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1. Introduction

Considerable research efforts have been devoted to the develop-
ment of high-performance electrical conductors and electro-
chemical energy electrodes that possess metal-like conductivity
along with significant mechanical flexibility and a large active

surface area. This surge in interest is pri-
marily driven by the rapid proliferation of
wearable, portable, and smart electronics
that aim to enhance the convenience and
quality of our daily lives. Among themyriad
of soft and flexible electrode options avail-
able, textile conductors and electrochemi-
cally active textile electrodes (shortly
referred to as “textile energy electrodes”)
stand out as particularly promising candi-
dates. This is mainly attributed to their
remarkable properties, including expansive
surface area, mechanical flexibility, and the
inherent lightness of textiles composed of
numerous fibrils and/or fibers. In particu-
lar, the highly entangled three-dimensional
(3D) porous structure of the textile, which
enables a significantly high specific surface
area-to-volume ratio, can offer an impor-
tant alternative for power supply compo-
nents that require higher energy density
in limited areas and/or volumes. For
instance, in energy storage electrodes such
as supercapacitors (SCs) and/or batteries, a
major challenge is to balance the mass
loading of active materials to achieve high

energy density while maintaining power density or energy effi-
ciency. A practical and intuitive solution to overcome this
dilemma is the development of high-performance textile energy
electrodes using highly conductive, flexible, and porous textiles.
In particular, the use of these advanced textile electrodes, char-
acterized by their high energy density and mechanical flexibility,
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The development of highly conductive fibril-type textile electrodes is crucial for
the advancement of various smart wearable electronics including high-perfor-
mance energy storage devices. To achieve this goal, it is essential to convert
insulating textiles into conductive counterparts while maintaining flexibility and
porosity. Additionally, the incorporation of electrochemically active components
into textile conductors enables tailor-made textile energy electrodes for specific
applications. Thus, textile conductors act not only as conductors but also as
energy reservoirs for energy-active components, providing a facile electron
transfer network. However, textile conductors fabricated by most existing
methods face challenges such as low conductivity, blockage, and brittleness.
One approach to overcome these problems is to utilize interfacial interactions
between individual components and textiles. Conductive nanoparticle assembly
and electrodeposition based on such rational design result in highly conductive,
flexible, and large surface area textile conductors. The subsequent guided
assembly of active components creates high-performance textile energy elec-
trodes. This perspective describes how interfacial interaction-based assembly
can enhance the performance of textile conductors and textile energy electrodes.
It also explores various conductor preparation approaches and recent advances
in the field for applications in supercapacitors and lithium-ion batteries.
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has the potential to reduce cell size. Moreover, they can be effec-
tively integrated into pouch cell or multistacked cell designs.
These advancements have the potential to reduce unit production
costs and position these technologies to secure a significant share
of the market.[1]

The primary focus of interest in these textile electrodes, which
include both textile conductors (i.e., textile current collectors) and
textile energy electrodes, is to achieve uniform and robust
deposition of electrically conductive and/or energy storage com-
ponents (i.e., active components) throughout the entire structure,
ranging from the exterior to the interior of the insulating pristine
textile. Therefore, the successful development of textile electro-
des (i.e., textile conductors and textile energy electrodes) must
effectively unravel the diverse and complex correlations between
all electrode constituents (i.e., pristine textile, conductive compo-
nents, and active components). These complexities include
accounting for the mechanical properties and porosity of the pris-
tine textile, determining the type and thickness (or a degree of
surface coverage) of the conductive components, and establish-
ing appropriate interfacial interactions between each and every
ingredient of the electrode. In particular, the interfacial interac-
tions between the electrode components play an important role
in determining the electrical, electrochemical, and mechanical
reliability under repeated operations that entail various structural
deformations (i.e., mechanical bending, pressing, compressing,
or twisting).[2] For example, various interfacial interactions such
as electrostatic interaction between cationic and anionic compo-
nents, hydrogen-bonding interaction between amine (NH2) and
carboxylic acid (COOH) (or hydroxyl (OH)) groups, and covalent-
bonding interactions between metal (or metal oxide) and NH2

(or thiol (SH)) groups can be used for robustly incorporating
desired components into electrodes, bridging between neighbor-
ing active components, and/or depositing the active components
onto current collector.

Furthermore, such interfacial design can have a substantial
impact on the chemical properties of all exposed surfaces of
the textile electrodes, which are deeply involved in their charge
transfer kinetics.[3–5] In light of these considerations, the
development of textile electrodes for next-generation advanced
energy storage devices is highly dependent on the coating
qualities of conductive and electrochemically active components
based on complementary interfacial interactions.

In order for a textile with the abovementioned physical
advantages (i.e., mechanical flexibility and large surface area)
to be efficiently utilized as an energy electrode, it is preferentially
required to have an electrical conductivity comparable to that of
commercial metal conductors such as Ni, Cu, or Al. In this case,
it is desirable that all processes to impart electrical conductivity
are carried out by solution process under nondestructive, mild
conditions to preserve the inherent physical properties of the tex-
tiles. Basically, the electrical properties of the textile conductors
are directly influenced by the following factors: 1) the type of con-
ductive components incorporated, 2) the coating uniformity of
conductive components among the entire region of textile
substrates, and 3) their surface coverage onto the textile fibers
(i.e., packing density). In most cases, conductive components,
such as multiwalled carbon nanotubes (MWCNTs), graphene,
metal nanowires (NWs), metal nanoparticles (NPs), and/or
conducting polymers, have been incorporated into textiles using

various methods, including physical deposition of conductive
suspensions, thermal carbonization, and chemical reduction
of metal ions, for the preparation of textile conductors.[6–15]

The use of soft conductive components with versatile dimension-
ality, such as carbonaceous materials and conducting polymers,
can be advantageous in terms of mechanical flexibility and
expendable active surface area.[6–11] However, their practically
lower electrical conductivity (for MWCNTs with an electrical
conductivity of �5.15 S cm�1) or instability (for conducting
polymers) in air than that of air-stable metal NPs such as Ag
NPs (6.3� 105 S cm�1) or Au NPs (4.1� 105 S cm�1) is one of
the challenges for their efficient application in energy
electrodes.[16–18] Additionally, the above-mentioned strategies
(i.e., slurry casting, thermal carbonization, and chemical
reduction of metal ions) have generally paid little attention to
the interfacial interactions between the textile and the introduced
conductive layer, which limits the efficient control of the
structural coating quality as well as the mechanical stability of
the conductive layer. Therefore, these issues can result in rela-
tively high sheet resistance (1–103Ω sq�1) compared to that of
the bulk metal (<0.1Ω sq�1),[6–8,10,14] clogging of the porous
structure by metal agglomerates, and/or poor mechanical flexi-
bility, which can be exacerbated by the additional deposition
of energy storage components that typically have poor electrical
conductivity.

In terms of the electrical conductivity, one of the most effective
ways is to directly introduce densely packed metal NPs instead of
carbonaceous materials with intrinsically low electrical conduc-
tivity onto the numerous fibrils comprising the textile. At the
same time, all interfacial interactions between neighboring metal
NPs as well as between metal NPs and textile must also be
considered to ensure the coating uniformity throughout
the entire area. Furthermore, considering that numerous insu-
lating ligands and/or additives (polymeric linkers) between
neighboring metal NPs operate as contact resistances, their
mutual separation distance should be minimized to increase
the packing density of metal NPs. As an example, Kim et al.
reported that thousands of metal NP multilayers consisting of
a stacked free-standing film could be prepared by electrostatic
layer-by-layer (LbL) assembly based on complementary interac-
tion between anionic Au NPs and cationic insulating polyelectro-
lytes.[19] Additionally, several free-standing stacked films,
consisting of a few hundred NP layers, were thermally pressed
to create a well-connected network of Au NPs with reduced
separation distance between neighboring NPs. As a result, these
films exhibited high electrical conductivity, reaching approxi-
mately 104 S cm�1. However, it should be noted that interfacial
assembly, relying on electrostatic interactions between cationic
and anionic components in aqueous media, faces challenges
when attempting to increase the loading amounts of active com-
ponents, especially metal or metal oxide NPs. This difficulty
arises from the long-range electrostatic repulsion between the
same charged components. On the other hand, LbL assemblies,
which can also take place through hydrogen-bonding or covalent-
bonding interactions in organic media, can effectively increase
the packing density of adsorbed conductive components.
Despite environmental friendliness and easy of application of
conventional LbL assembly methods on substrates with various
and complex dimensions, still the presence of organic ligands
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existing at the interfaces of conductive components still signifi-
cantly increases contact resistance. Moreover, achieving the
desired packing density of conductive components on host
substrates requires multiple deposition processes.

Recently, it has been reported that a ligand replacement
reaction-based LbL (LRR–LbL) assembly using ligand exchange
between bulky organic ligands bound to the surface of the
metal NPs and small molecular linkers can generate the highly
flexible textile conductors with high electrical conductivity
(�105 S cm�1), while maintaining a large surface area of pristine
textile.[20–22] This approach using a small molecular linker-
induced ligand replacement significantly reduced the separation
distance between adjacent spherical-type metal NPs, which could
consequently induce the high electrical conductivity comparable
to that of the bulk metals. However, as the LRR–LbL assembly still
requires tens of metal NP multilayers, such a time-consuming pro-
cess restricts its commercial applications. Therefore, more efficient
approaches for the preparation of highly conductive textiles and the
resulting textile energy electrodes have been strongly demanded. As
an alternative, a recently introduced combinatorial approach involv-
ing LRR–LbL assembly and metal electroplating process has shown
great promise in significantly reducing the preparation time for tex-
tile conductors with bulk metal-like electrical conductivity. This is
achieved by performing metal electroplating on the textile with a
few metal NP layers (i.e., the textile with minimal electrical conduc-
tivity suitable for metal electroplating).[23–29]

To utilize textile conductors as the basis for textile energy
electrodes including SCs or various types of batteries (e.g.,
lithium-ion batteries (LIBs), lithium-sulfur (Li–S), or lithium-
air (Li–O2) batteries), active components, such as transitionmetal
oxides (TMOs), are further incorporated by the conventional
slurry casting process.[15,30–32] However, the presence of insulat-
ing polymer binders in the slurries poses a challenge to efficient
charge transfer between adjacent active components, resulting in
numerous contact resistances at their interfaces. To overcome
this limitation, a similar approach to that used for the aforemen-
tioned textile conductor can be used to form textile energy elec-
trodes. That is, by using an additional LRR–LbL assembly
technique, the active components can be robustly deposited onto
the textile conductors, resulting in high-performance textile
energy electrodes.

In this perspective, we are thoroughly investigating various
textile conductors and textile-based energy storage systems, such
as SCs and LIBs. Our investigation focuses on the critical role of
interfaces between electrode components and the conformal and
dense assembly of conductive components, and active compo-
nents on textile fibrils in determining the overall performance
of energy storage electrodes.

We begin by reviewing the fabrication of textile conductors,
which involves the use of various conductive components and
their corresponding deposition processes (Scheme 1). We con-
sider the structure and mechanical properties of the conductive
layer (film) formed on the textile surface by each approach and
examine their impact on the electrical properties of the resulting
textile conductors. In particular, we present the successful appli-
cation of the LRR–LbL assembly of conductive components,
which has led to the production of textile conductors with excep-
tional electrical conductivity. These textile conductors hold
immense potential to serve as efficient energy reservoirs and

act as current collectors for a wide range of energy storage elec-
trodes. Here, we shift our focus to textile current collector-based
SCs and LIBs, emphasizing the importance of interfacial inter-
actions in enhancing the overall energy performance of textile
energy electrodes, as well as the charge transfer kinetics between
adjacent active components within the electrodes. We review a
variety of reported approaches that have shown promise in this
regard. Finally, we briefly outline key areas for improvement in
textile electrodes to pave the way for future advances in energy
storage devices. We hope that this perspective will prove invalu-
able to the energy storage community and accelerate the research
and development of superior textile electrodes specifically tai-
lored for wearable and smart electronics applications.

2. Preparation of Textile-Based Electrical
Conductors

In general, natural textiles such as cotton, silk, and paper have
intricate porous fibril structures that are characterized by a sig-
nificantly large specific surface area, mechanical flexibility, light
weight, and suitability for seamless integration into various flex-
ible electronic applications.[32–36] However, the exceptional prop-
erties of these natural textiles also present notable challenges in
achieving a high-quality conductive layer necessary to achieve the
desired level of electrical conductivity. In particular, to fully
exploit the physical advantages of natural textiles in flexible con-
ductors, it becomes crucial to ensure sufficient surface coverage,
uniformity, density, and appropriate film thickness of the con-
ductive layer over all exposed areas of the textiles. Careful atten-
tion must also be given to avoid blockages in the voids within the
porous textile resulting from the agglomeration of conductive
components. Effective control of these coating conditions can
be more efficiently achieved by well-defined favorable interac-
tions between the electrode components, as discussed in the

Scheme 1. Schematic illustration of various approaches for the fabrication
of textile conductors applicable as current collectors for energy storage
systems, such as supercapacitors and lithium-ion batteries.
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Section 1. This critical aspect facilitates the optimal exploitation
of the properties of the textile.

The following section provides a comprehensive overview of
various approaches (casting, dipping, spraying, printing, electro-
less deposition, sputtering, electroplating, LbL assembly, etc.) to
the preparation of textile conductors, with particular emphasis on
interfacial (or surface) design. The importance of this design is
emphasized to ensure the mechanical, structural, and electrical
reliability of the textile electrode, thereby enabling its successful
incorporation in textile-based energy storage applications.

2.1. Conductive Suspension-Based Coating

The presence of numerous hydrophilic groups, such as glucose
molecules (including hydroxyl groups) and amino acids, in tra-
ditional textiles plays an important role in promoting excellent
surface wettability. This property is beneficial in enhancing
the processability of solution-based deposition techniques. As
a result, a wide range of conductive liquid–solid suspensions,
including slurries and inks containing conductive components,
such as conductive polymer or carbon compounds, can be
applied directly to textiles through conventional processes
(i.e., casting, dipping, spraying, or printing).[6,8,9,37–48] For exam-
ple, Dudem et al. fabricated electrically conductive textiles by a
simple dipping process of common wearable clothes (i.e.,
worn-out cotton textiles, WCTs) into an aqueous solution consist-
ing of a mixture of aniline hydrochloride and ammonium
peroxydisulfate, thereby inducing an in situ polymerization or
growth of polyaniline (PANI) on the WCTs (PANI@WCTs)
(Figure 1a).[38] In such deposition processes, the electrical
conductivity of the resulting textile conductors, specifically the
conductive layer deposited onto the textile surface, primarily
depends on the concentration of the conductive fillers in the sus-
pension, which is closely related to the electron percolation
behavior.[8,45,49] As a result, the electrical conductivity of the
formed PANI@WCTs exhibited a gradual increase with increas-
ing deposition time (or loading amount) of PANI, with the lowest
sheet resistance of 7800Ω sq�1 at a deposition time of 30 h
(Figure 1b). In a similar way, Xu et al. developed textile-based
current collector for Li–O2 battery cathode through a dip-coating
process, wherein the textile fabric was repeatedly dipped into a
10mgmL�1 single-walled carbon nanotube (SWCNT) ink.[47]

This approach yielded bendable and twistable textiles with excep-
tional mechanical strength. The single fiber of SWCNT-coated
textile exhibited a resistance of 1250Ω and a conductivity of
50 S cm�1, while the entire textile exhibited resistances of
approximately 227Ω and conductivities of 125 S cm�1, respec-
tively. These results showed the effectiveness of dip-coated
SWCNT networks, providing facile electron transport pathways.

In addition, it is essential to achieve optimum coating quality
for the conductive layer is paramount, as it directly affects both
the electrical conductivity and physical properties of the textiles.
This quality is highly dependent on various fluid properties of the
suspension, including viscosity, density, surface tension, homo-
geneity of the components, and dispersion stability of the con-
ductive fillers.[50–53] Furthermore, this critical property of the
conductive suspension is influenced by a complex interplay of
the content and composition of its components, such as the

conductive filler, solvent, and functional additives (e.g., binder,
surfactant, and rheology modifier). The intricate combination
of these elements plays a significant role in determining the
behavior of the fluid during the deposition process.

Paradoxically, however, such functional additives, which are
essential for achieving the desired levels of mechanical robust-
ness, structural integrity, and electrical conductivity of the textile
conductors under various mechanical deformations, can pose a
challenge by impeding facile electron communication at the
interfaces of each conductive component within the electrode
due to their insulating nature. Although various types of carbon
materials, such as carbon nanotubes (CNTs) or graphene nano-
sheets, have been continuously used in additive (i.e., binder and
surfactant)-free coating approaches based on the surface func-
tionalization or their self-bundling nature, their relatively low
electrical properties compared to bulk metals often limit the suit-
ability for applications in energy storage systems requiring high
energy and power efficiency.[54–58] On the other hand, metal
nanomaterials (i.e., metal NPs or NWs) generally require a suf-
ficient amount of polymeric binders or ligands to form a stably
and uniformly cross-linked three-dimensional (3D) network that
can effectively confine the metal components. Therefore, these
coating processes typically require additional posttreatments
such as chemical or electrical sintering, thermal annealing, laser
irradiation, and flash light welding to eliminate the insulating
polymeric species and form a well-connected conductive
(metallic) network.[59–66] For example, a flash light (e.g., xenon
lamp) sintering process with an irradiation time of a few micro-
seconds has been employed to create a well-connected metallic
layer on the flexible soft substrates, such as plastics or fabrics
(Figure 1c).[67] For this, metal nanomaterial (i.e., NP or NW)-
based layers are preferentially deposited onto the substrates
through dipping or printing of conductive suspensions. In this
case, the electrical conductivity and mechanical properties of the
resulting flexible conductors are strongly influenced by various
parameters, including the coating (deposition) quality of the
metal layer, the loading amount of metallic species, and the
energy density and pulse duration of the light irradiation.
That is, the higher amounts of metallic fillers are expected to
result in better electrical conductivity. However, achieving the
higher electrical conductivity often requires higher irradiance,
which in turn can lead to poorer mechanical properties and sig-
nificant physical damage to the textile substrates, as confirmed by
field-emission scanning electron microscopy (FE-SEM) images
(Figure 1d). Thus, it is worth noting that such posttreatment pro-
cesses can involve relatively harsh process conditions, such as
high annealing temperature or focused high-energy photonic
welding, which unfortunately limit the range of textiles that
can be effectively used in these applications.

To address this issue, researchers have explored the use of
additive-free conductive inks for inkjet or extrusion printing to
fabricate flexible or wearable electronics.[68–71] One example of
such an ink is MXene, which has high electrical conductivity
(intermediate between carbon materials and metals) and hydro-
philic surface functionality with a negative electrostatic charge.
These MXenes can be stably dispersed in water or polar organic
solvents without any additives, allowing them to be directly
printed onto flexible substrates as a current collector and
energy electrode.[68,69] Zhang et al. successfully formulated
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Figure 1. a) Schematic illustration showing the fabrication of PANI@WCT conductors via an in situ polymerization of PANI on the WCTs using a dip-
coating process. b) Deposition time (h)-dependent weight enhancement (%) and sheet resistance value of PANI@WCTs. Adapted with permission.[38]

Copyright 2019, Elsevier. c) Schematic illustration of flash light sintering process for Ag NW-fabrics. d) FE-SEM images of Ag NW-fabrics for irradiance of
0 kW cm�2 (I), 6 kW cm�2 (II), 10 kW cm�2 (III), and 16 kW cm�2 (IV), respectively. Adapted under the terms of the CC-BY Creative Commons Attribution
4.0 International License.[67] Copyright 2018, the Authors. Published by Springer Nature. e) Schematic illustration of direct MXene ink printing process on
paper substrate and the changes of f ) the surface FE-SEM images, and g) the sheet resistance as a function of printed paths. h) Extrusion printed on a
paper substrate (left), showing a great flexibility (right). Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International License.[68]

Copyright 2019, the Authors. Published by Springer Nature.
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and directly printed additive-free, concentrated MXene inks onto
untreated paper substrates for micro-supercapacitors (MSCs)
(Figure 1e).[68] By increasing the printed number through extru-
sion printing, they achieved a remarkable reduction in sheet
resistance, resulting in the creation of a well-percolated nano-
sheet network (Figure 1f,g). Notably, the elimination of the need
for a polymeric binder was made possible by the strong hydrogen
bonds formed between the multistacked MXene sheets and the
substrate. This breakthrough enabled scalable production and
enhanced mechanical stability of the printed substrates
(Figure 1h). To optimize the rheological properties of these
conductive inks, adjustments are made to the filler content
(concentration) and the properties of the organic solvent, which,
in turn, depend on the type of substrate to be coated.[72] However,
the need for a high filler content to ensure high resolution
and electrical conductivity can result in poor penetration
behavior into highly porous textile substrates, limiting the full
utilization of the physical advantages of the textile, such as its
large specific surface area that ensure mass loading of active
components.

An alternative approach to achieve high electrical conductivity
while preserving the physical and mechanical properties of soft
textiles is the room temperature sintering of metal NPs.[65,66,73]

This phenomenon is driven by the reduction of the diffusion
barrier for metal atoms at the interface between adjacent metal
NPs, which can be induced through proper surface design of the
NPs to minimize the surface chemical potential. For example,
the introduction of specific surface-active organic molecules to
the as-deposited metal NP-based film leads to the desorption
of native polymeric stabilizer (ligand) bound to the NP surface,
destabilizing the metal atoms on the surface.[65,66] This process
triggers the spontaneous coalescence of adjacent metal NPs
through atomic diffusion and surface relaxation on the NP sur-
face to reduce the surface energy,[74,75] resulting in the formation
of a stable interconnected metallic network. Importantly, this
approach requires a sufficiently short interparticle distance to
facilitate atomic diffusion, which can be achieved through a
concentrated, homogeneous metal NP-based suspension.
Consequently, the room-temperature sintering in a metal NP
suspension-based coating process can occur in densely packed
NP arrays after solvent evaporation. Given that the spontaneous
coalescence of metal fillers under mild conditions (i.e., room
temperature) is more favorable at the nanoscale,[76,77] the proper
optimization of the metal NP contents and the rheological prop-
erties (especially viscosity) is one of the essential challenges to
effectively utilize the textile substrates.

2.2. Chemical Deposition for the Preparation of Metallized
Textile Conductors

The preparation of metallized textile conductors using a solution-
based chemical deposition process provides an efficient and
effective means of creating a conductive layer on textiles with
hydrophilic groups. This deposition method is carried out under
relatively mild conditions, which ensures a comparatively uni-
form surface coverage of metal components onto textiles, while
maintaining mechanical reliability. In this section, we present a
range of representative chemical deposition approaches that

utilize different driving forces for the successful creation of
metallized textile conductors.

2.2.1. Catalytic Self-Reduction of Metal Ions

Spontaneous chemical reduction of metal ions without an
external electric current can be achieved by precisely adjusting
the content of functional reagents (such as reducing agents,
stabilizers, and buffers) in the reacting bath.[78] In this case,
the quality of metal plating on the textile substrate largely
depends on the adsorption behavior of the active components.
To ensure a uniform and strong adsorption of catalytic active
sites capable of anchoring and reducing the metal ions, the textile
surface should be carefully functionalized (sensitized) using var-
ious vapor- or solution-phase deposition methods.[14,15,79–85] One
highly efficient solution-based sensitization process is polymer
matrix-assisted electroless plating, which allows well-defined
and strong interactions between the polymer matrix and the cat-
alysts as well as between the textile substrate and the polymer
matrix.[15,86–88] That is, in the case of grafting functional poly-
mers onto the textile surface, they immobilize the ionic catalyst
complex by electrostatic attraction and act as reduction sites for
metal ions. For example, Lin et al. successfully fabricated a
stretchable knitted-textile conductor by polymer-assisted copper
(Cu) electroless deposition process (Figure 2a).[88] In this study, a
polymer matrix (i.e., polydopamine, PDA) was formed by
immersing textile in a dopamine solution (pH 8.5) and polymer-
ized at room temperature for 12 h, which provided anchoring
sites for the PdCl4

2� catalyst to form the subsequent Cu layer
in the electroless deposition process. As a result, the Cu textile
exhibited a low sheet resistance of �0.32Ω sq�1 and exhibited
500% stretchability with a high level of conductivity retention
(�2.0Ω sq�1) (Figure 2b).

During this electroless plating (i.e., chemical reduction) pro-
cess, the electrical conductivity gradually increases over time due
to the progressive formation of a thick and robustly bondedmetal
layer on the substrate by rapid and continuous reduction of metal
ions.[85,86,89] However, this characteristic can also lead to the
uneven distribution and aggregation of metal clusters, potentially
clogging the pore structures of the textile and significantly
limiting its physical properties. In addition, chemical impurities,
such as residual catalysts or reducing agents within the formed
metal composite layer, may hinder the efficient achievement of
higher electrical conductivity, especially in thinner metal layers.
Therefore, achieving high-quality textile electrodes requires a
precise control of the process parameters.

2.2.2. Metal Electroplating Deposition

Another effective approach to convert insulating textiles into
metallized textiles is a metal plating deposition by the chemical
reduction of metal ions under an external current.[90] In this
case, the uniform contribution of the external current
applied to the substrate during metal electroplating is a critical
parameter that ensures the formation of a high-quality con-
ducting or functional layer. However, for metal electroplating
of nonconductive flexible substrates like natural textiles, a
conductive seed layer with adequate electrical conductivity
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should be preferentially coated onto insulating textiles by
various physical and chemical deposition methods such as
autocatalytic deposition and sputtering.[91–94] Additionally,
the precise control of the externally applied electric field can
induce the formation of highly uniform metallized layer onto
the textile surface.

Metal electroplating on the conductive seed layer-coated textile
(i.e., conductive textile) induces atom-to-atom interdiffusion into
lattice vacancies, a process known as interfacial site exchange.
This phenomenon results in strong interfacial adhesion between
conductive seed layer and electroplated metal layer, and further-
more generates a robust metallic structure.[95] However, the

Figure 2. a) Schematic illustration of polymer (PDA)-assisted electroless deposition process and digital images corresponding to each process step: (I)
pristine fabric, (II) PDA-coated fabric, and (III) Cu-coated fabrics. b) Digital images for mechanical stretching test of Cu-coated fabric. Adapted with
permission.[88] Copyright 2019, American Chemical Society. c) Schematic diagram of the preparation of conductive silk textiles (CSTs) through carboni-
zation/interfacial assembly-induced metal electroplating method. Water contact angle of d) commercial carbon cloth and e) NH2-CST. f ) FE-SEM and the
corresponding energy-dispersive X-ray spectroscopy (EDX) mapping images of electroplated NiFeCo-CSTs. Adapted with permission.[97] Copyright 2022,
the Authors. Published by The Royal Society of Chemistry.
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interfacial interaction between textile surface and conductive
seed layer is essential for ensuring reliable mechanical and elec-
trical performance of the resulting metallized textile conductors.
Unfortunately, studies on this aspect have been considerably
limited.

An alternative approach for enhancing interfacial adhesion is
the carbonization of textile materials. Through a high-temperature
carbonization process in an inert environment, the formation of
a conjugated system from sp2 hybridized carbon structure pro-
vides an electron transfer pathway, which converts an insulating
textile into a conductive textile while retaining some degree of
mechanical flexibility without additional chemical and physical
treatments.[96–100] For example, Shin et al. reported on the
utilization of a Li–S copolymer cathode, which employed a
Ni-electroplated textile-based current collector. This collector
was prepared through the process of electroplating Ni onto car-
bonized cotton textile (i.e., EP-CT).[98] The resulting EP-CT dem-
onstrated an exceptionally low sheet resistance of �0.01Ω sq�1,
while maintaining a highly porous structure and a large surface
area without any metal agglomeration at its surface. Moreover,
these EP-CTs proved to be effective current collectors and reser-
voirs for accommodating high loadings of sulfur copolymers,
owing to their extensive surface area and the favorable interfacial
interaction between the electroplated Ni layer and the sulfur
copolymers. In a related advancement, recent research con-
ducted by Mo et al. has successfully transformed protein-based
silk textiles into electrically conductive textiles, known as conduc-
tive silk textile. This transformation was achieved through the
process of carbonization combined with interfacial assembly-
induced metal electroplating (Figure 2c).[97] In this study, the
surface of the carbonized CSTs can be further modified with
hydrophilic functional organics (i.e., amine (NH2)-functionalized
small organic molecules; tris(2-aminoethyl)amine, TREN)
through subsequent acid treatment. As confirmed by the water
contact angle test, this surface modification using the hydrophilic
organics (TREN) enables the complete wetting of water, in con-
trast to the commercial carbon cloth without surface modifica-
tion (Figure 2d,e). This phenomenon can induce the favorable
interfacial interaction between the hydrophilic functional organ-
ics of carbonized textile and the electroplated metal layer,
ensuring uniform and stable metal layer on the CST surface.
Furthermore, this approach can also allow efficient and uniform
incorporation of various electrochemically active metal/metal
oxide materials (e.g., NiFeCo) through additional electroplating
for flexible energy electrode applications (Figure 2f ). However,
the conversion of organic composition and chemical structures
of natural fibers into comparatively brittle carbon-rich structures
of carbonized fibers must accept some loss of mechanical flexi-
bility of the textile.

Another promising approach is the deposition of metal NP-
based thin films using an LRR–LbL assembly technique.
Metal NPs dispersed in a nonpolar solvent can be covalently
bonded to NH2-functionalized small organic molecules due to
the high affinity between the surface of metal NPs and the amine
groups of organics, forming a densely and uniformly packed
metal NP-based thin layer on the textile surface. This arrange-
ment allows efficient electron transfer between neighboring
metal NPs, leading to high electrical conductivity suitable for effi-
cient electroplating. Moreover, the electrical conductivity of the

LbL-assembled metal NP film can be further improved by adjust-
ing the number of deposition layers, enabling the achievement of
bulk metal-level electrical properties without the need for addi-
tional metallization processes. The details of this approach are
discussed in the following section.

2.3. Self-Assembly of Metal Nanoparticles

The direct deposition of the as-synthesized, high-quality (e.g.,
controlled size and narrow size distribution) metal NPs onto
the textile can be more suitable than employing the spontaneous
metal ion reduction processes. Additionally, self-assembly of the
metal NPs, based on the well-defined, strong interactions
between each NP and the substrate, is more favorable to form
a thin film with highly uniform structure, which can minimize
the loss of mechanical and physical properties of the textiles.

The organic ligands (i.e., stabilizer) attached to the NP surface
not only provide size uniformity and dispersion stability in the
desired solvents but also serve as binding sites (mainly through
hydrophilic moieties) for the complementary interaction with
other functional materials.[101] However, the insulating property
of organic ligands, especially those with long and/or bulky chains
that provide higher dispersion stability in nonpolar solvents,[102]

can significantly impede electron transfer at the interfaces, both
between adjacent NPs and between NPs and the substrate.
Recently, our group and coworkers reported a ligand engineering
(i.e., replacement)-mediated LbL assemblies of metal NPs for the
preparation of textile conductors with high electrical and
mechanical performance under mild conditions. In this section,
we discuss the recent progress and impacts of the LbL assembly
approach, which involves the proper surface (or interface) design,
for the preparation of highly conductive textile electrodes.

2.3.1. Ligand Replacement Reaction (LRR)-based Layer-By-Layer
(LbL) Assembly

The LbL assembly method is a versatile solution process that
allows the preparation of thin film-type nanocomposites with tai-
lored functionalities based on well-defined complementary inter-
actions between the material components on various types of
substrates.[103] Traditional LbL assemblies are mainly carried
out based on the electrostatic attraction of oppositely charged
components in aqueous media and/or the hydrogen-bonding
interaction in aqueous or alcohol media, which allow precise con-
trol of the physical and chemical properties through the adjust-
ment of various experimental parameters (Figure 3a,b).[19,104–109]

However, the conventional LbL assemblies of metal NPs with
charged capping ligands (i.e., stabilizers) have difficulty in
achieving the densely packed NP arrays (i.e., large interparticle
distance) due to the long-range electrostatic repulsion between
same charged NPs. Furthermore, large amounts of organic
ligands remaining at NP–NP interfaces within the formed com-
posite films significantly increase contact resistance and electron
scattering, leading to a higher electrical percolation threshold.

Alternatively, it has been reported that hydrophobic metal (or
metal oxide) NPs can be directly LbL assembled with hydrophilic
small-molecule linkers via covalent bonding interactions in
organic media.[110–114] In this process, the hydrophobic organic
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Figure 3. Schematic illustration of traditional LbL film deposition process based on a) electrostatic attraction and b) hydrogen-bonding interaction.
a) Adapted with permission.[106] Copyright 2008, American Chemical Society. b) Adapted with permission.[109] Copyright 2008, American Chemical
Society. c) Schematic illustration of LRR–LbL assembly. d) FE-SEM and EDX images of (TOABr-Au NP/TREN)10-coated textile (scale bars indicate
500 μm (left), 200 μm (inset), and 20 μm (right), respectively). e) Sheet resistance and electrical conductivity property of (TREN/TOABr-Au NP)n-coated
textiles as a function of the bilayer number (n). d,e) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license.[20]

Copyright 2017, the Authors. Published by Springer Nature. f ) Atomistic molecular dynamic (MD) simulation results showing the minimum separation
distance between adjacent Ag atoms separated by TAA molecules in bulk Ag lattice as a function of surface coverage ratio (STAA/SAg). g) Bending cycle
number-dependent electrical property (σ/σ0, where σ0 indicates the electrical conductivity of the initial state) of Ag NP-coated textile conductors.
h) Photographs of crumpled Ag NP-coated textile conductor connected to a red LED. Adapted with permission.[22] Copyright 2019, Wiley-VCH.
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ligands loosely bond to the NP surface are effectively removed
and replaced by the incoming organic linkers during LbL assem-
bly (Figure 3c). This LRR takes place because organic likers have
a stronger binding affinity to the NP surface, which is attributed
to the presence of high-affinity functional groups (e.g., halides
and amines) and/or chelate effects.[115–117] This LRR–LbL assem-
bly is characterized by the fact that the interparticle distance
within the LbL-assembled metal NP-based films can be signifi-
cantly reduced by modulating the molecular weight (related to
the chain length or size) of the organic linkers, thereby enabling
both high NP-packing density and the reduction of contact resis-
tance. Based on this approach, Ko et al. reported a metallic textile
conductor via a small molecule linker (TREN)-mediated LRR–
LbL assembly of hydrophobic Au NPs (stabilized by tetraoctylam-
monium bromide, TOABr) and applied it as a current collector
for flexible all-solid-state SCs.[20] Specifically, the hydroxyl group
(OH)-functionalized cellulose paper textile was first immersed in
TREN solution (in ethanol) for an adequate adsorption period.
Subsequently, it was thoroughly rinsed with pure ethanol and
air-dried, respectively. Following these steps of immersing, rins-
ing, and drying, the outermost layer of textile was effectively
coated with NH2-functionalized TREN linker through hydrogen
bonding interactions. The resulting TREN-coated textile was then
immersed once more time in TOABr-Au NP solution (in tolu-
ene). Afterward, it underwent a similar process of thorough rins-
ing with pure toluene and air-drying. In this case, the NH2

groups within the TREN linker establish a robust coordination
bond with the Au NP surface, leading to the displacement or
substitution of the bulky TOABr ligands on the NP surface.
This process culminates in the formation of a single bilayer.
As these iterations were repeated, accumulating up to ten
bilayers (referred to as (TOABr-Au NP/TREN)10), the formed
LbL-assembled Au NPmultilayers demonstrated exceptional cov-
erage deposition and an impressive packing density across the
entire textile, spanning from its outermost layer to the interior
(Figure 3d). This deposition process seamlessly preserved the
textile’s physical properties and maintained its metallic conduc-
tivity (Figure 3e). Similarly, tetraoctylammonium thiosulfate
(TOAS)-stabilized Ag NPs have been successfully assembled with
NH2-functionalized linkers such as TAA (note, in this study,
TREN is denoted as TAA) using the aforementioned LRR–LbL
assembly on commercially available cellulose textiles. This dem-
onstrates their potential utility as a textile current collector and
reservoir with the capacity of a substantial mass loading of elec-
trochemically active NPs.[22]

Interestingly, this small molecule linker-mediated LRR–LbL
assembly could theoretically imply that a single-molecule linker
could bridge adjacent metal NPs at the interfaces, potentially
reducing the interparticle distance to the subnanometer scale
(Figure 3f ).[21,22] Such phenomenon can induce the room-
temperature metallic fusion (i.e., sintering) between adjacent
metal NPs with low cohesive energy (2.95 eV per Ag atom;
3.81 eV per Au atom), forming a well-connected metallic net-
work. Additionally, the metal NP multilayered films assembled
in the organic media exhibited high packing density value about
60% in cubic volume, which could not be achieved in conven-
tional electrostatic interaction LbL assembly in aqueous media
(<30%). Consequently, the LRR–LbL-assembled metal NP films
exhibited bulk metal-level electrical conductivities even at

thicknesses of only a few hundred nanometers. It is also highly
advantageous for maintaining both the structural integrity of the
conductive films and the inherent mechanical properties of the
pristine textile under continuous mechanical deformation (i.e.,
bending and crumpling) due to the formation of strong covalent
bonds among all components (Figure 3g,h).

2.3.2. LRR–LbL-Induced Electroplating

In general, the LbL assembly processes have been considered to
be time consuming due to the significant influence of the num-
ber of layers deposited on the desired output performance.
Additionally, the LbL process often requires extended adsorption
time to achieve the sufficient deposition of each component.
Similarly, the electrical conductivity of the LRR–LbL-assembled
metal NP film is affected by the layer number, which is directly
related to the metal NP content.

As mentioned in the previous section, metal electroplating can
produce a well-connected robust metallic layer on the textile sur-
face coated with a conductive seed layer in a relatively short depo-
sition time, ranging from minutes to tens of minutes.[118–121]

Since the quality of the conductive seed layer is paramount in
the electroplating process, the LRR–LbL-assembled metal NP
thin film, which exhibits high electrical conductivity and struc-
tural stability even in nanometer-thick layers, may be a promis-
ing alternative for forming the conductive seed layer. This
possibility has been recently demonstrated by systematically per-
forming the metal electroplating on the LRR–LbL-assembled
metal NP layer (i.e., seed layer)-coated textiles.[23–29] In this case,
the electrical properties of the seed layer were optimized to
achieve a sufficiently low sheet resistance. This optimization
allowed for an efficient application of the metal electroplating
process by minimizing the number of metal NP layers. As a
result, process efficiencies were remarkably improved, ensuring
a more effective and streamlined production. For example, Woo
et al. reported that various metals (Ni, Cu, and Ag) can be uni-
formly electroplated onto the various types of textile substrates
with only a few layers of only LRR–LbL-assembled tetraoctylam-
monium (TOA)-stabilized metal NPs (i.e., TOA-Au NPs, TOA-Ag
NPs, or TOA-Cu NPs) (Figure 4a,b).[23] Specifically, when Ni
electroplating was performed onto the LRR–LbL-assembled textile
substrates, the resulting textile conductors exhibited an extremely
low sheet resistance of 0.08Ω sq�1 and effectively maintained
their electrical conductivity even during various forms of mechan-
ical deformation, outperforming Ni-electroless deposited textile
conductors (i.e., Ni-ELP) (Figure 4c–e). Importantly, this approach
demonstrated approximately seven times faster processing rates
and more than three times improved electrical properties, while
maintaining a similar thickness of the conductive layer on the tex-
tile (approximately 200 nm thick), compared to the LRR–LbL-only
process using the samemetal NPs (Au NPs).[20] These results hold
significant implications, as they not only overcome the efficiency
limitations of the LbL assembly method but also offer a promising
alternative for fabricating high-quality textile conductors. The inte-
gration of this approach with a well-established commercial elec-
troplating technique represents an exciting avenue for the
production of advanced textile-based conductors with outstanding
performance.
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In addition, the precise electroplating of metals with reliable
chemical stability over a wide range of potentials opens up new
possibilities for the use of textiles as current collectors in
high-energy electrochemical energy storage devices, such as

LIBs. To this end, Nam et al. have successfully fabricated
high-quality aluminum (Al)-electroplated textile, specifically
cotton-based current collectors for LIB cathodes, using the
LRR–LbL-assembled metal NP seed (TOA–Au NP, TOA–Cu

Figure 4. a) Schematic illustration of LRR–LbL-induced metal electroplating for the fabrication of textile conductors. In this process, TOA-stabilized Au
NPs were preferentially LbL-assembled with TREN molecules to form a seed layer for electroplating. b) Photographs and FE-SEM images of textile
conductors through electroplating of Cu (Cu-EP), Ag (Ag-EP), and Au (Au-EP) onto LRR–LbL-assembled textiles (i.e., (TOA-Au NP/TREN)4-coated tex-
tiles). c) Sheet resistance values of textile conductors as a function of Ni electroplating time (min) and external current density (mA cm�2). d) Comparison
of the change in electrical conductivity (σ/σ0) of Ni-EP and Ni-ELP under repeated bending cycle. e) Photographs of Ni-EP textile conductors with an LED
connection in flat and bent states. Adapted with permission.[23] Copyright 2021, Wiley-VCH. f ) Cross-sectional FE-SEM and EDX mapping images (scale
bar, 10 μm) of Al-ETs. g) Comparison of mechanical stability of Al-EP and chemical reduction reaction-based Al textile under repeated crumpling tests.
Adapted with permission.[25] Copyright 2021, AIP Publishing.
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NP, and TOA–Ag NP)-assisted electroplating method in an ionic
liquid-based reaction bath.[25] In this case, the choice of an ionic
liquid electrolyte was crucial to prevent the formation of a pas-
sivating oxide layer (i.e., Al(OH)3) on the pure Al metal surface
due to its reaction with water. As a result, the Al-electroplated
textile (Al-ET) formed a well-covered, uniform conductive layer
(Figure 4f ). Remarkably, the Al-ETs exhibited an impressive elec-
trical conductivity and maintained their electrical and structural
properties, even under several mechanical deformations like
repeated crumpling and bending cycles (Figure 4g). These
results were in sharp contrast to Al-textiles prepared by the
chemical reduction of Al ions, which suffered a substantial loss
of electrical properties after only a few tens of crumpling cycles.
The outstanding structural robustness of the Al-ETs can be
attributed to the well-defined, strong interfacial interactions
between each metal layer (i.e., metal NP-based seed layer, Ni sub-
layer, and Al layer) and between the seed layer and the textile
substrate (as detailed in Section 2.2.2).

These impressive results of the LRR–LbL-induced electroplat-
ing approach in the preparation of textile conductors clearly dem-
onstrated the key role of well-designed interfacial structures,
achieved through surface chemistry control, in determining
the electrical, physical, and mechanical properties of the result-
ing textile conductors. This approach holds great promise for the
development of advanced textile-based conductors with improved
performance and durability.

3. Application of Textile Conductor to Energy
Electrodes

One of the major advantages of using textile materials (i.e., natu-
ral textiles) as current collectors in energy storage systems is the
ability to maximize energy density by achieving a higher mass
loading of the active components within a limited area/volume
of the electrode. This goes beyond simply increasing the
amounts of active components per unit area and focuses on opti-
mizing the electrode design to minimize the increase in cell
impedance as a function of active layer thickness. This optimi-
zation is achieved by the uniform deposition of active compo-
nents on the surface of textile conductors, which serve as
textile current collectors in the following section.[47,98,122–124]

The conventional slurry casting method has long been the
standard in producing energy storage electrodes, using commer-
cial metal foils as current collectors. However, this method
comes with notable limitations in efficiently utilizing the exten-
sive surface area and porous structure offered by textile sub-
strates. Additionally, the relatively poor mechanical properties
(e.g., higher Young’s modulus and stiffness) of the thick
slurry-cast active layer compared to the textile conductors,
together with insufficient interfacial interaction between the
active layer and the textile conductor, pose significant challenges
in achieving the desired levels of mechanical stability. This issue
also contributes to poor electrochemical cycling performance as
the active layer is easily delaminated from the textile conductor
during lithiation/delithiation process.[125] In addition, the physi-
cal mixing of active components, such as carbon-based materials,
TMOs, conducting polymers, may not adequately address several
structural limitations, including inhomogeneity, agglomeration,

and sedimentation of components within the resulting active
layers.[4,126]

It is important to note that incorporation of active components
into textile energy electrodes is in line with the previously dis-
cussed perspective of introducing conductive components for
high-quality textile conductors. In other words, the successful
and efficient development of textile energy electrodes requires
an appropriate electrode structural design that clearly defines
continuous and strong interactions at all interfaces of the newly
integrated active layer onto the textile conductors. These consid-
erations have a direct impact not only on the structural integrity
of the textile electrodes but also on the charge transfer kinetics at
the interfaces within the electrode.

In this context, we further explore the influence of interfacial
design on the structural stability and interfacial charge transfer
behavior (related to cell impedance) of textile energy electrodes,
specifically the assembly of the active layer onto textile conductor,
under successive electrochemical sweeps and/or mechanical
deformations. Furthermore, we introduce a few important
approaches for balancing the high mass loading of active
components and high electrical conductivity. It is important to
clarify that, unless otherwise specified, the term “textile
current collector” in the following sections refers to the “textile
conductor” mentioned earlier.

3.1. Interfacial Engineering for Structural Integrity

The lack of strong interfacial adhesion between the active layer
and the surface of the textile current collector can lead to serious
structural damage such as delamination and cracking when sub-
jected to various mechanical, residual, and/or electrochemical
stresses. These problems become more pronounced as the
amount of bulky active components increases to achieve higher
areal energy densities, further compromising the performance
efficiency of the textile energy electrodes.

In terms of tolerance to the various mechanical deformations
mentioned earlier, soft materials (e.g., conducting polymers, aro-
matic organic compounds, metal–organic frameworks (MOF),
carbon materials, etc.) with redox-active functional groups
coupled with energy storage capability may hold potential as
preferred candidates for active components in high-energy
textile electrodes, compared to bulky and rigid inorganic active
materials.[127–134] Of particular note are the hydrophilic groups
present on organic active materials. These groups not only pro-
vide excellent dispersion stability in water or polar solvents such
as alcohol but also facilitate well-defined interfacial interactions.
These interactions include electrostatic attraction and/or hydro-
gen bonding between the individual electrode components,
resulting in robust interfacial adhesion stability.[132,133,135] For
example, Wang et al. reported the preparation of flexible solid-
state SCs through electrostatic interaction-based spray-LbL
assembly.[133] This assembly involved negatively charged
graphene quantum dot-reduced graphene oxide (GQD-rGO)
and positively charged polyaniline (PANI) (i.e., (GQD-rGO/
PANI)n), which were deposited onto commercial carbon fiber
cloth (CFC) in aqueous solution (Figure 5a). Thanks to the revers-
ible leucoemeraldine-emeraldine-pernigraniline transitions of
PANI and the oxygen-containing groups (–OH) on GQD from
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Figure 5. a) Schematic illustration of the preparation of textile energy electrode based on the electrostatic interaction LbL assembly of GQD-rGO and
PANI. The FE-SEM images in Figure 5a depict the surface morphology and coating quality of each electrodes. b) CV curves at a scan rate of 50 mV s�1 and
c) the corresponding maximum areal capacitance (mF cm�2) of (GQD-rGO/PANI)n (n= 1, 5, 10, 15, 20, and 25), PANI, and GQD-rGO composite-based
textile energy electrodes. Adapted with permission.[133] Copyright 2019, American Chemical Society. d) Schematic illustration for the preparation of textile
energy electrode based on LRR–LbL assembly of OA-TMO NPs and TREN molecules onto textile conductor (i.e., textile current collector). Adapted with
permission.[22] Copyright 2021, Wiley-VCH. e) CV curves of metallic paper (MP)- and nonporous (flat) substrate-based textile energy electrodes with same
mass loadings of TMO NPs (i.e., MnO NPs) at a scan rate of 50mV s�1. f ) Capacity retention (%) of all-solid-state asymmetric SCs composed with
LRR–LbL-assembled textile energy electrodes under repeated mechanical deformation cycles. Adapted under the terms of the CC-BY Creative
Commons Attribution 4.0 International license.[20] Copyright 2017, the Authors. Published by Springer Nature. g) Areal capacity (mAh cm�2) of
(DA-LiFePO4/MWCNT)-coated textile energy electrodes with different folding numbers. h) FE-SEM images of (DA-LiFePO4/MWCNT)-coated textile
energy electrodes at unfolded (top) and folded (bottom) states i) Electrical property (Ω/Ω0, where Ω0 indicates a resistance of the initial state
before the test) of (DA-LiFePO4/MWCNT)30-coated textile energy electrodes under repeated bending cycles. Adapted with permission.[139] Copyright
2021, Wiley-VCH.
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the subsequent cyclic voltammetry (CV) redox peaks scanned at
50mV s�1, the resulting (GQD-rGO/PANI)n-based SCs exhibited
a maximum areal capacitance of 82.9 mF cm�2 at a current den-
sity of 0.1 mA cm�2 (Figure 5b). Notably, the performance of the
SCs showed a gradual improvement with increasing the number
of sprayed layers (n), indicating a close relationship between the
energy storage capability and the bilayer number (or loading
amounts) of the active layer, referred to as (GQD-rGO/PANI)n
multilayer (Figure 5c). However, it is crucial to acknowledge that
during the LbL deposition process, the electrostatic repulsion
between identically charged active components limits the loading
amounts of active components per layer. This limitation results
in a significant need for a large number of bilayers, leading to
inefficiencies and time-consuming efforts to achieve the desired
high energy density for SCs. Moreover, further increase in the
bilayer number (n> 20) leads to dense and nonuniform
film deposition with partial agglomeration of the charged
components, which can be observed in the electrostatic
attraction-induced LbL assembly of particulate materials.[136,137]

This phenomenon can not only hinder fast and efficient ion
(electrolyte) penetration into the interfaces but also result in poor
structural stability.

As discussed in a previous section, the LRR–LbL assembly
method offers a solution by enabling the formation of robust
thin films consisting of uniformly and densely packed active
component arrays that effectively cover the entire exposed sur-
face of the textiles through well-defined interfacial interactions.
Importantly, this assembly approach can be readily applied to var-
ious high-energy TMO NPs (e.g., RuO2, MnO2, Fe3O4, Co3O4,
LiFePO4, etc.), allowing for the sequential deposition of
high-quality active layers onto the LRR–LbL-assembled textile
conductors without causing significant structural damages or
interfacial mismatches. This was systematically demonstrated
by successfully integrating high-energy TMO NPs, such as
manganese oxide (MnO) NPs or magnetite (Fe3O4) NPs, into
LRR–LbL-assembled textile current collectors via the same ligand
replacement mechanism (Figure 5d).[20,22,23] In this process, the
high-crystalline TMO NPs stabilized by bulky oleic acid (OA)
were LbL-assembled with NH2-functionalized small-molecular
organic linkers in organic media through strong covalent bond-
ing. During this assembly, the native hydrophobic ligands on the
TMO NP surface were replaced by the NH2 groups of the small
molecule linkers, resulting in the formation of densely packed
thin-film structures with numerous nanopores between neigh-
boring NPs. Interestingly, the LRR–LbL-assembled TMO NP
arrays exhibited significantly high mass densities comparable
to a random close packing density (�64%) for identical spherical
solids in a cubic volume.[138] As a result, the LRR–LbL-assembled
pseudocapacitive TMO NP layer-based textile SCs demonstrated
superior specific capacitances compared to nonporous flat
substrate-based electrodes (Figure 5e), with excellent capacity
retention of over 90% of the initial values after 5000 cycles,
regardless of the mass density of TMO NPs. Furthermore, the
all-solid-state asymmetric SCs systems composed of MnO
NP- and Fe3O4 NP-based textile energy electrodes effectively
maintained their electrochemical performance up to �90% even
under thousands of consecutive bending deformations,
demonstrating the excellent structural integrity of the
LRR–LbL-assembled films (Figure 5f ).

One of the ultimate challenges for textile-based energy electro-
des (or conductors) is whether their electrical and/or electro-
chemical properties can be reliably maintained even under
extremely harsh mechanical stresses such as fully folded or
crumpled states with sharp edge curvatures, which are likely
to occur in everyday life. Kwon et al. fabricated a textile-type
LIB cathode by the LRR–LbL assembly between dioleamide-
stabilized lithium iron phosphate (DA-LiFePO4) NPs and
NH2-functionalized MWCNTs, which could be increased propor-
tionally with the increase in the folding number without notice-
able changes in the electrochemical overpotential (Figure 5g).[139]

These results were mainly attributed to the structural stability of
the LRR–LbL-assembled LiFePO4 NP composite layer, which
exhibited no mechanical delamination or cracks even in a fully
folded state (Figure 5h), and also showed stable electrical prop-
erties even after 5000 repeated bending cycles (Figure 5i). This
was in stark contrast to the slurry-cast textile electrode, which
showed very poor interfacial adhesion behavior.

The LRR–LbL assembly technique provides an intriguing plat-
form to effectively exploit the physical nature of the pristine tex-
tiles in the preparation of textile energy electrodes, but the folded
layer number-dependent behavior on the output performance is
one of the challenges that should be addressed for practical appli-
cations. Although the simple folding approach can greatly
increase energy storage performance in a limited electrode area,
the thickened electrode thickness, mainly due to the textile itself,
can lead to mechanical flexibility problems.

Recently, Yong et al. have reported an electrochemically active
textile current collector (i.e., EP Cu-textile) for LIB anodes by
hydrogen-bonding/LRR–LbL assembly-induced Cu electroplat-
ing on a commercially available cotton textiles (Figure 6a).[29]

Specifically, Au NP-MWCNT multilayers were preferentially
deposited onto the cotton textiles, which was converted
into the conductive textile suitable for Cu electroplating
(Figure 6b). After this Cu electroplating process, all components
within the textile electrode (i.e., electroplated Cu layer, Au NP
seed layer, MWCNT multilayer, and cotton textile) were strongly
assembled through well-defined interfacial interactions involving
hydrogen bonding and covalent bonding. Additionally, this study
highlights that the Cu electroplating method under mild condi-
tions yields a high-quality Cu layer with a partially oxidized CuOx

thin layer on the conductive textile. This unique combination
enhances electrochemical performance and durability, present-
ing a notable contrast to chemical reduction-induced Cu textiles
(CR Cu-textile), as depicted in Figure 6c–f. Furthermore, these
results strongly suggest that the EP Cu-textile can serve as an
excellent current collector for incorporating energy materials
such as lithium titanate (Li4Ti5O12, LTO), which is used as a
LIB anode material. Additionally, it possesses energy reservoir
properties, allowing it to function as the textile energy electrode
itself. Remarkably, this dual functionality of a textile in an energy
storage device has not been reported previously.

The authors described this phenomenon as a result of the syn-
ergistic effect between 1) the reversible formation/dissolution of
polymeric gel-like phase promoted by well-dispersed copper
oxide NPs and 2) the newly formed flower-like 3D structure dur-
ing continued GCD cycling (Figure 6g). These results evidently
demonstrate that the fine control of the interfacial interactions
existing between different electrode components has significant
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effect on the mechanical stability and energy storage perfor-
mance of textile electrodes.

3.2. LRR–LbL Design for Improving Interfacial Charge Transfer
Kinetics

Energy storage systems face a critical dilemma between energy
and power efficiency. While 3D-structured textile current collec-
tors offer higher mass loading of high-energy active components,

resulting in increased areal energy density compared to conven-
tional metal foil-based systems,[140] the sluggish charge transfer
kinetics between neighboring active components with poor elec-
trical conductivity remains a significant obstacle to achieving the
desired energy storage performance. To overcome this challenge,
it is essential to achieve a uniform deposition of an active layer
with well-defined charge transfer pathways.

In general, conventional methods such as hydrothermal, sol-
vothermal, or electroless plating have been used to chemically
grow active components onto textile current collectors, resulting

Figure 6. a) Schematic illustration for the preparation of an electrochemically active textile current collector for LIB anodes through hydrogen-bonding/LRR
LbL assembly-induced Cu electroplating process onto a commercially available cotton textile. The FE-SEM images show surface morphology of each textile.
b) Comparison of specific surface area between the TOABr-Au NP/(COOH-MWCNT/TREN)5-coated textile (Au NP-MWCNT) bare textiles and the bare textile
through the Brunauer Emmett–Teller (BET) method. c) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) profile of Cu-electroplated/Au-sputtered
Si wafer prepared from thermal annealing under atmosphere conditions. Suggesting a partially oxidized outermost thin layer (CuO/Cu2O mixture) on the
prepared textile conductor. d) CV curves of EP Cu-textile at a scan rate of 0.1mV s�1. e) Cycling stability and coulombic efficiency (%) of EP Cu-textile at a
current density of 1.75mA cm�2. f ) Areal capacity (mA h cm�2) of EP Cu-textile, CR Cu-textile and Cu-foil at 0.875mA cm�2. g) FE-SEM images of EP Cu-textile
after various GCD cycles (scale bar, 500 nm). Adapted with permission.[29] Copyright 2023, Elsevier.
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in the creation of a well-covered, thin active composite
layer.[141–144] In a study presented by Yu et al. MnO2

nanosheet-coated carbon fiber electrodes were fabricated using
a hydrothermal technique and then integrated into all-solid-state
asymmetric SCs along with graphene-coated carbon fiber-based
negative electrodes (Figure 7a).[143] To achieve this, the carbon
fibers were pretreated by immersion in hydrochloric acid.
This treatment facilitated the adsorption of hydrogen and

chloride ions, which served as nucleation and growth sites for
MnO2 nanosheets. The growth of MnO2 nanosheet arrays on
the carbon fibers was uniform and perpendicular (see the
FE-SEM image inset in Figure 7a). This unique arrangement pro-
moted rapid electron transfer and ion diffusion kinetics, conse-
quently enabling high specific capacitance of 634.5 F g�1 at
current density of 2.5 A g�1 (Figure 7b) and remarkable capacity
retention about 99% even after 3000 GCD cycles, and mechanical

Figure 7. a) Schematic illustration of all-solid-state SCs composed of MnO2 (cathode)- and graphene (anode)-coated carbon fibers. The FE-SEM images
show MnO2 nanosheet-coated carbon fiber prepared through hydrothermal growth of MnO2 nanosheets on the carbon fiber surface b) Scan rate
(mV s�1)-dependent specific capacitance (F g�1) of MnO2/carbon fiber electrodes with different mass loading of MnO2. Adapted with
permission.[143] Copyright 2015, Wiley-VCH. c) Schematic illustration and FE-SEM images of manganese oxide (MnOx and MnOx-h) film-coated carbon
fibers. Deconvoluted O 1s XPS spectra of d) MnOx and e) MnOx-h. f ) Scan-rate dependent areal capacitance (F cm

�2) of MnOx- and MnOx-h-based textile
electrodes. Adapted with permission.[144] Copyright 2017, American Chemical Society.
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stability. However, as shown in Figure 7b, it is worth noting that
intrinsically poor electrical conductivity of MnO2 can impede its
effective activation, leading to a marked reduction in the output
performance of the SCs as the loading amount (i.e., reaction
time) of MnO2 increases. This limitation becomes particularly
evident in terms of rate capability, especially as the loading
amount of MnO2 nanosheets on carbon fiber increases from
0.12 to 1.1 mg cm�2 (this loading amount corresponds to an
increase in layer thickness from 58.5 to 318.7 nm). On the other
hand, the excessively low loading amount of the active compo-
nents may prove insufficient for energy storage applications that
require practical performance.[145,146]

Furthermore, since the electrical conductivity and ion diffu-
sion kinetics of most TMO NPs are strongly influenced by their
crystallinity and stoichiometry,[147–149] it is desirable to minimize
the presence of nonstoichiometric amorphous species during
TMO synthesis. A few years ago, Li group introduced a hydro-
thermal treatment approach that could exploit Ostwald
ripening-induced structural modification on an amorphous
MnOx film-coated carbon cloth (Figure 7c).[144] As confirmed
by O 1s X-ray photoelectron spectroscopy (XPS) spectra, the peak
area of MnOx-h (Figure 7d) was smaller than that of MnOx

(Figure 7e) at the binding energy of 531.5 eV (Mn–O–H), indi-
cating the formation of a highly crystalline outermost MnOx-h
shell layer with the low content of nonstoichiometric manganese
oxides (e.g., trivalent Mn species). Furthermore, due to the
improved electrical conductivity, a significant improvement in
capacitive performance was observed, with an areal capacitance
of 1610mF cm�2, even at a high mass loading of 9mg cm�2

(Figure 7f ).
Another effective way to fabricate the textile energy electrodes

is to deposit as-synthesized highly crystalline energy nanomate-
rials, such as TMO NPs, onto highly porous textile current col-
lectors composed of numerous conductive fibrils.[4,150–152]

However, the application of TMO NP-based textile electrodes
has introduced a new issue that requires proper interfacial
design for facile charge transfer due to increased specific surface
area and interfaces. In particular, the presence of polymeric
ligands and linkers on the surface of TMO NPs can act as insu-
lating barriers that hinder the access and transfer of charge car-
riers (electrons and ions) at the interfaces of adjacent electrode
components, such as current collector/TMO NP, TMO NP/TMO
NP, and TMONP/electrolyte.[153–155] Therefore, a crucial strategy
for achieving high-performance textile energy electrodes with
densely packed TMONP arrays lies in the ligand-controlled inter-
facial design of TMO NPs.

The effect of the ligands attached to the TMO NP surface on
the charge transfer kinetics in the TMO NP arrays is highly
dependent on various properties, such as molecular structure,
type and arrangement of functional groups, and chain
length.[28,156–158] For example, replacing the bulky OA ligand
on semiconducting Fe3O4 NP surface with a smaller organic
molecular linker (i.e., TREN with Mw� 146 gmol�1) resulted
in a remarkable improvement of the electrical properties by more
than 1000-fold, inducing a transition from insulating to semicon-
ducting behavior in the �200 nm-thick solid-state thin film.[159]

Considering that the electrical conductivity or electrochemical
property of active components significantly influences the output
performance of energy storage electrodes, these results strongly

suggest that ligand engineering-mediated assembly, such as
LRR–LbL assembly of TMO NPs, may serve as an effective solu-
tion for fabricating high-performance textile energy electrodes.

This possibility had been systematically investigated through
high-energy TMO NP (i.e., OA and/or oleylamine (OAm)-Fe3O4

NP)-based SCs that were prepared by LRR–LbL assembly using
different types of linkers.[28] As a comparison, two carboxylic acid
(COOH)-functionalized linkers with different molecular
weights were used: Mn (II)-porphyrin bis-carboxylic acid
(MnPP, Mw� 931 gmol�1), which is electrochemically active
and exhibits semiconducting properties due to its unique
chemical structure, and insulating poly(acrylic acid) (PAA,
Mw� 450 000 gmol�1). During the LbL deposition process,
the COOH group of each organic linkers exhibited high interfa-
cial affinity,[160–162] facilitating multidentate binding with the
TMO NP’s surface and replacing the insulating native ligands
(OA/OAm) of the TMO NP. As shown in Figure 8a, the relaxa-
tion time constant of MnPP was much lower than that of the PAA
linker.[163] However, the electrical property of semiconducting
MnPP was further enhanced by incorporating additional conduc-
tive NPs such as indium tin oxide (ITO) NPs (Figure 8b). The
resulting electrochemically active MnPP linker-based textile-type
SCs (MnPP-TCCs) exhibited uniform coating of all active
components on the textile (Figure 8c). Additionally, it showed
significantly improved areal capacitance (�0.80 F cm�2 at
50mA cm�2) and rate capability compared to the insulating
PAA linker-based electrodes (PAA-TCCs, �0.13 F cm�2), despite
having the same mass loading of TMO NPs (�9.8 mg cm�2)
(Figure 8d). These notable results can be attributed to the
enhanced charge transfer kinetics and electrochemical activity
resulting from the ligand replacement with redox-active MnPP
linkers, which have a lower molecular weight than PAA.

The versatility of the LRR–LbL assembly, applicable to various
metal and metal oxide NPs, has led to a breakthrough in effec-
tively reducing and controlling the cell impedance caused by the
mass loading of TMO NPs.[20,28,153,164,165] Specifically, the inte-
gration of conductive NPs, such as Au NPs or ITO NPs, through
strong covalent bonding with small molecular linkers in an
alternating LbL deposition of energy TMO NPs and conductive
NPs, has been proposed.[25,28,153,165] This approach provides bet-
ter electrical conductivity compared to organic conductivity
enhancers, enabling efficient upscaling of energy storage
performance by mass loading of TMO NPs. For instance,
periodic deposition of conductive ITO NP layers between pseu-
docapacitive MnO NP layers through multidentate small linker
(tricarballylic acid, TC, Mw� 176 gmol�1)-mediated LRR–LbL
assembly significantly reduces cell impedance, resulting in
improved energy storage performance and efficiency compared
to MnO NP-based SCs electrodes without ITO NP layers in the
same total mass loading.[165] In this case, the inserted ITO NP
layers serve as well-connected electron pathways, facilitating
electron transfer over the entire electrode area and minimizing
the presence of inactive dead mass/volume in the electrodes.

A recent study by Song et al. reported a COOH-functionalized
carbon nanocluster (CCNs)-mediated LRR–LbL assembly for
binder-free textile-type LIB anodes.[166] In this process, conduc-
tive CCNs were directly LbL-assembled with Fe3O4 NPs stabi-
lized by hydrophobic ligands (OA/OAm) without additional
binders (Figure 8e). The ligand-replacement-reaction-induced
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multidentate binding between the COOH groups of CCN and
the Fe3O4 NP surface effectively removed the native bulky
ligands (OA/OAm). The LRR–LbL-assembled CCN/Fe3O4 NP

nanoblends exhibited ohmic conduction behaviors under an
externally applied electric field, in contrast to slurry-cast
OA-Fe3O4 films, which showed insulating properties

Figure 8. a) Phase angle of Bode plots for (Fe3O4/MnPP)20 and (Fe3O4/PAA)20 electrodes from electrochemical impedance spectroscopy (EIS) measure-
ments. b) Schematic illustration of the multilayers composed of high-energy NPs (OA-Fe3O4 NPs), conductive NPs (OAm-ITO NPs), and porphyrin
ligands (MnPP linkers). c) Cross-sectional FE-SEM and the corresponding EDX mapping images of MnPP-TCC. d) Areal capacity (F cm�2) at various
current density (mA cm�2) according to the type of linkers (i.e., MnPP and PAA). Adapted with permission.[28] Copyright 2023, Elsevier. e) Schematic
illustration of a carboxylic acid (COOH)-functionalized carbon nanoclusters (CCN)-mediated LRR–LbL assembly for binder-free textile-type Fe3O4

NP-based LIB anodes and high-resolution transmission electron microscopy (HR-TEM) image of CCN. f ) Comparison of ohmic conduction behaviors
of LRR–LbL-assembled CCN/Fe3O4 NP nanoblends and slurry-cast OA-Fe3O4 films under an externally applied electric field. g) Comparison
of areal/specific capacities with varying current densities and h) cycling stability between (CCN/Fe3O4 NP)-FCCs and slurry-casted electrodes.
Adapted with permission.[166] Copyright 2023,Wiley-VCH.
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(Figure 8f ). In addition, the oxygen-containing groups (COOH)
on the surface of the CCNs contributed to the overall capacities
of the textile energy electrode through a reversible Faradaic
reaction with lithium ions.[167,168] Consequently, the conductive
CCNs acted as active linkers, resulting in textile-type LIB anodes
(i.e., (CCN/Fe3O4 NP)–FCCs) with a maximum areal capacity of
�5.67mA h cm�2 at 0.1 A g�1 with good rate capability and cycle
retention, outperforming slurry-cast electrodes (Figure 8g,h).

The interfacial structure plays a crucial role in influencing the
charge (electron and ion), transfer efficiency, and structural
integrity among all electrode components with the same or dif-
ferent phases. In the context of textile-based electrodes, which
require specific levels of mechanical and structural stability,
the establishment of well-defined, strong interfacial interactions
between each electrode component is essential. Additionally, we
have explored the LRR–LbL assembly method for textile electro-
des, comparing it to conventional approaches that primarily rely
on depositing active components through either physical or
chemical methods. Within this framework, we delved into the
pivotal aspect of interfacial design, highlighting the critical
importance of accurately defining the interfacial interactions

between each electrode component and improving the kinetics
of charge transfer. The reported results clearly indicate that
the efficient use of textiles is highly dependent on the appropriate
modulation of interfacial conditions between the extremely
large surface area of the textile and the functional materials
deposited thereon, which affects the electrochemical perfor-
mance of the fabricated textile energy electrodes (Table 1
and 2).[20,22,23,25,26,28–30,139,166,169–186]

4. Conclusion and Perspective

The incorporation of conductive and electrochemically active
components into a 3D porous structured textile, composed of
numerous fibrils, holds great promise. The application, perfor-
mance, and operational stability of various electrochemical textile
electrodes, including SCs and LIBs, depend on factors such as
the type and loading amounts of conductive and active compo-
nents, the interfacial interactions between these components,
and the mechanical flexibility of the resulting electrodes.
Particularly, considering that the areal energy performance

Table 1. Electrochemical performances comparison of textile-based SC electrodes.

Textile conductor Active material [mass loading] Method Electrochemical performance Cycling retention References

LbL-assembled
Au NPs

MnO/Au NP (4.09 mg cm�2) LRR–LbL 1350mF cm�2 (@5mV s�1) 91.3% after 5000 cycles
(@100mV s�1)

[20]

LbL-assembled
Ag NPs

Fe3O4 LRR–LbL 212mF cm�2 (@5mV s�1) 96.7% after 5000 cycles
(@100mV s�1)

[22]

LbL-assisted Ni
Electroplating

MnO/Au NP (4.18 mg cm�2) LRR–LbL 1710 mF cm�2 (@5mV s�1) 86.1% after 5000 cycles
(@100mV s�1)

[23]

LbL-assisted Ni
Electroplating

NiCo LDH (5.12 mg cm�2) Electroplating 12 200mF cm�2 (1-stack)
(@10mA cm�2)

82.2% after 10 000cycles
(@20mV s�1)

[26]

28 800 mF cm�2 (3-stack)
(@30mA cm�2)

LbL-assisted Ni
Electroplating

Fe3O4 NP/MnPP/ITO NP/MnPP
(9.8 mg cm�2)

LRR–LbL 2100mF cm�2 (@3mA cm�2) 88% after 5000cycles
(@0.5 mA cm�2)

[28]

rGO dip-coating PANI/rGO (3.14 mg cm�2) Polymerization 1221 mF cm�2 (@1mA cm�2) 94.4% after 10 000 cycles
(@30mA cm�2)

[169]

PPy Polymerization PPy (53 mg cm�2) Polymerization 4848 mF cm�2 (@1 A cm�2) 88% after 5000 cycles
(@50mV s�1)

[170]

Carbon Cloth MnO2 (10 mg cm�2) Electroplating 3040 mF cm�2 (@ 3mA cm�2) 108% after 2000 cycles
(@40mA cm�2)

[171]

Ni elctroless plating NiCo-LDH/NS a) (1.77 mg cm�2) Hydrothermal/
electroplating

1147 mF cm�2 (@3mA cm�2) 92% after 2000 cycles
(@12mA cm�2)

[172]

Carbon Cloth PANI/ZIF-67 (4 mg cm�2) Electroplating/slurry
casting

2146mF cm�2 (@10mV s�1) – [173]

rGO dip-coating MXene/rGO (1.8 mg cm�2) Spray-coating 258 mF cm�2 (@5mV s�1) – [174]

Graphene dip-coating MnO2/Graphene (0.805mg cm�2) Hydrothermal 332 F g�1 (@2mV s�1) >100% after 1000 cycles
(@0.8 mA cm�2)

[175]

Carbon textile ZnS (1.22 mg cm�2) Hydrothermal and
annealing

747 F g�1 (@5mV s�1) – [176]

Ag sputtering Fe(Ni)Co2S4 (2.3 mg cm�2) Hydrothermal 3500 mF cm�2 (@5mA cm�2) 95% after 5000 cycles
(@5mA cm�2)

[177]

Carbon Cloth rGOþ CNT (1.8 mg cm�2) Slurry casting 129 F g�1 (0.1 A g�1) – [178]

a)NS: Nanosheets.
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values of energy storage electrodes serve as practical perfor-
mance indicators, the importance of textile energy electrodes
and their applications is expected to deepen and expand.

In order to achieve the successful development of highly
conductive textile conductors and the resulting textile energy
electrodes, certain key strategies are essential. First, minimizing
the loading amount of insulating and electrochemically inactive
components, such as bulky organic ligands, linkers, and/or poly-
meric binders, is crucial. Second, the conformal deposition of
conductive and active components onto textile fibrils is neces-
sary. Third, ensuring favorable interfacial interactions between
electrode components is essential.

While metal NPs themselves exhibit high electrical conductiv-
ity and hold promise as conductive components for textile
energy electrodes, the presence of numerous contact resistance
(arising from the separation distance between metal NPs) signif-
icantly hampers the overall electrical conductivity of metal
NP-incorporated electrodes (including textile current collector).
Additionally, if there is no favorable interfacial interaction
between metal NPs and active components, these issues may
be exacerbated. Furthermore, the complex synthesis and chal-
lenging mass production of metal NPs diminish their commer-
cial viability. These shortcomings also apply to metal NWs,

despite their ease of electrical connection. Taking these consid-
erations into account, it appears that, instead of pristine
hydrophobic CNTs or conducting polymers, the unique CNTs
or conducting polymers modified with interfacial interaction
groups and possessing higher electrical conductivity may present
the most promising candidates among various conductive
components.

Although LbL assembly approaches such as hydrogen-
bonding-, electrostatic interaction-, or ligand replacement
reaction-based LbL assemblies enable the conformal coating of
functional components (i.e., conductive and active components)
onto textile fibrils through reciprocal interfacial interactions, they
can be time consuming and limit the diversity, versatility, and
commercial applications of textile electrodes. However, these
issues can be optimized by simply controlling the concentration
of solution and expanding the following assembly by automatic
spray deposition or roll-to-roll process, which will further allow
the production of industrial-grade conductor and/or energy elec-
trodes.[103] Moreover, the adoption of an LbL assembly-induced
electroplating approach can significantly alleviate these
drawbacks, resulting in the preparation of high-quality textile
conductors/electrodes with bulk metal-like electrical conductiv-
ity, extremely large surface area, high flexibility, light weight,

Table 2. Electrochemical performances comparison of textile-based LIBs electrodes.

Textile conductor Active material
(mass loading)

Method Electrochemical
performance

Cycling
retention

References

Carbonization/Ni electroplating Fe3O4 (5.3 mg cm�2) LRR–LbL 5.67 mA h cm�2 (1-stack) 82.5% after 300 cycles
(@1.0 A g�1)

[166]

11 mA h cm�2 (2-stack)
(@0.1 A g�1)

LbL-assembled MWCNT LiFePO4 (15.2 mg cm�2) LRR–LbL 2.9 mA h cm�2 (@17 mA g�1) 92.1% after 300 cycles
(@170mA g�1)

[139]

LbL-assisted Al electroplating LiFePO4 (8 mg cm�2) LRR–LbL 1.07 mA h cm�2 (@0.1 C) 87.1% after 580 cycles (@1 C) [25]

LbL-assisted Cu electroplating Li4Ti5O12 (10 mg cm�2) Vacuum filtration/doctor
blading

4.2 mA h cm�2

(@0.875 mA cm�2)
80.1% after 500 cycles
(@1.75 mA cm�2)

[29]

Ag NW spray coating Li4Ti5O12 (5 mg cm�2) Ultrasonic spray 3.2 mA h cm�2 (fourfolded)
(@1 C)

�99% after 1000 cycles (@1 C) [30]

Cotton textile Fe3O4 (�) Dyeing/carbonization 3.55 mA h cm�2

(@0.1 mA cm�2)
91.5% after 100 cycles

(@1mA cm�2)
[179]

CNT dip coating Li4Ti5O12 (145 mg cm�2) Soaking 23.5 mA h cm�2 (@0.1 C) >90% after 350 cycles (@0.1 C) [180]

CNT dip coating LiCoO2 (�1mg cm�2) Doctor blading 122 mA h g�1 (@25mA g�1) 85% after 17 cycles
(@25mA g�1)

[181]

Carbonization MoS2 (4.4 mg cm�2) Hydrothermal 5.3 mA h cm�2

(@0.5 mA cm�2)
91% after 50 cycles
(@0.5 mA cm�2)

[182]

N-doped carbonization VNa)) (�2.5 mg cm�2) Solvothermal and annealing 5.3 mA h cm�2

(@0.1 mA cm�2)
0.65 mA h cm�2 after 400 cycles

(@5mA cm�2)
[183]

Ni electroless deposition V2O5 HoMSb)

(2.5 mg cm�2)
Doctor-blading 271.2 mA h g�1

(@200mA g�1)
�55% after 500 cycles

(@200mA g�1)
[15]

Ni electroless/Au galvanic
replacement

CuS (�1 mg cm�2) Electroless deposition/
sulfurization

583mA h g�1 (@0.5 C) �68.6% after 300 cycles
(@0.5 C)

[184]

Carbonization Fe3O4@RGO
(0.7 mg cm�2)

Hydrothermal/electrostatic
assembly

1058 mA h g�1 (@0.5 A g�1) 109% after 2000 cycles
(@0.5 A g�1)

[185]

Carbonization Li4Ti5O12 (1.5 mg cm�2) Hydrothermal 162mA h g�1 (@1 C) 99% after 1000 cycles (@50 C) [186]

a)VN: Vanadium nitride. b)HoMS: Hollow multishelled structures.
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and exceptional electrochemical performance. The combination
of ligand replacement-induced interfacial design of electrode
components with commercial metal electroplating can be a
breakthrough in overcoming barriers to the use of textile electro-
des in practical energy storage devices. As a result, this combined
approach holds immense potential for various wearable/portable
electrochemical devices, including energy conversion and
biomedical devices, as well as energy storage devices.
Therefore, we envision that such an approach can be widely
and effectively applied to the electrical conductors and energy
storage electrodes for various wearable/portable electrochemical
devices, including energy conversion and biomedical devices as
well as energy storage devices.
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