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ARTICLE INFO ABSTRACT

Keywords: Passive radiative cooling (RC) has emerged as a promising energy-free cooling strategy to mitigate the adverse
RadiaFive cool.ing energy and environment impacts of conventional mechanical cooling technology. However, practical application
f"lyd@ethylsfl‘;xa“e of the conventional polydimethylsiloxane (PDMS) based RC film is largely limited by the insufficient cooling
norganic particles i . e : A .
rformance and limi If-cleaning ability. Thi T pr PDMS-b mposite film vi -
Superhydrophobicity performance and ted self-cleaning ability. S paper proposes a S-based RC composite via tape

casting, incorporating hexagonal boron nitride (h-BN) and silicon dioxide (SiO2) as functional fillers to
enhance the RC performance. A rough surface microstructure is further constructed on the film using a spray
method to realize superhydrophobicity and self-cleaning functionality. Results indicate that the PDMS RC film
exhibits noticeable wide band spectrum modulation: a solar reflectance of 93.2% (95.6% in the visible spectrum)
and an atmospheric window emissivity of 92.3%. A sub-ambient temperature reduction of 19.4 °C is determined
under 886.0 W/m? solar irradiance. The enhanced RC performance is attributed to the high solar reflectance
enabled by the high refractive index of h-BN and the strong mid-infrared emissivity arising from Si—O bond
vibrations in SiO,. Furthermore, the roughened surface and hydrophobic inorganic particles impart excellent
superhydrophobicity to the as-prepared RC film, achieving a water contact angle up to 172.3°. The as-prepared
RC film reveals robust performance, maintaining its superhydrophobicity after 10 abrasion cycles and contam-
ination exposure to common liquids, along with excellent mechanical stability during flexibility and load tests. In
conclusion, this study designs a PDMS based RC composite film with facile fabrication, mechanical stability and
excellent RC performance, offering a feasible solution for energy conservation and climate mitigation.

Energy conservation

1. Introduction

Building energy consumption represents an important challenge in
the energy field. It occupies more than one-third of the total global en-
ergy consumption [1]. Conventional vapor-compression air condition-
ing systems rely on electricity for operation, accounting for
approximately 16% of the total building electricity consumption [2].
This sight also significantly contributes to the urban carbon emission.
Thus, many investigations have focused on near-zero energy cooling
technologies suitable to building energy conservation. Passive RC is an
emerging cooling approach without additional energy input. It achieves
cooling by emitting thermal radiation through the atmospheric window
(8-13 pm) to the deep cold space (=3 K), while efficiently reflecting the
solar radiation (0.3-2.5 pm) [3]. The combination of two mechanisms
enables the full spectrum regulation of thermal radiation, providing
passive cooling performance across day-night cycles.
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Remarkable achievements have been obtained in passive RC tech-
nology, with numerous studies reporting sub-ambient cooling perfor-
mance during the daytime [4-8]. Materials for RC, including photonic
crystals, polymer films and bio-derived fibers, have emerged in recent
years [9]. However, photonic crystals (e.g., Poly(St-MMA-AA) and PS)
suffer from mechanical rigidity and energy-intensive nanofabrication
requirements [10]. Bio-derived fiber RC materials (e.g., cellulose and
chitin) generally face challenges related to structural robustness and
long-term stability under harsh outdoor conditions [11]. Polymers are
widely regarded as low-cost and easily processable materials suitable for
scalable applications. Polydimethylsiloxane (PDMS) is an ideal flexible
substrate due to its excellent thermal and chemical stability. Its Si-O-Si
bonds and amorphous structure impart near-blackbody infrared emis-
sivity. It enables efficient thermal radiation in the atmospheric window
and is prevalent in RC applications [12-17]. Whereas, PDMS transmits
over 90% visible light, resulting in low reflectance and excessive solar
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heat absorption. Various additives (metals, polymers, and inorganic
particles, etc.) are introduced into PDMS to mitigate absorption per-
formance [18-21]. Compared with metals and polymeric addition,
inorganic particles offer advantages in terms of facile processing and
cost-effectiveness [22]. In particular, the unique 2D shape and high
refractive index of hexagonal boron nitride (h-BN) yields an ultra-high
backward light scattering efficiency for enabling high solar reflectance
[23]. Furthermore, h-BN can excite phonon-polaron resonance in the
mid-infrared range, which contributes to high intensity and directional
thermal radiation [24]. Yan et al. [25] reported a solar reflectance of
80.9% and a thermal emissivity of 91.3% in h-BN doped nano-
composites. Zhang et al. [26] prepared a composite material using h-BN,
achieving a solar reflectance exceeding 86% and an emissivity above
93%, which can reduce substrate temperature. Silicon dioxide (SiO53) is
another widely used inorganic filler due to its low extinction coefficient
and strong infrared emission capability. SiOy particles effectively
enhance the infrared emissivity within the atmospheric window, while
exhibiting minimal solar absorption, thereby improving overall RC
performance. Yal¢in et al. [27] demonstrated highly efficient RC by
exploiting the scattering and high emissivity properties of SiO». Zhang
et al. [28] prepared RC fabrics via in situ synthesis of SiO». Depending on
solar reflectance of 70.0% and atmospheric window emissivity of
95.0%, it achieved a maximum temperature reduction of 11.2 °C. In
addition, other inorganic particles (TiO,, ZrO,, etc.) also have been re-
ported to add into the PDMS substrate. Admirable improvement can be
found both in solar reflectance and infrared thermal emissivity of
composite films [29,30]. Overall, single-particle incorporation has
proven to be effective in enhancing either the solar reflectance or
infrared emissivity of RC materials.

However, current single-particle incorporation is generally insuffi-
cient to simultaneously optimize solar reflection and infrared emission,
which can substantially compromise daytime RC performance. Accord-
ing to Mie scattering theory, scattering efficiency depends on the
matching of wavelength and particle size [31], a single particle size
cannot effectively cover the entire spectrum. Consequently, dual-
particle doping enables multi-scale scattering over a broader wave-
length range and thus offers a viable strategy for balanced spectral
regulation. Recent studies have demonstrated the effectiveness of
binary-particle designs. Bao et al. [32] reported a TiO5/SiO2 coating
with a solar reflectance of 90.7% and an atmospheric window emissivity
of 90.1%. Maximum temperature drops of 17.0 °C and 5.0 °C were
established during daytime and nighttime, respectively. Feng et al. [33]
developed a ZrO,/TiOy double-layer coating, achieving a solar reflec-
tance of 92.9% and an atmospheric window emissivity of 95.1%. Ran
et al. [34] achieved a solar reflectance of 90% and a mid-infrared
emissivity of 93% by incorporating h-BN and lithium bromide (LiBr)
into a radiative evaporative cooling film. Xia et al. [35] enhanced Mie
scattering by introducing SiO2 and TiO particles with different sizes
into polyvinylidene difluoride (PVDF), yielding a solar reflectance of
91.16% and an atmospheric window emissivity of 91.41%. Zhang et al.
[36] prepared coatings by in-situ growth of BN nanosheets on hollow
SiO; spheres, achieving 80% solar reflectance and 85% infrared emis-
sivity. These aforementioned studies indicate that dual-particle systems
with complementary optical responses are more effective for full-
spectrum radiative regulation than single-particle designs.

Besides the spectrum modulation of solar radiation and atmospheric
window, the long-term stability of composite RC films is essential to
expand their practical deployment. Contaminants (e.g., dusts, particles,
liquids) inevitably accumulate on the surface of the RC materials,
adversely affecting solar reflectance and infrared emissivity and ulti-
mately degrading cooling performance. Superhydrophobicity is essen-
tial to maintain long-term cooling efficiency of RC films, as it enables
self-cleaning by automatically removing surface contaminants. This
can be effectively realized by constructing hierarchical micro-nano
surface roughness. The rough structures form an air layer beneath
water droplets, reducing solid-liquid contact and facilitating droplet
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roll-off, thereby achieving self-cleaning performance. It is perceived that
the rough surfaces can be constructed by available methods such as the
template [37,38] and spray method [39,40], etc. The spray method is
particularly advantageous, allowing for direct and rapid coverage of
complex 3D geometries without the intricate molds. Zhao et al. [41]
employed PDMS as a superhydrophobic agent deposited via spraying,
achieving a water contact angle exceeding 150.0°. Similarly, He et al.
[42] fabricated a PDMS/SiO» coating using the spray method, which
turns out to maintain a contact angle above 150.0°. Xu et al. [43] re-
ported a superhydrophobic polytetrafluoroethylene (PTFE)/PVDF RC
coating. This coating exhibited excellent performance metrics: a water
contact angle of 153.7°, along with a solar reflectance of 93.7% and an
infrared emissivity of 93.3%. Collectively, the spray method provides an
effective and scalable route to constructing rough superhydrophobic
surfaces with strong self-cleaning capability. The improved hydropho-
bicity enables long-term retention of solar reflectance and infrared
emissivity, ensuring stable RC performance in outdoor environments.

Based on the above reviews, dual-particle strategies have shown
promise in enhancing the optical performance of RC materials. How-
ever, a systematic understanding of how dual-particle incorporation
collectively modulates solar reflectance and infrared emissivity across
the full spectrum is still lacking. In addition, most reported PDMS-based
composite films exhibit limited water contact angles, resulting in poor
self-cleaning ability and vulnerability to fouling in humid or rainy en-
vironments. Accordingly, integrated strategies that simultaneously
address spectral regulation and surface hydrophobicity in dual-particle
RC systems remain underexplored. In this study, an integrated tape
casting-spraying strategy is employed to fabricate PDMS-based RC films.
High reflectance h-BN and high emissivity SiO, are incorporated into the
PDMS substrate as functional fillers via the tape casting. A simple spray
method is subsequently used to construct a roughened surface composed
of homogeneous materials (PDMS, h-BN, SiO), ensuring superior ma-
terial compatibility and structural stability. By incorporating h-BN and
SiO, with complementary optical properties, the spectral properties of
the RC films can be synergistically regulated, leading to a significant
enhancement in RC performance. The effects of filler content, film
thickness, and surface spraying amount on the cooling performance are
systematically investigated. This paper further evaluates the cooling
performance of RC films under various real-world scenarios and the
durability against various environmental stressors. These obtained re-
sults are expected to facilitate the optimal design of high-performance
PDMS-based (PBNS) RC films.

2. Experimental
2.1. Materials

PDMS (including PDMS elastic precursor part A and Sylgard184
silicone rubber curing agent part B) was purchased from Dow Corning
(USA). h-BN particles (particle sizes of 20 nm) were purchased from
Hebei Muyu New Material Co., Ltd. (China). SiO5 particles (particle sizes
of 30 nm) were purchased from Chengdu Kelong Chemical Co., Ltd.
(China). Ethyl acetate (C4HgO5) was purchased from Chengdu Cologne
Chemical Co., Ltd. (China).

2.2. RC film fabrication

2.2.1. Fabrication of PBNS RC film

The PDMS RC film doped with dual inorganic particles of h-BN and
SiO4 was prepared through a tape casting method, as illustrated in Fig. 1.
h-BN and SiO;, particles firstly experienced ball milling at various mass
ratios to rapidly mix. PDMS (Part A and Part B), ethyl acetate and pre-
mixed inorganic particles were then mixed at a mass ratio of 10:1:4:3,
and magnetically stirred for 2 h, forming a homogeneous solution sys-
tem (solution A) at room temperature. The solution A was further
poured into a PTFE mold that was maintained to level naturally. It was
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Fig. 1. Schematic of PDMS based RC films preparation.

pre-cured at low temperature of 35.0 °C for 8 h, followed by being cured
at high temperature of 70.0 °C for 8 h in an oven. The PDMS/h-BN/SiO,
(PBNS) RC film was obtained by peeled off the mold once it is completely
cooled to room temperature.

2.2.2. Fabrication of sPBNS RC film

In order to increase hydrophobicity of the PBNS RC film, the surface
roughness structure was constructed by a spraying method. The uncured
film prepared based on a tape casting method as described in Section
2.2.1 firstly experienced low temperature pre-curing for 10 min, in order
to obtain a semi-cured PBNS RC film with improved adhesion. Partial
PDMS/h-BN/SiOz dispersion (solution B) in various proportions
(Table 1) was then uniformly deposited onto the surface of the semi-
cured PBNS RC film vis the spraying method. After that, the sample
was then successively cured for 8 h in a 70.0 °C oven, ultimately pro-
ducing a superhydrophobic PBNS RC film (sPBNS RC film).

2.3. Structural and morphology characterization

The microstructure of the RC film was observed by a field emission
scanning electron microscope (Sigma 500, ZEISS, Germany) at an
accelerating voltage of 15 KV. The element distribution was analyzed
using an energy dispersive X-ray spectrometer (EDS) at a working
voltage of 20 KV to observe the dispersion of particles. An X-ray
diffractometry (XRD, Malvern Panalytical, England) was used to test the
crystal structure of the film at a scanning angle of 10° to 80°. A ther-
mogravimetric analyzer (TGA/DSC3+, Mettler-Toledo, Switzerland)
was used to measure the thermogravimetric curves of the film under a
nitrogen atmosphere at a temperature range of 30.0 °C to 800.0 °C and a
heating rate of 10 °C/min. The chemical structures of the film were
tested by a Fourier transform infrared (FTIR) spectrometer (Nicolet iS50,
Thermo Fisher Scientific, USA). The water contact angle (WCA) of the
RC film was detected with a 25 pL water droplet at room temperature
using a contact angle meter (SINDIN, SDC100, China). The average of
five different positions per sample was taken as the measurement result.

Table 1
Ingredients of solution B in SPBNS RC preparation.

Type PDMS (g) C4HgO2 (8) h-BN:SiO, = 8:1 (g)
SP1 0.50 13.33 0.17
SP2 1.00 26.67 0.33
SP3 1.50 40.00 0.50

2.4. Spectral test

In diffuse reflectance mode, reflectance spectra of the RC films in the
wavelength range of 0.25-2.5 pm were recorded by a UV-VIS-NIR
spectrophotometer (U-4100, Hitachi, Japan) equipped with an inte-
grating sphere. Absorption spectra within the atmospheric window
range (8-13 pm) were acquired using an FTIR spectrometer coupled to
an integrating sphere in diffuse reflection mode. The average reflectance
(Rsolar) and emissivity (2.wir) were subsequently calculated through the
following formulas [44]:

= - ;;5”; Lsolar (/1) X Rsolar (27 H)d,l 1
Rsolar = 25 ym I (ﬂ)d& ( )
0.25 ym *solar
_ _ ;i:,m Is (T, A) % epwir (T, A)dA 5
ELWIR = 3 | T h)di @)
8 ym BB ’
2 hc? 1
Ips(T, 1) = B 3)
ks _ 1

where 4 is the wavelength of incident light in the range 0.25-2.5 pm; 6 is
the angle of incidence of light; I, is the ASTM G173 global solar in-
tensity spectrum; Rgq-(4,6) is the angular spectral reflectance of the
surface; Ipg(T, 1) is the emissivity spectra of a blackbody at 25.0 °C and
gLwir is the spectral hemispherical thermal emissivity of the surface in
long wave infrared (LWIR); h is the Plank constant; kg is the Boltzmann
constant; c is the speed of light in vacuum; A is the wavelength.

2.5. Theoretical calculation of the cooling power

Theoretically, the cooling power P.o,(T) is equivalent to the black-
body radiation subtracted by thermal radiation with the atmosphere,
solar irradiation, and heat exchange channels through conduction and
convection [45]:

Pcool(T) = Prad(T) 7Patm(Tamb) 7Psun 7PCC(T, Tamb) (4)

where P,q(T) is the power radiated by the RC film; Paym (Tamb) is the
power of the incident atmospheric radiation by atmospheric heat ex-
change outside the atmospheric window region; Py, is the absorbed
incident power from the sun; Pec(T, Tamb) is the conduction and con-
vection power; T is the temperature of the RC film, and Ty, is ambient
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temperature.
The radiated power Pq(T) denotes the power that can be radiated
by the RC film in the entire spectrum range [45]:

Praa(T) = A / dQcost / " Al (T, 2)e(4, 0) ®)
0

where A is the surface area of the RC film; /1 is the wavelength; 6 is the
angle between the direction of the steradian angle and the direction
normal to the surface; [dQ = 27 [ /2 5ingde is the angular integral over
the hemisphere; ¢(4, ) is the spectral angular emissivity of the surface.

The incident atmospheric cooling power Puu (Tamp) outside the at-
mospheric window region, arising from atmospheric heat exchange is
given by [45]:

Patm(Tamh) = //w IBB(Tamb,ﬂ)é‘(/LG)Sam(Lg)dﬂCOSHd.Q 6)
0

where £, (4, 0) = 1 — (1)’ and t(4) are the atmospheric emissivity
and the atmospheric transmittance in the zenith direction, respectively.

The absorbed incident cooling power from the sun Py, can be
expressed as [45]:

Py, =A / d/{E(L gsun)IAMl-5 (l) (7)
0

where Iay 5 is the solar illumination intensity.
According to the Newton's law of cooling, the combined conduction
and convection cooling power P (T, Tamb) can be calculated as [45]:
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where h.. the convective coefficient of the nonradiative transfer,
including heat conduction and convection.

2.6. Self-cleaning and mechanical stability tests

Self-cleaning performance was assessed by spreading several con-
taminants (sand, CuSO4-5H50, graphite powder, glycerol) on the surface
of the RC film to simulate contamination, followed by flushing with the
deionized water. The contaminant removal process was recorded by a
digital camera. Anti-fouling performance was assessed by dripping
common liquid contaminants (tea, milk, ink, coffee, water, juice). The
acid/alkaline tolerance of the film was evaluated by immersing it in
solutions with different pH values and measuring the contact angle. The
film was exposed to a spray environment for an extended period to
simulate rainwater erosion. Mechanical stability was evaluated by
laying the superhydrophobic side of the film on a 120-mesh filter hori-
zontal screen. A 500 g weight was placed on the top non-
superhydrophobic side. The film was pushed parallel to a ruler under
an external force, with a 10 cm displacement defined as one friction
cycle. The contact angle of the RC film surface was measured after each
cycle. When it comes to the evaluation of the mechanical stability, film
was subjected to bending, torsion and uniaxial tensile tests under
different loads. The deformation ability and structural recovery ability
of the film were subsequently detected in these tests.

3. Results and discussion

Pec(T, Tamp) = Ahee(Tamb — T) (8 3.1. Structure and morphology
Fig. 2(a) exhibits that the PBNS RC film manifests a white
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Fig. 2. Structure and morphology of the PBNS RC film. (a) Apparent morphology; (b)XRD spectrum; (c) FTIR spectrum; (d) TGA curves; (el-g3) SEM images; (h)

EDS images.
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appearance, which is attributable to light scattering by h-BN and SiO,
particles. The XRD spectrum (Fig. 2(b)) displays a characteristic peak at
20.9°, corresponding to the unique crystal plane (100) plane of SiO2. The
characteristic peaks appearing at 26.7° (002), 41.6° (100), 55.1° (004),
and 76.0° (110) reflect typical diffraction of a hexagonal crystal struc-
ture for h-BN. The finding identifies that the crystallographic structure
and composition of h-BN and SiO: particles are reserved in during
fabrication process of the PBNS RC film. The FTIR spectrum of PDMS, h-
BN, SiOz, and the PBNS RC films are compared in Fig. 2(c). No new
absorption peaks appeared theoretically indicates absence of chemical
reaction. Meanwhile, PDMS and PBNS RC film contains various
stretching vibration peaks located in the range of 1257-783 cm ™" that is
precisely corresponding to the atmospheric window. TGA analysis
depicted in Fig. 2(d) was conducted to evaluate the thermal stability of
RC films. It is elaborated that the thermal decomposition behavior of
both films is similar between 0 and 300 °C. After that, the PBNS RC film
obtains higher weight percentage than the PDMS film. Difference in
weight percentage of two films becomes larger with the temperature
rises, reaching approximately 8% at 800 °C. This is attributed to the
incorporation of doped h-BN and SiO,, whose high intrinsic thermal
stability and interfacial interactions with the polymer substrate collec-
tively enhance the thermal stability of the film [46].

Fig. 2(el-g3) presents SEM images of the surface for PBNS RC films.
Fig. 2(el, e2) shows that since the PDMS substrate has admirable
compatibility with the h-BN and SiO: fillers, the two particles are evenly
dispersed within the PDMS to form a compact and stable structure. Fig. 2
(e3) demonstrates that the PBNS RC film maintains good material
compatibility when h-BN and SiO: are incorporated simultaneously. A
further investigation is conducted to analyze the effect of filler content
on the PBNS RC film. When the particle loading does not exceed 3.0 g,
both h-BN/SiO: particles are homogeneously dispersed throughout the
PDMS matrix in Fig. 2(f1, f2), resulting in a dense and well-integrated
microstructure. Fig. 2(f3) shows that pronounced particle agglomera-
tion occurs when the particle content exceeds 3.0 g. The sight results
from van der Waals interactions between particles surpass the interfacial
interactions with PDMS, which further promotes agglomeration.
Although the enhanced interactions between particles intensify light
scattering, excessive particles will elongate the optical path length and
cause failure of Mie scattering ultimately. As shown in Fig. 2(g1-g3), the
effect of film thickness on the PBNS RC film structure was also exam-
ined. The particle dispersion deteriorates as the film thickness increases,
and that evidently alters the surface morphology of the PBNS RC films.
This phenomenon mainly arises from two mechanisms: (1) Thicker film
leads to gradient evaporation of solvent and internal convection during
curing, which promotes the migration and clustering of inorganic par-
ticles; (2) Thicker films causes inhomogeneity of the photo-
polymerization reaction, generating the local cross-linking density
variations and uneven distribution of particles [47]. Fig. 2(h) shows
that, the elemental mapping demonstrates that the characteristic ele-
ments of B, N, Si, and O are uniformly distributed throughout the
composite film. This result further confirms the homogeneous dispersion
of the fillers in the PDMS matrix.

3.2. Spectral properties and binary synergistic mechanism

Fig. 3 depicts the optical constants (refractive index (n) and extinc-
tion coefficient (k)), reflectance, and emissivity of the prepared PBNS RC
films. The ideal RC films are expected to possess both high solar
reflectance in the solar spectrum and high emissivity in the atmospheric
window to enable efficient cooling. Films with a high n and a low k have
been reported to generally exhibit high solar reflectance. Fig. 3(a—c)
shows the optical constants of h-BN, PDMS, SiO,_h-BN possesses a high
refractive index (n > 2.2) [48] and a near-zero extinction coefficient
across the visible to near-infrared spectrum. This configuration can
effectively reflect solar radiation to reduce solar energy absorption,
reestablishing the regulation of the light propagation path. The low
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refractive index of PDMS (n ~ 1.4) forms pronounced refractive index
contrast with the embedded fillers. Such interfacial contrast promotes
light scattering and enhances solar reflectance [49]. Furthermore, SiO5
exhibits a low extinction coefficient owing to its wide band-gap [50],
while the vibrational absorption of Si—O bonds significantly boosts
emissivity of the RC film.

The as-prepared PDMS-based RC film embedded with h-BN/SiO,
particles exhibits a synergistic effect of highly efficient solar reflection
and selective infrared emission. Fig. 3(d, e) reveal that the reflectance of
the PDMS film is notably enhanced after filling with inorganic particles.
The solar reflectance of the PDMS/h-BN RC film is found to be 90.49%,
which is significantly higher than that of PDMS/SiO; RC film (25.55%).
This is ascribed to the strong reflectance of h-BN within the solar spec-
trum. Meanwhile, the PDMS/SiO, RC film exhibits an emissivity of
94.4% within the atmospheric window, slightly exceeding that of the
PDMS/h-BN RC film (93.3%). This observation is mainly due to the
infrared emissivity of SiO5 within the atmospheric window spectrum. At
an h-BN/SiO, mass ratio of 8, the PBNS RC film achieves a solar
reflectance of 90.2% and an infrared emissivity of 93.5%, effectively
leveraging the high reflectance of h-BN and the emissivity of SiOs.

It is found that h-BN dominates the reflectance modulation in solar
spectrum. This can be largely explained by the fact that h-BN possesses a
wide band-gap (~6 eV) [51]. It lies well above the photon energy of
visible and near-infrared light, effectively suppressing electronic tran-
sitions and solar absorption. In addition, the mismatch of refractive
index among h-BN, SiO3, and PDMS generates multiple scattering in-
terfaces, enhancing broadband photon scattering. The scattered photons
are more likely to escape from the film surface rather than being dissi-
pated as heat, thereby improving solar reflectance. Moreover, SiO2 ex-
hibits strong Si—O vibrational modes in the mid-infrared region, which
facilitates efficient thermal emission within the atmospheric window.
Meanwhile, h-BN can excite phonon-polariton resonances in the mid-
infrared range, producing lattice vibrational effects and thus exhibit-
ing thermal radiation capability [52]. The co-incorporation of h-BN and
SiO, promotes coupling of vibrational modes, leading to enhanced
emissivity in the 8-13 pm range. Through this binary synergistic
mechanism, the PBNS RC film achieves coordinated regulation of solar
reflection and mid-infrared emission, thereby enhancing the broad-
spectrum optical modulation closely associated with its radiative cool-
ing performance. Furthermore, the low reflectance of the PDMS/SiO,
film is mainly attributed to the semi-transparent state of that. This semi-
transparency allows partial incident sunlight to transmit through the
film rather than being completely reflected on the surface, which is
adverse to the overall reflectance.

The effect of particle content on optical properties of the PBNS RC
films was further investigated. Fig. 3(f, g) releases that the PBNS RC
films with varying particle contents all exhibit excellent optical prop-
erties. The uniformly dispersed h-BN and SiO; particles act as effective
light-scattering centers, enhancing reflectance and emissivity through
both geometrical and Rayleigh scattering effects [53]. Additionally,
solar reflectance increases successively with augment of the filler con-
tent. The PBNS RC film containing 3 g of the filler exhibits an excep-
tional reflectance of 94.0%, which is attributed to the optimized density
of the scattering network. Fig. 3(h, i) shows the influence of film
thickness on the optical properties of the PBNS RC film. When the
thickness falls below the critical threshold (3 mm), both solar reflectance
and emissivity of the PBNS RC film rise with increasing thickness. At a
thickness of 2 mm, the film achieves a solar reflectance of 94.5% and an
infrared emissivity of 93.2%. Further increasing the thickness to 3 mm
results in only marginal improvements, with reflectance and emissivity
increasing by 0.7% and 0.1%, respectively. This can be explained that
the reflection primarily occurs at the air-film interface, whereas the
emissivity is related to the absorption depth of bands within the atmo-
spheric window [54]. Moreover, once the film thickness exceeds this
critical threshold, both reflectance and emissivity decrease, by 2.3% and
0.7%, respectively, indicating that excessive thickness adversely affects
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Fig. 3. Spectral properties of the PBNS RC films. (a) The optical constants of h-BN [48]; (b) the optical constants of PDMS [49]; (c) the optical constants of SiO [507;
(d) reflectance and emissivity of the films under various particle ratios; (e) average reflectance and emissivity of the films under various particle ratios; (f) reflectance
and emissivity of the films under various particle contents; (g) average reflectance and emissivity of the films under various particle contents; (h) reflectance and
emissivity of the films under various film thicknesses; (i) average reflectance and emissivity of the films under various film thicknesses; (j) comparison of reflectance
and emissivity in the literatures; (k) RC mechanism.



X. Chen et al.

optical performance. The comparative results in Fig. 3(j) suggests that

the synergistic spectral control of film reflectance and emissivity offers a
notable advantage over previously reported literatures. Fig. 3(k) illus-
trates the RC mechanism of the PBNS RC film embedded with binary
inorganic fillers. In the UV-VIS-NIR, solar radiation is efficiently re-
flected and scattered by h-BN and SiO», suppressing solar heat gain. In
the mid-infrared region, PDMS and SiO; exhibit strong emission within

the atmospheric window, enabling effective thermal radiation to outer

space.

3.3. Cooling performance of the PBNS RC film

A preliminary indoor experiment was conducted to evaluate the RC
performance of the PBNS RC films under simulated solar irradiance
provided by a xenon lamp (800.0 W/rnz). Fig. 4(a, b) illustrates the
experimental device consisting of an expanded polystyrene (EPS) foam
box wrapped with aluminum foil for solar reflection. A cavity (50 mm x
50 mm x 10 mm) was created on top to accommodate the test film,
while a thermocouple was positioned at the bottom for temperature
monitoring. The top of the device is covered with an infrared transparent

polyethylene (PE) film to effectively suppress the interference of

ambient thermal convection on the test results. Under xenon lamp
irradiation, this configuration enables reliable assessment of the RC
performance of the PBNS RC films.

Fig. 4(c) shows the cooling performance of PBNS RC films at different
h-BN/SiO2 mass ratios. The excellent cooling effect is obtained when the

h-BN/SiO; mass ratio is 8. As shown in Fig. 4(d), the RC performance of

the PBNS RC film is significantly better than that of the commercial film
of the same thickness. The temperature of the PBNS RC film is 14.15 °C
lower than that of commercial film, 1.15 °C lower than PDMS/h-BN film,
and 5.32 °C lower than PDMS/SiO> film. The experimental RC perfor-
mance verifies that h-BN and SiO: function cooperatively to suppress
heat gain and promote heat dissipation, leading to enhanced RC
compared with single-particle-doped films under identical conditions.
The introduction of randomly dispersed h-BN and SiO» particles into the
PDMS substrate induces scattering, thereby effectively reflecting solar

(a)

(©) 4
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reflection. In the mid-infrared spectrum, the stretching vibrations of Si-
0-Si/Si-O and B—N bonds in PDMS, SiO9, and h-BN, along with phonon
polarization, significantly enhance the thermal radiation capacity of the
films within the atmospheric window. Meanwhile, SiO, possesses a low
refractive index, whereas h-BN has a comparatively high refractive
index, and their combination establishes a gradient refractive index
structure. This structure promotes Mie scattering and multiple optical
scattering paths, thereby enhancing broadband reflection and diffuse
scattering. Consequently, the film reduces heat accumulation under
sunlight and demonstrates superior performance in RC. Based on the
study of the indoor RC performance of the PBNS RC film, combined with
the effect of synergistic optimization of its reflectance and emissivity,
subsequent experiments employed a h-BN/SiO5 mass ratio of 8:1 as the
filler composition.

Fig. 4(e) shows that when the mixed particle content reaches 3.0 g,
corresponding to a filler volume fraction of 35.3%, a continuous scat-
tering network is formed within the PBNS RC film. At this condition, the
PBNS RC film achieves a good cooling performance, exhibiting a tem-
perature reduction of 8.0 °C compared to the commercial film, together
with high solar reflectance. At lower loading levels, inadequate particle
dispersion leads to an incomplete scattering network. Conversely, higher
loading levels induce optical crowding effects that impair scattering
efficiency [55]. The effect of film thickness on the RC performance of the
PBNS RC films was further explored at 3.0 g of filled particle content. As
shown in Fig. 4(f), the film thickness significantly affects the cooling
performance by increasing the optical thickness. At a thickness of 2 mm,
the PBNS RC film exhibits a temperature reduction of 8.1 °C compared to
the commercial film. The increased thickness can extend the photon
propagation path and strengthens light-matter interactions, while sup-
pressing convective heat transfer [56]. However, experimental analysis
shows that once the film thickness exceeds 2 mm, further improvements
in cooling performance and optical properties become marginal,
whereas material consumption and fabrication cost increase noticeably.
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Fig. 4. Results of indoor test. (a) Indoor test; (b) device diagram; (c) temperature variation of the PBNS RC films with different various ratios; (d) temperature
variation of the PBNS RC films with various particles; (e) temperature variation of the PBNS RC films with various particle contents; (f) temperature variation of the

PBNS RC films with various thicknesses.
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3.4. Superhydrophobicity and cooling performance of the sSPBNS RC film

When RC films are deployed outdoors, prolonged exposure to
moisture and dust inevitably degrades their cooling performance [57].
This thereby reduces reflectance and enhances solar absorption. Con-
structing a superhydrophobic surface provides an effective strategy to
alleviate these issues. In this work, a spray method was adopted to create
a rough surface structure on the film, enhancing its hydrophobicity.
When spraying onto a semi-cured substrate, fully melted particles form a
denser coating with relatively low roughness. In contrast, partially
melted particles tended to generate pores and protrusions, resulting in a
rougher surface. The spraying solution was prepared according to the
formulation listed in Table 1. Under these conditions, the spray solution
exhibits good dispersion stability, ensuring uniformity and controlla-
bility in film formation. Excessive filler loading causes particle
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agglomeration and nozzle clogging, compromising film density.
Conversely, insufficient filler loading leads to inadequate solution vis-
cosity and poor spraying efficiency, making it difficult to form a
continuous and stable film layer. The resulting rough surface increases
the proportion of contact between air and water droplets through the
alteration of microstructure, thereby raising the contact angle and
enhancing the hydrophobicity of the surface [58]. As shown in Fig. 5,
the effect of spray amount on the hydrophobicity of the sPBNS RC film,
surface morphology, cooling performance, and optical properties was
investigated. Fig. 5(a) shows that the water contact angle of the sPBNS
RC films increases gradually with increasing spray amount, indicating
progressively enhanced surface hydrophobicity. Compared to the un-
sprayed surface, the contact angle of the sSPBNS RC film-SP3 increases by
66.6%. Combined with SEM images in Fig. 5(b), at a spray amount of
SP1, the deposited layer is too thin to fully cover the substrate, resulting
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Fig. 5. Test of the effect of spraying on film properties. (a) Contact angle roll-off angle; (b) SEM images; (c) temperature variation of films sprayed on various
surfaces; (d) reflectance and emissivity of films under various sprayed on surfaces; (e) average reflectance and emissivity of films under various sprayed on surfaces;

(f) schematic of superhydrophobic mechanism.



X. Chen et al.

in a contact angle of only 112.8°. When the spray amount increases to
SP2, a well-developed rough microstructure forms on the film surface,
raising the contact angle to 168.7°, indicating a significant improvement
in hydrophobicity. Further increasing the spray amount to SP3 leads to
the formation of hierarchical micro-nano structures. The maximum
water contact angle reached 172.3°, with a roll-off angle of 8°, achieving
a superhydrophobic state.

Fig. 5(c) shows the xenon lamp test conducted under indoor condi-
tions. Spraying experiments conducted on iron plate demonstrates that
the sprayed rough surface exhibits RC properties. This is because the
PDMS/h-BN/SiO: spray solution exhibits excellent cooling performance,
while enlarged the roughened surface radiative area, thereby enhancing
heat dissipation. Accordingly, the sPBNS RC film with the spray layer
shows good cooling performance. In addition, pronounced Mie
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scattering can occur when the surface particle size is comparable to the
incident wavelength. The rough structure enhances diffuse reflection
compared to the specular reflection behavior of a smooth surface. The
density of scattering centers rises as the number of surface particles
increases, which facilitates the redistribution of photon propagation
directions and strengthen of multiple scattering. These effects collec-
tively improve reflectance across the solar spectrum. The radiative
transfer equation indicates that the radiative behavior of the film is
governed by the absorption coefficient and the scattering coefficient.
The spray thickness determines the optical thickness of the film, which
affects both the absorption and scattering coefficients. The thin coating
generates the low optical thickness, substantially limiting the scattering
events. At an appropriate coating thickness, enhanced multiple scat-
tering improves reflectance. In the mid-infrared region, a larger coating
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thickness benefits effective absorption. According to Kirchhoff's law,
increased absorption corresponds to enhanced emissivity. However,
excessive thickness may induce strong multiple scattering, leading to
repeated internal radiation within the structure and degraded radiative
performance. Compared with the unsprayed film, SP2 and SP3 exhibit
slightly reduced RC performance, which is attributed to increased sur-
face irregularities.

Optical characterization in Fig. 5(d, e) reveals that the surface spray
amount has a minor effect on the overall reflectance and emissivity of
the sPBNS RC films. This is because the spray layer is typically only a few
microns thick, accounting for a negligible portion of the optical thick-
ness, and thus contributes minimally to bulk scattering. As the spray
amount increases, surface irregularities cause a slight decrease in solar
reflectance, while the enhancement in infrared emissivity remains
limited. A comprehensive evaluation indicates that the sSPBNS RC-SP3
film achieves a well-balanced optimization between hydrophobicity
and cooling performance. Although cooling performance slightly de-
creases, the enhanced superhydrophobicity significantly improves the
environmental adaptability of the film. The sPBNS RC film exhibits a
solar reflectance of 93.2% (95.6% in the visible spectrum) and an
infrared emissivity of 92.3%, confirming its excellent solar radiation
management and thermal emission capability. Fig. 5(f) schematically
illustrates the mechanism underlying the superhydrophobicity of the
sPBNS RC film. The superhydrophobic performance originates from the
synergistic effect of two factors. First, micro/nano hierarchical rough-
ness by spraying introduces trapped air at the solid-liquid interface,
effectively reducing the contact area between water droplets and the
surface. Second, the incorporation of hydrophobic SiO particles lowers
the surface free energy, thereby imparting excellent super-
hydrophobicity to the film.

3.5. Outdoor cooling performance

An outdoor field test was conducted in Pengzhou, China, on March
26, 2025, to evaluate the practical RC performance of the sSPBNS RC film.
Fig. 6(a, b) shows the schematic and experimental setup of the outdoor
test. All the test samples were positioned 1 m above the ground. Their
top surfaces were covered with a plastic wrap to suppress convective
heat transfer, while the bottom and sides of boxes were insulated with
EPS foam to minimize heat dissipation. This configuration ensured the
measured temperature changes primarily resulted from net radiation
[59]. The experiment was conducted on a rooftop to minimize the effects
of thermal radiation and sunlight shading from surrounding buildings.
Corresponding weather condition during the test are presented in Fig. 6
(o).

The temperature variation of the sPBNS RC films was recorded
throughout the day and night to assess their all-day cooling perfor-
mance. While the heat accumulation within the enclosure was inevi-
table, the identical experimental setup ensures that all samples were
subjected to a same thermal environment and comparable heat accu-
mulation. Under these controlled conditions, the temperature differ-
ences observed among the films can reliably reflect the intrinsic
differences in their RC performance. Fig. 6(d) indicates that the daytime
temperature of the test sample is consistently lower than that of the
reference air and the commercial film. During peak solar irradiance
period (12:00-15:00), the sPBNS RC film respectively achieves
maximum temperature reductions of 19.4 °C and 7.0 °C, when
compared to the reference air temperature and commercial film tem-
perature. This demonstrates that under identical environmental condi-
tion, the application of sPBNS RC film significantly suppresses surface
temperature rise over no RC film cases. This finding serves to verify the
RC regulation capability of the sPBNS RC film.

Theoretically, the cooling performance of the PBNS RC film arises
from the synergistic contribution of four mechanisms: (1) Molecular
vibrations of the Si-O-Si and Si—O bonds in PDMS and SiO, within the
mid-infrared region; (2) Reduction of solar absorption due to wide band-
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gap and refractive index of h-BN; (3) Scattering effect generated by h-BN
and SiO; filling in PDMS; (4) Diffuse reflection from micro-nano rough
structure on the film surface. Fig. 6(e) compares the optical spectra of
commercial film and sPBNS RC film. In the solar spectrum, the gradient
refractive index design of PDMS and h-BN enhances solar reflectance,
thereby suppressing radiative heat gain. The Si—O stretching vibrations
of SiO; synergistically improve emissivity within the atmospheric win-
dow band [60]. Based on atmospheric transmittance data [61], the net
RC power of sPBNS RC film under various ambient temperatures
(assuming the film temperature is 300 K) was theoretically calculated.
Fig. 6(f) illustrates that theoretical daytime RC power of the sSPBNS RC
film reaches 85.3 W/m?, while the nighttime RC power increases to
153.0 W/m?.

The infrared thermal images (15:30 on June 13, 2025) in Fig. 6(g)
reveal that the sPBNS RC film maintains a lower temperature than the
commercial film (produced by Guangzhou Fumeiao Coatings Co.),
which can further confirm its effective cooling performance. The sPBNS
RC film and the commercial film were placed on the surface of the
wooden board, monitored using an infrared thermal camera. It is
observed that both films enable to effectively reduce the surface tem-
perature of the wooden board, indicating their ability to mitigate ther-
mal accumulation. Notably, the sSPBNS RC film exhibits superior cooling
performance, achieving surface temperatures 1.2 °C and 3.0 °C lower
than those of the commercial film and the bare wooden board, respec-
tively. It should be noted that the related absolute temperature decline is
substantially confined by the relatively low ambient temperature and
limited solar irradiance during the measurement period (17:00 on
December 16, 2025). To evaluate long-term durability of the film, ul-
traviolet aging and thermal cycling tests were conducted in Chengdu, on
March 09, 2026. Firstly, the film was exposed to outdoor ultraviolet
irradiation for 2 weeks, and the radiative cooling performance before
and after UV aging was measured. Secondly, the film was subjected to
repeated thermal cycling between 60 °C and — 20 °C, and the cooling
performance before and after cycling was evaluated. As shown in Fig. 6
(h), the obtained results indicate that the cooling performance shows
only a minimal reduction after UV aging or thermal cycling, while the
film still maintains stable radiative cooling capability, demonstrating its
excellent environmental stability and durability for long-term outdoor
applications.

3.6. Self-cleaning performance

Given that maintenance cost and service life of the sPBNS RC films
are closely related to their self-cleaning performance, a super-
hydrophobic layer was designed to be coated on the surface of the PBNS
RC film, and the self-cleaning tests were conducted in this investigation.
Simulated contamination tests using several representative contami-
nants in Fig. 7(a) display the self-cleaning performance of the sSPBNS RC
film. Specifically, sand was selected to simulate dust particle contami-
nant in natural environments; CuSO4-5H50 was used to represent water-
soluble inorganic salts remaining after rainwater evaporation; graphite
powder was employed to simulate carbonaceous particulate pollution
commonly present in urban atmospheres; and glycerol was introduced
as a typical organic contaminant in the practical application. The
experimental results reveal that the pollutants covered the surface of the
film can be effectively removed by rolling water droplets. There are
nearly no pollutants remained on the surface of the film after rinsing
with water. These findings verify that the fabricated superhydrophobic
film exhibits excellent self-cleaning performance under various
contamination conditions, highlighting its practical applicability in real
outdoor environments. This cleaning performance can be attributed to
two aspects: (1) The superhydrophobicity of the sPBNS RC film pro-
motes the rolling motion of water drops rather than their retention on
the surface; (2) The affinity between contaminants and water is greater
than that between contaminants and the film [62,63]. The low surface
energy further suppresses contaminant adhesion, facilitating self-
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Fig. 7. Self-cleaning performance of the SPBNS RC film. (a) Representative contaminants (sand, CuSO4-5H,0, graphite powder, glycerol); (b) schematic of water
droplets washing away contaminants; (c) cooling performance before and after self-cleaning (Chengdu, China, on March 28, 2025); (d) anti-fouling test; (e) test of
acid/alkaline tolerance for solutions of different pH values; (f) rainwater erosion test.

cleaning through water droplet rolling (Fig. 7(b)). This mechanism
prevents the accumulation of dust and pollutants on the film surface,
thereby avoiding any obstruction of infrared radiation emission and
preserving high RC efficiency.

As presented in Fig. 7(c), the outdoor RC performance of the sPBNS
RC films before and after self-cleaning tests was evaluated in Chengdu,
China, on March 28, 2025. The results show negligible variation in
cooling performance after the self-cleaning process, with the cooling
performance remaining essentially unchanged compared to the pre-
cleaning state. This finding demonstrates that the excellent environ-
mental adaptability and operational stability of the sPBNS RC film for
practical outdoor applications. Furthermore, Fig. 7(d) indicates that a
range of common liquids (tea, milk, ink, coffee, water, juice) form near-
spherical droplets on the film surface, revealing the broad-spectrum
liquid repellency and exceptional anti-fouling performance. In addi-
tion, the chemical stability of the film was evaluated under acidic and
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alkaline conditions. Solutions with pH values ranging from 3 to 13 were
prepared, and the films were immersed in these solutions for 7 days.
Fig. 7(e) shows that the surface contact angle remains at around 160°
after immersion in different pH solutions, demonstrating that the as-
prepared film has excellent chemical stability. A spray test designed to
simulate rainwater erosion was conducted in this study to detest water
resistance of the film. An electric spraying device was used to continu-
ously generate fine water mist, allowing the film to keep in a wetted
state. Each spraying treatment lasted for 3 h and was repeated for 6
times to simulate long-term rainwater erosion. After the spray treat-
ment, outdoor field performance test was performed on both the sprayed
film and the unsprayed film. The results fully demonstrate that the PBNS
film can maintain stable radiative cooling performance after multiple
water spray treatments, which indicates that the film possesses superior
water resistance and environmental stability.
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3.7. Mechanical performance

Superhydrophobic coatings are unenviable to suffer from external
mechanical abrasion during practical occasions. Therefore, mechanical
abrasion durability is becoming a crucial metric for comprehensively
evaluating quality of RC films [64]. Fig. 8(a, b) describe that abrasion
tests were conducted to assess ability of the sPBNS RC films to resist
friction and investigate the effect of abrasion cycles on surface hydro-
phobicity. It is demonstrated in Fig. 8(c) that the water contact angle
slightly decreases with rise of abrasion cycles, which is attributed to
mechanical damage to the surface microstructure. The alteration of the
surface topography leads to a deterioration in the hydrophobic property.
Specifically, the sPBNS RC film retains a high contact angle of 161.7°
even after 10 abrasion cycles. This excellent stability is ascribed to the
flexibility of the PDMS substrate and the protective role of the h-BN/
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SiOs, fillers, which benefits to preserve the surface microstructure during
mechanical abrasion.

Fig. 8(d) presents the outdoor temperature curves of the sSPBNS RC
film before and after mechanical abrasion, measured in Pengzhou on
May 20, 2025. The temperature curves before and after abrasion almost
overlap, indicating that mechanical abrasion induces no noticeable
deterioration in RC performance. This result demonstrates that the
sPBNS RC film maintains stable RC capability after repeated friction,
confirming its excellent mechanical robustness under practical outdoor
conditions. Furthermore, an outdoor field test was conducted (15:30 on
June 13, 2025) on the both abraded and unabraded sPBNS RC films. The
infrared thermal images in Fig. 8(e) indicate that abrasion resulted in a
reduction to cooling performance of the sPBNS RC films, with the
abraded film temperature being approximately 4 °C lower than the
unabraded film. This is attributed to the wear-induced changes to the
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Fig. 8. Mechanical performance of the SPBNS RC film. (a) Schematic of experimental set-up; (b) mechanical friction test; (c) contact angle chart for various frictions;
(d) temperature variation of films before and after friction; (e) infrared thermal images; (f) adhesion test; (g) flexibility test; (h) load test.
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surface microstructures, and surface roughness is correlated with optical
properties [65]. Nevertheless, the RC performance of the abraded sPBNS
RC film remains superior to that of the commercial reference film.

Since mechanical stability is critical for the practical deployment of
the sPBNS RC film, the mechanical stability of the prepared film was
systematically assessed. Fig. 8(f) demonstrates the film can stably
adhere to common building materials (cement board, brick, iron plate,
wooden board), indicating exceptional adhesion of the as-prepared
sPBNS RC film. Fig. 8(g) shows the flexibility test of the sPBNS RC
film. After bending and torsional deformation, the PBNS RC film exhibits
excellent shape recovery and quickly return to its original morphology.
As shown in Fig. 8(h), the load tests indicate that the sPBNS RC film
maintains structural ductility without fracture under uniaxial tension of
a 500 g load. This robustness is attributed to the synergistic effect of the
elastic properties of the PDMS substrate and the filling effect of inor-
ganic fillers. The findings fully confirm that the sPBNS RC film has ca-
pacity of high mechanical stability, enabling to obtains considerable
potential for long-term real-world applications.

4. Conclusions

This study develops a novel PDMS based RC composite film, incor-
porating h-BN and SiO: as dual functional fillers to simultaneously
realize excellent passive cooling and superhydrophobicity. The film is
experimentally fabricated through an integrated tape casting-spraying
method. Systematic investigations are conducted on structural proper-
ties, heat dissipation, self-cleaning and mechanical performance of the
as-prepared PDMS-based RC films. Compared with recently reported
radiative cooling materials, such as cooling textiles, photonic structures,
and cellulose-based films, which often involve trade-offs in durability,
fabrication complexity, and environmental stability, the SPBNS RC film
developed in this work integrates broadband solar reflectance, strong
mid-infrared emissivity, durable hydrophobicity, mechanical flexibility,
and environmental stability. This paper provides a technically feasible
and cost-effective strategy to optimal design of novel PDMS-based RC
composite films, with noticeable dual-enhanced functions of passive
cooling and self-cleaning for practical applications. The following
findings can be drawn from this investigation:

(1) The enhanced RC performance stems from the synergistic effect
between high solar reflectance of h-BN and high infrared emis-
sivity of SiOs. Their spectrum modulation can be adjusted by the
h-BN/SiO: loading, spraying amount and film thickness, yields a
solar reflectance of 93.2% and an infrared emissivity of 92.3%.
Outdoor field test demonstrates that the PDMS-based RC film can
generate a maximum sub-ambient temperature drop of 19.4 °C
compared to the air temperature. Theoretical cooling power of
the sPBNS RC film can reach up to 85.3 W/m? and 153.0 W/m? in
the daytime and nighttime.

The rough surface structure and embedded hydrophobic particles
well guarantees self-cleaning capacity of the sPBNS RC film, with
a maximum contact angle of 172.3° and a roll-off angle of 8°. It
also maintains outstanding long-term adaptability, mechanical
abrasion resistance under various environmental scenarios.
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