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Nanotechnology embodies a groundbreaking innovation for
the textile and apparel industry, facilitating enhancements to
the functionality and performance of textiles, including dura-
bility, resistance to water, odor, flame, stain, UV-protection, and
antimicrobial properties. Nanotechnology also enables biosens-
ing, drug delivery, energy generation, and storage in textiles.
Here, we present a comprehensive overview of the possibilities
offered by nanotechnology in the context of high-performance
textiles providing a roadmap for future research and develop-
ment in this exciting field. We scrutinize the current research on

nanotechnology in textiles, exploring various types of nano-
materials and their properties, the methods of incorporating
nanomaterials into textiles, and the numerous applications of
high-performance textiles across critical industries such as
healthcare, military, sports, fashion, and wearable electronics.
We conclude the review with an analysis of the potential health
and environmental concerns arising from the use of nano-
technology in textiles, emphasizing the importance of further
research in these areas.

1. Introduction

Nanotechnology is a rapidly developing field in textile engineer-
ing with the potential to revolutionize the performance and
functionality of textiles.[1] By incorporating nanomaterials and
nanofibers into textile structures, we can enhance properties
such as physical strength, chemical stability, durability, and
various multifunctionalities. These advancements have led to
the development of high-performance textiles with unprece-
dented capabilities, from self-cleaning and self-healing fabrics
to wearables that monitor vital signs and environmental
conditions. Textile materials such as fibers or fabrics that
provide additional functions including resistance from oil,
water, stain, odor, impact or protection from chemicals, ballistic
impacts, stabbing, and from environmental adverse conditions
are termed high-performance textiles (HPTs).[2]

Nanomaterials, such as nanoparticles and nanofibers, are
introduced into textiles to enhance their performance and
functionality. Nanomaterials are materials that have at least one
dimension in the range of 1 to 100 nanometers (nm) in any
direction. Due to their unique physical, chemical, and biological
properties at the nanoscale, nanomaterials offer significantly
improved characteristics compared to their bulk
counterparts.[3,4] Nanomaterials have higher aspect ratios, and
excellent mechanical, thermal, electrical, and optical properties,

making them perfect for diverse use in HPTs.[5] Nano-incorpo-
rated HPTs are widely used in various applications, such as
protective clothing (e.g., chemical, impact, heat, and fire
protective clothing), medical textiles, filtration materials, geo-
textiles, sustainable energy, automobile, marine, aerospace,
military, sports, and fashion industries.[6–8]

Thanks to technological advancement, the use of nano-
materials is continuously increasing over the last couple of
years. The use of nanotechnology in HPTs has gained a lot of
scientific attention in recent years. The number of articles
published till January 2023 on different nanomaterials and their
applications in textiles are summarized in Figure 1. Although
there are a large number of research works on the use of
nanotechnology in high-performance textiles, there are few
review papers on this topic and the reviews that have already
been published have focused on limited applications.[9–12] This
review aims to provide a complete overview of the potential
applications of various nanomaterials for high-performance
textiles, nano finishes to achieve enhanced functionality, and
the diverse applications of nano-embedded high-performance
textiles.

2. Nanomaterials used in High-Performance
Textiles

Nanomaterials are substances having at least one dimension in
the range of 1� 100 nm.[13] Nanoscale materials have an out-
standing area-to-volume ratio that is multiple orders of
magnitude greater than bulk materials. The increased surface
area makes nanomaterials chemically reactive and effective in
terms of applications. As a result, they are considerably more
potent than any conventional functional materials. In addition
to that, the size, shape, structure, topology, and surface
chemistry of nanomaterials determine their dynamic character-
istics. The shape of the nanomaterials plays such an important
role that many nanomaterials are named based solely on their
shape, such as nanorods, nanohorns, and nanostars. In most
cases, the size and shape of the nanomaterial are sufficient to
define and characterize the nanomaterials effectively.[14] Nano-
materials are rapidly transforming and advancing various
industries such as electronics, energy, medicine, food, manufac-
turing, automotive, and textiles. Table 1 presents previous
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studies on the methods of nanomaterial incorporation with
textiles.

Nanomaterials can be synthesized via a wide array of
methods but popularly these methods are divided into two
groups, namely top-down and bottom-up approaches as shown
in Figure 2. As the name implies, nanomaterials are produced
by breaking down the bulk materials in the top-down
technique. Ball milling, mechanical etching, laser ablation,
sputtering, and electro-explosion are all top-down techniques.
Conversely, the atoms or the molecules generally form the
nanomaterials through some building blocks in the bottom-up
technique. Bottom-up techniques utilize chemical or physical
interactions operating at the nanoscale to assemble fundamen-
tal units into larger structures. However, the prominent method
of bottom-up nanofabrication includes chemical vapor deposi-
tion (CVD), solvothermal and hydrothermal methods, the sol–
gel process, templating methods, self-assembly methods, and
biosynthesis methods.[15]

Nanomaterials can be classified according to their origin,
dimensionality, morphology, form, and chemical composition.
Based on the dimensionality, nanomaterials are categorized
into: (i) zero-dimensional or 0-D, (ii) one-dimensional or 1-D, (iii)

two-dimensional or 2-D, and (iv) three-dimensional or 3-D
nanomaterials.[16] Different types of nanomaterials are shown in
Figure 3.[17] Even though dimensionality has its merits in
classifying different types of nanomaterials, a better classifica-
tion is needed when it comes to the application of nano-
materials. In that case, nanomaterials are classified according to
their composition of the nanomaterials. Based on the composi-
tion, nanomaterials can be divided into carbonaceous or
carbon-based nanomaterials, inorganic nanomaterials i. e., no
carbon is present, organic nanomaterials, and
nanocomposites.[18]

2.1. Carbonaceous nanomaterials

Carbon, one of the most abundant elements, exists in several
forms or allotropes. Until 1985 it was thought there were only
two allotropes of carbon, diamond, and graphite.[35] However, in
recent decades, thanks to technological development several
more exotic allotropes of carbon have been discovered,
including sphere-shaped buckminsterfullerene, plane-shaped
graphene, and other shaped allotropes of carbon such as
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nanotubes, nanobuds, nanohorn, and nanoribbons. Apart from
these, there are other forms of carbon such as amorphous
carbon, activated carbon, and carbon quantum dot (CQD). This
has been possible because of the remarkable property of the

carbon atom called catenation which allows carbon to form a
long chain or branched structure with others by covalent
bonds.[36] Figure 4 shows the different types of carbonaceous
nanomaterials more relevant to the textile industry.[36]

Figure 1. Sankey diagram of the number of articles published till 2023 on different nanomaterials and their applications in textiles (ISI Web of Science, as of 25
January 2023).

Table 1. Previous studies on the methods of nanomaterials incorporation with textiles.

Nanoparticles Textile materials Incorporation Process Other material(s) used Ref.

Zinc oxide nanoparticles,
ZnO

Cotton Dip coating Zinc Acetate and 2-methoxy-ethanol [19]

Graphene ink Cotton, Polyester, and
cotton-polyester blend fabrics

Inkjet printing Silver nanoparticle inks, divinylbenzene,
hydroxyethyl methacrylate, sodium dodecyl sulfate,
ammonium persulfate, glycerol, polyvinyl alcohol

[20]

Graphene Cotton bandage Dip-coating H2SO4 (98%), NaNO3, KMnO4, H2O2 (30%), and HCl [21]
Silver nano particles,
Ag

Cellulosic fabric Pad-dry-cure Sodium borohydride (NaBH4), sodium hypophosphite
monohydrate (NaH2PO2·H2O), and trisodium citrate
dihydrate
(C6H5Na3O7·2H2O)

[22]

Nano-aluminum oxide,
Al2O3

Linen Dip coating Modified glyoxylic resin [23]

Nano Titanium Silicon
Oxide, O4SiTi

Cotton Dip-coating C6-Fluorocarbon resin [24]

Silver nano particles,
Ag

Cotton Dip-coating Nonionic surfactant [25]

Nano-copper, Cu Cotton Dip-coating Maleic Acid and sodium hypophosphite [26]
Nano-copper, Cu Denim Pad-dry-cure Copper (II) sulfate and glucose [27]
Zinc oxide nanoparticles,
ZnO

Cotton Spraying or dipping Zinc nitrate and sodium hydroxide [28]

Silver nano particles,
Ag

Viscose Rayon Dip-coating Chitosan [29]

Silver nano particles,
Ag

Silk Dip-coating 1,2,3,4 butane tetra carboxylic acid [30]

Ag-doped TiO2 Nonwoven Co/PET or
PP and woven cotton fabrics

Electrospray processing Glacial acetic acid, and sodium hydroxide [31]

Mn-doped TiO2 Cotton Spray coating Silicon binder [32]
Titanium oxide
nanoparticles, TiO2

Cotton Sol-gel and hydrothermal Tetrabutyl titanate and ethanol [33]
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2.1.1. Graphene

Graphene, a wonder material of the 21st century was discovered
by Nobel laureates Geim and Novoselov in 2004.[37,38] It is
formed by the sp2-hybridization of carbon atoms tightly packed
together in a two-dimensional (2-D) honeycomb crystal
lattice.[38,39] Graphene is an ultralight material with a planar
density of 0.77 mg/m2 and has a hexagonal unit structure of
carbon ring with an area of 0.052 nm2. The length of each
carbon–carbon (C� C) bond in the lattice is 0.142 nm. Graphene
is the strongest known material having a tensile strength of
125 GPa. It has also the highest electrical conductivity of 106 S/
m. This is generally attributed to the π-bond localized parallel
to the lattice plane. The π-bonds in the tightly packed graphene
hybridize together to form the π-bands. These are mostly
responsible for the exceptional electronic properties and high
stability of graphene. Graphene can be viewed as a basic
building block of all other dimensions of graphitic materials
such as 3-D graphite (by stacking graphene sheets), 1-D carbon
nanotube (by rolling graphene sheet), and 0-D fullerene (by
wrapping graphene sheet).[39,40] The ever-growing graphene
research has spread to many fields thanks to its enhanced
mechanical, thermal, electrical, and optical properties and the
textile industry is no exception. Graphene has been incorpo-
rated into textiles in many diverse ways such as dip coating,[41]

spray coating,[42] chemical vapor deposition,[43] and electro-
phoretic deposition.[44] Graphene is used to produce graphene
fiber to make yarn, nonwoven fabric for use in shapeable
materials, actuators, supercapacitors, motors, electrodes, and
transparent electronics.

Graphene has been used to create functional fabrics such as
protective clothing, flame retardancy, self-cleaning and hydro-
phobicity, electromagnetic interference (EMI) shielding, dye
removal, and wastewater treatment.[45,46] Researchers are explor-
ing the vast potential of electronics applications of graphene
including supercapacitors, energy storage, and conversion.[47]

The production process of graphene has developed a lot since

its inception. Many works have been done to fabricate
graphene composite materials such as graphene fiber (GFs),
graphene polymer composites (gPCs), and graphene/fiber/
polymer composites (gFPCs).[48] Graphene fiber/fabric is a
promising textile composite that is being used widely in energy
storage and supercapacitor applications.[49] Graphene can be
used in different forms and structures such as 0-D graphene
quantum dots (GQD), 1-D graphene nanoribbons (GNR), and 2-
D graphene nanosheets. Apart from these, different chemical
derivatives of graphene can also be produced, including
graphene oxide (GO), reduced graphene oxide (rGO), and
chemically functionalized graphene oxide (fGO) (Figure 5).[50]

2.1.2. Carbon nanotube (CNT)

First reported by Dr. Iijima in 1991, the helical nanotubes of
carbonaceous stoops from graphite were generated via arc
discharge technique.[51] Carbon nanotubes (CNTs), a brand-new
carbon allotrope, completely changed the landscape of nano-
materials research. The extraordinary chemical, physical, and
mechanical properties, as well as the unique structure of CNTs,
have generated significant interest. CNTs drew immediate
attention following their introduction, as evidenced by the
increased number of publications.[52] Carbon nanotubes are
rolled sheets of sp2-hybridized carbon atoms in a single-layered
hexagonal lattice.[53] CNTs can be classified into single-walled
carbon nanotubes (SWCNTs), double-walled carbon nanotubes
(DWCNTs), multi-walled carbon nanotubes (MWCNTs), and
functionalized carbon nanotubes (fCNTs) (Figure 6). SWCNTs
consist of a seamless one-atom-thick rolled-up graphitic layer[54]

while DWCNTs contain two concentric layers of nanotube and
MWCNTs contain more than two concentric layers of nano-
tubes. The carbon nanotubes may comprise up to hundreds of
concentric layers of nanotubes, where each layer is separated
by about 0.34 nm. CNTs can be synthesized via the arc
discharge method,[55] CVD,[56] and gas-phase catalytic growth.[57]

Figure 2. Schematic of top-down and bottom-up approaches to synthesize nanomaterials and different types of methods used in each approach.
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The surface of CNTs can be modified or functionalized through
approaches such as covalent, non-covalent, and
encapsulation.[58]

CNTs are widely used in high-performance materials, energy
storage, actuators, sensors, automobile, and aerospace indus-
tries owing to their outstanding mechanical, electrical, and
chemical properties. CNT composite fibers, such as polymer-
reinforced CNT fiber, have many potential applications.[59] They
have been utilized in various industries, including automotive,
aerospace, construction, defense, and textiles. Like graphene,
CNTs can also be introduced to textiles via CVD, EPD, spray-
coating, or dip-coating techniques. Furthermore, CNTs have
been constructed into macroscopic yarns or fibers using various
manufacturing techniques, including wet spinning, carpet
spinning, and aerogel spinning.[60]

2.1.3. Fullerene

In 1996 a third carbon allotrope after graphite and diamond
was discovered in the form of C60, which was then known as
buckminsterfullerene and is now referred to as fullerene.[61]

Fullerenes are hollow, symmetrical, and closed cages of carbon
atoms bonded together by sp2 arranged into a convex-shaped
structure. Fullerenes can exist in several forms such as C70, C76,
C80, C82, and C84 and every single fullerene discovered so far has
an even number of carbon atoms.[62] Fullerenes are denoted by
Cn, where n represents the number of carbon atoms. C60 the
most studied fullerene of all has a well-defined spheroid
geodesic, and its diameter is about 0.7 nm. The geometry of C60

is icosahedral, with 12 pentagons and 20 hexagon rings.[62]

Excellent electro-physiochemical and electro-chemical proper-

Figure 3. Classification of nanomaterials based on the number of dimensions (shown along the horizontal axis) and based on the chemical composition
(shown along the vertical axis) with examples. From left to right the examples are, 0-D: Fullerene, Gold nanoparticle, Liposome, Core-shell nanocomposite; 1-
D: Carbon nanotube (CNT), Zinc oxide nanorod, Cellulose nanocrystal (CNC), Nanofiber composite; 2-D: Graphene, MXene, Covalent-organic framework (COF),
Van der Waals (VdW) heterostructure; 3-D: Graphite or ‘stacked graphene’, 3D Metal-organic framework (MOF), Dendrimer, Polymer matrix nanocomposite
(PMNC).
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ties have made it exceptional in the world of nanomaterials.[63]

Therefore, it has some multidimensional applications. According
to a report by Višić et al., various implementations in the field of
reinforced polymers, adhesive materials, medical apparatus,
clothing, and, nevertheless, concrete could be incorporated
with inorganic nanotubes (NTs) and high-strength fullerene-like
nanoparticles (NPs) of WS2.

[64]

2.2. Inorganic nanomaterials

Inorganic nanomaterials are non-carbon nanomaterials, mostly
include metal-based nanomaterials such as metal nanoparticles
(Ag, Pt), metal oxides (ZnO, TiO2), metal sulfides (ZnS, MoS2),
other metal compounds (hydroxides, phosphates, fluorides,
chlorides), bimetallic nanomaterials (Ag� Au, Ag� Cu), nano-
alloys, nanoceramics, and nanoclays.[18] Recently, new types of
inorganic and metal-based hybrid nanomaterials such as
MXene, Metal-organic frameworks (MOFs), and Transition metal
dichalcogenides (TMDs) are extensively used in clothing,
manufacturing, food, agriculture, energy, and medicine.[65–67]

Among the nanomaterials used in textiles, metal oxides, and
metal nanoparticles are noteworthy.

2.2.1. Metal Nanoparticles

Metal nanoparticles (MNPs) are nanomaterials made of pure
metal elements (e.g., gold, platinum, silver, titanium, zinc, and
iron).[68] Chemical reduction is the primary synthesis method for
preparing MNPs. Reducing metal salts or complexes using
chemical reagents such as sodium borohydride, hydrazine,
citrate or ascorbate, sugars, or more recently natural extracts in
the case of green synthesis.[69] Due to their growing demand
and extensive applications in catalysis, polymer-matrix compo-
site preparations, disease diagnosis, sensors, and functional
finishing in textiles, researchers continue to investigate various
MNPs.[70]

MNPs are used in textiles for functional properties such as
antimicrobial, antistatic, anti-odor, and UV-blocking properties.
Noble metals silver (Ag), platinum (Pt), and gold (Au) are
frequently used in antimicrobial finishing. AgNPs are one of the

Figure 4. Different types of carbonaceous nanomaterials based on dimensionality. Reproduced from ref.[34] Copyright (2019), with permission from Wiley-VCH.
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most widely utilized MNPs in antimicrobial, antistatic, anti-odor,
and UV protection treatments due to their capacity to damage
bacterial cell walls, altering the structure of bacterial cell
membranes and even causing cell death. Their effectiveness is
attributable not only to their nanoscale size but also to their
high surface-to-volume ratio.[71,72] These MNPs are added to the
HPTs to protect against bacteria, fungi, and other microorgan-
isms as well as harmful radiation by photocatalytic mechanism.
MNPs are generally compatible with the human body, therefore
repeated use poses no harm.[73]

2.2.2. Metal oxides nanoparticles

Metal oxide nanoparticles (MONPs) are among the most used
nanoparticles (NPs) due to their unique properties, such as
unique optical properties, higher ductility at elevated temper-
atures, cold welding behavior, superparamagnetic behavior,
and unique catalytic activity.[74] MONPs are typically produced
by the hydrolysis of metal salts at ambient temperature.[75]

MONPs including MgO, ZnO, TiO2, and Al2O3 have been used in
textiles for a variety of purposes. These MONPs are prominently
used in a plethora of different finishes, including antimicrobial,

antistatic, hydrophobic, self-cleaning, UV-protective, flame-
resistant, abrasion-resistant, and wrinkle-resistant treatments.
The photocatalytic properties of MONPs may be used to break
down harmful organic and inorganic compounds along with
microorganisms such as fungi, bacteria, and viruses.[76] Metal
oxides such as ZnO have also been fabricated to make
nanogenerators for energy generation purposes in flexible and
wearable electronics.[77] ZnO nanoparticles also have been
found to exhibit self-cleaning and antibacterial properties.[78]

2.2.3. MXenes

Two-dimensional (2D) nanomaterials have attracted more
interest due to their multifunctional properties in a variety of
scientific fields, such as functional electronics, catalysis, super-
capacitors, batteries, and energy materials.[79] Researchers are
diligently investigating the properties, synthesis methods, and
applications of various 2D materials. MXene is a two-dimen-
sional transition metal carbide, nitride, or carbonitride with
highly accessible hydrophilic surfaces, in contrast to graphene
and the majority of other 2D materials, which are hydrophobic.
The generic formula for MXene is defined as Mn+1AXn, where

Figure 5. Derivatives of graphene: (a) pristine graphene, (b) graphene oxide (GO), (c) reduced graphene oxide (rGO), and (d) functionalized graphene oxide
(fGO).
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M, A, and X respectively stand for transition metal element,
main-group element (typically IIIA or IVA), carbon or nitrogen
element, and where n is 1, 2, or 3.[79,80] The general structure of
MXenes is shown in Figure 7. More than 30 species of MXenes
have been created thus far using a variety of M and X elements
in varying ratios.[81] Owing to their amazing physical and
chemical properties, multilayered structures, strength, and

flexibility, MXenes are viewed as potential nanomaterials for a
wide variety of applications. MXene also has one of the highest
electrical conductivity of any 2D material produced via solution
processing. With the right combination of M and X elements
and a precisely managed fabrication method, MXene has the
potential for electrical conductivities of up to 20,000 S/m.[82]

Figure 6. Carbon nanotube derivatives: (a) Single-walled carbon nanotube (SWCNT), (b) Double-walled carbon nanotube (DWCNT), (c) Multi-walled carbon
nanotubes (MWCNTs), and (d) functionalized carbon nanotube (fCNT).

Figure 7. The different structures of MXenes with their associated formulas (M2XTx, M3X2Tx, and M4X3Tx). Reproduced from ref.[83] Copyright (2019), with
permission from Wiley-VCH.

Wiley VCH Donnerstag, 20.07.2023

2399 / 311244 [S. 9/36] 1

ChemNanoMat 2023, e202300205 (9 of 35) © 2023 The Authors. ChemNanoMat published by Wiley-VCH GmbH

Review

 2199692x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

a.202300205 by T
est, W

iley O
nline L

ibrary on [05/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The outstanding physicochemical properties of the MXenes
family make them suitable candidates for a wide variety of
applications such as wearable electronics, wastewater purifica-
tion, EMI shielding, energy storage, health monitoring, and
other biomedical applications.[79] MXene-based textile applica-
tions include energy storage textiles, flexible sensors, flexible
displays, thermal management textiles, and health monitoring
smart textiles.[84]

2.2.4. Metal-organic frameworks (MOFs)

Over the last two decades, the use of metal-organic frameworks
(MOFs) is increasingly gaining traction due to their exceptional
properties. MOFs are comprised of a network of organic ligands
(linkers) and metal ions (nodes) connected via coordination
bonds forming a periodic lattice.[85] In recent years, MOFs have
grown to become a sizable class of crystalline materials with
very high porosity (up to 90% free volume) and vast interior
surface areas, exceeding 6000 m2/g. They have potential uses in

catalysis, drug delivery, clean energy storage, filtration mem-
branes, and thin-film devices due to their tunable porosity,
chemical composition, size, and form, as well as their ease of
surface functionalization.[86] Figure 8 shows the lattice structure
of some representative MOFs and their corresponding linkers
and nodes. MOFs due to their active functionalities and porous
nature is widely preferred for cost-effective and environmentally
friendly superhydrophobic water purification membranes, air
purification filters, protective textiles, and anti-odor clothing.

2.3. Organic nanomaterials

Organic nanomaterials (ONPs) or polymeric nanoparticles
(PNPs) are particles with one dimension in the nanoscale and
made of aggregated organic compounds or polymers.[18] PNPs
are most notable for their use in nanocarrier or drug delivery
and chemical or fragrance release. They are biodegradable,
biocompatible, cheap, and non-toxic. PNPs can be synthesized
from both natural polymers (cellulose, chitin) and synthetic

Figure 8. The lattice structures (middle), metal nodes (left), and organic linkers (right) of some of the MOFs. Atom color code: blue – metal, red – oxygen,
purple – nitrogen, grey – carbon, green – chlorine. Reproduced from ref.[85] as distributed under Creative Commons CC BY license, published by Royal Society
of Chemistry.
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polymers (polyacrylamide, polyacrylate). Polymeric nanopar-
ticles can be further classified into nano-capsules (hollow
spheres with a polymeric shell) and nanospheres (homogenous
matrix systems wherein an active compound is dispersed or
dissolved).[87] As shown in Figure 9, liposomes, micelles, den-
drimers, and solid lipid nanoparticles are some of the notable
PNPs.

2.3.1. Micelles

Micelles are monolayers of lipid molecules arranged in a
spherical manner. The lipid molecules are amphiphilic com-
pounds having a polar group (hydrophilic region) on the
outside and fatty acid chains (hydrophobic region) on the inside
that can encapsulate the drug or other substances.[88] They are
often employed in nanomedicine because they enhance the
stability and delay the dissociation rate of medications, allowing
them to accumulate more at the intended places.[89]

2.3.2. Liposomes

Liposomes are lipid bilayer that develops an internal aqueous
volume from the surroundings. They are also spherical with a
size range of 80–300 nm.[90] Interesting properties of liposomes
include improved solubility, fast metabolism, non-toxicity, and
biodegradability.[87]

2.3.3. Dendrimers

Dendrimers are highly branched polymeric nanoparticles (PNP)
consisting of a core, multilayered repeating units called
dendrons, and countless surface functional groups. It shows

versatile properties such as polyvalency, self-assembling, chem-
ical stability, low toxicity, water solubility, and well-defined
structure.[90]

2.3.4. Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) consist of a spherical solid-lipid
matrix at ambient temperature and a core composed of fatty
acids and surfactants. SLNs are alternatives to colloidal systems
which combine the benefits of synthetic polymers with highly
purified triglycerides or waxes that have been stabilized by
surfactants. They provide a variety of benefits, including
stability, biocompatibility, low toxicity, cost-effectiveness, and
controlled drug release, by differing in their methods of
administration.

On the other hand, when natural polymers are used as
polymeric NPs, those are termed biopolymeric nanoparticles
(BPNPs). Biopolymers are generally comprised of harmless
organic monomers and are environmentally friendly.[91] Biopol-
ymers make it easier to produce nanomaterials since biomass
often has nano-scale structures in its building blocks. Biopol-
ymers are present in countless different species of organisms
such as bacteria, algae, fungi, plants, and animals (Figure 10).
BPNPs include cellulose, starch, chitosan, alginate, dextran,
gelatine, and collagen.[92–94]

2.4. Nanocellulose

Cellulose, the most abundant natural polymer, is another
uncompromising material with versatile and outstanding prop-
erties and checks all the sustainability parameters. Nanocellu-
lose, the nano-structured derivative of cellulose, has attracted
immense interest over the past decade due to its biodegrad-

Figure 9. Types of organic nanoparticles: (a) micelle, (b) liposome, (c) dendrimer, and (d) solid lipid nanoparticles.
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ability and easy availability. It has noteworthy applications in
nanotechnology, electronics, biomedicine, wastewater treat-
ment, dye removal, and textiles.[95–97]

As shown in Figure 11, cellulose polymer is composed of
linear homopolysaccharide chains consisting of up to a few
thousand β-D-glucopyranose units linked together by β-(1!4)-
glycosidic bond. These repeating units then form the fibrils, the

crystalline structure of the cellulose. These then bundle
together to form micro-fibrils, which continue until we get
macro-fibrils, otherwise known as nanocellulose fibers.[98] The
crystalline or ordered regions in the cellulose structure are
separated by the amorphous or disordered regions formed by
the intra- and intermolecular hydrogen bonds and Van der
Waals interactions. When subjected to certain mechanical,

Figure 10. Different sources of biopolymeric nanomaterials and examples.[91]

Figure 11. (a) Cellulose contained in plants or trees has a hierarchical structure from the meter to the nanometer scale. (b) A schematic diagram of the
reaction between cellulose and strong acid to obtain Nanocellulose. (c) Bionanocellulose cultured from cellulose-synthesizing bacteria. Reproduced from
ref.[98] as distributed under Creative Commons CC BY license.

Wiley VCH Donnerstag, 20.07.2023

2399 / 311244 [S. 12/36] 1

ChemNanoMat 2023, e202300205 (12 of 35) © 2023 The Authors. ChemNanoMat published by Wiley-VCH GmbH

Review

 2199692x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

a.202300205 by T
est, W

iley O
nline L

ibrary on [05/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



chemical, enzymatic treatments or a combination, the amor-
phous region breaks down due to random orientation leaving
behind the crystalline nanocellulose.[99] The relevant properties
of nanocellulose include excellent strength, high modulus,
viscoelasticity, low density, good optical properties, biocompat-
ibility, and biodegradability.[100,101]

Nanocellulose can be broadly categorized into cellulose
nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacterial
nanocellulose (BNCs).[102] CNCs, synthesized by the acid hydrol-
ysis method, are needle-shaped nanoparticles where the length
of the needle is between 100–500 nm, the width is less than
25 nm, and it is 91.2% crystalline.[103] CNFs, or nano-fibrillated
cellulose, are a network of entangled nanofibers. Each fiber is a
few micrometers in length and has a diameter in the range of
10–100 nm.[103] BNCs or bacterial cellulose are produced by the
bacterial cell wall to form extracellular biofilms. The most
common producer of bacterial cellulose is the gram-negative
bacteria, Gluconacetobacter xylinus.[104]

2.5. Chitosan

Among natural polymers, chitosan is the most widely used
polymer. Chitosan is obtained mainly from chitin. Chitin, a
product extracted from shells of Crustaceans like shrimp and
crab, is converted into chitosan through partial alkaline N-
deacetylation. Chemically, chitosan is a linear-chain copolymer
of N-acetyl-2-amino-2-deoxy-d-glucopyranose and 2-amino-2-
deoxy-d-glucopyranose linked by β-(1!4)-glycosidic bonds
(Figure 12).[105] Chitosan has drawn attention in biomedical
research over the past ten years for use in tissue engineering,
wound healing, and as excipients for drug administration.
Chitosan nanoparticles (NPs) are used for antibacterial activity,
gene delivery, protein release vehicles, and drug delivery.
Chitosan NPs can be used as antimicrobial textiles to create
protective textiles for healthcare and other professionals.[106]

2.6. Nanocomposites

Composite materials are materials that are composed of two or
more types of materials. Whereas nanocomposites are compo-
site materials where at least one of the materials is a nano-
material. Nanocomposites consist of at least two separate
phases: the reinforcing phase or fillers and the matrix phase.

According to the type of material in the matrix phase,
nanocomposites can be classified into three main types: (1)
Polymer Matrix Nanocomposites (PMNC), (2) Ceramic Matrix
Nanocomposites (CMNC), and (3) Metal Matrix Nanocomposites
(MMNC). From the HPTs perspective, the polymeric nano-
composite is the most useful type. Nanomaterials can be
dispersed in polymer matrices to form polymeric nanocompo-
sites. Here, the nanomaterials or the dispersed phase can be
carbonaceous (such as CNT, graphene), organic nanomaterials
(such as nanocellulose, chitosan), and/or inorganic nanomate-
rials (such as metal oxides, metal nanoparticles). Polymer
nanocomposites can be further classified based on the
dimension of the nanofiller (0-D, 1-D, 2-D), the composition of
the nanofiller (metal NPs, metal oxides), or the nature of the
polymer matrix (thermosetting, thermoplastic).[107] The produc-
tion of multifunctional and high-performance textiles such as
UV resistance, flame retardant, superhydrophobic, and antimi-
crobial textiles has seen a lot of potential with the advent of
nanocomposite materials.[16,108] There are several other kinds of
nanocomposites or hybrid nanomaterials such as core-shell
nanoparticles, and vdW heterostructure. Hybrid nanomaterials
are attracting many applications, for example, researchers have
utilized ZnO2/GO hybrid systems as nanofillers in polymer
composites to enhance their mechanical properties.[109] This
review covers the use of numerous nanocomposites in the
following sections.

3. Nano-finishing for High-Performance Textiles

Nanotechnology offers a diverse range of functional finishing
techniques utilizing nanomaterials. Conventional finishing pri-
marily focuses on the usability, durability, and hand-feel of
textiles and garments. Nano-finishing, on the other hand, is
concerned with functional properties, high-performance, and
technical textiles applications. The growing demand for high-
performance textiles and the desire for improved lifestyles drive
the need for enhancements of nano-finishing techniques with
nanomaterials. Additionally, environmental protection and
health concerns further increase the demand for functional
textiles like antimicrobial and UV-protective clothing. Through
various techniques, nanoparticles can be applied to create
superior surfaces with antibacterial, UV-blocking, anti-static,
superhydrophobic, and self-cleaning properties. This promising
field of nano-finishing holds great potential for consumer
goods, biomedical, and smart textiles, offering diverse applica-
tions. Figure 13 shows the applications for nanoparticles in the
functional properties of textiles.[5,110–113]

In recent years, researchers have made significant efforts to
develop new ways of imparting multifunctional properties on
textiles and commercializing existing processes, as evident from
the large number of publications focusing on different types of
nano-finishes (Figure 14). Notably, superhydrophobic, UV-block-
ing, and antimicrobial properties have received extensive
research attention, reflecting their importance to consumers.
The following sections will describe many nanofinishes that are
applied to textiles to impart high-performance functionalities.Figure 12. Chemical structure of chitosan.
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3.1. Antimicrobial nano-finish

Antimicrobial finishes protect the fabrics or textile materials
from all possible microbe attacks within a controlled environ-
ment. Cellulosic fabrics are more prone to be attacked by
microbes compared to fabrics from synthetic fibers, as cellulose
fibers are mostly hydrophilic.[114] To restrict microbial growth,
many natural and synthetic antimicrobial agents like different
metals (oxides and their salts), triclosan, N-halamines, quarter-

nary ammonium compounds, and polyhexameth-
ylenebiguanide compounds (PHMB) have shown excellent
efficacy with their properties in terms of high-performance
textiles.[115,116] However, the aforementioned substances signifi-
cantly lack durability and long-term effectiveness. Thus, surface
modification of textile substrate with nanosized gold, platinum,
silver, copper metals, metal oxides, and different carbon-based
nanoparticles with nanocomposites can inhibit the antibacterial
activities and can enhance the effectiveness.[5,117] Figures 15 and

Figure 13. Different nanoparticles are used to impart functional properties on textile substrates.

Figure 14. Bubble chart showing the number of publications for each kind of nanofinishes that are applied to textiles (Web of Science, as of 25 January 2023).
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Figure 16 depict the mechanisms of antimicrobial activities with
the metal oxide and silver nanoparticles, respectively.

Deteriorating the bacterial cell walls, creating oxidative
stress, or percolation with the microbes are the common
techniques for how nanoparticles work when incorporated.

Moreover, changes in the size, shape, structure, and surface
morphology may influence the effects of nanoparticles. More-
over, it showed significant antibacterial activity against E. coli
and S. aureus with proper durability and reusability. Ag nano-
particles acted as a photothermal agent; therefore, cotton

Figure 15. Different mechanisms of antimicrobial activities with the metal oxide and metal nanoparticles.

Figure 16. General mechanisms for the antimicrobial mode of action of silver nanoparticles. Reproduced from ref.[136] as distributed under Creative Commons
CC BY license, published by Royal Society of Chemistry.
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gauze has been an essential extension in the field of photo-
thermal therapy in healthcare. However, Kumar et al.[118]

developed a cotton fabric with durable and stable antibacterial
effects. In addition to Molybdenum disulfide (MoS2) nano-
particles into a recipe of the pigment-binder mixture, it was
sprayed over the cotton cloth. As a result, the fabric successfully
reduced the activity of S. aureus and E. coli by about 98%. Liu
et al.[119] have done excellent work in incorporating zinc-
imidazolate MOF (ZIF-8) with cotton fabric. They processed the
harmless electron beam irradiation which provided excellent
durability to the finishes and the durability has been tested
with dry-cleaning and anti-rub tests. The strong covalent bond
between the metal-organic framework and the cotton fabric
showed significant protection (>99%) against Staphylococcus
aureus, Escherichia coli, and Candida albicans.[29,120] Due to the
environmental concerns against chemical processing, plasma
applications are practical for surface modification and provide
better durability on the fabric.[114,121,122] Conductive polymers
such as polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT :PSS),
make up a new frontier that can be realized as antibacterial
agents for biomedical applications.[123] The conductivity of the
polymers is responsible for antiviral and antibacterial properties
by causing cell damage. These have been shown to protect
against bacterial infections in hospitals, especially in COVID-19
patients.[124] Table 2 presents the recent studies on incorpora-
tion techniques of different nanoparticles that impart antimicro-
bial properties of various fabrics.

3.2. Superhydrophobic and self-cleaning nano-finish

Repelling the water droplets to an extra degree than the water-
repellent behavior has been the prime characteristic of the
superhydrophobic properties, popularly known as the ‘Lotus
effect’.[137] Superhydrophobic fabrics fit inside a more broad
classification of fabrics called super-nonwettable (SNW) fabrics,
which also include superoleophobic, underwater superhydro-
phobic fabrics.[138] The superhydrophobic fabrics are achieved
with a water contact angle of more than 150° water and low
contact angle hysteresis.[139] Table 3 and Figure 17 present the
hydrophobicity of the surface according to the water contact
angle (WCA). A suitable roughness with lowered surface energy
is enough to make the surface superhydrophobic. Thus, as
provided in Table 4, methods like lithography, wax solid-
ification, templating, re-conformation of polymers, vapor depo-
sition, plasma techniques, and sol-gel process are the most
popular techniques for developing superhydrophobic
fabrics.[139] Increased surface roughness of fabrics with hierarch-
ical micro/nanostructures and lessened surface energy using
nanoparticles have been crucial for fabricating superhydropho-
bic surfaces. Interestingly, Esmeryan et al.[140] fabricated an
ultradurable and superior water-repellent and oleophobic fabric
with soot which is directly related to the cryopreservation of
sperm. The soot-based coating was done with cyanoacrylate
glue, rapeseed oil soot, and fluorine compounds on different
kinds of fabrics with superior tolerance to harsh mechanical and

thermal interventions. Zheng et al.[141] applied the electrostatic
flocking technique to fabricate the superhydrophobic surface
with viscose and nylon flocks which showed not only a better
superhydrophobic property but also a great air-retaining ability.
However, the surface morphological structure, particle size,
concentration of formulation, and the coatings’ thickness can
be controlled to maximize the surface roughness as having
both higher roughness and low surface energy has been
essential to obtain the superhydrophobic surface. For example,
cotton fabric coated with TiO2 /Ag can show a surface with a
WCA of 131° and other additives with lower surface energy like
silanes, fluoroalkyl silanes (FAS), and alkyl amines can take care
of the intensity of it.[142] Increasing the stability and durability of
the flexible self-cleaning surface has already been a great
challenge for researchers. The durability of these fabrics can be
improved by two possible routes: (1) enhancing the coating on
fiber and (2) self-healing fabric.[138] Nevertheless, the flexible
self-cleaning superhydrophobic textile substrates are vital for
further developments in this field as more interesting applica-
tions are on the way of using the surface property for broader
industrial applications with novel synthesis methods with cost-
effectiveness and high quality on target.

3.3. Icephobic nano-finish

Icephobic or anti-icing properties demonstrate the concept of
restricting the surface from accumulating ice that may cause
crucial safety issues, operational damages, and economic
constraints in transportation, aerospace, wind energy, and
textile materials.[158] Moreover, icephobic finishes have a great
demand in smart textiles and wearables.[159] As water undergoes
a phase transition at a temperature under 0 °C in a certain
atmospheric condition or when cooled, then created micro-ice
can reduce the free energy of the system. Therefore, ice
structure forms in places adhering to the surface.[159] As a result,
prevention and controlling the ice accumulation of ice has been
solely dependent upon the ice adhesion and water freezing on
the surface.[160] Moreover, coatings with a lower freezing
temperature, less ice adhesion, low ice accretion rate, and
lasting durability can be called an ice-phobic surface; hence,
designing an effective and durable ice-phobic coating has been
challenging.[160] The plasma-sprayed hexamethyl disiloxane can
survive surface degradation even after 15 cycles of icing/de-
icing. In the same way, ice adhesion of coatings by perfluor-
ooctyl tri-ethoxy silane (FAS-17) or stearic acid (SA) has been
increased by about four times after 20 cycles of icing/de-
icing.[161,162] Hu et al.[163] designed an inexpensive and effective
fabric through an electro-photo-thermal process that was
capable of self-heating. They fabricated a dual-scale structure of
nano architecture with textiles and nanoparticles and then it
was dipped into perfluorodecyltrimethoxy silane (FAS-17) to
reduce the surface energy. Thus, they achieve the super-
hydrophobic surface easily. The process of producing anti-icing
and ice-phobic, with the mechanism of self-propelling, wetting,
bouncing, nucleating, and bridging is provided in Figure 18.
The market for icephobic finishes is expanding, and more
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properties are expected to be integrated in the future. However,
self-lubricating coatings have shown a great prospect with an
icephobic strategy.[159] The research on smart icephobic coatings
is still in the initial stage and developed comprehensive
framework, performance, and diligent study can make it more
accessible and consumer friendly.

3.4. UV-blocking nano-finish

UV-blocking materials can protect the fabrics from the adverse
degradation caused by ultraviolet from the sun. Inorganic UV
blockers are more amenable to textile substrates than organic
ones due to their non-toxic behavior and stability. Although
TiO2, ZnO, SiO2, and Al2O3 and their nanoparticles can deliver a
better and more effective action in absorbing and scattering UV
radiation and thus blocking UV.[164–167] The wavelength of
ultraviolet radiation ranges between 290–400 nm and is en-
ergetically very high. UV� A (320 to 400 nm), UV� B (290 to
320 nm), and UV� C (100 to 290 nm) ate the three regions of
ultraviolet radiation. However, UV� B causes the worst, which is
the adversity leading to the development of skin cancers.
Therefore, it pulls out an excellent demand for UV-protective
clothing.[168,169] Coating with the nanoparticles of inorganic
oxides such as TiO2, ZnO, SiO2, and Al2O3 on the surface of the
fabric help to improve the UV-blocking properties of the

Table 3. Super hydrophobicity of the surface according to WCAs.[137]

Water contact angle Property

θ < 5° Superhydrophilic
5° < θ < 90°, Hydrophilic
90° < θ < 150° Hydrophobic
θ > 150° Superhydrophobic

Figure 17. (a) Superhydrophobic lotus leaf. (b) SEM micrograph of hierarchical nano-roughness and the needle-like surface of lotus leaf.[143] (c) Schematic of
surface wettability and WCA. (d) Schematic of water droplets with different WCAs. Basic models of superhydrophobic surfaces: (e) Wenzel’s model, (d) Cassie-
Baxter’s model, and (f) transition state between Wenzel and Cassie-Baxter states.
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fabric.[167,170,171] When it comes to the scattering at the nanoscale,
the size of the NP as well as the wavelength of the fourth
power of the wavelength have an inverse relationship. Sundar-
esan et al. developed a UV-protective cotton fabric with TiO2,

and an acrylic binder prepared on the cotton fabric using the
pad-dry method. As a result, the treated cloth‘s UPF values
were higher, and it provided superior UV protection than
untreated fabric.[172] Figure 19 demonstrates the photocatalytic
mechanism of TiO2 nanoparticles. However, the ZnO Nano-
particles from the immobilized sedimentation and peptization
on the dyed polyester/cotton fabrics end up showing a great
light absorbance in the UV region.[173–176]

3.5. Anti-static nano-finish

Due to less absorption of water, most manufactured fibers, i. e.,
nylon and polyester, are prone to static charge accumulation;

hence, several reports suggested that nano-sized elements such
as TiO2, ZnO whiskers, nano Sb-doped tin oxide (ATO) with
silane nanosols are electrically conductive material to drive
away the static charge from the fibers. Therefore, TiO2, ZnO, and
TiO2 nanoparticles are generally renowned for providing
antistatic properties to manufactured fibers. Synthetic fibers like
polyester and nylon can grow some static charge for their
inability to engross more water. The enhanced dampness in the
cellulosic fibers for their static charge inside that
accumulates.[178,179] Zhang et al.[180] fabricated a PET fabric with
anti-static and anti-UV properties. However, they have incorpo-
rated graphene nanoplatelets through an easy, high-temper-
ature, and high-pressure inlaying method that does not harm
the environment, except by using ethyl alcohol as an essential
chemical. Kim et al.[181] incorporated Al2O3/ATO/TiO2 with PET
fabrics that showed excellent anti-static action with strong
heat-shielding properties. They have also reported that, the
fabric which has a lower amount of Al2O3/ATO wt. percentage

Table 4. Methods of producing superhydrophobic surface.

Fabrication method Nanoparticles Other Materials Additional
properties

Water contact
angle range

Ref.

Sol-gel process Fluorinated SiO2 Tetraethyl orthosilicate (TEOS)-
modified PET filter material

Enhanced roughness 144.6 �1.6° [144]

SiO2 Organo-silane without fluorine Better self-cleaning and
abrasion resistance

153.1° � 0.8° [145]

Silica Trimethylsilane Ultralow refractive indices 156° [146]
Silica Tetraethyl orthosilicate and

methyltriethoxysilane
Highly durable 160° [147]

Chemical vapor
deposition

SiO2 Poly(hexafluorobutyl acrylate) (PHFBA) Dual-scale roughness >165° [148]
Cu – Oil water separation 154.5° [149]

Hydrothermal
synthesis

ZnO nanorods Non-fluorinated silane UV-Blocking 170.2° [150]
TiO2 Octadecyltrimethoxysilane (OTMS) UV-Protective 158.6° [151]
ZnO Polydimethylsiloxane (PDMS) >150° [150]

Polymer film
generation

ZnO Hexadecyltrimethoxysilane (HDTMS) Durable 150° [152]
SiO2 Siloxane Easy removal >150° [153]
Nanoparticle spray Polydimethylsiloxane (PDMS) Structured and robust 172° [154]
SiO2 Ethyl-α-cyanoacrylate superglue Natural breathability 154° [155]

Dip coating Ag Poly(ethylenimine) Abrasion resistance >150° [156]
Ag Polydopamine Microwave shielding 154° [157]

Figure 18. The process of producing anti-icing and ice-phobic, with the mechanism of self-propelling, wetting, bouncing, nucleating, and bridging.
Reproduced from ref.[160] Copyright (2017), with permission from Wiley-VCH.
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with a higher concentration of TiO2 could exhibit a significant
UV protection factor (UPF) than any fabric of a higher
percentage, therefore, the UV protection properties of TiO2

nanoparticles in the yarn acted superior with the Al2O3/ATO
particles. However, silane nanosols can ease their anti-static
properties due to their moisture absorbency inside the hydroxyl
groups.[182] W.L. Gore developed an antistatic membrane with
poly(tetrafluoroethylene) (PTFE) electrically conductive NPs
anchored in the fibrils of the membrane for commercial
products, which restricted the formation of isolated chargeable
areas and voltage peaks.[183] Table 5 illustrates how various
nanomaterials can impart anti-static effects while showing other
properties. Researchers tried a lot to overcome the limitations
of the conventional methods; for example, the anti-static agent
has been mostly washed off after a few wash cycles. Treating
the polyester fabric with the silver (Ag) NPs and fluorine water-
repellent finish provides it with anti-static charges and hydro-
phobicity, and most importantly, the polyester fabric had FTTS-
FA-009 A grade antistatic properties even after ten washing
cycles, as well as AATCC 22 spray rating 90 grades for its
hydrophobic quality. Electrically conductive channels are cre-
ated by the fiber with diffused particles fabricating the anti-
static properties.[173]

3.6. Flame retardant nano-finish

Textile materials are one of the main substances to cause fire
accidents, and thus it becomes so necessary to develop flame
retardant (FR) textiles for protective clothing, home textiles, and
industrial textiles. In addition to that, it has already got great
attention in the field of research to prevent fire accidents and
protect human lives.[190] Nyacol® Nano Technologies have
developed a flame retardant finish on the fabric by utilizing the
colloidal antimony pentoxide (Sb2O5). Sb2O5 nanomaterial has
been used in clothing along with halogenated blaze preventive
substances.[191] Textiles and polymers’ physical and mechanical
characteristics, as well as their thermal stability, can all be
significantly enhanced by nanoparticles.[190] Moreover, nano-
particles offer some better mechanical properties, a synergistic
effect, and health and safety performance.[190] Nano clays, ZnO,
and TiO2 NPs can impart flame-retardant finishes to fabrics with
substantial properties. Samanta et al.[192] found a good level of
fire retardancy by using nano ZnO on bleached jute fabric. ZnO
nanoparticles have shown a more significant property com-
pared with a commercial FR formulation applied on the same
jute fabric and the same level of LOI (limiting oxygen index)
value.[192] Some of the conventional FRs may release some toxic

Figure 19. Schematic of TiO2’s photo-catalysis mechanism.[177]

Table 5. Production of anti-static effect from different nanomaterials on fabrics and their multifunctional properties.

Nanoparticles Fabric Properties Reference

Metal Oxide Wool Better photocatalytic, self-cleaning,
and improved colorfastness properties

[184]

ZnO/CuO Cellulosic Multifunctional properties [185]
Graphene Oxide Cotton Multi-protective coating [186]
Cu and Ag Cotton Conductive textiles [187]
TiO2 Cotton Self-cleaning [188]
ZnO Cotton Different surface morphology [189]
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compounds; however, the implementation of the nanoparticles
is much less toxic and hazardous. The mechanism of imparting
FR finishes has been illustrated in Figure 20. The washability
and durability of such finishes are still a matter of concern in
this field and substantial work needs to be done. Moreover,
environmental concerns should be considered when it gets
upscaled for industrial production.[193,194]

3.7. Wrinkle resistance nano-finish

When the resin has already been popular for its wrinkle
resistant properties, nanomaterials come up with some extra
benefits of effective nano-finishing with even more durability.
The cellulose chains in the textile substrates get dismantled
when forces are applied on the surface and placed in a
subsequent new position with the hydrogen bonds. The coat-
ings with nanoparticles can be very effective in preventing the
wrinkle-formation at a desirable level.[196,197] SiO2 NPs with maleic
anhydrate as a catalyst can improve the wrinkle resistance in
the silk.[173,198,199] Li et al. developed multifunctional silk textile
materials successfully by incorporation TiO2 and TiO2/Ag nano-
particles (NPs). The strong chemical bonding in the silk fibroin
fabric (SFF) and NPs form a stable form with a composite
system which provided it with sufficient mechanical strength
and crease resistance (Figure 21).[200] However, due to some
limitations, i. e., a declining tensile strength of the fiber, loss in
dyeability, less abrasion resistance, improper water absorbency,
and breathability, it became mandatory to deal with those
challenges. Therefore, some researchers used nano-titanium
dioxide and nano-silica to improve the wrinkle resistance
property of cotton and silk fabrics accordingly.[191]

3.8. Anti-insect repellent nano-finish

Fibers especially woolen, mohair, fur, and bristles usually are
threatened by insects and moths. A continuous deterioration in
the disulfide bond is caused by the larvae of Tineola bisselliella
and the insect Anthrenus verbasci at the time of their
digestion.[201] Insect-repellent finishes or anti-moth finishes
provided a reliable solution for protection from insects. Micro-
encapsulation technique has been most effective with the
polymer coating process that allows for better durability.[202] The
cotton and the nylon fabrics are favorable to be treated with
insect repellent drugs for their extensive use in home textiles
and mosquito nets. This finish can be classified as insecticidal
intestines nets, curtains, home textiles, and military uniforms
with a protective barrier for the adult mosquito and other insect
bites. Therefore, the textile-based methodology has been most
effective in terms of bite protection.[203] Kaolinites from the
igneous rocks that are chemically weathered can impart anti-
moth properties when used with nano silver materials on wool
fabric. Jose et al. reported that anti-moth properties from nano
kaolinite performed well against A. verbasci.[204] Nano TiO2

showed outstanding moth repellency against A. vebasci on the
scoured wool fabric with a curing process and treated with
sodium hypophosphite and citric acid.[205] Most of the pesticides
are synthetic and not environment friendly for their toxicity to
humans and ecology. Therefore, researchers are looking for
better ways to replace synthetic anti-moth agents. Moreover,
the nano chemicals are expensive, yet a viable solution against
the problems created by conventional toxic pesticides.[203,206]

Figure 20. (a) Schematic diagram of flame retardant finishes on fabric (b) The reduction mechanism of sodium citrate and (c) Amino groups in PEI molecules.
Reproduced from ref.[195] as distributed under Creative Commons CC BY license, published by MDPI.
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3.9. Anti-odor nano-finish

With the advancements of anti-bacterial properties through the
implementation of nanomaterials, the nanoparticles, therefore,
silver nanoparticles inhibit odor generation. However, it can
restrict the growth of bacteria by destroying their micro-
organisms. Bacterial activities are primarily responsible for odor
generation; hence, silver ions perform well against them.
Nevertheless, silver nanoparticles also have become a matter of
concern as they sometimes kill the good bacteria in wastewater
treatment. The silver nanoparticles, however, serve their main
goal of it, keeping the textile materials away from foul smell.[207]

In addition to that, silver nano finished apparel products save
the wearers from foul odor and skin infection, with a
signification resistance against Brevibacterium linens.[208] With all

its substantial benefits, the odor-restricting materials are still
not above the risk of toxicity, therefore, scientists are still
looking for making this nano-finish eco-friendly and effective.

4. Applications in High-Performance Textiles

The unique physical and chemical properties of nanomaterials
make them suitable for various applications, including high-
performance textiles. Nanomaterials are widely used in textiles
because they can impart desirable properties such as durability,
water and stain resistance, UV protection, and antimicrobial
activity. These nanomaterials can be integrated into textiles
through a wide range of techniques. Table 6 provides a

Figure 21. TEM micrograph of (a) TiO2@Ag NPs, and (b) a grain-sized Ag NP of 5 nm. SEM micrograph of (c) untreated SFF sample, (d) bare TiO2 treated fabric,
(e) pre-modified TiO2 NPs-functionalization in the pre-modified version imparted on the fabric, and (f) functionalization of fabric with pre-modified TiO2@Ag
NPs. (g) FT-IR spectra of solid and dry samples: bare TiO2 (P25), DHBPA-modified TiO2 NPs, DHBPA-modified TiO2@Ag NPs, and DHBPA. (h) Wrinkle recovery
angle of untreated and treated fabrics. Reproduced from ref.[200] Copyright (2011), with permission from Elsevier.
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summary of recent studies that have utilized various nano-
particles in different sectors.

4.1. Sports textiles

Sports textiles, one of the branches of technical textiles, has its
performance boost because of the use of nanotechnology.
Sports clothing has the abilities such as thermal management,
moisture management, breathability, flexibility, odor control,
and UV protection.[218] In the previous sections, some of these
functional properties and how these can be imparted on HTPs
using various nanomaterials and nano-finishing techniques
have been discussed.

In most forms of sports, heat generation is a common
occurrence due to increased physical activity. Hence, personal
thermal management (PTM) is one of the primary concerns for
sports textiles. Various nanofiber and nanocomposite-based
structures have been investigated for their radiative cooling
and thermal comfort properties. For radiative cooling, two types
of materials can be employed, namely IR-transparent materials
and IR-emitting materials. However, nanomaterials are most
commonly used as the former type. The mechanism behind this

and a host of different IR-transparent nanomaterials for passive
radiative cooling is illustrated in Figure 22. Metafabrics, the
latest addition in the field of PTM, can also be used for radiative
cooling. A recent work by scientists demonstrated that incorpo-
rating woven metafabrics consisting of titanium oxide–poly-
lactic acid (TiO2-PLA) with a polytetrafluoroethylene (PTFE) layer
can provide high emissivity (94.5%) and reflectivity (92.4%),
enabling efficient radiative cooling while maintaining desirable
mechanical properties, waterproofness, and breathability for
commercial clothing. The metafabrics had a significant cooling
effect of approximately 4.8 °C compared to commercial cotton
fabric, making them cost-effective and high-performance
options for sports garments, smart textiles, and passive radiative
cooling applications.[219] Conversely, in extremely cold temper-
atures, it is essential to have thermal protection from the cold
by means such as passive heating, thermal insulation, and heat
resistance.[220] A Nano-Air jacket has been designed to provide
thermal insulation and serve as a shell fabric for aerobic
activities, particularly in mountainous environments.[218] The
lower thermal resistance enables higher heat transfer from the
body to the fabric. Coating ZnO nanoparticles on fabric by
sonification lowers the thermal resistance due to the formation
of air gaps in the fabric structure.[221]

Table 6. Recent studies on the application of different types of nanomaterials in high-performance textiles.

Nanomaterials Textile structure Incorporation tech-
nique

Properties Applications Ref.

Graphene Conductive screen printing of graphene-based
ink on multifunctional garments

Screen printing Monitoring brain activity (i. e., elec-
troencephalogram, EEG)
and finding comparable to conven-
tional rigid electrodes

Medical
smart textiles

[209]

Graphene oxide-
Polyethyleneimine-
Silver (GO-PEI� Ag)

Core-spun yarn Electrospinning Superior antibacterial activity and
excellent durability

Antibacterial [210]

Graphene aerogel Cotton fabric Roller coating Better EMI shielding performance
with less consumption
of carbon nanofiber

EMI shield-
ing

[211]

Reduced graphene
oxide (rGO)

Polyester nonwoven Dip coating The electrical surface resistance was
3 and 150 times lower
than that of polypyrrole-coated wo-
ven polyester fabric and
graphene-coated nonwoven fabrics,
respectively

Geotextiles [212]

Reduced graphene
oxide (rGO)

Core-sheath fiber Hydrothermal
method

highly compressible and stretchable
spring supercapacitors
Capacitance: 0.4 mF/cm2

E-textiles [213]

Carbon nanotube
(CNT)

Carbon nanofibers Mechanical densifi-
cation method

Conductivity:12,000 S/cm
Cost-effective mass production of
high-performance CNT fibers

E-textiles [214]

Carbon nanofiber
(CNF)

Carbon nanofiber Electrospinning Better thermal conductivity and Sports tex-
tiles

[215]

Silver (Ag) Organic cotton Dip coating mechanical strength enhancement
and anti-bacterial effect

Healthcare [132]

Copper Oxide
(CuO)

Cotton fabric Dip coating Anti-bacterial Healthcare [126]

Silica (SiO2) Cotton fabric Spray method Durable superhydrophobicity with
an antibacterial effect

Smart tex-
tiles

[130]

MXene Woven cotton fabric Spray-drying coat-
ing

Higher conductivity in joule heating
and sensors

Smart tex-
tiles

[216]

Chitosan Linen fabric Dip-coating Superior anti-bacterial properties
with antioxidant
activity of 96.8%

Healthcare [128]

Nanocomposite Cotton fabric Dry-casting meth-
od

Efficient Energy Harvesting and Mo-
tion Sensing

E-textiles [217]
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Moisture management is another major performance meas-
ure as the comfort of the sportswear. Moisture management
means the transporting of moisture from the outer surface of
garments preventing perspiration formation onto the skin.[223]

To achieve this, researchers have used single-spinneret electro-
spinning to formulate core-shell nanofiber composites fur-
nished with PAN core, polyvinylidene fluoride (PVDF) inner
layer, and a thick outer layer treated with cellulose acetate
nanofibrous mats. It also provides low friction when in contact
with human skin. The large difference in hydrophobicity
between the inner and outer layers is responsible for moisture
transport, and it is facilitated by the PAN core and PVDF

nanofibrous surface.[224] Another method of having moisture
transport performance is by dual-layer CA/dyed CA where CA
nanofibers hydrolyzed in sodium hydroxide show greater super-
hydrophilicity, wettability, and greater dyeability used in the
outer layer. DCA nanofiber with deposition of CA nanofiber is
utilized in the outer layer, which provides hydrophobicity, and
then the merged layer delivers the moisture transport
performance.[225] On another note, TiO2 nanoparticle is used for
UV protection, and microcapsules having silver nanoparticle are
utilized for both antibacterial and odor control.[226] Zhou et al.
explored an environmentally friendly method for creating Janus
fabric with improved moisture management ability through

Figure 22. (a) Mechanism of radiative cooling for PTM using high transmittance and high emittance materials, respectively. IR-transparent nanomaterials for
passive radiative cooling with timeline: (b) design of IR-transparent fabric, (c) polydopamine and nano-porous polyethylene (PDA-NanoPE-mesh), (d) nylon-6
nanofibers on nanoPE substrate, (e) nanoPE fabric, (f) ZnO NPs in nano-porous PE fabric, (g) colored textiles made from IR-transparent inorganic pigment
nanoparticles, (h) IR-selective transparent covers, (i) PE bubble warp. (j) Functional group selection for high emittance and low solar absorption. Reproduced
from ref.[222] as distributed under Creative Commons CC BY license, published by Oxford University Press.
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thermal transfer printing of hydrophobic transfer prints onto a
superhydrophilic cotton fabric, resulting in Janus fabrics capa-
ble of unidirectional liquid transport, durable against friction
and home laundry cycles, while maintaining breathability,
elasticity, flexibility, and providing a cooling effect of 3.6 °C
compared to regular cotton fabric.[227] In sports textiles, nano-
technology is making significant improvements in thermal and
moisture management over conventional routes.

4.2. Medical textiles

In recent times, the healthcare or medical sector is receiving
many important use cases of nanotechnology. Medical textile is
a growing field that covers implantable materials to smart
medical textiles. Nanotechnology is further advancing medical
textiles by integrating nanomaterials. Medical textiles are
classified based on the end-use such as implantable materials
(sutures, grafts, scaffolds), non-implantable materials (wound
dressings, pressure garments), hygiene (clothing, disposable
wipes), extracorporeal devices (artificial kidney, bone), smart
and intelligent medical textiles (vital monitoring textiles,
biosensors).[228–232]

4.2.1. Tissue engineering

To get aid in the regeneration of the damaged biological tissue,
functional biomaterials have taken greater notice[233,234] as it is
much more difficult for the nanoscale building blocks to be in a
highly micrometer or millimeter scale ordered manner hierarchi-
cally. Hydrogel based on nanofibrils simplifies chemical compo-
sition responsible for forming important ordered porous
structures along with facilitating the topographical control for
cell alignment and mechanical properties. And this hydrogel
will then be used to obtain tissue engineering scaffolds.[235] Due
to some constraints in lithographic processes equipped with
tissue engineering and the other process that uses digital light
from the micro-electromechanical system (MEMS) causes diffi-
culty to combine with self-assembled hydrogel materials. To
combat these issues, a reverse templating strategy has been
illustrated where centimeter-scale subtle surface architecture is
used and is printed with submillimeter resolution using a
micromirror technique as a sacrificial template and then filled
with nano fibrillar hydrogels. Cellulose and chitin nanofibrils
(CNF, ChNF) (length=0.1-5 μm, diameter=2-5 nm, density=

1.01 g mL� 1) are utilized to mold hydrogels.[235] Bio-fabrication
of hydrogel fibers with solid, hollow, and varying shaped cross-
sections have been manufactured using a wet spinning process
which can be utilized in tissue engineering, wound healing,
drug delivery, and wearable medical textiles. These fibers can
be incorporated into medical textiles by weaving, braiding, and
embroidery methods.[236]

4.2.2. Drug delivery system

Considering the disadvantages of the known drug delivery
system through enteral routes and parenteral routes like first-
pass metabolism, discomfort, and pain, penetrating the drugs
directly in the buccal cavity by using nanofibers is deemed to
be beneficial.[237] Even though there are many techniques for
fabricating drug delivery systems, e.g., single emulsion
process,[238] double emulsion process,[239] spray drying,[240] and
electrospinning, whereas electrospinning of nanofibers has got
the upper hand because of its controlled drug release rate.[241]

Nanofibers prepared by electrospinning are incorporated into
active substances as they avail the increased drug solubility and
bioavailability or control the rate and site of delivery, good
stability, and maximum drug-loading capacity. The electro-
spinning technique formulates ultra-fine fibers reducing diame-
ter from micro- to nanometers enriched with controlled
morphology. The reduced diameter expedites many features,
such as the increased surface-area-to-volume ratio, surface
functionality, and higher mechanical performance.[237] Drug
delivery to a specific site is achieved by using therapeutic
agents filled with the nanofibrous membrane. However, most
organic solvents in the traditional electrospinning technique
used to form therapeutic fibers need to be more competent
with several drugs and biomolecules. This complication can be
solved by using core-sheath triaxial fibers along with solving
some other issues, including enhancing the solubility and
facilitating the sustained release of drugs. These core-sheathed
structured triaxial fibers might be formed by the triaxial
electrospinning technique. It uses three different fluids to form
an additional layer of nanofibrous mats.[242]

4.3. Military textiles

The annual global military spending has increased to the largest
in a decade. Stockholm International Peace Research Institute
(SIPRI) data unveils that US$1917 billion was spent on the
global military in the year 2019, with an increase of about 3.6%
from the previous year,[243] a large amount of which is spent on
research and development.[244] As military personnel may have
to go through harsh environments more often, e.g., extreme
weather, cold, heat, fire, aviation and maritime hazards, and
lack of oxygen bringing about more hampers than the
enemy,[245] research has been conducted to ameliorate military
protective textiles and other military equipment utilizing nano-
technology. Qualities like lightweight, enhanced protection and
survivability, stealth materials, high-energy-density materials,
multifunctionality, self-healing and self-diagnosing, low main-
tenance, and environmental acceptability are required for
military purposes, either separately or in combination. Fascinat-
ingly, nanocellulose might be the most appealing option to
satisfy the requirements mentioned earlier and has therefore
emerged as promising material and received tremendous
demand for use in various broad applications such as military
packaging, energy devices, fire retardant material, and filtration
materials.[102]
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Another noteworthy requirement for current integrated
electronic and telecommunication fields like the military is
high-performance EMI shielding with ultra-flexibility, excep-
tional mechanical qualities, and great performance. For flexible
EMI shielding and thermal management materials, conductive
polymer composites assembled with polymer matrix and
conductive fillers such as graphene,[246] MWCNTs,[247] MNPs,[248]

and nanocomposites[249] have undergone substantial research.
The ultra-flexible and structurally durable aramid nanofiber
(ANF) and MXene/silver nanowire (AgNW) has been used to
create nanocomposite paper with EMI shielding properties
using a two-step vacuum-assisted filtration technique. The
double-layered structures and three-dimensional MXene/AgNW
conductive networks with considerable hydrogen bonding
interactions are responsible for solid interface adhesion and
excellent electrical conductivities of 922.0 S/cm (Figure 23).
They also demonstrated incredible thermal management abil-
ities like joule heating at low voltage, fast reaction, and
dependability.[250]

Military targets are becoming more endangered owing to
the advancement of existing infrared detection technologies,
raising the possibility that high-valued targets could be located.
To safeguard those targets, stealth materials are required. As
thermal cameras can detect targets only with infrared radiant
characteristics different from their surroundings, there are two
approaches to fabricating infrared thermal stealth, either by
controlling thermal emission or temperature.[251] Static micro/
nanostructures have been investigated to regulate the thermal
emissions of targets. Apart from that, dynamic regulation of
infrared emissions by utilizing quantum wells,[252] electrochromic

dyes,[253] ferroelectric materials,[254] plasmonic resonators,[255] and
phase change material (PCM)[256] also have been studied. Kevlar
nanofiber aerogel (KNA) films can also be used as it has
outstanding thermal insulation performance which is even
more amplified when incorporated with PCM, such as poly-
ethylene glycol, forming KNA/PCM nanocomposite (Figure 24).
The film signifies high performance furnishing a high thermal
management capability, and release properties and it has an
infrared emissivity of 0.94 equivalent to that of different
backgrounds.[251]

Protective clothing (PC) protects the wearer from physical,
chemical, radiological, and nuclear risks. Ballistic PC (protection
against projectiles), firefighter PC (protection against heat and
flame), NBC suits (protection against biological, chemical, and
nuclear weapons), cold environment clothing, and sportswear
like that for open-water swimming and scuba diving are some
of the most important categories of PC.[257] The use of nanofiber
or nanocomposites is making it more possible to enhance the
properties of protective textiles in terms of weight and their
high-performance features. A brief description of protective
textiles equipped with nanotechnology is given below:

4.3.1. Biological and chemical protection

Producing fabrics with chemical or biological protection has
many benefits, such as military outfits for specific tasks or attire
for healthcare personnel.[245] Biological and protective clothing
can be obtained by preparing chitosan-polyurethane disper-
sions through the polymerization process and using it as a

Figure 23. Schematic illustration for fabrication of the double-layered ANF-MXene/AgNW nanocomposite papers. Optical photographs of the upper and lower
surfaces of the double-layered nanocomposite papers. Reproduced from ref.[250] Copyright (2020), with permission from American Chemical Society.
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finishing treatment on polyester cotton fabric. The resulting
clothing has better tensile strength, antimicrobial character-
istics, and UV protection.[258] Currently, metal oxide nano-
particles such as TiO2 and MgO are suggested as promising
catalysts for decontaminating chemical and biological
agents.[259] To improve the water retention and proton con-
ductivity of sulfonated poly(styrene-isobutylene styrene) and to
prevent permeant passage through the material, graphene
oxide (GO) and its sulfonated analog (sGO) have been added.

This material is used in chemical and biological protective
clothing.[260]

4.3.2. Ballistic protection

Weight has always been a concern in formulating ballistic
protective clothing, which is the core reason attention has been
given to the use of nanotechnology, which can make it possible

Figure 24. (a) Schematic depiction of KNA and KNA/ PCM film preparation. Schematic depiction of the infrared stealth of KNA/PCM composite films to (a)
target in a simulated outdoor environment and (b) hot target. (d-i) Infrared stealth performance of KNA films and KNA/PEG films for a different number of
layers. (j) Temperature–time curves of bare surface, KNA film, and KNA/PEG film under heating. (k) FTIR of KNA and KNA/PEG films. (l) Schematic depiction of
the infrared stealth mechanism of KNA and KNA/PEG to the hot targe. Reproduced from ref.[251] Copyright (2019), distributed under public license from
American Chemical Society.
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to reduce weight. Composite armor panels with a striking face
made of boron carbide ceramic and a backing made of carbon
nanotube-ultra high molecular weight polyethylene (CNT-
UHMWPE) are used to construct light body armor. The robust
affinity between CNT and UHMWPE enhanced low back face
signature (BFS) and significant energy loss through this
composition.[261] Recent times have witnessed a demand for
enhanced characteristics in continuous fiber reinforced polymer
(CFRP) composites as they are lighter and better corrosion-
resistant than metal structural components. The high tenacity
of the reinforcing fibers, which can endure significant mechan-
ical loading, is the driving force for CFRP’s outstanding
mechanical qualities[262] and makes it possible for CFRP to be
used as ballistic protective clothing. Due to the ionic nature of
aramid nanofibers (ANFs), they have been employed to change
those fiber nanocomposites through layer-by-layer assembly
and electrophoretic deposition.[263,264] ANF enhances mechanical
properties and matrix properties and improves shear strength,
and fracture toughness by inducing stronger interfacial attrac-
tion for aramid-based CFRP.[262] Figure 25 depicts the polymer
composite of epoxy and aramid nanofiber. Carbonaceous nano-
materials such as graphene, CNTs, and CNFs, are emerging as
promising ballistic protection materials.[265]

4.3.3. Fire protection

One of the primary causes of fire accidents is thought to be
textiles leading to the development of flame-retardant textiles
in many applications such as protective clothing, carpet,
furniture, curtain, flooring, sleepwear, mattresses, and industrial
textiles.[190] Earlier, both polymer/graphene nanocomposite and
polymer/carbon nanotube (CNT) nanocomposite are said to

have excellent flame-retardant properties. Flame retardant
additives are utilized to improve the fire performance of these
nanocomposites. For example, intumescent flame retardant
additive- a halogen-free flame retardant additive (IRF) with both
graphene and CNT can be used to improve the properties of
polypropylene (PP). The inclusion of IFR, CNTs, and graphene
increased the thermal stability and char yields of PP, according
to thermogravimetric (TGA) data.[266] A method to obtain super
hydrophobic and flame-retardant cotton fabric can be done by
having epoxy-functionalized cotton coated with amino-func-
tionalized silica nanoparticles accompanied with ZnO
nanoparticles.[267]

4.4. Construction textiles

Early nomads utilized lightweight, portable tent-like construc-
tions made of fabrics and furs, but with time, more durable
materials were developed as the number of permanent human
settlements increased.[268] Ever since carbon nanotubes (CNT)
were found, researchers are looking for ways to use the
mechanical, thermal, and electrical properties of CNT and
carbon nanofibers (CNF) in cement-based composites.[269] Self-
consolidating concrete (SCC) containing CNF is used to make
concrete where SCC has got widespread favor due to labor cost
savings, faster construction process, better finish, and better
environment. This composite can be used as a smart material
since it can be used to measure strain and temperature.[270]

Even though cement-based materials are frequently utilized
in construction, their usage in dams and long-span bridges is
restricted because of their fragility.[271–273] Cement composites
have been enhanced with a range of fibers to improve tensile
strength, toughness, and energy absorption capacity[274–276] but

Figure 25. Schematic of matrix modified fiber reinforced polymer composite and the incorporation of aramid nanofibers. Reproduced from ref.[262] Copyright
(2018), with permission from Elsevier.
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these fibers have drawbacks as well, such as poor resistance,
low corrosion resistance, and high cost. Their cellulose nano-
crystal (CNCs) can be utilized to step up the flexural strength
and mechanical strength of cement paste. Both the flexural and
compressive strengths of cement paste are found to rise by
15% and 20%, respectively, with the addition of 0.15 percent by
weight of CNFs.[277] Particulate matter (PM), often known as
particle pollution, is a mixture of solid and liquid particles in the
atmosphere. These days, because of the significant risks that
PM poses to the public‘s health like smaller size PM can
penetrate lungs and bronchi, it has become a severe worry. To
get protection from PM, a new blow spin method has been
developed to fabricate a real window transparent air filter
where poly-acrylonitrile nanofiber is used to coat a real window.
The coated window has got a smooth removal efficiency for PM
over the course of 12 hours under extremely hazy
conditions.[278]

4.5. Automotive and aerospace textiles

In fields like manufacturing and materials, nanotechnology
holds the possibility of innovations. As nanomaterial size is on
the atomic scale, its wavelike behavior predominates and
modifies the essential attributes of the material, including
melting point, magnetism, and charge capacity without altering
the chemical composition. These can have a significant impact
on the mechanical characteristics of bulk material. For instance,
nanoparticles can be utilized to reinforce conventional poly-
mers, creating unique materials that can be employed.[279] A
floating catalyst technique was used to grow carbon nanotubes
on the nickel-plated carbon fiber surface, proceeded by utilizing
graphene nanoparticles to scale the effects of functional
conductivity and mechanical properties, including flexural, work
of fracture, impact, and interlaminar shear stress properties.
These result in additional advancement in composite perform-
ance with weight-effective design for lightning-resistant aircraft
structures.[280]

On another note, natural fiber composites can take the
place of synthetic composites because of their low cost and
environmental sustainability, but they lack appropriate mechan-
ical and interfacial properties.[281] Alkali-treated jute fiber can be
coated with graphene oxide and graphene flakes prompting
the interfacial shear strength by 236% and tensile strength by
96%. This could allow the fabrication of environment-friendly,
high-performance natural fiber composite in both the aero-
space and automotive industries.[282]

A new type of polymeric material named nanocomposite
has outstanding mechanical properties, greater modulus, and
dimensional stability, higher thermal properties, and improved
impact resistance, which all are fit to replace metals in
automotive applications.[283] Like polyolefin nanocomposite is
used in door frames, seat brackets, and heavy-duty electrical
enclosures, nylon nanocomposite is used in the engine cover,
fuel line, fuel hoses, fuel valves, the elastomeric nanocomposite
is used in tires.[284] The primary criteria for aerospace textiles are
increased light speed and visual and thermal signature. Carbon

nanotubes can meet all these criteria, mainly in weight
reduction. Carbon nanofiber-incorporated three-phase carbon/
epoxy composites are a better candidate for aerospace textiles
because of their high fracture toughness and high tensile
strength.[284]

4.6. Eco textiles

The expanding textile industry’s output has created many
environmental issues such as high volumes of carbon emissions,
as well as hazardous textile processing wastes. This is because
the textile industries are occupied with several production
stages and the growing customer demand for affordable
items.[285–287] This waste is accountable for detrimental effects on
the environment and society, including increased carbon
dioxide emissions risks, the depletion of petroleum resources,
water, and air pollution, and soil erosion.[288,289] Textile industries
have been working on fabricating and introducing eco-friendly
materials[290] and nanotechnology is being focused on for that
purpose. For example, nanocomposite nanofiber was fabricated
by utilizing eco-friendly nanocomposites in which various
nanocarbon and inorganic nanofillers were invigorated, which
eventually led to textile materials. Polyamide, polyethylene, and
polyester are packed with nanocarbon such as carbon nano-
tubes and carbon black to form nanofibers. Polymer/nano-
carbon nanocomposites are employed in eco-friendly textiles
such as electronic textiles, improving military textiles, antimicro-
bial relevance, and self-healing textiles.[291]

Sustainable energy harvesting technology is now receiving
a lot of attention, not only for its potential to reduce problems
with global energy consumption and the environment but also
for its potential to power wireless sensors and microelectronic
devices in new applications continually.[292–295] Triboelectric
nanogenerator (TENG) has become favorable mechanical en-
ergy harvester converting mechanical energy into electrical
energy because of their high efficiency, large power output,
lightweight, easy fabrication, and diverse materials selection.
The TENG’s operating principle is based on the triboelectric
effect and electrostatic induction between two materials that
are not like one another and have different electron
affinities.[296] Figure 26 demonstrates the process to develop a
PNF-TENG. A green method to construct TENG is done by
designing porous nanocomposite fabrics (PNFs) having sturdy
charge accumulation capacity and using it as a tribo-positive
material. The porous nanocomposite is formed by filling it with
nano-Al2O3 fillers. TENG provides large-scale appeal in power
supply and self-powered sensing.[217]

Companies that make textiles have been actively working
on inventing and combining eco-friendly materials, taking into
account animals, plants, and microorganisms for the creation of
consumer goods. Regenerative cellulose has been considered
mediocre in forming fibers, films, and semi-permeable mem-
branes for textiles as it has downplayed the ecological issues.
Bacterial cellulose (BC) is a remarkable extracellular nanofibrous
biodegradable polymer created by nature that can be engi-
neered to acquire specific qualities and shapes. The develop-
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ment of BC nanofibrils on electro-spun nanofibrous membrane
support was effectively accomplished to create a nano-
composite fabric structure by utilizing an in-situ self-assembly
approach for fashion clothing and footwear application.[297]

4.7. E-textiles

Electronic textiles (e-textiles) also known as smart textiles are a
recent breakthrough technology that combines textile materials
or structures with electronics. They are quickly emerging as the
next phase of smart wearables for a wide range of exciting
applications such as textile-based sensors,[298] photonic
textiles,[173] soft displays,[299] electricity generation,[300] energy
harvesting and storage,[49] and fabric computing.[301] E-textiles
are also fabricated with multifunctional properties such as high
conductivity, durability, hydrophobicity, breathability, and
washability.[302] Figure 27 illustrates the some of the multifunc-
tional properties incorporated in e-textiles. These kinds of
properties are achieved by the using smart materials such as
conductive polymers,[303] phase change materials (PCM),[304]

thermochromic materials,[305] magnetoelectric materials,[306]

shape-memory materials, peizoelectric materials, pyroelectric

materials, and triboelectric materials. In addition, nanomaterials
discussed previously play a pivotal role in e-textiles.

The development of several smart wearables has led to the
creation of various sensors promoting continuous vital monitor-
ing, activity tracking, electronic skin, and human-machine
interfaces (HMI). Researchers have integrated silver nanowire
composites with textiles by utilizing laser scribing patterning
and heat press, having multifunctional properties without
losing wearability, washability, and comfortableness. An inte-
grated patch can also be integrated depending on the
laminated textile patterns, including wireless thermotherapy
heating, capacitive strain for motion detection, and dry electro-
des for electrophysical sensing.[308] HMI is an emerging technol-
ogy that has wider implications in robotics, automation,
augmented reality, virtual reality, medical monitoring, and
assistive technology. Braided cords made with multifunctional
fiber and textile-based sensors can also be used as HMI.[309]

Wearable human-interactive smart textile, made by integrating
a PDMS patch embedded with an optical micro/nanofibers
(MNF) array into the textile structure, demonstrated high-
sensitivity (65.5 kPa � 1) and fast-response (25 ms) touch
sensing.[310] A high-performance smart e-textile for wearable
triboelectric nanogenerator (TENG) applications can be formu-

Figure 26. Schematic illustration of the fabrication of PNF and structural design of PNF-TENG. Reproduced from ref.[217] Copyright (2020), with permission from
American Chemical Society.

Figure 27. Schematic illustration of multifunctional properties of e-textiles. Reproduced from ref.[307] Copyright (2020), with permission from Royal Society of
Chemistry.
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lated by using polyester textiles blade-coated with conductive
silver nanowires (Ag NWs) to make conductive textiles. A
reduced graphene oxide (GO) named graphene is used to coat
the silver nanowire resulting in a polyester/Ag NWs/graphene
core-shell structure. This triboelectric nanogenerator harvests
mechanical energy induced by low-frequency friction demon-
strating a wearable, self-power device.[311] Energy harvesting
methods such as solar cells, triboelectric nanogenerators, piezo-
electric nanogenerators, thermoelectric nanogenerators, and
hybrid generators are crucial for self-sustained and eco-friendly
intelligent wearable textiles.[301]

Researchers are also developing intelligent textiles and
clothing that sense signals from the wearer‘s body and the
environment, perform on-body computing, and communicate
the output with a central computer.[301] This so-called fabric
computing has the potential to revolutionize digital
education,[312] smart living,[313] health protection, and
monitoring.[301]

5. Challenges and Future Research

Nanotechnology and nanomaterials have opened up exciting
prospects for the future of textiles. With their excellent ability to
manipulate matter at the nanoscale, these technologies offer
immense potential for enhancing the functionality and perform-
ance of textiles. Nanotechnology has already made remarkable
strides in the textile industry, enabling the development of
high-performance textiles with superior properties such as
enhanced strength, durability, and water resistance. Nano-
materials, such as nanoparticles and nanofibers, can be
incorporated into textiles to impart unique characteristics like
antibacterial properties, ballistic protection, UV protection, self-
cleaning capabilities, and even electronic functionality. Never-
theless, there are several challenges associated with the use of
nanotechnology and nanomaterials in high-performance tex-
tiles as provided in Table 7. A collaborative effort between
scientists, industry, and regulators is essential to address these
challenges. The future of research in this field holds promise for
further advancements, including the creation of smart textiles
capable of sensing and responding to environmental condi-
tions, energy harvesting textiles, and wearable devices with
integrated nanosensors. Moreover, ongoing research aims to

address concerns related to the environmental impact and
safety of nanomaterials in textiles, paving the way for sustain-
able and responsible implementation of nanotechnology in the
industry.

6. Conclusions

The review highlights the various nanomaterials and nano-
technology-based finishing approaches used to improve the
functionality of textiles, including improving durability, water-
proofing, flame resistance, odor resistance, stain resistance, and
UV protection. Furthermore, the review suggests that these
nanotechnology-based approaches can be used to create
advanced high-performance textiles for a wide range of
applications, including medical, sports, automotive, aerospace,
construction, and defense industries. However, it is also
important to consider the potential ecological, health, and
safety implications associated with the use of nanomaterials in
textiles. Therefore, proper regulation and safety measures must
be taken to ensure that nanotechnology-based textiles are safe
for human use and the environment. Overall, the review
provides insight into the current state of the art in the use of
nanotechnology for high-performance textiles and offers val-
uable guidance for future research and development in this
field.
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