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HIGHLIGHTS

Inorganic NPs with negligible IR
absorption are utilized as the
coloring component

Colored PE fabrics are made by
scalable compounding,
extruding, and knitting processes

Visible-Colored
Infrared-Transparent
: 80% IR transparency and 1.6°C-

1.8°C radiative cooling are
achieved with diverse colors

Good stability against more than
100 washing cycles can be
sustained

Inorganic NPs-Mixed
Polyethylene Textiles

Coloration of infrared-transparent polyethylene textiles is demonstrated to
address the major challenge toward wide adoption of radiative cooling technology
for personal thermal management. Utilizing inorganic pigment nanoparticles, such
as Prussian blue, iron oxide, and silicon, infrared-transparent polyethylene fabrics
of various colors are developed via scalable fabrication processes.
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SUMMARY

Effectively regulating heat flow between the human body and its environment
not only increases thermal comfort but also presents a novel and potentially
cost-effective approach to reducing building energy consumption. Infrared
property-engineered textiles have been shown to passively regulate radiative
heat dissipation for effective cooling and warming of the human body. However,
a lack of dyes that can tune the textile color without compromising the infrared
properties remains a major impediment to textile commercialization. Here, we
report a new strategy utilizing inorganic nanoparticles as a coloring component
for scalable brightly colored, infrared-transparent textiles. The as-fabricated
composite textiles not only show a high infrared transparency of ~80% and a
passive cooling effect of ~1.6°C-1.8°C but also exhibit intense visible colors
with good stability against washing. This facile coloration approach will promote
the commercialization of radiative cooling textiles in temperature-regulating
wearable applications for effective energy savings.

INTRODUCTION

Heat-flow management through wearable technology has the potential for
improving human health and comfort. Furthermore, heat-managing wearables can
result in substantial energy savings,' considering that extensive energy is consumed
on space heating and cooling (for instance, more than 10% of the total energy con-
sumption in the U.S.).?% In contrast to building-level temperature regulation where
most of the energy is wasted on unoccupied space, personal thermal management is
a more efficient and cost-effective alternative that aims to provide localized heating
and cooling to the human body and its immediate environment.

Recent studies have found that controlling the infrared (IR) optical properties of
garment textiles can have strong effects on localized cooling and heating of the
human body.””'® For example, IR-transparent nanoporous polyethylene (nanoPE)
was demonstrated to passively cool the body by 2°C,>? and metallized nanoPE
with low IR emissivity can warm the body by 7°C.” This is due to the fact that the
human skin has high emissivity (¢ = 0.98) and acts like a black body,"" strongly
emitting thermal radiation in the IR wavelength range of 7-14 pm with a peak
intensity at 9.5 pum.> Therefore, thermal radiation plays an indispensable role in
human-body heat dissipation, accounting for more than 50% of heat dissipation
in indoor conditions.’* " These findings opened a new direction for personal
thermal management, as conventional textile materials lack the capability of
infrared radiation control.
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Context & Scale

Effective temperature regulation
on wearables not only can
improve human health and
comfort but also hold great
promise for energy savings.
Recent reports of infrared-
transparent polyethylene textiles
showed passive cooling effect by
allowing the thermal radiation
from the human body to pass
through, but they lacked the
tunability in visible color. In this
work, we demonstrate for the first
time a strategy utilizing unique
inorganic pigment nanoparticles
to achieve coloration of infrared-
transparent polyethylene textiles
for radiative cooling. With the
demonstrated scalable fabrication
processes and good stability
against washing, this work will
enable us to move one step closer
to practical application of energy-
efficient and cost-effective
radiative cooling textiles for
personal thermal management.
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However, effective infrared management of textiles is difficult while simultaneously
controlling their visible color. This remains the major challenge that limits the appli-
cation of infrared-engineered textiles in real life, as color selection is one of the most
important factors that govern the wearable market.'* The chemical bonds that are
characteristic to commonly used organic dye molecules strongly absorb human-
body radiation in the mid-IR wavelength range, e.g., C-O stretching (7.7-10 pum),
C-N stretching (8.2-9.8 um), aromatic C-H bending (7.8-14.5 um), and S=0O stretch-
ing (9.4-9.8 um)."*>'® Thus, usage of organic dyes can cause low IR transparency and
high IR emissivity, making them unsuitable for either radiative cooling or heating
effects. Additionally, polyethylene, the base material for radiative cooling and
heating textiles, is chemically inert and lacks polar groups, which inhibits surface
adhesion of chemical dyes.'”™"”

In this work, we provide a potential solution to the dilemma between visible
and infrared optical properties and report the first demonstration of colored poly-
ethylene textiles with high IR transparency for radiative cooling. We achieve this
by successfully identifying and utilizing unique inorganic pigment nanoparticles
thathave negligible absorption in the IR region, while reflecting certain visible colors
through optimized concentration and size. Compounding the inorganic pigment
nanoparticles into the polyethylene matrix forms a uniform composite for stable
coloration compared to the surface-adhesion approach, which was previously re-
ported to have difficulty in achieving stable coloration for polyethylene.? We further
demonstrate that the colored polyethylene composite can be readily extruded
into mechanically strong, continuous fibers for knitting of interlaced fabrics using
scalable processes. The knitted fabrics show not only high IR transparency of
~80% and good radiative cooling performance of 1.6°C-1.8°C but also good color
stability against more than 100 washing cycles. This work lays the foundation for
practical implementation of radiative cooling textiles to enable better personal
thermal management for more efficient energy utilization.

RESULTS AND DISCUSSION

Coloration Design for Infrared-Transparent Polyethylene Textiles

The design schematic of the colored polyethylene textile is shown in Figure 1A. We
chose IR-transparent inorganic nanoparticles as the pigment and polyethylene as
the flexible polymer host. These two components were uniformly mixed via com-
pounding and could then be extruded into fibers for weaving or knitting interlaced
fabrics. The inorganic solids that we found to satisfy the requirement of IR transpar-
ency include Prussian blue (PB), iron oxide (Fe,O3), and silicon (Si), which are also
non-toxic and low cost, as shown in Figure 1B. Fourier transform infrared (FTIR) spec-
troscopy (Figure 1C) illustrates that these inorganic solids have negligible absor-
bance in the infrared wavelength region of 4-14 um, except for an intense and nar-
row peak of PB at 4.8 um due to C=N stretching vibration and a weak and broad
peak of silicon around 8-10 pm due to the native silicon oxide on the surface. In
contrast, traditional organic dye molecules show significantly more IR absorption
peaks. Their particle sizes were in the range of 20-1,000 nm, as revealed in the scan-
ning electron microscopy (SEM) images in Figures 1D-1F. On one hand, this nano-
scale size range is much smaller than the human-body thermal radiation wavelengths
of 4-14 um; hence, these nanoparticles will not strongly scatter infrared light to
decrease the IR transparency of the colored polyethylene mixtures.”’ On the other
hand, high refractive index dielectric or semiconductor nanoparticles in a particular
size range can have strong resonant light scattering in the visible spectral range on
the basis of Mie theory.”'"?* Therefore, different colors can be produced by
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Figure 1. Coloration Design for Infrared-Transparent Polyethylene Textiles

(A) Design schematic for the coloration of radiative cooling textiles, which is made by mixing IR-
transparent inorganic pigment nanoparticles with polyethylene (PE). The mixed composites can
then be extruded into continuous fibers for knitting into interlaced textiles via large-scale industrial
processes.

(B) Photograph of the selected inorganic pigment powders.

(C) FTIR absorbance spectra comparison between the selected inorganic pigment particles and
traditional organic dye molecules.

(D-F) SEM images of the nanoparticles for (D) Prussian blue, (E) iron oxide, and (F) silicon.

controlling the nanoscale dimensions. For example, in contrast to the black color of
bulk silicon, silicon nanoparticles (refractive index > 3.8 at 633 nm) with diameters of
100-200 nm are yellow, which results from pronounced Mie resonance responses
associated with the excitation of both magnetic and electric dipole modes.?*~*
Different from silicon nanoparticles, both PB and iron oxide nanoparticles show
the same colors as their natural bulk counterparts.?’ The intense blue color of PB
is associated with the intervalence charge transfer between Fe(ll) and Fe(lll),%827
while the dark red color of iron oxide is determined by its band gap of ~2.2
eV.?%?" With these three primary colors of blue, red, and yellow, arbitrary colors
over the whole visible spectrum can be created by mixing them at different ratios.
For example, we were able to produce a green color by mixing Si and PB in the
mass ratio of 1:1, as shown in Figure S1.

Fabrication of Inorganic Pigment-Embedded Polyethylene Composites

The compounding process was employed to mechanically mix the nanoparticles
with melted polyethylene pellets at 180°C, which produces uniform inorganic
solid-polymer composites. The minimum mass ratio of pigments needed to
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Figure 2. Fabrication and Optical Properties of Inorganic Pigment-Embedded Polyethylene
Composites

(A) Photograph, (B) UV-VIS reflectance, (C) FTIR transmittance, and (D) visible opacity spectra of the
pigment nanoparticle-mixed polyethylene composite films.

achieve high opacity (>80%) and observable colors (peak reflectance > 20%)
for the mixed composites was found to be about 1%. With a mass ratio of 1%
nanoparticles, the composites maintain good thermal processability for molding
into arbitrary shapes and satisfactory optical properties for both visible and
infrared wavelength ranges. Due to the uniform distribution of pigment nanopar-
ticles inside the polyethylene polymer matrix, the 100-pm-thick molded PB-PE,
Fe,O3-PE, and Si-PE composite films show uniform and intense coloration of
blue, red, and yellow, respectively (Figure 2A). The ultraviolet-visible (UV-VIS)
spectroscopy measurement of the composite films reveals dominant reflection
wavelengths around 450 nm, 600 nm, and 750 nm, matching well to the original
colors of PB, iron oxide, and silicon nanoparticles, respectively (Figure 2B). The
strong reflection and absorption of visible light lead to high opacity (defined as
1 — specular transmittance) of more than 80% in the visible range (Figure 2D);
this satisfies one of the basic functions of clothing: preventing the object behind
the textile from being recognized. Furthermore, in the mid-IR region, the compos-
ites all show high transparency of ~80% (Figure 2C), allowing high transmittance of
body radiation heat for achieving radiative cooling. It should be noted that the
nanoparticle concentration does not affect the IR transparency of the composite,
since these nanoparticles do not absorb radiation in the mid-IR spectral range.
As the nanoparticle concentrations increase to 5% and even 10%, the composites
maintain high IR transparency (Figure S2). Therefore, these inorganic pigments
provide flexibility in color tuning without compromising their thermal properties.
In comparison, the adverse effect of traditional organic dyes on IR transparency
is exacerbated as their concentration increases.
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Figure 3. Fabrication of Colored Polyethylene Fibers and Textiles

(A) Photograph of three spools of the colored polyethylene fibers produced by industrial extrusion.

(B) Tensile strength test demonstrates that the colored polyethylene fibers have tensile strength comparable to that of cotton.
(C-E) Optical micrographs of the extruded fibers for (C) blue PB-PE, (D) red Fe,O3-PE, and (E) yellow Si-PE.

(F-H) Optical micrographs showing the knitting pattern for (F) blue PB-PE, (G) red Fe,O3-PE, and (H) yellow Si-PE.

(I-K) Photographs of the knitted textiles with good wearability for (I) blue PB-PE, (J) red Fe,O3-PE, and (K) yellow Si-PE.

Characterization of Colored Polyethylene Fibers and Textiles

We further demonstrated the extrusion of colored polyethylene composites into multi-
filament yarns using a high-throughput melt-spinning machine (Figure 3A). Each
extruded yarn consists of 19 single-filament fibers with diameter of ~30-50 um, as re-
vealed by optical micrographs in Figures 3C-3E. Itis also evident that the pigment nano-
particles are uniformly embedded inside the fibers. In addition, mechanical strength tests
show that the colored polyethylene composite yarns can sustain a maximum tensile force
of ~1.9-2.8 N, which is comparable to the cotton yarn used in normal clothing fabrics
(Figure 3B). The decent mechanical strength enabled further knitting of the yarns into
large-scale interlaced fabrics with good breathability, softness, and mechanical strength
(Figures 3F=3K). Even with further processing into interlaced knits, the colored polyeth-
ylene composite fabrics still show high infrared transmittance of ~80% (Figure 4A),
similar to that of the planar solid films shown in Figure 2C. The stability and durability
of the colored polyethylene fabrics were evaluated by measuring the Fe, K, and Si ion
concentrations in water before and after washing with detergent using inductively
coupled plasma mass spectrometry. The fractions of the total pigment mass that were
lost over 1 washing cycle and 120 washing cycles are calculated and shown in Figure 4B.
Much of the loss occurred in the first wash cycles (<3%), which likely arises from partially
exposed particles on the fiber surface, while successive washing cycles result in minimal
further loss (<3.6% after 120 cycles). This confirms that the Fe;O3, PB, and Si nanopar-
ticles are firmly embedded in the polyethylene polymer matrix, which can sustain
washing and maintain the original optical properties (Figure S3) without releasing
pigment nanoparticles into the water.

Thermal Measurement

Finally, we characterized the thermal performance of the colored polyethylene tex-
tiles. A rubber insulated flexible heater with IR emissivity similar to that of human skin

1482 Joule 3, 1478-1486, June 19, 2019



Joule Cell

A B
$ 100 <6
:‘_,” = = 1 wash cycle
S % ® 2120 wash cycles
£ = 4 3.57
E Ky 312,90
& : o 25
S 404 ¥ 't , _ '. @
= E.' i:' Si-PE textile l.: S5
S ::I i | ——Fe,04-PE textile i -E
m 1 " n Y
& 20 { ——PB-PE textile " g
"E ----- PE textile o 0.09 0.1
— 0 T T T T T T o 0 pre— : .
2 4 6 8 10 12 14 16 Fe,0,-PE PB-PE Si-PE
Wavelength (um)

Figure 4. Characterization of Infrared Transmittance and Washing Stability
(A) Measured total FTIR transmittance of the colored polyethylene textiles and uncolored nanoporous polyethylene textiles.
(B) Chart showing the pigment mass loss percentage after washing the colored polyethylene textiles in the water with detergent.

(Figure S4) was used to simulate human heat generation. The temperature response
of the model skin was recorded when covered with different textile samples. The
whole set-up was enclosed in a chamber where the convection effect is minimized,
and the surrounding air temperature inside the chamber was maintained constant at
25°C. At a heating power density of 80 W m~2, comparable to the human-body
metabolic heat generation rate, the bare skin heater showed a temperature of
33.5°C.3? When the skin heater was covered with a normal cotton textile, the skin
temperature increased to 36.5°C (Figure 5A). When covered with the PB-PE,
Fe,O3-PE. and Si-PE textiles, the skin temperatures were measured in the range of
~34.7°C-34.9°C, demonstrating their capability to passively cool human skin by
1.6°C-1.8°C as compared to cotton. These experimental results are in good agree-
ment with heat-transfer modeling of the infrared cooling effect in previous works.*
This cooling effect is similar to that of the previously reported undyed nanoPE,*’
which further confirms the effectiveness of IR-transparent pigment nanoparticles
for the coloration of radiative cooling textiles. We also used an infrared camera
to visualize and validate the radiative cooling effect while wearing the colored
polyethylene textiles on the human skin (Figure 5B). The comparison under thermal
imaging clearly illustrates that the colored polyethylene textiles allow superior trans-
mission of the body radiation heat to the environment compared to normal cotton
textiles.

In summary, we demonstrated a novel approach based on inorganic pigment nano-
particles for large-scale fabrication of visible-colored and infrared-transparent tex-
tiles, which can allow efficient dissipation of human-body radiation while exhibiting
diverse colors as found in conventional textiles. The pigment materials of PB, iron
oxide, and silicon generate primary colors of blue, red, and yellow, respectively,
while maintaining negligible IR absorption, non-toxicity, and low cost. Arbitrary
colors over the visible spectrum can be potentially created by mixing these three
pigments at different ratios. Through scalable compounding, extrusion, and knitting
processes with optimized nanoparticle concentration and size, the as-fabricated
composite textiles show intense visible colors, high infrared transparency of
~80%, passive cooling effect of 1.6°C-1.8°C, and good washing stability. The
work presented here solves a key bottleneck in the coloration of radiative cooling
textiles to move closer to practical applications of energy-efficient and cost-effective
wearable technologies for personal thermal management.
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Figure 5. Thermal Measurement

(A) Comparison of the temperatures measured with bare and textile-covered skin-simulating
heaters. Textile samples include cotton, PB-PE, Fe,O3-PE, Si-PE, and nanoPE.

(B) Infrared images of bare skin and human skin covered with cotton, PB-PE, Fe,O3-PE, and Si-PE
textiles.

EXPERIMENTAL PROCEDURES

Textile Fabrication

Pigmented polyethylene was made by mixing inorganic solid pigment nanoparticles
such as PB (ACROS Organics), iron oxide (Sigma-Aldrich, 99%), and silicon (MTI
Corporation, 100 nm, 99%) with melted high-density polyethylene pellets (melt in-
dex: 2.2 g per 10 min, Sigma-Aldrich) at 180°C using a twin-screw compounder
(Polymers Center of Excellence). The mass ratio of nanoparticles and polyethylene
is 1:100. The nanoparticle-mixed polyethylene composites were then extruded
into fibers using a multi-filament melt-spinning machine (Hills, Inc.). Textile knitting
was conducted using a FAK sampler knitting machine at the Textile Technology
Center of Gaston College.

Material Characterization

Micrographs of the extruded fibers and knitted textiles were taken with an optical
microscope (Olympus). SEM images were acquired by a FEI XL30 Sirion SEM at an
accelerating voltage of 5 kV. The infrared absorbance and transmittance were
measured using an FTIR spectrometer (Model 6700, Thermo Scientific) with a diffuse
gold integrating sphere (PIKE Technologies). The visible reflection and opacity were
measured by an ultraviolet-visible spectrometer (Agilent, Cary 6000i).

Thermal Measurement

Skin was simulated using a rubber insulated flexible heater (Omega, 72 cm?), which
was connected to a power supply (Keithley 2400). A ribbon-type hot junction ther-
mocouple (0.3 mm in diameter, K-type, Omega) was contacted with the top surface
of the simulated skin to measure the skin temperature. A guard heater and insulating
foam were placed below the simulated skin heater to ensure that the heat generated
by the skin heater was only transferred to the ambient. The temperature of the guard
heater was always set the same as the skin heater, so downward heat conduction to
the table was averted. The whole device was enclosed in a chamber, and the temper-
ature inside the chamber was controlled to be constant at 25°C. We set the power
density of the skin heater to be constant at 80 W m~2, which rendered a skin temper-
ature of 33.5°C at an ambient temperature of 25°C. When the skin was covered by
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the textile sample (5 x 5 cm?), we measured the steady-state skin temperature
response while the ambient temperature was maintained at 25°C. Thermal images
were taken by a calibrated thermal camera (MikroSHOT, Mikron). The cotton textile
sample is commercially available (single jersey knit, 130 g per square meter).

Mechanical Test

The tensile strength test was measured by Instron 5565. The yarn samples were cut
to a length of 4 cm. The gauge distance was 2 cm long, and the displacement rate
was kept at 10 mm min~". The cotton yarn for mechanical tests was taken from a
commercial cotton textile (single jersey cotton, 130 g per square meter).

Washing Test

The knitted textiles were washed in water (60 mL) with detergent (2 mL) under
stirring at the speed of 500 rpm for 30 min (equivalent to 1 wash cycle) and 60 h
(equivalent to 120 wash cycles). The water before and after wash was collected
and then tested using inductively coupled plasma mass spectrometry (ICP-MS) to
quantify the amount of metal ions (K, Fe, and Si for PB, iron oxide, and silicon,
respectively) that were released from the textile samples during washing.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2019.03.015.
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