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Highlights

A photothermal coating with

visible transmittance of 82% and

UV and NIR absorption of 90%

Surface temperature raised by up

to 38�C under 1-sun illumination

Remarkable antifogging and

defogging abilities under natural

sunlight

Facile, low-cost, all-solution-

based process suitable for

scalable manufacturing
Li et al. report a transparent selective photothermal coating that selectively

transmits visible light and absorbs UV and NIR light. The photothermal coating can

be coated on a variety of substrates, including flexible and curved surfaces at large

scale, and exhibits notable antifogging and defogging with long-term durability.
Li et al., Cell Reports Physical Science 2, 100435

May 19, 2021 ª 2021 The Author(s).

https://doi.org/10.1016/j.xcrp.2021.100435

mailto:mebhuang@ust.hk
mailto:meshyao@ust.hk
https://doi.org/10.1016/j.xcrp.2021.100435
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2021.100435&domain=pdf


ll
OPEN ACCESS
Article
Transparent selective photothermal
coatings for antifogging applications

Weihong Li,1,2,5 Chongjia Lin,1,5 Wei Ma,1 Yang Li,1 Fuqiang Chu,3 Baoling Huang,1,4,*

and Shuhuai Yao1,6,*
SUMMARY

Surface fogging reduces light transmission of optically clear materials
and causes various problems in daily life. Transparent photothermal
materials have recently emerged as an eco-friendly and sustainable so-
lution to surface fogging. However, most reported photothermal ma-
terials only exploited the broadband spectrumof solar energy, and the
spectral feature has yet to be tuned to optimize the visibility and pho-
tothermal effect simultaneously. Here, we develop a highly trans-
parent, photothermally selective coating, based on solution-processed
cesium-doped tungsten trioxide nanoparticles. The transparent selec-
tive photothermal coating provides a visible transmittance up to 82%
and a high absorption of ultraviolet and near-infrared light >90%, and
achieves a temperature increase by 38�C under 1-sun illumination, re-
sulting in remarkable antifogging and defogging abilities under
extremely frigid or humid conditions. Large-scale complex surfaces
with photothermal coatings are deployed in field antifogging tests as
well as long-term durability tests, showing their great potential in anti-
fogging applications.
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INTRODUCTION

Surface fogging is a common phenomenon occurring at temperatures below the

dew point when vapor condenses on surfaces and forms tiny water droplets with di-

mensions on the order of visible light wavelengths.1 As a result, these tiny droplets

induce multiple light refraction through air and water, and scatter transmitted rays in

all directions, rendering a translucent surface.2 This phenomenon usually leads to

blurred views and loss of optical transparency, affecting transparent or reflective sur-

faces, such as windows, windshields, mirrors, sea masks, eyeglasses, and safety gog-

gles.3 Moreover, for greenhouses and photovoltaic panels that operate in outdoor

conditions, fogging is more likely to occur due to changes in weather and may

lead to significantly reduced optical properties and deteriorated performance.4,5

Current antifogging strategies are mainly categorized into passive and active

methods. The passive methods exploit the surface wetting properties, namely

superhydrophobic (SHO) and superhydrophilic (SHI), to suppress or prevent surface

fogging. Although SHO surfaces may induce droplet jumping,6,7 nanoscale droplets

formation is evitable as a result of nucleation such that their optical transparency still

cannot be preserved.8–10 SHI surfaces facilitate water spreading to retain optical

transmission,11–13 but still suffer from durability and water inundation that causes

distortions.14 Active methods (e.g., electric heating) are more reliable and widely

used.15 A variety of transparent heaters have been developed to raise the surface

temperature and prevent fogging on surfaces.16 Electric heaters require external po-

wer input that is highly energy inefficient, however.17,18
Cell Reports Physical Science 2, 100435, May 19, 2021 ª 2021 The Author(s).
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One promising strategy is to use photothermal coatings that harness solar energy as

heat in assisting water evaporation and removal.19 A broad variety of photothermal

coatings have been developed for catalysis,20 desalination,21 and anti-icing/deicing

applications.22–24 Most solar absorbers, including black oxides,25 plasmonic nano-

particles,26,27 cermet absorbers,22 and carbon-based materials,23,24 were designed

to absorb the full spectrum of solar energy but allow no transmittance of visible light.

However, for applications on windows or glasses where optical transparency is de-

manded to a great extent, photothermal coating is required to provide substantial

visible light transmission as well as photothermal conversion for heating. Recently,

efforts have been made to develop transparent photothermal coatings by engineer-

ing photonic metamaterials28,29 andmultilayer thin-film structures.19,27 Plasmon res-

onances in these metallic nanostructures are damped radiatively or nonradiatively

via Landau damping,30 leading to rapid localized heating of the nanoparticles31,32

and surface temperature increase. Despite significant advances, these reported

transparent photothermal materials still have several limitations. First, spectral

selectivity has not been tuned to attain an appropriate balance between visible

transparency and solar absorption. Previous solar absorbers either showed low

visible transmittance19,27 or generated low temperature increase28,33 upon illumina-

tion. Consequently, the effectiveness for antifogging and defogging19 was quite

limited. A distinct spectral selectivity—in other words, high visible light transmission

and high absorption of ultraviolet (UV) and near-infrared (NIR) light—is required for

an ideal transparent photothermal coating. Second, most transparent solar ab-

sorbers were constructed of costly noble metals, such as gold19,26–28 and silver,34,35

and were fabricated by layer-by-layer deposition19,26,27 and lithographically

patterning,12,28 which have poor scalability that limits their large-scale deployment.

Lastly, wetting properties have not been taken advantage of for enhancing antifog-

ging and defogging abilities,36 when integrating with the solar absorbers. There-

fore, it is highly desirable to design a scalable manufactured, highly transparent,

photothermally efficient coating for antifogging and defogging applications.

In this work, we developed a transparent selective photothermal coating by embed-

ding cesium-doped tungsten trioxide (CWO) and benzotriazole (BTA) nanoparticles

(NPs) into a thin resin film. Instead of indiscriminately absorbing the full spectrum of

solar energy, the compositions of the coating materials realize a near-perfect spec-

tral selectivity: high absorption of UV by BTA and NIR by CWO, and concurrently,

high transmittance of visible light. Moreover, the transparent selective photothermal

coating can be easily fabricated by facile and scalable solution-based approaches

such as spin or spray coating. By varying the mass fraction of CWO NPs in the

film, we may tune the visible transmittance and solar absorption. As a result, the

transparent selective photothermal coating provides a visible transmittance of up

to 82% and an absorption of UV and NIR of >90%. Owing to the high efficiency of

solar thermal conversion, the absorber temperature could be raised by 38�C under

1-sun illumination. We demonstrated the remarkable antifogging ability of the pho-

tothermal coating on arbitrarily curved and large-scale substrates. Moreover, the

photothermal coating also showed excellent long-term durability in various harsh

chemical corrosion and mechanical abrasion tests.
RESULTS

Design and fabrication

We designed a transparent selective photothermal coating comprising CWO NPs

and BTA NPs embedded in acrylic resin (Figure 1A). The original compound tung-

sten trioxide (WO3) is a wide-band-gap material that hardly blocks visible and NIR
2 Cell Reports Physical Science 2, 100435, May 19, 2021



Figure 1. Mechanism and characterization of transparent selective photothermal coating

(A) Schematic showing the designed working principle of the coating. UV is absorbed by benzotriazole (BTA) UV absorber NPs, visible light is

transmitted, and near-infrared light is absorbed by the plasmonic resonance effect.

(B) Cross-sectional SEM image of the as-fabricated coating.

(C) Transmittance (T) and absorption (A) spectra of the coating with various wt% of CWO NPs.

(D) Spatial temperature distribution of the coating with wt% = 10% (AM 1.5 G, 1 kW m�2).

(E) Temperature responses of the coating with various wt% under 1-sun illumination. Air temperature Tair = 22.7�C.
(F) Comparison of the visible transmittance and temperature rise of our and reported photothermal coatings.
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light.37 When the cesium ions (Cs+) are inserted into the crystal lattice of the WO3 by

charge-compensating electrons, the CWO NPs show efficient NIR absorption

through localized surface plasmon resonances (photon energy near 0.7 eV) and a

small polaron absorption mechanism (photon energy near 1.4 eV),38,39 resulting in

substantial heat generation. The BTANPs convert UV into heat, preventing the poly-

mer from the aging problem under sunlight. With such an exceptional spectral selec-

tivity, the transparent selective photothermal coating not only allows visible light to

transmit but also effectively absorbs both UV and NIR, which account for 56% of the

incident solar energy.

We developed a solution-based process to fabricate the transparent selective pho-

tothermal coating. Briefly, a mixed solution of colloidal CWO and BTA NPs and

acrylic resin was spin-coated on a glass substrate (see Sample preparation). The

cross-sectional scanning electron microscopy (SEM) image (Figure 1B) shows the se-

lective photothermal coating on the substrate. To investigate the effect of the

amount of CWO NPs in the mixture, we varied the mass fraction wt% of CWO

NPs. Figure 1C shows the transmittance spectra (T) and absorption spectra (A) of

three samples with different mass fractions of CWO NPs. The samples show an

exceptional spectral selectivity (i.e., strongly absorbing the UV and NIR while trans-

mitting most of the visible light). Quantitatively, the mean solar absorptances (see

Surface characterization for calculation) of the samples were 40.3%, 63.3%, and

66.9%, and visible transmittance values of Tv were 82.6%, 71.2%, and 66.3% for
Cell Reports Physical Science 2, 100435, May 19, 2021 3
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wt% = 4%, 10%, and 16%, respectively. We further characterized the heating

behavior of the transparent selective photothermal coating under solar illumination

(see method details). The sample was heated uniformly under a solar simulator,

which supplied 1-sun illumination of 1 kWm�2 (Figure 1D). In Figure 1E, the temper-

atures of samples were raised rapidly within 3 min upon illumination and reached a

plateau up to 61�C. After the light turned off, the temperatures dropped back to

room temperature. The samples with wt% = 10% and 16% achieved a temperature

increase DT of 38�C. We characterized the spectrum and temperature response of

photothermal films of different film compositions and thickness (Notes S1 and S2).

Compared to previous transparent photothermal coatings19,26–28,33 (Figure 1F),

our samples simultaneously improved the visible transmittance and temperature in-

crease. In particular, the temperature increase was increased by 2- to 3-fold. More

importantly, the spectral selectivity of the coating can be tuned to meet the real

application demands by adjusting the mass fraction of CWO NPs.

Antifogging

The photothermal effect of the coating can be exploited to inhibit the formation of

condensed fog or accelerate fog evaporation in the antifogging or defogging pro-

cesses. Antifogging is preferable in many practical applications, particularly for out-

door eyewear and window shields, which may be exposed to humid conditions or

cold ambient conditions. With the solution-processed fabrication method, the trans-

parent selective photothermal coating is compatible with arbitrarily curved sub-

strates and can be applied by painting, spray coating, or spin coating techniques,

opening the possibility of large-scale roll-to-roll processing. To demonstrate these,

we coated the transparent selective photothermal films on large-scale and curved

substrates and tested their antifogging abilities under natural sunlight. A plain glass

substrate of 103 10 cm2 with the photothermal coating (Figure 2A) was tested under

natural sunlight. Another plain glass substrate of the same size was used as the con-

trol sample. We performed the antifogging experiments using a homemade cold

chamber (Figure S4; Note S3), which simulated a fogging scenario in which there

was a steep drop in surface temperature (e.g., windows in a cold climate). The test

samples were exposed to sunlight on one side and cooled by the cold air in the

cold chamber on the other side. The air temperature of the chamber was retained

at �15�C, and the solar irradiance was 900 W m�2. After 20 min, the surface of the

control sample was covered with densely packed droplets, scattering the light,

and completely losing the visibility (Figure 2B). In striking contrast, the photothermal

sample remained transparent and condensate-free (Figure 2C), thanks to efficient

photothermal heating. Another antifogging experiment was performed subject to

hot vapor spraying (e.g., in a high humidity environment). A pair of safety goggles

and a 30 3 30 cm2 plain glass were prepared by spray coating (see Figure S5;

Note S4) with half as the testing sample and the other half as the control sample.

On the safety goggles, the right lens was blurred from condensing water film, while

the left lens still maintained a clear view (Figure 2D). The corresponding IR image

shows that the left lens nearly approached 60�C, while the right lens remained at

ambient temperature (Figure 2E). Similar antifogging performance was observed

with the large-scale glass (Figure 2F), manifesting the excellent antifogging ability

of the photothermal coating on versatile surfaces of various shapes and dimensions.

We further built a solar-thermal coupledmodel to predict the ability of photothermal

conversion to induce antifogging under various environmental conditions and with

different solar absorption properties of the photothermal coating (Note S5). We

considered cold and warm environmental conditions, and varied the external tem-

perature and relative humidity (Te and RH), solar absorption a, and solar intensity

I, as shown in the model scheme (Figure S6). To validate the prediction model, we
4 Cell Reports Physical Science 2, 100435, May 19, 2021



Figure 2. Antifogging tests and performance diagram

(A) A 10 3 10 cm2 transparent selective photothermal coating fabricated on a glass substrate. The mass fraction wt% of CWO NPs is kept at 10%.

(B and C) Outdoor antifogging test of the large-scale (B) control and (C) photothermal samples using a homemade freezing chamber. The solar intensity

was 0.9 kW m�2. The ambient temperature and relative humidity (RH) were 30�C and 73%, respectively.

(D and E) Antifogging demonstration (D) and (E) temperature response of a pair of safety goggles (left side: treated, right side: untreated) under a

natural solar intensity of 0.9 kW m�2.

(F) Anti-fogging demonstration of a 30 3 30 cm2 glass substrate (left side: untreated, right side: treated) under a natural solar intensity of 0.65 kW m�2.

Performance diagrams of the antifogging and fogging regions under varying environmental parameters and solar intensities, with experimental results

in makers.

(G) Te versus I for cold ambient conditions, with Ti = 30�C, RHi = 65%, a = 0.62.

(H) RHe versus I for warm ambient conditions, with Te = 30�C, Ti = �10�C, a = 0.62.

(I) Iso-a lines indicate boundaries of fogging and antifogging regions for cold ambient conditions of various RHi and Te, with Ti = 30�C, I = 0.7 kW m�2.
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performed antifogging experiments in an industry-standard environmental control

laboratory (Figure S8), where we could set the environmental conditions. Antifog-

ging and fogging regions are illustrated in Figures 2G and 2H, and experimental

data are plotted as markers, indicating fairly good agreement with themodel predic-

tions. The workability of the photothermal coating is strongly related to the environ-

mental conditions and solar absorption property. The dew point is determined by

temperature and humidity, and the photothermal heating can be adjusted by a or

I. As indicated in Figures 2G and 2H, no fogging occurs when the surface tempera-

ture is above the dew point at specified conditions. Contrastively, the photothermal

coating elevates the surface temperature to provide substantial antifogging ability,
Cell Reports Physical Science 2, 100435, May 19, 2021 5



Figure 3. Defogging tests under 1-sun illumination

(A and B) Image sequences of defogging of (A) control surfaces of different wetting properties and (B) photothermal surfaces of different wetting

properties.

(C) Comparison of the defogging time tdf for 6 samples. The center line denotes the median value (50th percentile), while the box contains the 25th–75th

percentiles of the dataset. The whiskers mark the 5th and 95th percentiles.

Scale bars (A and B): 1 cm.
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as depicted by the greatly enlarged antifogging regime. Moreover, the model can

be used as a tool to design photothermal coatings for different antifogging sce-

narios. For example, for a specific environmental condition (e.g., RHi and Te in Fig-

ure 2I), considering a typical solar radiation of building windows of I = 0.7 kW m�2,

one can accordingly choose a critical a, above which the photothermal coating can

resist fogging. In general, based on our experimental andmodeling results, our pho-

tothermal coating properties can be tuned to cope with fogging in common weather

conditions.

Defogging

By harnessing solar energy and turning it into heat, the photothermal coating ele-

vates the substrate temperature and inhibits the fog condensation. However, fog

is more likely to occur in conditions without sunlight. When there is sunlight, the pho-

tothermal coating is expected to effectively evaporate the condensates and reduce

the defogging time. Before proceeding to defogging tests, we evaluated the evap-

oration time of a single droplet on the photothermal surfaces with modified wetting

properties, which are expected to have distinct water droplet contact angle and heat

transfer area between the surface and droplets. As shown in Figure S9 (Note S7)

compared to the untreated surface, the total evaporation time of the droplet on

the photothermal surfaces is reduced at least by 8-fold. Moreover, the SHI photo-

thermal surface performs the best because droplets on a hydrophilic surface with

a smaller contact angle have a much faster evaporation rate due to their large con-

tact area. Subsequently, we conducted a defogging experiment that is more rele-

vant to real fogging conditions. The experimental setup we used is shown in Fig-

ure S10 (Note S8), in which two groups of samples—control and photothermal—

were tested in defogging experiments. For the control group (Figure 3A), regardless

of wetting properties, the defogging times of the 3 samples were�260 s. At t = 10 s,

the control SHO sample exhibited a layer of closely packed condensing droplets,

which reflected and scattered incident light and reduced transmission. In contrast,

fogging behavior was less intense on the control untreated surface and control

SHI surface. Although initial fogging states differed, the defogging periods of
6 Cell Reports Physical Science 2, 100435, May 19, 2021
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different wetting surfaces ended at �260 s, indicating that the total droplet evapo-

rating times of the 3 samples were roughly similar. When fogging occurred on sur-

faces, droplets of different sizes condensed on surfaces with different wetting prop-

erties, and then droplet evaporation occurred in the next defogging stage, as shown

by the evolution of microscopic droplet morphology on different surfaces (Fig-

ure S11; Note S9). On the SHI surface, water films with an average size >200 mm

formed and contacted with the substrate closely. In contrast, water droplets

condensing on the SHO substrate showed an average size of �20 mm. Although

evaporating at a slower rate, water droplets on the SHO surface were in smaller vol-

umes, resulting in an evaporation time comparable to that of water films on the SHI

surface. Combining photothermal effect and wetting properties (Figure 3B), the de-

fogging timewas shortened significantly by up to 4-fold. This reduction in defogging

time is significant compared to the work of Walker et al.,19 in which a 25% reduction

was achieved by using multilayer plasmonic metasurfaces with a weak spectral selec-

tivity. Figure 3C shows the defogging time (tdf) of 6 different samples in 7 repeated

measurements. The plot indicates that all of the photothermal surfaces attain a 4-

fold reduction in tdf compared to the control surfaces. Surprisingly, in combination

with the photothermal effect, the wetting properties have a minimal influence on tdf.

Optical characterizations during defogging

The photothermal effect dominates the defogging duration in the defogging test,

while the wetting properties seemed not to contribute much. However, the effects

of photothermal effect andwetting properties on the optical properties, such as light

transmission and scattering and light-droplet interactions during defogging remain

unclear. Therefore, we conducted real-time monitoring of both light transmission

and image distortion during the defogging period. Experimental setups for real-

time monitoring of transmission and image distortion analysis and captured micro-

scopic images during defogging are shown in Figures S10 and S11, respectively.

Light transmission is normalized to the incident light intensity without any fog on

the substrate. The level of image distortion is evaluated through the correlation co-

efficient, which has a scale of 0–1, ranging from completely no correlation to

completely matching the 2 images. Values of correlation coefficient >0.95 corre-

spond to distortion-free behavior, while those <0.5 correspond to unacceptably

poor visual clarity. Figures 4A and 4B show the normalized light transmission and cor-

relation coefficient versus time of various samples. For control surfaces without pho-

tothermal coatings (Figure 4A), high transmission values were constantly observed

for the SHI sample, while an initial sharp drop in transmission occurred for the SHO

and untreated samples, followed by a recovery to unity after t = 200 s. The high trans-

mission on the SHI sample was because a condensed water layer with a low refractive

index (nwater z 1.33) formed on the glass substrate (nglass z 1.5) and promoted the

transmission via an antireflectionmechanism. In contrast, the low transmission on the

SHO and untreated samples was due to densely packed water droplets that covered

the surface and scattered the incident light in all directions. We noticed that the SHI

sample showed the highest correlation coefficient or lowest image distortion for

much of the defogging period as a result of the highly transmissive covering water

film. For those samples with the photothermal coating, the transmission recovery

time was significantly shortened for both SHO and untreated samples (Figure 4B)

because the photothermal heating, rather than natural evaporation, accelerated

the evaporation of condensates on sample surfaces. Throughout the defogging

period, the SHI sample showed the highest correlation coefficient, while the SHO

and untreated samples showed severe image distortion. We summarized the trans-

mission recovery time ttr (normalized transmission recovered back to 1) of 6 different

samples in Figure 4C. The SHI sample showed dramatically lower values of ttr, while
Cell Reports Physical Science 2, 100435, May 19, 2021 7



Figure 4. Optical characterization and simulation

(A and B) Real-time monitoring of the normalized transmission and correlation coefficient for (A) control samples and (B) photothermal samples.

(C) Comparison of the transmission recovery time (ttr) for 6 samples. The center line denotes the median value (50th percentile), while the box contains

the 25th–75th percentiles of the dataset. The whiskers mark the 5th and 95th percentiles.

(D–F) Schematic showing the light-droplet interaction and optical simulation results showing the far-field light intensity for (D) the untreated surface, (E)

the SHO surface, and (F) the SHI surface.
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SHO and untreated samples provided roughly similar values of ttr. Therefore, consid-

ering both transmission recovery and distortion, the SHI sample outperformed the

SHO sample. To explain the transmission difference associated with wetting proper-

ties, we simulated the light-droplet interactions of visible light (500 nm) through

finite-difference time-domain (FDTD) solutions (see ‘‘optical simulation‘‘ and Note

S10). Figures 4D–4F illustrate the schematic representations of light paths and far-

field light distributions on the top surface of untreated, SHO, and SHI surfaces,

respectively.When a light ray passes through the center of the SHI surface (Figure 4F),

it remains nearly focused at the center because almost no light scatters through the

water film, which explains why the normalized transmission is close to unity. On the

SHO surface (Figure 4E), wide range scattering is observed in the far-field distribu-

tion, indicating light scattering in all directions through a more spherical droplet

and therefore lowest transmission. On the untreated surface (Figure 4D), light scat-

tering is weaker than that of the SHO because the droplet is more spread out, and

therefore the scattering distribution is narrower than SHO.

Durability

In real-world antifogging applications, coatings may be exposed to harsh environ-

mental conditions, such as UV irradiation, chemical corrosion, or mechanical
8 Cell Reports Physical Science 2, 100435, May 19, 2021



Figure 5. Durability tests of samples with transparent selective photothermal coating

Solar absorption (A) and visible transmission (Tv) of samples (A) exposed to UV irradiation, (B) exposed to elevated temperatures to 65�C, (C) immersed

in 2 M HCl solution, (D) immersed in 2 M NaOH solution, (E) exposed to tissue abrasion, and (F) IR images before (top) and after (bottom) tissue abrasion

and liquid jet impingement. See also Video S1.
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abrasion, which may deteriorate the antifogging ability. We therefore examined the

long-term mechanical and chemical durability of the transparent selective photo-

thermal coating. We conducted several durability tests, including UV irradiation sta-

bility (for 30 days) (Figure 5A), the thermal stability (65�C for 30 days) (Figure 5B), the

resistance to chemical corrosion (immersion in 2 M HCl solution (Figure 5C) and 2 M

NaOH solution (Figure 5D) for 30 days), and the tissue abrasion tests (Figure 5E). The

transparent selective photothermal coating was found to maintain solar absorption

and visible transmittance under the harsh conditions without degradation. We

further characterized the thermal properties of the testing samples before and after

durability tests (Note S11). The photothermal efficiency and defogging time re-

mained unchanged after the durability tests, indicating the robustness and durability

of the photothermal films in various extreme environments. In addition, we

compared the temperature distribution of the safety goggles under solar illumina-

tion before and after water jet impingement test and tissue abrasion test (Video

S1). The IR images indicate similar temperature distributions and prove the dura-

bility and robustness of the photothermal coating.
DISCUSSION

We developed a transparent selective photothermal coating that selectively

transmits visible light and absorbs UV and NIR light for antifogging and defogging

applications. Exceptional photothermal conversion resulted in a surface tempera-

ture increase by up to 38�C under 1-sun illumination. Concurrently, the visible trans-

mittance achieved a remarkable value of 83%, which is expected tomeetmost visibly

transparent scenarios. The transparent selective photothermal coating can be

coated on a variety of substrates, including flexible and curved surfaces in a large-

scale and feasible manner and exhibits remarkable antifogging and defogging abil-

ities under natural sunlight. Furthermore, the balance of the visible transmittance

and photothermal conversion can be tuned to cope with environmental conditions

and application demands. Owing to the properties of high transparency and
Cell Reports Physical Science 2, 100435, May 19, 2021 9
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photothermal efficiency, manufacturing scalability, eco-friendliness, and robustness

and durability, our transparent selective photothermal coating has great potential

for viable antifogging applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and procedures should be directed

to the lead contact, Prof. Shuhuai Yao (meshyao@ust.hk).

Materials availability

This study did not generate new unique materials.

Data and code availability

All of the data supporting the findings of this study are presented within the article

and supplemental information. All other data are available from the lead contact

upon reasonable request.

Sample preparation

Plain glass slides (SAIL BRAND) with dimensions of 75 3 25 3 1.4 mm were cut into

25 3 25 mm square specimens, which were used as substrates for subsequent sam-

ple preparation. Plain square specimens were cleaned in acetone (99.5%, Scharlau

Chemicals) by sonication for 20 min, followed by deionized (DI) water rinse and dry-

ing using N2. In total, we prepared two groups—control samples and photothermal

samples and large-scale samples—using the following procedures.

The cleaned glass substrates were stored in a dust-free environment with an ambient

temperature of 23�C and RH of 60%. One cleaned glass was used as the untreated

control sample. For the SHI control sample, the cleaned glass substrates were

treated with oxygen plasma (PDC-32G, Harrick Scientific Products) for 2 min at

150 mTorr to obtain superhydrophilicity. The plasma treatment was conducted

within 1 h before the testing experiments. For the SHO control sample, the cleaned

glass substrates were spin coated with a colloidal suspension of 30-nm diameter hy-

drophobic silica beads (Glaco Mirror Coat Zero; Soft99) dispersed in isopropanol,

and then baked at 150�C for 20 min. The spin-coating and baking processes were

repeated three times to provide a homogeneous coating.

CWO nanoparticles of 7 nm diameter (TPK Material Solutions) were dissolved in

ethanol (99.5%, Scharlau Chemicals), followed by sonication for 1 h and a high-en-

ergy ball milling process for 10 h to obtain a well-dispersed colloidal CWO solution

(20 wt%). The colloidal CWO solution was mixed in an acrylic resin with 5 wt% BTAs

UV absorbing NPs (Aladdin Bio-Chem Technology). The mixing ratio of the CWO so-

lution and the acrylic resin was varied at 2:8, 5:5, and 8:2 by weight. The prepared

mixture was spin coated on the cleaned glass substrate at 2,000 rpm for 1 min

and placed in a dry oven at 25�C for 12 h to allow the acrylic resin to solidify, forming

a CWO film on the substrate. The prepared sample was denoted as the untreated

photothermal sample. For the SHI photothermal sample, we treated the untreated

photothermal sample with oxygen plasma. For the SHO photothermal sample, we

followed the procedure of SHO treatment.

Two plain glass substrates (one with a dimension of 100 3 100 3 1.4 mm and the

other with a dimension of 300 3 300 3 8 mm) (Fuyao Glass Industry Group) and a

pair of safety goggles (Educational Innovations) were first cleaned with acetone
10 Cell Reports Physical Science 2, 100435, May 19, 2021
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and DI water. Next, the CWO solution was sprayed onto the plain glass substrates

and one lens of the safety goggles with a commercial ultrasonic spraying machine

(UC330, Siansonic Technology) (Note S4).
Sample characterization

The cross-sectional image of the CWO film was obtained with SEM (JSM-7100,

JEOL). The UV-visible-NIR (0.3–2.5 mm) transmittance (T) and absorption (A) spectra

of the CWO film were measured using a spectrometer (Lambda 950, PerkinElmer)

equipped with a 150-mm integrating sphere.

The mean solar absorption is calculated as follows40:

Amean =

R 3:0mm

0:3mm AðlÞEsolarðlÞdl
Isolar

(Equation 1)

where A(l), Esolar(l), and Isolar are the spectral absorption, spectral solar power (AM

1.5 G), and total solar radiation (AM 1.5 G, 1 kWm�2), respectively. The visible trans-

mittance is calculated as41

Tv =

R 0:78mm

0:38mm fðlÞTðlÞdl
R 0:78mm

0:38mm fðlÞdl
(Equation 2)

where f(l) and T(l) are standard luminous efficiency for vision and spectral transmit-

tance, respectively. For the temperature response measurement, a solar simulator

(Oriel Sol2A, Newport) was used to provide standard and stable 1-sun power

(1 kW m�2), and T-type thermocouples were used to measure the steady-state tem-

perature and were connected to a data acquisition device (NI 9213, National Instru-

ment) for data recording. Contact angles of samples were measured using a Station

Contact angle meter (Biolin Theta). The volume of water droplets was 5 mL. The ob-

servations of the defogging period under the microscopy were performed using an

upright microscope (Olympus IXplore Standard), with a 103 objective and a 603

objective in a bright-field configuration.
Antifogging experiments

We carried out antifogging experiments to characterize the antifogging abilities of

various samples. Wemanufactured a homemade cooling chamber. The test samples

were exposed to sunlight on one side and cooled by the cold air in the freezing

chamber on the other side. The freezing chamber was cooled by pumping liquid ni-

trogen into heat exchangers in the chamber and maintained at �15�C by a propor-

tional-integral-derivative (PID)-controlled switch with a solenoid valve (SMCG 1/8

VT307) connected to a NI card (USB-6003, National Instrument). The ambient tem-

perature and RH were 30�C and 65%. For the safety goggles and 30 3 30 cm2 large-

scale sample, we adopted the hot-vapor method to characterize the antifogging

ability. The samples were exposed to natural sunlight and put 5 cm above hot water

(80�C and 100% RH) for 15 s and then photographed. The solar irradiation was

measured by a solar power meter (ISM410, Iso-Tech) that has a spectral range of

400–1,100 nm and an accuracy of 10 W m�2.

For the validation of the model, we performed the anti-fogging tests in the standard

environment-controlled laboratory (Figure S8; Note S6) using the homemade cool-

ing chamber. We adjusted the chamber temperature from �20�C and 20�C, the lab

room temperature from 15�C and 35�C, and the lab room humidity from 20% and

90%. We used 3 samples with the solar absorption a = 0.49, 0.62, and 0.72. We

also adjusted the solar intensity from 0 to 1 kW m�2 by using a broadband xenon
Cell Reports Physical Science 2, 100435, May 19, 2021 11
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lamp (BBZM-I, Bobei Lighting Electrical Appliance Processing Factory) as a solar

simulator because the energy distribution of the broadband xenon lamp is similar

to that of sunlight. In addition, the surface temperature of the lamp is close to the

room temperature, and thus the mid-infrared radiation from the lamp is negligible.

Single-droplet evaporation experiments

We concurrently obtained image sequences of a droplet (side view) and surface tem-

perature (top view) with a complementary metal oxide semiconductor (CMOS) cam-

era and an IR camera (FLIR SC7700, the spectral range of 1.5–5.1 mm), respectively

(Figure S9; Note S7). We focused a broadband xenon lamp on the test samples to

provide a power density of 1 kW m�2. The test samples were fully irradiated by

the solar simulator to reduce heat diffusion and provide a uniform spatial tempera-

ture distribution. After irradiating a test sample until the temperature reached a

steady state, we placed a 50-mL water droplet on the test sample. Concurrently,

we imaged the droplet evaporation period with the CMOS camera from a side-

view perspective. We calibrated the emissivity of the control samples and photother-

mal samples by using a hot plate whose temperature range covers 50�C above the

ambient temperature. The emissivity of the control samples and the photothermal

samples was estimated to be 0.93 and 0.97, respectively. Moreover, a standard

emissivity of ε = 1 was assumed for the water droplets. The single-droplet evapora-

tion experiments were conducted in an environment with T = 23�C and RH = 62%.

Defogging experiments

We conducted the defogging experiment with a setup as depicted in Figure S10

(Note S8). The defogging experiment was composed of 3 sub-experiments

including (1) defogging time measurement, (2) real-time monitoring of transmission,

and (3) image distortion analysis. To measure the defogging time, we cooled the

samples in a freezing chamber at 0�C for 20 min and then transferred them to the

defogging holder in an environment with T = 23�C and RH = 62%. The transferring

time was controlled for 20 s to form a layer of fog on the test samples. Then, we

turned on the solar simulator to provide illumination at a power density of 1 kW

m�2. We recorded the sample images until the condensates completely evaporated

and measured the defogging time. Seven runs of experiments were conducted for

each sample. To better visualize the microscopic evaporation process, we trans-

ferred test samples onto a microscope, exposed samples to illumination at a power

density of 1 kW m�2, and recorded the evaporation process of control and photo-

thermal samples with wetting properties (Figure S11; Note S9). The same experi-

mental procedures and conditions were used in other experiments. To monitor

the transmission through the samples, we recorded the visible light transmission

data using a light meter (TES 1339, TES Electrical Electronic Corp.) until the conden-

sates completely evaporated. To analyze the image distortion, we used a resolution

test target (USAF 1951, Thorlabs) as a test image. After transferring the samples to

the defogging holder, we took a video of the test target. Photographs were ex-

tracted from the video at several specific times and referenced as target images. Af-

ter condensates completely evaporated, another photograph was taken as a refer-

ence image. Distortion image analysis42 was conducted by examining pixel

intensity array subsets on two corresponding images (reference and target images),

extracting the deformation mapping function, and obtaining a correlation coeffi-

cient. We conducted the distortion image analysis with ImageJ software (NIH).

Durability tests

We performed a series of durability tests to demonstrate the robustness of the trans-

parent selective photothermal coating, including UV irradiation stability, the thermal
12 Cell Reports Physical Science 2, 100435, May 19, 2021



ll
OPEN ACCESSArticle
stability, the resistance to chemical corrosion, and the tissue abrasion tests. To test

the UV irradiation stability, we exposed the sample to UV irradiation (model CL1000,

equipped with five 8-W Hitachi F8T5-BL UV lamps with peak intensity at 366 nm

wavelength) for 30 days and measured the solar absorption and visible transmit-

tance every 3 days. Thermal stability tests were performed by placing the sample

on a constant temperature thermal plate at 65�C for 30 days and periodically

removing the sample to measure the solar absorption and visible transmittance.

The chemical corrosion tests were performed by immersing 2 samples in 2 M HCl so-

lution and 2 M NaOH solution for 30 days separately and periodically removing the

sample to measure the solar absorption and visible transmittance. When performing

the durability test with 2 M NaOH solution, we coated a very thin protective layer of

polydimethylsiloxane (PDMS) on top of the CWO film. The protective layer had no

influence on the photothermal efficiency and antifogging performance. The tissue

abrasion tests were conducted by using tissue from Kimwipes to abrase the sample

for 370 cycles and periodically removing the sample to measure the solar absorption

and visible transmittance. We also conducted the water jet impingement test and

the abrasion test with the safety goggles. We recorded the spatial temperature dis-

tribution of the safety goggles using an IR camera before the durability tests. During

the water jet impingement test, we provided a water jet at a speed of 3 m/s for 1 min.

Next, we conducted the abrasion test with hands and tissues. After durability tests,

we measured the spatial temperature distribution again and compared it with the

measurement before the durability tests.

Antifogging model

We established a solar-thermal conversion model to predict the antifogging per-

formance diagram. Two scenarios—warm and cold environmental conditions—

were simulated, and parameters including the Te and RH, solar absorption a,

and solar intensity I, were varied in the modeling. More details of the model can

be seen in Note S5.

Optical simulation

FDTD solutions (Lumerical) were used to simulate the scattering and transmission

behaviors of different wetting surfaces. The input droplet contact angles, sizes,

and periodicities were obtained by statistical analysis of photographs during the de-

fogging process (see Figure S12A). We took the droplet morphologies at t = 45 s as

input for the simulation models. The untreated surface has a contact angle (CA) of

58�, and droplets of diameter 6 mm were used in the simulation. The SHO surface

has a CA of 161� and droplets of diameter 6.4 mm were used in the simulation. For

the SHI surface, although it has a CA of 18�, the water films have an average size

larger than 200 mm, and therefore a thin film was used for simulation. For the scat-

tering in far-field, upper and lower surfaces with droplets were simulated separately

(see Figure S12B). All of the boundaries were set as perfectly matched layer (PML)

conditions and the forward far-field light distribution was achieved by projecting

the forward field profile monitor. For the transmission, upper and lower surfaces

were simulated together in one model. The periodic boundary was set for the side

boundaries, while the PML boundary was set for forward and backward boundaries.

Symmetric and asymmetric positions of droplets were both simulated, and the

average value between them was used to calculate the integrating transmission in

the cone angle of 20�, which was the collecting angle of the light meter in the trans-

mission measurement. By applying a plane wave in the models and projecting the

near-field electric distribution to far-field, scattering behaviors of the untreated,

SHO, and SHI surfaces were obtained. We validated the simulation accuracy by

comparing simulating transmission with experimental data (see Figure S12C).
Cell Reports Physical Science 2, 100435, May 19, 2021 13
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