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Abstract  

The cooling power provided by radiative cooling is unwanted during cold hours. 

Therefore, self-adaptive regulation is desired for radiative cooling, especially for all-

weather applications. However, currents routes for radiative cooling regulation are 

constrained by substrates and complicated processing. Here, self-adaptive radiative 

cooling regulation on various potential substrates (transparent wood, PET, normal glass, 

and cement) was achieved by a Fabry-Perot structure consisting of AgNWs bottom 

layer, PMMA spacer, and W-VO2 top layer. The emissivity-modulated transparent 

wood (EMTW) exhibits an emissivity contrast of 0.44 (ε8-13-L~0.19 and ε8-13-H~0.63), 

which thereby yield considerable energy savings across different climate zones. The 

emissivity contrast can be adjusted by varying the spinning parameters during the 

deposition process. Positive emissivity contrast was also achieved on other three 

industrially relevant substrates via this facile and widely-applicable route. This proves 

the great significance of the approach to the promotion and wide-adoption of radiative 

cooling regulation concept in the built environment.   

 

Keyword: Emissivity modulation, Radiative cooling, Transparent wood, Energy saving, 

Fabry-Perot resonator.  

 

 

 

  



Buildings account for 40% of total energy consumption and more than 30% of 

greenhouse gas emissions1. The growing active thermal regulating demand (i.e., air 

conditioning and central heating usage) has raised concerns over the exploitation of 

energy resources and heavy environmental loads (ozone layer depletion, global 

warming, extreme climates, etc.)2. As a passive route for thermal regulation systems, 

radiative cooling (RC) has attracted the interests of many researchers and industrialists 
3-6.  

 

Radiative cooling occurs spontaneously on highly emissive surfaces by emitting 

thermal radiation to the cold outer space through the atmospheric window 7 (typically 

defined as 8-13µm 8) , using the sky as a ‘heat sink’. The applications of radiative 

cooling to regulate energy ingress (i.e., via high solar reflection and strong thermal 

emission) across windows 9, walls 10, electronic skin 11, roofs 12, fabrics13, and textile14-

15,  have demonstrated significant cooling effect and energy-saving potentials. However, 

the environmental temperature is always changing. Therefore, cooling is not always the 

top priority for thermal regulation systems, especially for year-round applications. 

Radiative cooling materials emit thermal radiation consistently regardless of 

temperature fluctuations, thus providing a continuous cooling effect even during cold 

hours 16. The continuous cooling may lead to over-cooling during colder periods, 

resulting in an increase in heating loads and potentially offsetting the energy savings 

achieved during hot periods. 

 

Therefore, for effective, extended, real-world operation, the emissivity of RC materials 

is expected to be self-adaptive, providing favourable cooling power at different 

temperatures throughout the year 5, 17. Take the RC window materials as an example5, 

its ideal spectra within the mid infrared (MIR, 2.5-25 µm) should be characterized by 

low emissivity (εMIR) at low temperature (restraining the radiative heat dissipation) and 

high emissivity at high temperature (promoting the radiative heat dissipation, see Fig. 

1B). For the goal of self-adaptive emissivity modulation at near-room temperature, 

vanadium dioxide (VO2) is considered the most promising candidate material (in its 

doped form) 18. However, the intrinsic emissivity contrast of VO2 particles is negative 
19-20 (i.e., emissivity decreases with the increase of temperatures), which contradicts the 

radiative cooling modulation concept (i.e., positive emissivity contrast). Constructing 

Fabry-Perot (FP) multi-layered structure, which includes a lossless dielectric spacer, a 

VO2 top layer, and a reflective bottom layer 21-27, provides a chance for positive 

emissivity contrast. The VO2 insulating layer and spacer allow thermal radiation to pass 

through directly at low temperatures. The reflective substrate reflects most of the 

thermal radiation, resulting in low thermal absorption (i.e., low thermal emissivity) for 

the F-P resonator. Once VO2 transitions into a metallic state above the transitional 



temperature, it acts as an infrared mirror for the Fabry-Perot (F-P) resonator. Thermal 

radiation now fluctuates between the metallic VO2 layer and the opaque substrate, 

leading to an eventual enhancement of thermal absorption/emissivity28. Though 

positive emissivity contrast of VO2 had been demonstrated experimentally, the 

fabrication processes adopted to-date have been relatively costly and complicated, 

involving inapproachable and expensive technologies or instruments, such as high-

power impulse magnetron sputtering 29, enhanced chemical vapor deposition 30, 

magnetron  sputtering 31, and pulse laser deposition 32. Moreover, these routes are 

usually exclusive for expensive and/or difficult-to-source substrates (usually opaque 

e.g., sapphire, wafer, Au, and Al). Many established materials, such as cement, are not 

suitable for above processes. Therefore, an affordable, facile, and widely-applicable 

fabrication process to achieved emissivity modulation on any potential materials is still 

required.  

 

Figure. 1. (A) Schematic illustration of the fabrication process of EMTW. (B) Schematic 

illustration of the RC regulating process. (C) Digital photos of TW with emissivity 

modulation (bottom) and without emissivity modulation (top) at low temperatures and 



high temperatures. The sample size is 5 cm × 5 cm.  

 

Here, we propose to achieve positive emissivity contrast on various potential substrate 

via e a facile and widely-applicable route, in which a typical Fabry-Perot structure was 

assembled. (Fig. 1A). A promising window-replacement material (transparent wood33-

38, TW) was choose as the substrate for the first demonstration of this route. The 

emissivity-modulated TW (EMTW) gives an emissivity contrast of 0.44 (ε8-13-L ~0.19 

and ε8-13-H ~0.63) within atmospheric window due to the phase transition of W-VO2. 

EMTW also shows acceptable luminous transmittance (Tlum, 20.3% at 20 oC and 19.6% 

at 60 oC) at different temperatures (Fig. 1C). Due to the self-adaptive emissivity 

changes, EMTW offers considerable energy saving across a variety of climate zones. 

To demonstrate the wide applicability of this route, we also applied the proposed 

method to established industrial materials, such as normal glass, cement, and PET films. 

The stacking design on these three substrates also results in a positive emissivity 

contrast, indicating the great significance of this route for the promotion and adoption 

of the RC modulation concept in various potential fields.  

 

 

Figure. 2. (A-C) XRD pattern, DSC curve and SEM image of the prepared W-VO2. (D-

E) XRD pattern and SEM image of the prepared AgNWs. (F) Temperature dependent 



Raman spectra of W-VO2 during a heating and cooling cycle (* Raman band of the 

cover plate for the temperature control module). (G-H) Temperature dependent XRD 

patterns of W-VO2 within 26.5-37.5o and 56-67o (full spectrum patterns can be found in 

Fig. S1). (I) The peak location of the (011) orientation changes versus temperature 

during the heating /cooling cycle.   

 

Tungsten-doped VO2 (W-VO2) was synthesized by a one-step hydrothermal process 19. 

The sharp and strong diffraction peaks in the XRD pattern (Fig. 2A) not only confirm 

the monoclinic VO2(M) phase (JCPDS No. 43-1051) but also suggest a high level of 

crystallinity. DSC results (Fig. 2B) reveal that the phase transition temperature (Tc) of 

the prepared W-VO2 is much lower than pure M phase VO2 (~68oC) due to the tungsten 

doping. The transition temperature (~33.5oC, obtained by averaging the exothermal and 

endothermic peaks) is much closer to room temperature, which makes it suitable for 

window applications. The morphology of the prepared W-VO2 is that of small particles 

with average diameter of 151.34 nm (Fig. 2C). The AgNWs were chosen as the bottom 

layer of the stacking design and were prepared using a solution process 39-40. As shown 

in Fig. 2D, the XRD pattern of the prepared AgNWs is nearly identical to the standard 

fcc patterns of JCPDS No. 04-0783. The prepared AgNWs have an average length of 

17.57 μm (Fig. 2E) and an average diameter of 145.45 nm (Fig. S2). The phase 

transition behaviors of as-prepared W-VO2 were characterized by temperature-

dependent Raman and XRD analyses. The Raman resonance band intensities of W-VO2 

are highly temperature-dependent. The intensity of scattering peak intensities (e.g., 

195cm-1, 227cm-1 and 615 cm-1) decreases as temperature rises and vice versa (Fig. 2F) 
41. This is primarily due to the changes in lattice symmetry caused by the phase 

transition from insulator state to metal state 42-43. The phase transition was also 

confirmed by in situ XRD measurement. A distinct peak shift (Fig. 2G-H) from 

monoclinic VO2(M) to rutile VO2(R) phase transition was observed over a broad 

temperature range (30-45°C) as shown in Fig. 2I. The transition behaviors are 

consistent with the Raman spectra 44, suggesting the phase transition is a gradual 

process rather than an abrupt one from a macro point of view. Indeed, a mixed phase of 

VO2(M) and VO2(R) occurs during the heating/cooling cycle of Raman and XRD 

measurements. Overall, the temperature-dependent XRD and Raman measurements 

confirmed the reversible phase transition of W-VO2 at low temperatures, paving the 

way for emissivity modulation. 

 

 



 

Figure. 3. Cross-sectional SEM image s of natural wood (A), lignin-modified wood (B) 

and transparent wood (C). (D)FTIR spectra of TW, TW without emissivity modulation, 

and TW with emissivity modulation. XRD patterns of TW with (E) and without (F) 

emissivity modulation. (G) Schematics structure of EMTW and its SEM images from 

cross-section and top view. (H) Schematics structure of TW without emissivity 

modulation and its SEM images from cross-section and top view. 

 

The self-adaptive emissivity modulation design typically includes a AgNWs layer due 

to its considerable visible transmittance and high IR reflectivity, a lossless dielectric 

spacer (PMMA) due to its infrared transparency, and a thermochromic layer (W-VO2) 

due to its phase change nature that allows for self-adaptive modulation of emissivity. 

TW substrates were prepared via lignin modification followed by epoxy impregnation. 

The FTIR spectra of natural wood (NW), delignified wood (DW), lignin-modified 



wood (LMW) and TW are shown in Fig. S3. The characteristic peak of lignin (1507 

cm-1) was observed in the NW and LMW spectra, indicating preservation of the lignin 

skeleton 45-46. The cross-sectional SEM images of NW (Fig. 3A), LMW (Fig. 3B), and 

TW (Fig. 3C) suggest that the highly aligned microchannels were well reserved after 

lignin modification, providing the space for subsequent polymer impregnation. Then 

the microchannels were fully impregnated with epoxy, showing no gaps between 

polymer and wood scaffold. The resultant TW shows high transmittance (~87% at 550 

nm) across the visible range (Fig. S4). The assembling of the coating shows little impact 

on the mechanical properties of TW (Fig. S5). 

 

The structural difference between TW with and without emissivity modulation can be 

partially demonstrated by FTIR peak at 1008 cm-1, representing the stretching vibration 

V=O (Fig. 3D) 47. The XRD patterns provide further confirmation of the structural 

difference between the samples with (Fig. 3E) and without (Fig. 3F) emissivity 

modulation design. Diffraction peaks corresponding to W-VO2 are present in both 

samples. However, peaks corresponding to AgNWs are exclusively present in the 

sample with emissivity modulation. For samples with emissivity modulation (Fig. 3G), 

the cross-sectional images showed that the AgNWs were located underneath the W-

VO2 layer, while top-view images confirmed the presence of a continuous W-VO2 film 

on top. To verify the presence of the PMMA spacer, we directly observed the sample 

after PMMA coating (Fig. S6), which clearly showed that the AgNWs were covered by 

a layer of PMMA. Although not immediately apparent, a middle layer (PMMA spacer) 

can be identified to a broad approximation. The lack of a clear boundary between the 

two layers (AgNWs and W-VO2) is most likely due to the fact that the PMMA spacer 

layer can be partially dissolved by the acetone used during the W-VO2 spin coating 

process, and/or interpenetration within the AgNWs structures. While this may obscure 

the PMMA layer in cross-sectional imaging, AgNWs are clearly covered by a layer of 

PMMA the top-view images. Thus, we believe that the PMMA component can still be 

considered as a spacer for the photonic Fabry-Perot resonator, as evidenced by the 

optical properties. For the sample without emissivity modulation, W-VO2 was directly 

spin-coated on TW. However, the resulting film is not continuous, as seen from the top 

view SEM image (Fig. 3H). This may be attributed to the wettability of TW to acetone 

used for the PMMA-WVO2 solution 48. 

 



 

Figure. 4. The experimental optical spectra of samples with (A) and without (B) 

emissivity modulation design in the visible-NIR and MIR ranges (2.5-15 µm) at 20°C 

(blue line) and 60°C (red line) against a normalized AM1.5 solar spectrum (purple, 

yellow and orange shaded areas) and MIR atmospheric transmittance window (blue 

shaded areas). Schematics structures of each sample are shown on the left. (C) The IR 

camera images of the EMTW (top) and the sample without emissivity modulation 

(bottom) as the temperature increased from 30 °C to 90 °C. The emissivity of the 

background in 7-14 µm (ε7-14) is 0.46.  

 

The optical spectra of the prepared TW with and without emissivity modulation at 

various temperatures were investigated (Fig. 4A &B). The sample without emissivity 

modulation shows a Tlum of 55.7% under 20 oC and 55.6% under 60oC, respectively. 

EMTW shows a very close Tlum at two different temperatures (20.3% at 20oC and 19.6% 



at 60oC). This can be attributed to the fact that the coating for the sample without 

emissivity modulation is discontinuous (Fig. 3H), allowing more visible light to pass 

through. EMTW exhibits a limited solar modulation capacity (ΔTsol~0.5%), with a Tsol 

of 21.6% at 20 oC and a Tsol of 21.1% at 60 oC. The limited solar modulation capacity 

of EMTW may be attributed to the relatively high absorption in the NIR range of the 

TW substrate. The emissivity of EMTW within 2-15µm (ε2-15) is 0.4 when the 

temperature is below Tc (33.50 oC), but increases to 0.71 when the temperature exceeds 

Tc. EMTW shows a more impressive emissivity contrast of 0.44 (ε8-13=0.19 at 20 oC, 

ε8-13=0.63 at 60 oC). As a comparison, the sample without emissivity modulation shows 

a  negative Δε2.5-15 of -0.07 (0.92 at 20 oC and 0.85 at 60 oC), which is consistent with 

previous report 19. This suggests that the stacking design of EMTW, which includes the 

Fabry-Perot resonance structure, is responsible for the desired positive emissivity 

contrast.  

 

The IR images were collected using a FLIR E95 (working wavelength ~7-14 µm, 

emissivity reference ~0.90), where a background with a ε7-14 of 0.46 (Fig. S8) was 

employed. At the same temperature, the colour of the IR image indicates the emissivity 

in the working wavelength of the IR camera; darker colours suggest lower emissivity 

and vice versa49. For samples with emissivity modulation, the colour of the EMTW was 

darker than the background before 40 oC, indicating a lower emissivity (ε7-14~0.2) 

compared to the background (ε7-14 ~0.46). When the temperature exceeded 50 °C, the 

colour of the EMTW became brighter than the background, suggesting a higher 

emissivity (ε7-14~0.65) compared to the background (ε7-14 ~0.46). In comparison, the 

colour of the sample without emissivity modulation remained consistently brighter than 

the background, confirming that it is incapable of modulating RC capacity in response 

to changes in temperature without AgNWs/PMMA/W-VO2 stacking design. 

 

The tunability of emissivity contrast was investigated by varying the spinning speed of 

PMMA layer and the concentration of W-VO2, which in turn determining the thickness 

and arrangement of the multi-layered stack (Table S1).  By fixing the W-VO2 

concentration, both ε-cold and ε-hot increased gradually, despite few exceptions. This can 

be attributed to the introduction of PMMA and W-VO2. Additionally, it was observed 

that there was a decrease in emissivity contrast as the PMMA spinning speed decreased, 

despite few exceptions. This indicates that the modulation capacity is highly related to 

the spacer thickness, which is in line with previous studies 50-51. However, the thickness 

of PMMA spacer can influenced by the solvent of W-VO2 solution. It might be difficult 

to obtain the accurately quantified thickness for PMMA spacer and W-VO2 layer for 

now. The detailed relation between the PMMA spacer thickness and emissivity contrast 

deserves further exploration in the future.  



 

 

Figure. 5. (A-D) Monthly heating/cooling energy usage in four typical cities (Hong 

Kong, Chongqing, Singapore, and New Delhi) (E) Simulated average annual 

heating/cooling energy conservation and conservation rate of EMTW compared to 

commercial low-E glass across different climate zones. (F) Mapping of the simulated 

average heating/cooling energy conservation of EMTW compared commercial low-E 

glass across various climate zones. 

 

Energy simulations were conducted on a medium office prototype building with a total 

area of 4982 m2 (Fig. S8) to validate the energy saving potential of the as-prepared 

EMTW. Three representative cities (57 in total, Table S2) from each climate zone were 

selected for the simulation. The optical properties (Table S3) for the simulation were 

extracted from the experimental sample with the maximum Δε2-15. We adopted the same 

principle as Wang’s report5 in terms of selecting emissivity for the simulation. We 



choose ε2-15 to represent the broadband emissivity for the simulation due to two facts 5, 

52: 1) The broadband cooler has higher net cooling power than the selective one (8-13 

µm)  when the temperature is above or close to the surrounding temperature; 2) The 

exterior surface temperature of window is usually higher than the ambient temperature. 

The monthly heating/cooling energy consumption of EMTW was compared against 

with both glass and commercial low-E glass (Fig. 5 A-D) in four typical cities 

(Singapore, zone 0; New Delhi, zone 1; Hong Kong, zone 2; Chongqing, zone 3;), 

which are usually considered as building/population-dense areas. EMTW exhibited the 

lowest monthly heating/cooling energy usage not only in the four selected cities, but 

also in the other selected cities (spanning a range of climate zones) when compared to 

normal glass and low-E glass. Consequently, EMTW had lower annual heating/cooling 

energy consumptions compared to normal glass and commercial low-E glass (Fig. S9-

S17). An average energy savings up to 167.43 GJ and an energy saving rate up to 20.61% 

can be realised in zone 0B and zone 3C, respectively (Fig.5 E). EMTW exhibits higher 

energy conservation benchmarked by commercial low-E glass across all climate zones 

(Fig. 5F) with a heating/cooling energy saving per unit area up to 256.46 MJ·m-2, 

further revealing the critical role of radiative cooling modulation. Despite the 

fluctuation in energy conservation performance, it seems that EMTW shows higher 

energy saving potential in hot areas than cold areas. This is possibly caused by the lower 

temperatures, which are too low to induce the optical transition of EMTW. Take 

Yakutsk as an example, the warmest month (July) has the average temperature of 20 oC 
53, which is not capable of inducing the optical transition of EMTW (33.5 oC) in our 

current system architecture. The calculated energy saving performance of EMTW 

across different climate zones reveals the significance and validity of adaptive 

emissivity modulation for all-weather, year-round applications, which is in good 

agreement with Wang’s report 5.  

 

The adopted route above has the potential for a wide range of established materials. We 

alternatively applied this route to PET film, glass and Portland cement paste to create 

emissivity modulator. The XRD pattern (Fig. S18-20) confirmed their different 

structures. Without F-P structure design, PET (Δε8-13~-0.03, from 0.84 to 0.81), glass 

(Δε8-13~-0.02, from 0.80 to 0.78), and cement (Δε8-13~-0.07, from 0.91 to 0.84) all 

exhibited a negative emissivity contrast (Fig. S21B), suggesting the failure of 

emissivity modulation. However, it is promising to note that the emissivity modulation 

can be achieved on both PET (Δε8-13~0.14, from 0.61 to 0.75), glass (Δε8-13~0.21, from 

0.48 to 0.69) and cement (Δε8-13~0.17, from 0.58 to 0.75) due to the stacking F-P design 

(Fig. S21A), despite the limited emissivity contrast. The limited emissivity contrast 

compared to the case of TW is possibly due to the different surface properties of each 

substrate54, which then results in the different thickness for each layer. The established 



coting processes for emissivity modulation are usually substrate-dependent (usually 

opaque substrates) and generally require high temperatures and vacuum, which are 

unfavorable for wide adoptions. Our method only involved simple spin coating and 

does not require any expensive or inapproachable instruments. Overall, the method we 

proposed can provide a facile, widely-adoptable and affordable way to achieve a degree 

of radiative cooling modulation for many established materials spanning various 

industrially relevant materials across built environment fields.  

 

Radiative cooling modulation capability on TW was obtained through a facile and 

widely-applicable solution processing route. An emissivity contrast of 0.44 (0.19 for 

low temperatures and 0.63 for high temperatures) within the atmospheric window (8-

13µm) was achieved on TW. The emissivity contrast can be altered by adjusting the 

spinning speed of the PMMA layer and the concentration of W-VO2 during fabrication. 

The emissivity modulation capability also accompanied by considerable luminance 

transmittance (approximately 20%) and low transition temperature (~33.5 oC), which 

lends the structure towards feasible and effective real-world applications. Energy 

consumption simulations demonstrated that the EMTW outperformed commercial low-

E glass in terms of energy savings across a variety of climate zones. Importantly, this 

approach is facile, widely-applicable, and substrate-independent. Theoretically, 

radiative cooling modulation can be achieved on any potential surfaces, including roofs, 

walls, and textiles, through this approach with few modifications. Positive emissivity 

contrasts were also successfully demonstrated on three different widely-used materials 

(PET, glass, and cement). The wide applicability and approachability of this approach 

are of great significance in promoting the concept of radiative cooling modulation, 

which is expected to enhance the efficiency of various smart, passive thermal-

regulating systems across relevant applications.  
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