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Abstract. Radiative cooling is a green, low-carbon, and sustainable cooling strategy that lowers its own
temperature by emitting heat into outer space. Most radiative cooling materials exhibit monotonous color
appearances, mostly white or transparent, and the addition of traditional colorants causes heat absorption,
thereby reducing radiative cooling performance. In this study, cellulose nanocrystal/polyethylene glycol
(CNC/PEG) composite radiative cooling films with tunable structural colors were prepared via a self-assembly
method. These composite films were subsequently combined with porous cellulose acetate (CA) films to obtain
structurally colored radiative cooling bilayer composite films. The results indicate that the CNC/PEG composite
films exhibit vivid structural colors with distinct birefringence phenomena. As the PEG content increases, the
pitch of the composite film structure enlarges, and the color shifts from blue-green to red. The CNC/PEG
structural color composite film achieves a maximum reflectance of up to 68.5% in the visible light band and an
emissivity of up to 93% in the atmospheric window band, demonstrating an ambient cooling effect of
approximately 3.4 °C. The CNC/PEG-CA bilayer composite film attains a maximum reflectance of up to 91.8% in
the visible light band and an emissivity of up to 32.2% in the atmospheric window band. Compared with the
single-layer composite film, the bilayer composite film exhibits superior cooling performance, with a
temperature difference of approximately 14.3 °C relative to the ambient temperature. In outdoor tests, the
composite film achieves a cooling effect of approximately 2 °C, while the bilayer composite film achieves a
cooling effect of approximately 6 °C compared to the ambient temperature.
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1 Introduction

Currently, the negative impacts of global warming have severely affected human production and daily life[1-2].
Excessive energy consumption and scarcity further exacerbate environmental issues, making thermal
management a primary challenge[3-5]. The Earth's surface temperature is approximately 300 K, while the
average temperature of outer space is 3 K[6-7]. According to the second law of thermodynamics, heat from
terrestrial objects can be radiated into outer space due to this temperature gradient. Therefore, radiative cooling
technology enables terrestrial objects to radiate heat into outer space through the "atmospheric window" band
(8-13 um)[8-10], thereby achieving self-cooling.

Although radiative cooling materials demonstrate significant potential in energy conservation and
environmental protection[10], existing materials are predominantly white or silvery-white with monotonous
appearances, resulting in low utilization rates. Dyes can alter the surface color of materials; however, their visible
coloration absorbs heat and additionally absorbs heat within the near-infrared band[11-12], diminishing the

ISSN: 3107-3417 The Journal of Green Energy and Environmental Engineering Vol.1, No.1, 2023



Preparation and Properties of Cellulose Nanocrystal Based Structurally Colored Radiative

Cooling Composite Films
DOI:

material's inherent cooling efficiency. To date, the primary strategy to overcome this issue is to enhance
reflectance in the visible region and emissivity in the "atmospheric window" band (8-13 um)[13-16]. To avoid
heat absorption by dyes, structurally colored radiative cooling materials have garnered widespread
attention[17-18]. While structurally colored radiative cooling materials can be fabricated using silica opals, this
approach fails to achieve sub-ambient cooling[19]and involves complex, stringent production processes,
hindering large-scale manufacturing and application.

Cellulose nanocrystals (CNCs) are rigid rod-like particles with lengths ranging from tens to hundreds of
nanometers and diameters reaching tens of nanometers[20], characterized by high crystallinity and
biodegradability. CNCs can be extracted from renewable resources such as cotton, wood, and pulp, offering
advantages including low cost, environmental friendliness, and sustainability[21-23]. CNCs spontaneously
organize into a chiral nematic liquid crystalline phase in water, and this ordered structure is retained during the
drying process, ultimately yielding CNC films with a chiral nematic structure[24]. The helical arrangement of
birefringent CNC nanorods within the film creates periodic variations in the refractive index of the nanostructure,
leading to strong reflection of visible light[25]. Consequently, the modulation of structural color is intrinsically
linked to the periodicity of the helical structure.

Current research endeavors focus on fabricating cellulose-based radiative cooling materials with richer
coloration. Shanker et al.[26]prepared a structurally colored radiative cooling device by self-assembling CNCs
into structural color films bonded to silicon wafer substrates. By controlling the CNC/glycerol (GLU) mass ratio,
composite films with colors shifting from blue-violet to red were obtained. These structural color composite
films exhibited low absorptance in the solar spectrum and high emissivity in the "atmospheric window," with
green and red samples achieving cooling effects of approximately 9 °C and blue-violet samples achieving
approximately 6 °C. This provides a foundational basis for preparing cellulose-based structural color radiative
cooling films.

In this study, CNCs were composited with polyethylene glycol (PEG), and structurally colored films with high
solar reflectance and high emissivity in the "atmospheric window" band were fabricated via a self-assembly
method. By controlling the mass ratio of CNC to PEG, the structural color of the composite films was modulated
to achieve thermal emissivity control across different wavelengths. The effects of varying PEG additions on the
structure, optical properties, and cooling performance of the CNC composite structural color films were
investigated. Furthermore, the composite structural color films were laminated onto cellulose acetate filter
membranes to prepare bilayer composite films, and their radiative cooling effects were further explored.

2 Experimental Materials and Methods

2.1 Raw Materials

Cellulose acetate: Shanghai Xingya Purification Material Factory; Concentrated sulfuric acid (H,SO4): Analytical
reagent, Aladdin Century Co., Ltd.; Polyethylene glycol 400: Analytical reagent, Tianjin Kemiou Chemical Reagent
Co., Ltd.

2.2 Experimental Procedure

Preparation of CNC: CNC was prepared via acid hydrolysis. Specifically, 200 mL of 64% sulfuric acid solution was
slowly poured into 25 g of sulfate-bleached softwood pulp under stirring at 45 °C in a water bath for 1 h. The
hydrolysis reaction was terminated by adding a large volume of distilled water. After standing for 2—3 days, the
supernatant was removed. The precipitate was subjected to multiple centrifugal washing cycles using a high-
speed centrifuge (CT14D, Shanghai Tianmei Instrument Co., Ltd.) with deionized water. The resulting CNC
suspension was dialyzed against deionized water until neutral pH was achieved. Finally, the CNC suspension was
concentrated to 3 wt% and stored refrigerated for future use.

Preparation of CNC/PEG Composite Films: 5.0 g of polyethylene glycol was dissolved in 45 g of ultrapure water

and stirred at room temperature for 1 h to obtain a 10 wt% PEG solution. 3.0 g of the 3 wt% CNC suspension
was ultrasonicated for 5 min. Four aliquots of the CNC suspension were separately mixed with 0.1000 g, 0.2250
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g, 0.3857 g, and 0.6000 g of PEG solution. The mixtures were stirred thoroughly for 2 h and then poured into
circular containers to undergo slow evaporation at room temperature for 2—3 days, yielding CNC/PEG composite
structural color films with PEG concentrations of 10 wt%, 20 wt%, 30 wt%, and 40 wt%, respectively. The
composite films were named according to the type and content of polymers: CNC/PEG-10%, CNC/PEG-20%,
CNC/PEG-30%, and CNC/PEG-40% (Table 1).

Table 1 Naming of cellulose nanocrystal/polyethylene glycol (CNC/PEG) composite radiative cooling films and
CNC/PEG-cellulose acetate (CA) structurally colored radiative cooling bilayer composite films

Sample Mass fraction of CNC/wt% | Mass fraction of PEG/wt% CA
CNC/PEG-10% 3 10 —
CNC/PEG-20% 3 20 —
CNC/PEG-30% 3 30 -
CNC/PEG-40% 3 40 —
CNC/PEG-10%-CA | 3 10 0.0740 g
CNC/PEG-20%-CA | 3 20 0.0740 g
CNC/PEG-30%-CA | 3 30 0.0740 g
CNC/PEG-40%-CA | 3 40 0.0740 g

Preparation of Bilayer Composite Films: The composite structural color films with different mass ratios were
adhered to cellulose acetate membranes using double-sided tape. The tape was placed at the edges of the CA
membrane for fixation and did not interfere with the bilayer composite structural color film structure. The
bilayer composite structural color films were named CNC/PEG-10%-CA, CNC/PEG-20%-CA, CNC/PEG-30%-CA,
and CNC/PEG-40%-CA (Table 1).

2.3 Testing and Characterization

2.3.1 Performance Analysis of CNC/PEG Composite Films

The Zeta potential and particle size of CNC were measured using a Malvern Zetasizer Nano 2S90. The liquid
crystalline properties of the composite film samples were observed using a polarizing optical microscope (POM,
XPF-550C, Shanghai CaiKang Optical Instrument Co., Ltd.). Reflection spectra of the films were acquired using a
reflection spectrometer (UV-vis, HR4000 CG-NIR, Ocean Insight) in the visible region. For cross-sectional
morphology observation, composite films were cryo-fractured in liquid nitrogen, mounted on stubs using
double-sided conductive adhesive, and sputter-coated with gold for 60 s prior to scanning electron microscopy
(SEM, JSM-7500F, JEOL Ltd.). The reflectance changes of samples within the 300-2500 nm wavelength range
were detected using a UV-Vis-NIR spectrophotometer equipped with an integrating sphere (PerkinElmer, USA).
The absorbance changes of samples within the 2.5-25 um wavelength range were measured using a Fourier-
transform infrared spectrometer (FTIR, Nicolet IS10, Thermo Fisher Scientific, USA). A high-power xenon lamp
(CEAuLight HXF300) with a solar spectrum match was employed to simulate sunlight irradiation. A1 cm x 1 cm
x 1 cm cavity was carved into a polystyrene (PS) foam box, and the film or composite film was placed inside the
cavity for fixation. The foam box was covered with polyethylene film to eliminate environmental convective heat
transfer. A multi-channel thermometer (JINKO, JK804) connected to two K-type thermocouples was used: one
thermocouple measured the internal temperature of the cavity beneath the composite film, while the other
measured the ambient temperature inside the device covered by the polyethylene film. Notably, the CNC/PEG-
40% composite film absorbs ambient moisture during characterization, causing swelling of the chiral structure
and altering the pitch, which is detrimental to practical applications. Therefore, SEM, spectroscopic, and
radiative cooling performance tests were not conducted on the CNC/PEG-40% composite film.

2.3.2 Performance Analysis of Bilayer Composite Films
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Cellulose acetate films were adhered to horizontal stubs using conductive adhesive, sputter-coated with gold
for 60 s, and their surface morphologies were observed via SEM. Temperature variations under the same xenon
lamp source were monitored using an infrared thermal imager (FLIR E390, FLIR Systems, USA). The
aforementioned self-assembled setup was utilized to measure the temperature beneath the bilayer composite
films and the ambient temperature inside the entire device covered by polyethylene film. Outdoor cooling
performance tests were conducted using a laboratory-built self-assembled apparatus. The indoor testing setup
was placed inside a cardboard box wrapped in aluminum foil, positioned atop a foam box. A hygrometer
recorded ambient humidity changes during testing.

3 Results and Discussion

3.1 Potential and Particle Size Analysis of Cellulose Nanocrystals

Fig. 1 shows the TEM image, particle size distribution, and Zeta potential curve of CNC. Acid-hydrolyzed CNC
exhibits a rod-like morphology with an average particle size of 144.1 nm (Fig. 1(b)). During hydrolysis, numerous
negative charges form on the CNC surface, resulting in a Zeta potential as high as —32.2 mV (Fig. 1(c)). These
abundant surface negative charges enhance electrostatic repulsion, improving the stability of the CNC
suspension and laying the groundwork for subsequent structural color composite film fabrication.
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Figure 1 (a) TEM image of CNC; (b) Particle size distribution of CNC; (c) Zeta potential curve of CNC

3.2 Optical Characteristics of Structural Color in CNC Composite Films
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Figure 2 ((a)-(d)) Digital photographs of CNC/PEG-10%, CNC/PEG-20%, CNC/PEG-30%, CNC/PEG-40%;
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(e) UV-vis reflection spectra of CNC/PEG; (f) Schematic of composite film radiative cooling

Figs. 2(a)-2(d) present digital photographs of composite films with varying PEG contents. As the PEG content
increases, the reflected color of the films exhibits a redshift, gradually shifting from blue-green to red. This
redshift phenomenon in the structural color correlates with the PEG content. Analysis of the UV-Vis reflection
spectra (Fig. 2(e)) reveals that with increasing PEG content, the four composite films exhibit distinct peaks at
427 nm, 487 nm, 576 nm, and 654 nm, respectively. The highest peak in the reflection spectra redshifts
correspondingly with the visual color shift. Fig. 2(f) illustrates that the composite films achieve self-cooling by
reflecting visible light and emitting thermal radiation, providing a theoretical basis for subsequent radiative
cooling research.

3.3 Microscopic Morphology Analysis of CNC Composite Films

Figs. 3(a)-3(c) display cross-sectional SEM images of composite films with different PEG contents. Since the
CNC/PEG-40% film absorbs ambient moisture, causing swelling of the chiral structure and altering the pitch
during measurement, SEM analysis was restricted to films with 10-30 wt% PEG.

(a) CNC/PEG-10% (b) CNC/PEG-20% (c) CNC/PEG-30%

Figure 3 Cross-sectional electron microscope images of composite films with different PEG contents

Pure CNC films exhibit a periodic layered structure. CNCs rotate counterclockwise to form a left-handed chiral
nematic helical structure. This left-handed chiral nematic structure reflects left-handed circularly polarized light
of specific wavelengths, endowing the composite film with unique iridescence. The incorporation of polymers
does not disrupt the inherent chiral nematic structure of CNC. However, with increasing polymer content, the
pitch of the CNC chiral nematic structure increases markedly. In Bragg's equation, the pitch (P) of the chiral
nematic structure is defined as the interlayer spacing generated by a 360° rotation of CNC rods, visually
represented as the spacing between adjacent layers in SEM images. The gradual increase in pitch is primarily
attributed to PEG macromolecules penetrating the CNC chiral nematic structure, causing expansion of the pitch
Pand consequently the redshift in film color.

3.4 Refraction Phenomena in CNC Composite Films

Fig. 4 presents POM images of composite films with varying PEG contents. Figs. 4(a)—4(d) confirm distinct
birefringence in the films. High-magnification POM images (Figs. 4(e)-4(h)) reveal clear fingerprint textures,
indicating that CNC/PEG retained its chiral nematic structure during drying and post-film formation. Therefore,
moderate PEG addition does not disrupt the chiral nematic structure formed by CNC self-assembly. The
fingerprint texture spacing widens progressively with increasing PEG content, measuring 2.05 um, 2.33 um, 2.84
pum, and 3.38 um, respectively, accompanying a color shift from blue-green to bluish-red. PEG occupies the
interstitial spaces between CNCs within the chiral nematic structure, leading to an increased pitch Pand
consequent redshift. Analysis of POM results confirms that the reflected light from CNC/PEG composite films
adheres to Bragg's law:

A=nPcos(08)(1)

where A is the reflection wavelength, n is the average refractive index of the film, Bis the incident angle, and Pis
the interlayer spacing of the chiral nematic structure.
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(a) CNC/PEG-10% (c) CNC/PEG-30% (d) CNC/PEG-40%

(e) CNC/PEG-10% (f) CNC/PEG-20% (g) CNC/PEG-30% (h) CNC/PEG-40%

Figure 4 Polarized light microscopy images of composite films with different PEG contents

Since the refractive indices of CNC and PEG are similar (1.41 and 1.44, respectively), the average refractive index
(n) can be considered constant. When the incident angle (6) is fixed, Addepends on the pitch P. The average
pitches measured from Figs. 3(a)-3(c) are 0.30 um, 0.36 um, and 0.46 um, respectively. As the average pitch
Pincreases, the reflection wavelength Aincreases accordingly, proving that PEG addition preserves the chiral
nematic structure and birefringence of CNC. Controlling the PEG content effectively modulates the chiral
nematic layer spacing, thereby tuning the structural color of the composite films.
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Figure 5 Composite films with different PEG contents: (a) Emissivity profile; (b) Reflectivity profile in
the visible light range

3.5 Spectroscopic Analysis of CNC Structural Color Composite Films and Bilayer Composite Films

According to Kirchhoff's law, the emissivity (€) of a sample equals its absorptance (A). Fig. 5(a) shows that under
an indoor humidity of 42%, all samples exhibit high emissivity within the atmospheric window band (8—13 pum).
Specifically, the composite film with 30 wt% PEG achieves a maximum emissivity of 93.0%, maximizing infrared
heat radiation to the sky. The high emissivity of CNC/PEG composite films stems from intense stretching and
bending vibrations of O-H (6.9-7.6 um), C—O (7.6-9.5 um), and C-H (11.1-14.3 um) bonds within the
atmospheric window range. Fig. 5(b) presents the solar reflectance curves of composite films with varying PEG
contents within the solar spectrum (0.3—2.5 um). The structural color composite films achieve a maximum
reflectance of up to 68.5% in the near-infrared region. Reflectance increases progressively with higher PEG
content.
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Fig. 6 shows the emissivity curves and visible light reflectance curves of bilayer composite cooling films with
different PEG contents. Under the measurement environment with 42% indoor humidity (Fig. 6(a)), the
emissivity of the bilayer composite films in the atmospheric window exceeds that of the pure cellulose acetate
film. Emissivity rises with increasing PEG content, peaking at 68.0% for the film with 30 wt% PEG. Fig. 6(b)
displays the solar reflectance curves of bilayer composite films with varying PEG contents within the 0.3-2.5 um
range. The maximum reflectance in the near-infrared region reaches 91.8%.
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Figure 6 Bilayer composite films with different PEG contents: (a) Emissivity profile; (b) Reflectivity
profile in the visible light range

3.6 Radiative Cooling Performance Analysis of CNC Composite Structural Color Films and Bilayer Composite
Films

Fig. 7(a) depicts the indoor xenon lamp simulation setup. Irradiation with a 100 mW/cm? high-power xenon lamp
simulates sunlight while ensuring uniform light distribution on the sample surface. Fig. 7(b) illustrates the self-
assembled temperature measurement device. The polyethylene (PE) film permits light transmission while
minimizing convective heat transfer interference with radiative cooling results. Upon turning on the xenon lamp
(Figs. 7(c), 7(d)), the internal temperature of the PE-covered device rose rapidly, stabilizing after 5 min. Once
thermal equilibrium was approached, the temperature beneath the films was significantly lower than the air
temperature inside the PE-covered device. Different structural color CNC/PEG composite films exhibited similar
radiative cooling performance, averaging a cooling effect of approximately 3.4 °C.
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Figure 7 (a) Photos of indoor Xenon lamp simulation device; (b) Self-assembling temperature
measuring device; Temperature comparison of CNC/PEG-10% and air (c), CNC/PEG-30% and air (d)

Figs. 8(a)-8(c) present infrared thermograms of cellulose acetate (CA) film, filter paper, and A4 paper under the
same light source. After 5 min of xenon lamp irradiation, the CA film exhibited the lowest surface temperature,
filter paper was slightly higher, and A4 paper was the highest. SEM imaging of the CA film (Fig. 8(d)) revealed a
porous structure capable of effectively reflecting visible light. Fig. 8(e) compares the temperature beneath the
CA film against ambient temperature, showing an average temperature reduction of approximately 15 °C. These
results confirm the excellent radiative cooling capacity of CA film, making it an optimal substrate for the bilayer
composite film.

Temperature/ C

"‘ ] I‘\ ‘L“
0 F | \\

Time/min

Figure 8 ((a)—(c)) Infrared thermograms of cellulose acetate (CA) film, filter paper and A4 paper; (d)
SEM image of CA film surface; (e) Temperature comparison of CA and air

Infrared thermography compared the surface cooling capabilities of CNC/PEG-20%, CNC/PEG-20%-CA, and blue
paint-coated CA films under identical illumination duration and intensity (Figs. 9(a)-9(c)). CNC/PEG-20%-CA
exhibited the strongest surface cooling, followed by CNC/PEG-20%, while the blue paint-coated CA film
performed the worst. Analysis of temperature curves for CNC/PEG-20% and the blue paint-coated CA film (Figs.
9(d), 9(e)) further corroborates the superior cooling performance of the bilayer composite film. The starting
temperatures beneath the PE film-covered device and the bilayer composite cooling film were similar (Figs. 9(f),
9(g)). Upon xenon lamp activation, both temperatures rose swiftly, stabilizing after 5 min. At equilibrium, the
temperature beneath the bilayer composite cooling film was substantially lower than the internal air
temperature. The radiative cooling performance of the bilayer composite film was largely unaffected by PEG
content, averaging a cooling effect of approximately 14.3 °C—significantly outperforming the single-layer
composite film. Experimental results indicate: CNC/PEG composite films average a cooling of ~3.4 °C; CA film
serves as an ideal substrate for bilayer composites; and the bilayer composite cooling film averages a cooling of
~14.3 °C, surpassing the single-layer film.

128



Preparation and Properties of Cellulose Nanocrystal Based Structurally Colored Radiative

Cooling Composite Films
DOI:

Temperature/'C

Temperature/ C
5

@ CA with blue painting

®

CNC/PEG-10%-CA {

Temperature/'C

Temperature/'C
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coatings; Temperature comparison of CA with blue painting and air (d), CNC/PEG-20%-CA and air (e),
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Figure 10 (a), (b) Outdoor testing apparatus for measuring temperatures of CNC/PEG-30%-CA,
CNC/PEG-30% and air inside the PE-covered device; (c) Temperature profiles comparison

Figs. 10(a) and 10(b) depict the outdoor testing apparatus for measuring temperatures of CNC/PEG-30%-CA,
CNC/PEG-30%, and the air inside the PE-covered device. The entire setup was wrapped in aluminum foil to
minimize thermal radiation interference from surrounding buildings. A PE film covered the top to reduce
environmental convective and conductive heat transfer. The underlying foam box insulated against ground
thermal interference. Thermocouples recorded the temperature within the sample-covered cavity and the air
temperature beneath the PE film. Analysis of Fig. 10(c) shows that in an outdoor environment with an average
temperature of 25 °C and average humidity of 51%, the composite film achieved an average cooling effect of
~2 °C relative to the air temperature inside the device, while the bilayer composite film achieved an average
cooling of ~6 °C.

The radiative cooling performance of the CNC/PEG-CA bilayer composite films originates from the synergistic
integration of chiral nematic photonics, polymer chain-mediated structural modulation, and hierarchical
porosity-enabled broadband thermal emission, which collectively resolve the long-standing trade-off between
structural color tunability and high cooling efficiency in sustainable passive cooling materials. At the nanoscale,
the chiral nematic architecture of the CNC/PEG composite layer is preserved via a carefully balanced self-
assembly process: acid-hydrolyzed CNCs with a high Zeta potential (-32.2 mV) maintain colloidal stability
through strong electrostatic repulsion, enabling the spontaneous formation of a left-handed helical
superstructure during slow solvent evaporation. The incorporation of PEG—with a refractive index (1.44) closely
matching that of CNC (1.41)—does not disrupt this ordered arrangement but instead acts as a molecular spacer:
PEG macromolecules penetrate the interstitial voids between CNC nanorods, inducing a progressive expansion
of the helical pitch (P) from 0.30 um (10 wt% PEG) to 0.46 um (30 wt% PEG), as confirmed by SEM and polarized
optical microscopy (POM). This pitch modulation directly governs structural color via Bragg’s law (A = nPcos8),
where the constant average refractive index (n) and fixed incident angle (8) ensure that A redshifts linearly with
P, shifting the film’s appearance from blue-green to red. Critically, this chiral nematic structure enables selective
visible light reflection without absorption: the periodic variation in refractive index across the helical layers
generates a high reflectance peak (up to 68.5% in the visible range for CNC/PEG-30%), minimizing solar heat gain
while producing vivid, angle-dependent structural colors absent in conventional pigment-based systems.

The bilayer design further amplifies cooling efficiency by combining the photonic functionality of the CNC/PEG
layer with the broadband infrared emissivity of the porous CA substrate. In the atmospheric window (8—13 um),
the CNC/PEG layer leverages molecular vibrational modes—specifically O—H stretching (6.9—7.6 um), C-O
bending (7.6-9.5 um), and C—H deformation (11.1-14.3 um)—to achieve a peak emissivity of 93.0%, facilitating
efficient radiative heat loss to outer space. However, the single-layer film’s cooling performance is limited by its
moderate solar reflectance (~¥68.5%). The integration of a porous CA membrane addresses this limitation: the
CA layer’s interconnected micropores (observed via SEM) act as Mie scattering centers for solar radiation,
boosting total solar reflectance to 91.8% across the 0.3—2.5 pm range. Simultaneously, the CA layer’s inherent
infrared transparency in the atmospheric window allows the underlying CNC/PEG layer to maintain its high
emissivity (peaking at 68.0% for the bilayer system), creating a decoupled optical pathway where visible light is
reflected by the CA/CNC/PEG interface while thermal radiation escapes through the CA matrix. This synergy is
guantitatively validated by indoor xenon lamp tests: the bilayer film achieves a 14.3°C temperature reduction
relative to ambient, far exceeding the 3.4°C cooling of the single-layer CNC/PEG film. Outdoor trials further
confirm practical efficacy, with the bilayer film maintaining a 6°C sub-ambient temperature under real-world
solar irradiance (25°C ambient, 51% humidity). Notably, the system avoids the heat absorption penalty of
traditional dyes, as structural color arises from photonic interference rather than molecular absorption, and
PEG’s hydrophilicity is mitigated by the CA layer’s hydrophobicity and the bilayer’s structural encapsulation. This
multi-scale mechanism—spanning molecular-level pitch control, nanoscale chiral photonics, and microscale
porous scattering—establishes the CNC/PEG-CA bilayer as a paradigm for sustainable, colorful radiative cooling.

While the CNC/PEG-CA bilayer composite demonstrates exceptional lab-scale performance, several critical
avenues warrant further exploration to advance its practical deployment and expand its utility in real-world
applications. First, the current system faces a moisture sensitivity challenge: CNC/PEG-40% films exhibit swelling-
induced pitch expansion due to PEG’s hygroscopicity, disrupting structural color and cooling performance.
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Future work should focus on developing hydrophobic surface treatments—such as silane coupling agents (e.g.,
octadecyltrimethoxysilane) or bio-based wax coatings—to encapsulate the chiral nematic structure without
compromising optical clarity. Alternatively, replacing PEG with less hygroscopic polyols (e.g., polypropylene
glycol) or crosslinking PEG via UV-induced thiol-ene reactions could stabilize the helical pitch under humid
environments (e.g., tropical climates with >80% relative humidity). Second, the current color gamut is limited to
blue-red shifts via pitch modulation; expanding to near-infrared (NIR)-reflective structural colors would further
enhance cooling efficiency, as NIR accounts for ~50% of solar irradiance. This could be achieved by incorporating
high-refractive-index nanoparticles (e.g., TiO», ZnO) into the CNC matrix to increase the refractive index contrast
(An) between helical layers, enabling Bragg reflection to extend into the NIR region. Third, scalability remains a
key bottleneck: the current slow-evaporation method is time-consuming (~2-3 days) and unsuitable for roll-to-
roll manufacturing. Exploring rapid drying techniques—such as solvent exchange with volatile alcohols (e.g.,
ethanol, isopropanol) or convective air drying with controlled humidity —could accelerate film formation while
preserving chiral order. Additionally, pilot-scale experiments using blade-coating or slot-die coating on flexible
substrates (e.g., polyethylene terephthalate) would validate industrial viability. Fourth, long-term durability
testing is essential: accelerated weathering (UV, thermal cycling, mechanical abrasion) and outdoor aging trials
(6—12 months) should evaluate color fastness, emissivity retention, and structural integrity. For example, UV-
induced degradation of CNC’s glycosidic bonds could be mitigated by adding trace amounts of UV stabilizers
(e.g., hindered amine light stabilizers) compatible with the bio-based matrix. Fifth, the current bilayer design
relies on double-sided tape for adhesion; developing covalent bonding strategies—such as plasma-treated CA
surfaces reacting with CNC’s hydroxyl groups—would improve interfacial strength and prevent delamination
during wind or rain exposure. Sixth, expanding functionality via multifunctional integration could broaden
application scenarios: embedding thermochromic pigments into the CA layer could create temperature-
indicating cooling films, while incorporating antimicrobial agents (e.g., chitosan nanoparticles) could enable use
in food packaging or medical textiles. Seventh, computational modeling (e.g., finite-difference time-domain
simulations for photonic bandgap prediction, COMSOL Multiphysics for heat transfer optimization) could
accelerate material design by mapping the relationship between CNC aspect ratio, PEG molecular weight, and
cooling performance, reducing trial-and-error experimentation. Eighth, environmental and economic
assessments are critical for commercial translation: life cycle analysis (LCA) should compare the carbon footprint
of CNC/PEG-CA films against conventional cooling materials (e.g., white paints, polymer-based radiative coolers),
while techno-economic analysis (TEA) should evaluate raw material costs (CNC extraction efficiency, PEG pricing)
and manufacturing energy inputs. Finally, field trials in diverse climates—from arid regions (low humidity, high
solar irradiance) to urban heat islands (high pollution, reflective surfaces)—would validate real-world
performance and guide application-specific optimizations. By addressing these fundamental and applied
research gaps, CNC/PEG-CA bilayers could evolve from a laboratory curiosity to a commercially viable solution
for sustainable building envelopes, wearable cooling textiles, and agricultural mulching films, contributing to
global efforts to mitigate urban overheating and reduce energy consumption in cooling systems.

3 Conclusion

In this study, cellulose nanocrystals (CNC) and polyethylene glycol (PEG) were blended at varying ratios, and
structurally colored composite films with radiative cooling performance were fabricated via self-assembly. These
structural color composite films were combined with porous cellulose acetate (CA) films to prepare bilayer
composite films possessing both radiative cooling and structural color characteristics. Performance analyses of
both film types yielded the following conclusions:

(1) CNC/PEG composite films possess a chiral nematic structure and vivid structural color, exhibiting distinct
birefringence. As PEG content increases, the pitch of the chiral nematic structure enlarges, leading to a redshift
in the reflection wavelength and subsequent alteration of the film's structural color.

(2) FTIR and UV-vis analyses reveal that the composite film achieves a reflectance of up to 93.0% within the
0.25-2.5 um wavelength range, while the bilayer composite film reaches 68.0%. The composite film exhibits an
emissivity of up to 68.5% in the "atmospheric window" (8—13 pum), whereas the bilayer composite film achieves
an emissivity of up to 91.8%.
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(3) Under xenon lamp irradiation, CNC/PEG structural color composite films demonstrate radiative cooling
performance, averaging a temperature reduction of approximately 3.4 °C compared to the internal air
temperature. Integration with porous CA film significantly enhances cooling performance, with the bilayer film
averaging a reduction of approximately 14.3 °C. Outdoor tests confirm cooling effects of approximately 2 °C for
the composite film and approximately 6 °C for the bilayer composite film relative to ambient temperature.
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