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A B S T R A C T

Passive daytime radiative cooling fabrics, characterized by high solar reflectance and thermal emissivity, exhibit 
zero-energy cooling performance under direct sunlight in a sustainable manner. However, these fabrics are 
predominantly white to maximize solar reflectance, limiting their suitability for applications requiring diverse 
colors, especially dark ones. In this study, we developed a sandwich-structured fabric (SSF) that combines color- 
preserving radiative cooling and latent heat storage properties through heat transfer design, effectively mini
mizing the net heat gain of colored fabrics from the external environment. The SSF features a specific visible 
reflectivity and high near-infrared reflectivity owing to the integration of the near-infrared transparent colored 
surface layer and the radiative cooling thermal insulation layer with micro-nano hierarchical structure, while the 
absorbed heat is further stored as latent heat, enabling efficient thermal management performance. It not only 
offers significant thermal buffering against temperature increases but also maintains a cooling effect of 
4.0–16.0 ◦C under intense sunlight compared to conventional fabric with the same color. Notably, the black SSF 
achieves an average temperature reduction of ~10.4 ◦C under an average solar irradiance of 549.4 W/m2. 
Furthermore, the SSF is fabricated through a simple, low-cost, scalable, and environmentally friendly process and 
exhibit excellent practical performance, paving a powerful way for efficient thermal management of colored 
fabrics.

1. Introduction

In recent years, climate deterioration driven by global warming and 
rising energy consumption have garnered global attention [1]. Conse
quently, research on energy-saving technologies and greenhouse gas 
emission reduction has become a key focus across various fields, such as 
materials and construction [2,3]. In particular, passive cooling tech
nologies that reduce cooling energy consumption without relying on 
conventional active methods have emerged as a promising strategy. 
Passive daytime radiative cooling involves the spontaneous reflection of 
sunlight within the wavelength range of 0.3 to 2.5 μm and the emission 
of thermal radiation through the atmospheric transparent window 
(ATW; 8 to 13 μm) into ultracold outer space (~3 K), resulting in zero- 
energy cooling under direct sunlight [4–6]. Based on this principle, a 
wide range of chemically engineered structural materials, including 
photonic crystals [7,8], thin films [9–11], coatings [12–14], glass [15], 

wood [16], ceramics [17], and fabrics [18–20], have been developed for 
passive daytime radiative cooling to achieve efficient thermal manage
ment for extensive daily and industrial applications. Among these, fab
rics for daytime radiative cooling are particularly promising due to the 
widespread use of textile materials in various fields and practical sce
narios, offering a potential solution to both global warming and the 
growing energy crisis.

Radiative cooling fabrics have subsequently emerged in various 
forms, including woven fabrics [21–23], electrospinning nanofiber 
membranes [24–26], coated fabrics [27–29], and nonwoven fabrics 
[30–32], all aimed at integrating radiative cooling functionality into 
textile materials to achieve effective thermal management in diverse 
application scenarios. However, most radiative cooling fabrics typically 
exhibit a super dazzlingly white appearance to maximize cooling per
formance, which compromises aesthetics and causes visual discomfort, 
thereby limiting their suitability for outdoor textile applications and 
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restricting their practical use in real-world applications [33]. For 
instance, in applications such as automotive interiors, transportation 
seating, tents, roofing, and awning materials, color and appearance are 
crucial and in significant demand. However, these colorful materials 
usually absorb more solar radiation, leading to elevated surface tem
peratures under intense outdoor sunlight, thereby creating harsh ther
mal environments and discomfort. Especially for automotive interior 
materials, the selective transmission characteristics of window glass 
(transmitting shortwave but blocking longwave radiation) inhibits in
ternal heat exchange, causing a typical “greenhouse effect” [34]. This 
not only significantly reduces thermal comfort but also poses major 
safety risks [35,36]. Studies have shown that interior surfaces are key 
factors in creating the greenhouse effect and determining the interior 
temperature, and they account for most air conditioning energy con
sumption [37]. Therefore, the key technical challenge lies in developing 
materials that can effectively reduce solar heat gain while maintaining 
their color appearance. This is particularly important in practical ap
plications to improve thermal comfort and reduce cooling energy 
consumption.

To enhance human thermal comfort and conserve energy, colored 
radiative cooling fabrics (CRCFs) have been explored [38–40]. Such as 
photonic crystals [41], structural color fabrics [42], electrospinning 
membranes [43], porous-coated fabrics [44], and spray-coated fabrics 
[45], but their performance and application scope are still limited. For 
instance, photonic crystals and structural color fabrics are costly and 
challenging. Furthermore, although colored electrospinning membranes 
and porous coated fabrics offer high cooling performance, they cannot 
maintain their original color appearance well due to internal porous 
scattering, making it difficult to achieve effective thermal management 

for dark or black appearances. Their complicated, high-cost, and 
solution-processed syntheses involving toxic solvents (adversely 
affecting human health and the environment) limit their mass produc
tion. Moreover, spray-coated fabrics require improved scalability and 
reliability for practical application. Therefore, developing efficient 
radiative cooling fabrics that meet different color appearance re
quirements in a simple, low-cost, and highly scalable manner is critical 
and presents a significant challenge [46].

For colored radiative cooling, the fabric will inevitably absorb heat 
from visible solar light and heat transfer via non-radiative mechanisms 
such as conduction and convection, causing an increase in the fabric's 
surface temperature. Phase change materials (PCMs), due to their su
perior heat storage properties, have been extensively applied and 
researched in the fields of energy storage and thermal management 
[47–49]. Integrating these materials with fabrics can enhance their 
added value by endowing them with dynamic temperature regulation 
capabilities. However, limited by the enthalpy and dosage of phase- 
change materials, phase-change fabrics (PCF) primarily provide a buff
ering effect under thermal stimulation, and the end of phase-change heat 
storage process under the thermal load of long-time outdoor exposure to 
solar radiation does not have a more significant impact on the temper
ature of the fabric after reaching thermodynamic equilibrium. Thus, 
combining it with other thermal management methods is a practical 
approach to enhancing thermal management performance [50,51].

Herein, we present a simple, low-cost, environmentally friendly, and 
scalable approach to fabricate a colored sandwich structured fabric 
(SSF) that meets the thermal management demands for outdoor colored 
fabric applications, the preparation process is shown in Fig. S1. We 
engineered the SSF by integrating a near-infrared transparent colored 

Fig. 1. Design and model calculations of the sandwich-structured colored fabric (SSF). (a) The structure of the SSF is composed of a colored top layer, radiative 
cooling thermal insulation layer, and phase change fabric. (b and c) Schematic showing the interaction of sunlight with conventional coated fabrics (b) and SSFs (c), 
respectively, and the heat transfer pathways. (d) FDTD simulated reflectance of conventional black fabric, black SSF, and radiative cooling coating. (e) Calculated 
thermodynamic equilibrium temperatures of the conventional black fabric and the black SSF under different solar radiation intensities. (f) Calculated temperature 
variation of the commercial black fabric and the black SSF with different PCMs' content under different solar radiation intensities. Purple: 1000 W/m2; red: 600 W/ 
m2; yellow: 200 W/m2. The Tm is fixed at 35 ◦C. (g) Calculated temperature variation with the Tm evolution under different solar radiation intensities and the 
calculated buffer time can be found in Supporting Information. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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top layer, a radiative cooling thermal insulation middle layer, and a 
bottom phase change fabric (PCF) into a multilayer fabric (Fig. 1a). The 
top layer features specific visible reflectivity, high near infrared (NIR) 
transmittance, and high infrared emissivity by incorporating NIR 
transmissive colorants into a visibly transparent polymer matrix of 
polyvinyl chloride (PVC). The radiative cooling thermal insulation layer 
is created by randomly embedding TiO2 nanoparticles into the PVC 
matrix via physical foaming, yielding a hierarchical structure with 
microporous and nanoparticle-integrated characteristics that enable the 
strong reflection of solar radiation transmitted by the top layer and 
further reduce heat input. Furthermore, the bottom fabric layer con
taining phase change microcapsules absorbs and stores inner heat to 
delay temperature increase. This customization of heat transfer path
ways maximizes thermal management in colored fabric. With this 
design, the SSFs exhibit almost identical colors and visible reflectance to 
those of commercial colorful fabrics, but a considerably higher near- 
infrared reflectivity, lower thermal conductivity, and excellent ther
mal storage properties. Consequently, they not only significantly slow 
down the heating rate, but also exhibit substantially lower temperatures 
under sunlight. In addition, it also has superior applicability and could 
be industrially produced via a roll-to-roll process at high speed, bridging 
the gap between theoretical research and actual product development.

2. Results and discussion

2.1. Concept design and theoretical analysis of the SSF for colored 
thermal management

We compared the concept and structural design of SSFs with con
ventional fabrics in the same colors, and analyzed the heat transfer and 
thermal performance with numerical simulations and theoretical cal
culations, as shown in Fig. 1. Fig. 1b illustrates the heat transfer mode of 
conventional colored coated fabrics under solar radiation: the top layer 
absorbs part of the solar visible light (displaying the corresponding 
color) and almost all of the NIR light. Heat is transferred from the 
exterior to the interior and balanced between input and output via the 
fabric's surface thermal radiation dissipation and heat exchange with the 
external environment through conduction and convection. However, the 
NIR light, which accounts for approximately 51 % of solar radiation and 
is unrelated to color performance, should be maximally reflected to 
minimize the solar heat absorbed by the fabric. Higher NIR reflectivity 
results in a greater temperature reduction (Fig. S2). As shown in Fig. 1c, 
the heat transfer mode of SSFs shows that the visible wavelengths 
complementary to the desired color are absorbed by the top layer, while 
the NIR radiation, is transmitted through the top layer and highly re
flected by the intermediate radiative cooling layer. The hierarchical 
morphology of micropores and nanoparticles in the radiative cooling 
layer provides high reflectance and excellent insulating properties, 
reducing the heat transfer (from the color top layer) and accumulation 
within the fabric. Moreover, the bottom PCF can absorb and store heat 
transferred through the insulation layer at specific temperatures, thus 
delaying the fabric's temperature rise. Here, we calculated the heat 
transfer and corresponding temperature changes during both transient 
and steady-state heat transfer for the two fabrics with differing optical 
and thermal properties, and the heat transfer model is shown in Fig. S3. 
Further details of theoretical analysis can be found in the Supporting 
Information.

To elucidate the thermal management properties of SSFs, we take the 
black-coated fabric with the highest thermal management demand as an 
example, using the model mentioned above and with the conventional 
black-coated fabrics as the control. Finite-difference time-domain 
(FDTD) simulations show that the black SSF exhibits significantly higher 
reflectance in the NIR region than the conventional fabric (Fig. 1d), 
thereby reducing the solar radiation heat input into the fabric. Corre
spondingly, the calculated thermodynamic equilibrium temperatures of 
the SSFs are always much lower than the conventional coated fabrics 

with the same color under various solar radiation intensities (Fig. 1e), 
and this temperature management effect becomes more pronounced 
with increasing solar intensity. Meanwhile, the calculated temperature 
difference between the two fabrics decreases with increasing heat 
transfer coefficient (Fig. S4), which is because that higher heat transfer 
coefficient results in a more intense heat exchange with the external 
environment, thus decreasing the temperature difference between the 
two fabrics mainly caused by the difference in absorbed radiant heat. 
The simulated temperature change curve also confirms the reduction of 
the thermal equilibrium temperature under various solar radiation in
tensities (Fig. 1f). Moreover, during the transient heat transfer process 
before reaching thermodynamic equilibrium under a fixed solar irradi
ation intensity, according to Eq. S16, the fabric's latent heat of fusion 
increases with the PCMs content, prolonging the phase change duration 
and progressively improving the heat-time transfer in temperature rise 
process. Owing to the decreased heat input, the lower solar radiation 
power density exhibits the longer storage time of the PCMs corre
spondingly, leading to a better temperature delay effect for the fabric.

The phase transition temperature (Tm) significantly influences the 
heat transfer process in composite fabrics, affecting their thermal effi
ciency and playing a critical role in temperature rise buffering. Simu
lations were conducted to analyze the temperature rise curves of fabrics 
with different Tm during the heat transfer process (Fig. 1g). Under solar 
irradiation, the fabric's surface coating absorbs solar heat, and it is 
evident that a lower Tm at the fabric's bottom initiates temperature 
buffering at a lower level, improving heat transfer efficiency. However, 
due to the substantial heat input, the temperature rise rate is faster, 
resulting in a shorter duration of temperature rise delay. Moreover, 
decreasing the solar radiation intensity and incorporating additional 
radiative cooling properties can effectively reduce external heat input, 
thereby prolonging the working time of PCMs and enhancing the heat- 
time transfer effect (Fig. S5). Increasing the Tm extends the duration 
but raises the buffering temperature. To optimize the performance of 
thermal management fabrics, PCMs with lower melting points but 
higher than ambient temperatures should be considered under the 
premise of compromising and satisfying thermal buffering requirements 
[52]. Hence, comprehensive consideration should be given to realistic 
scenarios and needs during design and application.

2.2. Materials characteristic

To achieve sustainable and scalable colored thermal management in 
SSFs, PCF was first prepared via an industrial dip-rolling process. Then, 
polymer-coated composite fabrics were prepared using a massively 
scalable coating technology. Due to the superior mechanical properties, 
flexibility, high transparency, strong compatibility, and intrinsic 
infrared resonance of C–C, C–H, and C–Cl bonds within the ATW 
[53], PVC was selected as the polymer matrix embedded non-absorbent 
colorants to create a near-infrared transparent colored surface layer with 
an excellent thermal emission capacity, and then a large number of 
micropores were generated in the polymer coating and compounded 
with high refractive index TiO2 nanoparticles to form a micro-nano hi
erarchical morphology by physical foaming technology to obtain a 
radiative cooling coating. Alkanes with high phase change enthalpy and 
tunable Tm were used as the PCMs, and widely available, heat-resistant 
polyurethane (PU) was chosen as the encapsulation medium. The PCMs 
were encapsulated into dimensionally stable, durable microcapsules 
(mPCMs) to prevent leakage, and PCF was subsequently prepared using 
the dip-rolling process. The scraper-coated PVC layer was laminated 
with the PCF to form the colored sandwich-structured fabric. This facile 
process yielded coated fabrics with various colored surfaces (Fig. 2a-1), 
featuring a green and straightforward production process without 
harmful solvents or by-products. The thickness can be easily controlled 
by adjusting the scraper distance, and the process can be easily scaled up 
for continuous mass production using industrial coating and lamination 
techniques (Fig. 2a-2). For ease of exploration, take the black-coated 

X. Xiang et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 520 (2025) 165702 

3 



fabric as an example, with relevant data for other colors included in the 
Supporting information. As shown in Fig. 2b and c, with the element 
distribution depicted in Fig. S6, compared to the two-layer structure of 
the conventional black fabric, the black SSF exhibits a distinct three- 
layer structure. The top layer comprises a dense PVC polymer coating 
that imparts the desired appearance and excellent hand feeling. The 
radiative cooling layer, with randomly distributed micropores and 
nanoparticles, demonstrated a hierarchical structure that provides high 
solar reflectance and reduced thermal conductivity. The bottom layer 
features microencapsulated phase change materials (mPCMs) attached 
to the fiber, offering mechanical support and thermal storage properties. 
These structural characteristics confirmed the successful development of 
SSFs with micro-nano hierarchical structures and specific heat transfer 
pathways in a sandwich configuration.

To evaluate the radiative properties of the SSF, the optical properties, 
including the solar radiation range (0.3 to 2.5 μm) and the ATW range (8 
to 13 μm), were experimentally investigated (Fig. 2d and e), and we 
further calculated the absorbed solar radiation power based on the 
reflectance within the solar spectrum (Fig. 2f). The pure PVC coating 
demonstrated a transmittance of over 95 % in the solar spectrum 
(Fig. S7a and b), indicating low intrinsic absorption and high 

transparency when exposed to solar irradiation. With this advantage, 
the fabric retained its NIR transmittance by incorporating non-absorbent 
colorants in the NIR region while presenting the desired color. With the 
hierarchical structure of micropores and nanoparticles, the radiative 
cooling layer at the bottom exhibits strong Mie scattering, resulting in a 
high solar reflectance (Fig. S7e). For example, the PVC coating com
pounded with near-infrared transparent black colorants has specific 
absorption properties in the visible light region of the solar spectrum to 
display the corresponding color (Fig. S8c) and high transmittance in the 
NIR region (Fig. S7d), which facilitates the transmission of NIR radiation 
through the top layer to be effectively reflected by the underlying 
radiative cooling layer, thus achieving a high NIR reflectance (Fig. S7e). 
At the same time, the fabric maintains a high emissivity in the ATW 
range (Fig. S7f). Similarly, the solar spectrum characteristics of other 
colored top layers also exhibit non-absorbent properties (Fig. S8). The 
process parameter optimization for colorants and TiO2 is illustrated in 
Fig. S9. The black SSF with optimized coatings laminated with phase 
change energy storage fabrics could reflect up to 90.50 % in the NIR 
region (Fig. 2d). In contrast, due to carbon black colorants' high solar 
spectrum absorption (Fig. S10), conventional black-coated fabrics 
exhibit only 5.73 % reflectance (Fig. 2d). Consequently, the black SSF 

Fig. 2. Structure, optical properties, and thermal properties of the SSF. (a) Optical photographs of commercial coated fabrics and SSFs in different colors. (b–c) SEM 
images of the different positions inside the commercial black coated fabric (b) and the black SSF (c), including colored top coating (b-3 and c-3), radiative cooling 
thermal insulation coating (c-4), and bottom fabric substrate (b-4 and c-5). (d–e) Reflectance in the solar spectrum (0.25 to 2.5 μm) (d) and emissivity in the at
mospheric window (8 to 13 μm) (e) of the commercial black coated fabric and black SSF. (f) Calculated absorbed solar heat of commercial black fabric and black SSF. 
(g) FTIR absorbance spectrum of the surface coating and black SSF. (h) Color space of the commercial fabric and SSFs in different colors (black, gray, red, blue, 
yellow). (i) DSC curves of heating and cooling processes for PCF with different PCMs. (j) Enthalpy and phase transition temperature of PCF during the melting and 
freezing process. (k) Thermal conductivity of the black SSF before and after melting.
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absorbs significantly less solar radiation power in the NIR band than 
conventional black fabrics (Fig. 2f), with a difference ΔP of 304.50 W/ 
m2. Other colored SSFs (gray, red, blue, yellow) also exhibit high NIR 
reflectance and reduced solar absorption power by 54.86, 306.31, 
95.94, and 52.33 W/m2, respectively (Fig. S11), suggesting that the 
sandwich structure thermal management strategy applies to various 
colors and can significantly decrease absorbed solar radiation. 
Furthermore, all colored top layers, conventional fabrics, and SSFs 
demonstrate an emissivity exceeding 96 % in the ATW region (Fig. 2e, 
Fig. S12–13 and Table S2), deriving from the intrinsic resonance of 
chemical bonds within the surface coating (Fig. 2g). Accordingly, we 
calculated the thermal equilibrium temperatures of the aforementioned 
commercial fabrics and SSF fabrics with identical colors under varying 
solar radiation intensities and convective heat transfer coefficients (hc). 
As illustrated in Figs. S14 and S15, the SSF fabrics are significantly 
cooler than the commercial fabrics. Meanwhile, Tamb was fixed as 30 ◦C 
and hc was chosen as 0, 4, 8, 12 W m− 2 K− 1. The calculated theoretical 
net cooling power of the commercial fabrics and the SSF with the same 
color (Fig. S16) shows that the SSF exhibits a significantly higher net 
radiative cooling power than the commercial fabrics. This is attributed 
to its relatively higher near-infrared reflectance, which corresponds to a 
reduced solar radiation absorption power. Most importantly, unlike 
directly incorporating TiO2 particles into the fabric's coating, which 
would significantly change the original color appearance and optical 
properties (Fig. S17), the sandwich structure design does not affect the 
color appearance of fabrics. The fabric's color remains highly consistent 
before and after structural application (Fig. 2h and Table S3), which is 
crucial for aesthetic design and large-scale production.

High-efficiency latent heat storage can delay temperature rise and 
reduce heat input, as demonstrated by the simulated fabric temperature 
change process (Fig. 1g and h), with key factors including enthalpy, 
phase transition temperature, specific heat capacity, and thermal con
ductivity. With increasing carbon chain length of alkanes within the 
mPCMs, the Tm of the PCF increase from 28 ◦C to 45 ◦C (Fig. 2i and j), 
and the heat storage enthalpy range from 72 kJ/kg to 83 kJ/kg. The 
PCF's enthalpy increases with the mPCMs' content. Corresponding 
thermal energy storage performance of the SSFs is shown in Fig. S18. At 
the phase transition temperature range, the fabric's specific heat ca
pacity significantly increases due to the heat absorption during the 
melting of PCMs, which is critical to determine the ease of temperature 
change on the fabric. Consequently, compared to conventional fabrics, 
SSFs require more heat input for temperature rise, thus reducing the 
temperature rise rate and delaying the time to reach thermodynamic 
equilibrium. To achieve the optimized performance of SSF, the mPCMs 
with a Tm of 35 ◦C was selected. Furthermore, considering the fabrica
tion and bonding properties of the actual coated fabrics, the PCF's load 
weight was determined to be 120 g/m2. The PCF exhibits high thermal 
stability up to 220 ◦C, beneficial for stability during the coating process 
(Fig. S19). Additionally, the SSF exhibits constant optical properties 
before and after melting, which guarantees stable cooling performance 
during the recycling utilization (Fig. S20). Thermal conductivity is 
crucial in heat transfer and determines thermal diffusion efficiency. 
With the abundant micropores inside, the radiative cooling insulation 
layer exhibits significantly lower thermal conductivity than the original 
dense PVC coating (Fig. S21), which effectively reduces inward heat 
transfer from the top surface after absorbing solar heat. As for the bot
tom fabric, as we expected, due to the large number of mPCMs filling the 
pores inside the fabric, the thermal conductivity of the PCF is signifi
cantly higher than that of the blank fabric, which is conducive to the 
rapid absorption and storage of excess heat conducted into the PCF to 
slow down the temperature rise. Overall, the composite structural 
design reduces the thermal conductivity of the composite fabric, and 
owing to the PCMs transitioning from solid to liquid upon heat ab
sorption [54], the fabric's thermal conductivity decreased after melting 
(Fig. 2k), thus reducing the inward heat input through the composite 
fabric.

2.3. Thermal management performance

Indoor simulated experiments and continuous outdoor thermal 
measurements were carried out to investigate the thermal management 
performance of the colored SSFs. In the indoor simulation experiment 
(Fig. 3a and b), xenon lamp was used to simulate solar radiation and the 
surface temperature was monitored and compared in Fig. 3c and d. 
When reaching thermal equilibrium, the black SSF remains 12.40 ◦C 
cooler than the commercial black fabric under 1000 W/m2 solar irra
diation, consistent with theoretically calculated heat equilibrium tem
perature (Fig. S15). During the heating process, the black SSF 
demonstrates a substantial temperature buffer platform at the phase 
transition temperature, exhibiting an enhanced cooling effect during the 
initial 10 min with a heightened temperature difference compared to 
equilibrium. This phenomenon can be attributed to the heat absorption 
by the PCMs undergoing a phase transition process. Moreover, after the 
cessation of solar irradiation, the cooling process of the fabric also 
exhibited a thermal buffering plateau without any temperature increase 
(Fig. S22). This enables the PCM to continuously provide thermal 
regulation in a cyclic and sustained manner over extended periods. 
Furthermore, this advantage is more evident when compared to the 
thermoregulation effect of commercial black fabric containing PCMs, 
which is due to the high NIR reflectivity of the black SSF reducing the 
heat input per unit of time, thereby extending the phase change thermal 
storage time. Similarly, with solar radiation decreases, the heat absor
bed by the fabric surface diminishes, leading to an extended duration of 
the phase change process in the PCM, which delays the temperature rise 
from 10 min to 30 min (Fig. S23). Therefore, PCMs can effectively 
reduce the temperature rise rate, extend the time to thermal equilib
rium, and enhance the cooling performance. The high NIR reflectivity 
not only significantly reduces the thermal equilibrium temperature of 
colored fabrics, but also extends the duration of phase change thermo
regulation. The synergistic effect of phase change heat storage and 
radiative cooling provides fabrics with optimal thermal management 
performance. For gray/red/blue/yellow colors, the SSFs remain 5.09 ◦C, 
12.75 ◦C, 7.00 ◦C, and 4.66 ◦C cooler than the commercial fabrics 
(Fig. S24), respectively, demonstrating the versatility of sandwich- 
structured thermal management designs for various color appearances. 
Moreover, this cooling performance is directly proportional to the 
absorbed power difference resulting from the near-infrared reflectance. 
To investigate the thermal management potential of SSFs when used as 
either the exterior roof surface or the interior surface of an enclosed 
space, we conducted comparative measurements of the internal air 
temperature under an average solar irradiance intensity of 500 W/m2 

(Fig. S25). The results show that the high near-infrared reflectivity of the 
SSF effectively reduces the internal air temperature by 3–4 ◦C. More
over, the PCMs not only slow down the rise in air temperature but also 
reduce the peak temperature by approximately 0.5 ◦C, demonstrating 
their excellent temperature regulation performance.

To further demonstrate the cooling effect of the SSFs under realistic 
outdoor conditions, we conducted comparative tests by exposing the 
SSFs and commercial fabrics to direct sunlight (Fig. 3e and f). Under 
solar irradiation, temperature curves fluctuated due to real-time 
changes in weather conditions (Fig. 3g). The surface temperature of 
the black SSF remained consistently lower than that of the conventional 
black fabric (Fig. 3h), with a maximum temperature difference of 
16.0 ◦C (Fig. 3i), confirming its strong temperature management capa
bility. The temperature difference fluctuated with the solar radiation 
intensity, with stronger radiation resulting in a more significant effect. 
During the initial temperature rise under irradiation, a significant in
crease in ΔT is observed, which is attributed to the phase change heat 
absorption that delays the temperature increase upon reaching the phase 
change temperature. At night, the latent heat released by the phase 
change is gradually dissipated through convection and radiation, 
resulting in a smooth temperature decrease (Fig. S26). Additionally, we 
tested the outdoor temperature change curves for SSFs in other colors 
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(Fig. S27), showing reductions of 9.43 ◦C, 18.04 ◦C, 9.16 ◦C, and 8.66 ◦C 
for gray, red, blue, and yellow fabrics, respectively. These tests, which 
isolated heat convection and conduction, effectively simulated the 
thermal management performance of the fabrics in outdoor enclosed 
spaces, such as automotive interior materials. Furthermore, to simulate 
real-world applications such as roofs, awnings, and bicycle seats 
exposed to outdoor conditions, we conducted simulations incorporating 
thermal convection and recorded the resulting temperature variations 
(Fig. S28). Enhanced thermal convection reduced the proportion of 
radiative heat transfer, leading to a decrease in the temperature differ
ence primarily driven by variations in radiative absorption. However, a 
temperature difference of approximately 10 ◦C was still observed. 
Additionally, the spatial thermal management potential of SSF as both a 
roof (Fig. 3j and k) and interior surface was evaluated (Fig. 3l and m). 
Compared to commercial black fabrics, air temperature reductions of up 

to 15.07 ◦C and 14.83 ◦C were achieved in confined spaces, respectively, 
highlighting the superior thermal management performance of SSFs in 
diverse outdoor radiation environments.

In summary, this section experimentally verifies that the design of 
SSFs supports a wide range of colors and delivers excellent thermal 
management performance across various application scenarios. It 
further illustrates the synergistic effect of radiative cooling and latent 
heat storage on the thermal performance of SSFs. Under solar irradia
tion, the SSF's high NIR reflectivity effectively reduces radiant heat 
absorption, significantly lowering the thermal equilibrium temperature. 
The latent heat storage properties of the PCMs provide a temperature 
buffer, delaying thermal equilibrium. This buffering effect increases as 
heat input decreases, with both mechanisms working together to ach
ieve efficient thermal management throughout the heating process. 
Additionally, external environmental factors, such as solar radiation 

Fig. 3. Cooling performance of the black SSF. (a and b) Schematic diagram (a) and photo (b) of indoor setup for the cooling performance test. (c and d) Temperature 
comparison of commercial black fabric, commercial black fabric with PCMs, black SSF, and black SSF without PCMs tested indoor (c) and temperature reduction 
curve (d). (e and f) Schematic diagram (e) and photo (f) of outdoor setup for the cooling performance test. (g) Solar irradiation intensity for outdoor cooling 
performance test. (h and i) Temperature comparison of commercial black fabric and black SSF tested in Suzhou, China (17 September 2023) (h) and temperature 
reduction curve (i). (j and m) Schematic diagram of outdoor experiment setup (j) and air temperature comparison (k) for the cooling performance test as roof surface; 
schematic diagram of outdoor experiment setup (l) and air temperature comparison (m) for the cooling performance test as interior surface, tested in Shanghai, China 
(25 August 2024).
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intensity and air convection coefficients, influence both the thermal 
equilibrium temperature and buffering effect.

2.4. Evaluation of practical application feasibility

Given the excellent scalability and sustainability of the sandwich- 
structured thermal management design in this study, we further 
explored its performance in various real-world applications, as shown in 
Fig. 4. Fig. 4a compares the appearance of the black SSF with conven
tional black fabric under different temperature conditions, demon
strating consistent color appearance and stability across low and high 
temperatures. Thermal infrared imaging reveals that the black SSF 
maintains a significantly lower surface temperature than the commer
cial fabric of the same color. We also tested the surface thermal man
agement effects in real-world applications, such as roof canopies, tents, 

automotive interiors, and bicycle seats. Long-term infrared thermal 
images indicate that SSFs effectively reduce surface temperature under 
prolonged exposure to solar radiation and air convection (Fig. 4b). In 
enclosed car environments, where long-wave thermal radiation from the 
surface is blocked, the SSF surface still exhibits a significant temperature 
reduction, which is attributed to its reduced absorption of solar radia
tion. This demonstrates superior surface thermal management perfor
mance and enhances thermal comfort.

The SSFs combine the benefits of a flexible polymer coating and a 
fabric substrate, offering superior flexibility, mechanical properties, 
water and dirt resistance, and durability. As shown in Fig. 4c, the black 
SSF demonstrates exceptional flexibility and compliance, allowing it to 
bend freely without damage. The fabric retains its original state after 
bending, ensuring adaptability to various outdoor scenarios. When 
exposed to contaminants, they easily slide off the surface (Fig. 4d), and 

Fig. 4. Evaluation of practical application feasibility. (a) Optical and infrared images of the commercial black-coated fabric and the black SSF. Cold: indoor ambient 
temperature of 25 ◦C; heat: after exposure to outdoor solar irradiation for 1 h. (b) Outdoor cooling performance of the commercial black coated fabric and the black 
SSF, including roof canopies (b1), tents (b2), automotive interiors (b3), and bicycle seats (b4). (c and d) Flexibility (c) and anti-pollution performance (d) of the black 
SSF. (e) Mechanical strength tests of the black SSF strength versus elongation. (f) Measured water contact angles for the SSFs in different colors. All the samples show 
decent hydrophobicity. The error bars indicate the SD values of multiple measurements. (g and h) Measured MIR emissivity for samples before and after the high/ 
low-temperature test (g) and acid/alkali test (h). No noticeable change was observed. The inset exhibits images of samples before and after tests, demonstrating that 
visual appearance was also retained. (i) By printing glossy and matte polyurethane (PU) inks separately in the top layer, glossy and matte textures can be achieved, 
respectively. (j and k) Annual energy savings of SSFs used as (j) building roofs and (k) building roofs and exterior walls in 14 typical Chinese cities.
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the fabric can be easily wiped clean, restoring it to its original state 
(Movie S1). Mechanical testing results reveal that the SSF can withstand 
a tensile force of 23.3 MPa and an elongation of 61.3 % (Fig. 4e), 
comparable to the commercial one, meeting the high mechanical 
strength requirements of realistic scenarios. Water contact angle tests 
demonstrate the excellent water resistance of SSFs, with an average 
water contact angle of 107.1◦ (Fig. 4f and Movie S2 and S3), enhancing 
stability in humid environments. To assess the durability of the SSF, the 
fabric was stored for one week at high temperature (60 ◦C), low tem
perature (− 20 ◦C), acid (sulfuric acid, pH = 4), and alkali (sodium hy
droxide, pH = 10) environment. Spectral and thermal storage 
performance were measured, and the visual appearance of the samples 
was observed before and after each test. After high and low-temperature 
tests, the fabric's mid-infrared high emissivity characteristics remained 
unchanged (Fig. 4g), and solar spectral properties were also unaffected 
(Fig. S29a), with photographs confirming the coating's intact appear
ance (inset of Fig. 4g). The optical properties and appearance of the 
coated samples also remained good after exposure to acid and alkali 
(Fig. 4h and Fig. S29b). After these treatments, the SSF showed no sig
nificant changes in phase change temperature or latent heat 
(Fig. S30a–b), and its heat storage performance remained highly 
consistent after 200 thermal cycles (Fig. S30c–d). Moreover, the SSF 
fabric exhibited excellent spectral stability after undergoing two weeks 
of accelerated xenon lamp aging and accelerated UV aging (Fig. S31). 
These results demonstrate that the SSF exhibits excellent environmental 
adaptability and durability, which is crucial for maintaining spectral and 
thermal management performance under long-term practical 
applications.

Furthermore, adopting suitable polymer adhesives on the top surface 
allows for the presentation of various surface glosses (Fig. 4i), which is 
challenging for photonic structure design. Optical tests under different 
gloss finishes indicate that these treatments do not significantly affect 
the fabric's surface optical properties (Fig. S32). This is particularly 
important for the automotive industry, which requires compatibility 
with a wide range of gloss presentations to meet diverse design needs of 
product. Moreover, we investigated the sensitivity of the SSF's optical 
performance to repetitive processes and fabrication parameters, 
assessing the replicability of its optical properties in repeated 
manufacturing (Fig. S33). The impact of altering the thickness of the 
color top layer following the same process was also tested (Fig. S34). The 
results indicate that the optical performance of the coating is highly 
replicable for the manufacturing process, and changes in the thickness of 
the color top layer have a minimal effect on solar reflectance and mid- 
infrared emissivity. All tests demonstrate the robustness of the 
manufacturing process in ensuring consistent thermal management 
performance.

Finally, to quantitatively evaluate the energy-saving potential of 
SSFs in building and canopy material applications, we selected 14 
representative cities across five building climate zones in China and 
calculated the annual energy savings achieved by different colored SSFs 
when used as building roofs and envelope structures (Fig. 4j and k), 
utilizing commercial building energy simulation software EnergyPlus. 
Detailed information about the calculations and the building model can 
be found in Text 4 and Table S4. The results show that applying different 
colored SSFs to building roofs and envelope structures yields significant 
annual HVAC energy savings, which increase with the solar reflectance 
of the SSF. Specifically, when used as roofing materials, the annual 
savings range from 4.68 to 22.30 MJ m− 2 y− 1 for black SSFs to 
9.30–37.81 MJ m− 2 y− 1 for yellow SSFs. When used as both roofs and 
exterior walls, the savings increase from 4.26 to 37.94 MJ m− 2 y− 1 for 
black SSF to 6.34–63.68 MJ m− 2 y− 1 for yellow SSF.

Overall, the colored thermal management fabric with a sandwich 
structure exhibits excellent thermal management capabilities, along 
with good compliance, waterproof and antifouling properties, mechan
ical strength, durability, and adjustable surface gloss. In addition, the 
SSF demonstrates substantial energy-saving benefits across diverse 

building applications, effectively combining thermal management per
formance with color preservation. Compared with methods such as 
structural coloration, photoluminescence, sprayed pigment coatings, 
and electrospun nanofiber membranes (Table S5), our SSFs not only 
exhibit higher near-infrared reflectance and infrared emissivity but also 
achieve a wide range of color variations from dark to light, demon
strating high color tunability. More importantly, this technology is 
based on industrial-scale coating and lamination processes, with a 
simple, environmentally friendly, and highly compatible fabrication 
process, offering high scalability, mechanical durability, and cost- 
effectiveness. These advantages highlight the practical feasibility and 
tremendous potential of our SSFs for real-world applications, which is of 
great significance for thermal management applications in outdoor 
functional textiles.

3. Conclusion

In conclusion, we present a sandwich-structured colored thermal 
management fabric using a simple, cost-effective, environmentally 
friendly, and scalable way to simultaneously achieve color-preserving 
radiative cooling and effective latent heat storage, which consists of a 
near-infrared transparent colored surface layer and a micro- 
nanostructured radiative cooling layer that strongly reflects NIR light, 
as well as a phase-change thermal-storage fabric substrate for latent heat 
storage. Theoretical simulations and calculations, optical characteriza
tion, and thermal measurements indicate that the sandwich structure 
design can reduce solar heat absorption through high NIR reflectivity 
while delaying temperature increases through effective heat storage. 
Compared to conventional fabric with the same color, the SSF features 
an increased NIR reflectivity of up to 0.48. The black/gray/red/blue/ 
yellow SSFs reduced the absorbed solar power by 304.50 W⋅m− 2/54.86 
W⋅m− 2/306.31 W⋅m− 2/95.94 W⋅m− 2/52.33 W⋅m− 2 under 1000 W⋅m− 2 

solar radiation and were 16.00 ◦C/9.43 ◦C/18.04 ◦C/9.16 ◦C/8.66 ◦C 
cooler than commercial fabrics under strong sunlight. It also provides an 
enhanced temperature buffering effect during temperature rise, further 
strengthening color-preserving cooling performance. The synergistic 
effect of colored radiative cooling and heat-storage properties effec
tively manages the heat transfer pathways, enabling efficient tempera
ture regulation. Additionally, in various outdoor applications, the 
temperature management performance significantly outperforms com
mercial fabrics, achieving “the same color, different thermal perfor
mance”. The SSFs also demonstrate excellent practical properties, 
including flexibility, mechanical strength, environmental adaptability 
and durability. Through comprehensive heat transfer analysis, this 
sandwich structure design offers an innovative, sustainable, and scalable 
solution for color-preserving thermal management to weaken the 
greenhouse effect and improve thermal comfort. This approach not only 
holds substantial energy-saving potential but also provides an effective 
strategy for mitigating heat-related issues.

4. Methods

4.1. Materials

Polyvinyl chloride (PVC) slurry was provided by Benecke-Changshun 
Auto Trim Zhangjiagang Co., Ltd. TiO2 (0.2–1 μm) was purchased from 
Hebei Badu metal materials. Ranbar Black P0086 (black colorant) was 
purchased from Fine Chemical Company. Conventional colorant (carbon 
black, red, gray, green) was purchased from BASF SE, and phase change 
microcapsules were obtained from INNOCAP Company. Polyester/cot
ton fabrics (100 g/m2) were provided by Jiangsu Beautiful New Material 
Co., Ltd.

4.2. Preparation of SSFs

As shown in Fig. S1, the SSF was prepared using the transfer-coating 
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method. Firstly, phase change microcapsules are formulated into a fin
ishing solution, and the fabric is dipped and padded to undergo multiple 
dipping processes to achieve the desired loading, resulting in a phase 
change energy storage fabric substrate. A PVC slurry is compounded 
with a colorant (2 %) and mixed under vacuum at 2000 rpm for 20 min 
to create a colored surface coating slurry. This slurry is then coated to a 
certain thickness on a release paper and placed in a 200 ◦C oven for 2 
min to dry and form a colored surface layer. Subsequently, the PVC 
slurry is also compounded with a physical foaming agent and a specific 
mass fraction of TiO2 nanoparticles, mixed under vacuum at 2000 rpm 
for 20 min to create a radiative cooling insulating coating slurry. This 
slurry is coated to a certain thickness on the surface film and dried into a 
film in a 200 ◦C oven for 2 min, forming a composite double-layer 
coating. Finally, this composite is laminated with the phase change 
energy storage fabric to produce a sandwich-structured colored thermal 
management fabric (SSF).

4.3. Characterization

The cross-sectional morphology was performed using a Stereo Mi
croscope (NIKON SMZ745T, Japan), and the microscopic morphology of 
samples was investigated by a field-emission scanning electron micro
scope (SEM, HITACHI SU8010, Japan).

The reflectance spectral of samples in the sunlight region (0.25–2.5 
μm) was measured using a UV–VIS-NIR spectrophotometer (UV3600, 
Japan) with a polytetrafluoroethylene integrating sphere and a poly
tetrafluoroethylene plane as standard reflecting pool. The transmission 
spectra were obtained in the same way, except that the sample was 
placed at the mouth of the integrating sphere. The average solar 
reflectance was determined by weighted calculation based on the AM 
1.5 solar spectrum, as expressed below: 

R =

∫ 2.5
0.25 R(λ)IAM1.5(λ)dλ

∫ 2.5
0.25 IAM1.5dλ 

where IAM1.5(λ) is the ASTM G173-03 global solar intensity spectrum, 
and R(λ) is the sample's spectral reflectance. Ranges 0.4–0.76 μm and 
0.76–2.5 μm correspond to the wavelength range used in the calculation 
of reflectance in the visible and NSWIR wavelengths, respectively.

The spectral emissivity of samples in the mid-infrared wavelength 
ranges (2.5–20 μm) was tested by an FTIR spectrometer (Nicolet IS50, 
USA) equipped with a gold integrating sphere. The average emissivity 
located at the atmosphere window was determined by weighted calcu
lation based on the blackbody radiation function, as expressed below: 

ε =

∫ 13
8 ε(λ)Ibb(T, λ)dλ
∫ 13

8 Ibb(T, λ)dλ 

where Ibb(T, λ) is the spectral intensity emitted by a standard blackbody 
with a temperature of T, and ε(T, λ) is the sample's spectral emittance.

The chemical structure of samples was analyzed via a Fourier- 
transformed infrared (FTIR) spectrometer (NICOLET 6700, Thermal 
Fisher Scientific Company, USA), and the measurement was carried out 
in the wave number range of 400–4000 cm− 1.

The thermal conductivity of samples was measured using thermal 
constant analyzers (Hot Disk TPS3500, Hot Disk, Sweden). The value 
was calculated by averaging the values recorded at three different points 
on the sample surface at 10-min intervals.

The phase change processes of samples were studied by differential 
scanning calorimetry (DSC, DSC8500, Perkin Elmer Company, USA). 
The samples were heated or cooled at a rate of 5 ◦C/min in the 0–50 ◦C 
under the N2 atmosphere. To erase the thermal history, the first heating 
scan was not recorded.

The thermal stability of samples was evaluated by thermogravi
metric analysis (TGA, TGA8000, Perkin Elmer Company, USA). Samples 
were heated from 50 ◦C to 800 ◦C at a heating rate of 10 ◦C/min under 

N2 atmosphere.
The crystallization performance of samples was tested by in-situ X- 

ray diffractometer (XRD, BRUKER, D8 DISCOVER) with a filtered Cu Kα 
radiation source (40 kV, 30 mA, λ = 1.54 Å), conducting in the range of 
diffraction angle 2θ = 5–40◦.

The mechanical properties of the samples were measured using a 
multifunctional electronic fabric strength instrument (YG026MB, 
China). The rectangle sample fabric with size of 50 mm × 10 mm were 
stretched at a constant rate of 100 mm⋅min− 1. Each sample was 
measured repeatedly for three times.

The water contact angle of samples at an ambient temperature was 
evaluated using optical contact angle measuring and contour analysis 
systems (OCA15EC, Dataphysics, Germany). The CA value was calcu
lated by averaging the CA values recorded at five different points on the 
sample surface.

The xenon lamp-accelerated aging test was performed by continu
ously irradiating the samples under a solar irradiance density of 1000 
W/m2. The UV-accelerated aging test was further determined by means 
of a QUV accelerated weathering machine. Sample was subjected to the 
UV irradiance of 0.89 W/m2 at 340 nm for 8 h at 60 ◦C, followed by 
condensation at 50 ◦C for 4 h with UV lamps off. The optical properties 
of the sample were evaluated.

4.4. Thermal management performance measurements (indoor and 
outdoor temperature)

For the indoor temperature measurements, the thermal tests were 
conducted using the setup (Fig. 3b) for black, gray, red, blue, and yellow 
samples. The experimental setup is depicted in Fig. 3a–b, with the test 
chamber dimensions of 200 mm * 200 mm * 100 mm and the fabric 
dimensions and thickness being 50 mm * 50 mm and 1.3 mm, respec
tively. The fabric was placed at the center of the upper surface and 
covered with aluminum foil and polyethylene film to minimize sunlight 
absorption by the chamber and to reduce the effect of air convection. 
Xenon lamp was used to simulate solar radiation with various power 
densities. Thermocouples were utilized to monitor the temperature at 
the bottom of the sample.

Similarly, for the outdoor temperature measurements, the thermal 
tests were conducted using the setup in Fig. 3f. For each color, the SSF 
and commercial samples with an area of 4 cm by 5 cm were placed in a 
transparent open-top polycarbonate box. A low-density PE film was 
tautly drawn above the samples as a windshield to reduce the convective 
heat transfer without substantially hindering solar and thermal infrared 
transmission. All samples were supported by styrofoam, and the box was 
placed on another large white styrofoam to reduce the heat transfer 
between the samples and the ground. The temperature of each sample 
was measured by a thermocouple pressed to its back face. A thermo
couple shielded from sunlight was used to measure air temperature in 
the box. A pyranometer (TES-1333) was placed beside the sample to 
measure the direct solar intensity.

4.5. Calculating color from the spectrum

Tristimulus values X, Y, and Z are calculated to measure the response 
of human eyes to the light based on the CIE color-matching functions 
x(λ), y(λ), and z(λ) and the sample's reflectance spectrum R(λ) using the 
formulas below [55] 

X = 100
∫

I(λ)R(λ)x(λ)dλ
∫

I(λ)y(λ)dλ 

Y = 100
∫

I(λ)R(λ)y(λ)dλ
∫

I(λ)y(λ)dλ 

Z = 100
∫

I(λ)R(λ)z(λ)dλ
∫

I(λ)y(λ)dλ 
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Here, CIE Illuminant D65 spectrum I(λ) is used to portray the stan
dard open-air illumination conditions. The chromaticity is then specified 
by the two normalized values (x and y) derived from the tristimulus 
values and located in the CIE 1931 color space 

x =
X

(X + Y + Z)

y =
Y

(X + Y + Z)

The lightness (L) of the color is calculated by the Lab-XYZ color space 
conversion 

L = 116f
(

Y
Yn

)

− 16 

where Yn = 100, corresponding to the CIE XYZ tristimulus value of the 
reference white point under Illuminant D65 and 

f(t) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

t1/3 if t >
(

6
29

)3

t

3 ×

(
6
29

)2 +
4
29

if t >
(

6
29

)3

.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.165702.
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