
RESEARCH ARTICLE
www.afm-journal.de

Dual-Mode Film Based on Highly Scattering Nanofibers and
Upcycled Chips-Bags for Year-Round Thermal Management

Qimeng Song, Stefan Rettinger, Chengzhang Xu, Ulrich Mansfeld, and Markus Retsch*

Advanced thermal management is crucial in mitigating the escalating global
energy consumption and alleviating associated climatic and environmental
issues. Here, a dual-mode film that integrates solar heating and radiative
cooling functionalities for year-round thermal management is introduced.
The cooling side of the film, composed of PCL-SiO2 composite nanofibers,
exhibits an impressive solar reflection of 0.98 and a mid-infrared emissivity of
0.91, resulting in sub-ambient cooling performance under intensive sunlight.
Meanwhile, the heating side of the film, based on the ink side of the upcycled
chip bags, efficiently harvests thermal energy from sunlight, leading to
a temperature rise of 16.5 °C. The cooling and heating modes of the film can
be switched by flipping it. With its outstanding optical properties, weathering
durability, and switchable heating and cooling modes, the dual-mode
film holds great potential for year-round energy savings with minimal
environmental impact due to its sustainable composition and easy fabrication.

1. Introduction

Maintaining optimal indoor temperatures through heating and
cooling operations represents a substantial portion, almost 25%,
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of the energy produced worldwide.[1] This
demand, particularly for cooling, is antic-
ipated to continuously escalate, driven by
the compounding effects of global warm-
ing and the worsening of extreme climatic
conditions.[2–4] Despite advancements in re-
newable energy sources, continued reliance
on fossil fuels for thermal management
remains a significant contributor to anthro-
pogenic climate change associated with
greenhouse gas emissions.[5,6] Therefore,
implementing sustainable and energy-
efficient strategies for heating and cooling
is crucial to achieving the goal of zero-
carbon emissions by 2050. With its ability
to achieve cooling without any energy in-
put, the passive daytime cooling technique
is considered a promising sustainable

strategy to alleviate the energy demand for cooling,[7–9] as well as
enhance personal thermal comfort.[10,11] By optimizing the op-
tical properties to minimize absorption in the solar spectrum
and maximize thermal radiation within the atmospheric trans-
parency window (8–13 μm), sub-ambient cooling has been suc-
cessfully demonstrated during daylight hours, even under in-
tense solar irradiation.[12–17] However, while these cooling devices
are effective in hot conditions, they also provide cooling in cold
conditions when heating is required, resulting in additional en-
ergy consumption. This energy expenditure may offset the en-
ergy saved during hot periods.

Intelligent radiative cooling devices, which integrate heating
and radiative cooling functionalities, have recently garnered sig-
nificant attention for achieving year-round energy savings.[18–20]

By efficiently converting sunlight into heating energy, these
smart devices enable heating mode operation in cold conditions
characterized by high solar absorption. Conversely, the cooling
function is activated by altering the optical properties of the de-
vice to exhibit low solar absorption and high thermal emission.
The transition between the heating and cooling mode can oc-
cur automatically through physical stimuli, such as voltage,[21]

and temperature changes,[22–25] or through straightforward man-
ual manipulation, e.g. flipping between different sides of the
devices.[26–29] Despite the impressive cooling and heating per-
formance achieved by current dual-mode devices, limited scal-
ability associated with sophisticated fabrication processes has
hindered their practical application. Furthermore, using non-
environmentally friendly materials, like poly(vinylidene fluoride)
(PVDF), exacerbates environmental concerns. To address these
challenges, increasing efforts have been directed toward explor-
ing biodegradable polymers, such as polycaprolactone (PCL) and
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Figure 1. Schematic diagram of dual-mode film for year-round heating and cooling.

polylactic acid (PLA), as potential alternatives for scalable and
eco-friendly dual-mode radiative cooling solutions.[30–32] Addi-
tionally, the sustainability of membrane-based technologies is
gaining increasing attention, particularly regarding the recycla-
bility and biodegradability of polymeric membranes.[33,34]

In this work, a sustainable and scalable dual-mode film for
year-round thermal management was composed by integrating
a nanofibrous nonwoven onto upcycled chip bags. The cool-
ing side, with exceptional solar scattering (0.98) and high mid-
infrared (MIR) emission (0.91), was achieved by PCL-SiO2 com-
posite nanofibers fabricated using the solution blow spinning
(SBS) technique. This side provides daytime sub-ambient cool-
ing under intense sunlight. As for the heating side, the chip bags’
ink side exhibits high solar absorption and relatively low thermal
emission, effectively converting the sunlight into thermal energy.
Positioning the appropriate side of the dual-mode film facing the
sky enables either solar heating or radiative cooling to meet spe-
cific climatic conditions, achieving year-round energy savings.

2. Results

Figure 1 illustrates the schematic diagram of the dual-mode film
for all year-round solar heating and radiative cooling. The dual-
mode film consists of a PCL-SiO2 composite nanofiber non-
wovens supported on reused chip bags. SiO2 nanoparticles are
blended into the nanofibers to enhance the film’s emissivity
within the atmospheric transparency window regime. In hot
weather, the cooling functionality of the dual-mode film is acti-
vated by positioning the PCL-SiO2 nanofiber nonwoven facing
the sky. The nanofiber nonwoven, with a fiber diameter compa-
rable to the solar wavelengths (250−2500 nm), possesses a strong
scattering of sunlight, thereby minimizing energy absorption
from the sunlight. Simultaneously, the high MIR emissivity of
the SiO2-blended PCL nanofibers facilitates efficient heat transfer
from the film to the cold outer space (≈3K) via thermal radiation,
consequently achieving sub-ambient cooling during daytime.

Conversely, in cold weather, when heating is desired, the chip
bags’ ink side is orientated toward the sky. This side of the chip
bags, characterized by strong solar absorption, enables the ther-
malization of sunlight, thereby mitigating the energy demand for
heating purposes. Year-round energy savings are thus attainable
through solar heating and radiative cooling by simply flipping the
dual-mode film.

PCL, a cost-efficient and readily available biodegradable poly-
mer, has found extensive use in biomedical applications, such
as tissue engineering and drug delivery.[35,36] Its biodegradabil-
ity through microbial action has been extensively demonstrated
in state-of-the-art studies.[37,38] Additionally, sustainable routes
for PCL synthesis have also been explored, reducing its envi-
ronmental impact across the entire lifecycle.[39] In this work,
PCL nanofibers were fabricated using the SBS technique, as il-
lustrated schematically in Figure 2a. Compared to the widely
utilized fiber fabrication technique, electrospinning, which de-
mands sophisticated setups and high-voltage power, SBS is char-
acterized by its simplicity and ease of operation.[40,41] Although
SBS presents challenges in controlling fiber uniformity com-
pared to electrospinning, the resulting nanofibers with a broad
range of diameters are advantageous for broadband solar reflec-
tion, as they enhance solar scattering across a wide wavelength
range. In addition, the fiber production rate of SBS is similar to or
even higher than electrospinning,[42] and holds great promise for
further optimization making it a potentially scalable technique
for large-area nanofiber fabrication and practical applications.[43]

With the pressurized gas carrying the PCL solution through the
nozzle (diameter of 0.3 mm), the PCL nanofibers were formed
using a commercial airbrush. These nanofibers were then col-
lected with a roller collector coated with a supporting foil, such
as an aluminum (Al) foil or a chip bag. The fiber production
rate of the current SBS setup (single nozzle) used in this work
is ≈1.5 g h−1. The photograph in Figure 2b shows the result-
ing PCL nanofibers nonwoven collected on an Al foil. The white
color of the nonwoven indicates its strong solar scattering perfor-
mance, attributed to the multilayer structure of randomly stacked
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Figure 2. a) Schematic of the fabrication of PCL nanofibers via solution blow spinning with an airbrush. b) Photography of a PCL fibers nonwoven.
c) and d) SEM images of PCL nanofibers with different magnifications. e) Distribution of PCL fiber diameters. f) FDTD simulation of the spectral
scattering efficiency of individual PCL nanofibers as a function of their fiber diameter. g) UV/Vis spectrum of PCL nanofibers nonwoven with various
thicknesses. h) Average solar reflection of PCL nanofibers nonwoven at different incidence angles.

nanofibers with polydisperse diameters. In contrast, the compact
PCL film is highly transparent (Figure S1, Supporting Informa-
tion). The morphology and diameter of the PCL nanofibers were
analyzed using a scanning electron microscope (SEM), as de-
picted in Figure 2c,d. The size distribution of the nanofibers’ di-
ameter is presented in Figure 2e, showing a range of fiber diame-
ter from 0.1 to 1.3 μm. This broad distribution, comparable to the
solar wavelength, ensures a strong scattering of broad-band sun-
light, consistent with Finite-Difference Time-Domain (FDTD)
simulation results based on Mie theory (Figure 2f; Figure S2, Sup-
porting Information). Furthermore, the impact of the nonwoven
thickness on its solar reflectivity was also investigated. Nanofiber
nonwovens of various film thicknesses were obtained by adjust-
ing the spinning time. It was observed that an increase in nonwo-
ven thickness enhances the solar reflection of the nanofiber until
a plateau is reached (Figure 2g). A maximum solar reflection is

achieved with a nonwoven thickness of ≈400 μm, demonstrating
an exceptional angular-dependent average reflection of up to 0.96
in the solar range (Figure 2h; Figures S3, S4, Supporting Infor-
mation). The average solar reflection was calculated based on the
spectrum of AM 1.5 solar irradiation,[44] with detailed informa-
tion in the Supplementary Information (SI).

PCL nanofibers exhibit remarkable solar scattering capabil-
ities, significantly reducing light absorption from sunlight. To
emphasize this characteristic further, a graphite-coated Al foil
was coated with PCL nanofibers. The average solar reflection
of the graphite-coated Al foil increased significantly from 0.11
to 0.95 upon covering by PCL nanofibers (Figure S5, Support-
ing Information), demonstrating a substantial reduction in solar
absorption when facing the sun. In addition to high solar scat-
tering, the PCL nanofiber nonwoven possesses a relatively high
MIR emissivity in the atmospheric transparency window range,
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Figure 3. a) Schematic and photography of the SiO2 nanoparticles embedded in PCL nanofibers on a chip bag. Top: PCL nanofibers side (inset displays
the uncoated inside surface of a chip bag); Bottom, chip bag ink side. b) SEM image of PCL-SiO2 nanofibers and corresponding elemental mapping
images of O, C, and Si. MIR absorption (c) and UV/Vis reflection (d) spectrum of PCL nanofibers nonwoven with various contents of SiO2 nanoparticle.
e) Average MIR absorption/emission and solar reflection of PCL nanofibers nonwoven with various SiO2 nanoparticles contents.

≈0.83 (Figure S6, Supporting Information). To further enhance
the emissivity of the PCL nanofiber and to improve its heat dissi-
pation efficiency, SiO2 nanoparticles were blended into the fibers
by mixing them with the PCL precursor solution. Figure 3a, top
shows the composite nanofibers collected on a reused chip bag
(Al side), and Figure 3a, bottom illustrates the backside of the
chip bag (ink side). SEM images obtained using secondary elec-
tron and backscattered electron detection (Figure S7, Supporting
Information) and EDX elemental mapping images (Figure 3b)
confirm the homogeneous blending of SiO2 nanoparticles into
the PCL fibers.

Furthermore, all fibers with varying SiO2 nanoparticle con-
tents exhibit a similar hydrophobic surface, with a contact an-
gle of ≈135° (Figure S8, Supporting Information). The consistent
contact angle of PCL and PCL-SiO2 implies that the nanoparticles
did not change the interfacial properties of the PCL nonwoven.
The presence of SiO2 nanoparticles effectively enhances the MIR
emission of the PCL nanofiber nonwoven (Figure 3c). The aver-
age absorption/emission in the atmospheric transparency win-
dow range increases from 0.83 for unblended PCL nanofibers
to 0.91 for PCL-SiO2 fibers with a mPCL/mSiO2 = 0.3 (Figure 3e).
Additionally, the inclusion of SiO2 nanoparticles also slightly
enhances the solar light reflection of the nanofiber nonwoven,
from 0.96 (PCL) to 0.98 (PCL-SiO2 fibers with a mPCL/mSiO2
= 0.3) (Figure 3d). This enhancement is likely attributed to

the structuring on multiple length scales of the PCL-SiO2
nanofibers.[45,46]

PCL-SiO2 composite nanofibers exhibit outstanding optical
properties in both solar and MIR regimes (Figure 4a), with an
average solar reflection of up to 0.98 and an average emission
of 0.91. To verify the passive cooling performance of the com-
posite nanofibers, its net cooling power was theoretically calcu-
lated based on the measured absorption spectra and a widely used
radiative cooling theoretical model,[8] with various nonradiative
heat transfer coefficients (hc), i.e., 0, 5, 10, and 15 W/(m2K). Dur-
ing nighttime, the composites radiate the heat to outer space, pro-
viding a net cooling power of 148.4 W m−2 (Figure 4b). With min-
imal solar energy uptake during daytime, a cooling capacity of
125.9 W m−2 is expected under a solar irradiation of 1000 W m−2.
In addition, with the cooling power equal to zero, different sub-
ambient temperatures can be achieved, depending on hc. For in-
stance, with hc = 5 W/(m2K), sub-ambient temperature drops of
16.3 and 13.7 °C can be obtained during nighttime and daytime,
respectively.

Aluminum-plastic laminate (APL) has been extensively uti-
lized as packaging material, particularly for potato chips, to pro-
long the product’s shelf life. However, its sophisticated multilayer
composition, which includes various types of polymers and alu-
minum, presents challenges for recycling efforts, leading to sig-
nificant environmental pollution on a global scale.[47,48] The chip
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Figure 4. a) Optical properties of a chip bag coated with a PCL-SiO2 nanofiber nonwoven. The AM 1.5 solar intensity spectrum (highlighted in orange)
and atmospheric transparency window (highlighted in blue) were plotted as the background. b) Predicted net cooling power for a chip bag supported
PCL-SiO2 nanofibers nonwoven with various nonradiative heat transfer coefficients (hc), 0, 5, 10, 15 W/(m2K) for daytime (dashed lines) and nighttime
(solid lines). The AM 1.5 solar spectrum with a power intensity of 1000 W m−2 was used for daytime calculations. c) Estimation of the average solar
absorption of the ink side of the entire chip bag based on the solar absorption spectra of each individual color component. d) Estimated solar heating
power as a function of solar radiance intensity. e) Predicted net heating power as a function of solar intensity and emitter temperature, with hc =
5 W/(m2K). The dashed line indicates zero net heating power. An ambient temperature of 300 K was used for the numerical calculation.

bag possesses two distinct sides: the inner side, characterized by
a mirror-like appearance, and the outer side with an ink print-
ing. Due to its high solar reflection capability (up to 0.86), the
inner side has already demonstrated its potential as a solar re-
flector in passive daytime cooling applications.[49,50] Conversely,
the outer ink side of the chip bag indicates notable solar absorp-
tion (Figure 4c), which varies depending on the ink color, along
with low mid-infrared (MIR) emissivity (Figure S9, Supporting
Information). This inherent attribute renders it suitable for solar
heating applications.

While detecting the solar absorption of the entire chip bag is
challenging, a strategy to estimate its average solar absorption
by analyzing the spectral reflection of its primary color compo-

nents is provided here. As shown in Figure 4c, using image anal-
ysis, the surface coverage of each color component of an exem-
plary chip bag was first determined: dark green (52.9%), light
green (13.3%), orange (19.9%), red (5.2%), and white (8.7%). Sub-
sequently, the average solar absorption for each color based on
their solar reflection spectra was calculated: dark green (0.87),
light green (0.65), orange (0.55), red (0.66), and white (0.30). This
yielded an average solar absorption of 0.71 for the entire chip
bag. Depending on the intensity of solar irradiation, various solar
heating performances can be obtained (Figure 4d). For instance,
with a solar irradiation intensity of 1000 W m−2, solar heating of
≈710 W m−2 is expected. Note that chip bags in the market dis-
play diverse patterns, resulting in variations in solar absorption
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Figure 5. a) Photography and schematic of the homemade setup for field testing. S1: PCL-SiO2 nanofibers coated chip bag; S2: PCL nanofibers coated
graphite-Al foil; S3: ink-side of the chip bag; S4: graphite-Al foil; S5: reference Ag mirror. b) Temperature tracking of the samples and the solar intensity
during the field testing. c) The temperature difference between the samples and reference Ag mirror. The measurement was carried out under a clear
sky on May 13th, 2024, in Bayreuth, Germany. d) Average temperature difference between samples and open air, and between samples and reference Ag
mirror under an average solar intensity of 874 W m−2 (12:30-14:30).

(Figure S10, Supporting Information). Selecting a suitably pat-
terned chip bag can likely facilitate different levels of solar heat-
ing, catering to global heating demands across different regions
and preventing overheating.

When positioned facing the sky, the ink side of the chip bag
also emits heat to outer space via thermal radiation, attributed
to its non-zero emissivity. Thus, the average emissivity of the
entire chip bag in the atmospheric transparency window range
was calculated based on the same strategy as estimating the
average solar reflectivity (Figure S9, Supporting Information),
which amounted to 0.69. The nighttime cooling power of the
ink side chip bag with various nonradiative heat transfer co-
efficients (hc), i.e., 0, 5, 10, and 15 W/(m2K), are plotted in
Figure S11 (Supporting Information). Based on Pnet heating =
Psolar heating – Pcooling, the net heating power of the entire exam-
ple chip bag was estimated. The ink side of the chip bag provides
various net heating powers depending on its temperature rela-
tive to the environment and the solar radiance (Figure 4e; Figure
S12, Supporting Information). For instance, a net heating power
of ≈600 W m−2 can be expected under 1000 W m−2 sunlight when

the temperature of the chip bag is equal to ambient temperature
(Temitter = Tamb).

A dual-mode film, integrating passive cooling and solar heat-
ing functionalities, is realized by combining PCL-SiO2 composite
nanofibers with upcycled chip bags. To experimentally demon-
strate the heating and cooling abilities of the dual-mode film,
continuous field testing was conducted, under a clear sky in
Bayreuth, Germany. Figure 5a illustrates the photograph and
schematic of the setup for field testing. During the measurement,
the dual-mode film with different sides facing the sky, PCL-SiO2
nanofibers (S1), and the chip bag ink-side (S3) were embedded
into a styrofoam plate to prevent undesired thermal conduction.
The temperature of an Ag mirror (S5), employed as a reference,
and the open-air temperature in the shade were also recorded
during the test. Besides, the temperatures of graphite-Al foil sam-
ples – one coated with a PCL nanofiber film (S2) and one un-
coated (S4) – were determined to emphasize the exceptional so-
lar scattering of the PCL nanofibers that have been retrofitted to
such strongly absorbing surfaces. Figure 5b shows the recorded
temperature of the tested samples over ≈4.5 h (12:30-17:00)
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during the daytime under intensive solar irradiation. The temper-
ature difference between the tested samples and the reference Ag
mirror is illustrated in Figure 5c. Under direct sunlight with an
average intensity of 874 W m−2, the pristine graphite-Al foil (S4)
exhibited a temperature increase of up to 19.3 °C higher than the
reference Ag mirror temperature due to its high solar absorption
(Figure 5d).

In contrast, the graphite-Al foil coated with PCL nanofibers
(S2) maintained its temperature lower than the reference Ag mir-
ror. The average temperature difference (TPCL-graphite-Al – Tmirror)
is −3.9 °C during the period from 12:30 to 14:30 (Figure 5d).
The temperature of the dual-mode film was significantly lower
than that of the reference Ag mirror (TPCL-SiO2 – Tmirror = −5.5
°C) when the cooling side (PCL-SiO2 nanofibers) faced the sky.
In this case, even a sub-ambient temperature relative to the open
air (TPCL-SiO2 – Tair = −0.2 °C) could be observed without protec-
tion from convective heat transfer. Upon flipping the film such
that the heating side (ink side of the chip bag) faced the sky, the
film exhibited a significantly higher temperature, 10.8 °C higher
than the reference Ag mirror. The sub-ambient cooling and so-
lar heating achieved by positioning the corresponding sides of
the dual-mode film toward the sky confirms its potential for year-
round energy savings. In addition, the PCL-SiO2 nanofiber non-
wovens exhibited lower temperatures in comparison to the PCL
nanofibers coated graphite-Al foil, indicating the enhanced cool-
ing performance attributed to the presence of SiO2 nanoparti-
cles and better solar scattering. Whereas the coated graphite-Al
foil exhibited a slightly increased solar absorption compared to
the coated, reflective chips bags, the MIR emissivity was not in-
creased and merely depended on the optical properties of the PCL
nanofibers (Figure S13, Supporting Information). Field testing
was also conducted during nighttime, and the temperatures of
all samples, as well as the temperature differences between the
samples and the reference Ag mirror, are shown in Figure S14
(Supporting Information). In the absence of solar heating, both
the PCL-SiO2 nanofibers nonwoven (S1) and the PCL nanofibers
coated graphite-Al foil (S2) exhibited a sub-ambient cooling of
≈3.0 °C, which outperformed the less emissive absorbing side of
the chips bag and the broadband emitting graphite-Al foil.

The mechanical properties of the dual-mode film were evalu-
ated through tensile testing. For comparison, the tensile strength
of a free-standing PCL-SiO2 nanofiber nonwoven and a pristine
chip bag were also measured. As shown in Figure 6a, the free-
standing PCL-SiO2 nanofiber nonwoven exhibits a maximum
force of 3.79 N, corresponding to a tensile strength of 9.5 MPa,
and an elongation at break of 50.8%, which is comparable to
values reported in the literature for electrospun PCL nanofiber
nonwovens.[51] The mechanical properties of the dual-mode film,
where the PCL-SiO2 nanofiber nonwoven is supported by the
chip bag, are primarily dictated by the chip bag itself. As a re-
sult, the dual-mode film demonstrates mechanical performance
closely matching that of the chip bag and is significantly stronger
than the standalone PCL nanofiber nonwoven. To evaluate the
structural integrity of the dual-mode film, a bending test was
conducted, as shown in Figure 6b. After 2000 repeated bending
cycles, no visible detachment of the nanofiber nonwoven from
the chip bag was observed (Figure S16, Supporting Information),
confirming strong adhesion and mechanical stability of the com-
posite structure. To further assess the stability of the dual-mode

film, it was exposed to outdoor conditions for one month. As il-
lustrated in Figure 6c, the films were fixed to a metal plate posi-
tioned at a 30° tilt angle relative to the horizon, with the cooling
side (PCL-SiO2 nanofibers) and the heating side (chip bag) fac-
ing the sky. The test period encompassed various weather con-
ditions, such as intense solar radiation, heavy rain, and strong
winds. Solar intensity ranged from 0 to over 900 W m−2, while
air temperatures varied from 7 to 33 °C. A photograph of the
dual-mode film during rainfall is also provided in Figure 6c.
The hydrophobicity of the PCL-SiO2 nanofibers causes the wa-
ter droplets to roll off the nonwoven surface rather than wet-
ting this porous film. Meteorological data, including solar irradi-
ation, air temperature, wind speed, and relative humidity, were
continuously recorded throughout the outdoor test, as shown
in Figure S15 (Supporting Information). The broadband optical
properties of both the cooling and heating side of the dual-mode
film are presented in Figure 6d,e. No obvious changes in solar re-
flectivity or MIR absorption spectra were observed for either the
PCL-SiO2 nanofibers or the ink side of the chip bag, indicating
the excellent outdoor stability of the dual-mode film during this
test.

To further demonstrate the year-round energy-saving perfor-
mance of the dual-mode film, both its cooling and heating ca-
pabilities were evaluated using a tailored indoor setup that im-
itates the field testing for both summer and winter conditions.
Figure 7a illustrates the schematic of this setup, with detailed
information provided in previous work.[52] During the measure-
ment, the “ambient temperature”, defined as the temperature of
an Ag mirror, was controlled by adjusting the temperature and
the volumetric flow rate of the gas flushing between the convec-
tion shield and measurement cell. By tuning these parameters,
an “ambient temperature” of 3.2 and 32.9 °C was achieved to sim-
ulate winter and summer conditions, respectively. In addition,
AM 1.5 solar irradiation was provided by a solar simulator, with
100% and 70% of full sun (1000 W m−2) used for the “Summer”
and “Winter” measurements, respectively. It should be noted that
only 75% of the light reached the samples due to the scattering
from the multi-layer convection shield.[51] As a result, the solar
intensities incident on the samples were 750 and 525 W m−2, re-
spectively.

The heating side, i.e., ink side of the chip bag, and the cool-
ing side, i.e., PCL-SiO2 nanofibers, of the dual-mode film were
characterized under “Winter” and “Summer” conditions, respec-
tively. For comparison, the temperature of a graphite-Al foil was
also measured in both conditions (Figure S17, Supporting Infor-
mation). As shown in the temperature tracking in Figure 7b,c,
the samples were first measured without (w/o) light, and light
was then switched on after a steady temperature was reached.
In “Winter nighttime”, a steady-state temperature of −6.2 °C was
recorded for the ink side of the chip bag, which is higher than that
of the graphite-Al foil (−8.3 °C) (Figure 7d). This higher tempera-
ture is attributed to the reduced thermal emission of the ink side
of the chip bag compared to graphite-Al foil, indicating that less
energy is required to offset radiative cooling during nighttime.
During the daytime, with solar irradiation of 525 W m−2, the tem-
perature of the ink side of the chip bag and graphite-Al foil rose to
a similar level, with the ink side of the chip bag at −1.6 °C and the
graphite-Al foil at −1.4 °C, demonstrating a comparable heating
performance between the two samples. In “Summer nighttime”

Adv. Funct. Mater. 2025, 2425458 2425458 (7 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Mechanical properties of dual-mode film, free-standing PCL-SiO2 nanofiber nonwoven and pristine chip bag. d) Bending test of the dual-
mode film. c) Photograph and schematic of the setup for outdoor stability testing, along with a photograph of the dual-mode film exposed to the rain.
Optical properties, in UV/Vis (d) and MIR (e) ranges, of the dual-mode film before and after one month of outdoor exposure.

with high ambient temperature (32.9 °C), sub-ambient cooling
was observed for both PCL-SiO2 nanofiber and graphite-Al foil
(Figure 7e). The steady-state temperatures were 28.1 and 27.2 °C
for the PCL-SiO2 nanofibers and graphite-Al foil, respectively. In
“Summer daytime” under solar irradiation of 750 W m−2, the
temperature PCL-SiO2 nanofibers increased by only 1.8 °C, due
to its super high solar reflection (98%). The sub-ambient tem-
perature confirms its outstanding passive cooling performance
during the daytime. In contrast, the temperature of graphite-Al
foil increased above the “ambient”, reaching 36.4 °C.

In general, for the cooling mode of the dual-mode device dur-
ing summer, high solar reflectivity and mid-infrared (MIR) emis-
sivity are essential to minimize solar absorption and maximize
thermal emission to outer space. Conversely, in winter, the heat-
ing mode benefits from high solar absorption and low MIR emis-
sivity, allowing more solar energy to be converted into heat during
the day while reducing nighttime energy losses due to thermal ra-
diation. In this work, the dual-mode film, made from biodegrad-
able polymers and upcycled plastic waste, achieved a remarkable
solar reflectivity of 98% and an MIR emissivity of 91% in cooling

Adv. Funct. Mater. 2025, 2425458 2425458 (8 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. a) Schematic of the indoor setup for characterizing the dual-mode film under “summer” and “winter” conditions. The temperature tracking of
the heating side (b), and the cooling side (c), of the dual-mode film. d) The steady-state temperature of the heating side of the dual-mode film (ink side)
and graphite-Al foil in “Winter”. e) Steady-state temperature of the cooling side of the dual-mode film (PCL-SiO2 nanofiber) and graphite-Al foil under
“Summer” condition. A comparison of the optical properties in both “cooling mode” and “heating mode”, between this work and other dual-mode
devices reported in literature. Cooling mode: solar reflection and ATW emission (f); Heating mode: solar absorption and ATW emission (g).

mode. In heating mode, it exhibited variable optical properties
depending on the pattern of the chip bag waste. For instance, the
chip bag shown in Figure 4c demonstrated a solar absorptivity of
71% and an infrared emissivity of 0.69. These values are com-
parable to, or even surpass, state-of-the-art dual-mode devices
(Figure 7f,g), and detailed information on these devices, includ-
ing optical properties and materials, is listed in Table S1 (Sup-
porting Information). Furthermore, the SBS fabrication process
used in this work is highly efficient and suitable for large-scale
production, making it possible to retrofit surfaces with passive
cooling properties at scale.

3. Conclusion

In summary, a high-performance film with dual-mode func-
tionality for year-round thermal management was developed
in this work. By coating highly-scattering PCL-SiO2 composite
nanofibers onto upcycled chip bags waste, the film provides both
solar heating and radiative cooling capabilities. During hot condi-
tions, the cooling side of the film, featuring PCL-SiO2 composite
nanofibers, ensures a solar reflection of up to 0.98 and a MIR

emissivity of 0.91, resulting in sub-ambient cooling even under
intense sunlight. In a cold environment, the significant solar ab-
sorption and relatively low MIR emission of the ink side of the
chip bag convert sunlight into heat. Consequently, the film main-
tained a temperature of ≈16.5 °C higher than the open air. Addi-
tionally, the easily operable SBS technique facilitates a scalable
production of the coating and holds promise for retrofitting such
nonwovens also to complex surfaces. The flexible and scalable
dual-mode film, derived from sustainable materials, holds the po-
tential to significantly reduce the energy consumption for heating
and cooling, thereby making substantial contributions to global
warming mitigation.

4. Experimental Section
Materials: Polycaprolactone (Mn = 80000 g mol−1) was purchased

from Sigma–Aldrich. Silica nanoparticles (AEROSIL R 202) were obtained
from Evonik. Chloroform (>99%) was purchased from VWR.

Fabrication of Nanofibers via Solution Blow Spinning: 5 wt.% PCL so-
lution was prepared by dissolving 0.5 g PCL in 9.5 g chloroform under
stirring. For PCL-SiO2 nanofibers fabrication, 0.05, 0.10, and 0.15 g SiO2
nanoparticles were added into the PCL solution (10 g, 5 wt.%) to obtain

Adv. Funct. Mater. 2025, 2425458 2425458 (9 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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a mSiO2 / mPCL of 0.1, 0.2, and 0.3, followed by stirring until the parti-
cles completely dispersed. The resulting solution was then poured into
the reservoir of a commercial airbrush (Fengda BD-134, nozzle diameter:
0.3 mm). Subsequently, the solution was sprayed out from the airbrush by
compressed air with a pressure of 3 bars. The nanofibers were collected
on a rotating collector (rotation speed: 2000 rpm) wrapped with Al foil
or chip bag (mirror-like side facing outward). The distance between the
collector and the nozzle was ≈20 cm. The obtained nanofiber nonwovens
were dried in a fume hood at ambient temperature to remove the residual
solvent.

Optical Characterization: Solar reflection measurements were per-
formed using an UV–vis spectrometer (Cary 5000, Agilent Technologies)
equipped with an integrating sphere accessory (Labspheres). A Spectralon
diffuse reflectance standard (Labspheres) served as the reference. For an-
gular reflectance measurements, the samples were placed inside the in-
tegrating sphere and rotated at various angles relative to the incident
light beam. Optical properties of samples in the MIR region were deter-
mined using FTIR spectroscopy (Vertex 70, Bruker) equipped with a gold-
coated integrating sphere accessory (A562, Bruker). A gold mirror was em-
ployed as the reference. Absorptance (emittance) was calculated as 1 –
Reflectance. Due to the presence of an aluminum layer, transmission was
considered negligible.

Tensile and Bending Tests: Tensile and bending tests were performed
using a tensile tester (BT1-FR0.5TN.D14, Zwick/Roell, Germany) coupled
with a 20 N sensor and a clamping length of 20 mm. Prior to testing, all
samples were cut by a hydraulic sample puncher according to DIN 53 504
S3A (Coesfeld Materialtest, Germany). For the tensile test, a testing speed
of 5 mm min−1 was applied. The cyclic bending test was conducted with
an initial strain of 50% (10 mm) and a final strain of 100% (20 mm) at a
speed of 1 mm min−1, completing 2000 cycles in total. The thickness of
the PCL-SiO2 nanofiber nonwoven was ≈100 μm.

SEM Measurements: SEM measurements were conducted with a
Zeiss Ultra plus (Carl Zeiss AG, Germany). An operating voltage of 3 or
2 kV was applied to obtain the SEM images from the secondary electron
detector (in-lens) and backscattered electron detector, respectively.

Contact Angle Measurements: The static contact angles were deter-
mined by the sessile drop technique (Dataphysics OCA-20, Filderstadt,
Germany) at ambient conditions. 2 μL of Milli-Q water was dropped onto
the PCL-SiO2 nanofiber nonwovens for each measurement. For each sam-
ple, three measurements were conducted, and the values are reported as
the mean ± 𝜎.

Rooftop Measurements for Heating and Cooling Performance Characteriza-
tion: Rooftop measurements were carried out on the roof of a four-floor
building (May 13–14th, 2024, University of Bayreuth, Bayreuth, Germany)
under a clear sky. All the test samples were cut to a size of 5 cm in diameter
and embedded inside a Styrofoam to block the conductive heat loss. The
temperatures of the samples were determined by a thermocouple (T type)
and recorded with a digital multimeter (DAQ6510, Tektronix, Germany) ev-
ery 5 s. During the measurements, the open-air temperature was recorded
next to the samples in the shade. The solar irradiance data were collected
from the weather station at the University Bayreuth (Ecological-Botanical
Garden, 400 m away from the rooftop measurement).

Finite-Difference Time-Domain (FDTD) Simulation: The scattering ef-
ficiency of the PCL nanofibers was performed using 3D FDTD simula-
tion (ANSYS Lumerical, 2020 R2.4). During the simulations, a total-field
scatter-field (TFSF) wave source was applied, and the FDTD domain was
set to accommodate the PCL nanofibers with various diameters, from 0.1
to 1.5 μm. The entire solar range, 0.2–2.5 μm, was covered in the simula-
tion. A refractive index of 1.46 and 1 was used for the PCL nanofiber and
the background, respectively.

Indoor Measurement for Cooling and Heating Performance Characteriza-
tion: During the measurements, the Al dome was cooled to about −190
°C using liquid nitrogen. The temperature of the dome was maintained
constant throughout the measurement by replenishing the liquid nitro-
gen. Dry air was flushed between the convection shield and measurement
cell to regulate the “ambient” temperature. For the “Summer” condition,
dried air, preheated to 75 °C using a water bath, was introduced at a volu-
metric flow rate of 80 ln min−1, resulting in an “ambient” temperature

of ≈32.9 °C. For the “Winter” condition, the water bath was set to 30
°C and air was introduced at a flow rate of 35 ln min−1, providing in a
“ambient” temperature of ≈3.2 °C. A type T thermocouple was used to
monitor the temperature, with data recorded every 5 s using a digital mul-
timeter (DAQ6510, Tektronix, Germany). A solar simulator (AX-LAN400,
ScienceTech, Canada) with an illumination area of 5 × 5cm2 provided AM
1.5 solar light during the daytime measurement. Solar intensity of 100%
(≈1000 W m−2) and 70% of one sun were applied for “Summer” and “Win-
ter” conditions, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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