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Fluorescence-Enabled Colored Bilayer Subambient Radiative

Cooling Coatings
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1. Introduction

Passive daytime radiative cooling has emerged as a promising green

technology for the thermal management of buildings, vehicles, textiles, and
electronics. Typically, both high solar reflectance and high thermal emissivity
are prerequisites to achieve sufficient daytime cooling. However, colored
radiative cooling materials are facing the dilemma of introducing visible light
absorption, leading to challenges in balancing cooling and aesthetic demands.
Here, three colored bilayer radiative cooling coatings, each comprised of a
white base layer and a colored top layer with fluorescence enhancement are
fabricated. Three phosphors (Sr,SisNg:Eu?*, Y;Al;0,,:Ce**, and
(Ba,Sr)SiO,:Eu?*) are employed with respective photoluminescence quantum
yields (PLQYs) of 81%, 95.8%, and 91.0% as the colored pigment in the top
layer. To mitigate the contradiction between coloration and solar reflectance,
SiO, microspheres are introduced into the top layer and utilize their
Mie-resonance-based multiple scattering to increase the photoluminescent
(PL) properties of the phosphors, which jointly boosts the effective solar
reflectance (ESR) of the top layer. As a result, the three bilayer coatings exhibit
soft colors while achieving subambient cooling with temperature drops of up
to 1.5 °C. This fluorescence-enhancement strategy may pave the way for
preparing highly efficient radiative cooling coatings with tunable colors.
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Cooling of confined spaces, such as build-
ings and vehicles, is of great significance
to keep the thermal comfort for human
beings, while conventional compression-
based air conditioners are energy-intensive
and environmentally harmful, aggravat-
ing the global warming and energy cri-
sis. Recently, passive daytime radiative cool-
ing has been investigated worldwide due
to its potential for space cooling without
energy consumption and greenhouse gas
emissions.!'! To achieve daytime radiative
cooling, both high effective reflectance un-
der direct sunlight (0.3-2.5 um) and high
thermal emissivity in the region of at-
mospheric transparent window (8-13 pm)
are required, through which a terrestrial
object (=300 K) dissipates heat by radi-
ating to the cold outer space (3 K).*®

Versatile materials and structures,
including multilayered photonic
structures, metamaterials,['*1] porous
structures,71%171 and  polymer-dielectric
composites!'®1°]  have been proposed
for realizing efficient radiative cooling,
among which polymer-dielectric composites exhibit a variety of
advantages, such as low-cost fabrication, scalable production,
and high cooling efficiency, making them excellent candidates
for real-world applications. A polymer-dielectric cooling coat-
ing usually consists of a polymer matrix (PMMA, PDMS, TPX,
PVA, etc.)[?%] with high thermal radiation and dielectric fillers
(TiO,, AL, 0,, SiO,, BaSO,, etc.)2126-28] for high solar reflectance
and practical functionalities. However, to maximize the solar re-
flectance, a white appearance was always deployed based on mul-
tiple Mie scattering by the broad size distribution of fillers, which
is aesthetically bored.

Colored radiative cooling coatings have been investigated to
weaken the light pollution from the super-white coating and ad-
dress the aesthetical demands through colored pigments, pho-
tonic structures, or fluorescent phosphors.[2*-*1 Unfortunately,
most colored pigments absorb visible light significantly and
convert it to non-radiative thermal energy, compromising the
cooling effect. Notably, visible light counts for almost half of
the total solar energy (i.e.,~500 W m~2), which can heat deep-
colored objects far more than the typical cooling capacity of out-
going infrared radiation (%120 W m~2).3% Therefore, pigment-
based colored cooling coatings are facing a paradox between
color saturation and cooling effect.**! To minimize and even
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eliminate the absorption-induced heat gain under coloration,
photonic structures have been investigated including optimized
multilayer films for narrowing absorption linewidth and pe-
riodic micro/nanostructures for light diffraction/interference.
However, the equipment-intensive manufacture processes like
deposition and lithography are usually required for sophisti-
cated periodic structures, which is costly and incompatible with
large-scale fabrication.®*l Regarding this issue, a fluorescent-
assisted method has been proposed and investigated both theo-
retically and experimentally to reduce solar absorption and solve
the above dilemma of colored radiative cooling.**-*% Compared
to the non-fluorescent pigment, fluorescent materials could re-
emit the absorbed light to photons at longer wavelengths, weak-
ening the solar heating introduced by coloration. Meanwhile,
it is compatible with the polymeric-dielectric composites and
is cost-effective, which is promising for large-scale real-world
applications. Various factors including the photoluminescence
quantum yield (PLQY), Stokes shift, fluorescent spectra, and
external quantum yield have been considered for optimizing
the fluorescence-based colored cooling coatings, while achieving
subambient cooling effect under peak solar irradiation still re-
mains challenging due to the non-ideal photoluminescent (PL)
properties.l***2] Typically, high PLQY and small Stokes shift of
fluorescent pigment are favorable in the fluorescence-assisted
cooling coating.[*?! Perovskite nanocrystals have been employed
as high-performance fluorescent fillers for cooling coatings due
to their high PLQY.[****] However, perovskite nanocrystals are
sensitive to water and oxygen, which gives rise to long-term
stability concerns. In addition, the toxicity of lead could cause
apprehension from an environmental perspective. Rare-earth
ions doped phosphors are also promising candidates for col-
ored fluorescent-assisted cooling since they combine high PLQY,
large color rendition index, and high resistance to degradation
in the water-based polymer matrix.*®) Beyond the intrinsic PL
properties, the Purcell effect could be introduced for further im-
provement when the phosphors are embedded into a polymer-
dielectric coatings. Under Mie resonances of surrounding dielec-
tric fillers, the local dielectric environment of the fluorescent pig-
ment is modified, and the PL lifetime would be shortened.!?”]
More luminous photons would be re-emitted within the same
time and improve the backward power intensity, that is, the ef-
fective solar reflectance (ESR). However, only Purcell enhance-
ment in white cooling coatings was reported at the status quo,
in which only UV light was utilized to excite the PL. Besides,
part of UV light is in fact competitively absorbed by the nano-
sized TiO, fillers instead of fluorescent pigments in white cooling
coatings.[22%2] The Purcell effect is expected to be more efficient
in ESR improvement if more light is absorbed by the fluorescent
pigments. Therefore, Purcell enhancement would be superior in
colored cooling coatings than in white ones since the visible light
counts ~11 times the power intensity more than the UV light
within the solar irradiation, while further insights to the modi-
fied PL properties in the fluorescence-based colored coatings are
lacking.

In this work, a series of fluorescent-assisted colored coatings
were fabricated and investigated on their optical properties and
cooling capacities. Bilayer structures combining a white bottom
layer and a top-colored layer were applied to improve both solar
reflectance and coloration. Both layers are composed of a polymer
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matrix (poly-styrene-acrylic) and two dielectric fillers. The bottom
layer contains TiO, nanoparticles and hollow glass spheres for
primary solar reflection and thermal emission, while the top layer
consists of SiO, microspheres and phosphors (Sr,SisNg:Eu?t,
Y;Al;0,,:Ce**, and (Ba,Sr)SiO,:Eu’*, for red, yellow, and green
color, respectively). Based on the scattering analysis and PL char-
acterization, the size effect of SiO, microspheres in the top layer
was investigated to effectively boost Purcell enhancement and re-
duce UV absorption from the bottom white layer. Finally, cool-
ing capacity was evaluated and compared by outdoor field test, in
which sub-ambient cooling could be observed. Our bilayer color
coatings have revealed the potential of Purcell-enhanced fluores-
cence on improving solar reflectance under aesthetic require-
ment and pave the way to entitle colored radiative cooling with
sub-ambient cooling capacity.

2. Results and Discussion

To present color, an object needs to reflect specific parts of visi-
ble light while absorb/transmit the other parts, resulting in solar
heating of the object and the underlying substrate. As shown in
Figure 1a, compared to the non-fluorescent pigments that con-
vert the absorbed visible light to non-radiative energy, fluores-
cent materials can emit the absorbed light to photons with longer
wavelengths, making them more desired for colored cooling coat-
ing. Moreover, the re-emitted light would help configure the color
in vision and further increase the saturation. To achieve a ra-
diative cooling effect, high thermal emissivity is required espe-
cially in the range of atmospheric window (8-13 um) to transfer
heat to the space. Two different thermal radiation features: se-
lective and broadband emission were commonly proposed. The
selective coating could suppress parasitic heat absorption, while
the broadband coating shows larger cooling power even under
moderate temperature reduction (Figure S1, Supporting Infor-
mation). Considering the color-induced solar heating, the tem-
perature reduction of colored cooling coatings would be less or
even negative, in which the broadband emission is favored for
better cooling performance (Figure 1b).

Upon the above spectral requirement, we adopted a bilayer
polymeric composite as the colored cooling coating, as shown in
Figure 1c. The employed polymer matrix is poly-styrene-acrylic,
providing a framework for the broadband radiator. Commer-
cial white powders, TiO, nanoparticles, and hollow glass micro-
spheres were applied as the fillers in the bottom layer to provide
the white base. High reflectance in the visible and NIR range can
be observed (Figure S2, Supporting Information). However, the
intrinsic absorption of TiO, endows poor reflection in the UV
range. Incorporating SiO, microspheres in the top layer could
effectively scatter the UV light, as well as the visible and NIR
light, depending on their sizes. To investigate the impact of the
SiO, microspheres’ diameter on the solar reflectance, white bi-
layer coatings based on SiO, microspheres with average diame-
ters 2, 5, and 10 um were first fabricated. Although the coating
with 2 pm-sized SiO, shows the highest UV reflectance, the total
solar reflectance values of the three coatings are 91.8%, 92.6%,
and 89.8%, respectively (Figure S3, Supporting Information).
Therefore, the SiO, spheres with an average diameter of 5 ym
was selected as the optimum. Moreover, as shown in Figure S4
(Supporting Information), the bilayer white coatings have a high
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Figure 1. a) Schematic comparison between the effective reflectance spectra for colored radiative cooling coatings with (red line) and without (blue
line) fluorescence contribution. The normalized AM1.5 spectral solar irradiance is also plotted for reference. b) Infrared thermal emittance spectrum of
an ideal broadband radiative cooler (green line). The atmospheric transmittance spectrum is also plotted as a reference. c) Schematic of our proposed
fluorescence-assisted colored bilayer radiative cooling coating. The bottom layer is a white coating containing TiO, nanoparticles and hollow glass
microspheres in poly-styrene-acrylic, and the top layer consists of fluorescent phosphors and SiO, microspheres. d—f) Excitation and emission spectra

of a red phosphor (d), a yellow phosphor (e), and a green phosphor (f). Insets are the corresponding optical images of these phosphors in powder.

infrared emissivity of over 90% (90.1%, 90.6%, and 90.9% for 2,
5, and 10 pm SiO,), which is slightly higher than that of the TiO,
bottom layer (89.5%).

Three  rare-earth-doped  phosphors, red phosphor
S1,SisNg:Eu®*, yellow phosphor Y;Al;0;,:Ce**, and green
phosphor (Ba,Sr)SiO,:Eu** were employed as the colored flu-
orescent material. Their excitation and emission spectra are
shown in Figure 1d-f, indicating that they could be excited by
both UV and visible light and could emit light with longer wave-
lengths. It should be noted that the emission spectra of the three
phosphors can be fitted into two Lorenz peaks attributing to the
atomic arrangement. For Sr,SisNg:Eu?* and (Ba,Sr)SiO,:Eu®*,
as illustrated in Figure S6 (Supporting Information), two kinds
of host Sr?* ion sites (Sr?* 1 and Sr?* 2) experiencing different
crystal field strengths could be occupied by the Eu?t ions (Eu?*
1 and Eu?* 2), leading to the excited states 4f55d"' of Eu?* lo-
cate at different energy levels.[*=° For Y,Al;0,,:Ce**, though
the doped Ce*" experiences the same crystal strength, the PL
emission peak shows a two-peak feature since the 4f state of
Ce’" is split into two components (*Fs, and *F, ;) by spin-orbit
interaction.’>4 The crystal structure and energy transfer
mechanism are shown in Figure S7 (Supporting Information).

Besides the UV reflectance improvement, SiO, microspheres
in the top layer can also manipulate the PL emission of phos-
phors. It has been demonstrated that the PL decay of the phos-
phors can be reduced after being introduced into the TiO,-based
coating, indicating a Purcell effect in the coating system. How-
ever, considering the strong UV absorption and non-spherical
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geometry of the TiO, nanoparticles, SiO, microspheres were se-
lected to provide better Mie resonance and local field modifica-
tion that endows the Purcell effect. Similar to TiO, nanoparti-
cles, SiO, microspheres can also scatter light with different wave-
lengths regarding the diameters. Figure 2a shows the calculated
scattering spectra of SiO, microspheres with diameters of 2, 5,
and 10 pm in the polymer matrix. We can observe that large-sized
SiO, microspheres scatter light at longer wavelengths more effi-
ciently, providing Mie scattering over all the PL emission ranges
of three phosphors. Electric field enhancement at the emission
peaks of phosphors surrounding SiO, microspheres with differ-
ent sizes is revealed in Figure 2b under the excitation of a hori-
zontal emission dipole. The presence of SiO, microspheres per-
forms observable field modification of the dipole, indicating the
modulation capacity for the PL process of the phosphors. Fur-
ther, the PL lifetimes of each phosphor in coatings with SiO,
microspheres of different average diameters were characterized.
As illustrated in Figure 2d,e, all phosphors in the coating exhibit
an obvious decrease in PL lifetime. As mentioned above, the PL
emission spectra of Sr,SisNg:Eu** and (Ba,Sr)SiO,:Eu’* can be
fitted by two peaks originating from two kinds of Eu?* ions expe-
riencing different crystal fields. Nevertheless, since the monitor-
ing wavelength locates at the overlapping region of two emission
peaks, we adopted single exponential form for lifetime fitting. As
for Y;Al;0,,:Ce**, only one decay channel can be extracted from
the low-energy excitation state (i.e., 2D, 1 in Figure S7, Support-
ing Information), which also requires single exponential lifetime
fitting. The fitted results for all phosphors with and without SiO,
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Figure 2. a) Simulated scattering efficiencies of SiO, microspheres with varied diameters in the polymer matrix. b) Electric field distribution profiles in
the same SiO, microspheres at A = 525, 560, and 650 nm as marked in (a). The excitation source is a horizontal electric dipole adjacent to the bottom
side of the SiO, microspheres. The surrounding dielectric is set to be our polymer matrix (poly-styrene-acrylic) with a scattering boundary condition.
c) Cross-sectional SEM images of colored coatings with SiO, microspheres of different diameters and phosphors of different colors. The false-colored
regions correspond to the three phosphors. Detailed size distributions of SiO, microspheres are shown in Figure S8 (Supporting Information). d—f) PL
lifetime spectra of pure phosphors and that in three cooling coatings with SiO, microspheres at different diameters. Each solid line represents a single

exponential fitting of the experimental data.

microspheres are shown in Tables S1-S3 (Supporting Informa-
tion). It can be observed that the 5 ym SiO, microspheres reveal
stronger lifetime reduction than other sizes.

As the PL lifetime is reduced by surrounding SiO, micro-
spheres, the electrons would be released from the excited en-
ergy level faster, leading to higher competition to non-radiative
decay. Therefore, the PLQY is improved through the Purcell ef-
fect. In addition, more incident photons will be absorbed to excite
electrons since the electron population of excited energy level re-
duces. To further evaluate the influence of Purcell effect on the
PL of phosphors when integrated into the coating, we have de-
fined the absorption of excitation light (Abs), PLQY, and power
yield (PY) as follows:

Aex, max I A =1 A
AbS — /- hC ref ( ) PL ( )
A ;Llref (’1)

1)

ex, min

L Ty (2) = L (A)
}”EX max (2)
/l ) ref u') - IPL u')

ex,min

PLQY =

Aem, max Ipp(A)=Irer (4)
i o M=

py = femmin 3
f’lex, max Lee(A)=Ip(4) ©)
A

ex,min i
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where Ay, min ~ Aecmax A0 A min ~ Aemmay are the wavelength
range of excitation and emission of phosphors, respectively.
Ip (A) and I ¢(4) are the measured photon intensity with and
without samples, respectively. h and ¢ are Planck’s constant and
the speed of light, respectively. To identify the impact of sur-
rounding SiO, microspheres on the PL behaviors in the coating,
a control group with a top layer comprised of only phosphors in
polymer is also prepared and compared. Note that an average
diameter of 5 um is selected due to the superior Purcell effect
as indicated in Figure 2 and Tables S1-S3 (Supporting Informa-
tion). As shown in Figure 3a—c, the absorptions of excitation light
are increased by 13-25%, 8-26%, and 7-22% for red, yellow, and
green phosphors, respectively. The absorption enhancement can
be attributed to the multiple scattering of the spherical Mie res-
onators that can bring the light back to the phosphors. Similar
enhancement on Abs can be attributed to the comparable elec-
tric field modulation of 5 um SiO, microspheres at three peak
wavelengths of three phosphors (Figure 2b). Moreover, PLQYs
of the phosphors at the presence of SiO, microspheres are also
enhanced due to the Purcell effect, as shown in Figure 3d-f.
PLQYs of all three phosphors are generally higher than the orig-
inal value (81%, 95.8%, and 91.0% for red, yellow, and green
phosphors). For yellow and green phosphors, the PLQYs are in-
creased ~0.2-0.8%, while the average enhancement of the red
phosphor reaches over 10%. The reason is straightforward that
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Figure 3. a—c) Absorption spectra of the red (a), yellow (b) and green (c) phosphors in the coatings with (red dots) and without SiO, microspheres

(blue dots). d,e) Corresponding PLQYs and g—i) PY of the three phosphors.

the pristine lower PLQY of red phosphors indicates considerable
non-radiative decay, which can be efficiently suppressed by Pur-
cell effect. No obvious derivations are found for yellow and green
phosphors since the high pristine PLQYs limit the Purcell effect.
However, the absorption within the excitation range is obviously
improved for all three phosphors. It means that more sunlight
within the excitation range can be converted to photons at longer
wavelengths with improved PLQY, revealing the huge potential
for color manipulation under minimized light-heat conversion.
The PY represents the energy efficiency of radiative photon con-
version and reveals a similar trend of PLQY since the Stokes shift
is fixed at the measuring wavelength, the upper limit of PY can
be obtained at PLQY = 100% and higher PLQY can help PY reach
the upper limit. Thus, the surrounding SiO, microparticles can
efficiently improve the absorption, PLQY, and PY of phosphors,
thereby enhancing coloration and the PL contribution in colored
radiative cooling coatings.

Normally, radiative cooling coatings without fluorescent ma-
terials can gradually approach the largest solar reflectance with

Adv. Optical Mater. 2024, 2303296 2303296 (5 of 8)

the increasing of their thickness, ascribing to the improved mul-
tiple scattering. However, increasing the thickness of the colored
top layer in our fluorescence-assisted coatings would slightly in-
crease the absorption within the excitation wavelength (i.e., re-
duced overall solar reflectance), which can be ascribed to the non-
perfect energy conversion from the absorbed short-wavelength
solar light to the long-wavelength photoluminescence emission.
The non-perfect conversion efficiency was caused by the non-
unity PLQY and intrinsic Stokes shift of fluorescent materials.
The paradox between color saturation and radiative cooling be-
comes apparent again with a thick top layer. Once the solar re-
flectance approaches its maximum, the multiple scattering can-
not improve the solar reflectance while the absorption induced
by phosphors will reduce the ESR when further increasing top-
layer thickness. Therefore, the overall solar reflection is supposed
to be first improved and then reduced along increasing the top-
layer thickness. The turning point is located at the thickness
when the solar reflectance approaches its maximum for coat-
ings without phosphors. As illustrated in Figure S9 and Table S4
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Figure 4. a) Recorded temperature curves of ambient air (gray), a single-layer TiO, coating (blue), a SiO,/TiO, bilayer white coating (purple), and three
bilayer colored coatings (red, yellow, and green). The diameters of SiO, microspheres in the top layers of all bilayer coatings 5 um. b) Calculated ESR of
the bilayer colored coatings corresponding to SiO, microspheres with diameters of 5 um.

(Supporting Information), the reflectance of bilayer coatings in
UV and NIR regions significantly increases as the thickness of
the top SiO, layer increases, reaching a saturation point at a thick-
ness of 150 pm.

The cooling capacity of our bilayer-colored cooling coatings
was evaluated by an outdoor field test in Hong Kong. The setup
and weather condition are shown in Figures S10-S12 (Support-
ing Information). Notably, the ambient temperature is measured
through a thermocouple placed in a louvered box mimicking
the Stevenson screen to avoid direct sunlight heating and en-
able thermal convection with ambient air through passive ven-
tilation (Figure S13, Supporting Information). The colored and
white top layers were fabricated on the TiO, bottom white coat-
ing on concrete boards. All samples were placed on top of the
thermally insulated boxes during the field test. The measured
temperatures of all samples are shown in Figure 4a. As the so-
lar intensity increases at noontime, white bilayer coatings can
reduce the temperature up to 2°C compared with the ambient
air, and three colored coatings reduce the temperature of 1.5, 1.2,
and 0.8°C, respectively (Figure S14, Supporting Information).
While the temperature of the bottom TiO,-based white coating is
~1.8°C higher than the ambient. Yellow coatings perform lower
temperature at sun irradiation due to the smallest Stokes shift
of 95 nm (Figure 1le) and highest PLQY (Figure 3e). The ESR of
all coatings is fitted by the solar reflectance-temperature relations
among all non-fluorescent coatings as(3¢42]

T = a-ESR+b (4)

where a and b are environmental parameters fitted from the solar
reflectance as well as the temperature of white base (TiO, bottom)
and white bilayer coatings. The fitted results of the colored coat-
ings, as shown in Figure 4D, are 93%, 94%, and 93.6% for red,
yellow, and green phosphors, indicating potential cooling power
of 38.1, 45.6, and 42.6 W m~2, respectively. The red coatings
show lower ESR since large Stokes shift and low PLQY induce

Adv. Optical Mater. 2024, 2303296 2303296 (6 of 8)

lower PY. Compared to those non-fluorescent-colored coatings,
our Purcell-enhanced fluorescent strategy can introduce color
without significant sacrifice on solar reflectance.

3. Conclusion

In this work, we designed and fabricated fluorescence-assisted
colored bilayer cooling coatings using rare-earth doped phos-
phors. The influence of phosphors’ optical properties on the cool-
ing effect of the colored coatings was investigated. By introducing
SiO, microspheres with appropriate size distributions in the top
layer, the ESR of the bilayer white coating could be maximized to
94.8%, higher than the TiO,-based white bottom layer. SiO, mi-
crospheres can also modify the surrounding electromagnetic en-
vironment of phosphors and accelerate their spontaneous emis-
sion process through the Purcell enhancement mechanism. Sig-
nificantimprovements in PLQY and energy conversion efficiency
were observed. Moreover, the improved absorption within the ex-
citation range enables potential color manipulation without in-
curring heat gain. Field tests further demonstrated that higher
Purcell enhancement and SiO, with proper diameters are pre-
ferred to improve the cooling performance, indicating a feasible
solution to maintain solar reflection with coloration. Our work
has provided a detailed comprehension of the optical proper-
ties of phosphors and paved the way for the wider application
of fluorescent-assisted colored cooling coatings.

4. Experimental Section

Materials:  Hollow glass microspheres were purchased from 3M.
Sr,SisNg:Eu?*, Y;Als04,:Ce3t, and (Ba,Sr)SiO,:Eu?t were bought from
Shenzhen Looking Long Technology. Poly-styrene-acrylic matrix was
bought from BASF Co. Ltd. Polycarboxylate sodium salt was employed as
the dispersant agent. The Polyurethane associative served as the suspend-
ing agent. The anti-foaming agent was mineral oil. The film forming agent
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was 9Z-Dodecenyl acetate. The leveling agent was Polyurethane. All agents
were purchased from Guang Zhou Run Hong Chemical.

Sample Preparation: The preparation of TiO, was proceeded as fol-
lows: 20 g poly-styrene-acrylic emulsion, 12 g TiO, nanoparticles, and an
appropriate amount of water were first mixed in a 50 mL beaker with con-
tinuous stirring, followed by the additions of dispersant agent, suspending
agent, and leveling agent. The mixture was stirred at 800 rpm for an hour.
Then the stirring speed was turned down to 400 rpm and 3 g hollow glass
microspheres, 0.4 g anti-foaming agent, and 1 g film-forming agent were
added. After 30 min of stirring, the mixture was sprayed evenly on the ce-
ment board with a spray gun under a pressure of 5 MPa.

The preparation of the SiO, top layer with phosphor was proceeded as
follows: 20 g poly-styrene-acrylic emulsion, 25 g SiO, microparticles, 3.9 g
phosphor, and an appropriate amount of water were first mixed in a 50 mL
beaker with continuous stirring, followed by the additions of dispersant
agent, suspending agent and leveling agent. The mixture was stirred at
800 rpm for an hour. Then the stirring speed was turned down to 400 rpm
and 0.4 g anti-foaming agent and 1 g film-forming agent were added. After
30 min of stirring, the mixture was sprayed evenly on the cement board
with a spray gun under a pressure of 5 MPa.

Sample Characterization and Field Test: The reflectance spectra of the
coating were measured on a PerkinElmer Lambda 1050+ UV/VIS/NIR
Wide Band Spectrometer equipped with an integrating sphere. Excita-
tion spectra, emission spectra, PL lifetime, and PLQY of pure phos-
phors/fluorescent cooling coatings were collected on an Edinburgh In-
struments FLS900 Fluorescence spectrometer. The cross-section of the
coating was characterized by an FEI Quanta 450 Field-Emission Scan-
ning Electron Microscopy under a voltage of 15 kV. The XRD patterns
were measured on D2 PHASER XE-T X-ray Diffractometer System. The in-
frared emissivity of cooling coatings was measured on a Fourier transform
infrared spectrometer (FT-IR Spectrometer, Spectrum 100, PerkinElmer)
coupled with a diffusive gold-coated integrating sphere. The scanning
range was from 650 to 4000 cm ™" with a spectral resolution of 4 cm~', and
a total of 16 scans were collected. The real-time temperatures of coatings
were recorded on a MEMORY HiLOGGER LR8431-30 multichannel tem-
perature collector with K-type thermocouples. The solar intensity and rel-
ative humidity were recorded by an accurate pyranometer (EKO MS-802)
and a mini weather station. The cooling power of three colored coatings
is estimated with the ESR and infrared emissivity under a peak solar irra-
diation of 750 W m~2 and an infrared cooling potential of ~100 W m~2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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