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ABSTRACT: Passive daytime radiative cooling (PDRC) relies on
simultaneous reflection of sunlight and radiation toward cold outer
space. Current designs of PDRC coatings have demonstrated potential
as eco-friendly alternatives to traditional electrical air conditioning
(AC). While many features of PDRC have been individually
optimized in di"erent studies, for practical impact, it is essential for
a system to demonstrate excellence in all essential aspects, like the
materials that nature has created. We propose a bioinspired PDRC
structure templated by bicontinuous interfacially jammed emulsion
gels (bijels) that possesses excellent cooling, thinness, tunability,
scalability, and mechanical robustness. The unique bicontinuous
disordered structure captures key features of Cyphochilus beetle
scales, enabling a thin (130 μm) bijel PDRC coating to achieve high
solar reflectance (≳0.97) and high longwave-infrared (LWIR) emissivity (≳0.93), resulting in a subambient temperature drop of
∼5.6 °C under direct sunlight. We further demonstrate switchable cooling inspired by the exoskeleton of the Hercules beetle and
mechanical robustness in analogy to spongy bone structures.
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■ INTRODUCTION

Traditional electrical air conditioning (AC) systems consume
significant amounts of energy and often employ coolants that
pose environmental hazards.1−3 Additionally, limited access to
power infrastructure restricts AC usage in underdeveloped
regions. Passive daytime radiative cooling (PDRC) coatings
provide an eco-friendly and cost-e"ective alternative to cool
surfaces and structures. PDRC coatings reduce the temper-
ature of a surface spontaneously without energy input by
reflecting solar irradiance (λ ∼0.3 to 2.5 μm) and radiating
heat toward cold outer space through the long-wave infrared
(LWIR) transmittance window (λ ∼8 to 13 μm).4 The
combination of high solar reflectance and LWIR emittance can
yield a net temperature reduction under direct sunlight,
resulting in a surface cooler than that in the ambient
surroundings.
Recently, a wide range of PDRC structures have been

developed, including multi-layer structures,4−7 radiators with
metallic mirrors,9−12 particle mixtures,8,13−15 assembled
fibers,16−22 and porous polymer films.23−30 However, multi-
layer structures require time-consuming and expensive
fabrication techniques; metallic mirrors are expensive and
vulnerable to corrosion; particle mixtures require a polymer
matrix that lowers the refractive index contrast; assembled
fibers are great for self-cooling clothes, but cleaning could be
an issue for long-term outdoor application. Among these,
porous polymer films based on phase inversion have emerged
as highly promising structures for the scalable fabrication and

application of PDRC coatings. Such films of ∼300 μm
thickness exhibit excellent cooling performance and o"er
tunable optical transmittance.31 However, several challenges
remain, including the di:culty of polymer dispersion, low
mechanical strength, and a lack of structural optimization for
reducing coating thickness. Ideally, a PDRC coating system
would have excellent cooling performance in thin, mechan-
ically robust layers that could switch from rejecting heat to
accepting heat during periods of low sunlight and would be
produced by low-cost and scalable methods.
Nature provides inspiration for addressing these challenges

through the adoption of disordered, bicontinuous (disordered
biphasic systems with both phases being continuous) porous
structures. For instance, the bright white appearance of the
Cyphochilus beetle is attributed to the unique structure of its
scales. These thin scales (5−15 μm) consist of continuous,
disordered, and irregular rod-shaped scattering elements that
enhance light scattering e:ciency by eliminating optical
crowding and spatial correlations even at high volume fractions
(>0.5).32 Multiple scattering leads to high reflectance and
brightness across a broad range of visible and near-infrared
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wavelengths.33,34 In a dynamically changing environment, the
Hercules beetle adapts its appearance by changing its color
from green to black through the absorption of water into an
open porous photonic crystal layer. This process alters the
refractive index di"erence between the pore and solid phases,
allowing the layer to reflect or transmit light.35,36 Bicontinuous
porous structures can also impart mechanical integrity. Natural
bicontinuous porous structures, such as spongy bones, o"er
structural support and integrity under mechanical loads while
maintaining low density and enabling internal mass trans-
fer.37−39 Importantly, the cross-linking of collagen is a key
mechanism to achieving superior mechanical robustness of
bones.40

Inspired by these examples from nature, we develop
switchable, mechanically robust PDRC coatings by exploiting
bicontinuous interfacially jammed emulsion gels (bijels) as
templates. Bijels are particle-stabilized structures featuring two
interconnected continuous liquid phases formed by arresting
the spinodal decomposition of two immiscible liquid phases.
The spontaneous phase separation and assembly process
makes the fabrication of bijels intrinsically scalable.41−43 Upon
cross-linking of one of the two liquid phases, a porous structure

with a continuous pore pervading the sample can be obtained.
The continuous, disordered, and rod-like polymer domains
formed through spinodal decomposition and subsequent cross-
linking bear a striking resemblance to the highly reflective
scales of the Cyphochilus beetle. Furthermore, the continuous
pore enables the wicking of refractive index-matching fluids
into the pores, thereby allowing the structure to switch its
interaction with light, akin to the behavior exhibited by
Hercules beetles. Because the primary application of PDRC
coatings is commonly envisioned for rooftops, it is essential to
consider the mechanical challenges that can arise from human
and animal activities in such areas. Like bone, the bijel-
templated highly cross-linked polymer and bicontinuous
structure of the PDRC coating impart the necessary
mechanical robustness for such applications. In addition,
material selection plays a central role in PDRC coatings;
optical measurement suggests that the combination of polymer
and particles enhances the emissivity. Overall, bijel-templated
PDRC coatings o"er multiple advantages such as high solar
reflectance, LWIR emissivity, switchability, scalable manufac-
turability, and mechanical robustness.

Figure 1. Bijel PDRC fabrication. (a) Representative ternary phase diagram of hexanediol diacrylate, water, and ethanol. A precursor mixture is
quenched from a single-phase region into the spinodal decomposition region upon the removal of ethanol. The quenching path is indicated by a
yellow arrow. (b) The interface coarsens and is stabilized by a jammed nanoparticle layer; the silica nanoparticles are modified with CTAB. (c)
Two-step bijel PDRC formation via an initial VIPS step, in which a bijel outer layer is formed, followed by a STRIPS step, in which the outer layer
regulates the STRIPS cosolvent removal process. (d) Schematics of the bioinspired, switchable, and mechanically robust bijel PDRC coating.
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■ RESULTS AND DISCUSSION

Bijel PDRC coatings are fabricated with a two-step cosolvent
removal process that has been introduced previously.44 In this
process, a precursor solution, consisting of a ternary mixture of
two immiscible liquids, water and oil (monomer), and ethanol
as a cosolvent, is used to fabricate planar bijels. In the presence
of su:cient ethanol, the aqueous and oily fluids become
miscible, resulting in a homogeneous single phase. The phase
behavior of this mixture is illustrated in Figure 1a in a
schematic ternary phase diagram. As ethanol is gradually
removed, the composition of the mixture falls from the
monophasic region to the spinodal region, as indicated by the
yellow arrow, initiating spinodal decomposition. During phase
separation, two interconnected continuous phases develop. By
inducing the attachment and jamming of nanoparticles at the
oil/water interface, a multiphasic composite known as a bijel
can be kinetically arrested, as shown in Figure 1b. In this
process, it is essential for the nanoparticles to neutrally wet
both phases, allowing them to be irreversibly trapped at the
interface and finally form a jammed layer as the liquid medium
coarsens. In our case, we employ 22 nm silica nanoparticles
combined with cetyltrimethylammonium bromide (CTAB) to
adjust their wettability through electrostatic interactions. By
varying the concentration of nanoparticles in the precursor
mixture, the domain size can be easily controlled. Nanoparticle
jamming occurs early in the phase separation process when the
concentration is high, and small domains are stabilized.45 This
fine control over domain size facilitates the optimization of
bijel PDRC coatings.
Figure 1c illustrates the fabrication process of a bijel PDRC

coating via the vaporization-induced phase separation followed

by a solvent transfer-induced phase separation (VIPS-STRIPS)
process with 1,6-hexanediol diacrylate (HDA) as the oil
(monomer) phase. In the VIPS step, the homogeneous
precursor mixture is applied to a substrate and forms a
uniform film. An air stream (5 m/s) parallel to the evaporating
surface is applied to accelerate the evaporation of ethanol and a
thin layer of bijel is formed via VIPS within a few seconds,
while the majority of the film below the bijel layer remains
homogeneous.46 Subsequently, the entire film is immersed in
water to allow further bijel formation via STRIPS as ethanol in
the remaining homogeneous mixture partitions through the
previously formed top bijel layer into the outer aqueous phase.
As reported in our recent work, this top bijel layer regulates the
ethanol flux through the tortuous channels, thereby eliminating
the strong ethanol fluxes responsible for the aligned structures
if only the STRIPS process is used.47−49 After extensive, slow
removal of ethanol, the bijel structure with nearly uniform
domains is developed throughout the entire film. A photo-
initiator present in the initial precursor mixture partitions to
the HDA phase upon phase separation. With a 10 s ultraviolet
(UV) irradiation, the monomer phase is polymerized to form a
bicontinuous porous polymer film which spontaneously
detaches from the glass substrate upon immersion in ethanol,
forming a free-standing bijel PDRC film. The polymer phase is
formed by cross-linking 1,6-hexanediol diacrylate. These types
of acrylic polymers are widely used in industrial and consumer
coatings because of their photostability and resistance to
hydrolysis. As illustrated in Figure 1d, compared with current
scalable porous polymer PDRC designs, bijel PDRC coatings
have additional merits, including reflection-enhancing micro-

Figure 2. Structural and optical characterization of the bijel PDRC coating. (a, b) Cross-sectional scanning electron microscopy (SEM)
micrographs of the polymerized bijel. (c, d) Confocal fluorescent micrographs of the bijel PDRC coating. The magenta phase is the polymer phase
labeled with Nile red, and the dark/blue phase is the void phase infiltrated with dyed diethyl phthalate. (e) Radially averaged power spectra of the
fluorescent micrograph of bijel structures. Inset is a macroscopic image of a 130 μm thick bijel PDRC coating, scale bar is 1 cm. (f, g) Spectral (f)
reflectance and (g) emissivity of a 130 μm thick bijel PDRC coating presented against the normalized ASTM G173 Global solar spectrum and the
LWIR atmospheric transparency window.
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structure, switchable optical responses, and mechanical robust-
ness required in practical applications.
The structure of the resulting bijel PDRC coating is

confirmed via scanning electron microscopy (SEM). The
cross-sectional image in Figure 2a clearly shows the disordered
and bicontinuous spinodal structures which, upon cross-
linking, have formed rod-like polymer domains that resemble
the microstructure of the scale of Cyphochilus beetles.32 As the
oil phase is polymerized, the jammed nanoparticle layer at the
interface is locked at the polymer surface, as shown in Figure
2b. The internal structure of the bijel PDRC coating is further
characterized using confocal microscopy, which allows
quantitative analysis of the bijel structure. As shown in Figure
2c, the magenta phase is the polymer phase (false color) where
the fluorescence comes from a hydrophobic fluorescent dye
(Nile red) that was added to the precursor mixture. A dye
permeation experiment is performed to examine the
bicontinuity of this material. Briefly, a di"erent fluorescent
dye dissolved in diethyl phthalate permeates through the pore
phase of the cross-linked bijel film. The continuity of the
polymer phase (magenta) is validated by its structural integrity,
whereas the permeation of the dye (blue) into all of the void
space confirms the continuity of the pore phase as shown in
Figure 2d. As illustrated in Figure 1d and discussed in detail
below, this continuous pore phase enables switchable cooling
by the introduction of index-matching fluid into the pores.
Quantitative characterization of the porous structures can be
conducted via either the scattering techniques53,54 or the
mathematical analysis of the imaging data. In this work, the
bijel structure is characterized by performing a fast Fourier
transform (FFT) analysis of confocal microscopy images.

Based on the FFT analysis (see the Supporting Information for

details), we estimate the characteristic feature size =( )d
f

1

2
to

be d ≈ 1 μm as indicated by the peak value of f around 0.5
(Figure 2e). The broad peak is a result of the disordered and
irregularly shaped domains, similar to the scales of the
Cyphochilus beetle.35 The bijel PDRC coating has a bright
and white appearance, as shown in the inset of Figure 2e.
Unlike previously reported polymer porous film-based PDRC
coatings23−29 which typically require a thickness in the range
≳300 μm to achieve a desired solar reflectance of ≳0.95, bijel
PDRCs of only 130 μm thickness exhibit ≳0.97 reflectance
over the solar spectrum and ≳0.93 emissivity over the LWIR
window according to the normalized ASTM G173 Global solar
spectrum and the LWIR atmospheric transparency window, as
shown in Figure 2f,g.
To investigate the relationship between domain size and

reflectance, 30 μm thick bijel PDRC coatings with di"erent
domain sizes were prepared, as shown in Figure 3a. Based on
the confocal microscopy and subsequent FFT analyses,
samples 1−3 have characteristic domain sizes of around 0.8,
1.2, and 1.6 μm, respectively, as shown in Figure 3b. However,
their spectral reflectances show rather minor di"erences
(Figure 3c). Sample 2 shows the highest solar reflectance of
0.83, while sample 3 shows the lowest value of 0.82. Despite
the domain size being almost doubled, the change in solar
reflectance is minor. We believe that such excellent and
domain-size invariant reflectance of bijel PDRC coatings
within the visible/NIR range originates from their disordered
bicontinuous structure, akin to the scale of the Cyphochilus
beetle. More detailed studies are necessary to gain deep insight

Figure 3. Structural and optical characterization of bijel PDRC coatings. (a) Confocal fluorescent micrographs of thin (30 μm) bijel PDRC
coatings with increasing domain size from sample 1 to sample 3. Scale bar is 5 μm. (b) Radially averaged power spectra of samples 1, 2, and 3 in
panel (a). The corresponding characteristic domain sizes are approximately 0.8, 1.2, and 1.6 μm. (c) Spectral reflectance of samples 1, 2, and 3. The
corresponding measured solar reflectances are 0.831, 0.834, and 0.823, respectively. (d) Emissivity spectra of di"erent types of samples.
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into the interactions of electromagnetic waves with such

structures. One possible explanation is that the disordered and

bicontinuous structure enhances the packing e:ciency and,

therefore, the scattering induced by individual domains.56

Unlike most photonic structures with long-range order,

insensitivity to feature sizes likely makes bijel PDRC coatings

more tolerant to variations and defects that may appear during

large-scale manufacturing.

While the high reflectance of the bijel PDRC coating can be
attributed to the enhanced scattering originating from its
structure, the high emissivity is related to its composition,
including the judicious selection of polymer and nanoparticles.
The C−O−C bond of the poly(HDA) phase is known to
exhibit strong infrared absorption due to stretching vibrations
between 770 and 1250 cm−1 (8−13 μm), which lies in the
LWIR window. As shown in Figure 3d, a nonporous solid
poly(HDA) film of 130 μm thickness exhibits high emissivity

Figure 4. Passive daytime radiative cooling test. (a) Setup for a cooling test under direct sunlight. (b) Solar intensity in Philadelphia on September
1, 2022 as provided by Solcast. (c) Temperature of ambient air (gray) and bijel PDRC coating (blue) during the cooling test.

Figure 5. Tunability and mechanical robustness of bijel PDRC coatings. (a) Transmission spectrum of a bijel coating infiltrated by diethyl
phthalate (DEP). The inset shows that the dry bijel coating is bright and white, while the wet bijel coating is transparent. Scale bar: 2 cm. (b)
Reflectance of a bijel PDRC coating after mechanical and contamination robustness tests. (c, d) Cross-sectional SEM micrograph of a bijel PDRC
coating after a “tiptoe” mechanical robustness test showing no cracks in the microstructures.
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below 10 μm; however, emissivity is significantly suppressed
between 10 and 13 μm, indicating that the polymer phase itself
does not provide satisfactory emissivity characteristics at this
thickness. By removing the silica nanoparticles from the surface
of a bijel PDRC coating, we obtain a nanoparticle-free bijel
film. As shown in Figure 3d, the spectral emissivity of such a
sample is more uniform than that of the solid poly(HDA) film,
whereas the emissivity decreased significantly compared with
the original bijel PDRC coating. These observations strongly
indicate that the high emissivity of the bijel PDRC coating
relies on the combination of polymer, silica nanoparticle
constituents, and the bijel’s open porous structure. In
particular, amorphous silica composed of Si−O−Si and Si−
OH bonds is well-known to e"ectively absorb in the mid-IR
(8−13 μm) region50 while being transparent in the UV−visible
range, thus avoiding undesirable heating due to absorption and
enhancing the emissivity of the bijel PDRC coating.4

The bijel PDRC coating’s performance is evaluated in a
cooling test conducted under a clear sky and humidity of 38%
at an ambient temperature of ∼28 °C. As shown in Figure 4a,
the bijel’s performance is assessed in an open system without a
convection shield. The setup consists of a foam stage for
insulation and a layer of Al foil as a radiation shield to block
radiation from nearby buildings and other structures. During
the test, under high solar intensity of ∼840−870 W/m2, an
average subambient temperature drop of ∼5.6 °C is reached
below the bijel PDRC coating as shown in Figure 4b,c. While
direct comparison of temperature drop of di"erence PDRC is
not straightforward due to the di"erences in external variables
such as humidity and air convection, it is notable that our 130
μm bijel PDRC coating’s subambient cooling performance is
similar to the state-of-the-art 300 μm PDRC coating based on
porous poly(vinylidene fluoride-co-hexafluoropropene).23

Not only does the nature-inspired bijel PDRC structure
provide excellent reflection and cooling performance but the
bicontinuous structure also provides a continuous pore phase
that can be readily filled by a liquid. When this pore phase is
filled with an oil that has the same refractive index as the
polymer network such as diethyl phthalate (DEP), the bijel
coating switches from the bright white appearance to a nearly
transparent state, as shown in Figure 5a. The transmission
spectrum shows a high solar transmittance of 0.78, meaning
that most of the solar irradiance penetrates through the wet
bijel coating, heating both the coating and the substrate. The
degree of heating will largely depend on the substrate used. As
shown in the SI, once in contact with the oil, the transition
from white to transparent occurs within only a few seconds as
the oil permeates the bijel coating via capillarity, without the
need of an external pressure. Such a fast and complete
transition can be attributed to the unique continuous pore
phase that acts as a smooth and uniform micrometer-size
channel for capillary infiltration. The switchable bijel PDRC
coating not only allows control over cooling and heating but
may also be exploited in windows. To apply these bijel PDRC
coatings in real applications, a strategy to encapsulate the
PDRC coating in a structure with fluid reservoirs would
facilitate the introduction and removal of index-matching fluid
from the porous structure of the bijel.
Another important feature of bijels is their mechanical

robustness. The high degree of cross-linking of the monomers
in the oil phase imbues bijels with superb mechanical
durability, which is essential for the application of PDRC
coatings, since any deformation of the structures may greatly

degrade their optical response, especially reflectance. PDRC
coatings on rooftops would inevitably experience foot tra:c
and other mechanical loads during their lifecycle. To mimic
such a situation, 135 μm thick bijel PDRC coatings with a
domain size of ∼1 μm were subjected to repeated compressive
loads (100 times) by a human stepping on the sample on a flat
foot and on tiptoe, which translates into normal pressures of
0.15 and 1.5 MPa, respectively. Even after 100 steps, the bijel
PDRC coating retains its reflectance with negligible changes, as
seen in Figure 5b. Similarly, the thickness of the bijel PDRC
coating remains the same (135 μm) after these tests as
measured by a micrometer caliper. The cross-sectional SEM
images of the bijel PDRC coating after testing show no obvious
cracks as shown in Figure 5c,d. The bijel PDRC coating was
also tested by subjecting it to an abrasion test by rubbing its
surface against an uncleaned rooftop, which has a water-
proofing polyurethane coating for a total distance of 2 m with a
normal force of 1.5 N and lateral translational velocity of ∼40
cm/s. The reflectance shows a small decrease; nevertheless, the
transmittance remains ≳0.95. Considering the robustness of
bijel PDRC coatings, we believe that these coatings can be
applied to structures that are expected to experience repeated
mechanical loads, such as rooftops and transportation vehicles.
Although the sample sizes are kept small for reliable testing,
bijels can be readily made in a scalable manner over a large
area via roll-to-roll processing.55

■ CONCLUSIONS

Drawing inspiration from nature, we have designed and
fabricated PDRC coatings with disordered and rod-like
polymer domains resembling the scale of the Cyphochilus
beetle, using bicontinuous interfacially jammed emulsion gels
(bijels) as a template. Despite the fact that their thickness is
well below those of other porous polymer PDRC coatings that
have recently been developed (typically >300 μm), the
disordered open porous structure of bijels leads to high
reflectance; meanwhile, the high emissivity is a result of the
composition of polymer and silica nanoparticles. The
continuous pore phase enables the wicking of refractive
index-matching fluids, allowing for switchable interactions
with light. Moreover, the bicontinuous framework imparts high
mechanical robustness to bijel PDRC coatings for applications
in which these coatings will experience repeated mechanical
loading. The ability to switch between reflecting and
transmitting solar radiation, along with their scalable
fabrication and excellent cooling performance, makes these
bijel PDRC coatings a promising alternative to traditional air
conditioning, especially in underdeveloped regions with
limited access to power infrastructure. This work motivates
future study on the long-term stability of bijels under
prolonged solar irradiation and the impact of silica nano-
particle concentration and resultant bijel domain size on the
cooling performance and mechanical durability of bijel-based
PDRC coatings.

■ EXPERIMENTAL SECTION

Bijel PDRC Coating Fabrication. The components for precursor
mixture preparation are (1) 1,6-hexanediol diacrylate (HDA), (2)
concentrated Ludox TMA (50 wt % silica nanoparticle suspension in
water, particles are 22 nm in diameter, pH 3), (3) pH 3 water
(adjusted by 1 M HCl), (4) 200 mM cetyltrimethylammonium
bromide (CTAB) solution in ethanol, (5) ethanol, and (6) 2-hydroxy-
2-methylpropiophenone (HMP) as a photoinitiator. As an example,
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these components are mixed in the following quantities and sequence
to prepare a precursor mixture: 4.6 g (1), 4.44g (4), 1.44g (5), 0.17g
(3), 9.34g (2), and 0.1 g (6). The mixture is shaken and vortexed to
be fully mixed. Subsequently, the sample is stored in the dark to
prevent undesired photopolymerization. The resulting precursor
mixture is blade-coated onto glass slides at room temperature with
adjustable film thickness. To accelerate the evaporation of ethanol
from the liquid precursor films, an air pipe with a control valve is used
to generate airflow at velocities up to 15 m/s parallel to the
evaporating surface. After 8 s of ethanol evaporation, the glass slide
covered with the precursor mixture is immersed into a pH 3 water
bath for 2 min. The resulting bijel film is then irradiated with
ultraviolet (UV) light (25 Wm2−, 340 nm) underwater for 1 min to
polymerize the oil (HDA) phase. The polymerized sample on a glass
slide is placed in ethanol for 10 min to make a free-standing bijel film
that detaches from the glass slide. Bijel films with di"erent feature
sizes are fabricated with di"erent CTAB concentrations in the
precursor mixture. A nonporous solid poly(HDA) film is prepared by
coating a HDA liquid film (contains HMP) on a glass slide, followed
by 5 min of ultraviolet (UV) light irradiation. The sample of the bijel
PDRC film with silica removed is prepared by immersing the bijel film
in pH 13 aqueous solution of NaOH for 24 h at 60 °C. The sample is
then rinsed with DI water to remove NaOH.
Fluorescence Imaging. To enable fluorescence imaging of the

polymer phase, trace amounts of Nile red can be added to the
precursor mixture that partitions to the oil phase upon phase
separation. Further polymerization of the oil phase retains the dye
inside the polymer phase. Polymerized bijel film samples are
immersed in DEP for 30 min. Subsequently, a confocal microscope
is used to image 2D slices of the Nile red-containing polymer film.
The excitation wavelength is set to be 488 nm. For dye permeation
experiments, polymerized bijel films are immersed in DEP dyed with
9,10-bis(phenylethynyl)anthracene (BPA). After 30 min, a confocal
microscope is used to image the spreading of DEP in the pore phase.
The excitation wavelength is set to be 488 nm. Samples are imaged
with separated emission channels for the two dyes (Nile red in the
polymer phase and BPA in the DEP phase): 500−530 nm for BPA
and 625−725 nm for Nile red.
Optical Characterizations. The spectroscopic performance of

the bijel PDRC samples was characterized separately in the UV to
near-infrared (0.3−2.5 μm) and mid-infrared (8−13 μm) wavelength
ranges. Spectral reflectance (0.3−2.5 μm) of bijel PDRC samples is
measured using a UV−visible−near-infrared spectrophotometer
(Cary 5000) equipped with a Praying mantis di"use reflectance
accessory. Optical-grade spectralon was used as the reference white
material. The solar reflectance of the sample is defined by the
following eq 1

=

·

R

I R

I

( )
( ) ( , )d

( )d
sol

0 sol sol

0 sol (1)

where Isol (λ) is the solar intensity spectrum (ASTM G173 Global), θ

is the angle of incidence, λ is the wavelength, and Rsol (θ) is the
angular spectral reflectance.

Direct thermal emission measurements were performed using a
Bruker Vertex 70 Fourier transformed infrared (FTIR) spectrometer
coupled to a Bruker Hyperion 2000 microscope with a reflective
objective. A forest of vertically aligned CNTs (height ≈0.5 mm) on a
silicon wafer was used as the laboratory blackbody reference. Such a
blackbody reference was previously calibrated to have a roughly
wavelength-independent emissivity value of about 0.97 across the mid
infrared.51 We used a Linkam THMS600 temperature-controlled
stage to heat the sample and the blackbody reference to 30, 40, 50, 60,
and 70 °C. Samples were placed inside the sample compartment of
the FTIR with the corresponding thermal-emission signal collected by
using a parabolic mirror (NA = 0.05). The emissivity of the samples
measured at normal incidence are obtained from the following
equation52

=
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where εBB = 0.97 is the blackbody emissivity, Sx (λ, Ti) and SBB (λ, Ti)
are the measured thermal-emission signal from the sample (x) and
blackbody reference at temperature Ti in the normal direction. Note
that the final emissivity value was obtained by averaging eq 2 with
di"erent combinations of T1 and T2.
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