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Figure S1. Infrared images of the spectral selective solar absorbing film and a black aluminum
foil

Fig. S1. Infrared images of (A) a spectral selective solar absorbing film and (B) black aluminum foil on a
heating stage. Two samples were placed on a hot plate at a temperature of 250 ºC. The infrared images were
taken by a thermal camera (FLIR One Pro). To ensure accurate measurement, the temperature of the hot plate,
the solar absorbing film and the black aluminum foil was measured with a thermal probe. Although the actual
temperature of these two samples are similar, the relative darkness of the solar absorbing sample shown in the
thermal image can be credited to the low thermal emissivity.

Figure S2. Microscopic characterization of graded cermet-based solar absorbing materials

Fig. S2. (a) SEM image of the cross section of a solar absorbing plate. The arrow indicates the graded cermetbased solar absorber region. The top Au layer is the sacrificial layer for SEM imaging. (b) -(c) EDS element
mapping images for (b) Ag and (c) Si, respectively. The scale bars for (a), (b) and (c) are 100 nm. (d) Element
atomic ratio of Ag/Si for the reference sample of each layer (Layer 2 to Layer 9). (e)-(g) TEM images of three
reference samples: (e) Layer 8, (f) Layer 5 and (g) Layer 3. (h) Absorption spectra of solar absorbing samples
with different numbers of stacked layers.

Figure S3. The absorption spectrum of the black aluminum foil

Fig. S3. Absorption spectrum of the black aluminum foil.

Figure S4. Calculated dew point.

Fig. S4. Calculated dew point versus ambient temperature at different relative humidity of 30% (blue), 45%
(red), 60% (orange) and 75% (purple). The dashed line indicates the corresponding dew point at ambient
temperature of 24 ◦ C.

Figure S5. Moisture condensation in an environment with controlled temperature and humidity.

Fig. S5. (a) The schematic of the experimental setup. A Peltier cooler is employed to dynamically control
the temperature of the metal plate. (b) The continuously measured temperature of the metal plate in
different humid environment: 45% (group I and II) and 60% (group III and IV). Case 1 (cyan line)
mimics the temperature reduction in a single-sided system. Case 2 (blue line) mimics the temperature
reduction in a double-sided system. (c) Photographs of moisture condensation on the metal plate under
different humidity conditions. Each set of three pictures were taken at 0 s (no cooling), 60 s (peak cooling)
and 110 s (heating to show the evaporation of condensed water on the plate), respectively.

Figure S6. Optimization of the angle for the solar absorbing plate in the double-sided system

Fig. S6. (a) The mirror tilt angle, φ, is defined as the angle between the emitter and the solar absorbing
mirror. (b) The modeled angle-dependent emission intensity distribution. One can see that the emission
intensities for φ = 60º (red curve) and φ = 45º (cyan curve) are substantially higher than that for φ = 30º
(green curve) and φ = 11.3º (blue curve). Although an angle of 60° yields the highest intensity, we opted
for φ = 45º for the following reasons: with a larger angle (φ = 60º), (1) one will need solar absorbing
mirrors with a larger area to efficiently reflect the thermal emission from the vertically aligned emitter; (2)
the emitter is exposed to direct sunlight for longer time, due to the larger opening between the emitter and
the solar absorbing mirrors.

Figure S7. The emissivity spectrum of the PDMS film.

Fig. S7. The emissivity spectrum of PDMS films: the emissivity spectrum is estimated using Kirchhoff
Law: emissivity equals to absorption, where absorption A is calculated by A=1-R-T, R and T stand for
reflection (R), and transmission (T), respectively. The inset shows zoom-in data from 0.5 to 20 µm.

Figure S8. Atmospheric transmittances under varying water column condition.

Fig. S8. Atmospheric transmission in different water columns. The atmospheric transmittances are
obtained from MODTRAN for mid-latitude regions during summer months [S1]. The figures show the
atmospheric transmittances under different water column (precipitable water) conditions: (a) 1000, (b)
2000, (c) 3000 and (d) 4000 atm-cm. As the water column increased, the transmittance within the
atmospheric window decreased significantly, thus reducing the net cooling power.

Figure S9. Calculation of the solar elevation angle

Fig. S9. Photos of shadows projected by a 12 cm × 12 cm aluminum plate at different times in (a) Buffalo,
USA and (b) Thuwal, Saudi Arabia. The upper panel calculates the elevation angle based on the projected
shadow dimension. Either in Buffalo or Thuwal, at certain moment (3:00 pm in Buffalo and 1:11 pm in
Thuwal), the planar solar shelter cannot protect the thermal emitter from direct exposure to the sun.

Figure S10. Measured solar intensity in the thermal insulated box

Fig. S10. The schematic and photographs of solar intensity measurement in the thermal insulated box at
(a) 9:30 am and (b) 11:00 am on Oct. 7th , 2020 at Buffalo, NY, respectively. (a) At 9:30 am, the sun light
directly illuminated one side the emitter with the measured solar irradiation of ~866 W/m2 . (b) The
measured solar irradiation at 11:30am was only 17.8 W/m2 inside the box with the direct sun light
irradiance of 910.5 W/m2 .

Figure S11. Weather dependence of cooling performance

Fig. S11. Outdoor tests at Buffalo, NY on (I) June 5, 2020 and (II) June 6, 2020. Continuously measured
(I-a & II-a) temperatures of the two systems, (I-b & II-b) solar intensity, (I-c & II-c) relative humidity
and (I-d & II-d) wind speed. Photos of the sky were captured at three different times, as shown by the
lower panel of (I-a & II-a). Insets of (I-a & II-a) are photos of the experimental setups. In (I-a), the
single-sided system was exposed under the sunshine directly. In (II-a), a sunlight shelter board was
employed to block the direct sunlight to the single-sided system. One can see that the single-sided system
was heated beyond the ambient temperature during daytime with no sunlight shelter board (Fig. I-a) or at
noontime with the shelter board (Fig. II-a). The double-sided system realized sub-ambient cooling with
the best temperature reduction of 9.3 ◦ C and solar heating from 30~50 ◦ C, obviously better than the singlesided system.

Figure S12. 40-hour continuous test at Buffalo on August 1st to 3rd, 2019

Fig. S12. Outdoor radiative cooling test on August 1st to 3rd , 2019. The humidity is ~40% in the day and
~98% at night. One can see that the double-sided system continuously outperforms the single-sided
system throughout the entire test.

Figure S13. Radiative heat transfer between the solar absorbing mirror and the emitter.

Fig. S13. Calculated radiation heat transfer between the solar absorbing mirror and PDMS surface on one
side.

Figure S14. Schematic of the test apparatus.

Fig. S14. The schematic of test apparatus of a double-sided system (left) and a single-sided system (right).

Note S1. Estimation of the cooling power density in the laboratory environment.
(1)

Cooling power of a double -sided system

The cooling power of a double-sided system in a laboratory test can be estimated using eq. (1) in the main
text, i.e.
𝑃𝑛𝑒𝑡 = 𝑃𝑟𝑎𝑑 (𝑇𝑑𝑒𝑣 ) − 𝑃𝑎𝑚𝑏 (𝑇𝑎𝑚𝑏 ) − 𝑃𝑜𝑏𝑗 (𝑇𝑜𝑏𝑗 ) − 𝑃𝑛𝑜𝑛𝑟𝑎𝑑(𝑇𝑑𝑒𝑣 , 𝑇𝑎𝑚𝑏 ),
where 𝑃𝑟𝑎𝑑 is the emitted thermal radiation, 𝑃𝑎𝑡𝑚 is the absorbed atmospheric thermal radiation, 𝑃𝑠𝑢𝑛 is
the absorbed solar irradiation, 𝑃𝑜𝑏𝑗 is the radiation transfer between mirrors and emitter, and 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 is
the parasitic heat loss. Following previous reports 19, 20 , each component in this equation can be calculated
below.

Thermal radiation from emitter (Prad ):
As we discussed in Fig. 3 and Fig. S6, in the double-sided system, the tilt angle of the mirror determines
the emission pattern of the system. In an ideal case, when tilt angle of mirrors at 90° and the length of
mirrors are infinitely long, the emission pattern of a double-sided system is close to a hemisphere.
However, in any realistic case (e.g., when the tilt angle of mirror is 45◦ ), part of thermal emission will be
blocked by the mirror, resulting in the reduced thermal emission and absorbed atmospheric radiation. In
this case, the actual emission pattern of the system need to be considered. In this estimation, we first
normalized the angle dependent emission pattern to the total emitted power and denote it as 𝜀𝑝𝑎𝑡 (𝜃),in
which 𝜃 is the radiation angle. Then, we incorporated this parameter into the estimation, as described
below:
𝑃𝑟𝑎𝑑 (𝑇𝑑𝑒𝑣 ) = 𝐴 ∫ 𝑑 cos(𝜃) ∫ 𝑑𝜆𝐼𝐵𝐵 (𝑇𝑑𝑒𝑣 , 𝜆)𝜀𝑑𝑒𝑣 ( 𝜆)𝜀𝑝𝑎𝑡 (𝜃)

(S1),

where ∫ 𝑑 is the angular integral of the emitting surface over the hemisphere, 𝐼𝐵𝐵 (𝑇, 𝜆) =
2ℎ𝑐 2

1
𝜆5 exp( ℎ𝑐 )−1

is the spectral radiance of a blackbody at a temperature T, h is Planck’s constant, 𝑘 𝐵 is

𝜆𝑘𝐵𝑇

the Boltzmann constant, c is the speed of light, 𝜆 is the wavelength, and A is the area of the emitter. 𝜀𝑝𝑎𝑡
is the normalized emission pattern of the system. 𝜀𝑑𝑒𝑣 is the spectral emissivity of the emitter.
Absorbed atmospheric thermal radiation (Pamb ):
On the other hand, the tilted mirror also blocked the absorbed atmospheric radiation. Therefore, we also
applied similar procedure to calculate the absorbed atmospheric radiation using eq. (S2)
𝑃𝑎𝑚𝑏 (𝑇𝑎𝑚𝑏 ) = 𝐴 ∫ 𝑑 cos(𝜃) ∫ 𝑑𝜆𝐼𝐵𝐵 (𝑇𝑎𝑚𝑏 , 𝜆)𝜀𝑑𝑒𝑣(𝜆)𝜀𝑎𝑖𝑟 (𝜃, 𝜆)𝜀𝑝𝑎𝑡(𝜃)

(S2)

In this calculation, the angular-dependent emissivity 𝜀𝑎𝑖𝑟(𝜃) is required. As illustrated in Fig. S15, the
zenith angle γ = 2φ − 90° − θ (φ is the mirror tilt angle, θ is the radiation angle). Therefore, cos γ =
cos(2φ − 90° − θ). For the two cases used in the main text, when φ is 90º, γ = 90° − θ and cos γ =
cos(90° − θ) = sin θ. When 𝜑 = 45°, γ = −θ and cos γ = cos(−θ) = cos θ.
1

One the other hand, 𝜀𝑎𝑖𝑟 (𝛾) = 1 − [𝑡𝑎𝑖𝑟(0)]cos𝛾 , where the atmospheric transmittance in the zenith
direction 𝑡𝑎𝑖𝑟 (0) = 1 − 𝜀𝑎𝑖𝑟(0). 𝜀𝑎𝑖𝑟 (0) is the emissivity of atmosphere at zenith direction (i.e. when
𝛾 = 0 ). Considering the angular relation between 𝛾 and θ , we can obtain the angular-dependent

emissivity 𝜀𝑎𝑖𝑟(𝜃) : i.e. when φ= 90º,
1

1

𝜀𝑎𝑖𝑟 (θ) = 1 − [𝑡𝑎𝑖𝑟(0)]sinθ ; when φ= 45º, 𝜀𝑎𝑖𝑟(θ) = 1 −

[𝑡𝑎𝑖𝑟 (0)]cosθ. In this estimation, the data of 𝑡𝑎𝑖𝑟 (0) was obtained from Modtran (atmosphere model: US
standard 1976) S1 .

Fig. S15. A schematic of mirror tilt angle φ, incident angle θ and zenith angle 𝛾 in a double-sided system.

Radiative heat transfer between the emitter and mirror (Pobj):
The radiative heat transfer between the spectral selective mirrors and the emitter surface was estimated
using eq. S3.
𝑃𝑜𝑏𝑗 (𝑇𝑜𝑏𝑗 ) =

4
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(𝑆3).

The value F is the view factor, which is assumed to be 0.02 according the geometry of the setup. 𝐴 𝑜𝑏𝑗 is
the area size of the mirror. 𝜀𝑜𝑏𝑗 is the emissivity of the spectral selective mirror and 𝑇𝑜𝑏𝑗 is the mirror
temperature.

Non-radiative heat transfer (Pnonrad ):
The non-radiative power loss is introduced by conduction and convection, which is given by
𝑃𝑛𝑜𝑛𝑟𝑎𝑑 (𝑇𝑑𝑒𝑣, 𝑇𝑎𝑚𝑏 ) = 𝐴𝑞(𝑇𝑑𝑒𝑣 − 𝑇𝑎𝑚𝑏 )
(S4).
where q is the non-radiative thermal transfer coefficient. In Fig. 3e, we assumed q to be 0 W/m2 K and10
W/m2 K for different thermal insulation conditions.

Therefore, when 𝑇𝑑𝑒𝑣 = 𝑇𝑎𝑚𝑏 = 18°, the net cooling power in an indoor environment is 310.4 W/m2 at
the mirror tilt angle of 90° and 242.3 W/m2 at the tilt angle of 45°, corresponding to the calculated results
in Fig. 3e.

(2)

Cooling power of a single -sided system

The cooling power of a single-sided system is estimated following the similar procedure using eq. 1 of the
main text. In this estimation, 𝑃𝑜𝑏𝑗 equals to 0, 𝜀𝑝𝑎𝑡 is assumed to be a uniform hemisphere. Therefore, the
net cooling power in an indoor environment is estimated by eq. S5
𝑃𝑛𝑒𝑡 = 𝑃𝑟𝑎𝑑 (𝑇𝑑𝑒𝑣 ) − 𝑃𝑎𝑚𝑏 (𝑇𝑎𝑚𝑏 ) − 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 (𝑇𝑑𝑒𝑣, 𝑇𝑎𝑚𝑏 ),

(S5)

When 𝑇𝑑𝑒𝑣 = 𝑇𝑎𝑚𝑏 = 18° , the net cooling power in an ideal single-sided system is 155.2 W/m2 ,
corresponding to the calculated results in Fig. 3e. When 𝑇𝑑𝑒𝑣 = 𝑇𝑎𝑚𝑏 = 27°, the net cooling power in an
ideal single-sided system is 162.8 W/m2 , corresponding to the estimation results in abstract and
introduction.

Note S2. Demonstration of atmospheric moisture condensation.
According to Fig. 2 in the main text, we obtained a temperature reduction of 12~14 ◦ C below ambient
using the improved cooling power density in the double-sided system. Such temperature reduction is
important for applications where lower temperature is required, such as passive refrigeration for food
storage, thermoelectric energy harvesting and atmospheric water harvest. Here we provided a preliminary
experiment to demonstrate the potential application of a lower surface temperature for atmospheric
moisture condensation.
As shown in Fig. S4, we first plotted the relationship between temperature, humidity and dew point. At
the ambient temperature of 24 °C (indicated by the dash line), the dew point will increase from 11.3 °C to
15.8 °C as the relative humidity increase from 45% to 60%. Therefore, the temperature reduction
determines whether the moisture can be condensed in a given environment. To validate this prediction,
we then performed the atmospheric water harvest experiment in a chamber with controlled temperature
and humidity.
The schematic of the experimental setup is shown in Fig. S5a. In this experiment, we employed a Peltier
cooler to control the temperature accurately to mimic two different radiative cooling system: single -sided
system (case 1) and double-sided system (case2). A metal plate was attached on top of the Peltier cooler
for moisture condensation. A K-type probe was used to measure the temperature of the metal plate (Fig.
S5b). The relative humidity of the chamber was controlled at 45% (corresponding to the dew point of
11.3 °C, as shown by panels I and II) and 60% (corresponding to the dew point of 15.8 °C, as shown by
panels III and IV), respectively. When the temperature was tuned to 13.2 °C (did not meet the required
dew point, panel I), no condensation was observed during the entire cooling process. When the
temperature was further tuned to 10 °C (met the required dew point), obvious condensation was observed,
as shown in panel II in Fig. S5c. When we increase the relative humidity to 60%, both conditions can
meet the dew point as shown by panels III and IV. This experiment demonstrated the importance to
realize a cooler chamber for atmospheric water harvest applications: i.e., a lower temperature is required
for moisture condensation in drier environment, which is not realizable by considering overall cooling
power only.

Note S3. The solar-shelter effect of the double-sided system
In the double-sided system, the thermal emitter is vertically anchored in the center position of the thermal
insulated box, as illustrated in Fig. 2a of the main text. When carefully aligned, the exposed area of the
emitter to solar illumination is minimized, and therefore reducing the solar heating effect on the thermal
emitter. In Fig.4 of the main text, we briefly discussed two different cases to explain the advantage of the
proposed system. To further investigate the shelter effect of the proposed system, we performed an extra
experiment, as shown in Fig. S10 and analyzed the results below.
As illustrated in Fig. S10, we placed a photodetector at the center of the thermal insulated box and
measured the solar intensity at 9:30am (Fig. S10a) and 11:00am (Fig. S10b) on Oct. 7th, 2020 at Buffalo,
NY. As shown by the photograph at 9:30am (i.e. the lower panel of Fig. S10a), the sun light directly
illuminated one side the emitter with the measured solar irradiation of ~866 W/m2 . In contrast, the
measured solar irradiation at 11:30am was only 17.8 W/m2 inside the box (i.e. the lower panel of Fig.
S10b, although the direct sun light irradiance is 910.5 W/m2 ). In addition, in the outdoor test, we
employed a spectral selective polymer (PDMS) as the emitter. According to its absorption spectrum in
Fig. S7, the absorption of PDMS in solar wavelength range is very weak. Therefore, the absorbed solar
irradiation of the entire system was minimized, resulting in the lower temperature of the emitter.
Therefore, the geometry and orientation of the double-sided system leads to a better cooling performance
at noontime with the peak solar irradiation. This feature indicated the unique advantage of the proposed
double-sided system with a vertical thermal radiator.

Note S4. Estimation of the cooling power density in outdoor test.
In an outdoor test, the cooling power density of a double-sided system can be estimated using eq. S6:
𝑃𝑛𝑒𝑡 = 𝑃𝑟𝑎𝑑 − 𝑃𝑎𝑡𝑚 − 𝑃𝑠𝑢𝑛 − 𝑃𝑜𝑏𝑗 − 𝑃𝑛𝑜𝑛𝑟𝑎𝑑

(S6)

where 𝑃𝑟𝑎𝑑 is the emitted thermal radiation, 𝑃𝑎𝑡𝑚 is the absorbed atmospheric thermal radiation, 𝑃𝑠𝑢𝑛 is
the absorbed solar irradiation, 𝑃𝑜𝑏𝑗 is the radiation transfer between mirrors and emitter, and 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 is
the parasitic heat loss. Among these five heat flow components, four parameters (i.e., Prad , Patm , Pobj and
Pnonrad ) can be calculated by setting the temperature of the emitter. Only Psun is dependent on the actual
sun light illumination condition. Therefore, here we performed a two-step estimation procedure: (1) The
estimation of heat flow components when the emitter was at the stagnation temperature to obtain the
actual Psun , and (2) the estimation of heat flow components when the emitter was at ambient temperature
by considering the Psun from Step (1).
(1) Estimation of heat flow components at the stagnation temperature
We followed the similar procedure in Note S1 to estimate the heat flow components using eq. S6. In this
estimation, we assumed the temperature of the emitter was at stagnation temperature, i.e. the green curve
in Fig. 4d. In this case, the net cooling power of the emitter 𝑃𝑛𝑒𝑡 is 0. Therefore, the absorbed solar
irradiation was estimated by
𝑃𝑠𝑢𝑛 = 𝑃𝑟𝑎𝑑 − 𝑃𝑎𝑡𝑚 − 𝑃𝑜𝑏𝑗 − 𝑃𝑛𝑜𝑛𝑟𝑎𝑑
(S7)
As shown in Fig. 4d, at 10:12 am, the observed ambient temperature, 𝑇𝑎𝑚𝑏 , was 24 °C and emitter’s
temperature, 𝑇𝑑𝑒𝑣 , was 11.6 °C. In this case, the net cooling power 𝑃𝑛𝑒𝑡 was zero.
With these two temperatures (𝑇𝑑𝑒𝑣 and 𝑇𝑎𝑚𝑏), we then estimated the thermal radiation from emitter 𝑃𝑟𝑎𝑑
and absorbed atmospheric radiation 𝑃𝑎𝑡𝑚 using eq. S1 and S2, respectively. The obtained results were
446.5 W/m2 and 212.0 W/m2 , respectively.
In this estimation, we assumed the non-radiative thermal transfer coefficient q to be 10 W/m2 K.
Therefore, the parasitic heat loss 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 can be calculated using eq. S4, which equals to 124.0 W/m2 .
The radiative heat transfer between thermal emitter and mirror 𝑃𝑜𝑏𝑗 was calculated by eq. S3. In this
calculation, the measured mirror temperature 𝑇𝑜𝑏𝑗 , at this moment was 70 °C. In this condition, the
calculated result was 38.4 W/m2 .
Subsequently, the absorbed solar irradiation at this moment was calculated by
𝑃𝑠𝑢𝑛=𝑃𝑟𝑎𝑑−𝑃𝑎𝑡𝑚−𝑃𝑜𝑏𝑗−𝑃𝑛𝑜𝑛𝑟𝑎𝑑=446.5-212.0-38.4-124.0= 72.1 W/m2 . This parameter is only dependent
on the sunlight condition and the optical feature of the system. Then we used this value to estimate the net
cooling power of the emitter at ambient temperature of 24 °C.
(2) Estimation of the heat flow component at ambient temperature
The estimated 𝑃𝑟𝑎𝑑 ,𝑃𝑎𝑡𝑚 ,𝑃𝑠𝑢𝑛 , 𝑃𝑜𝑏𝑗 , 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 when 𝑇𝑑𝑒𝑣 = 𝑇𝑎𝑚𝑏 =24°C were 566.0 W/m2 , 212.0 W/m2 ,
72.1 W/m2 , 33.2 W/m2 and 0 W/m2 , respectively. Consequently, the obtained net cooling power was
calculated by 𝑃𝑛𝑒𝑡 = 𝑃𝑟𝑎𝑑 − 𝑃𝑎𝑡𝑚 − 𝑃𝑠𝑢𝑛 − 𝑃𝑜𝑏𝑗 − 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 = 566.0-212.0-72.1-33.2-0=248.7 W/m2 ,
corresponding to the highlighted sphere in Fig. 4d. Following similar procedures, by replacing the
temperature of the emitter to ambient temperature 𝑇𝑎𝑚𝑏 (i.e. the red line in Fig. 4d), all heat flow
components can be estimated following the same procedure. 𝑃𝑠𝑢𝑛 is extracted by step (1). Therefore, 𝑃𝑛𝑒𝑡
can then be obtained, as plotted by green spheres in Fig. 4d.

Following same two-step procedure, cooling powers of the single-sided system were also estimated, as
plotted by blue spheres in Fig. 4d. For example, at 10:12 am, the observed ambient temperature, 𝑇𝑎𝑚𝑏,
was 24 °C and the temperature of emitter in the single-sided system, 𝑇𝑑𝑒𝑣 ′, was 15 °C. In this case, the
estimated 𝑃𝑟𝑎𝑑′, 𝑃𝑎𝑡𝑚 ′, and 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 ′ were 258.6 W/m2 , 142.9 W/m2 and 90 W/m2 , respectively. As the
result, the absorbed solar irradiation was only 25.7 W/m2 due to the shadow provided by the planar
sunshade. Subsequently, when 𝑇𝑑𝑒𝑣 =𝑇𝑎𝑚𝑏 =24 °C, the estimated 𝑃𝑟𝑎𝑑′, 𝑃𝑎𝑡𝑚 ′, 𝑃𝑠𝑢𝑛 ′, and 𝑃𝑛𝑜𝑛𝑟𝑎𝑑 ′ were
283.5 W/m2 , 142.9 W/m2 , 25.7 W/m2 and 0 W/m2 , respectively. Therefore, the obtained net cooling
power was 114.9 W/m2 .
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