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Fig. S1. The calculated temperature difference between two surfaces with 10%, 20%, 30%, 40% 

and 50% difference in RNSWIR at different hc (convective heat transfer coefficient). Ts1 and Ts2 

correspond to the temperature of the cool and hot surface respectively. The calculation process is 

described in Supplementary Note 1. Assuming the two surfaces’ solar reflectance spectrum only has 

difference in the NSWIR part, and they have the same thermal emittance of 0.9. The solar irradiance is 

set as 1000 W m-2 and the temperature of the hot sample is 40 ℃. The calculation results show that a 

lower temperature could be achieved with increasing reflectance in the NSWIR wavelengths, and the 

temperatures of the two surfaces vary more at a less convective condition.  



 

Fig. S2. Infrared reflectance spectrum of the commercial colored paint coatings, showing their 

high broadband thermal emittance.  



 

Fig. S3. Transmittance spectrum of the TiO2 paint film, showing the deeper penetration by longer 

NSWIR wavelengths compared to visible light. Similar phenomena are observed for porous polymer 

films as well (11).  



 

Fig. S4. Schematic of the fabrication process of the colored cooling coatings. Top: the fabrication 

process of the bilayer coating. Bottom: the fabrication process of the monolayer coating.   



 

Fig. S5. Zoomed-in CIE 1931 color space figures of the colored coatings. (A to D) The chromaticity 

values of the black (A), blue (B), red (C) and yellow (D) coatings, indicating a near-identical color in 

each group of samples.  



 

Fig. S6. Photographs of the monolayer and P(VdF-HFP)-based bilayer samples at different angles 

to demonstrate the lack of glare off the colored coatings. (A) Schematic of the setup. (B and C) 

Photographs of the coatings in (B) and off (C) the reflection direction. (D) Photographs of the coatings 

of all four colors along the direction of specular reflection for incidence angles of 25º, 45º and 65º. Photo 

credits: (B to D) Yijun Chen, Columbia University.  



 

Fig. S7. Investigation of the specularity of the P(VdF-HFP)-based bilayer coatings at 45° tilt. (A 

and B) Comparison of the light path in the integrating sphere with the top port open (A) and closed (B) 

when the sample is placed at 45º tilt. (C to F) Reflectance spectra of the black (C), blue (D), red (E) and 

yellow (F) coatings in the two cases. (G) Calculated RVIS of the coatings based on the spectra (C to F) 

with the top port closed and open, showing the difference between the two cases is close to that of the 

diffuse reflectance standard (H). ΔRVIS / Rclosed = (Rclosed - Ropen) / Rclosed, and Reflectance ratio = Ropen / 

Rclosed.  



 

Fig. S8. Investigation of the specularity of the P(VdF-HFP)-based bilayer coatings at normal 

incidence. (A and B) Comparison of the light path in the integrating sphere with the sample tilting at an 

angle of 0º (A) and 15º (B). (C to F) Reflectance spectra of the black (C), blue (D), red (E) and yellow 

(F) coatings in the two cases. The difference between the 15˚ and 0˚ measurements is very small, 

indicating that the specular component at normal incidence is small as well.  



 

Fig. S9. The reflectance spectrum of the P(VdF-HFP)-based bilayer coatings at 65º and 30° tilt. (A 

to D) The spectrum of the black (A), blue (B), red (C) and yellow (D) coatings, showing that glare does 

not significantly increase at higher angles.  



 

Fig. S10. Infrared reflectance spectrum of the different coatings. (A to D) The spectrum of bilayer 

and monolayer coatings of black (A), blue (B), red (C) and yellow (D) colors, showing their high 

broadband thermal emittances. As the temperatures of our colored coatings under sunlight are normally 

above the ambient, such high broadband emittance is more desirable for cooling than selective LWIR 

emittance (6).  



 

Fig. S11. Charaterization of the infrared emittance of the colored top-layers (TL). (A) Infrared 

reflectance spectra of the porous P(VdF-HFP) and TiO2 paint underlayers. (B) Infrared transmittance 

spectra of the colored top-layers. (C) Infrared reflectance spectra of the top-layer, measured by putting 

the layers on IR-absorptive porous P(VdF-HFP). (D) Calculated infrared absorptance spectra of the 

colored top-layers based on the results in (B) and (C).  



 

Fig. S12. Experimental and computed temperatures of the bilayer and monolayer colored coatings. 

(A to D) The results of the black (A), blue (B), red (C) and yellow (D) coatings at different convection 

conditions. The strips are computed temperature for a certain hc derived from the COMSOL simulation. 

The width of the strip is based on an uncertainty of 0.01 in the samples’ solar reflectance. For all 

samples, the experimental values locate in the strips within a hc range of 5-7 W m-2 K-1, indicating a 

good agreement between theoretical simulation and experimental data.  



 

Fig. S13. Field tests of the different coatings without PE cover. (A to D) The black (A), blue (B), red 

(C) and yellow (D) coatings, tested in New York City on November 1st, November 2nd, November 2nd, 

and June 27th, 2019, respectively.  



 

Fig. S14. Optical measurements and field test of a light yellow bilayer coating. The coating is 

fabricated by dispersing Dalamar Yellow colorants in transparent P(VdF-HFP) matrix to make a light 

yellow top-layer atop porous P(VdF-HFP). The resulting bilayer shows a Rsolar of 0.80 (A) and 

broadband thermal emittance (5-15 µm) of 0.96 (B) and achieves an average temperature lowering of 

1.0 ℃ below the ambient air under ~574 W m-2 solar irradiation without PE cover (C). The field test 

was conducted in New York City on November 4th. 



 

Fig. S15. Optical measurements of the P(VdF-HFP)-based bilayer coatings before and after 

stability tests. (A to L) Measured solar reflectance and thermal emittance spectrum, and summarized 

Rsolar and є values of the black (A to C), blue (D to F), red (G to I) and yellow (J to L) coatings. Test 1 

involved putting samples outdoors and exposed to the sky, while Test 2 involved putting samples in an 



oven at a constant temperature of 60 ℃. Both tests lasted for 30 days. The top-coats for the samples 

were made using commerical paints, which are designed for stability, and the nearly unchanged 

performance after the tests indicate that the durability of the top-layer extends to the bilayer as a whole. 

The use of weather-resistant P(VdF-HFP) (41, 42) could also contribute to the stablity.   



 

Fig. S16. Optical measurements of three different samples fabricated with the same coating 

procedure. (A to H) The solar reflectance and thermal emittance of the black (A and B), blue (C and D), 

red (E and F), and yellow (G and H) porous P(VdF-HFP)-based bilayer coatings. As shown, for each 

color, three samples exhibit near-identical optical properties in the solar wavelengths and infrared 

thermal wavelengths, indicating repeatability of the process.  



 

Fig. S17. Optical measurements of the P(VdF-HFP)-based bilayers fabricated with different 

P(VdF-HFP) : water ratios. (A to D) The solar reflectance and thermal emittance of the blue (A and B) 

and yellow (C and D) coatings, showing that the effect of changing composition of the precursor is 

minimal.  



 

Fig. S18. Optical measurements of the P(VdF-HFP)-based yellow bilayers comprising top-layers 

with different thicknesses. (A and B) The solar reflectance (A) and thermal emittance (B) of the 

bilayers. As evident, changing the thickness of the top layer by ~3 times only reduces the NSWIR 

reflectance by ~10% and no distinct emittance changes are observed, showing the technique is quite 

insensitive to top-layer thickness in terms of RNSWIR and thermal emittance.  



 

Fig. S19. Schematic of the heat transfer process in a radiative cooler under sunlight.  



Table S1. Normalized chromaticity values (x, y) and lightness values (L) of the colored coatings. P, T 

and M correspond to the porous P(VdF-HFP)-based bilayer, TiO2-based bilayer and monolayer. 

Sample 
Black  Blue  Red  Yellow 

P T M  P T M  P T M  P T M 

x 0.28 0.29 0.29  0.19 0.19 0.19  0.45 0.46 0.46  0.47 0.46 0.46 

y 0.31 0.31 0.31  0.20 0.20 0.20  0.29 0.29 0.29  0.46 0.46 0.46 

L 28.5 27.5 25.3  43.0 42.3 40.3  51.3 50.3 48.4  85.0 84.3 81.8 

  



Table S2. The thermal emittance (5-15 µm) of the porous P(VdF-HFP) or TiO2 paint coating underlayer 

(єunder), the colored top-layer (єtop), and their combination (єbi). P, T and M correspond to the porous 

P(VdF-HFP)-based bilayer, TiO2-based bilayer and monolayer. For M, there is only one layer.  

Sample 
Black  Blue  Red  Yellow 

P T M  P T M  P T M  P T M 

єunder 0.96 0.96 

0.96 

 0.96 0.96 

0.95 

 0.96 0.96 

0.96 

 0.96 0.96 

0.96 єtop 0.78  0.59  0.84  0.85 

єbi 0.95 0.95  0.95 0.95  0.95 0.95  0.95 0.96 

 

  



Table S3. The broadband thermal emittance (єbroadband, 5-15 µm), and selective LWIR emittance (єLWIR, 

8-13 µm) of the colored coatings. P, T and M correspond to the porous P(VdF-HFP)-based bilayer, 

TiO2-based bilayer and monolayer, respectively. 

Sample 
Black  Blue  Red  Yellow 

P T M  P T M  P T M  P T M 

єbroadband 0.95 0.95 0.96  0.95 0.95 0.95  0.95 0.95 0.96  0.96 0.96 0.96 

єLWIR 0.95 0.95 0.96  0.95 0.95 0.95  0.95 0.95 0.96  0.95 0.96 0.96 

  



Supplementary Note 1: Theoretical Calculation of Temperature Difference between Two Surfaces 

According to the energy conservation law, the net radiative cooling power of the radiator should be zero 

at the thermal equilibrium, indicating the following 4 energy flows reach a balance (Fig. S19): 

 𝑃𝑠𝑜𝑙𝑎𝑟 + 𝑃𝑎𝑡𝑚(𝑇𝑎) = 𝑃𝑟𝑎𝑑(𝑇𝑠) + 𝑃𝑐  (S1) 

where 𝑃𝑠𝑜𝑙𝑎𝑟 and 𝑃𝑎𝑡𝑚 are the absorbed solar energy and atmospheric radiation respectively, 𝑃𝑟𝑎𝑑 is the 

heat that sample radiates to the outer space, 𝑃𝑐 is the non-radiative heat transfer loss to ambient,  𝑇𝑎 and 

𝑇𝑠 are the temperature of the ambient and the sample respectively. 

Specifically,  

 𝑃𝑠𝑜𝑙𝑎𝑟 = 𝑃𝑖𝑟(1 − 𝑅̅ )  (S2) 

where 𝑃𝑖𝑟 is the total solar radiation and 𝑅̅ is the sample’s reflectance; 

 𝑃𝑎𝑡𝑚 = ∫ ∫ 𝐼𝑏𝑏(𝑇𝑎, 𝜆)𝜖𝑠(𝜆, 𝛺)𝜖𝑎(𝜆, 𝛺)𝑑𝜆𝑑𝛺
∞

0
  (S3) 

where 𝐼𝑏𝑏(𝑇𝑎, 𝜆) is spectral intensity of a standard blackbody with a temperature of 𝑇𝑎,  𝜖𝑠(𝜆, Ω) and 

𝜖𝑎(𝜆, Ω) is the samples’ and atmosphere’s spectral emittance respectively, Ω is the solid angle; 

 𝑃𝑟𝑎𝑑 =  𝜖̅ × 𝜎𝑇𝑠
4  (S4) 

where 𝜖 ̅is the sample’s emittance, 𝜎 is the Stefan–Boltzmann constant (5.67 × 10-8 J S-1 m-2 K-4); 

 𝑃𝑐 =  ℎ𝑐(𝑇𝑠 − 𝑇𝑎)  (S5) 

where ℎ𝑐 is the combined transfer coefficient including the heat convection and conduction. 

For two samples reaching thermal equilibrium at the same condition: 

 𝑃𝑠𝑜𝑙𝑎𝑟1 + 𝑃𝑎𝑡𝑚(𝑇𝑎1) = 𝑃𝑟𝑎𝑑(𝑇𝑠1) + 𝑃𝑐1  (S6) 



 𝑃𝑠𝑜𝑙𝑎𝑟2 + 𝑃𝑎𝑡𝑚(𝑇𝑎2) = 𝑃𝑟𝑎𝑑(𝑇𝑠2) + 𝑃𝑐2  (S7) 

Assuming similar emittance in two samples, the absorbed atmospheric radiation by two samples 

could be approximately equal. Substituting Equation S2~S5 to Equation S6~7 and subtracting Equation 

S6 and S7, we can get: 

 𝑃𝑖𝑟(𝑅2
̅̅ ̅ − 𝑅1

̅̅ ̅) = 𝜖𝜎̅(𝑇𝑠1
4 − 𝑇𝑠2

4) + ℎ𝑐(𝑇𝑠1 − 𝑇𝑠2) (S8) 

Therefore, we can evaluate the temperature difference between two samples at the same condition 

with given values of the solar intensity, samples’ reflectance difference, emittance, non-radiative heat 

transfer coefficient and one sample’s temperature, as exemplified by Fig. S1. 

  



Supplementary Note 2: Characterizing the Diffuseness of Reflection and Glare of the Coatings 

Glare, or specular reflection at high angles, is a major problem faced by white or silvery radiative 

cooling designs. While our colored coatings, by virtue of absorption at visible wavelengths, have 

reduced reflection and thus glare, we further demonstrate here that reflections off them are highly 

diffuse, reducing glare even further. 

We first demonstrate the diffuseness by photography (Fig. S6A), where we compare our coatings 

against aluminum foil. Aluminum foil, which has a partially specular reflection, shows glare at the 

expected angle of reflection for a specular surface (Fig. S6B); in contrast, the colored coatings show 

little glare, and the appearance is close to that off the reflection angle (Fig. S6C), indicating their highly 

diffuse reflectivity. In addition, the bilayer and monolayer show nearly the same appearance, suggesting 

the specularity is not influenced by the underlayer and it's mainly due to the top-layer. Additional results 

are shown in Fig. S6D by changing the angles of light incidence and photographing the samples of all 

four colors at the reflection direction, indicating our colored coatings show a low specularity and highly 

diffuse reflection at wide angle ranges, and therefore do not cause glare. 

We also measured the fraction of light that is specularly reflected from the coatings at ~0˚ and 45˚ 

angle of incidence using an integrating sphere. When the sample is placed at 45˚ tilt (Fig. S7), specular 

reflection will hit the top port of the integrating sphere. With the port closed (Fig. S7A), both diffuse 

(Idiff) and specular (Ispec) reflection can be recorded. When the port is removed (Fig. S7B), Ispec, the near-

specular part of Idiff from the sample, and a small fraction of diffused light within the integrating sphere 

would escape through the open port, resulting in a decreased reflectance measured by the detector. For 

diffuse reflectors with little glare, light is reflected in all directions so the loss through the top port 

would be relatively small. However, for specularly reflective samples showing strong glare (Ispec) along 



the angle of reflection, much of the light would escape through the port, and the measured reflectance 

would be drastically lower.  

As illustrated in Fig. S7C to F for four different colors, the reflectance reduces when the port is 

opened. However, the relative reduction in RVIS (22%, 21%, 19% and 33% for blue, red, yellow 

and black, respectively) (Fig. S7G) is close to the 20% reduction observed of a diffuse reflectance 

standard (Item SM05CP2C, Thorlabs) (Fig. S7H). This means the diffuseness is similar to that of the 

diffuse standard. The 33% change observed for black is primarily due to its very low RVIS (0.06), which 

amplifies the small change (0.02) when the port is opened – in the NSWIR wavelengths where the 

reflectance is higher, the relative reduction is ~20% (Fig. S7H), like the diffuse reflectance standard. 

The results indicate that the reflectances of the bilayer coatings are highly diffuse. 

For the specularity characterization at normal incidence (0˚), since the specular reflection follows 

the same path as the incoming light at 0˚ (Fig. S8A), measuring the total reflection is not possible at 

normal incidence, so it was measured at 15˚ (Fig. S8B) instead, as reflectances of surfaces don’t change 

significantly at low angles (11, 43). The difference between the 15˚ and 0˚ measurements should 

indicate the extent of specularity. Fig. S8 (C to F) shows that the difference is small, indicating that the 

specular component at normal incidence is small as well. 

Lastly, since glare off surfaces increases more at large angles for smooth specular reflectors than 

rough diffuse reflectors (which are less sensitive to angle), we took reflectance measurements at 30˚ and 

65˚ angles (Fig. S9) to see if there are any large increases in visible reflectance. However, the visible 

reflectance increased only by a few percent, indicating that the surface is diffuse, and that glare does not 

significantly increase at higher angles.  

 



Supplementary Note 3: The Infrared Optical Properties of Commercial Paint Coatings and 

Bilayer Components 

We have measured the infrared spectrum of the bilayer components (Fig. S11) and all emittance values 

are summarized in Table S2. The colored top-layers show lower emittance (0.59~0.85) (Fig. S11D) 

compared to the highly emissive underlayers (0.96) (Fig. S11A), which is expected because they are thin 

(16~55 µm) and part of infrared light passes through them without being absorbed (Fig. S11B). 

However, the transmitted infrared light is absorbed by the highly emissive underlayer (Fig. S11A), and 

since the reflectance of the top-layer is low (Fig. S11C) and comparable to the underlayer’s reflectance 

(Fig. S11A), the top-layer doesn’t significantly affect the emittance of the coatings. Consequently, the 

emittances of the underlayer and bilayer are both high, and typical of paint coatings (Table S2). 

  



Supplementary Note 4: Solar Tests without Convection Shield 

Fig. S13 shows temperatures of bilayers and monolayers of different colors when left under sunlight 

without a polyethylene (PE) convection shield. As evident, the P(VdF-HFP)-based bilayer is the coolest, 

while the monolayer is the warmest for each color. The lower temperature differences between the cases 

bilayers and monolayers compared to Fig. 4 is due to larger convection and in case of the black, blue 

and red samples, weaker solar intensities during the time of the tests. However, the temperature 

differences (6.4/3.4/2.6/4.5 ℃ for black/blue/red/yellow samples) are still high, and significant for 

thermoregulation of buildings. 

Additionally, we note that in certain conditions, when sunlight is weak and the solar reflectance of 

the coatings are high (e.g. for light yellow coatings), sub-ambient cooling can be achieved by the 

coatings. Fig. S14 shows an example. 

  



Supplementary Note 5: Sensitivity of Bilayer Coatings to Fabrication Parameters 

Given that the bilayer is fabricated by successively painting two different layers with different 

thicknesses, we investigated the sensitivity of its optical performance to the fabrication process. The 

results are presented in Fig. S16, S17 and S18. As shown in Fig. S16, for each color, three samples 

fabricated with the same coating procedure show near-identical optical properties in the solar 

wavelengths and infrared thermal wavelengths, indicating repeatability of the process. 

We also changed the composition of the precursor solution of the P(VdF-HFP) underlayer as 

investigated in a previous work (11) to see if the fabrication process for the underlayer impacts the 

bilayer performance. Fig. S17 shows that the effect of changing composition of the precursor is minimal. 

We also changed the thickness of the top-layer to see its impact on the optical performance. The 

results for blue and yellow colors are shown in Fig. 5 and S18. As evident, changing the thickness of the 

top layer by ~3 times only reduces the NSWIR reflectance by ~10% for either color. With regard to 

fabrication, this is highly desirable, as it shows that the technique is quite insensitive to top-layer 

thickness in terms of RNSWIR. We also note that for the yellow commercial top-layer (Fig. S18), the 

visible absorptance remains the same, which is attributable to the scattering by the TiO2 that makes even 

a thin top-layer optically thick in the visible. For blue (Fig. 5), the visible absorptance increases with 

thickness because the top-layer, which has the dissolved blue dye and no scatterer, is not optically thick, 

so absorption in the visible builds up until light reaches the underlayer. It follows that by using top 

layers with or without scatterer, different coarse and fine control of the visible spectrum can be achieved. 

Collectively, all three tests indicate the robustness of the fabrication procedure at yielding high cooling 

performance. 

  



Supplementary Note 6: COMSOL Simulations 

COMSOL Multiphysics v5.3 was applied to simulate the sample’s steady-state temperature under 

sunlight. Overall heat flows are illustrated in Fig. S19. In the heat flux part, the sum of absorbed sunlight 

(𝑃𝑠𝑜𝑙𝑎𝑟) and atmospheric irradiance (𝑃𝑎𝑡𝑚) was applied on the top surface of the sample. A reflectance 

uncertainty of 0.01 was considered in the calculation of 𝑃𝑠𝑜𝑙𝑎𝑟. 𝑃𝑎𝑡𝑚 was obtained by the sum of 2 parts: 

4~20 µm and 20~100 µm. The radiance spectrum in the first part was obtained through MODTRAN® 6 

Web Application using the method outlined by Mandal et. al.(11) and a blackbody emittance spectrum 

was used in the second part due to the atmosphere opaque property after 20 µm (44). In the sample 

radiation part, the ambient temperature was set as 0, because the atmospheric irradiation had been taken 

into account separately in the heat flux part. In the heat convection part, the measured air temperature 

inside the box was used as the ambient temperature and different convection heat transfer coefficients 

(hc) were input to calculate the sample temperatures under varied convection conditions. 
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