.?™ Such class
of thermochromic fibers is referred to as electrothermal chro-
matic fibers, where the temperature is controlled via Joule
heating.[2% Li et al. reported a stretchable and multicolor elec-
trothermal chromatic fiber that was based on RGO.!’! Interest-
ingly, this electrothermal chromatic fiber was functionalized to
become elastic and conductive.

Figure 30b depicts the fabrication process of the electro-
thermal chromatic fiber. This simple fabrication process holds
a great promise for future continuous fabrication of long
fibers. Figure 30c reveals the multilayered sheath—core struc-
ture of the electrothermal chromatic fiber. The PE-rGO-TiO,
component served as the Joule heating component, while the
commercially available thermochromic ink serves as the color-
changing module. Figure 30d shows that the dark-green color
of the electrothermal chromatic fiber could be bleached under
Joule heating and stretching due to the increased resistance.
The infrared (i.e., thermal) images also clearly showed that the

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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color change in the fiber was due to temperature change. Dif-
ferent commercially thermochromic inks exhibiting various
heat-dependent colors could be notably used to access other
colors (Figure 30e) for smart clothing. Another representative
example of electrothermal chromatic fiber was reported by Lu
et al.B2l As shown in Figure 31a, the elastic conductive fiber
was made via layer-by-layer assembly of the CNTs and silage
NWs onto PDMS fibers. The elastic electrothermal chromatic

(@)

a Elastic conductive fiber

fiber was prepared by in situ polymerization of diacetylene
monomer on the PDMS-based elastic conductive fiber where a
protective layer (i.e., silicone layer) was coated on top of poly-
diacetylene. Figure 31b shows that the fiber could be used to
prepare a “Chinese knot” and can be easily wound on a glass
rod. The fiber can be woven into smart fabric patterns due to its
excellent stretchability and flexibility, while still preserving its
excellent chromatic properties (Figure 31c).

Coated with PA-DAmonomer
b and photopolymerized
v
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C Coated with silicone
\ /

Stretchable / . J

Figure 31. a) Schematic illustration of the preparation process of the electrothermal chromatic fiber. b) Flexible and stretchable characterizations of the

electrothermal chromatic fiber. ¢) Photographs of the electrothermal chromatic fibers and woven smart fabric patterns. Reproduced with permissio

Copyright 2016, The Royal Society of Chemistry.
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6.3.3. Electrochromic Fibers

Electrochromic materials, which are the most representative
chromatic materials, could reversibly change colors or optical
properties through redox reactions under an applied electric
field.322-324 These electrochromic materials demonstrated
a great promise in many applications, including smart win-
dows,[18:33,323,325326] and displays.’93%7l With the demand for
wearable electronics, new applications and functionalities were
enabled via electrochromic materials. The combination of elec-
trochromic technology with flexible and wearable technology
is expected to lead to novel electrochromic devices that have
great potential for use in future smart clothes and implantable
displays.328l Among the wearable technologies, electrochromic
fibers with compelling optical properties are considered the
most promising technology for next-generation wearable
electronics.1!

Given that a typical planar electrochromic device requires
two parallel electrodes assembled as one electrochemical
cell, 324326l the main challenge for an electrochromic fiber is
the realization and assembly of the two electrodes on the fiber
surface.?¥ 1i et al. demonstrated red, green, and blue elec-
trochromic fibers by utilizing commercially available stain-
less steel wires (SSWs) and electrochromic polymers.”] As
shown in Figure 32a, various electrochromic polymers (i.e.,
poly(3,4-ethylenedioxythiophene), poly(3-methylthiophene), and
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poly(2,5-dimethoxyaniline)) were electropolymerised on the sur-
face of the core SSWs, which served as working electrode in the
fiber-shaped electrochromic device. Next, the core SSWs were
dipped into the polymer gel electrolyte and dried at ambient
temperature. Finally, another SSW with smaller diameter was
wrapped onto the working electrode, where the electrolyte layer
served as a spacer to avoid short circuit between the two elec-
trodes. As depicted in Figure 32b, under the application of a
voltage between the electrodes, different electrochromic poly-
mers coated on the SSWs displayed different colors. Another
example of electrochromic fibers utilized PANI-coated aligned
CNT as the two electrodes. Here, an elastic fiber served as the
matrix to enable fiber stretching.??%! Figure 32c,d illustrates
electrochromic fiber-shaped electrical energy storing superca-
pacitors that could be woven into fabrics to display designed
patterns.

By using dual helix metal electrodes along a plastic fiber
substrate and subsequently depositing tungsten oxide (WO5)
and poly(3-methylthiophene) (P3MT) separately on the two
electrodes, Zhou et al. fabricated freestanding electrochromic
fibers with rapid response times (=5 s) and high coloration effi-
ciency.?3" They used the structure with parallel coil electrodes
on a single fiber to demonstrate multicolor electrochromic
fibers. As illustrated in Figure 33a, two adhesive tapes were
wrapped as a mask onto a polyvinyl chloride fiber. Next, a thin
layer of Au was deposited onto the fiber’s exposed surface to

ALY [9S SSIUIDS

Figure 32. a) Illustration of the structure of the electrochromic fibers and the electrochromic mechanism for poly(3,4-ethylenedioxythiophene) electro-
chromic layer. b) Digital photographs of the electrochromic fibers using various electrochromic polymers. Reproduced with permission.[”] Copyright
2014, American Chemical Society. ¢) Schematic illustration of the structure and color display function of the electrochromic, wearable fiber-shaped
supercapacitor. d) Chromatic transitions during the charge—discharge process. Reproduced with permission.??l Copyright 2014, John Wiley & Sons.
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Figure 33. a) Schematic representation of the preparation process of parallel coil electrodes. Electrochromic properties of the electrochromic fibers
using b) tungsten oxide and c) poly(3-methylthiophene) as active materials. Reproduced with permission.* Copyright 2018, John Wiley & Sons.
d) Schematic illustration of the continuous fabrication process of the electrochromic fibers having a parallel dual-counter-electrode configuration.
e) The different colors of the electrochromic using different viologens. f) Some representative applications of the electrochromic fibers. Reproduced
with permission.331l Copyright 2020, American Chemical Society.

form two coiled parallel Au electrodes. WO; and P3MT were  chromic functionality, followed by covering the entire fiber
electrodeposited onto the Au layers to realize the electro- with a solid electrolyte (LiClO,/PMMA). Considering different
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electrochromic materials exhibit different colors. The WO;-
based electrochromic fibers display reversible color switching
between gold and dark green colors, while the P3MT-based
electrochromic fibers display color switching between dark
green and red colors. As shown in Figure 33b,c, the reflectance
spectra and the switching profiles validate the excellent electro-
chromic performance of the electrochromic fibers, including
the large optical difference and the rapid switching times.

Recently, Fan et al. demonstrated the first continuously
fabricated long electrochromic fibers.}3!l The electrochromic
fibers achieved multiple uniform and rapid color-switching
by introducing various electrochromic materials (viologens)
and a unique device configuration. Figure 33d schematically
illustrates the continuous fabrication process of the electro-
chromic fibers, which can easily produce hundreds of meters
long electrochromic fibers. Such a continuous fabrication pro-
cess enables the construction of parallel dual-counter-electrode
structure. This process is critical for realizing uniform electric
field needed for rapid and uniform color-switching. Further-
more, such a continuous fabrication process is compatible
with numerous electrochromic materials that can be switched
between various colors (e.g., blue, magenta, green, and dull
red) (Figure 33e). Hundreds of meters long electrochromic
fibers can be easily woven into textiles for various applica-
tions, including military camouflage and wearable displays
(Figure 33f).

In summary, although mechanochromic fibers, thermo-
chromic fibers, and electrochromic fibers having excellent chro-
matic properties were achieved (Table 8), these fibers still suffer

Table 8. Summary of fiber-shaped chromatic devices.
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durability issues for real-world applications. The identification
of their practical applications needs further investigation. In
addition, the integration of other functionalities (e.g., energy
harvest, energy storage, sensors, and shape memory) with the
chromatic fibers may facilitate new opportunities for the devel-
opment of next-generation chromatic fibers.

7. Fiber-Based Integrated Systems

Integrated systems represent an ensemble of two or more
energy conversion (solar cells, NGs and so on), storage (SCs
and batteries), or others (sensors, photodetectors, smart win-
dows, and so on) systems. Ideally, two or more systems are
combined as a single unit in a way that the output of one
system works as the input to the other. Some examples of
such integrated systems include i) a self-powered storage
system employing a solar cell connected to a storage unit, ii)
a combination of photodetector and sensor, iii) wearable tex-
tile that involves fiber-shaped NGs, solar cells, and SCs, and
iv) self-powered photodetectors storage units such as SCs
are used to power photodetectors.[100157,188,333,334335] 1t myst
be noted that combining more than two systems as a single
unit might make the fabrication of such a device complex.
Integrated energy conversion and storage systems represent
one of the most commonly employed type of such systems
allowing photogenerated energy to be captured and stored
in a single unit. In one of the early reports, a photocapacitor
comprising a DSSC and activated carbon in contact with an

Type of chromatic fibers Materials Fabrication method

Advantages

Disadvantages Cycle stability Refs.

Mechanochromic fibers PS microspheres Electrodeposition

Good stretchability
Obvious color shift

Nonuniform color distribution 1000 [308]
Less compatibility with fabrica-
tion of long fibers

Mechanochromic fibers PS@PMMA Continuous dipping Good compatibility with Complexity in fabrication 2000 [314]
microspheres fabrication of long fibers
Rapid color switching
Thermochromic fibers Thermochromic Spinning Ease of fabrication Limited stretchability 60 [318]
microcapsule Good compatibility with
fabrication of long fibers
Thermochromic fibers ~ Commercial thermo- Dipping Good stretchability Less compatibility with 1000 [25]
chromic inks Obvious color shift fabrication of long fibers
Electrothermal Polydiacetylene Dipping Good stretchability Less compatibility with 1000 [327]
chromatic fibers Obvious color shift fabrication of long fibers
Electrochromic fibers  Poly(3,4-ethylenedioxy-  Electrodeposition Obvious color shift Limited stretchability NA n7

thiophene), etc.

Color tunable via voltage

Less weavability

Electrochromic fibers Polyaniline Electropolymerization Color tunable via voltage Less compatibility with 10 000 [329]
Good stretchability fabrication of long fibers
Electrochromic fibers WOj;, Electrodeposition Obvious color shift Limited stretchability 200 [330]
poly(3-methylthiophene) Less compatibility with fabrica-
tion of long fibers
Less weavability
Electrochromic fibers Viologens Continuous dipping Obvious color shift Limited stretchability 300 [331]

Good weavability

Good compatibility with

fabrication of long fibers
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Figure 34. a) A list of potential energy harvesting sources from environment and human body that can potentially replace the need for energy
storage units for wearable systems or enhance their lifetime. b) Three-dimensional printed flexible FTEG with a 3D grid skeleton and conductive
fabric. Adapted with permission.B3% Copyright 2019, American Chemical Society. c) Applications of the piezoionic sensor as wearable sensor for the
monitoring of large scale human motions. (Upper panel) Response signals of the wearable sensor for monitoring of the wrist bending with different
directions. The photographs show that wearable sensor is attached on the wrist joint and the wrist joint moving process started from the flat state
(1) to the finally flat state (5) (Middle panel). The generated voltage indicates that the direction as well as the amplitude of the wrist bending can
be clearly detected and distinguished. (Bottom panel) Monitoring of the person’s sitting posture by this wearable sensor. The wearable sensor is
attached to the person’s back, marked in the red box in the photograph. When the person’s sitting posture is from good (marked as (1)) to bad
(marked as (2)), the sensor could generate clear electrical signal in response to the change. Adapted with permission.?¥”] Copyright 2016, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. d) An integrated system employing self-powered FFNG as energy harvester, SC as energy storage device,
and a strain sensor. Charge-discharge curves of the integrated, self-powered device at different discharge currents. Adapted with permission.338l

Copyright 2020, Cell Press.

electrolyte, which stores the photogenerated charges at the
double layer, was introduced. 33!

A common issue with conventional planar integrated
system is their inflexibility for modern applications such as
wearable textiles which requires omnidirectional flexibility in
structure and design and also compatibility with mass pro-
duction. Fiber- or wire-based systems are emerging as a suc-
cessful alternative for future applications as they offer a wide
flexibility over design and integration. These systems are soft,
flexible, light-weight and are stretchable and therefore can be
effectively integrated with human body (Figure 34a,b). These
integrated systems can be used for a range of application
such as to detect muscular motion (Figure 34c), continuous
monitoring of body temperature and pressure, respiration
monitoring, phototherapy, and so on.33>3% Key issues such as
mechanical robustness and complexity of integrating multiple
systems as a single unit without compromising system effi-
ciency, however, remain to be solved.

A common type of integrated systems combines energy har-
vesting and storage in a single fiber.?*) This has been achieved
by using a stainless steel wire coated with polyaniline, which
worked as a joint electrode materials to integrate DSSC and
SC.3%% The system reported an overall energy conversion effi-
ciency of 2.1%, higher than a previous report®% employing
ZnO and graphene NWs as a common electrode material.
A more complex system can involve harvesting energy from
multiple sources, such as from body motion in addition to the
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sunlight. Wen et al."% reported a hybrid self-charging power
textile system that uses NGs and DSSCs to harvest mechan-
ical energy from body motion and solar energy from sun-
light, respectively, and store them as chemical energy in FSCs.
Thanks to the all-fiber-shaped architecture of the system, indi-
vidually made DSSC, NG, and FSCs were woven into a textile
structure in series/parallel connection. The flexibility and func-
tionality of the integrated system was demonstrated at several
indoor and outdoor conditions.

Another example of integrated system is integrating a
storage system with a functional device such as sensors. Pan
et al.l”’? reported an all-in-one stretchable coaxial-fiber-based
sensing system for strain detection. The complex device
assembly involved multistep coating of PEDOT:PSS, MnO,,
PPy, and CNTs around an elastic fiber such that the MnO,@
PEDOT:PSS@CNT form a positive electrode comprises of
PPy@CNT form a negative electrode. The single fiber-based
integrated device yielded an energy density of 1.42 mWh cm™3
and retained over 85% of initial capacitance value after 6000
bending cycles at a strain level of 200%. In another example,
a self-powered integrated device for strain detection is demon-
strated using MoS,-encapsulated CFs (Figure 34d).13%® Herein,
fiber-shaped fluidic NGs delivered a stable output voltage of
540 mV and a power density of 10.8 W m™2. The integrated
system achieved a maximum power conversion-energy effi-
ciency of around 11% and a voltage output of 3.1 V, which they
used to turn on a green LEDs and a commercial digital timer.
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8. Conclusion and Outlook

Fiber-shaped electronic devices represent one of the most
promising technology for the next-generation wearable elec-
tronics as they offer unprecedented versatile functionalities
to the textiles. As wearable electronics are rapidly evolved and
their applications expand, the field is continuing to attract more
and more attention from both academia and industry. Few in-
depth reviews with critical perspective on fiber-shaped elec-
tronics,?* energy-related devices,>*!l or rechargeable batteries
are cited for further referencing and reading.’* However,
real-world applications of the fiber-shaped electronic devices
are still at their infancy and require more research and develop-
ment. In the next few years, researchers need to work closely
with industry and to focus their attention on safety, packaging,
and to develop robust fiber-shaped devices. It is envisioned that
fiber-shaped electronic devices will open up new avenues in
wearable electronics.

To achieve this goal, conductive fibers with superior elec-
trical conductivity, softness, reversible mechanical deformation,
and robustness are urgently needed. Also, the washing stability,
breathability, and flexibility should be taken into consideration
when weaving the conductive fibers for textiles. Up to now,
various materials for the critical fiber component have been
developed such as metal wires, nanowires, and nanoparticles
possessing high electrical conductivity but limited flexibility
and washability. Conducting polymers, carbon nanomaterials,
such as CNTs and graphenes, binary and ternary metal oxides,
MXenes, and their composites can be materials of choice to
simultaneously achieve superior electrical conductivty and
flexibility. While it is challenging to simultaneously achieve
excellent electrical conductivity and superior stretchability
and robustness in a pristine compound, hybrid materials are
capable for synergizing or combining various functionalities in
a single materials system. A unique opportunity of hybrid mate-
rials is in the proper development of MOFs into fibers. MOFs
offer significant advantages from the two materials domains,
viz., organic and inorganic; therefore, MOFs would be an excel-
lent area to be further developed into functional fibers. Fur-
ther, the current research on electronic fibers are majorly cen-
tered around electronic materials, thereby leaving a large gap
with the current choice of textile polymers. Developing hybrid
materials engaging the current choice of textile polymers are
expected to open up a new era for the design and development
of textile electronics.

Fiber-shaped LEDs and PVs are both benefited from the
recent progress in planar counterparts based on solution-pro-
cessed semiconductors, especially organic and halide perovskite
ones. However, they still require the use of at least one thermal
evaporation step to deposit the cathode, complicating the devel-
opment of low-cost, large volume production. Compared to
the planar devices they still lag in terms of efficiency, but the
fast pacing progress in planar counterparts suggests that large
improvements can be expected. Even so, the lack of an effi-
cient fabrication process suitable for long fibers is preventing
the demonstration of large-area electroluminescent and photo-
voltaic fabrics. A critical challenge is the solution processing
of transparent electrodes, where CNTs, Ag NW, PEDOT-based
layers, or graphene-based inks are expected to be a possible
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solution to this problem. Besides, proof of long-term stability
should be provided to exploit these technologies on commercial
products. A big challenge for the long-term stability consists in
the implementation of an efficient encapsulation compatible
with woven textiles. Single fiber encapsulation or fabric encap-
sulation needs to ensure the durability of the fibers under envi-
ronmental factors as water or oxygen as well as under mechan-
ical stress, and are particularly needed for LED/PV-based fibers.
Even if there are several approaches for flexible encapsulation
of LED/PV, large efforts will be needed to develop a process
suitable to mass production of electroluminescent fibers.

Fiber-based physical and chemical sensors have already pro-
vided efficient sensing functions in wearable, portable, and
implantable electronics. Importantly, the recent developments
in fiber-shaped nanogenerators that convert mechanical pres-
sure into electrical energy suggests that self-powered systems to
monitor human health, structural deformation, environmental
conditions, etc., are not far in the future. Monolithic integration
of an energy harvester with the sensing element onto a fiber-
shaped device will open new prospects by taking advantage of
human motions, fluid flow, or mechanical vibrations to pro-
duce the energy required for the smart sensing element. Few
research works have been accomplished in this area, however,
efficient operation and, importantly, scalability for industrializa-
tion is yet to be reached.

Fiber-shape SCs have accomplished much progress in recent
years. To attain higher performance devices, the selection of
proper active material, fiber or current collector, electrolyte,
and device layout are of predominant criteria. The four types
of FSCs have their own pros and cons. All-inclusive, PFSCs are
simple to assemble and RFSCs furnish highest performance
among all the five FSCs. The improper assembly of device lay-
outs and packaging can lead to short circuit or device failure in
FSCs. Concisely, a high performance reliable FSC should have
two fiber electrodes that maintain uniform distance between
them to avoid the occurrence of short circuit, meanwhile the
interaction surface area between the cathode and anode must
be significant. Pivotal attention has to be on fabricating fibers,
different from conventional carbon-based yarns with enhanced
stretchability to withstand repeated wear and tear, and to syn-
thesize electrolytes with high ionic mobility, biocompatibility
and nontoxicity. Active materials with 3D structure and high
porosity are solution to design FSC electrodes with less weight
and high specific capacitance. Furthermore, asymmetric hybrid
FSCs would avail broad potential range with magnified energy
density. Ultimately, FSCs should maintain all its basic struc-
tural criteria like flexibility, mechanical strength, lightweight,
weavability, firm encapsulation along with excellent electro-
chemical performances, i.e., good specific capacitance, high
energy density, and reliable cyclic stability.

Low energy density could be one of the major disadvantages
of existing fibrous batteries. In order to achieve higher energy
density, more active materials would be required to store more
charges. However, depositing more active materials will cer-
tainly increase the overall diameter of the devices, which will
lead to poor mechanical flexibility as well as difficulties in
weaving. Even though the most versatile route is to make all
the battery components flexible, the realistic scenarios could be
far more complex than what had been considered. Taking the
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typical bending deformation as examples, the top components
are subjected to tensile stress along the bending tangential
direction with compressive stress at the bottom components. In
order to retain favorable performance, the battery components
need to sustain electrochemical performance and mechanical
integrity under both tensile and compressive force which limits
the overall performance of the existing devices.

Fiber-shaped chromatic devices represent one of the most
promising smart technology for the next-generation wearable
electronics as they offer unprecedented versatile functionali-
ties of the textiles. As wearable electronics develop and their
applications expand, the filed is continuing to attract more and
more attention from both academia and industry. However,
real-world applications of the fiber-shaped chromatic devices
are still at their infancy and require more research and develop-
ment. In the next few years, researchers need to work closely
with industry and to focus their attention on safety, packaging,
and to develop robust fiber-shaped chromatic devices.

In general, although much progress has been already
accomplished in all of the discussed areas of fiber-shaped
electronics—in some more that the others—these devices still
suffer from several drawbacks, including 1) low compatibility
with the current textile industry where yarns/threads play a
pivotal role, 2) impermeable to air, leading to poor wearing
experiences, and 3) limited flexibility depending on the sub-
strates and encapsulation deployed. As fiber-shaped electronics
must be knitted or woven into flexible clothing, they must fulfil
certain criteria to ensure successful development and commer-
cialization of the fibrous device, including 1) low internal resist-
ance especially along the length of the fiber, which could extend
up to hundreds of meters, 2) easy fabrication techniques with
efficient short-circuit prevention, 3) successful insertion of flex-
ible active element for high efficiency, 4) allow implementation
of suitable separator (where needed) for better short-circuit
prevention, 5) proper encapsulation, 6) final yarn/thread with
diameter identical to the normal yarns, 7) excellent mechanical
performance for weaving with a machine, and 8) final yarns/
thread that look soft and fibrous instead of plastic. The proper
understanding of the device design, working mechanism, and
difficulties in achieving the true performance can lead the
researchers toward the realization of real-time application from
laboratory to industry level. Furthermore, integration of two or
more type of electronic devices onto fibers or textiles possess
even more strict requirements and necessitates optimization
of each constituent and of the integration methods applied.
Despite the many materials and devices limitations need to be
overcome, it is envisioned that fiber-shaped electronic devices
will soon open up new avenues in wearable electronics.
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