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Improving thermal conductivities of textile
materials by nanohybrid approaches

Ozlem Ipek Kalaoglu-Altan," Burcak Karaguzel Kayaoglu,' and Levent Trabzon?24*

SUMMARY

The thermal transfer between individual body and the surroundings occurs by
several paths such as radiation, evaporation, conduction, and convection. Ther-
mal management is related with the heat transfer between the human body
and the surroundings, which aims to keep the body temperature in the comfort
range either via preserving or via emitting the body heat. The essential duty of
clothing is to contribute to the thermal balance of the human body by regulating
the heat and moisture transfer. In the case of poorly controlled body heat, health
problems such as hyperthermia and heatstroke along with environmental prob-
lems due to higher energy consumption can occur. Recently, research has been
focused on advanced textiles with novel approaches on materials synthesis and
structure design, which can provide thermal comfort together with energy
saving. This review article focuses on the innovative strategies basically on the
passive textile models for improved thermal conductivity. We will discuss both
the fabrication techniques and the inclusion of carbon-based and boron-based
fillers to form nano-hybrid textile solutions, which are used to improve the ther-
mal conductivity of the materials.

INTRODUCTION

Thermal comfort is defined as the condition of human mind satisfied with its thermal environment, in terms of
whether they feel too hot or too cold and is affected by metabolic heat produced by the body, clothing, air tem-
perature, radiant heat, humidity, and air movement (Fanger, 1970). Among the functions of a textile clothing,
protection against a variety of weather conditions and maintenance of consumers’ comfort level via regulating
the body surface temperature rank in priority (Akcagun et al., 2019; Zimniewska et al., 2002). It should also assure
sufficient heat transfer between human body and outer environment surroundings via providing thermal insu-
lation or reducing heat flow from the body to a colder environment in order to preserve the physiological ther-
mal balance of the wearer. The body of a human being is itself a thermoregulated organism generating H,O,
heat, and other substances due to cellular respiration, muscle functions, and digestion of food. The most
comfortable body temperature of a human skin is considered to be 33.4°C, and a deviation about +4.5°C
causes thermal discomfort (Peng et al., 2019; Maughan, 2003). The adaptation to the change in the body
heat is mostly provided by skin with symptoms such as horripilation, severe sweating, or nose secretion.
Clothing is a key factor in thermal management process because it regulates the heat and moisture transfer
between human and environment. Traditional clothing materials can provide limited thermal management,
so novel advanced textile materials should be designed and fabricated, which can be adaptive, responsive
and also breathable, flexible, and light (Tabor et al., 2020). Conventional textiles are not sufficient in adapting
to the changes in the temperature of skin microclimate, which is a tiny air gap between clothing and skin. The
thermal comfort of humans largely depends on the temperature and moisture of the microclimate, so thermal
management can be improved by fabricating smart textiles that can self-adapt the microclimate temperature in
any weather condition (Zou et al., 2021). Several commercialized textiles with improved thermal comfort prop-
erties have been developed by various sportswear brands such as Omni-heat (Columbia), CoolMax/Thermolite
(Dupont), AeroReact (Nike), Dri-FIT (Nike), HeatGear/ColdGear (Under Armour), Gore-Tex, etc. Omni-heat
contains little silver dots, which reflect body heat to keep body warmer. Coolmax and Thermolite use recycled
polyester for moisture-wicking property and lightweight insulation, respectively. Bicomponentyarn structure in
AeroReact senses moisture vapor and opens its structure to increase breathability. Dri-FIT uses unique poly-
ester-based microfiber construction to provide body cooling via wicking away and dispersing sweat throughout
the fabric surface. HeatGear and ColdGear are created with performance fabric that keeps body cool, dry, and
light in warm conditions and warm, dry, and light in cold conditions, respectively. Gore-tex is an expanded
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polytetrafluoroethylene-based waterproof and breathable fabric widely used in active and sportswear. Direc-
taplus has produced graphene-enhanced co-masks with its patented planar thermal circuit invention, as well as
skijackets and trousers. The thermal conductivity of the material is an important property because it affects the
heat flow in the material. Heat flow through the clothing basically depends on the thermal conductivity of the
fibrous material, fiber volume content, construction of the fabric, and orientation of fiber with regard to the heat
flow direction (Siddiquiand Sun, 2017). Heat can be transferred from clothing to the environment to maintain its
thermal balance through conduction, convection, and radiation and evaporation (Pengetal., 2019; Stevens and
Fuller, 2015; Hu et al., 2020a; Zhang et al., 2021). The thermal conduction depends on the thermal conductivity,
fibrous morphology, and size, whereas air permeability and moisture absorption come along with porosity,
wettability, and surface area of the fabric. In hot weather, the fast evaporation of the sweat from the fabric is
favorable, whereas in winter clothing low breathability is preferential to maintain the body temperature at
the comfort level. Heat conduction is an effective factor for human body heat dissipation either to raise or to
decrease human body heat loss for personal thermal management along with being the only route of heat dissi-
pation throughout the textile itself. Especially for IR-opaque textiles, heat conduction surpasses radiation in
heat transport mechanism. Hence, heat conductive textiles are attractive for personal thermoregulation to
adjust the body temperature (Peng and Cui, 2020).

The general heat balance equation for the heat exchange between an individual and environment can be
described as (Song et al., 2011):

S=M-W-E-R-C-K

where S is the heat stored in the body, M is the metabolic heat generated by the body cells through
biochemical reactions, W is the total external work performed by the body, E is the evaporative heat
flow as heat dissipates from body when sweat evaporates, R is the radiative heat flow between human
body and surrounding hot or cold objects, Kis the conductive heat flow between a human body and sur-
rounding objects through direct contact, and C is the heat exchange through clothing. When the human
body is in thermal comfort, S should be zero. When S is positive, the body temperature rises, leading to
the vasodilation of blood and sweating. If Sis negative, heat is radiated from the body to the surroundings,
causing a decrease in body temperature and eventually to vasoconstriction of the blood vessels and shiv-
ering. A thermal balance between the human body and the environment should be set in order to provide
thermal comfort to individuals, which is in relation with the heat produced and lost by the body (Song et al.,
2011; Ogulata, 2007; Shu et al., 2022). The thermal balance includes heat and moisture exchange between
body, clothing, and environment (Djongyang et al., 2010). Thermal conductivity is among important ther-
mal properties of a fabric, which is also related to the breathability of the fabric. A fabric with a high thermal
conductivity permits transfer of heat from a hot side, such as the human body to a cooler side such as the air
on the other side of clothing. Thermal conductivities of textile structures in general vary from 0.033 to
0.10 W m~" K" (Akcagun et al., 2019). Reports have given the thermal conductivities of knitted hemp,
viscose, linen, cotton, and bamboo fabrics around 0.022 W m~" K=', 0.031 W m~' K", 0.043Wm~ "' K",
0.026-0.065 W m~" K™, and 0.039-0.045 W m~" K, respectively (Stankovi¢ et al., 2008; Majumdar
et al., 2010; Oner, 2019). The axial thermal conductivity values of silkworm silk fiber ranged between
0.54-6.53 W m~" K~', whereas the thermal conductivity for wool fabric was reported as 0.043-0.046 W
m~ " K" in dry state (Akcagun et al., 2019; Xue et al., 2019). Similarly, polymeric materials also have low
thermal conductivities around 0.1-0.5W m~" K™’ (Huangetal., 2018; Zhao and Hu, 2021). The thermal con-
ductivity of both polymeric and conventional textile materials can be improved by the introduction of
conductive fillers.

In this article, we will review the recent advances in the enhancement of thermal conductivities of both nat-
ural and polymeric materials for thermal regulation properties. Improving the thermal conductivity in terms
of fabrication technique and addition of conductive fillers will be discussed. Passive thermoregulation
based on thermally advanced materials that can organize the heat generated and dissipated by the human
body without use of external energy has been reviewed. Such kind of thermally regulated materials can be
obtained via advanced material and fabrication development and design. We will review the contributions
of different fabrication techniques such as electrospinning, vacuum filtration, spraying, coating, 3D print-
ing, and chemical coupling, along with different conductive fillers such as carbon-based and boron-based
materials on the thermal conductivity, which are summarizedin Table 1. Consequently, a brief summary and
future perspectives in this field will be given.

2 iScience 25, 103825, March 18, 2022

iScience



2207 '8l Y2IeN 'SZ8E0L ‘Gz @dusidg!

€

Table 1. Thermal conductivities of various materials with different fabrication techniques and filler types

Thermal Conductivity

92UBI0GI

Material Fabrication Technique Filler Type (Wm™" K™ Remarks References
Nylon-11 Electrospinning - 1.6 Hot-spun (Zhong et al., 2014)
Crystalline polyethylene Electrospinning - 9.3 (Ma et al., 2015)
Polyethylene oxide Electrospinning - 13-29 (Lu et al., 2017)
Polyvinyl alcohol Electrospinning 1.23 (Park et al., 2019)
Polystyrene Electrospinning GNP 5.0 10 wt % GNP (Li et al., 2016a)
Polystyrene Electrospinning Thermal rGO 0.689 15 wt % thermal rtGO (Ruan et al., 2018)
followed by hot-press
Polyamide Electrospinning Ag/rGO 2.12 15 wt % Ag/rGO (1/4, w/w) (Guo et al., 2019a)
Polybenzimidazole Electrospinning MWCNT 3.1 (Datsyuk et al., 2020)
Polyvinyl alcohol Electrospinning and BNNS 1.94 (through-plane) PDMS/PVA/BNNS (Chen et al., 2017)
vacuum filtration 15.6 vol % BNNS
Polyimide Electrospinning BNNS 131 20 wt % BNNS (Wang et al., 2018a)
Polyvinylidene fluoride Electrospinning BN 7.29 30 wt % m-BN (Zhang et al., 2018)
Polyvinylidene fluoride Electrospinning BNNS 10.4 Thickness of 28 um (Chen et al., 2019a)
16.3 Thickness of 18 um
33 wt % BNNS
Polyurethane/fluorinated Electrospinning BNNS 17.9 (in-plane) 18 wt % BNNS (Yu et al., 2020)
polyurethane 0.29 (cross-plane)
Polyurethane Electrospinning BNNS 1.137 (in-plane) 60 wt % BNNS (Miao et al., 2021)
0.182(cross-plane)
Cellulose nanofiber Vacuum-assisted filtration Graphene 164.7 50 wt % graphene (Chen et al., 2018)
Cellulose nanofiber Vacuum-assisted filtration Graphene 7.81 10 wt % TA@PG-CNF (Wang et al., 2018b)
Nanofibrillated cellulose Vacuum-assisted filtration Graphene sheets 14.35 10 wt % ND/G (Cui et al., 2020)
Cellulose nanofiber Vacuum-assisted filtration Ag-rGO 27.55 9.6 wt % Ag-rGO (Yang et al., 2020)
Cellulose nanofiber Vacuum-assisted filtration BNNT 21.39 (in-plane) 25 wt % BNNT (Zeng et al., 2017)

Cellulose nanofiber

Cellulose nanofiber

Cellulose nanofiber
Polystyrene
Ethylene vinylacetate

Cotton

Vacuum-assisted filtration

Vacuum-assisted filtration

Vacuum-assisted filtration
Vacuum-assisted filtration
Vacuum-assisted filtration

Dipping-drying coating

BNNT (amine-functional)

BNNT (edged
hydroxylated)

Ag-BNNT
BNNS-OH
BNNS
MWCNT

4.71 (cross-plane)

12.79
30.25

24.27

20.9
1.131
13.2
0.045

40 wt % BNNT

Thickness of ~90 um
Thickness of ~30 um
70 wt % BNNT

60 wt % BNNT

25 wt % BNNT and 0.199 wt % Ag
12 wt % BN-OH

50 wt % BNNS
Oxygen-containing MWCNT

(Wu et al., 2017)

(Wu et al., 2018)

(Fu et al., 2018) @)
20
(Han et al., 2020) g D
(Wang et al., 2020) > U
1
(Rahman and Mieno, 2015) g (‘D
m N
(Continued on next page) A (7]
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Table 1. Continued

Thermal Conductivity

Material Fabrication Technique Filler Type (Wm~" K™ Remarks References
Cotton Dip-pad-cure Graphene, 0.29 + 0.015 (G) 50 wt % (Abbas et al., 2013)
MWCNT, BN 0.074 £ 0.007 (BN) 11.1 wt %
0.072 + 0.007 (MWCNT) 1.1 wt %

Polyamide fabric

Polyester

Bamboo viscose
70% polyester-30%
cotton fabric

Polyester

Merino wool/nylon
Polyurethane

Polyurethane

Polyurethane

Cellulose nanofiber
Cotton

Carbon fabric

Polyvinyl alcohol nanofiber
Polyurethane

Regenerated cellulose

Polyvinyl alcohol
Polylactic acid

Cotton (thiol modified)

Polyacrylic acid/polyvinyl
alcohol nanofibrous

Cellulose fiber

Regenerated cellulose

CNT microfibers

Electrophoretic deposition

Knife-over-roll

Dip-coating
Dip-coating

Coating
Dipping-drying
Blade coating
Blade coating
Doctor blading
Doctor blading
Spraying
Spraying
Spraying

Wet spinning
Wet spinning

3D printing
FDM
Chemical coupling

Chemical coupling

Hot-press

Solution casting

Floating catalyst chemical

vapor deposition

Graphene oxide

nanosheets

Graphene nanopowder
GNP

Graphene/CNC
MWCNT and graphene

Polyaniline/graphene
PEG/PEDOT:PSS/rGO
GNP

GNP and BN

GNR and BNNS
BNNS

MWCNT fluid
GNP/epoxy

BNNS

BNNP

BNNS

BNNS

Nano-graphite

rGO (thiol modified)
WPU (dien modified)
BNNT (amine functional)

Graphene
GNP

0.521

0.4243
0.492

0.136
0.704

0.1843
0.81
6.28
6.86
0.928
24.66
0.213
0.84
21.4
0.262

1.682
2.914

0.078
0.32
213

0.65

9.0

5.5 (cross-plane)
800 (in-plane)
770

200 g/kg graphene
150 g/kg, 0.5 mm thickness

4 wt % CN, 3 wt % GNP

Coating prepared by
casting MWCNT,
graphene and WPU

Graphene/polyaniline = 15%

10 wt % GNP

20 wt % GNP, 20 wt % BN

35 wt % BNNS, 50 pgem—2 GNR
50 wt % BNNS

0.5 wt % GNP
33.1 wt % BNNS
5 wt % BNNP

60 wt % BNNS
Increased draw ratio

6 wt % of graphene
25 wt % GNP

SS300V N3dO

(Zhao et al., 2018a)

(Manasoglu et al., 2019)
(Manasoglu et al., 2021)

(Yang et al., 2019)
(Dai et al., 2021)

(Liu and Zhao, 2021)
(Ghosh et al., 2020)
(Bonetti et al., 2021)
(Soong and Chiu, 2021)
(Tan et al., 2020)
(Chen et al., 2019b)
(Yu et al., 2019)

(Wang and Cai, 2019)
(Chen et al., 2019¢)
(Farajikhah et al., 2019)
(Wu et al., 2019)

(Gao et al., 2017)
(Guo et al., 2019b)
(Wang et al., 2019)

(Kim et al., 2018)

(Song et al., 2017)
(Zahid et al., 2018)

(Gspann et al., 2017)

(Continued on next page)
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Table 1. Continued

Thermal Conductivity

Material Fabrication Technique Filler Type (Wm~" K™ Remarks References
Ultrahigh molecular 284 + 3 Single microfiber (Candadai et al., 2020)
weight polyethylene 16 Yarn

9.5+ 0.6 Woven fabric
Graphene fiber fabric Spinning, drying, wet-fusing 301.5 (Li et al., 2016b)

Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)

Nanofibrillated cellulose-PEG

Polypropylene/viscose

nonwoven fabric

Polyimide

assembly, annealing
Compression molding and
hot-pressing

Evaporation-induced

self-Assembly process

Nano-soldering

In situ polymerization

followed by casting

h-BN, graphene tube
aluminium nitride,

aluminium oxide
Graphene sheets

rGO/CNT

BN/GO

0.4985 (h-BN/GT)
0.5215 (AN/GT)
0.3534 (h-BN/AO)

21.83 (bilayer)
19.37 (5-layer)
2.90

11.203

30 wt % graphene
20 wt % graphene

1wt % GO and 20 wt % BN

(Vishnu Chandar et al., 2021)

(Cui et al., 2019)
(Song et al., 2021)

(Tang et al., 2020)

(He and Wang, 2020)
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Ohmic flow Convective flow

Taylor cone
Spinning tip

Transition zone between liquid
and solid
Slow acceleration Rapid acceleration

Syringe Spinneret

High voltage power supply

Figure 1. Schematic illustrations for electrospinning technique

(A) Formation of Taylor cone.

(B) Basic electrospinning set-up.

Possible molecular orientations of polymer chains: (C) preferred oriented aligned chains, (D) a core-shell morphology with
oriented chains in the outer surface and random chains in the core, (E) a super-molecular morphology with aligned chain
spots spread in a randomly oriented chain matrix. Adapted from Canetta et al. (Canetta et al., 2014) with permission from
AIP Publishing.

TECHNIQUES USED FOR IMPROVING THERMAL CONDUCTIVITY
Electrospinning

Bulk polymers in general possess low thermal conductivities around 0.1-0.5 W m~" K~" due to their disor-
dered structure (Huang et al., 2018; Chen et al., 2016). A typical polymer structure is composed of both crys-
talline domains where the chains are regularly oriented and amorphous domains with randomly twisted and
entangled chains. In polymers, heat conduction can only be supplied by phonon transfer; however, discon-
tinuous internal interfaces and defects due to the low crystallinity of the polymers cause phonon scattering
and decrease phonon transfer efficiency. The crystalline materials tend to show higher thermal conductivity
as a result of the ordered structure, and the increase in the polymer chain alignment improves the thermal
conductivity by helping the phonon transfer. Researchers have focused to align the polymer chains by
several methods including mechanical stretching, nanoscale templating, and electrospinning. Although
mechanical stretching and nanoscale templating can also increase the thermal conductivity of polymers
significantly, mechanical stretching can cause ruptures in the fibers, which can cause phonon scattering,
and heat stretching can lower the crystallinity (Huang et al., 2018). Nanoscale templating is a multistep
technique with the need of templating agents and templates.

Electrospinning is a widely used method for the production of nanofibers based on the use of electrostatic
forces to draw charged filaments (Bhardwaj and Kundu, 2010; Greiner and Wendorff, 2007). In this tech-
nique, a polymer solution or melt is taken in a syringe with a needle, which is placed in a pump to be
fed at a constant feed rate (Figure 1). An electrostatic force is applied to the droplet at the tip of the syringe
and when the applied tension beats the surface tension, a jet is ejected from the tip to the grounded col-
lector. The solvent evaporates throughout the distance to the collector, leading to fibers with nano-scale
diameters. The main factors affecting the chain morphology during electrospinning can be given as the
applied voltage and jet speed. It is found out that strengthening the electric field tends to improve the
polymer chain alignment, preferably along the axis of the fiber. The jet speed is another important param-
eter for the alignment. It is a simple and low-cost method, with the advantage of being suitable to a broad
diversity of polymer types. However, the process depends on many variables, and thermal conductivity of
the as-spun fibers may differ due to the whipping instability (Wei et al., 2021). Moreover, the solvents used
in solvent electrospinning can be toxic, and scale-up production may not be feasible.

In a study by Zhong and coworkers, the effect of the size and anisotropic alignment of electrospun aligned
Nylon-11 nanofibers on thermal transport was analyzed using high-resolution in situ wide-angle X-ray
scattering (Zhong et al., 2014). It was revealed the Nylon-11 nanofibers possessed the y-form among its
polymorphs and were stable during electrospinning and hot-stretching. The thermal conductivity of the
Nylon-11 nanofibers was increased more than é times compared with bulk case with contribution of
decreasing fiber diameter and additional axial hot-stretching in improved orientation, crystal size, and
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Figure 2. Examples of carbon-based nanofillers
Schematic illustrations of (A) graphene, (B) single-walled carbon nanotube (SWCNT), (C) multi-walled carbon nanotube
(MWCNT).

phonon transfer. Ma and coworkers investigated the relation between the structure and thermal conduc-
tivity of crystalline PE nanofibers that were electrospun under a voltage between 9-52 kV (Ma et al., 2015).
They reached to a maximum value of 9.3 W m~™" K=", which is over 20 times higher compared with the bulk
PE under 45 kV at 270 K, suggesting that the PE chains became more oriented under strong elongational
force. It was also noted that orthorhombic crystallinity of the chains increased with increasing voltage. The
improvement in the thermal conductivity of a semicrystalline polyethylene oxide (PEQ) polymers using
electrospinning was studied by Lu and coworkers with values between 13-29 W m~" K~' depending on
the concentration at a constant relative humidity of 20% (Lu et al., 2017). PEO nanofibers with a crystallinity
around 54% preferred a cystalline orientation of [001] lattice direction with a tendency of increasing the
thermal conductivity with increased chain alignment in the amorphous region. The electrospinning of
PEO increased the thermal conductivity up to 150 times compared with the bulk polymer, proving that
this method can also enhance the thermal conductivity of semicrystalline polymers. Seol and coworkers
studied the effect of electrospinning polyvinyl alcohol (PVA) and polyvinyl alcohol/cellulose nanocrystal
(PVA/CNC) on thermal conductivity and stability (Park et al., 2019). The thermal conductivities of PVA nano-
fibers and PVA/CNC nanofibers with an average diameter of 200 nm were measured by suspended micro-
device technique, respectively, as 1.23 and 0.74 W m~' =" at room temperature, which were higher than
that of bulk PVA by factors of 2.5 and 3. The enhancement was due to the increased crystallinity, chain orien-
tation, and also hydrogen bonding for PVA/CNC.

Electrospinning with carbon-based nanofillers

Polymer composites filled with carbon nanomaterials such as graphene, graphene nanoplatelets (GNPs),
multiwalled carbon nanotubes (MWCNTSs), and single-walled carbon nanotubes (SWCNTSs) are regarded
as an efficient way for preparing new nanocomposite materials with improved electrical, thermal, and me-
chanical properties. Two-dimensional planar graphene is a single-layer carbon lattice with a specific hex-
agonal structure (Figure 2A) (Bitounis et al., 2013). It possesses extraordinary high thermal conductivity
around 2000-5300 W m~" K=" in the in-plane direction at room temperature due to the highly ordered
structure and stiff sp?-hybridized bondings, as well as excellent electrical and mechanical properties.
Lately, coating various substrates with graphene via methods such as chemical vapor deposition, dip
coating, spin coating, spray coating, and electrophoretic deposition has been intensively studied by
many research groups (Nooralian et al., 2016; Cui et al., 2020; Chen et al., 2018). Carbon nanotubes are
tubular forms of graphene sheets rolled into a cylindrical form with a thermal conductivity around
6600 W m~" K=" in the axial direction, which can be produced at various lengths via mostly arc discharge,
laser ablation, or chemical vapor deposition (Gspann et al., 2017). SWCNT consists of a single graphene
sheet rolled up into a cylindrical shape, whereas MWCNT comprises several interbedded graphene cylin-
ders (Figures 2B and 2C). CNTs possess high Young's modulus values, thermal stability, and electrical con-
ductivity, making them suitable for reinforced polymer composites (Zhang et al., 2019). However, CNTs are
expensive materials, so graphite nanoplatelets (GNPs) with similar properties are found to be a good alter-
native to CNTs at lower prices. They are usually obtained via “chemical intercalation—hot expan-
sion—ultrasonication” (Gao et al., 2013). GNPs possess a unique layered structure with high aspect ratio
and nanoscale thickness. The orientation of the carbon-based nanofillers in the polymer matrix is crucial
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in order to transfer the unique properties of the fillers. Hence alignment is particularly preferential to further
improve the electrical, thermal, and mechanical properties of the composites with methods such as wet
spinning, melt fiber spinning, and electrospinning (Datsyuk et al., 2020).

Polystyrene-graphene nanoplatelet (PS-GNP) nanofibers were prepared by Peijs and coworkers via electro-
spinning of dimethyformamide (DMF)-stabilized GNP and PS solutions (Li et al., 2016a). The thermal con-
ductivity of PS-GNP nanofibers substantially increased up to nearly 5W m~" K=" with the addition of 10 wt %
GNP, which corresponds to a 630% increase, as well as improved electrical conductivity. In a study by Gu
and coworkers, thermal reduced GO (TRGO) was fabricated and TRGO/polystyrene (TRGO/PS) composite
fibers were prepared by solution blending and electrospinning, followed by hot-pressing (Ruan et al.,
2018). The thermal conductivity and thermal diffusion coefficients of the resulting TRGO/PS composite fi-
bers with 15 wt% TRGO were measured as 0.689 W m~ "K' and 0.6545 mm? s~ ", which were around 3 times
more than that of the pure PS matrix. Both the thermal conductivity and thermal stability of the composites
increased with increasing TRGO amount. Guo and coworkers introduced silver nanoparticles anchored
reduced graphene oxide (Ag/rGO) fillers with a “point-plane” structure, which were synthesized using
one-pot simultaneous reduction of Ag” and GO solution via glucose (Guo et al., 2019a). In situ polymerized
Ag/rGO/polyamide suspension was electrospun and thermally imidized to reveal Ag/rGO/polyimide com-
posite nanofibers. The thermal conductivity of the resulting nanofibers increased to 2.12 W m~" K" in the
presence of 15 wt% Ag/rGO (1/4, w/w), which is about 8 times higher than pure PI. In a study by Datsyuk
et al., various carbon nanomaterials such as MWCNTs, SWCNTSs, carbon black, GNPs, and graphite were
used to produce composite electrospun nanofibers using polybenzimidazole (PBI) polymer with diameters
around 120-170 nm (Datsyuk et al., 2020). The maximum thermal conductivity achieved was 3.1 W m~ KT
for MWCNT-PBI nanofibers, indicating an increase of about ~650% compared with neat PBI polymer
because MWCNTs were aligned by the fiber axis.

Electrospinning with boron-based nanofillers

Boron nitride (BN), an isoelectronic with carbon, is another thermal conductive material that exists in two crys-
talline forms, cubical and hexagonal (Abbas et al., 2013). Cubic boron nitride (c-BN) is hard and abrasive with a
diamond-like structure, whereas hexagonal boron nitride (h-BN) is smooth and slippery with a white layered
crystal structure similar to graphite having a high in-plane thermal conductivity around 300-600 W/mK, which
is about 20-30 times that of the thickness direction. Hexagonal boron nitride nanosheets (BNNSs) and boron
nitride nanotubes (BNNTSs) are analogues to graphene and carbon nanotubes, respectively, but electrically
insulating. They have localized electrons due to the ionic characteristic of B—N bonds, wide band gap as
well as high phonon velocity that bringin low dielectric constant, high electrical insulation and high thermal con-
ductivity, thermal stability, and elastic modulus (Zeng et al., 2017). Due to the outstanding anisotropy of BN in
thermal conductivity, thermal conductivity can be improved in the orientation direction with increased
orientation.

Huang and coworkers reported the fabrication of flexible PVA/BNNS/polydimethylsiloxane (PDMS) com-
posites with improved through-plane thermal conductivity for advanced thermal management applica-
tions (Chen et al., 2017). PVA/BNNS composite fibers were electrospun and rolled to form a vertically ori-
ented PVA/BNNS cylinder, which were impregnated by PDMS under vacuum to form PDMS/PVA/BNNS
nanocomposites. The thermal conductivity of the PDMS/PVA/BNNS nanocomposites with 15.6 vol %
BNNS had a through-plane thermal conductivity of 1.94 W m™" K=", which is 978% higher than pure
PDMS. The equilibrium temperature of the LED chip integrated with PDMS/PVA/BNNS nanocomposites
was measured about 33°C lower than that of neat PDMS, exposing their potential as thermal interface
materials (TIMs). A high temperature thermal conductive, light and flexible nanocomposite textile
composed of amino functional boron nitride nanosheets (FBNNS) and polyimide (Pl) nanofibers was intro-
duced by Lei and coworkers by green electrospinning of FBNNS and polyamic acid, followed by thermal
crosslinking (Wang et al., 2018a). The thermal conductivity of the FBNNS-PI nanofibers was measured as
13.1 W m~" K" at 300°C with 20 wt % FBNNS loading, which corresponds to 4,773% increase in compar-
ison with pure Pl mat, due to the uniformly dispersed FBNNS in the polymer matrix with vertically aligned
orientation. The FBNNS-PI nanofiber mat also exhibited a cooling effect at high temperature, which
makes them promising materials for high temperature thermal regulated clothing applications. In a study
by Zhang et al., composites with advanced thermal and mechanical properties were prepared using elec-
trospun polyvinylidene fluoride (PVDF) nanofibers and polydopamine (PDA)-modified boron nitride
(m-BN) (Zhang et al., 2018). The thermal conductivity of the 30 wt % m-BN loaded composites increased
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Figure 3. Schematic illustration for the production of the PVDF/BNNS nanocomposite films
Adapted from Chen et al. (Chen et al., 2019a) with permission from ACS Publishing Group.

until 7.29 W m~" K=", which is 98% higher than that of casting film and 21% higher than electrospun film
with BN, due to the strong hydrogen bondings formed as a result of PDA modification and high orienta-
tion of m-BN. In addition, tensile strength and Young modulus for the 30 wt % m-BN loaded composites
were also improved compared with pure PVDF electrospun films. These flexible composite fibrous films
can be potentially used in some flexible electronic applications. A different strategy was adopted by
Huang and his group to produce thermally conductive and electrically insulating PVDF/BNNS composites
based on electrospinning of a solution containing PVDF and BNNS, folding, and hot-pressing as shown in
Figure 3 (Chen et al., 2019a). The 33 wt % BNNS-containing composite film morphologically had an or-
dered structure and showed an in-plane thermal conductivity of 10.4 W m~' '
28 pm, which is 4 times higher than randomly distributed BNNS composites and 2 times higher than
directly hot-pressed composites under the same conditions. The thermal conductivity could be increased
up to 16.3W m~" K=" when the thickness decreased to 18 pm. These films also show electrically insulating
properties and proved to have a cooling capability, which pave the way to thermal management appli-
cations for them.

at a thickness of

Ding and coworkers introduced highly thermoconductive and hydrophobic polyurethane (PU)/BNNS com-
posite nanofibers in order to construct thermal management of textiles for personal cooling via electro-
spinning blends of fluorinated PU, PU, and BNNS, which were linearly oriented along nanofibers (Yu
et al.,, 2020). The maximum in-plane and cross-plane thermal conductivities, respectively, reached to
17.9 W m~" K=" and 0.29 W m~" K=" with FPU/BNNS nanofibers with 18% BNNS electrospun at an RH of
50%. These membranes had a high water vapor transmission rate of 11.6 kg m~2 day ™', air permeability
of 120 mm s~ and a high peak heat flux of 0.38 W cm~2. In a recent study by the same group, the hierar-
chical and interconnected network of vascular plants was adapted to PU/BNNS nanofibrous membranes in
order to design multifunctional drying and cooling textiles that allow directional water transport and un-
blocked heat dissipation throughout perspiration (Figure 4) (Miao et al., 2021). Four layers of membranes
were prepared by layer-by-layer assembly of the electrospun aligned PU/BNNS nanofibers with decreasing
fiber diameter and capillary pores from inner to outer layers. Sixty wt % BNNS loading in the multilayer
nanocomposite resulted in both good mechanical properties with high through-plane and in-plane ther-
mal conductivities of 0.182 W m~" K=" and 1.137 W m~" K=", respectively. Together with these remarkable
thermal conductivities, water transport index of 1,072% and evaporation rate of 0.36 g h™" highlight the
capability of these biomimetric textiles for personal drying and cooling.
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Figure 4. Multifunctional drying and cooling textiles inspired by the transpiration in vascular plants

Schematic illustration of the (A) transpiration in plants, (B) sweat and heat distribution throughout the layer-by-layer
structure of the functional textile, (C) photograph of the biomimetic multilayer fibrous membrane. Infrared thermal
images of the heat dissipation efficacy of the cotton fabrics, PU multilayers, and PU/BNNS multilayers, (D) under dry and
(E) wet conditions. Adapted from Miao et al. (Miao et al., 2021) with permission from Wiley Publishing Group.

Vacuum-assisted filtration

Vacuum-assisted filtration is a frequently used simple technigue to produce thermally conductive films us-
ing two-dimensional nanofillers with high in-plane thermal conductivity. Although it is possible to fabricate
oriented films with high thermal conductivity, this method suffers from low efficiency and long filtration time
for good orientation, which can become tougher at higher filler content. This method is also not suitable for
scale-up production (Chen et al., 2019b).

Vacuum-assisted filtration of carbon-based nanofillers

Jiang Yu and coworkers prepared flexible cellulose nanofiber/graphene (CNFG) composite films with high
thermal conductivity via simple vacuum-assisted filtration (Chen et al., 2018). Five different composites
were prepared using 10-50 wt % of 10-um-sized graphene nanosheets, which were uniformly distributed
on the cellulose matrix parallel to the radial direction. In-plane thermal conductivity of 50 wt % gra-
phene-containing composite film (CNFG50) was measured as 164.7 W m~1 K", which is 253 times higher
than neat CNF, whereas the through-plane conductivity was also improved 6 times. Both CNF and CNFG50
preserved their in-plane thermal conductivities for 10 multiple heating and cooling cycles between 25°C
and 100°C in addition to 1,000 bending cycles. The tensile strength and modulus of CNFG50 were 2 times
higher than CNF, which is found to be an excellent heat spreader and dissipater. Hybrid nanostructures
were manufactured via in situ polymerization of tannic acid and pyrrole on graphene nanosheet containing
cellulose nanofibers (TA@PG-CNF) by Huang and coworkers, along with TA@PG-CNF/PVA film fabricated
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Figure 5. Schematic illustration of the preparation of Ag-rGO and Ag-rGO/NFC hybrid film
Adapted from Yang et al. (Yang et al., 2020) with permission from Elsevier Publishing Group.

under a vacuum-assisted process (Wang et al., 2018b). The conductive pyrrole moiety as well as the strong
interactions in the nanohybrid coating and orientation of graphene nanosheets caused improvements in
electrical, thermal, and mechanical properties. The thermal and electrical conductivities of the TA@PG-
CNF/PVA film reached respectively to 7.81 W m~" K~' and 6.52' S cm ™" with 10 wt % filling, in addition
to the high tensile strength of 217.9 MPa and toughness of 19.6 MJ m ™. Such nacre-mimetic polymeric ma-
terials are influential for the design of portable electronic devices. In a recent study by Ding and colleagues,
a composite filler was fabricated using graphene sheets, nano diamond, and 1-pyrenemethylamine hydro-
chloride (ND/G) to improve the interface between the composite filler and nanofibrillated cellulose (NFC)
by vacuum-filtration method, which contributed to the alignment in the system along with the intermolec-
ular hydrogen bonding between fillers and matrix NFC (Cui et al., 2020). The in-plane thermal conductivity
of NFC hybrid films modified 10 wt % of the composite filler with ND/G weight ratio of 3:7 was measured as
14.35W m~' K™, corresponding to 1,179% increase compared with pure NFC film. These hybrid films were
highly flexible with excellent mechanical properties, which also makes them promising for portable elec-
tronic devices.

Xie and coworkers fabricated Ag-rGO by a one-pot synchronous reducing method and presented Ag-rGO-
functionalized NFC (Ag-rGO/NFC) via vacuum-assisted layer-by-layer assembly (Figure 5) (Yang et al.,
2020). An addition of 9.6 wt % Ag-rGO nanosheets resulted in an increase of 1,095% in the in-plane thermal
conductivity compared with pure NFC, reaching a value of 27.55 W m~" K=, as well as an increase of
around 573% in the through-plane conductivity attributed to the dense layers of Ag-rGO networks, high
static adsorption between GO and Ag+, and hydrogen bonding between GO and NFC. The heat transport
rate was also increased from 0.16°C/s to 0.18°C/s with the introduction of Ag-rGO, rising to a surface tem-
perature of 62°Cin 220's. This method is advantageous with low production cost, effective functionalization
and industrial feasibility, which encourages the production of multifunctional and lightweight TIMs.

Vacuum-assisted filtration of boron-based nanofillers

Xu and his colleagues constructed a series of cellulose nanofiber and BNNTs composites (CNF-BNNT) with
BNNT loading of 0-40 wt % using a combination of ultrasonicated dispersion and vacuum filtration (Zeng
etal., 2017). There was an increasing network with overlaps up to 25 wt % BNNT loading that corresponded
to an in-plane thermal conductivity of 21.39 W m~" K=", whereas the out-of-plane thermal conductivity for
the nanocomposites continued to increase up to 40 wt % BNNT loading and reached 4.71 W m~" K~
These nanocomposites also showed a cooling effect and can be attractive for “green” thermal interface
materials, printed circuit boards or organic electronic substrates. Chen, Fu and coworkers successfully pro-
duced amine-functional BNNT via ball-milling using an aqueous urea solution without damaging the crys-
talline structure and dimension of the BNNS and used simple vacuum-assisted filtration for the production
of a composite film based on cellulose nanofibers (Figure 6A) (Wu et al., 2017). The in-plane thermal con-
ductivity of 70 wt % f-BNNS containing cellulose nanofiber composite with a thickness of ~90 um reached
t0 12.79 W m~" K=, which is almost 1.7 times higher than neat BNNS containing cellulose nanofiber com-
posite with same conditions and 8 times higher than pure cellulose nanofibers. The value increased up to

¢? CellPress

OPEN ACCESS

iScience 25, 103825, March 18, 2022 11




¢? CellPress

OPEN ACCESS

4

T Filtration
&“’ »
X

on TEMPO
Vo W ,
NaClO/NaBe

CNF  BNNS

A ) o ZEE | |

A=A gfb b

P 4‘“ ————————
S

Figure 6. Preparation of biodegradable CNF/f-BNNS film with high thermal conductivity and flexibility

iScience

~@- BNNS (Cross-Plane) °
@ 1-BNNS (Cross-Plane)
~#- BNNS (In-Plane)
@ 1-BNNS (In-Plane) e d
By
==t
—0——o—o—38

O 10 20 30 40 50 6 70
Filler content (wt'%)

" CNFITO% 1-BNNS I

80 C) 0 20
Thickness (um)

(A-D) (A) Schematic illustration for the production of CNF/f-BNNS composite film, (B) photographs, surface and cross-plane morphologies of the composite

films, (C) in-plane and cross-plane thermal conductivities of the composite films, (D) in-plane thermal conductivity of the composite film as a decrease of the

thickness. Adapted from Wu et al. (Wu et al., 2017) with permission from ACS Publishing Group.

30.25 W m™" =" at the thickness of ~30 um, suggesting both the effect of functionalization and higher
orientation with thinner films (Figure 6C). The composites also had better tensile strength, elongation,
and flexibility and lower dielectric constant than pure cellulose nanofibers. These properties make the
f-BNNT/cellulose nanofiber composites ideal candidates for electronic devices.

The same group also produced an edged hydroxylated BNNTs (EOH-BNNT) via ball milling, which pre-
served the lattice structure and transformed to BNNT/cellulose nanofiber composites via vacuum filtration
(Wuetal., 2018). POH-BNNT/cellulose nanofiber composites increased the thermal conductivity only by 10%
compared with neat BNNT/cellulose nanofiber composites, whereas EOH-BNNT composites resulted in a
97.8% enhancement, reaching a value of 24.27 W m~" K=", EOH-BNNT/cellulose nanofiber composites
also show better hydrophobic property, flexibility, and tensile strength, which are promising materials for
portable electronic devices. In a study by Fu et al., the improvement in the thermal conductivity of BNNT-
based composites was studied via decreasing the interfacial thermal resistance between BNNTSs, which is
provided by creating bridges between BNNTs with the help of silver nanoparticles (Fu et al., 2018). Ag-
BNNT/CNF composites were prepared via vacuum filtration and hot-pressing. The thermal conductivity
of Ag-BNNT/CNF composite reached to its maximum as 20.9 W m~" K~! with 25 wt % BNNT and 0.199
wt % Ag, compared with 1.45 W m~" K=" of the pure CNFs, which also maintained its thermal stability after
30 heating/cooling cycles. In a recent study by Zhang and coworkers, h-BN/PS nanocomposites were
prepared by the in situ polymerization of carboxylated PS on hydroxylated BNNS, followed by vacuum filtra-
tion and hot-pressing (Han et al., 2020). The thermal conductivity of the obtained PS-COOH/BNNS-OH/PS
composites arrived at 1.131 W m~" K=" with 12 wt % BN-OH addition, which is 6.1 and 3.6 times higher than
pure PS and unmodified BN/PS composites due to the noncovalent interactions between PS-COOH and BN-
OH. With good thermal conductivity, stability, thermal response behavior, and mechanical properties, these
composites are potential as thermal interface materials in heat dissipation applications as cooling devices. In
a recent study, Xu and coworkers prepared BNNS/ethylene-vinyl acetate copolymer (EVA) composite films
viavacuum-assisted self-assembly, following the formation of BNNS from h-BN through eco-friendly biomol-
ecule-assisted exfoliation (Wang et al., 2020). The in-plane thermal conductivity of the BNNS/EVAreached to
13.2W m~" K~ with 50 wt % BNNS, which is 71% higher than that of 50 wt % BN/EVA as a result of the orderly
structure of BNNS. The composite films were highly flexible, retaining the structure and thermal conductivity
after 5,000 bending cycles, highlighting their potential in thermal management applications.

Coating with nanofillers

Coating process includes the deposition of one or multiple layers of fillers on the surface of a material aim-
ing to produce a uniform and stable coating with sufficient thickness and adhesion to the surface (Shim,
2019; Huang et al., 2021; Fu and Yu, 2014). There are various coating techniques depending on the coating
material, substrate, end-performance, and costs. Dip-coating is a simple technique suitable for scaling-up.
However, the process occurs at both sides of the substrate, which may not be suitable for all applications.
Knife-over-roll and doctor-blading methods are also fast, scalable, and low-cost methods, but they have
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drawbacks such as low reproducibility and uniformity. Electrophoretic deposition (EPD) is an easy method
to produce functional coatings based on the use of the deposition of charged particles/molecules in a sol-
vent on oppositely charged particles through electric field-assisted migration. It is a cost-effective and scal-
able method with high versatility but it suffers from the need of a stable suspension and sufficient particle
charge and undesirable electrochemical reactions (Saji, 2021).

Coating with carbon-based nanofillers

Rahman and Mieno coated cotton fabric with multiwall carbon nanotubes functionalized by oxygen-con-
taining surface groups (FMWCNTSs) via simple dipping-drying technique (Rahman and Mieno, 2015). The
-MWCNTs/cotton fabric became electrically conductive after dipping in the dispersion for 10 times,
whereas its thermal conductivity also increased to 0.045 W m~" K=" from 0.027 W m~" K=" for unmodified
cotton. The thermal stability and flame retardancy of the -MWCNTs/cotton fabric were also improved. Cot-
ton was coated separately with graphene, MWCNT, and BN dispersions in a resin via dip-pad-cure tech-
nique by Lin and coworkers (Abbas et al., 2013). Morphologically, MWCNT had a fibrous structure, and uni-
form distribution on the cotton, the graphene-coated fiber, had a smooth surface, whereas their surface
became rougher with BN coating. The thermal conductivity of the coated cotton increased in the order
of graphene > BN > MWCNT at the same coating content, reaching to a maximum of 0.29 + 0.015 W
m~" K=" with 50 wt % graphene coating. Graphene also provided a better heat dissipation than BN and
MWCNT but lower air permeability. In a study by Tian, Qu and coworkers, graphene oxide nanosheets
were deposited onto plain woven polyamide fabric by EPD followed by hot-pressing (Zhao et al., 2018a).
Under the optimal EPD conditions (deposition time of 150 s and voltage of 10 V), the electrical conductivity
of the polyamide/rGO composite fabric increased to 3.3 S/m, whereas the thermal conductivity of the poly-
amide/rGO composite fabricincreased to 0.521 W m~' K™, which is about 175% higher than that of the con-
trol fabric. These hydrophobic composite nanofibers are promising for smart wearable devices. Ulcay and
colleagues demonstrated electrically and thermal conductive textiles surfaces by homogeneously coating
pretreated polyester fabrics with nano graphene powders (Manasoglu et al., 2019) and GNPs (Manasoglu
et al., 2021) by knife-over-roll technique. Thermal conductivity of the nano-graphene-coated polyester fab-
rics increased with increasing graphene concentration with a highest value of 0.4243 W m~" K=" for 200 g/kg
graphene concentration rate, corresponding to 304.5% increase compared with uncoated fabric, whereas it
reached to 0.492 W m~" K=" with GNP coating of 0.5 mm thickness and 150 g/kg concentration. The solar
absorbance values of graphene-coated fabrics increased by 83.72 and 80.12% for 0.1 and 0.5 mm thickness,
respectively. Plain weave bamboo viscose fabrics were coated with graphene/cellulose nanocrystal
(G/CNC) dispersions using dip-coating method in a work by Yang et al. (2019) Thermal conductivity of
G/CNC-coated bamboo fabric reached to 0.136 W m~' K~" with 4 wt % CNC and 3 wt % G, whereas it
was around 0.049 W m~" K~! for CNC-coated bamboo fabric, due to the uniform distribution of G and
hydrogen interactions between bamboo and G, indicating the potential of the coated bamboo fabric as
cooling textiles, conductive fabrics, and wearable electronics. Zhang and colleagues followed a different
path for producing conductive textiles based on a green method, which included the dip-coating of a
70% polyester-30% cotton with an aqueous dispersion of MWCNT, graphene, and hydroxyl terminated
PU (WPU) as shown in Figure 7 (Dai et al., 2021). The electromagnetic interference shielding effectiveness
(EMI SE) of the coated textile reached to 35 dB at the thickness of 0.35 mm with a filler amount of only
3%. Hybrid fillers of CNT and graphene increased the thermal conductivity from 0.075 W m~" K™ to
0.704 W m~" K" while also improving mechanical properties and thermal stability. These conductive
textiles opened an avenue for advanced EMI shielding applications.

Arecent research by Zhao and Liu showed that polyaniline/graphene composite coating improved the dielec-
tric property, mechanical properties, and thermal stability of the polyester fabric (Liu and Zhao, 2021). The ther-
mal conductivity coefficient of the coated polyester fabric also increased from 0.1011 W m~" K=" t0 0.1843 W
m~' K~" when the graphene content was 15% that of the polyaniline, compared with only polyaniline coated
polyester. Das and coworkers designed a merino wool/nylon (W—N)-based multifunctional textile by coating
the W-N with a phase-separated PEG/PEDOT:PSS/rGO suspension via dipping-drying method (Ghosh et al.,
2020). The PEG/PEDOT:PSS/rGO/W-N textile reached a DC electrical conductivity of 90.5 S em™", EMI SE of
73.8 dB in the X-band frequency domain, and in-plane thermal conductivity of 0.81 W m~" K=" with 20 dipping
cycles and a thickness of 0.84 mm. The designed e-textile was tested to be an EM protective cloth combined
with real-life antenna performance, a TASER Proof Textile and photoluminescent wearable e-textile. In a recent
study by Bonetti et al., GNP/PU nanocomposite membranes were prepared via blade-coating in order to
improve thermal comfort in functional textiles (Bonetti et al.,, 2021). A remarkable increase of 471% in the
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Adapted from Dai et al. (Dai et al., 2021) with permission from Elsevier Publishing Group.

thermal conductivity of GNP/PU composite was achieved with an addition of 10 wt % GNP, reaching a value of
628 Wm~' K~ The thermal testing of both the GNP/PU nanocomposites and their coupling to cotton fabric
were performed on a manikin setup of human forearm simulating an athlete under outdoor aerobic effort, which
indicated their efficiency in heat dissipation. The GNP/PU nanocomposites show great potential in the design
of new functional textiles as they can be easily coupled to textiles for improved thermal properties. Soong and
Chiu introduced GNP- and BN-containing TPU multilayered composite films to be used for cooling garments
(Soong and Chiu, 2021). GNP and BN were separately mixed with TPU via mechanical mixing, which were then
poured to form a multilayered structure via blade coating. The thermal conductivity of the composite film with
20wt % GNP and 20 wt % BN was increased to 6.86 W m~' K~ corresponding to an increase of 2,844%, 143%,
and 62% compared with neat TPU, GNP(20%)/TPU, and BN(20%)/TPU films, respectively. The cooling perfor-
mance of the composite film was evaluated by attaching it to the inner side of a t-shirt that has an active cooling
source on the outer surface. Active cooling performance measurements demonstrated that the active cooling
source was able to increase the spreading of the cool air and transfer the air to the skin through the BN-GNP/
TPU film. With ability of cooling, durability in fatigue, and laundry tests, these composite films are promising
candidates as thermal interface materials within smart cooling garments.

Coating with boron-based nanofillers

In a recent study by Sun and coworkers, a BNNS-containing TPU film was manufactured via ultrasonication
and doctor blading and was covered with a graphene nanoribbon (GNR)-decorated TPU nanofibrous scaf-
fold fabricated via vacuum filtration of GNR dispersion through electrospun TPU membrane (Tan et al.,
2020). The resulting highly stretchable, breathable, and biocompatible strain sensor with 35 wt % BNNSs
and 50 pg cm~2 GNRs had a thermal conductivity of 0.928W m~" K=" with a high interfacial thermal conduc-
tance of 2.9 x 10*Wm~2K~" between the TPU-BNNS film and air. The strain sensor showed stability for more
than 5,000 cycles as well as vapor permeability, breathability, and biocompatibility, which is important for
direct human skin-attachable applications. Tian and coworkers introduced shear-oriented BNNS/CNF by
doctor-blading method via mechanical shear-induced orientation with filler content of 0-50 wt % (Chen
et al.,, 2019b). The thermal conductivity of the shear-oriented BNNS/CNF composites was increased to
24.66 W m~" K=", which corresponds to 1,106% enhancement in comparison with the pure CNF as a result
of high orientation degree of BNNS. The improved thermal stability, conductivity, and good dielectric prop-
erties put forward these composites as valuable prospects for flexible microelectronic packaging.

Spraying of nanofillers

Spraying method includes the use of an airbrush to spray a solution containing the fillers to a preheated
substrate, leaving membranes modified with the fillers after solvent evaporation (Cheng et al., 2017).
The spray gun serves to disperse and form fine droplets of the spray solution. Electro-spray uses high elec-
tric potential to charge the droplets fed through a nozzle. The spraying method can be applied on various
types of substrates with negligible material loss, high scale-up capacity, and satisfying accuracy of proper-
ties control; however, the uniformity of the membranes may be poor in homogeneity.
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Spraying of carbon-based nanofillers

Gasthi and colleagues prepared graphene/polyvinylphosphonic acid/cotton nanocomposite via layer-by-
layer spray coating that consisted of alternating sprays of acid-functional graphene/surfactant and vinyl-
phosphonic acid/initiator dispersions, followed by thermal curing (Nooralian et al., 2016). The coatings
were found to increase the hydrophobicity, thermal stability, electrical conductivity, UV absorption, and
EMI shielding of the graphene/polyvinylphosphonic acid/cotton nanocomposites compared with neat cot-
ton. Yu et al. uniformly coated an aldehyde-modified cotton fabric with an MWCNT fluid via spraying (Yu
etal, 2019). The nanofluids are considered as flexible heat transfer materials to fabricate high heat transfer
coating. So, it was not surprising that the thermal conductivity of MWCNT-fluid-coated cotton fabric
improved to 0.213 W m~" K~" as a result of the strong network structure, whereas that of the aldehyde-
modified cotton was measured as 0.088 W m~" K=",

Wang and Cai combined spraying and vacuum-assisted resin transfer infusion process to develop a GNP/
carbon fiber/epoxy composite. A solution containing GNP, epoxy, and hardener was sprayed on dry car-
bon fabrics, followed by the formation of a composite structure with eight layers of the reinforced fabric
and epoxy (Wang and Cai, 2019). The increased surface area, uniform and dense deposition of GNPs,
and good interfacial adhesion between fiber-matrix increased the thermal conductivity of the GNP/fi-
ber/epoxy composites to 0.84 W m~" K~ after 0.5 wt % GNP addition compared with 0.54 W m~" K~'
of the pristine composites, also improving the mechanical properties.

Spraying of boron-based nanofillers

Huang and coworkers brought in a different strategy inspired from a millefeuille, producing multilayer
nanonetwork structures by spraying BNNS onto electrospun poly(vinyl alcohol) (PVA) nanofibers with
average diameter of 300-400 nm, followed by cutting the layer into small pieces, overlaying them layer-
by-layer and thermally molding (Chen et al., 2019c). The PVA/BNNS nanocomposite with 33.1 wt %
BNNS and spraying time of 80 min reached an in-plane thermal conductivity of 21.4 W m~" K=", which is
100 times higher than that of the pure PVA, due to the oriented BNNS and overlapping interactions.
The composites maintained their thermal conductivity even at 90°C after multiple heating-cooling cycles,
as well as being insulator. Overlaying also contributed to the efficiency of heat dissipating compared with
randomly dispersed BNNS or directly hot-pressed BNNS composites, making these multilayered PVA/
BNNS nanocomposites attractive as high-performance lateral heat spreaders.

Wet spinning

Thermally conductive and electrically insulating BN nanopowder (BNNP)/PU composite fibers were wet-
spinned by Wallace and coworkers (Farajikhah et al., 2019). The addition of BNNP resulted in a decrease
in specific heat capacity and increase in thermal diffusivity and thermal conductivity, which improved
around 160% with a low loading of 5 wt % BNNP, reaching 0.262 W m~"' K~". These composite fibers
with additional improved mechanical properties could be successfully integrated into a 3D knitted poly-
ester structure via a tubular knitting technique, pointing out the feasibility of these composite fibers. In
arecent study, Fu and coworkers produced regenerated cellulose (RCF)/BNNS multifilaments with average
diameters of 50-100 um via wet spinning of an aqueous solution of biodegradable cellulose and edge-se-
lective hydroxylated BNNSs produced by ball milling (Wu et al., 2019). The thermal conductivity of the com-
posite filaments increased to 1.682 W m~" K" with 60 wt % BNNS with random distribution, whereas it
reached up to 2.914 W m~" K=" with increase in the drawing ratio of the RCF/BNNS filaments (H-RCF/
BNNS) under the same conditions due to enhanced orientation. These filaments also displayed superior
hydrophilic property and stable hygroscopic performance as well as good mechanical properties and
high heat radiation emittance, which are suitable for applications of personal cooling in the case of sport-
ing. Wet spinning has the advantage of suitability to a wide range of polymers with continuity and offers
scalability; however, it can suffer from the use of volatile and cytotoxic solvents, as well as low production
rate, higher manufacturing costs, and difficulty in scaling-up (Wei et al., 2021). Moreover, if the drawing pro-
cess cannot be well controlled, the fibers can dry too quickly at room temperature, leading to defects in
molecular orientation.

3D printing
3D printing, or additive manufacturing is a process of joining of materials such as plastics, liquids, or
powder grains typically layer by layer in order to construct three-dimensional (3D) objects using a
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computer-aided design software (Ngo et al., 2018). Various printing techniques such as fused deposition
modeling, selective laser sintering, inkjet 3D printing, stereolithography, and 3D plotting have been devel-
oped to fabricate polymer composites. 3D printing allows the fabrication of polymer composites with high
mechanical properties and functionality by incorporating particles, fibers, or nanomaterial reinforcements.
3D printing has several advantages such as reduced waste during the fabrication of composite structures,
precise control of the size and shape of the composites, process flexibility, cost-effectiveness, and environ-
mental friendliness. However, the materials suitable for 3D printing are limited and the raw materials are
expensive, whereas scaling-up is not cost-effective.

In a study by Hu and coworkers, a personal thermo-regulating textile was fabricated by aligned BN and PVA
composite fibers that were obtained via 3D printing, followed by hot-drawing, for further orientation of the
BNNS (Figures 8 A and 8B). (Gao et al., 2017) The thermal conductivity of the resultant BNNS/PVA fabric
increased to 0.078 Wm ™' K=", which is 2.2 and 1.6 times more than that of the cotton fabric and PVA fabric,
respectively. The cooling effect of the composite fabric was also found to be 55% greater than the cotton
fabric in addition to the enhanced tensile strength and stiffness. This wearable BNNS/PVA textile draws
attention for personal cooling, which is more economical and eco-friendly than cooling an entire building.
The primary advantage of this method is material flexibility. Solutions, pastes, and hydrogels can all be
loaded into 3D plotting printers; however, the mechanical strength and production speed can be low
(Wang et al., 2017).

Cai and coworkers prepared flexible filaments of polylactic acid/wheat flour/thermoplastic polyurethane
composites with nano-graphite via fused deposition modeling (Guo et al., 2019b). The thermal conductivity
of the composites rose with increasing graphite content, reaching around 0.32 W m~' K~" with 30%
graphite due to the conductive network that also improved mechanical properties and thermal stability.
For further modification of the composites, rGO, tannic-acid-functionalized graphite, or MWCNTs were
added, which respectively increased the thermal conductivity to 0.44 W m~' K=', 0.47 W m~' K™', and
0.38 W m~' K~". The disadvantage of fused-deposition printers is that the raw material is limited to ther-
moplastic polymers with molten viscosity high enough to support the structure and low enough to permit
extrusion, in addition to the possibility of nozzle clogging (Wang et al., 2017).

Chemical coupling of nanofillers

Chemical coupling of carbon-based nanofillers

Yu and coworkers used the thiol-ene chemistry for the production of thermally conductive polyester fabric
(Zhao et al., 2018b). A thiol-modified polyester fabric was placed in a dispersion of a dien-containing PEG-
based hydrophilic finishing agent and a thiol-containing reduced graphene oxide under UV irradiation. Ana-
lyses pointed out the advance both in the thermal conductivity and moisture management properties, which
makes the modified fabric promising for usage in daily and sportswear. The same group also prepared a
thiol-modified rtGO-waterborne PU/cotton (M-rGO-WPU/cotton) fabric with improved EMI shielding and ther-
mal conductivity (Wang et al., 2019). WPU with ene groups at both ends was reacted with thiol-modified cotton
and thiol-modified rGO via synchronous thiol-ene click reaction, which resulted in a uniform attachment of -tGO
onto cotton. The thermal conductivity of M-rGO-WPU/cotton increased to 2.13W m~ K™, which is about 3.67
times higher than that of cotton. The EMI shielding of M-rGO-WPU/cotton could be maintained upon 1,000
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cycle bending, 10 cycles of washing, and friction. Moreover, the material is lightweight and easily processable
with improved electrical and mechanical properties as well as high heat transfer efficiency, highlighting its suit-
ability for advanced EMI shielding applications with all these superior properties.

Chemical coupling of boron-based nanofillers

Kim and coworkers investigated both physical and chemical assembly of amine-functionalized BNNTs onto
electrospun polyacrylic acid/polyvinyl alcohol nanofibers for enhancing the thermal conductivity (Kim et al.,
2018). With the chemical assembly of 1 wt % BNNTSs, the thermal conductivity and thermal diffusivity,
respectively, increased to 0.65 W m~' K" and 9.01 1077 m? s~", which are 1.5-fold to that of neat PAA/
PVA nanofibers due to the covalent bonding, whereas physical assembly only showed a negligible
improvement. These thermally improved polymeric composites can be used for applications such as
sensing and catalysis.

Miscellaneous

Ding and coworkers announced a novel green plastic composed of cellulose fiber and functionalized gra-
phene for high-performance thermal management devices with improved thermal conductivity through
hot-pressing of a cellulose/graphene hydrogel (Song et al., 2017). The in-plane thermal conductivity of
the produced composite bioplastic reached to 9.0 W m~" K=" with 4 wt % of graphene, whereas that of
the neat cellulose bioplastic was 2.59 W m~" K~'. The composite plastic also has improved thermal stabil-
ity, mechanical properties as well as superior thermal dissipation and high flexibility. The production of
thermal interface materials from bio-based and renewable resources was reported by Bayer and coworkers
via loading GNPs in regenerated cellulose by bath sonication and solution casting, followed by hot-press-
ing (Zahid et al., 2018). At 25 wt %, GnPs formed a dense and interconnected network on the film with cross-
plane and in-plane thermal conductivities around 5.5Wm~"K~" and 800 W m~' K=", respectively, based on
chip-stack inspired experimental methods. In addition to these thermal properties, the electrical conduc-
tivity of 30 S/m and good mechanical properties pave the way for these renewable composites as thermal
interface materials. Windle and coworkers introduced CNT microfibers via floating catalyst chemical vapor
deposition (Gspann et al., 2017). The thermal conductivities of the CNT films were measured as 110 W m~!
K- by the parallel thermal conductance method, whereas that of the CNT microfibers was 770 W m KT,
due to the high degree of alignment. Marconnet and colleagues developed a steady state thermal conduc-
tivity measurement technique based on infrared microscopy and measured the thermal conductivity of ul-
trahigh molecular weight polyethylene (UHMW-PE) in the forms of individual microfiber of 20 pm as 28.4 +
3W m~" K™, yarn from twisting of the fiber with a diameter of ~370 pum as ~ 16 W m~' K=", and woven
fabric with a width and thickness of ~2.1 mm and ~660 pm as 9.5 + 0.6 W m~" K~ (Candadai et al.,
2020). Upscaled woven UHMW-PE fabrics with high thermal conductivity can be prepared for heat
spreading applications. Li et al. used a three-step procedure to fabricate graphene fiber fabrics, including
spinning and drying of graphene oxide staple fibers, wet-fusing assembly into fabrics, and high-tempera-
ture annealing/reduction at 3,000 °C (Li et al., 2016b). The resultant nonwoven fabric was composed of
randomly oriented and interfused graphene fibers with strong interfiber bonding, overcoming the limited
performance of conventional carbon fibers with weak interfiber interactions. The electrical and thermal
conductivities of the nonwoven graphene fabric reached to 2.8 x 10 S m~" and 301.5W m~' K™, respec-
tively. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) hybrid composites were prepared with three
different hybrid systems, namely hexagobal-boron nitride/graphene tube (h-BN/GT), aluminum nitride
(AN)/GT, and h-BN/aluminum oxide (AO) via compression molding and hot-pressing by Azlan and col-
leauges (Vishnu Chandar et al., 2021). Measurements via hot disk instrument pointed out that the maximum
thermal conductivity reached was 0.5215 W m~' K=" upon addition of AN/GT with 0.5/1.5 filler concentra-
tion, compared with neat PHBV matrix (0.2303 W m~" K™). These bio-based PHBV hybrid composites are
promising in UV-shielding textile fabric coating, as well as in apparel applications in the spun form with
improved thermal and mechanical properties.

Ding and coworkers took inspiration from the temperature control principle of a butterfly for a novel route
for smart thermal management. Both mono (U-G/PEG/NFC), bilayer hybrid films (B-G/PEG/NFC) (Cui et al.,
2019), and 5-layered G/PEG/NFC hybrid film (Song et al., 2021) consisting of graphene sheets, PEG, and
nanofibrillated cellulose were prepared via evaporation-induced self-assembly process, followed by hot-
pressing for 5-layered film as shown in Figure 9A. The in-plane thermal conductivity of the B-G/PEG/
NFC hybrid film with 30 wt % graphene increased to 21.83 W m~" K™, which is 31.11% higher than that
of the U-G/PEG/NFC hybrid film due to the thermally conductive pathway created by denser graphene
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Figure 9. Multilayered flexible G/PEG/NFC hybrid film with thermally activated shape memory property
designed for thermal management

(A-D) (A) Schematic illustration of the fabrication process, (B) thermal conductivities, (C) SEM image of cross-sectional
view, (D) infrared thermal images for shape recovery processes of 5-layered G/PEG/NFC hybrid film. Adapted from Song
et al. (Song et al., 2021) with permission from Elsevier Publishing Group.

packing. Over the melting point of PEG, the flower shape was folded into bud shape temporarily, which
turned back to the original shape in an oven at 70 °C in 40 s for PEG/NFC, 28 s for U-G/PEG/NFC, and
14 s for B-G/PEG/NFC, as a result of the shape memory property of PEG. The thermal conductivity of
the 5-layered with 20 wt % graphene was measured as 19.37 W m~' K=" The active heat dissipation
response property of the films was evaluated by an LED system by retarding the heating of LED and visually
informing when temperature of LED exceeds a certain value via shape change between bloom and bud
(Figure 9D), providing inspiration for future development in smart thermal management.

Ouyang and coworkers prepared rGO/CNT-containing composite textile composed of nano-soldering of
CNTs into a polypropylene/viscose nonwoven fabric (NWF) followed by rGO deposition via chemical
reduction of GO (Tang et al., 2020). The fabricated rGO/CNT/NWF possessed a thermal conductivity co-
efficient of 2.90 W m~" K", whereas that of the neat nonwoven was 0.03W m~' K™', which was attributed to
the synergetic effect of rGO and CNT, as rGO sheets can rise the thermal conductivity through bridging the
CNTs. High thermal conductivity and good mechanical properties together with high machine washability
demonstrated the suitability of the rGO/CNT/NWF composites as wearable sensors.

Recently He and Wang presented thermally improved flexible Pl composite films using the dual fillers, GO
nanosheets, and h-BN platelets (He and Wang, 2020). Atfirst, poly(amide acid) (PAA)/BN solution was prepared
via in situ polymerization. Then, GO was uniformly dispersed in the PAA/BN solution, followed by casting and
thermal treatment to end with PI/BN/GO composite film. The thermal conductivity of the PI/BN/GO composite
film increased to 11.203W m~"' ¥~ at a low filler loading of 1 wt % GO and 20 wt % BN, which is 50 times higher
than that of neat Pl due to the percolation effect of the binary fillers. With improved thermal mechanical prop-
erties, thermal stability, dielectic properties, and insulation, Pl composites can be used for thermal manage-
ment applications.
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Figure 10. The thermal conductivity ranges corresponding to the fabrication techniques
(ES, V-AF, C, S, W-S, 3D-P and CC refer to electrospinning, vacuum-assisted filtration, coating, spraying, wet-spinning,
3D-printing, and chemical coupling, respectively).

CONCLUSIONS

Textile fabrics are advantageous materials due to properties such as high surface area, flexibility, and me-
chanical properties that make them attractive substrates for the integration of conductive materials. Heat
conduction control is important in order to increase or decrease human body heat loss. Conduction is the
only pathway for the dissipation of heat within a textile materials and the leading way for heat transport
between the skin and the inner surface of clothing for IR-opaque textiles. Novel textile materials are worth
to be designed for improved personal thermal management and thermal comfort. In this review, we
focused on enhancing the thermal conductivities of materials mainly via passive conductive warming/cool-
ing for thermal regulation. We investigated the enhancement in thermal conductivity in terms of fabrication
techniques and filler types, mainly focusing on carbon-based fillers and boron-based fillers. The improve-
ment in the thermal conductivity of the materials depended on several parameters such as fabrication pro-
cess, material structure, material form, type, and amount of fillers. A summary of the maximum achieved
thermal conductivities depending on the fabrication method and nanofiller type is given in Table 1, as
well as a thermal conductivity versus fabrication method box-plotin Figure 10. The choice of the fabrication
process can be decided based on the needs in terms of the amount, yield, and required thermal conduc-
tivity. For instance, electrospinning is a simple and efficient method for producing thermally improved ma-
terials; however, it is not efficiently scalable for industrial production. In addition, the produced nanofiber
surfaces are delicate materials to be used as clothing, so they can be used as reinforcement layers. Vacuum
filtration is indeed a simple and eco-friendly method that can easily control the thickness of the filler layer,
butitis difficult to fabricate a large-area membrane. Spraying has the advantage of applicability to any sub-
strate, and it can be preferred for large-area surfaces; however, the uniformity might be unfulfilling. Coating
is a plausible technique for the modification of fabrics with conductive fillers. Both dip-coating and pad-dry
are simple, scalable, and cost-effective methods, but they coat both sides of the material, so they can be
more suitable for the production of wearable e-textiles. Doctor blading and knife-over-roll are also inex-
pensive, productive, and scalable without losing uniformity with scaling, These methods are not suitable
for very thin layers of coating, which can instead be achieved by layer-by-layer assembly. According to
Table 1, the thermal conductivities achieved by electrospinning varied between 0.689-29 W m KT,
depending on the presence and type of the nanofiller. Vacuum-assisted filtration method gave a wide
range of thermal conductivities between 1.131-164.7 W m~"' K=" subject to type and amount of the nano-
filler and reached to its maximum value with addition of 50 wt % graphene to cellulose nanofiber. In coating,
dip-coating, dip-pad-cure, and knife-over-roll methods slightly improved the thermal conductivity. The
maximum value reached among the coating techniques was 24.66 W m~" K=" using doctor blading method
for the coating of cellulose nanofiber with 50 wt % BNNS content. Spraying of MWCNT and GNP on cotton
and epoxy, respectively, increased the thermal conductivities to 0.213 W m~"' K™" and 0.84 W m~" K",
whereas spraying of BNNS (33.1 wt %) on PVA nanofiber for 80 min improved the thermal conductivity
t0 21.4 W m~" K=", Wet spinning of regenerated cellulose with 60 wt % BNNS raised the thermal conduc-
tivity to 1.682 W m™" K™" and to 2.914 W m~" K" after extra drawing. 3D printing of PVA with BNNS
and FDM of PLA with nano-graphite reached only to 0.078 W m~' K=" and 0.32 W m~' K™', respectively.
Chemical coupling of PU and cotton with rGO via thiol-ene reaction resulted in a thermal conductivity of
213Wm KT
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Figure 10 also demonstrates the thermal conductivity ranges depending on the fabrication methods. The
graph indicates that the maximum thermal conductivities were reached by vacuum-assisted filtration and
spraying, followed by electrospinning. It can be clearly seen that wet spinning, 3D printing, and chemical
coupling did not significantly improve the thermal conductivity. It is important to note that all these
methods are valuable, as in some cases textiles with low thermal conductivities are needed, whereas for
some applications textiles should have high thermal conductivities.

FUTURE PERSPECTIVES

The thermal conductive textiles have a wide range of application areas including outdoor apparel clothing,
home thermal products, medical apparel, and treatments. Home textiles such as smart thermal mattresses,
sheets, and pillowcases can offer thermal treatment as well as energy saving. The personal cooling that can
be achieved by clothing with improved thermal conductivity also contributes in saving energy, conditioning
cost and reducing greenhouse gas emissions. Carbon-filler-based fabrics also show insulation property, as
graphene and CNTs keep heat well and spread it uniformly in cold weathers, also retaining the body tem-
perature stable in cold environment and during physical activity. According to these properties, the gra-
phene-based textiles are also used in outdoor sportswear, ski wear, and military clothing, as well as
post-surgery, maternal, and new-born clothing where heat transfer from hot parts of the body to the colder
parts of the body is favorable. In addition, graphene is antimicrobial showing cytotoxicity to bacteria, so
graphene-based fabrics have practical applications in hospital clothing and maternity clothes. In addition
to these remarkable thermal properties, the ability of graphene-based materials in distributing the impact
force, their lightweight and improved ballistic properties make them suitable materials for military appli-
cations such as lighter and more comfortable military uniform, armor, and helmets (Mittal et al., 2018).
Advances in thermal camouflage technologies can also be developed using radiative and conductive stra-
tegies (Hu et al., 2021). The increase in thermal conductivity with the use of these graphene- and boron-
based materials contribute in the spreading of heat and passive cooling as well as storing thermal energy,
influencing human skin lesser and diminishing burn injuries. So, they are suitable for clothing of fire fighters,
hazmat, and health care workers, military/police personnel and cooling vests, and emergency blankets
(Bhattacharjee et al., 2019). The flame-retardancy property of boron nanosheets is also used in outdoor
equipment such as tents (Yaras et al., 2016).

Graphene- and boron-based textiles have potential for wearable technologies, as they are able to enhance
wear resistance, tearing, flexibility, piezoresistivity, and thermal and electrical conductivities (Wang et al.,
2021; Abu-Thabit et al., 2016). Such unique properties propose their use in smart textiles, wearable elec-
tronics, strain sensor, health monitoring, stretchable solar cells, supercapacitors, and field emission
devices. Research has focused on human warming and cooling clothing, wearable sensors, antennas, intel-
ligent textile, energy storage, and portable electronic devices. The use of the conductive materials as flex-
ible lithium-ion batteries and conductors has also been studied as a power source for flexible and wearable
electronic devices such as roll-up displays, touch screens, wearable sensors, and medical implants, as they
are able to improve charge rate capability and cyclic stability. Conductive-textile-based energy storage
systems, supercapacitors, and Li-ion batteries are attractive alternatives to conventional heavy and rigid
parts for the production of novel energy products such as e-vehicles. These systems are light, flexible,
and miniaturized, contributing in fuel-saving and reducing CO, emissions. The EMI SE property of the
conductive materials opens up application areas such as antennas and frequency shielding coatings for
aircraft and electronics.

Soft and flexible thermal interface materials (TIMs) that are designed to have high thermal conductivity,
heat dissipation ability, and electromagnetic interference shielding effectiveness with miniaturized sizes
can be promising for 5G applications. Internet of Things (IoT) is another technology based on connecting
everything wirelessly, which is expected to be developed after wider spreading of 5G networks (Rahman
et al., 2019; Paracha et al., 2019). Wearable devices used in various applications such as fitness, medical,
entertainment, and rescue are also prepared for being a part of loT. Research is in progress on combining
loT technology on personalized textile thermoregulation based on autonomously collecting data and
respond to the changes in the micro- and macro-environment of body via optimized active and passive
thermoregulation strategies (Chen et al., 2021).

Next-generation smart fabrics demand for adaptability to the exterior environment with efficient heating
and cooling features in addition to conventional requirements such as flexibility, stability, simplicity,
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nontoxic elements, and low costs. Graphene and CNTs are promising materials in the development of
conductive textiles, ultrathin sensors, and electronic components with their affordability and unique elec-
tric and thermal properties (Libertino et al., 2018; Cherenack and Van Pieterson, 2012). The production of
smart textiles with sufficient washing performance is promising for the coming future (Ismar et al., 2020;
Ruckdashel et al., 2021). Although novel sensors are developed for use in smart clothing, more research
is still needed to resolve some technical limitations, such as noise reduction, reliability and security of
data transfer, miniaturization, washability, and long-term accuracy in performance, user-friendliness,
cost, comfort, health, and safety. Another attractive approach is the fabrication of layered composite tex-
tiles. For instance, a textile composed of an outer layer with low thermal conductivity and an inner layer with
high thermal conductivity may be promising for cold weather conditions. Moreover, thermal transport can
be quenched in textile materials by using aperiodic superlattices in the case of nano-enhanced textile fi-
bers (Chakraborty et al., 2020; Hu et al., 2020b). Fabrication methods such as vacuum-assisted filtration
and spraying can be preferred for the production of the high thermally conductive layers, whereas methods
such as coating, wet spinning, and chemical coupling may be more suitable for the fabrication of low ther-
mally conductive layers. In the consideration of the data summarized in Figure 10, a single technology such
as vacuum-assisted filtration, spraying, and electrospinning can also be adapted to produce composite
textile materials with graded conductivity, as the output of these techniques offers a wide range of
conductivity.

Besides all these remarkable properties and potential use in a wide range of applications, the smart ther-
moregulation textiles also possess some challenges. There is still more way in transferring to industrial
scale from lab scale. The raw materials should be reachable continuously, and industrial production should
be feasible in terms of costs, manufacturing procedures and equipment, ability of design diversity, and
dyeability. More effort should be given on research about the air permeability, wearability, biocompati-
bility, washability, and recyclability of these materials. They should be examined under synergistic param-

eters, and test methods should be standardized.
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