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Abstract Developing natural cotton textiles in per-
sonal thermal management applications is of great
significance for defending human against adverse
climate conditions. However, the intrinsic low opti-
cal energy conservation of cotton in terms of human
mid-infrared radiation and solar spectrum prevents
it from realizing high-efficient thermal retention.
Herein, by leveraging a facile technique involving
polydopamine (PDA)-assisted ion deposition, we
firmly embed silver nanoparticles onto cotton fibers,
creating silver-nanoprocessed cotton fabrics (Ag-
fabric) with high human mid-infrared reflectivity and
superior water/wear resistance. Meanwhile, the local-
ized surface plasmon resonance effect of the PDA and

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10570-024-06136-9.

B.Li-S. Ao - F. Sun (I<) - X. Su (X))

Key Laboratory of Eco-textiles of Ministry of Education,
Jiangnan University, Wuxi 214122, China

e-mail: fxsun@jiangnan.edu.cn

X. Su
e-mail: mfgucv@163.com

H. Song - C. Liu
Shenzhen Purcotton Technology Co., Ltd.,
Shenzhen 518131, China

F. Sun

Laboratory of Soft Fibrous Materials, College of Textiles
Science and Engineering, Jiangnan University,

Wuxi 214122, China

Published online: 23 August 2024

silver nanoparticles contributes to high solar spec-
trum absorptivity. The as-prepared Ag-fabric dem-
onstrates nearly 2 °C higher temperature compared
to unadorned cotton fabrics due to enhanced human
mid-infrared radiation, and the outdoor tests show a
temperature increase of average 8 °C when covering
artificial skin. Moreover, the uniformly distributed
silver nanoparticles on hierarchically assembled cot-
ton fibers endow the Ag-fabric with desirable Joule
heating performance (~40.7 °C at 1 V), self-cleaning
capacity, and antibacterial properties, while maintain-
ing breathability and comfort. These merits of the
Ag-fabric present promising advantages to transfer
natural cotton into commercially available thermal
management wearables and eco-textiles.

Keywords Passive radiative heating - Personal
thermal management - Cotton fabrics - Infrared
reflection - Durability - Multifunction

Introduction

In cold weather, discomfort can occur if the heat
produced by the body is not in balance with the sur-
rounding environment, and it can even be life-threat-
ening if the body temperature falls below the human
core temperature of 37 °C (Axelrod and Diringer
2006). To maintain thermal comfort, people rely
intensively on various heating devices based on elec-
tric heat and fossil fuels, which accounts for ~40% of
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a household’s daily energy consumption (Alves et al.
2016). It is necessary to develop an efficient and envi-
ronmentally friendly solution to maintain human ther-
mal comfort. Textiles and clothing, as a second skin,
have been used to keep human body warm and protect
the body from the cold, which focuses on the temper-
ature changes of the human body and its local micro-
environment rather than the whole room space. How-
ever, conventional garments keep warm by increasing
the thickness or layer count to preserve still air within
the dress and minimize heat convection (Yue et al.
2019), which contributes unpleasant appearance and
reduce wearing comfort. Moreover, the relatively
high mid-infrared emissivity and low solar absorption
of conventional textiles further reduce their thermal
comfort in cold weather.

Recently, researchers have proposed the concept
of radiative heating effects for personal thermal man-
agement for sustainable energy-saving development
(Hong et al. 2019; Hsu et al. 2017; Yang et al. 2023;
Zhao et al. 2018). The human body generally dissi-
pates heat to the surrounding environment through
thermal radiation, thermal conduction, and air con-
vection. The proportion of these three ways varies
depending on the ambient environment. For indoor
cases, approximately 50% of the heat emitted by a
sedentary body is through thermal radiation at mid-
infrared (IR) wavelengths (Peng and Cui 2020). In
outdoor situation, although the air convection may
increase, the solar radiation provides a superior heat
source. Therefore, thermal management textiles with
high human mid-infrared reflectivity and solar energy
absorption for photothermal conversion have shown
great potentials to achieve efficient human body heat-
ing. More recently, various radiative heating materi-
als and structures, such as Mxene (Lan et al. 2023),
metallic nanowire (Hsu et al. 2015; Tang et al.
2023), and multilayered fibrous membranes (Tian
et al. 2021; Wang et al. 2019b), have been reported.
However, current advances generally suffer from
complicated fabrication and relatively singular heat-
ing function (either mid-infrared reflection or solar
absorption). Moreover, the building blocks of these
textiles are not the comment materials for daily cloth-
ing and thus source-limited and expensive, which hin-
ders the scalable production and practical application
of these heating textiles in our daily lives.

Cotton has been one of the most commonly used
textile materials for centuries, with its excellent skin
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touch comfort, moisture absorption, and soft and
warm sensation (Yang et al. 2003). Similar to polar
bear hair (Wu et al. 2023b), cotton shows a natural
hollow core in the cellulose shell resulting from its
multistage biosynthesis, creating a desirable struc-
ture that keeps the air with low thermal conductiv-
ity within cotton fibers for warmth. Meanwhile, the
self-twisting and curled morphology for a typical cot-
ton fiber also contributes to its instinct loftiness and
warm feelings (Fang 2018). Therefore, cotton fibers
are considered as a promising material for thermal
insulation. However, their application in warm cloth-
ing is limited by their high mid-infrared emission and
low solar spectrum absorption.

To develop cotton textiles for heating textiles, it is
imperative to develop facile and cost-effective strat-
egy to process natural cotton fibers into functional
radiative materials. Metals have exhibited desirable
infrared reflectivity in various everyday applications
(Gao et al. 2017; Li et al. 2023; Wang et al. 2021),
wherein silver is an excellent choice among different
metallic materials because of its high infrared reflec-
tance efficiency, resistance to acids and bases (Khan
et al. 2016). However, current advances in producing
radiative textiles typically process the textiles physi-
cally via vapor deposition, dip-coating, sputtering
and spraying (Karim et al. 2020), resulting in non-
durable coating structures due to the low adhesivity
and weak interactions. In addition, certain strategies
apply dense coatings on textiles, which leads to lim-
ited breathability, enhanced rigidity and thus threaten
the comfortability of textiles (Gong et al. 2022;
Wang et al. 2022; Yue et al. 2020). The contradic-
tion between personal thermal management ability
and wearing performance requires the development
of cotton textiles with high-performance heating and
excellent wearing performance by a facile and effi-
cient strategy.

Herein, we demonstrate a functional cotton textile
(namely Ag-fabric) with multimode heating, includ-
ing indoor radiative heating, outdoor solar absorption
heating and electric heating functionalities, based
on a nanoprocessed technology via PDA-assisted
ion deposition (Fig. 1). The PDA provides anchor-
ing positions for the silver nanoparticles (AgNPs),
forming chelation at the molecular level between
the catechol groups in PDA and silver ions through
dative covalent bonds. This facilitates the uniform
generation of AgNPs, thereby forming an infrared
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Fig. 1 Schematic illustration of the thermal insulation textile
and its performance. a Concept note of the thermal insulation
cotton fabric via AgNPs chelating with PDA-modified cel-

reflective coating which effectively reflects human
mid-infrared radiation to achieve a warming effect.
In addition, the localized surface plasmon resonance
effect of the PDA and AgNPs improved photothermal
conversion efficiency of the Ag-fabric. The designed
passive heating Ag-fabric exhibits high solar absorp-
tion (~80%) and mid-infrared reflectivity (~40%),
effectively promoting solar heating and reducing
radiant heat dissipation from the human body. Fur-
thermore, the Ag-fabric exhibits excellent Joule
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heating properties (~40.7 °C at 1 V) due to the con-
ductive nature of the silver nanocoating. The AgNPs
are strongly combined with cotton fibers by the syn-
ergistic effect of the chelation and PDA adhesion,
contributing to the robust heating performance with
high durability and wearability, while still maintain-
ing excellent breathability of the Ag-fabrics. Addi-
tionally, the fabrication of the Ag-fabric is simple,
scalable and cost-effective, and can be applied to dif-
ferent types of cotton fabrics (Fig. 1b and Table S1,
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Supporting Information). The advantages of the
designed Ag-fabric make it promising for commercial
thermal management textile applications.

Experimental section
Materials

Dopamine hydrochloride (DA, 98%), and trimethyl-
olaminomethane (TRIS, 99%) were purchased from
Shanghai Titan Technology Company. Silver nitrate
(AgNO;), sodium hydroxide (NaOH, 98%), ammo-
nium hydroxide (NH;°H,0, 28%), glucose (C¢H;,04).
and hydrochloric acid (HCl, 36%) were purchased
from Sinopharm Chemical Reagent Company. All
reagents were used as is, without further treatment.
The cotton fabrics with thickness of 0.43 mm and
weight of 373 g/m? were purchased from Shandong
Luthai Textile Co., Ltd. (China).

Preparation of PDA-modified cotton fabric

The cotton fabric (3 cm X 3 cm) was washed once
with 5 wt% NaOH solution at a temperature of 50 °C
for 30 min to remove impurities on the fabric, using
a magnetic stirrer at 300 rpm. The cotton fabric was
then rinsed several times with deionized water until
the wastewater reached neutrality, and then dried in
an oven at 40 °C. The buffer solution is prepared by
TRIS (0.01 mol), and a 10 mM (millimole) of DA is
dissolved in the TRIS buffer. The pH of the solution
was adjusted to 8.5 using diluted hydrochloric acid to
make the solution slightly alkaline. The cotton fabric
was placed in the prepared solution and stirred with
a magnetic stirrer at 30 rpm under room temperature
for 24 h. Finally, the fabric was washed with deion-
ized water three times and then dried in an oven at
40 °C. The cotton fabrics modified with PDA are
referred to as PDA-fabric.

Preparation of silver nanoparticle modified cotton
fabric

The AgNO; particles were dissolved in a certain
amount of deionized water and stirred with a glass
rod until completely dissolved. Then, aqueous ammo-
nia (NH;-H,0) was slowly added dropwise to the
AgNO; solution until it changed from turbid to clear
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solution. By adjusting the concentration of AgNO;
solution, a series of cotton fabrics with different load-
ings of AgNPs was prepared, and the silver-attached
cotton fabrics were denoted as Ag-fabric-x (x=4, 6,
10, 12, and 16 g/L), with x representing the mass con-
centration of AgNO; solution. The PDA-fabrics were
put into silver-ammonia solution and stirred with a
magnetic stirrer for 30 min, and then 50 mL of a 5%
dextrose solution was added to the silver-ammonia
solution and stirred for another 40 min. The treated
samples were washed with deionized water several
times until the wash water was clear, and then dried
in an oven at a temperature of 40 °C.

Material characterizations

Material characterizations

The microscopic morphology was characterized
by scanning electron microscopy (SEM, sul510,
Hitachi, Ltd., Japan) with an operating voltage of
5 kV. The distribution of AgNPs on the cotton fab-
ric was characterized using energy-dispersive X-ray
spectroscopy (EDS) of the SEM system. FT-IR
(Nicolet-10, Thermo Fisher Scientific, Inc, USA)
was used to analyze the functional groups and chemi-
cal bonding of the cotton fabrics and treated sam-
ples, and all spectra were calculated from 32 indi-
vidual scans with a resolution of 1 cm™' and a range
of 4000-500 cm™!. The crystal structures were
observed using an X-ray diffractometer (XRD, D2
PHASER, Bruker AXS GmbH, Germany) with a dif-
fraction angle range of 5°-90° and a step width of
0.1°, using a Cu Ka diffraction source. The surface
elemental composition of the Ag-fabric was deter-
mined by X-ray photoelectron spectroscopy (XPS).
The binding energies were calibrated to the C 1s peak
at 285.0 eV. High-resolution Ag 3d spectra were fit-
ted using Avantage software (Thermo Scientific). The
spectral reflectivity (R(1)) and transmittance (7(4)) in
the infrared region (3-20 pm) were determined in a
Fourier transform infrared spectrometer (FTIR, Nico-
let-10, Thermo Fisher Scientific, Inc., USA) with an
integrating sphere. The sunlight reflectivity spectrum
(0.3-2.5 pm) was measured by using a UV-VIS-
NIR spectrometer with a diffuse integrating sphere
(Lambda950, Platinum Elmer, USA). All data meas-
ured by the instruments were processed through Ori-
gin 2018 or Microsoft Excel 2019 software.
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Heating performance test

Radiation heating measurements were performed
indoors by placing the rubber on a heating table with
a constant temperature of 33 °C as artificial skin, cov-
ered by the unadorned cotton fabric (3 cm X 3 cm)
and Ag-fabric (3 cm X 3 cm), separately. The tem-
perature evolution was recorded by thermocouples
(YET-640X). Three replicates were conducted, and
the average of the data was reported. The photother-
mal conversion test was conducted outdoors on both
sunny and cloudy days. The unadorned cotton fabric
and Ag-fabric pieces were tested inside a foam box
with an open top which was sealed with a transparent
polyester film to prevent the effect of air convection
during testing. The temperature change under sunlight
was recorded by the thermocouples. Considering that
a large amount of data versus time can be obtained
in a single experiment to demonstrate the temperature
differences among different types of fabrics, only one
experiment was conducted over a 6-hour duration.
For the Joule heating experiment, we used a multim-
eter (FLUKE F107) to measure the resistance change
of Ag-fabric with different silver nitrate concentra-
tions. The resistance data with error bar are repre-
sented by mean + standard deviations based on three
replicates. The Ag-fabrics were supplied with current
through a DC power regulator, and the temperature
rise was recorded by the thermocouples and an infra-
red thermographer (FLIR-E5-XT).

Wearing performance test

The mechanical properties of the cotton fabric and
Ag-fabric with size of 20 mm X5 mm and thickness
of 0.04 mm were investigated experimentally using
a universal testing machine (UTM2203). Uniaxial
tensile tests were conducted under a gauge length of
100 mm at a stretching speed of 10 mm min~!. Three
replicates were conducted for the tensile tests, and
the average of the data was reported. The air perme-
ability of cotton fabrics and Ag-Fabric was deter-
mined using a fabric permeability tester (YG461E),
with circular samples of 10 cm diameter tested under
a pressure difference of 100 Pa and a test area of 20
cm’. The water vapor transmission rate was deter-
mined by calculating the evaporative mass loss of the
water in the beakers covered with cotton fabric and
Ag-fabric, respectively, at a temperature of 37 C.

The quantitative data with error bars for the air per-
meability and water vapor transmission rate tests are
represented by mean + standard deviations based on
three replicates. For washing test, the samples (3 cm
X 3 cm) were placed in a saponification solution
(5 g/L soap, 2 g/L sodium carbonate) with a bath ratio
of 1:50 and saponified by oscillation at a temperature
of 60 °C for 30 min, followed by a washing process
in 100 mL saponification solution with stirring using
a magnetic stirrer for 30 min. Eight washing cycles
were conducted for the samples. The surface wettabil-
ity was characterized by water contact angle (WCA)
using contact angle tester (DSA25, KRUSS). Deion-
ized water of 4 pL. was used for each experiment, and
the WCA values vesus wetting times were recorded.
For each sample, three replicates were conducted and
the average of the data was reported.

Antimicrobial property test

The experimental bacteria selected were Escheri-
chia coli (E. coli), and Staphylococcus aureus (S.
aureus), and these two strains were cultured simulta-
neously with nutrient broth as the medium. 1 mL of
the treated bacterial suspension was pipetted with a
pipette gun and added to a sterile Petri dish contain-
ing 30 mL of plate-count agar medium. After plac-
ing the specimen and the cotton fabric on the agar
medium, the sample was incubated at a temperature
of 37 °C+2 °C for 24 h, ensuring continuous contact
between the agar medium and the specimen through-
out the incubation period. Finally, the antibacterial
activity of the textiles was evaluated by measuring
the width of the inhibition zone.

Results and discussion
Functional fabrication and characterization

The easy-to-produce cotton fabric with inherent
thermal insulation, wearing comfortability and skin-
friendly property was selected as the substrate. PDA-
assisted ion deposition technology was harnessed to
reduce the silver ion and further deposit AgNPs onto
the surface of cotton fibers, forming an human mid-
infrared reflective layer; meanwhile, PDA and the
localized surface plasmon resonance effect of AgNPs
can promote solar energy absorption. Figure 2a
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Fig. 2 Fabrication and characterization of the Ag-fabric. a
Schematic diagram of the Ag-fabric preparation process, along
with the reaction mechanism for the PDA polymerization and
reduction. b Photographs of the unadorned cotton fabric (up)
and the Ag-fabric (bottom). (¢) SEM images of the PDA-
fabric. d and e SEM images of the Ag-fabric. f EDS mapping
images of the Ag-fabric. g Comparisons of the FTIR spectra

depicts the production process and morphological
evolution of the Ag-fabric, which includes the self-
polymerization of the DA to form the PDA Ilayer,
and the in-situ reduction of AgNPs by PDA-assisted
ion deposition on the surface of cotton fibers. Visual
inspection of the original cotton textile and modified
cotton textile, namely Ag-fabric, is shown in Fig. 2b.
The PDA acts as a “bridge” to assist in the deposi-
tion of the AgNPg, which automatically aligns with
the adhesion mechanism (covalent interaction, hydro-
gen bonding, ligand interaction) to polymerize into
a PDA coating after coming into contact with the
cotton surface through Brownian motion in an aero-
bic, weak alkali environment (Lee et al. 2006; Wang
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among the cotton fabric, PDA-fabric and Ag-fabric. h XRD
patterns for the cotton fabric and Ag-fabric. The cotton fabric
was industrially mercerized during their manufacturing and
was further treated with 5 wt% NaOH solution for removing
impurities in our pre-treatment process. i XPS full spectrum of
the cotton fabric and Ag-fabric. j High-resolution XPS spectra
for Ag 3d

et al. 2020). This PDA coating can be used as a mul-
tifunctional secondary reaction platform because the
PDA is rich in catechol and amine-reactive groups,
which can produce chelation with Ag* and signifi-
cantly promote the adsorption of Ag* on cotton fib-
ers (Wu et al. 2023a). Since PDA is mildly reductive,
the PDA layer adsorbs the Ag™ and then reduces to
AgNPy in situ, and these first reduced AgNPg can
be used as a seed layer to promote the formation of
subsequent silver coatings (Zeng et al. 2020). Thanks
to the chelation and adhesive attraction of the PDA,
the silver coating is highly stable in air and water,
and durable against water washing, which will be
further demonstrated in the following sections. The



Cellulose

unadorned cotton fabric is white and exhibits hierar-
chical structures ranging from multiple ultrafine and
smooth cotton fibers, yarns to weaving construction
(Supplementary Fig. S1). Such structures provide the
cotton fabric with enough space for the fabrication of
micro- and nanoparticles. The self-polymerization of
the DA further increases the roughness of the surface
of the cotton fibers and provides a desirable platform
for the anchoring of the AgNPs (Fig. 2c). To analyze
the effect of solution concentration of AgNO; on the
deposition of the AgNPs, different concentrations
of AgNO; solutions of 4, 6, 10, 12, and 16 g/L. were
prepared. At constant DA solution concentration,
the seed layer of AgNPs reduced by PDA remains
unchanged, while the amount of the reduced AgNPs
increases with the increase of AgNO; concentration,
and the subsequent AgNPs grow and form granular
aggregates near the nucleation point. For a relatively
low concentration (4 g/L) of AgNO; solution, most
AgNPs are small aggregates with individually dis-
persed states, and the cotton surface is not entirely
covered, leading to a uniformity coating (Supple-
mentary Fig. S2). On the other hand, at the high con-
centrations (16 g/L) of AgNO; solution, the AgNPg
grow massively, no longer aggregating along the
fiber longitudinal direction but forming larger nano-
clusters along the fiber radial direction. This leads to
a reduction in uniformity of AgNPs, resulting in an
uneven silver coating (Supplementary Fig. S2) (Wei
et al. 2022). Finally, the optimized coating with uni-
form and continuous deposition of AgNPs, as shown
in Fig. 2d and e, was achieved by 12 g/L. concentra-
tions of AgNO; solution. Therefore, we chose 12 g/L
concentration of AgNOj; solution to prepare the sam-
ples hereafter, unless otherwise specified. It is worth
noting that the surface pattern of the cotton fabric did
not change after modification, and the woven texture
still gave a good channel for water vapor permeating.
The elemental distribution on the fabric surface was
observed by EDS. It can be seen that the distribution
of silver elements is as uniform as that of oxygen and
carbon elements, indicating that AgNPs are depos-
ited uniformly on the cotton fiber surface (Fig. 2f).
Detailed quantitative elemental analyses are shown in
Supplementary Fig. S3.

We further studied the bonding mechanism of the
silver coatings. The surface chemistry of the cot-
ton fabrics and Ag-fabric were characterized by
FT-IR. Since cotton fibers are composed primarily of

cellulose, the characteristic peaks of cellulose, such
as the —OH stretching vibration at 3300 cm™', the
asymmetric stretching vibration of the —.CH, bond in
the cellulose pyran ring appeared at 2900 cm™', the
—OH bending vibration at 1640 cm™' and the C-O
stretching vibration at 1050 cm™', are demonstrated
(blue curve in Fig. 2g). The PDA-fabric shows wider
absorption peaks, ranging from 3750 to 3000 cm™',
than that of unadorned cotton fabric. The -NH bend-
ing vibration absorption peak near 1593 cm™' in
the PDA was observed (red curve in Fig. 2g). These
results collaboratively indicate that PDA has adhered
to the cotton fiber surface. The characteristic peaks of
silver (464 cm™' and 461 cm™') were identified in the
black curve of Fig. 2g, demonstrating the successful
attachment of AgNPs (Wei et al. 2022). In addition,
the significant decrease in the intensity of the peaks
for Ag-fabric has been documented, attributed to the
extension of AgNPs to the surface of cotton fibers,
which attenuates the IR signal (Yue et al. 2019). The
crystalline phases of the cotton fabric and Ag-fabric
were characterized by XRD. Because cotton fabrics
are industrially mercerized during their manufactur-
ing and are further washed with 5 wt% NaOH solu-
tion in our pre-treatment process, the cellulose chains
are rearranged, changing the crystal form of the cot-
ton from Cellulose Ip to Cellulose II. It can be seen
from Fig. 2h that three diffraction peaks at 26=12.2°,
19.9° and 22.1°, correspond to (1-10), (110) and
(020) crystal planes of cellulose II, respectively
(French 2014). Due to the low concentration of the
NaOH solution and the short soaking time (30 min),
the crystal form of the cotton is not completely con-
verted into Cellulose II. Therefore, the diffraction
peaks corresponding to the (1-10) and (110) crystal
planes of cellulose If at 14.6° and 16.6° respectively
can still be observed, as indicated by the blue mark-
ers in Fig. 2h (Nam et al. 2016). The Ag-fabric shows
distinct crystallization peaks at angles of 38.12°,
44.32°, 64.44°, and 77.44°, which corresponds to the
(111), (200), (220), and (311) crystal planes of the
face-centered cubic crystal structure for the AgNPs,
respectively (JCPDS File No. 99-094). Moreover,
the Ag-fabric exhibits weakened peaks of cellulose,
which can be ascribed to the partial hydrolysis of the
cotton fabric caused by the sodium hydroxide solu-
tion and the silver-ammonia solution, and the absence
of the Ag-O impurity peaks for the Ag-fabric suggests
that the reduced AgNPs are in a zero-valent state.
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We also used XPS to further confirm the sur-
face chemical composition of the Ag-fabric. Fig-
ure 2i compares the XPS spectra of the cotton fab-
ric and Ag-fabric. Several new characteristic peaks
appear for the Ag-fabric, indicating the presence
of oxygen, nitrogen, silver, and carbon on the sur-
face of Ag-Fabric. The characteristic peak of nitro-
gen mainly results from the catechol and quinone
groups in the PDA polymer, and thus this peak
reveals the successful polymerization of PDA in the
Ag-fabric. In addition, the Ag 3d XPS spectrum of
Ag-fabric deconvolved into two peaks at 367.18 and
373.28 eV for Ag 3ds,, and Ag 3ds,, respectively,
with a distance of about 6.1 eV between the spin
energy values, which confirms the presence of silver
in the form of Ag (0) (Fig. 2j) (Gu et al. 2020). This
result agrees with the data reported for Ag 3ds,
and Ag 3d;, in elemental silver, thus confirming
the successful reduction of Ag nanoparticles on the
surface of cotton fabrics (Xu et al. 2017; Zhu et al.
2018). This conclusion coincides with the results of
SEM morphology and XRD spectroscopy.
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Fig. 3 Radiative heating property characterizations. a UV—
Vis-NIR absorption spectra of Ag-fabrics and unadorned cot-
ton fabric. The Ag-fabric fabricated under different AgNO,
solution concentrations of x=10, 12 and 16 g/L are denoted by
Ag-fabric-x. b Mid-infrared reflective spectra of the Ag-fabrics
and the unadorned cotton fabric. ¢ Temperature evolution of
the bare, cotton-fabric-covered and Ag-fabric-12-covered arti-
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Radiative heating performance

Passive heating of fabrics, aimed at keeping the
human body warm by modulating thermal radiation,
is an integral part of personal thermal management.
This requires to modify fabrics to be spectrally selec-
tive, with typical characteristics such as high absorb-
ance in the solar spectrum (280~2500 nm) and high
reflectivity in the human mid-infrared spectrum
(7-14 pm). Polydopamine (PDA) is a mussel-based
functional melanin material widely used as a photo-
thermal agent due to its broad light absorption and
superior photothermal conversion ability (Chang
et al. 2021). In addition, the localized surface plas-
mon resonance effect allows AgNPs reduced in situ
on the surface of cotton fibers to exhibit good spec-
tral absorption in the UV—-visible band (Wang et al.
2019a). The combined action of these two materials
allows Ag-fabric to effectively absorb solar radia-
tion energy in sunny outdoor environments (Fig. 3a),
thus achieving the purpose of keeping warm. Quan-
titatively, the Ag-fabric shows a high absorptiv-
ity of solar power of around 80% corresponding

Cotton-Fabric = Ag-Fabric-10
—— Ag-Fabric-12 -~ Ag-Fabric-16

i %MT%MAM ~Am A AN

Human Body@33C
Radiation

e e
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»
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Spectral irradiance (W m? nm™)

10 12 14
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ficial skins in an indoor environment. d Infrared and optical
images of the Ag-fabric and the cotton fabric. To secure the
fabrics onto the arm, we applied adhesive tape at each corner
of the fabrics. The uneven color on fabrics may arise from the
enhanced thermal conductivity in the taped areas, due to tight
contact
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to the wavelength range of 400-1350 nm™!, while

the absorptivity of the unadorned cotton fabric is
pretty low (near zero; the calculation method of the
absorptivity is detailed in the Supplementary Note
1). By varying the concentration of AgNO; solu-
tion, the micro-gaps between the AgNPs can be con-
trolled, resulting in different photothermal proper-
ties. As shown in Fig. 3a, Ag-Fabric-10, 12, and 16
all exhibit high absorbance in the solar spectrum.
However, as the concentration of the silver-ammonia
solution increases, the absorption of the solar spec-
trum decreases instead. This may be attributed to
the increased solution concentration, which induces
the further growth of AgNPs, forming a dense silver
layer. This, in turn, reduces the interconnecting gaps
between AgNPs, thereby attenuating the plasmonic
near-field coupling effect (Liu et al. 2015; Zhou et al.
2016).

Selective reflection of human radiation is also
desirable for heating applications, especially for the
indoor environments. According to Planck’s law, the
human skin, regardless of skin color, can be regarded
as a nearly perfect black body that emits electromag-
netic radiation in the radiation band with an infrared
emissivity of up to 98% (Cai et al. 2018; Hsu et al.
2017; Steketee 1973). Therefore, the wavelength of
thermal radiation emitted by the human body is in the
mid-infrared band, mainly from 7 to 14 pm, with a
peak at 9.5 pm. According to Kirchhoff’s law of ther-
mal radiation, the interaction of thermal radiation
energy exchange can be expressed by e+T+R=1,
where e denotes infrared emissivity, 7 denotes trans-
mittance, and R denotes reflectivity. Therefore, to
achieve the purpose of radiative warming, it is nec-
essary to improve the reflectivity of textiles in the
mid-infrared band (Cai et al. 2017). The prepared Ag-
fabric shows a broad-spectrum reflectivity up to 40%
across the mid-infrared band (Fig. 3b). Moreover, the
reflectivity of Ag-fabric to the mid-infrared rises with
the increase of AgNPs deposition. This result indi-
cates that the increase of AgNPs has a positive effect
on improving the infrared reflectivity of Ag-fabric.
By collaboratively considering the comprehensive
performance in terms of solar absorption and mid-
infrared reflection (Supplementary Fig. S4), we pre-
liminarily chose Ag-Fabric-12 as our ideal sample for
subsequent experimental discussion.

To further validate the radiative heating perfor-
mance of the Ag-fabric, we designed a home-made

measurement device for analyzing the skin tempera-
ture changes. As shown in Supplementary Fig. S5a,
the device consists of thermocouples, an electric
heater, and a rubber plate to simulate human skin. At
room temperature, the artificial skin was placed on
the heater at a constant temperature of 33 °C, and the
temperature changes were recorded with thermocou-
ples while covered by the cotton fabric and Ag-fabric,
respectively. As shown in Fig. 3c, the temperature
of the artificial skin covered by Ag-fabric can reach
approximately 34.3 °C, which is higher than that of
the skin covered by cotton fabric (average 32.8 °C)
and bare skin (average 32.0 °C). The temperature dif-
ferent around 1.5 °C is mainly from the reflection of
the radiative heating of human body by the Ag-fabric
as illustrated by the model diagram in Supplemen-
tary Fig. S5b. We placed both the cotton fabric and
the Ag-fabric on the arm and left them for 3 min to
ensure the thermal equilibrium with the arm. Then,
their surface temperatures were captured using an
infrared camera. The infrared images captured by
the infrared camera show a temperature difference of
outer surfaces between the cotton fabric (31.8 °C) and
Ag-fabric (29.9 °C; Fig. 3d), indicating low trans-
mission of human infrared radiation through the Ag-
fabric to the surroundings. This suggests the desirable
thermal retention performance of the Ag-fabric.

For outdoor environments, converting sunlight
into thermal energy can effectively keep thermal
comfort of the human body, and is considered an
effective energy-saving method. Similar with the
indoor measurement device, we designed an out-
door testing device as shown in Fig. 4a, and used an
anemometer and a solar power meter to record the
environmental factors. The outdoor thermal meas-
urements of Ag-fabric were conducted in April in
Wuxi, China, under both sunny and cloudy weather
conditions, for up to six hours (Fig. 4b and Sup-
plementary Fig. S5c). On a clear sunny day, the
temperature of the artificial skin covered by the
Ag-fabric is remarkably higher compared to bare
artificial skin and artificial skin covered by the cot-
ton fabric. Throughout the measurement process
from 12:00 to 18:00, the artificial skin covered by
the Ag-fabric maintained a higher temperature of
average 8 °C than that covered by the cotton fab-
ric, under solar irradiance ranging from 800 W m~2
to nearly zero, and wind conditions at force levels
1 to 2 (Fig. 4b, c¢). This temperature enhancement
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Fig. 4 Outdoor thermal characterization. a Setup of the out-
door test device. b Real-time temperature profiles of bare,
cotton-fabric-covered and Ag-fabric-12-covered artificial skins

mainly stems from the efficient absorption of sun-
light heat by the Ag-fabric. It should be noted that
conventional cotton fabrics exhibit relatively high
reflectivity (approximately 72%) under direct sun-
light (Fig. 4b). In contrast, bare artificial skin with
a skin-like color shows relatively low reflectivity
and is more efficient at converting light energy into
heat energy when exposed to sunlight, resulting in
an increase in surface temperature of the bare arti-
ficial skin than that covered by cotton fabrics. The
temperature difference was reduced on a cloudy day
due to the reduced intensity of sunlight affecting the
heat absorption of the Ag-fabric, but the Ag-fabrics
still showed superior thermal-retention performance
than the cotton fabrics. These results demonstrate
the great potential of the Ag-fabric for commercial
applications in radiative heating wearables.
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under direct sunlight on a clear day. ¢ Thermal measurement of
real-time meteorological parameters

Electrical heating performance

In complex and cold outdoor environments, achieving
human thermal comfort solely through the reflection
of body radiation and the light-heat conversion from
the sunlight is challenging. Therefore, it is necessary
to develop a method that ensures stable heating even
in harsh conditions. Electric heating is regarded as a
simple and effective method due to its customizabil-
ity, which shows great potential for applications in
providing warmth. The in-situ attachment of AgNPs
to the surface of the cotton fabrics endows the Ag-
fabric with good electrical conductivity, enabling effi-
cient Joule heating performance (Lee et al. 2020). The
electronic resistance of the Ag-fabric decreases with
the increase of the AgNO; solution concentration, as
shown in Fig. 5a. However, the electronic resistance
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experiences an inflection point in the changes of
AgNO; from 6 to 10 g L~!, beyond which it gener-
ally remains stable. To achieve multimodal heating
capacity in Ag-fabrics, the Ag-fabric-12 was selected
by considering both its radiative heating and electric
heating performance collaboratively. It serves as the
ideal fabric for achieving optimized thermal-retention
performance, and thus is used for further experiments
unless specified.

The Ag-fabric exhibits a fast electro-thermal
response with the saturation temperature varying
from 40 °C to over 100 °‘C upon supplied voltages
ranging from 1 to 3 V (Fig. 5b). The temperature can
reach 40.7 °C within 150 s under a supplied voltage of
only 1 V. This is safe for human body and efficient for
supplying warmth in thermal management wearables.
The sequential infrared images of the Ag-fabric sur-
face also demonstrate the temperature changes across
the whole fabric (Fig. 5c). Moreover, the saturation
temperature of Ag-fabric can be adjusted by changing
the supplied voltages (Fig. 5d). The surface saturation
temperatures of Ag-fabric reach 40.69 °C, 64.13 °C,
81.4 °C, and 103.72 °C, respectively within 3 min
upon applying 1, 2, 2.5, and 3 V voltage, respectively.
In addition, the heating saturation temperature shows
an approximate linear relationship with the voltage
squared (Fig. 5e), which indicates that the resist-
ance remains unchanged during the electric heating
process. This provides a convenient way to control
the expected temperature by regulating the applied
voltages. To examine the heating durability and reli-
ability of the Ag-fabric, we subjected the Ag-fabric
to cyclic electrical heating at a maximum voltage of
2.5 V. Figure 5f demonstrates the temperature change
curve of the Ag-fabric over 10 cycles in 3000 s. The
results show that Ag-Fabric can be heated repeatedly
and reaches an approximate saturation temperature at
each heating process, indicating the good thermal sta-
bility and repeatability of the as-prepared Ag-fabric.

Demonstration of robustness and antibacterial
property.

As a wearable textile, the breathability, mechanical
strength, washability, and durability of the Ag-fabric
are necessary for practical applications. The water
vapor transmission rate testing reveals the excellent
breathability of Ag-fabric, which is comparable to
that of original cotton fabric (Fig. 6a). This is because
the in-situ polymerization of AgNPs on cotton fab-
rics does not mask the interlocking texture of the
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woven fabrics. The air permeability of the Ag-fabric
is slightly lower than that of the cotton fabric as the
AgNPs adhesion slightly shortens the gap between
the fibers; whereas, the Ag-fabric still maintains good
air permeability over 160 mm/s (Fig. 6b). The break-
ing strength (17.95 MPa) and breaking elongation
(12.68%) of the Ag-fabric are comparable to that of
the cotton fabric and even slightly higher than that of
original cotton fabric due to the adhesion of AgNPs
(Fig. 6¢c). This mechanical strength can fulfill the
daily application. Figure 6d compares the water con-
tact angles on the surface of the cotton fabric and Ag-
fabric, indicating the hydrophobicity of the Ag-fabric.
Notably, the different liquid droplets, such as tea,
milk, coffee, juice, and soda, remain nearly spheri-
cal on the fabric surface rather than being absorbed
(Supplementary Fig. S6a, b), demonstrating the good
self-cleaning property of the Ag-fabric. Moreover,
the Ag-fabric show robust performance against cyclic
washing and wearing. As shown in Fig. 6e and f, the
solar absorptivity, infrared reflectivity, and electrical
conductivity of the Ag-fabric show less change com-
pared with the original samples after several washing
cycles. In addition, good abrasion resistance of the
Ag-fabric is confirmed by the wearing tests (Fig. 6f).
The SEM images of the fiber surfaces for washed,
twisted and rubbed Ag-fabric in the Supplementary
Fig. S7 further demonstrate the excellent durability
of the Ag-fabric. This is mainly ascribed to the inter-
facial layer PDA, whose superb interfacial adhesion
allows the metal nanoparticles to bind tightly to the
cotton fibers, thus ensuring long-term mechanical
properties and durability.

Moreover, it is inevitably for humans to be
exposed to humid environments, making it easy
for bacteria to grow and thus jeopardizing human
health. Therefore, we chose E. coli and S. aureus as
the representative strains to investigate the antimi-
crobial performance of Ag-fabric and cotton-fabric
and evaluated the antibacterial effect of the fabrics
in terms of the size of the radius of the inhibition
circle. As shown in Fig. 6g, no inhibitory circle
appeared around cotton-fabric on the medium of
E. coli and S. aureus, indicating that the cotton-
fabric had no inhibitory activity. On the contrary,
14 mm and 15 mm inhibition circles appears around
Ag-fabric, respectively, which reveals the excel-
lent antibacterial performance of Ag-fabric. This is
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Fig. 6 The breathability, durability and antibacterial property
of the Ag-fabric. a Comparisons of the water vapor transmis-
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fabric. ¢ Tensile properties of the cotton fabric and Ag-fabric.
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The washing durability of the Ag-fabric characterized by the

attributed to the silver ions released by AgNPs on
the surface of cotton fibers. These ions can damage
cellular DNA molecules and certain proteases, lead-
ing to cross-linking of DNA molecules or catalyz-
ing the formation of free radicals. As a result, viral
proteins denature, and electron donors on DNA
molecules are inhibited, resulting in DNA strand
breakage and cell death (Sotiriou and Pratsinis
2010; Vigneswari et al. 2021; Xie et al. 2019). As
Ag-Fabric possesses excellent antibacterial proper-
ties, it avoids degradation and damage of Ag-fabric
caused by bacteria. This not only preserves human
health but also extends lifespan of the fabric.

absorption in the solar spectrum and reflection in the mid-
infrared over 8 washing cycles. f The abrasion resistance of the
Ag-fabric evaluated by the changes in the electrical resistance
of the Ag-fabric over cyclic wearing tests. g Comparison of the
antibacterial properties of the Ag-fabric (right) and cotton fab-
ric (left)

Conclusions

We have demonstrated multimodal heating Ag-fabrics
with robust durability, excellent comfort, and anti-
bacterial property by tightly integrating AgNPs with
cotton fibers through a PDA-assisted ion deposition
technique. The chelation and adhesive effects of the
PDA ensure the high robustness and durability of the
silver coating, even when subjected to cyclic washing,
twisting, and rubbing. The as-prepared Ag-fabric can
achieve a temperature of almost 2 ‘C higher than una-
dorned cotton fabrics in an indoor environment, and
can achieve an increase of average 8 °C for artificial
skin covered by the Ag-fabric, compared with that
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covered by unadorned cotton fabrics under sunlight.
In addition, the textile shows significant Joule heat-
ing capacity, antibacterial properties, and self-clean-
ing property, while maintaining good breathability,
water vapor permeability and mechanical strength. It
is believed that our study can not only promote the
practical applications of cotton fabrics for the new
generation of thermal insulation clothing, but also
provide new insights into processing natural materials
through facile and convenient method for multifunc-
tional thermal management wearables.
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