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Photoluminescent radiative cooling for 
aesthetic and urban comfort
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Wei Li    3   & Chi Yan Tso    1 

Passive radiative cooling offers a sustainable solution to reduce carbon 
emissions in space cooling by simultaneously reflecting sunlight and 
emitting thermal radiation. However, the super-white property of 
conventional passive radiative cooling materials poses challenges for 
large-scale urban applications by conflicting with aesthetic requirements 
and neglecting impacts on urban microclimate and pedestrian thermal 
and visual comfort. Here inspired by the biological photoadaptation of 
coral, we present photoluminescence-based aesthetic composites as 
innovative urban skins that harness the enhanced light conversion of 
rare-earth-doped phosphors while decoupling from light-scattering-based 
whiteness, providing cool colours with improved urban compatibility. These 
composites demonstrate effective spectral reflectance of over 100% and 
peak reflectance up to 141% in their emission regions, despite a moderate 
overall solar reflectance (90.2–93.2%). With vivid yet angle-insensitive 
green, yellow and red appearances, the composites achieve subambient 
temperature reductions of 2.2–3.7 °C compared with ambient air and 
6.1–7.9 °C relative to their non-photoluminescent counterparts. Moreover, 
their moderate whiteness alleviates excessive thermal and visual stress 
induced by trapping of sunlight in urban environments. Featuring excellent 
durability, compatibility and stability, these composites offer a scalable 
solution for energy-efficient and aesthetically pleasing radiative cooling 
in architecture, textiles and beyond, advancing passive radiative cooling 
technologies towards diverse real-world implementations.

The pressing global challenges of energy scarcity and climate change 
demand transformative innovations in cooling technologies that mini-
mize energy consumption and carbon emissions1,2. Passive radiative 
cooling (PRC) emerges as a groundbreaking solution, leveraging the 
thermodynamic link of the Earth to the cryogenic universe (~2.7 K) via 
infrared (IR) thermal radiation3–8. By simultaneously reflecting sunlight 
and emitting thermal energy in the atmospheric transparency window, 
PRC achieves a net radiative heat loss, enabling subambient surface 

temperatures9–12. Beyond space cooling, PRC has crucial implications 
for diverse applications, including personal thermal management, 
water harvesting and energy generation/storage13–18. Since the break-
through in demonstrating daytime PRC, this disruptive technology has 
garnered unprecedented global traction, with its market size predicted 
to surpass US$76.7 billion by the end of 2030 at a compound annual 
growth rate of 9.48%, outpacing conventional heating, ventilation and 
air conditioning (HVAC) systems19,20. However, wide-scale adoption 
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spectro-fluorescence-photometry (SFP) methodology that effectively 
decouples the light conversion and scattering processes, establish-
ing an analytical tool that has been critically lacking in this field. The 
optimized PLACs exhibited effective spectral reflectance exceeding 
100% and, importantly, a peak reflectance over 140% at the emission 
wavelength regions. Even with a moderate overall solar reflectance 
of 90.2–93.2%, the PLACs demonstrated remarkable subambient 
temperature reductions of 2.2–3.9 °C and net cooling power rang-
ing from 11.9 W m−2 to 40.7 W m−2 during outdoor field tests. These 
results unequivocally highlight the immense potential of cooling 
power recovery through light conversion, effectively circumventing 
the traditional reliance on the scattering-based whiteness. Through 
comprehensive assessments using quantitative indicators including 
mean radiant temperature (MRT), the universal thermal climate index 
(UTCI) and daylight glare probability (DGP), we demonstrate that the 
PLACs substantially mitigate the negative thermal and visual impacts 
of super-white PRC materials on urban microclimates. Specifically, 
the moderate whiteness of the PLAC reduces MRT by up to 9.3 °C and 
decreases thermal discomfort periods (TDP) and visual discomfort 
periods (VDP) by 8.6% and 5.8%, respectively, predominantly through 
the reduction of excessive shortwave reflection. Along with their 
exceptional aesthetics, cooling capacities and urban-friendly prop-
erties, the PLACs further showcase outstanding compatibility with 
diverse substrates, excellent mechanical flexibility, long-term durabil-
ity and robust hydrophobicity. These attributes position PLACs as a 
transformative solution for practical deployment in the rapidly grow-
ing PRC market, paving the way for a more vibrant, energy-efficient 
and environmentally comfortable residential urban landscape.

Results
Coral polyp-inspired PLAC
Coral reefs, vital ecosystems which support one-quarter of marine 
species, are primarily built by coral polyps40. Reef forming relies on 
synergistic photosynthetic activity of coral polyps and their algal sym-
biont under appropriate sunlight. However, low sunlight intensity 
reduces photosynthetic efficiency, while high intensity brings excessive 
heat stress, rendering photoinhibition or massive coral bleaching41. 
Coral polyps survived by using photoluminescent pigments in chro-
matophores to adapt to varying lighting conditions42–44. Under low 
light intensity, polyps expand to let more light penetrate for efficient 
photosynthetic. Under high light intensity, they contract, with denser 
pigments and PL emissions, to reduce heat stress42. This biological 
light adaptation inspired the deployment of PL for interconnecting 
coolness and colouration in PRC materials.

Our PLAC mimics the photobiological construction of coral 
polyps, comprising a flexible polymer matrix, rare-earth-doped 
inorganic phosphors and silica nanoparticles (Fig. 1a). The polymer 
matrix (polydimethylsiloxane (PDMS)) provides high transparency 
for sunlight and infrared emission enhancement due to its charac-
teristic Si–C (1,246 cm−1), Si–O (1,019 cm−1) and Si–C–H (873 cm−1) 
bonds45,46, along with mechanical flexibility and substrate compatibil-
ity. Rare-earth-doped inorganic phosphors, including (Ba, Sr)2SiO4:Eu, 
Y3(Gd, Al)5O12:Ce and (Sr, Ca)AlSiN3:Eu for green, yellow and red, respec-
tively (Supplementary Figs. 1 and 2), serve as PL pigments, providing 
colour generation and light conversion36,39. Commercial non-PL pig-
ments (such as iron oxide pigments) generate colour merely through 
VIS light absorption. Even with enhanced near-infrared (NIR) reflec-
tion, the colouration-induced VIS light absorption still contributes 
to considerable solar heating47. On the contrary, PL pigments achieve 
colouration through a combination of reflected light and fluorescence, 
effectively reducing solar heating. Hence, PLAC can achieve more 
vibrant colours and higher overall solar reflectance at the same solar 
thermal load, as compared with non-PL pigments-based aesthetic com-
posites (NPAC) (Fig. 1b). As shown in Fig. 1c, the emission peaks for three 
PL pigments are located at 517 nm, 570 nm and 624 nm, respectively, 

of PRC materials also raises critical concerns about their potential 
impact on urban microenvironments, particularly regarding thermal 
and visual comfort for pedestrians and the broader cityscape, which 
remain insufficiently evaluated and addressed.

Conventional PRC systems are optimized to reflect the entire solar 
spectrum to minimize thermal loads and maximize cooling capacities, 
resulting in a glaring white appearance. Adopting super-white PRC 
surfaces as urban skins presents aesthetic and visual pollution chal-
lenges, potentially causing physical discomfort and psychological 
strain for individuals21,22. On the one hand, the glaring whiteness of 
PRC materials often fails to meet urban aesthetic demands. On the 
other hand, the enhanced whiteness of vertical surfaces can intensify 
sunlight trapping within urban canyons, exacerbating thermal and 
visual stress for pedestrians by increasing localized heat and glare 
effects23,24. Thus, rendering PRC materials colourful is indispensable for 
enhancing aesthetic versatility, mitigating urban heat and suppressing 
glare, particularly for applications in buildings, textiles, vehicles and 
electronics25–28. However, such colouration conflicts with the cooling 
demands, as only a fraction of the visible (VIS) light responsible for 
the colour is reflected into human eyes, while the rest is absorbed as 
heat. Given that VIS light contributes 44% of solar irradiance, while 
the maximum cooling capacity is ~130 W m−2, even moderate VIS light 
absorption (~30%) would greatly compromise the potential of PRC 
materials, restricting the achievable chromaticity29. Thus, achieving 
vibrant, customizable colours in PRC materials while preserving their 
cooling performance presents a profound and unresolved dilemma30.

To address this challenge, photoluminescence (PL)-based strat-
egies have emerged as a promising pathway. Unlike structural col-
ouration, which relies on intricate and costly photonic architectures 
to produce angle-dependent, iridescent appearances31–33, PL-based 
approaches offer a more intuitive and cost-effective solution for 
creating angle-insensitive colours with reduced whiteness and 
minimal thermal load34–37. By harnessing fluorescent phosphors, the 
absorbed photons can be down-converted into re-emitted photons 
at longer wavelengths, thereby reducing heat generation, facilitat-
ing aesthetic enhancement and simultaneously recovering cooling 
power. While spectral reflectance can exceed 100% at specific wave-
lengths, light conversion can suppress the whiteness. Nevertheless, 
existing PL-based PRC systems are constrained by low chromaticity 
due to the reliance on highly reflective substrates or matrices, in 
which subambient cooling is achieved predominantly through the 
light-scattering-induced whiteness, with only a limited yet unquan-
tified contribution from the light conversion process itself (Sup-
plementary Table 1)38,39. Realizing vivid, stable and diverse colours 
combined with multifunctionality and subambient cooling perfor-
mance through PL strategies, without relying on super whiteness, 
remains a critical challenge. Additionally, a critical bottleneck lies in 
the absence of standardized methodologies to disentangle and pre-
cisely quantify the intricate interplay between light conversion and 
thermal management, as well as the overlooked impact on the urban 
microenvironment, pedestrian thermal and visual comfort, thereby 
impeding material optimization and broader adoption.

Here we present a photoluminescence-based aesthetic com-
posite (PLAC) for radiative cooling that fundamentally addresses 
the long-standing trade-off between the intertwined optical, chro-
matic, cooling, comfort and functional challenges of coloured PRC 
for urban skins. By leveraging the light conversion properties of 
rare-earth-doped phosphors, the PLAC achieves vibrant, customiz-
able and angle-insensitive colours with moderate whiteness while 
maintaining high cooling efficiency. Through the careful engi-
neering of scattering, both PL enhancement and light conversion 
efficiency are optimized, effectively resolving the colour-cooling 
conundrum and overcoming the intrinsic limitations of conven-
tional, light-scattering-based super-white PRC systems. To ena-
ble precise optimization, we further introduce a standardized 
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thus providing vibrant green, yellow and red luminous colours under 
ultraviolet (UV) light, while similar apparent colours can be observed 
under room light. Silica nanoparticles were incorporated to help evenly 
disperse the micro-sized phosphors through viscosity effects and steric 
hindrance (Extended Data Fig. 1a). Meanwhile, silica nanoparticles, 
with the size of 50 nm, contribute to scattering of short-wavelength 
photons as a result of Rayleigh scattering and IR emission improvement 
stemming from Si–O–Si bond (459 cm−1), Si–OH bond (900–960 cm−1) 
and matrix-enhanced absorption efficiency at the Reststrahlen band 
(1,042–1,242 cm−1) (Fig. 1d, Extended Data Fig. 1b–e and Supplementary 
Note 3)48–50. Moreover, by carefully controlling nanoparticle size, Mie 
scattering in the VIS range is suppressed to prevent re-absorption 
by phosphor of PL emissions, while Rayleigh scattering elongates 
the light path of short-wavelength photons, effectively decoupling 
scattering-based whiteness from PL enhancement (Extended Data 
Fig. 2 and Supplementary Fig. 3). As a result, more photons are captured 
by the PL pigments for excitation, especially under higher volume 
fraction, leading to increased PL contributions and enhanced light  
conversion efficiencies (Extended Data Fig. 2 and Supplementary 
Figs. 4and 5). To showcase the superiority of PLACs, we fabricated 
three PLACs in the shape of letters G, Y and R and compared their visual 
appearance with surrounding NPACs (Fig. 1e). Although PLACs and 
NPACs revealed analogous colours under room light, the shapes of 
PLACs were exposed through the bright fluorescence under UV light. 
Additionally, PLACs exhibited lower temperature than NPACs under 
light irradiation of ~450 W m−2, appearing clearly in the thermal images. 

This indicates superior chromatic and thermal properties for aesthetic 
PRC using light conversion.

Precisely decoupled PL emission for optical and chromatic 
optimization
At the thermodynamic equilibrium state, the net cooling power (Pnet) 
of PLACs can be obtained as:

Pnet = Prad − (Psun − PPL) − Patm − Pnrad (1)

where the incoming heat flows consist of the absorbed sunlight 
Psun, downward longwave radiation from the atmosphere Patm and 
non-radiative thermal exchange Pnrad, while the outgoing heat flows 
are the emitted IR radiation Prad and total photoluminescence PPL. The 
net solar thermal load is denoted as (Psun − PPL) (Supplementary Notes 1  
and 2). Considering the non-ideal quantum yield and Stokes shift, 
more PL pigments introduce more light conversion but also inevita-
ble thermal loads34,51. As a result, there exists an optimal concentra-
tion of PL pigments that delicately balances overall solar reflectance 
and light conversion efficiency. Meanwhile, accurately character-
izing both the spectral solar reflectance and the visual appearance 
of PLACs remains challenging, because of the misinterpretation of  
PL emissions.

Generally, for common PRC without PL, the optical properties 
at the solar spectrum and the chromatic properties are determined 
by the spectral reflectance29. However, for PLACs, using the same 
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Fig. 1 | Design principle and visual appearance of the PLACs. a, Schematic of 
coral polyp-inspired PLAC with a polymer matrix, PL pigments and a UV scatterer. 
The PLAC dissipates heat via mid-IR radiation and reduces thermal load through 
sunlight scattering and light re-emission. b, Schematic comparison between the 
effective reflectance spectra of NPAC (solid line) and PLAC (dashed line). The 
NPAC generates colour only through VIS light absorption, which also induces 
thermal load, while the PLAC absorbs and re-emits light for colouration.  
c, Excitation and emission spectra of green, yellow and red PL pigments. These 
spectral ranges cover the main part of VIS light. Insets show the optical images of 
the PL pigments under room light (left) and UV light (right). Bright fluorescence 
can be observed under UV light. d, The scattering and absorption efficiencies 

of SiO2 nanoparticles with a diameter of 50 nm. These nanoparticles offer high 
scattering efficiency at shorter wavelengths, especially in the UV range, and 
high absorption efficiency in the IR region, contributing to either fluorescence 
enhancement or IR emissivity improvement. Insets are the normalized electric 
field |E| at 0.25 μm (left) and electromagnetic loss density |Q| at 8.5 μm.  
e, Comparisons between PLACs and NPACs. The green, yellow and red PLACs 
are fabricated in the shape of G, Y and R and surrounded by NPACs with similar 
colours. Under room light (top), PLACs look like NPACs and thereby are visually 
camouflaged. Under UV light (middle), PLACs present bright fluorescence. Under 
a sun simulator of ~450 W m−2 irradiation (bottom), PLACs reveal clear shapes in 
the thermal images due to PL-induced cooling enhancement. Scale bar, 3 cm.
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characterization method results in a pseudo spectral reflectance 
because the converted light would be spectrally misinterpreted, spe-
cifically, the re-emitted photons are incorrectly regarded as part of 
the reflected light due to the lack of proper decoupling (Extended 
Data Fig. 3a and Supplementary Note 4)52–54. Therefore, we suggest 
an SFP method that can appropriately reconstruct the reflected/con-
verted light in the reflectance spectra, in which the PL emissions are 
decoupled through a short-pass filter and then quantitatively char-
acterized using a fluorescence photometer (Fig. 2a, Extended Data 
Fig. 3, Supplementary Note 5 and Supplementary Figs. 6–8). With 
this method, the effective spectral reflectance and the chromatic 
properties for PLACs under standard solar irradiation can be reli-
ably determined (Supplementary Notes 6 and 7 and Supplementary  
Figs. 9–15).

To validate this methodology and optimize the concentration of PL 
pigments, coloured radiative cooling samples were fabricated. PLACs 
were integrated onto a typical PRC material (Al2O3-doped PDMS coating 
with a solar reflectance of ~94.9% in this work; Supplementary Fig. 16) 
to reflect the sunlight transmitted through PLACs for subambient cool-
ing. While increasing the volume fraction of PL pigments, the overall 
solar reflectance decreases, but the PL contribution to the overall solar 
reflectance rises (Fig. 2b). This is intuitive because more PL pigments 
bring more light conversion as well as more thermal load, while the PL 
contribution grows slower at high-volume fractions. Light conversion 
efficiency, denoting the ratio between the total energy of re-emitted 
photons and the absorbed photons, is the key to these nonlinear vari-
ations. At low-volume fractions of PL pigments, light conversion is less 
efficient since the dispersion of PL pigments is too sparse to capture 
the high-energy photons. However, with higher volume fractions, the 
high-energy photons can be more efficiently captured and converted 
by the PL pigments, benefiting from the multiple Rayleigh scattering 
(Fig. 2c and Supplementary Fig. 4). The light conversion efficiencies 
approach a plateau at the volume fraction of ~4% and reach the maxi-
mum of 54.1%, 53.4% and 62.9% at the volume fraction of around 8% for 
green, yellow and red PLACs, respectively. Over half the thermal loads 
for colouration are suppressed.

Meanwhile, the chromatic properties of PLACs obtained from the 
SFP method align better with our natural colour vision than those of 
conventional spectrophotometry (Fig. 2d and Supplementary Fig. 14). 
Higher volume fractions of PL pigments lead to larger chromaticity 
coordinates in the International Commission on Illumination (CIE) 1931 
colour space as well as higher lightness and saturation in the CIE LCh 
colour space (Supplementary Fig. 15). Further increases in volume 
fraction (>8%) barely improve light conversion efficiency, leading 
to linear and parallel elevation of PL contribution, colour saturation 
and thermal loads. Given that, the volume fraction of ~8% is identified 
for the optimized PLACs. Through the effective spectral reflectance, 
we can observe obvious reflectance exceeding 100% due to the light 
conversion processes (Fig. 2e), which indicates that the total spectral 
intensity, comprising both reflected and emitted light, surpasses the 
intensity of the incident light source. This phenomenon occurs only 
at the emission wavelength ranges and strictly adheres to the prin-
ciple of energy conservation (Supplementary Fig. 17). Notably, the 
peak reflectance reaches 141% for the red PLAC, with the potential for 
even higher values by increasing the concentration of PL pigments. 
The overall solar reflectance is 91.7%, 93.2% and 90.2%, which reveals 
reduced whiteness and IR emissivity is 95.0%, 92.3% and 94.6% for 
green, yellow and red PLACs, respectively (Fig. 2f and Extended Data 
Fig. 4d–f). Additionally, the PLACs exhibit angle-insensitive coloured 
appearances, further enhancing their practical applicability (Extended 
Data Fig. 5 and Supplementary Fig. 18).

Cooling performance and energy saving
Thermal performance measurements are a key indicator of cooling 
capacity of PRC materials. Indoor measurements of three PLACs 

together with an individual PRC substrate under a sun simulator 
(~500 W m−2) were conducted. No obvious temperature increase in 
PLACs is observed compared with the PRC substrate (Fig. 3a), indicat-
ing the minimal thermal loads from PL-induced colouration. Further, 
outdoor field tests in Changchun (China) were conducted in a ther-
mally insulated acrylic box (Fig. 3b). For comparison, three NPACs with 
similar colours and a white PRC substrate were included. As shown in 
Fig. 3c, under sunlight irradiation of 660–750 W m−2 (10:00 to 14:00), all 
PLACs maintained subambient temperatures, whereas NPACs exhibited 
temperatures above ambient levels. Although the PRC substrate had 
the lowest temperature, the temperature differences between PLACs 
and PRC substrate were smaller than those between PLACs and NPACs, 
since over half the thermal load was removed via light conversion. The 
green, yellow and red PLACs achieved average temperature reductions 
(10:00 to 14:00) of 3.7 °C, 3.9 °C and 2.2 °C below ambient air and 7.2 °C, 
6.1 °C and 7.8 °C below NPACs, respectively. Our 3-day outdoor tests 
in Changchun and Hong Kong confirmed stable subambient cooling 
effects (Extended Data Fig. 6).

Net cooling power calculation showed that PLACs were expected 
to achieve subambient temperature reductions of 2.0–6.9 °C, 2.9–
10.2 °C and 1.1–3.8 °C under varying thermal insulations (non-radiative 
heat transfer coefficient of 0–12 W m−2; Fig. 3d). The experimental 
temperature reduction in Fig. 3c indicates a moderate thermal insu-
lation with the non-radiative heat transfer coefficient of around 
5 W m−2 K−1. Theoretical cooling powers of green, yellow and red PLACs 
are 33.2 W m−2, 48.5 W m−2 and 18.8 W m−2, respectively. Experimental 
measurement using a home-built feedback control system verified 
the cooling power (averaged between 11:00 to 15:00) of 28.1 W m−2, 
44.4 W m−2 and 20.1 W m−2 (Fig. 3e and Supplementary Fig. 19), 
respectively12. On the basis of this cooling performance, we evaluated 
the energy-saving potential for mid-rise apartment buildings with 
PLAC-covered roofs and walls, adopting typical operation and HVAC 
systems (Extended Data Fig. 7)55. The results indicated cooling energy 
reductions of 13–63 GJ yr−1 across different climate zones, which is 
equal to 4–20 months of typical household electricity consumption, 
particularly benefiting hot regions (Fig. 3f).

Thermal and visual comfort
PRC materials have been envisioned as a promising strategy to miti-
gate the urban heat island (UHI) effect, but their large-scale urban 
adoptions remain challenging. While sky-facing horizontal surfaces 
(for example, roofs) can effectively maximize radiative cooling, ver-
tical surfaces (for example, walls), which typically constitute ~70% of 
building exteriors, are less effective as they do not directly face outer 
space8. Additionally, super-white PRC materials exacerbate this issue 
as sunlight was trapped through multiple reflections between adjacent 
buildings (Extended Data Fig. 8a). This trapped sunlight is redirected 
towards the ground and pedestrians, potentially elevating the local 
microclimate and reducing both thermal and visual comfort (Fig. 4a 
and Supplementary Fig. 20).

To address these challenges, we conducted a microclimate  
simulation using the Princeton urban canopy model (Supplemen-
tary Note 8 and Supplementary Table 3)23,24,56. These simulations 
integrated PRC materials to evaluate their effects within typical 
urban canyon configurations, incorporating both shortwave (sun-
light) and longwave (IR) radiative heat exchanges (Extended Data 
Fig. 8a). Surface temperatures of walls and ground, as well as 
MRT governing urban microclimate57, were derived by solving the 
energy balance within the canyon. The results showed that while 
high-albedo surfaces reduce wall temperature, they increase ground 
temperature and MRT as a result of sunlight trapping, particularly 
in low-aspect-ratio canyons and indirect solar irradiation (Fig. 4b, 
Extended Data Fig. 8b–h and Supplementary Figs. 21–23). Such phe-
nomenon is exacerbated by super-white PRC materials, heating the 
ground and reducing pedestrian thermal comfort. In contrast, PLACs 
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solar reflectance and PL contribution as a function of the volume fraction of PL 
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values; error bars, standard deviation (n = 5). Overall solar reflectance decreases 
with the increase in PL pigments since the imperfect light conversion inevitably 
induces thermal loads, while PL contribution to the overall solar reflectance rises 
with a decreasing slope at increasing volume fractions, indicating PL saturation 
at high concentrations. c, Light conversion efficiency as a function of the volume 
fraction of PL pigments. Measured from five independent PLACs per group. Bar 
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efficiency increases rapidly at low-volume fractions but approaches a plateau at 
high-volume fractions. d, Chromaticity coordinates in the CIE 1931 colour space 
for PLACs with varying volume fractions for PL pigments as shown in b and c. The 
colour saturation increases with the volume fraction of PL pigments. e, Pseudo 
(dashed lines) and effective (solid lines) reflectance spectra in the UV–VIS ranges 
for green, yellow and red PLACs at the volume fractions for PL pigments of 7.8%, 
7.8% and 8.3%, respectively. Insets are the images of the three PLACs. Effective 
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filter-decoupled regions and the reconstructed PL emissions, respectively.  
f, Effective solar reflectance and IR emissivity of PLACs as shown in e. The orange 
and cyan shaded regions indicate normalized solar irradiation and atmospheric 
transparency.
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mitigate these issues (Fig. 4c) with MRT reduced by up to 9.3 °C and 
ground temperature lowered by 4.2 °C (Fig. 4d and Supplementary 
Fig. 24), primarily through reducing shortwave radiation. We then 
calculated the UTCI as a thermal comfort indicator to quantitatively 
assess people’s perception of thermal stress (Supplementary Note 8 
and Supplementary Table 4)58,59. As shown in Fig. 5e, the year-round 
TDP (UTCI > 26 °C) are reduced by 8.6% in climate zone 1A (very hot 
humid) when PLAC is used, highlighting its effectiveness in improving  
thermal comfort.

In addition to localized heat, canyon sunlight trapping also induces 
glare, which negatively impacts visual comfort. To assess this effect, we 
analysed the distribution of daylight intensity to intuitively visualize the 

influence of whiteness. A visual comfort index, DGP, was calculated to 
quantify glare perception, as it strongly correlated to illuminance (Sup-
plementary Note 8, Supplementary Figs. 25 and 26 and Supplementary 
Table 5)60,61. Furthermore, the perceived colour appearance and bright-
ness were derived to intuitively evaluate visual quality in urban canyons. 
As shown in Fig. 4f, Extended Data Fig. 9 and Supplementary Figs. 27 
and 28, PLAC not only reduces daylight intensity on walls and outdoor 
glare but also enhances the perceived visual aesthetics, particularly 
under oblique sunlight. On a global scale (Fig. 5g), the year-round VDP 
(DGP > 0.35) are reduced by 5.8% in climate zone 0B (extremely hot dry) 
when PLAC is used. These simulation results, together with experimen-
tal validations (Supplementary Note 8 and Supplementary Fig. 29), 
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Fig. 3 | Cooling performance and energy-saving evaluation of PLACs.  
a, Photographs (top panel) and corresponding thermal images (bottom panel) of 
the PRC substrate and the three PLACs under sunlight. b, Photograph (top panel) 
and a schematic illustration (bottom panel) of the setup for outdoor field tests. 
c, Results of the outdoor field test during noontime, including solar intensity, 
sample temperature and temperature difference between the samples and the 
ambient air. The temperature of the PLACs was 3.7 °C, 3.9 °C and 2.2 °C lower 
than the ambient air and 7.2 °C, 6.1 °C and 7.8 °C lower than the NPACs for green, 
yellow and red, respectively, during noontime (11:00–13:00 on 3 October 2024 
in Changchun, China) at peak sunlight of ~750 W m−2. d, Theoretical calculation 
of the net cooling power of the three PLACs as a function of temperature 
difference. The green, yellow and red PLACs can achieve subambient 

temperature reductions of 6.9 °C, 10.2 °C and 3.8 °C at an ideal thermal insulation 
(h = 0 W m−2 K−1, solid lines) and of 2.0 °C, 2.9 °C and 1.1 °C at insufficiency 
thermal insulation (h = 12 W m−2 K−1, dashed lines), respectively. The theoretical 
net cooling power for green, yellow and red PLACs is 33.2 W m−2, 48.5 W m−2 and 
18.8 W m−2, respectively. e, Cooling power measurements from the outdoor field 
test. The temperature of the three PLACs followed the ambient temperature as a 
result of the feedback-controlled heater under the PLACs. The measured cooling 
power for green, yellow and red PLACs was 28.1 W m−2, 44.4 W m−2 and 20.1 W m−2, 
respectively, matching well with the simulation results in d. f, Evaluation of 
annual cooling energy savings for the three PLACs. The selected 19 cities 
represent typical climate zones worldwide.
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underscore that, while retaining the aesthetic and cooling benefits of 
PRC materials, the moderate whiteness of PLAC effectively mitigates 
sunlight trapping in urban canyons, thereby improving thermal and vis-
ual comfort. This balance enables PLAC to outperform recent coloured 

PRCs with comparable cooling performance (Supplementary Fig. 30 
and Supplementary Tables 1 and 2), making it a superior alternative 
for addressing the challenges associated with urban deployments of  
PRC materials.
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Fig. 4 | Urban thermal and glare evaluations of PLACs. a, Simulated MRT 
distribution at the height of 2 m over the urban area in Hong Kong. The surface 
albedo of building exteriors is set to 99.6%. b, MRT in typical urban canyons as 
a function of building exterior albedos. Dots, mean values (over 30 d); error 
bars, range (minimum to maximum values); boxes, distribution at 25–75%. 
c, Schematics of different canyon aspect ratios (left) and average 24-h MRT 
reduction through applying PLAC-based building exteriors. The canyon aspect 
ratios range from 0.25 to 2.00. PLACs can greatly reduce MRT compared with 
super-white PRCs for dense urban canyons during noontime. d, The 24-h MRT 
reduction for 19 typical climate zones on the global scale (left) and shortwave/
longwave contribution to MRT reduction at 13:00 (right). PLAC-induced MRT 

reduction is predominantly due to the reduction of shortwave radiation.  
e, TDP for urban canyons with PLAC and super-white PRC as building exteriors. 
PLAC induces shorter TDP for all climate zones. Inset shows global mapping 
of TDP reduction (ΔTDP) via PLAC. f, False-colour images of daylight intensity 
distribution during noontime (from 11:00 to 14:00) for urban canyons 
with super-white PRC (top) and PLAC (bottom) as building exteriors. PLAC 
induces weaker daylight intensity and thereby results in a smaller DGP. The 
yellow arrows indicate the shadow edge at different times. g, VDP for urban 
canyons with PLAC and super-white PRC as building exteriors. PLAC also 
induces shorter VDP for all climate zones. Inset shows global mapping of VDP 
reduction (ΔVDP) via PLAC.
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Functionalities and durability
Beyond the cooling capacity and urban microclimate improvement, 
PLACs feature robust applicability. Our PLACs are coating-like flex-
ible films that can be either freestanding or spin coated, blade coated 
and spray coated onto a variety of substrates, such as metal, wood, 
textile, cooling ceramics and polymers with good adhesion (Fig. 5a). 
This compatibility with different substrates is essential for expanding 
their applications from building exteriors to personal and electronic 
equipment. Scalable production of PLACs is also feasible, considering 
their large-scale urban applications (Fig. 5b). Moreover, the elastomeric 
matrix (PDMS) provides PLACs with excellent mechanical properties. By 
modifying elasticity during the polymerization process, freestanding 
PLACs undergo adjustable elastic and plastic deformations with Young’s 
modulus varying from 0.2 MPa to 2 MPa (Extended Data Fig. 10a,b). 
This tenfold variation in ductility can also expand the applications of 
PLACs in flexible and stretchable forms, which is challenging for the 
inorganic counterparts of PRC11,12.

Durability is an essential issue for long-term applications consider-
ing the complexity of environmental impacts including water, dust and 
UV light, especially for polymer-based composites that tend to degrade 
in both colour and cooling performance11,62–65. Hence, we engineered 
our PLACs with strengthened hydrophobic properties through a facile 
spray process, in which hierarchical aggregations of SiO2 nanoparticles 
were formed on the surface. The as-prepared PLACs had a water contact 
angle of 110° due to the moderate hydrophobicity of the PDMS. After 
surface engineering through the spray process, the water contact angle 
increased to 155°, revealing super-hydrophobicity without influencing 
optical properties (Fig. 5c and Extended Data Fig. 10e). Therefore, dust 

can be removed instantly from their surface with water spray or natural 
rain, keeping the surface clean. Even without such surface engineer-
ing, spray-coated PLACs can make porous substrates, such as textiles, 
waterproof and breathable, which is combined with high flexibility, 
demonstrating their potential applications for personal thermal man-
agement (Fig. 5d, Extended Data Fig. 10c–d and Supplementary Video). 
Notably, our PLACs revealed excellent durability under UV irradiation 
of 5 months, natural outdoor exposure for 1 month and accelerating 
degradation tests for 300 h. Both optical and chromatic performance 
showed negligible degradation (Fig. 5e and Extended Data Fig. 10f–h). 
With this excellent durability, PLACs can provide stable cooling effects 
and urban benefits for various geographic and meteorological condi-
tions, especially in hot and humid regions.

Discussion
We successfully developed a series of PLACs using photoluminescence 
to address the key challenge for urban skins, by combining aesthetic 
enhancement, cooling energy savings and urban environment improve-
ment. By integrating synergistic optical, chromatic and thermal design 
principles, the produced PLACs demonstrate consistent subambient 
cooling performance for vivid green, yellow and red. Through quan-
titatively optimized light down-conversion, PLACs are able to reduce 
thermal loads and enhance cooling power, unlocking considerable 
energy-saving potential. By leveraging thermal and visual comfort 
metrics, we showed that the moderate whiteness of PLACs reduces 
sunlight trapping and improves urban microclimate. These cool colours 
break the traditional dependence on a monotonous white appearance 
in passive cooling materials, alleviating excessive visual and thermal 
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stress in urban environments and enhancing their practicality in com-
bating the UHI effect. Furthermore, the coating-like PLACs feature facile 
fabrication, excellent flexibility and enhanced hydrophobicity and 
durability, ensuring their compatibility and long-term performance 
across diverse real-world applications. By reducing the reliance on 
energy-intensive air conditioning systems, PLACs directly contribute 
to lowering greenhouse gas emissions and mitigating climate change. 
Their ability to improve urban microclimates and reduce heat stress 
not only enhances urban livability but also supports public health in 
increasingly warming cities. Additionally, the scalable and durable 
nature of PLACs ensures minimal environmental impact during inte-
gration into existing infrastructure. These attributes highlight their 
potential for scalable deployment as urban skins, enabling sustainable 
urban development and energy solutions on a global scale. Beyond 
their immediate functionalities, the PLACs offer a means of energy 
transfer by converting absorbed light into re-emitted photons and new 
perspectives for thermal management, energy harvesting and energy 
transfer technologies. This work not only advances passive cooling 
technologies but also inspires concepts in multifunctional material 
design, paving the way for innovative solutions to address the press-
ing challenges of energy efficiency and environmental sustainability.

Methods
Preparation of PLACs, NPACs and PRC substrate
PLACs were fabricated as follows: 5 g of PDMS (Sylgard 184, Dow), 0.4 g 
of curing agent (Sylgard 184, Dow) and 2 ml of toluene (>99.5%, Sigma 
Aldrich) were added into a beaker and stirred by a magnetic stirrer at 
800 rpm for 15 min to obtain a clear mixture. Then 0.5 g of SiO2 nano-
particles (50 nm diameter, monodisperse, MiTaKe New Materials) and 
corresponding amounts of PL pigments (Shantou Dafeng Chem) (for 
different concentrations) were added into the mixture and further 
stirred at 1,000 rpm for 1 h to uniformly disperse the SiO2 nanoparticles 
and PL pigments. After that, the suspension was placed in a vacuum 
oven at room temperature for 1 h to extract the air bubbles and toluene. 
The emulsion of PLAC was then obtained. For freestanding PLAC, the 
PLAC emulsion was poured into an aluminium mould with customized 
size and depth, followed by ventilation oven curing at 80 °C for 2 h. 
Then, a soft film was peeled off as freestanding PLAC. For PLACs on 
substrates such as PDMS-Al2O3 PRC, metal, wood, ceramic and polymer, 
the PLAC emulsion was poured onto the substrate, followed by spin/
blade coating processes and ventilation oven curing at 80 °C for 2 h. 
For PLACs on textiles, the suspension was directly poured into a spray 
gun without vacuum treatment and spray coated onto the textile,  
followed by ventilation oven curing at 80 °C for 2 h. NPACs followed the 
same fabrication processes as PLACs but using commercial pigments 
(iron oxide pigments, Xinghui Chemical).

For mechanical property measurements, the PLACs were fab-
ricated at the PDMS:curing agent ratio of 10:1, 15:1 and 20:1. Other 
components kept the same ratio with PDMS as above. The size was 
confined as 53 × 13 × 1 mm3 for measurements.

The PDMS-Al2O3 PRC substrate was fabricated as follows: 5 g of 
PDMS, 0.4 g of curing agent, 2 ml of toluene and 5 g of Al2O3 nanoparti-
cles (MSE Supplies) were added into a beaker and stirred by a magnetic 
stirrer at 1,000 rpm for 1 h, followed by vacuum treatment of 1 h. The 
white emulsion was then poured into an aluminium mold and cured in 
a ventilation oven at 80 °C for 2 h.

Characterizations of PLACs
A commercial UV–VIS–NIR spectrometer (Lambda 1050+ equipped 
with an integrating sphere, PerkinElmer) was used. The pseudo spec-
tral reflectance at solar spectrum (0.25–2.5 μm) was directly meas-
ured by the UV–VIS–NIR spectrometer following common procedure. 
Short-pass filters (GU Optics) with different cut-off wavelengths for 
different PL pigments, together with an ultra-white filter holder (cool-
ing ceramic with an overall solar reflectance of 99.6%), were placed 

before the detector in the integrating sphere (Extended Data Fig. 3b). 
The exact reflectance was measured via correction of the filters. The 
angular-resolved spectral reflectance was measured using a Cary 5000 
UV–VIS–NIR spectrometer (Agilent) equipped with an integrating 
sphere (DRA 2500) and an angle-adjustable transmission bracket. 
The IR emissivity (2.5–25 μm) was measured by a Fourier transform 
IR spectrometer (Nicolet iS50 with an integrating sphere, Thermo 
Fisher Scientific).

The PL properties of the phosphor powders and the PLACs were 
characterized by an Edinburgh Instruments FLS1000 Photolumines-
cence Spectrometer following the standard procedure for excitation/
emission spectra and following the procedure in Extended Data 
Fig. 3c for measuring the absolute absorption and photolumines-
cence quantum yield (PLQY) at varying excitation wavelengths. 
Supplementary Fig. 4f–h shows typical data for PLQY measurements 
of PLACs. During each quantum yield test, a specific excitation 
wavelength (λ) within the excitation range of the PL pigments was 
selected as the incident wavelength. The line-width of this excitation 
is typically 5–10 nm, limited by the resolution of the equipment. The 
detection range was then set to cover both the incident excitation 
and emission regions (typically from 20 nm shorter than λ to the end 
of the emission range), ensuring that all the excitation and emission 
photons were effectively collected.

The micromorphology of PL pigments and cross-section of PLACs 
were characterized by an FEI Quanta 450 field-emission scanning elec-
tron microscope. The X-ray diffraction was measured by a D2 PHASE 
XE-T X-ray Diffraction System (Bruker). The mechanical properties 
including strain–stress curves and Young’s modulus were obtained 
using an Instron 5942 Micro Newton Tester under a stretching speed 
of 10 mm min−1. The UV degradation was carried out in a UV ageing test 
chamber (Dongguan Rongzheng Yida Electronic Tech, RZ-KUV400A) 
with a 40-W UVA-340 lamp based on ASTM-154 (standard practice for 
operating fluorescent UV lamp apparatus for exposure of non-metallic 
materials). Standard accelerating degradation test for 300 h was 
conducted using a Ci5000 Xenon lamp artificial weathering tester 
(L3112) as well as a coating stain resistance flushing device (L1083), 
following the guidelines of GB/T 9755-2014. These tests simulated the 
combined effects of environmental stressors by including exposure to 
UV radiation (340 nm) with an intensity of 0.51 W m−2, relative humid-
ity of 50 ± 10%, black mark temperature of 65 ± 2 °C, air temperature 
inside the test chamber of 38 ± 3 °C and a rainfall cycle at 18 min of 
rain followed by 102 min without rain. Additional tests involved air-
borne pollutant spraying and flushing to mimic real-world conditions.  
Natural outdoor exposure of PLACs was also conducted on a rooftop 
for 1 month.

Scattering and absorption analysis
The scattering and absorption efficiencies for SiO2 nanoparticles in 
Fig. 1d were calculated using Mie theory for spherical particles. The 
normalized electric field |E| at 0.25 μm and electromagnetic loss density 
|Q| at 8.5 μm were simulated using COMSOL Multiphysics. PDMS was 
applied as the surrounding dielectric medium for both cases.

Outdoor field tests
The cooling performance was evaluated in outdoor field tests in 
Changchun (2–4 October 2024) and Hong Kong (18–20 January 2025). 
An acrylic box (25 × 25 × 15 cm3) was covered with aluminium foil to 
avoid solar heating and placed ~50 cm above the ground to minimize 
ground heating. The PLAC-PRCs were attached to a copper plate 
using thermally conductive tape and placed on plastic foam in the 
acrylic box. Thermocouples (TT-K-30, K type, Kaipusen) were placed 
between the sample and the thermally conductive tape to measure the 
real-time sample temperature, which was collected by a data logger 
(multi-channel data logger GL840, GRAPHTECH). The weather condi-
tions, including ambient air temperature, sunlight intensity, humidity 
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and wind speed, were recorded through a mini weather station (YG-BX, 
YIGU). For cooling power measurement, the field test was conducted 
in Hong Kong on 7 November 2024. A resistance-based flexible heater 
was attached to the bottom of the copper plate for each sample. The 
heater was connected to a DC power supply which was adjusted sub-
stantially so that the temperature of the sample followed the ambient 
air temperature. The output electric power of the power supply was 
recorded as the cooling power.

Energy-saving simulations
The energy-saving simulation was conducted using EnergyPlus v.22.1.0. 
A typical building developed by the Pacific Northwest National Labora-
tory of the US Department of Energy, that is, a four-story mid-rise apart-
ment with the floor dimension of 46 m (152 ft, length) × 17 m (55.5 ft, 
width) × 3 m (10 ft, height), was used as the prototype to simulate the 
whole building energy consumption (Extended Data Fig. 7a)66,67. The 
model follows application building codes and standards for energy 
efficiency requirements, including typical operation/occupancy sched-
ules, lighting/miscellaneous loads and HVAC systems. The building 
energy-saving performances in Extended Data Fig. 7b were obtained 
by calculating the difference in energy consumption for cooling usage 
between two types of building surfaces, that is, PLACs and the default 
building surface in the prototype (baseline). While for the PL-induced 
building energy-saving potential (Extended Data Fig. 7c), the baseline 
was simulated with the exact solar reflectance of the same PLACs. The 
locations for simulation cover typical climate zones around the world 
including55: Porto Velho (Zone 0A, extremely hot humid), Abu Dhabi 
(Zone 0B, extremely hot dry), Honolulu (Zone 1A, very hot humid), 
New Delhi (Zone 1B, very hot dry), Tampa (Zone 2A, hot humid), Tucson 
(Zone 2B, hot dry), Atlanta (Zone 3A, warm humid), EI Paso (Zone 3B, 
warm dry), San Diego (Zone 3C, warm marine), New York (Zone 4A, 
mixed humid), Albuquerque (Zone 4B, mixed dry), Seattle (Zone 4C, 
mixed marine), Buffalo (Zone 5A, cool humid), Denver (Zone 5B, cool 
dry), Port Angeles (Zone 5C, cool marine), Rochester (Zone 6A, cold 
humid), Great Falls (Zone 6B, cold dry), International Falls (Zone 7, very 
cold) and Fairbanks (Zone 8, subarctic/Arctic).

Superhydrophobic engineering
To enhance hydrophobicity, top superhydrophobic coating was 
applied at the surface of PLACs, consisting of similar components of 
PLACs and can be fabricated through a facile spray-coating process. The 
coating emulsion was prepared as follows: 0.5 g of PDMS, 40 mg of cur-
ing agent, 10 ml of toluene and 50 mg of tetraethyl orthosilicate (98%, 
Sigma Aldrich) were mixed and ultrasonicated for 15 min. Both 50 mg 
of hydrophilic and hydrophobic SiO2 nanoparticles (50 nm, MiTaKe 
New Materials) were then added into the solution and ultrasonicated 
for 30 min. The mixture was poured into the spray gun and sprayed at 
the PLACs for 30 s. The hydrophilic nanoparticles cannot dissolve in the 
solution and thereby agglomerate because of the hydroxyl group on 
the surface. Although the hydrophobic nanoparticles cannot directly 
connect to the hydroxyl group, the adhesive PDMS molecular chains 
can help connect the hydrophobic nanoparticles and the hydrophilic 
agglomeration, forming a hierarchically structured surface after spray-
ing onto the PLACs68. After curing by ventilation oven at 60 °C for 1 h, 
the superhydrophobic coating was formed on the surfaces of PLACs, 
enabling a water contact angle of ~155°.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request. Source data are provided with 
this paper.

Code availability
The code for the urban thermal and visual comfort model can be made 
available upon request.
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Extended Data Fig. 1 | Steric hindrance and optical contribution of SiO2 
nanoparticles. a, Photographs of PDMS-PL pigments solutions with and without 
different nano-sized SiO2. b, Simulated scattering efficiency of a SiO2 
nanoparticle with a diameter of 50 nm, which well matches with the calculation 
result based on Rayleigh scattering. c, Dielectric constant of SiO2 as a function of 
wavelength. Its real part (ε′) shows negative values near 8.55 μm, which is known 

as the Reststrahlen band. d, Absorption efficiency of a SiO2 nanoparticle with a 
diameter of 50 nm in PDMS (red line) and in air (dashed black line). Higher peak 
values can be obtained for PDMS as its impedance matches with SiO2. e, Infrared 
emissivity for a 30 μm-thick PDMS with (solid line) and without (dashed line) SiO2 
nanoparticles. Emissivity enhancement can be observed for several wavelength 
regions.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Size effect of SiO2 nanoparticles. a-b, Schematic 
illustrations of the light scattering processes for both excitation and emission 
light with smaller (a) and larger (b) SiO2 particles. For both sizes, short-
wavelength excitation light is directed toward the PL pigments, while larger 
SiO2 particles scatter the emission light, leading to increased re-absorption. 
c, Photographs of green, yellow, and red PLACs with varying-sized SiO2 

nanoparticles. d, PLQYs of PLACs in (c). The excitation wavelengths are 400 nm, 
460 nm, and 400 nm for green, yellow, and red PLACs, respectively. e-g, 
Effective spectral reflectance of green (e), yellow (f), and red PLACs (g) in (c). 
h-j, Corresponding PL contribution (h), overall solar reflectance (i), and light 
conversion efficiency (j) of PLACs.
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Extended Data Fig. 3 | Schematic illustrations of the light paths in 
conventional spectrophotometry and SFP method. a, Light paths in 
conventional UV-VIS-NIR spectrophotometry for non-PL (left) and PL coolers 
(right). This configuration works for non-PL coolers as all the reflected light (at 
the wavelength of λ) is correctly collected by the detector. While for PL coolers, 
both reflected light (at the wavelength of λ) and re-emitted light (at the 
wavelength of λ′) are redirected to the detector. Due to the lack of 
monochromators in the integrating sphere, the re-emitted light will be 
misinterpreted as having the same wavelength as the reflected light (that is, λ) by 
the detector, resulting in misinterpretation of the contribution of PL emissions. 

b, Light paths in Step 1 of SFP method for non-PL (left) and PL coolers (right). For 
non-PL coolers, this configuration works similarly to conventional 
spectrophotometry. While for PL coolers, the added filter will reject re-emitted 
light (at the wavelength of λ′). Only reflected light (at the wavelength of λ) will be 
collected by the detector, leading to exact spectral reflectance. c, Light paths in 
Step 2 of SFP method. The background photon numbers are measured (left) as 
reference, followed by the measurement of PL coolers (right). Either reflected 
light or re-emitted light will be correctly collected by the detector array at 
corresponding wavelengths.
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Extended Data Fig. 4 | Influences of volume fractions on optical properties. a-c, Photographs and pseudo (top), exact (middle), and effective (bottom) spectral 
reflectance of green (a), yellow (b), and red (c) PLACs with varying volume fractions of PL pigments. d-f, Overall solar reflectance for green (d), yellow (e), and red (f) 
PLACs, calculated from (a-c).
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Extended Data Fig. 5 | Angular insensitivity of PLACs. a-c, Pseudo spectral 
reflectance of green (a), yellow (b), and red PLACs (c) under varying incident 
angles. d-f, Exact spectral reflectance of the PLACs in (a-c) under varying incident 

angles. g-i, Corresponding overall solar reflectance of the PLACs under varying 
incident angles. j-l, Corresponding color differences for green (a), yellow (b), and 
red PLACs (c) under varying incident angles.
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Extended Data Fig. 6 | Outdoor field test results for PLACs and NPACs.  
a-b, Recorded weather conditions (top) and temperature (bottom) for 3-day 
outdoor field test in Changchun, China (October 2-4, 2024) (a) and in Hong Kong, 
China ( January 18-20, 2025) (b). Continuous subambient cooling effects can be 

observed in both cases. In (b), the subambient temperature reduction (averaged 
from 10:00 to 14:00 for 3 days) for white substrate, green, yellow, and red PLACs 
is 2.4, 1.7, 2.1, and 1.1 °C, respectively.
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Extended Data Fig. 7 | Energy saving simulations. a, Building model for energy saving simulations. b, Simulated annual cooling energy saving for green (left), red 
(middle), and yellow (right) PLACs. c, Cooling energy saved from PL emissions for three PLACs. d-e, Evaluation of annual heating penalty (d) and annual net energy 
saving (e) for the three PLACs.
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Extended Data Fig. 8 | Urban canyon simulation results. a, Schematic of 2D 
urban canyon configurations and corresponding radiative heat fluxes for PUCM 
simulations. Diffusive reflection/absorption was considered for walls and 
ground. Multiple reflection for shortwave/longwave radiation was included to 
obtain surface temperature and corresponding radiative heat fluxes. The aspect 
ratio of urban canyon is defined as W/H. b-d, Simulated temperature (maximum 
values in daytime, averaged over 1 month) of walls (b), ground (c), and MRT (d) 

with varying surface albedos of walls and aspect ratio of urban canyons. The wall 
temperature is lower with high albedos and small aspect ratios, while ground and 
MRT are higher with high albedos and large aspect ratios. e-f, Shortwave (e) and 
longwave (f) contribution of the MRT in (d). The increase of MRT at high albedos 
is predominantly due to the shortwave radiation. g-h, TDP (g) and VDP (h) with 
varying urban parameters (albedo and aspect ratio). The dashed lines denote the 
thresholds for different levels of thermal/visual comfort.
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Extended Data Fig. 9 | Perceived color appearance and brightness in a PLAC-based urban canyon. a, Perceived color of pedestrians in a PLAC-based urban canyon 
throughout the year under varying viewing directions (front, back, up, down, left, and right). b, Corresponding brightness perceived by pedestrians in a PLAC-based 
urban canyon under varying viewing directions.
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Extended Data Fig. 10 | Stability and flexibility of PLACs. a, Strain-stress curves 
for PLACs polymerized with different weight ratios between PDMS and curing 
agent. b, Young’s modulus of three samples in (a). c, Strain-stress curves for 
cotton textiles with and without spray-coating of PLACs. d, Young’s modulus 
of the two samples in (c). e, Spectral reflectance of PLACs before and after 

superhydrophobic surface engineering. f-g, Spectral reflectance of NAPCs (f) 
and PLACs (g) before and after UV irradiation for 5 months. h, Photographs of 
green, yellow, and red PLACs before aging and after natural/accelerated aging. 
Scale bar: 5 cm.
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