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ABSTRACT: Passive daytime radiative cooling (PDRC) has[— Reub, 1.0 Zsub. —

drawn signicant attention recently for electricity-free cooling. | “Vb‘/\'\/ (f Ziree

Porous polymers are attractive for PDRC since they have exgélfent o 08

performance and scalability. A fundamental question remai@@g; is Rires €06

how PDRC performance depends on pore properties (e.g., @adiys, =

porosity), which is critical to guiding future structure designs.’Ify w 04

this work, optical simulations are carried out to answer thig 0.2

question, and ects of pore size, porosity, and thickness aref®° SPecm

studied. Wend that mixed nanopores (e.qg., radii of 100 and 20055 10 15 20 25 °% 8 10 12 14

nm) have a much higher solareganceR,,(0.951) than the Wavelength /um Wavelength /um
single-sized pores (0.811) at a thickness ofr808Vith an Al
substrate underneaf,,,, thermal emittance,yr, and net cooling powEk,,, reach 0.980, 0.984, and 72 \A//raspectively,

under a semihumid atmospheric condition. These simulation results provide a guide for designing high-performance porous co

for PDRC applications.
KEYWORDS:radiative cooling, porous polymer, optical simulation, metamaterials

INTRODUCTION 25 mlsola( YR ) d
Cooling and refrigeration are becoming increasingly important Rsojar= = ;5 m ;
for human society due to climate change, industrial develop- 03 m lsoiaf ) d
ment, and the improvement of living standatistrent 13 m
mainstream electricity-powered compression-based technolo- _8m log(T, ) (T, )d
gies are energy consuming and generate greenhouse and/or LWIR™ Zm (T, )d
ozone-depleting gaseBhey also have a net heatingag, gm OB

since heat is not lost outside the terrestrial environment and
the work used is ultimately dissipated as heaftwrefore, Wherelsoq ) represents the ASTM G173-03 solar spectrum

; : : . . AM 1.5R( ) is the spectral rectance of coatingy(T, )
new cooling technologies without using any work are hlghﬁ}the spectral intensity emitted by a standard blackbody with a

attractive and are urgently needed for addressing immin%@%perature GF, and (T, ) represents the samplspectral

challenges in climate charigés. - : .
; : o . mittance. Hence, R ,,and | are high enough, even in
Passive daytime radiative cooling (PDRC) has drawn mugfa time the energy lost to the cold sky is substantially larger

attention recently since it is electricity-free and environnan heating by sunlight. Thus, electricity-free, spontaneous
mentally benigh.” Unlike traditional cooling technologies gbambient cooling can be achiééd Subambient cooling

that transfer heat to the surrounding (e.g., local atmospheggically requireB.,, to be >0.95, or at least >0.9. On the
and cooling water), PDRC technologies move excessive hggier side, |,,r Should be over 0.7 and preferably above
directly to the cold outer space @& K through thermal  0.9'7 *°

radiation without any energy consumgfioft.In PDRC, a
coating is designed to have a high solectencdr,in the Received: October 23, 2020
wavelength ( of 0.3 25 m to minimize sunlight Revised: January 26, 2021
absorption. It also has a high thermal emittance in the
atmosphete long-wave infrared transmission windpyyg(

8 13 m) to enhance thermal radiation to the cold$ky.
Roar@nd g are dened as
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Figure 1.Validation of the simulation model for porous P(VdF-HFP) coatings. (a) The geometry of a porous structure in simulation with the
electric eld distribution (scale bar = ). Experimental (b) transmittance and (cectance spectfaogether with simulated spectra [(b)
thickness = 93m; (c) thickness = 300m; = 0.3 14 m].

Recently, porous polymer-based radiative cooling coatingshancing PDRC performance, and this work provides a guide
such as nano/microporous P(VdF-HEB}>® nanoporous  for optimal pore geometries.
PE/PEO** ?° and cellulose-based matefialsave gained
increasing interest owing to their potential for mass RESULTS AND DISCUSSIONS
production, their low cost, and their lightweight néttire. . o o
Bulk polymers typically have low solar absorption and hi%]_MOdel Description, Simpli cation, and Veri cation.
thermal emittancé. Hence, once they are made into a irect .3D S|mula_t|on of porous polymers is extremely_
mesoporous structure, where the mismatch in refractive indié®ensive due to its nonrep3eatab|e nature. For example, with
between air and polymer angsi light scattering, leading to & Volume of 18 10x 100 m"and a mesh size ol0 nm,
highRrand Lwir Among these materials, P(VAF-HFP) is the mesh number reaches a scale of tens of billions, which is
attractive due to its excellent stability against ultraviolet ligiery challenging to solve. To reduce the computational load, a
making it durable for long-term outdoor applicationile 2D porous structure is useédgure &) where ro.und pores are
we have demonstrated a Mg, of 0.96+ 0.03 and g Of randomly placed |nS|d(_a a reqtangular slab with a target porosity
0.97+ 0.02 in porous P(VdF-HFP) with bimodal hierarchical(Figure SL The 2D simulation is expected to capture key
mesopores (2% 0.7 m and 0.1 0.09 m)°it is unclear features in 3D'I|g'ht scattering, since |nd|V|du§I 2D and 3D
what the optimal pore radius distribution and porosity are. THeores show a similar scatteringiency as a function of pore
answer is critical to engineering and optimizing mesoporoladius at dierent wavelengths, suggesting that the optimal
polymers for PDRC applications. Such question has not beB@re sizes foRg s (wir and radiative cooling should be

explored in the literature, to the best of the authorssimilarin 2D and 3D (séégure SZor detalils). o
knowledge. In 2D simulations, a full electromagnedld calculation is

In this work, we build a numerical simulation model toperformed bynite element methods (FEM) in COMSOL for
better understand the relationship between optical properti@taining reectance R( )), transmission T( )), and
cooling performance, and the geometry of the porous coatirgfsorptance¥( )). Then,R( ) andA( ) are used to calculate
such as radius porosity , and thickness P(VdF-HFP) is Ryoarand | wir respectively, as conservative estimations, since
used as an example since its optical properties have bd&e@ simulated porous structure is not on any substrate and
extensively studiédResults show that when single-size poresommon substrates (e.g., metals and concretes) further
are used, the optimaéind are 0.2 m and 0.5, respectively, enhanceRy,, and g Such computationally expensive
for PDRCR,,,;and |k reach 0.811 and 0.970, respectively,FEM simulation is necessary for the solar spectrum since the
at a thickness of 300n. Mixing pores with d@rent radii pore size is comparable with the wavelengths, which leads to
enhances the cooling performance by substantially increasitigng scattering at the pore/P(VdF-HFP) interface, and
R.ir FOr example, by mixing nanopores withvalue of 0.1 ~ cannot be captured by simpler models (eextiee medium
and 0.2 m,R,,increases to 0.951tat 300 m comparedto  model/EMM) (Figure S3a In mid-infrared wavelengths,
0.811 with single-size pores as mentioned above. These redtifdv shows a good agreement with FEM as the pore size is
indicate that the rational design of pore parameters is criticaltouch smaller than the wavelengilyure S3b
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Figure 2.E ects of the pore radius (02 m) on R,,,,and g Of porous P(VdF-HFP) coatings. (a) Simulated scatteraigney of porous
P(VdF-HFP) with dierent pore radii. (b) Simulated eetance spectra of a porous coating wigetit pore radii in the solar spectruns (
0.3 2.5 m). (c) Simulated emittance spectra of a porous coating veitandipore radii in the mid-infrared regior (6.0 14 m). (d)
Calculatedr,,,,and | g With di erent pore radii. The coating porosity and the thickness are 0.5 amd fi3pectively. In (a) and (b), the
number next to curves is the corresponding pore radius in micrometers (

In the 2D simulation, werst optimize simulation may help compute 3D structures moreiently with more
parameters to realize a balance between accuracy awgturate results.
computational load-{gure S4 and Section 2 in the Supporting Figure t shows that a thickness &00 m is needed to
Informatio. For example, a maximum mesh size of 30 nniender highR,,, However, such thickness is very expensive in
and a width of 15m are chosen for all simulations, which computation, especially with varying multiple parameters, as
produces reasonable agreement with 3D experimental resgiggussed below. Sifg,and i increase monotonously
in the literature. For instance, the simulated transmittancith thickness, we wiltst use a thickness of 100 as a
spectra at 93m (Figure b) and reectance spectra at 300 baseline to understand theets of dierent parameters (e.g.,
(Figure t) agree well with experimental data in2fef pore radlus,. poros_lty_), followed by evaluating the performance
Moreover, as the mismatch mainly occurs in regions with I 300 m with optimized pore structures. .
solar ux (1.2 2.5 m) and mild radiation (1314 m), and E ects of Pore Radius on Optical Properties. The
the di erence between experiment and simulation partial assic Mie scattering theoshows that the scattering

. X ] ciency of a single pore strongly depends‘bRigure 2
c?mr:l(;esreoust,m:};a (cg.rggc\elz '8_95{) e;:lrgmoz\eersg@gkgq Sucﬁhows that in porous P(VdF-HFP), the scattering peak is red-

consistency is further comed by the case with mono- shift with increasing and the maximum scatteringciency
) y X y u occurs at a wavelength slightly largerrthzor the band with
dispersed pore sizes, where the simulated porous struct

. . . & highest solaux (e.g., 0.40.7 m), pores with anvalue
resembles the experiments befgnue Sp The di erences i, iy range of 0.D.5 m show the strongest scattering

between the simulation and experimeRijgand g are e ciency.

!es_s than 0.02 (0.46 vs 0.45. and' 0.93 vs 0.95). Thgsg resultgsier pores with derentr are incorporated into a P(VdF-
indicate that our 2D model iseetive to evaluate radiative HFP) slab, these porous structureectance spectra show a
cooling performance. Moreover, as this work only tries tgend relevant, but distinctly eient from, the scattering
understand the optimal geometry (e.g., pore sizes, porosity) @rciency, sinc® depends on bothand the pore density. For
radiative cooling, but not predict the exact optical spectraxample, the scatteringcéency monotonically decreases for
systematic shifts R and should have little ect on the = 0.1 m. In contrast, nanopores with 0.1 m show a high
conclusion. However, it should be noted that with 2DRof 0.58 0.93 for = 0.4 1.0 m, followed by decreasing to
simulation it is dicult to obtain precise optical spectra of 0.1for =1.5 2.5 m (Figure b), at a xed porosity () of
3D structures. Further investigations, such as new algorithrig. As sunlight concentrates in the range=0d.4 1 m,
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Figure 3.(a ¢) E ects of porosity (= 0 0.6) onR,,,,and g in porous P(VdF-HFP) coatings. (a) Simulateeatance spectra of porous
coatings with derent in the solar spectrum£ 0.3 2.5 m). (b) Simulated emittance spectra of porous coatings witendi in the infrared
region ( = 6.0 14 m). (c) Calculate®,,and g With di erent pore radii. Thevalue is 0.2m and the value is 100m in all cases of (a)
to (¢). In (a) and (b), the number next to the curves is the correspontind) E ects of the thicknes3 6n Ry, ,.and wirin P(VdF-HFP)
coatings. (d) Simulated eztance spectra of porous coatings widnetitt in the solar spectrum € 0.3 2.5 m). (e) Simulated emittance
spectra of the porous coating wittedintt in the infrared region € 6.0 14 m). (f) CalculatedR,,and g With di erentt. Ther value is
0.2 m and the value is 0.5 in all cases of (d) to (f). The number next to the curves in (d) and (e) is the corréspaonidimgneters m).

Figure 4.E ect of the pore radius distribution on the cooling performance. (a, b) MaxirRyrday (b) correspondingk for the porous
P(VdF-HFP) coating at ddrent combinations of bimodal pores with twerelnt radii. The coating thickness isr@5nd the total porosity is
0.5 for all cases of (a) and (b). & E ects of ;,and ,,0n (c) the reectance spectra in the solar spectrum(.3 2.5 m) and (d) the
emittance spectra€ 6 14 m) of porous P(VdF-HFP) coatings. (e) CalculRgdand g at di erent 4, In all cases of (c) to (&)= 100

mand , + ,,=0.5.

Ryoiarincreases from 0.694 at0.1 mto 0.778 at=0.2 m important as the scatteringogency of a single pore Ry,
and gradually decreases to 0.784 8t5 m and 0.568 at= On the other side, g does not show a strong dependence
2 m (Figures B and2d). Therefore, the pore density is as on r, as ther value studied is much smaller than the
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Figure 5.(a) Simulated reectance and (b) emittance spectra of porous P(VdF-HF) coatings with a substrate (subscript: sub) and without an A
substrate (subscript: free). Mixed poresryitlD.1 m andr,=0.2 mat ,;=0.1 and ;,= 0.4 are used. In both cases300 m. For the
case without a substrate, we use absorption to represent emittance to be conservative in reported values.

corresponding wavelength {8 m,Figures @ and2d), such porosities of two kinds of pores withedent radii K3, r,) are
that the mesoporous structure can be treated agaive  denoted as, and ,, respectively, and +  is xed as 0.5.

media. Since P(VdF-HFP) is highly absorptive in the LWIR-g reduce the computational load, the coating thickness is set
window, ris close to 0.9 for allHence, the pore radius is ;25 m since computations ofelient ,/ , combinations
optimized to 0.2m to enhancB,,while maintaining a high are nee(J,Ied for eaciir, pair o

2 .

LR Figures @ and4b show the eect of ¢, r,) on Ry,-and

E ects of Porosity and Thickness on Optical Proper- X N
ties. Porosity () is another critical parameter for PDRC Lwir respectively. In eaghr, combination, results from the

performance. To study theset of porosity, wexr as 0.2 m optimal ./ ,, are presentedl@ble S) In Figure 4, the
and the thickness as 100. With increasingfrom 0to 0.6,  highesR,,is 0.657 when, ;= 0.1 and ; ,= 0.4 (the unit of
more pores exist to scatter sunlight, resulting in enfiagged micrometers is removed in all subscripts). The second highest
(Figures & and3c). Ry, increases from 0.053 at 0 to value (0.644) occurs fag,= 0.4 and 5 5= 0.1. These results
0.501 at = 0.1 and to 0.778 at= 0.5, followed by decreasing echo withFigure 2where the higheBj,,,occurs at = 0.1
slightly to 0.758 at= 0.6. Such reduction is likely due to the 0.5 m. However, th&,,0f 0.657 is 7.2% higher than the
enhanced transmittance with a larger porosity. On the otheraximum value with single-sized pétgg € 0.613 at = 0.2
side, a higher reduces the fraction of polymer, weakening m). This is because nanopores with 0.2 m give the
absorptance (i.e., emittance) in the mid-infrared regiohighesR( 0.91 0.94)in =1.0 1.4 m, butRin the visible
(Figures B and3c). Hence, |k decreases gradually from spectrum is smaller @.64 0.77). Hence, the addition of
0.930 to 0.840 whenincreases from 0 to 0.6, which further smaller nanopores £ 0.1 m) can eectively scatter and
conrms that g is mainly determined by theeetive re ect visible light, thus enhand®g,, Figure 4 also shows
thickness (= (1 )t) of the coating. Therefore, to balance thatR,,0f a combination of micropores and nanopores (e.g.,
Ryoiarand |wir the porosity is set to 0.5 to maximigg,,, 0.584 atry/r, = 2/0.1 m) is only slightly smaller than the
while decreasingyg only slightly. optimal condition (0.657 ai/r, = 0.2/0.1 m), indicating
Regarding thicknes, (incident photons travel longer in that the pore structure in our previous Wasknear optimal.
the porous structure in a thicker coating, which would enhan@n the other side, ,y;r Shows a much weaker dependence on
the probability of scattering by pores, resulting in a highehe distribution of pore radius, which are all between 0.554 and
Rsoiar A larget would further increase theeetive thickness of  0.604 Figure #). These results demonstrate that having a
bulk polymer, leading to enhancggr. However, this is at  broader size distribution can help enh&yge the optimal
the expense of more materials, so it is important to discoveradii are 0.10.5 m, and a bimodal of micro- and nanopores
suitable thickness that balances PDRC performance aark also ective to reect sunlight.
material cost. To further understand how blended mesopoees aptical
\éve usedthe %ptimal E?‘tn((j _ abov% (O'ng)m and 0.5) for  properties, we study the optical spectra aredit ./
understanding the ect oft (Figures 8 t0 3f). RyoiariNCreases nqer the optimal conditions/, = 0.2/0.1 m) andt =
quickly from 0.678 to 0.806 whencreases from 50 to 200 109 1 (Figupres étode). In tr?le(jltraviolet regign €0.3

m, and then, it saturates at 0.810 oneaches 400m. On 4 m) ‘3 single of 0.1 or 0.2 m results in a smalof 0.6

the other side, g increases quickly from 0.766=a60 m 0.7. but blended ; ;
. 7, pores greatly enhRileee to the interaction
t0 0.950 at=200 m, followed by gradual increase to 0.970 aty¢ i erent pores in the mesoporous structure under

t=300 mand 0.976 at= 400 m. Therefore, to balance the  yonendent scattering condifidi In the near-infrared region
cooling performance and material castahie of 200 300 of 1.5 2.5 m,Rdecreases with increasiggdue to the
m is best, consistent with previous experimental ¥ésults. di erent scattering ability of pores with0.1 and 0.2m in

PeEfoE;(r:;a%fcgoTrﬁeRgtdljg;sesDi;tgrci)?/léti?chQ é?]e acgic;]”r}g ordigure 2. Hence, the rectance spectrum is optimizechat
: gie p 02= 0.1/0.4 forR,,, (Figure 4).

radius, but nonuniform pore radii may further enhance’q o (iner side. sincg+ , is xed as 0.5, the infrared
performance. Unfortunately, size distribution is aften i ) 2 ]
dimension since size can vary continuously. To simplify tiggnittance spectrum is almost identical wheand , vary

problem, we only consider bimodal here as an example. Taed |y Stays at 0.87 {igures d and4e). This agrees well
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with that the emittance is mainly determined by thetiee atmospheric condition and the standard AM 1.5 solar
thickness of P(VdF-HFP). In contr&t,,increases gradually spectrum. Moreover, the PDRC performance can be further
from 0.694 to 0.888 wheg,increases from 0 to 0.4, followed enhanced by placing an Al substrate underneath, which
by dropping to 0.845 and 0.778 whegyincreases to 0.45 and increases botR,,,, and g to 0.98 and renders a high
0.5, respectivelfigure 4). Besides the 0.1/0.2n case, a  cooling power of 72 W/nThis study provides a guide to

similar behavior is also observed with of 0.2/0.5 m design the material structure in a porous coating for
(Figure Sp maximizing PDRC performance.

Although quasi-bimodal pores 0.10+ 0.09 m and 2.74
+ 0.71 m) were demonstrated in the literatdiieshould be ASSOCIATED CONTENT

with di erent sizes can help enhance light scatteririgj,gnd B _ . .
compared to a single size, and it is optimal to have both pore  Additional details for the ectance simulation model;

sizes between 0.1 and Qrd More discussions areSiaction determination of simulation parameters; fabrication and
6 of the Supporting Information optical properties of porous P(VdF-HFP) coatings with
Net Cooling Power in the Optimized Porous monodiserpsed poresgets of pore radius distribution
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