
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Jaiswal, Aayush Kumar; Hokkanen, Ari; Khakalo, Sergei; Mäkelä, Tapio; Savolainen, Anniina;
Kumar, Vinay
Thermochromic Nanocellulose Films for Temperature-Adaptive Passive Cooling

Published in:
ACS Applied Materials and Interfaces

DOI:
10.1021/acsami.3c18689

Published: 27/03/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY-NC-ND

Please cite the original version:
Jaiswal, A. K., Hokkanen, A., Khakalo, S., Mäkelä, T., Savolainen, A., & Kumar, V. (2024). Thermochromic
Nanocellulose Films for Temperature-Adaptive Passive Cooling. ACS Applied Materials and Interfaces, 16(12),
15262-15272. https://doi.org/10.1021/acsami.3c18689

https://doi.org/10.1021/acsami.3c18689
https://doi.org/10.1021/acsami.3c18689


Thermochromic Nanocellulose Films for Temperature-Adaptive
Passive Cooling
Aayush Kumar Jaiswal,* Ari Hokkanen, Sergei Khakalo, Tapio Mäkelä, Anniina Savolainen,
and Vinay Kumar

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 15262−15272 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Energy efficiency in habitation spaces is a pivotal
topic for maintaining energy sufficiency, cutting climate impact, and
facilitating economic savings; thus, there is a critical need for
solutions aimed at tackling this problem. One viable approach
involves complementing active cooling methods with powerless or
passive cooling ones. Moreover, considerable scope remains for the
development of passive radiative cooling solutions based on
sustainable materials. Cellulose, characterized by its abundance,
renewability, and biodegradability, emerges as a promising material
for this purpose due to its notable radiative cooling potential
exploiting the mid-infrared (MIR) atmospheric transmission
window (8−13 μm). In this work, we propose the utilization of
thermochromic (TC) materials in conjunction with cellulose nanofibrils (CNF) to confer temperature-dependent adaptivity to
hybrid CNF films. We employ a concept where high reflection, coupled with MIR emission in the heated state, facilitates cooling,
while high visible light absorption in the cold state allows heating, thus enabling adaptive thermal regulation. CNF films were doped
with black-to-leuco TC particles, and a thin silver layer was optionally applied to the films. The films exhibited a rapid transition
(within 1 s) in their optical properties at ∼22 °C, becoming transparent above the transition temperature. Visible range
transmittance of all samples ranged from 60 to 90%, with pronounced absorption in the 8−13 μm range. The cooling potential of the
films was measured at 1−4 °C without any Ag layer and ∼10 °C with a Ag layer. In outdoor field testing, a peak cooling value of 12
°C was achieved during bright sunshine, which is comparable to a commercial solar film. A simulation model was also built based on
the experimental results. The concept presented in this study extends beyond applications as standalone films but has applicability
also in glass coatings. Overall, this work opens the door for a novel application opportunity for green cellulose-based materials.
KEYWORDS: cellulose, passive cooling, thermochromic, nanocellulose, films and coatings

■ INTRODUCTION
Energy efficiency in living spaces is a key research topic for
maintaining energy sufficiency, lowering climate impact, and
enabling cost savings.1 Heating, ventilation, and air condition-
ing (HVAC) systems can account for 20−25% of energy
consumption in buildings, especially in hot climates where
active cooling methods such as fans and air conditioners are
heavily used.2 The International Energy Agency (IEA)
estimated that HVAC systems will account for roughly 50%
of global electricity consumption by 2050.2 Therefore, there is
a pressing need for solutions to help lower energy
consumption in living spaces. One such method is to
complement active cooling with powerless or passive cooling.
Passive cooling methods include architectural solutions

enabling cross ventilation, increasing shaded areas in buildings,
using green roofs, etc., and technical solutions such as radiative
cooling materials that can be applied to windows and exterior
surfaces of buildings.3 Passive radiative cooling is ideally
achieved using a combination of high solar rejection and high

infrared (IR) emittance, particularly in the 8−13 μm range,
which is the transparency window in the Earth’s atmosphere.4,5

Nighttime passive cooling is a well-studied phenomenon, but
the possibility of daytime subambient passive cooling was
reported for the first time in 2013.6

Since then, in the literature, passive daytime radiative
cooling structures have been achieved using reflective pigments
like TiO2, ZnO, ZnS, and BaSO4,

7−10 IR resonators like SiO2
and SiC,11−13 all-dielectric Bragg mirrors,14 and a variety of
photonic stacked structures involving materials such as Si, Ag,
Al, MgF2, SiO2, and HfO2.

6,15−18 These developments have
also led to the launch of commercial products on the market,

Received: December 13, 2023
Revised: February 27, 2024
Accepted: March 1, 2024
Published: March 14, 2024

Research Articlewww.acsami.org

© 2024 The Authors. Published by
American Chemical Society

15262
https://doi.org/10.1021/acsami.3c18689

ACS Appl. Mater. Interfaces 2024, 16, 15262−15272

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

A
A

LT
O

 U
N

IV
 o

n 
A

pr
il 

8,
 2

02
4 

at
 0

4:
49

:3
0 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aayush+Kumar+Jaiswal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ari+Hokkanen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergei+Khakalo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tapio+Ma%CC%88kela%CC%88"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anniina+Savolainen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinay+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinay+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c18689&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18689?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18689?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18689?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18689?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18689?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/12?ref=pdf
https://pubs.acs.org/toc/aamick/16/12?ref=pdf
https://pubs.acs.org/toc/aamick/16/12?ref=pdf
https://pubs.acs.org/toc/aamick/16/12?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c18689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


for instance, Passive Radiative Cooling Film from 3M, cooling
foils from SPACECOOL Inc., and cooling panels from
SkyCool Systems.
However, there is still room to develop such passive

radiative cooling solutions based on sustainable materials.
One promising material for this application is cellulose�an
abundant, renewable, and biodegradable material that also
offers radiative cooling potential with its high mid-IR range
absorbance (8−13 μm).19 Cellulose is a carbohydrate polymer
that is the structural unit of plant fibers but it is also
synthesized by certain bacteria and termed as bacterial
cellulose.20 Cellulose fibers can be processed through various
established chemical, enzymatic, or mechanical processes to
obtain cellulose nanomaterials, often termed as nanocellu-
lose.21,22 Nanocellulose is classified based on its morphology as
either cellulose nanofibrils (CNFs) or cellulose nanocrystals
(CNCs).23,24

Cellulose-based passive radiative coolers were first inves-
tigated by the Jonsson group at Linköping University. In the
first such report, Gamage et al. developed hybrid films with
SiO2 microparticles and CNF which had high thermal emission
and low visible light absorption that enabled ca. 3 °C cooling
impact.12 This work was followed by porosity-based modu-
lation of the reflectivity to afford both highly transparent and
highly reflective cellulose-based cooling films. The transparent
films prepared via self-assembly of carboxymethylated CNF
showed a 5 °C cooling impact, and the reflective films prepared
via electrospinning of cellulose acetate fibers (and further
regeneration into native cellulose) showed a remarkable 15 °C
cooling impact.25 Recently, structurally colored CNC-glucose
hybrid films were demonstrated as radiative coolers with up to
9 °C cooling impact.26

Other cellulose-based passive cooling reports in the
literature include the use of native cellulose−SiO2 composite
films as 24 h radiative coolers with a cooling potential of 6 °C
during the day and 8 °C at night.27 In another such work,
cellulose acetate films were doped with TiO2 particles to
achieve a peak 10 °C cooling impact in outdoor measure-
ments.28 Lv et al. demonstrated the use of a cellulose
membrane inside a crystalline Si solar module assembly to
achieve a 2 °C cooling effect which increased the module
efficiency.29

As much as cooling needs are important, switching the
passive cooling performance to heating is essential for year-
round viability in climates with strong seasonal temperature
variation, in terms of both thermal comfort and energy
savings.30,31 Hence, adaptive passive thermal regulation
systems are sought after. Dastidar et al. demonstrated so-
called Janus cellulose film, which had an adaptive cooling/
heating feature triggered by wetting, using a multilayer
structure composed of a porous electrospun cellulose fiber
layer placed upon a hybrid layer of CNF and carbon nanotubes
(CNTs).32 Using the same approach, Fei et al. demonstrated a
porous cellulose acetate film with adaptive cooling and heating
feature when in dry and wet state, respectively.33

In this report, we propose the use of thermochromic (TC)
materials in combination with CNF to impart temperature-
driven adaptivity to the CNF-based cooling films. TC materials
change their color, reversibly or irreversibly, in response to
temperature variation where the color transition can be from
colored to either another color or to colorless.34 In our earlier
work, we reported the first nanocellulose−TC particle hybrid
films which were black colored at temperatures <31 °C and

turned transparent at higher temperatures to realize all-optical
modulation.35 Now, we employ similar films where high
reflection coupled with MIR emission under hot temperatures
would enable cooling, whereas high visible light absorption in
the cold state would allow heat gain, thus enabling adaptive
thermal regulation. Additionally, we supplement the concept
with thin Ag layer deposition on the films. To our knowledge,
there has not been any prior report in the literature where the
impact of adding TC materials to nanocellulose films for
adaptive passive thermal regulation application has been
studied. Hence, our work creates a novel opening for further
investigation of nanocellulose−thermochromic hybrid meta-
materials.

■ EXPERIMENTAL SECTION
Materials. CNF suspension was produced via mechanical

homogenization of bleached hardwood (Birch) kraft pulp in a grinder
(Supermasscolloider MKZA10−15J, Masuko Sangyo Co., Japan).
After homogenization, the pulp suspension was fed into a micro-
fluidizer (M-7115−30, Microfluidics) where a total of six passes were
made through the microfluidizer at 1800 bar pressure. The first pass
utilized chambers of diameters 500 and 200 μm, and the next five
passes were through 500 and 100 μm chambers. A translucent viscous
gel was obtained after the treatment with a final solid content of 1.7%
and pH of 6.4. D-sorbitol with >98% purity (Merck GmbH,
Germany) was used as a plasticizer for all CNF films in 20% w/w
addition level on dry CNF. D-sorbitol powder was dissolved in
deionized water at 50% (w/w) concentration prior to use in
formulations.

Leuco dye TC microcapsules (Chromazone Black 22) were
purchased from TMC Hallcrest Ltd., United Kingdom, as an aqueous
slurry (50% solids content). The TC pigments were black in the cold
state, and a leuco transition occurred at a nominal temperature of 22
°C. Chromazone pigments are available in a range of colors and
transition temperatures, but in this work, black pigments and 22 °C
were chosen to maximize solar gain control and to correspond to the
room temperature, respectively. Three different pigment addition
levels, viz., 5, 10, and 20% (on dry cellulose mass), were used in this
study.

Commercial solar glass and solar films were used as reference
materials. Sunergy Gray solar glass with 6 mm thickness and solar
control coating on one side was kindly provided by AGC Glass
Europe. Two types of solar films were purchased from Biltema Suomi
Oy, Finland, with nominal visible range transparency of 15% (product
code 39−772) and 5% (product code 39−774), respectively. In this
study, the solar films were termed “Solar film 15%“ and “Solar film
5%”, respectively. Both films were 60 μm thick.

Methods. Fabrication of Films. Thermoresponsive nanocellulose
films were prepared by suspension casting. First, a casting formulation
was prepared by mixing the CNF suspension, TC particle suspension,
D-Sorbitol solution, and deionized water in the desired ratio to yield a
formulation at 1.5% (w/w) solids content. The mixture was stirred at
low shear for 30 min to ensure homogeneity. Lastly, the formulation
was deaerated using an asymmetric vacuum-aided centrifuge
(SpeedMixer DAC 600, Synergy Devices Ltd., United Kingdom)
for 5 min at 1400 rpm and 0.9 bar of vacuum.

The casting formulation was applied onto a flat polyethylene
terephthalate (PET) film (optimont MF-AS, Bleher Folientechnik
GmbH, Germany) using a gap coating knife with a 3 mm gap. The
PET film was treated with a corona discharge of 200 W (LabTEC-X,
Tantec, Denmark) before film casting to improve surface wetting. The
casted film size was 20 × 20 cm2. The wet films were dried at 23 °C
and 50% relative humidity (RH) for 24 h and then peeled off from the
PET substrate to obtain standalone films. The target basis weight of
the films was 50 g·m−2 to enable easy handling. Post preparation, all
film samples were stored at 23 °C and 50% RH.

Silver (Ag) layers were deposited on the films via a physical vapor
deposition (PVD) technique using a thermal metal evaporation
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apparatus MB200B (MBRAUN, Germany). A 15 × 15 cm2 film was
placed in the vacuum chamber, and vacuum was pumped down for at
least 3 h to achieve a target evaporation vacuum of 1 × 10−6 mbar. Ag
pellets (1−3 mm, purity 99.99%, Testbourne Ltd., United Kingdom)
and an alumina-coated basket heater (Kurt J. Lesker Company) were
used. An evaporation rate of 1−3 Å·s−1 was used, and the film was
rotated during the evaporation to achieve a uniform coating. Ag
deposition was tested on both the smooth and the rough side of the
film (the smoother side being in contact with the PET substrate
during preparation), and the layer uniformity was found to be much
better for deposition on the smoother side. Therefore, the samples
used in the study were prepared by Ag deposition on the smoother
side of the film. Mild discoloration was observed in the contact area
between the film and Ag coating, probably due to a reaction between
the film and the evaporated metal. However, the top surface of the Ag
layer was glossy and its electrical conductivity was high.
Characterization of Films. Film thickness was measured using an

L&W Micrometer 051 (Lorentzen & Wettre AB, Sweden). Basis
weight of the films was calculated by measuring the mass of a film
sample of a defined size. Both thickness and basis weight were
measured after conditioning the samples at 23 °C and 50% RH for at
least 24 h. Film density (g·cm−3) was calculated by dividing the basis
weight (g·m−2) by the film thickness (μm).

Scanning electron microscopy (SEM) analysis of the samples was
performed with a field emission scanning electron microscope (FE-
SEM) (MERLIN, Carl Zeiss) using a secondary electron detector at
an acceleration voltage of 2.0 kV. Prior to imaging, sample surfaces
were sputter coated with a thin 3 nm Au−Pd layer using an EM
ACE600 device (Leica Microsystems).
Halogen Lamp and Optical Spectrum Analyzer for Transmission

Spectrum Measurements. Visible and near-infrared (NIR) trans-
mission loss was measured with a Halogen lamp (HK-2000-HP,
Ocean Optics Inc.) and an optical spectrum analyzer (OSA) (AQ-
6315A, Ando Electric Ltd.) as described in our earlier work.35 The
halogen lamp light was collimated with a multimode optical fiber
(105/125 μm core/cladding diameter, Thorlabs Inc.) and a fiber
collimator (F230FC-1550, Thorlabs Inc.). A multimode optical fiber
400/425 μm (core/cladding) (Thorlabs Inc.) with the same kind of

fiber collimator collected transmitted light to the optical spectrum
analyzer. Transmission loss of TC-doped CNF films was measured in
350−1750 nm wavelength range with 10 nm resolution.

Fourier Transform Infrared Spectroscopy (FTIR). Infrared (IR)
absorption spectra of CNF-TC films were analyzed with Fourier
transform infrared spectroscopy using a Vector22 FTIR spectrometer
(Bruker GmbH, Germany). Thirty scans were made with a resolution
of 8 cm−1 in absorption mode in 400−8000 cm−1 wavenumber range
(corresponding wavelength range of 1.25−25 μm). All samples were
measured in triplicates.

Scattering, Transmission, and Attenuation Measurements.
Scattering, transmission, and attenuation of film samples were
analyzed using an integrating sphere (IS200−4, Thorlabs Inc.).35 A
red (637 nm) diode laser (S4FC637, Thorlabs Inc.) at 1.6 mW power
was coupled to a single-mode fiber (9/125 μm core/cladding
diameter) and collimated through the integrating sphere with a
fiber lens (F230FC-1550, Thorlabs Inc.). Sample film was placed on
an input port during transmission and forward scattering measure-
ments. Correspondingly, the sample film was put on an output port in
backward scattering measurements. Attenuation was calculated from
the other three measured values (forward scattering, backward
scattering, and transmission). The light signal was measured with
an S120C photodiode sensor and a PM101 power meter interface
(Thorlabs Inc.), and the measured signal from the power meter
interface was collected with LabVIEW software. The measurements
were performed at room temperature.

Indoor Cooling Potential Measurements with Solar Simulator. A
solar simulator (PEC-L01, Peccel Technologies Inc., Japan) was used
to measure the cooling potential of the samples. The solar simulator
was equipped with a xenon lamp having 100 mW·cm−2 irradiance that
corresponds to the natural solar irradiance at 8−10 cm distance from
the lamp. The solar simulator irradiated an insulating graphite
polystyrene (Neopor, BASF, Germany) box of outer dimensions 35 ×
35 × 30 cm3. The wall thickness of the box was 10 cm, and the
thermal conductivity of the box material was 0.032 W·m−1·K−1. A 13
× 13 cm2 hole was cut into the top of the box, which served as a
window for holding samples. A clear 15 × 15 cm2 glass plate with 3
mm thickness was used as the base window material in all

Figure 1. (a) Cooling potential measurement setup using a solar simulator lamp and an insulating box equipped with thermocouples. (b)
Schematic of the cooling measurement setup where the positions of the thermocouples are marked as green dots. (c) Outdoor setup for film surface
temperature measurement with a solar simulator and an IR camera. (d) Setup for outdoor glass box heating measurements.
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measurements, and film samples were placed under the glass piece.
Eight K-type stainless steel thermocouples (MA-ISK-S15−100-P1−
2.0-C2-T, Labfacility Ltd., United Kingdom) were used for temper-
ature measurements at different locations which were connected to
two NI9211 interfaces (National Instruments) and LabVIEW
software for data logging. The measurement setup is shown in Figure
1a,b.
Thermographic Surface Temperature Measurements. The sur-

face temperature of film samples was measured during solar simulator
exposure using an IR thermal imager (Ti32, Fluke Inc.). A solar
simulator lamp was placed at a 9 cm distance from the sample to
simulate film temperature change with 1× Sun intensity (100 mW·
cm−2). For these experiments, both front and back surface
temperatures were intended to be analyzed, and this was not possible
with a closed box. Therefore, a vertical window setup was prepared, as
shown in Figure 1c. Surface temperature measurements were
performed at both 24 °C (indoor) and 9.5 °C (outdoor).
Outdoor Glass Box Measurements. Outdoor cooling experiments

were performed using two identical glass boxes of 25 × 25 × 20 cm3

dimensions, constructed of 4 mm thick clear glass (Figure 1d). The
glass boxes were open from the bottom to allow for the placement of
temperature sensors inside the boxes. Once the sensors were
positioned, the box was closed with an insulating carton board and
placed on a table located under direct sunlight on a clear weather day.
Temperature inside both boxes and the ambient temperature were
measured with three identical temperature loggers (EL-SIE 2+, Lascar
Electronics, United Kingdom). The first box was covered with a
cooling film sample, and the second box was a pure glass reference.
The measurements were performed in Otaniemi, Espoo, Finland
(60.18° N, 24.82° E). Solar irradiance data for the particular
measurement day were obtained from the Kumpula observation
station of the Finnish Meteorological Institute.
Finite Element Modeling. Finite element (FE) software COMSOL

Multiphysics (heat transfer with surface-to-surface radiation) was used
for modeling the thermal performance of the nanocellulose films. The
FE models were developed following four main steps: (i) to define
and create the geometry sequence for the model component, (ii) to
specify material properties, (iii) to specify the analysis type, boundary,
and initial conditions, and (iv) to mesh the geometric entities. In the
heat transfer module, a quadratic Lagrange discretization was used. In
the surface-to-surface radiation module, the radiative properties were
selected to be wavelength-dependent. Ray shooting was used as a
radiation method with linear discretization for the surface radiosity.
The solar simulator was modeled via (point) external radiation source
as discussed in the Supporting Information (finite element model of
solar simulator). An insulating graphite polystyrene box was modeled
as a solid thermally conductive material with diffuse surfaces. Air was
modeled as a fully transparent thermally conductive fluid (without
convection). Glass was modeled as a solid thermal conductive
material with semitransparent surfaces. The CNF-TC and Ag layers of
the films were modeled as semitransparent thermal conductive solid
shells. Basic material properties, such as thermal conductivity (k), heat
capacity at constant pressure (Cp), and density (ρ), as well as surface
(radiative) properties, namely, emissivity (ε), reflectivity (r), and
transmissivity (τ), are presented in Tables 1 and 2, respectively. The
values were taken from either a COMSOL Multiphysics material
library or web sources. The FE models were developed by utilizing the

actual dimensions of the experimental setups, which are specified in
descriptions of the indoor and outdoor cooling experimental setups.

■ RESULTS AND DISCUSSION
Thermochromic Functional Films. In this work, stand-

alone films were prepared using CNF and TC particles with a
transition temperature of 22 °C. The films were prepared using
a water-based casting method where the concentration of TC
particles in the films was varied between 0, 5, 10, and 20% (on
dry cellulose mass). Film samples were also coated with thin
(<200 nm) reflective silver layers. The films were then
employed as thermoresponsive materials to enable adaptive
space cooling under direct solar irradiance. Sample description
and basic physical properties are listed in Table 3. Basic
properties of the CNF used in the study are reported in Table
S1 in the Supporting Information.
Figure 2a shows a comprehensive collage of digital

photographs of the film samples in both warm (24 °C) and
cool (6 °C) environments. The image of the CNF film is not
shown in the cold environment because there is no adaptive
element in the CNF film, and a commercial solar film with 15%
transmittance is shown instead. Naturally, the color tone of the
film became darker as the concentration of the TC particles in
the film increased. Moreover, the optical transparency of the
CNF-TC films also decreased with increasing TC concen-
tration. The pure CNF film was highly transparent. In a cool
environment, the thermoresponsive effect imparted by the TC
particles was clearly observed visually as the films turned dark.
It is interesting to note that the transparency of the films can
be modulated to be suitable for various applications by varying
the TC concentration. For instance, the CNF-TC20 film can
be utilized in areas of high solar insolation, such as south-facing
terrace roofs, where cooling is desired over transparency,
whereas the CNF-TC5 film can be employed in areas where
direct sunlight falls only for a short period during the day.
Investigation of the samples with SEM revealed the spherical

nature of the TC particles, which are in the form of
microcapsules. The film surfaces seemed to contain clusters
of TC particles, where some particles/clusters were fully
embedded and some were partially embedded in the
nanofibrillar network. Regardless, no visible “dusting” of
particles from the films was observed even when rubbing the
film surface with force. This indicated that even though some
TC particles were visible on the film surface, they were firmly
held by the nanofibrillar network via full or partial coverage
(Figure S3 in the Supporting Information). Covalent or ionic
interactions are not expected. Similar observations of TC
particle encapsulation into the CNF network in a “spider web”-
like manner have been reported in our previous work using a
different TC material.35

Optical Properties and Indoor Cooling Measure-
ments. The transmission spectra of visible and near-infrared
(NIR) light through CNF films devoid of metal coatings were
assessed using a halogen lamp and optical spectrum analyzer
(OSA), as shown in Figure 3a. The transmission loss exhibited
an increase corresponding to the increase in the concentration
of TC particles, while it demonstrated an overall decrease
across the wavelength range of 350−1750 nm. Subsequently,
the same films were subjected to FTIR analysis, as depicted in
Figure 3b, where atmospheric transmission is plotted as a
background. The atmospheric transmission spectrum was
generated using the ATRAN model, courtesy of Gemini
Observatory.36 All CNF samples exhibited pronounced

Table 1. Basic Properties of Materials Used in the Solar
Simulations

material k, [W/(m·K)] Cp, [J/(kg·K)] ρ, [kg/m3]

polystyrene 0.032 1300 30
glass 1 800 2500
CNF-TC20 film 1 1400 1300
silver 429 235 10,500
wood 0.18 1900 670
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absorption within the wavelength range 8−12 μm, indicating
substantial thermal radiation characteristics in the atmospheric
transmission window (8−13 μm), thereby signifying the
radiative cooling potential of CNF-based films. This finding
is in line with earlier reports in the literature on cellulose-based

films.10,12,25 The absorption behavior exhibited a similar
dependence on TC concentration and wavelength, as observed
in the visible and NIR regions, particularly in the <2.5 μm
region.
Transmission, wide-angle forward scattering (haze), back-

ward scattering, and attenuation characteristics of neat and
doped CNF films in the absence of metal coatings were
evaluated using an integrating sphere and a 637 nm red laser
diode. The results are illustrated in Figure 4a, where it can be
noted that both transmission and haze exhibited a simulta-
neous decrease from ∼90 to ∼60% as the TC particle
concentration increased. Moreover, almost all of the trans-
mitted light was scattered at wide angles. This occurred due to
the relatively coarse size of the CNF material used to fabricate
the films. Similar findings have been reported in the literature,
where changing the size of the nanocellulose component
modulated the haze value. The smaller the nanocellulose
component, the lower the haze value obtained.35,37 The
backward scattering varied between 11−17% and attenuation
increased from 0 to 26% when TC doping varied from 0 to
20%.
Indoor cooling potential measurements were performed

using a thermocouple-fitted insulated box that was irradiated
with a solar simulator lamp (Figure 1a,b). A window was cut
into the top of the box to allow light to enter and induce
heating, which was measured at various locations in the form of
temperature increase. During this experiment, cellulosic film
samples were compared with clear glass, commercial solar
films, and commercial solar glass in terms of their cooling
performance.
A clear 3 mm glass plate was always placed on top of the

sample to simulate a practical application, where a cooling film
is applied to a window. The glass plate also ensured that the
sample film remained flat. Temperature signals of all eight
thermocouple sensors were collected (see Figure 1b for sensor
layout), and the data from the middle of the box (Mid-150
mm) are shown in Figure 4b,c and from the several other
positions in Figure S5 in the Supporting Information. In
further discussion, the temperature inside the box is
represented as Tin,mid and the ambient temperature has been
denoted as Tamb.
The Mid-150 mm position is analogous to studying the

heating of an object located in a room slightly further from the
window, which is under direct solar irradiation. At this
position, the plain glass reference, expectedly, showed the
highest temperature rise of 10 °C after 700 s lamp exposure. As
illustrated in Figure 4b, Tin,mid − Tamb showed a downward
trend for CNF-TC films as a function of increasing TC
concentration. For instance, a neat CNF film showed a ca. 9 °C
temperature rise at 700 s, whereas CNF-TC20 showed a 6 °C
rise during the same period. In comparison, the commercial
solar glass and solar film exhibited a temperature gain of 5 and

Table 2. Surface (Radiative) Properties of Materials Used in the Solar Simulations

emissivity (ε) reflectivity (r) transmissivity (τ)

material λ < 2.5 [μm] λ ≥ 2.5 [μm] λ < 2.5 [μm] λ ≥ 2.5 [μm] λ < 2.5 [μm] λ ≥ 2.5 [μm]

polystyrene 0.95 0.95 0.05 0.05 0 0
air 0 0 0 0 1 1
glass 0.04 0.84 0.08 0.08 0.88 0.08
CNF-TC20 film 0.5 0.8 0.1 0.05 0.4 0.15
silver 0.03 0.4 0.94 0.57 0.03 0.03
wood 0.9 0.9 0.1 0.1 0 0

Table 3. Description of the Prepared Films and Physical
Properties

sample code
TC addition (% on

CNF)
film thickness

(μm)
film density
(g·cm−3)

CNF 0 47 ± 2 1.40 ± 0.07
CNF-TC5 5 40 ± 3 1.23 ± 0.10
CNF-TC10 10 44 ± 2 1.23 ± 0.08
CNF-TC20 20 42 ± 2 1.30 ± 0.05

Figure 2. (a) Digital photographs of neat and TC-doped CNF films
in warm (24 °C) and TC-doped CNF films in cool (6 °C)
environments placed on a printed background image of a tree trunk. A
photograph of a commercial solar film (15% nominal transmittance)
is added as a reference and shown instead of the CNF film in a cool
environment since the CNF film lacks any adaptivity. (b) SEM
micrographs of the surface of neat and TC-doped CNF films at 3000×
magnification.
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6 °C, respectively. This concludes that even without metal
coating, the CNF-TC films were able to provide a cooling
effect similar to that of the commercial references.
The metalized film samples, i.e., AgCNF-TC films showed

almost no temperature increase, with Tin,mid − Tamb < 0.5 °C,

independent of TC concentration, as shown in Figure 4c. This
implies that a 200 nm thick Ag layer renders the film too
opaque. Nevertheless, the thermochromic functionality of the
film remains intact (Figure 4d). Such a film could be utilized in
applications where cooling performance is desired but

Figure 3. (a) Visible and NIR transmission loss and (b) IR absorption spectrum for CNF films with 0−20% TC doping. The orange shaded
background in panel (b) depicts the Earth’s atmospheric transmission window.

Figure 4. (a) Transmission, haze, backscattering, and attenuation for CNF film samples as a function of the TC concentration (at 637 nm). (b)
Tin,mid evolution relative to Tamb inside the insulated box upon solar simulator irradiance for film samples compared to a clear glass window, a
commercial solar glass, and a commercial solar film. The Tin,mid data were collected from the Mid-150 mm position, i.e., middle of the insulating
box, 150 mm below the sample, and directly under the irradiance from the solar simulator lamp. Tamb was collected with a thermocouple placed
outside the box. (c) Similar measurements as shown in panel (b) but with metalized CNF films. (d) Reflection increase for the AgCNF-TC20
sample upon optical heating with a 637 nm laser at different power levels.
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transparency is not required, for instance, in roofs.15 If needed,
the transparency of the films can be increased by either
decreasing the Ag layer thickness or applying a patterned Ag
layer instead of a continuous one. However, lowering the
thickness of the Ag layer to increase the transparency has one
practical pitfall. The roughness of CNF films can be in the
order of 100 nm and hence, depositing thinner coatings is
challenging without avoiding the creation of pinholes in the
metal layer.38,39 Therefore, patterning of the Ag coating during
deposition is a more attractive way to increase film
transparency, which could be performed in a facile manner
via masking.40 In this work, we did not perform patterning of
the Ag layer, but we made theoretical estimates for tuning the
cooling performance with Ag layers with a defined open
(nonmetalized) area (data shown in Figure S6 in the
Supporting Information). The computed estimates showed
that even with a 50% open area in the Ag layer, the cooling
performance could still be similar to the commercial solar glass
reference. Such CNF-TC films with patterned coatings hold
potential in automobile applications, for instance in sunroofs to
lower the energy demand of the HVAC system.41

In another experiment, the difference between the front and
back sides of the sample films was measured via IR

thermography. The surface temperature of the AgCNF-TC20
film was analyzed with an IR camera during solar simulator
exposure at two different ambient temperatures�in the
laboratory at 24 °C (Figure 5a) and outdoors at 9.5 °C
(Figure 5b). The uncoated surface of the film faced the light
exposure and was termed as the front side, and the Ag-coated
side was termed as the back side. A patch of high emissivity
tape (Scotch Super 33+, 3M; emissivity ∼0.95) was applied on
the back side (Ag side) to allow thermographic measurements
since Ag has too low emissivity (see Figure S7 in the
Supporting Information).
Figure 5 illustrates that the film surface temperature, on both

front and back surfaces, increased rapidly during light exposure
and then plateaued. Film surface temperatures plateaued
quickly, within 10 s on the front surface and 20 s on the
back surface. The temperature difference between the front
and back sides of the films was ca. 5 °C, both in laboratory and
outdoor conditions. When the solar lamp was turned OFF,
surface temperatures dropped to the ambient temperature in
10 s on the front surface and 40 s on the back surface. The
lower rate of heating/cooling on the back surface can be
attributed to the thickness (thus extra mass) of the high
emissivity tape that was used to thermographically measure the

Figure 5. Front (non-Ag side) and back (Ag side) surface temperatures of the AgCNF-TC20 sample films under solar simulator exposure (a) in the
laboratory at 24 °C and (b) outdoors at 9.5 °C. The orange shaded part indicates the heating period when the lamp was ON (up to 72 s), and the
white portion indicates the film cooling period (lamp OFF).

Figure 6. Outdoor glass box measurements: (a) performed overnight between 17:00 and 16:00, 5−6th September 2022 and (b) commercial solar
film 5% performed between 09:00 and 17:00 on 5th August 2022. The solar radiation data for the corresponding duration are plotted in the
background in orange color.
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film surface temperature. Slight noise in data was observed
during outdoor measurements due to wind effects in the
sample surroundings.
Adaptivity with Thermochromic Transition. TC

transition-induced adaptivity of films was studied using the
AgCNF-TC20 sample via optical spot heating, where the
increase in light reflection resulting from the thermochromic
transition in the film was examined. This measurement was
performed by optically heating the film sample using a red 637
nm diode laser in combination with an integrating sphere,
using a method reported in our earlier work.35

Doping of TC particles in CNF films caused an increase in
light attenuation (Figure 4a), and this was embodied by light
absorption, which led to temperature elevation in the CNF
film. The increase in film temperature (above the transition
temperature) induced a colored to leuco TC transition,
causing the film bulk to turn more transparent. This allowed
the Ag layer to be exposed to the irradiation and hence, film
reflection to increase. As shown in Figure 4d, the increase in
reflection occurred rapidly, within 1 s, and gradually saturated
after about 10 s of irradiation. Higher laser power led to a
higher change in reflection since the optical heating became
stronger. The maximum measured increment in reflection was
approximately 12% for the AgCNF-TC20 sample, at a laser

power of 2.9 mW. Hence, the thermoresponsive reflection
change in the films could be quantified using this method.

Outdoor Cooling Measurements. Outdoor cooling
measurements were performed using a setup consisting of
two glass boxes and temperature loggers, as shown in Figure
1d. Ambient temperature was measured with a temperature
logger placed outside the glass boxes in a spot shaded from
direct sunlight and wind.
Figure 6a illustrates the temperatures inside a glass box fully

covered with the AgCNF-TC20 film and an identical glass box
with no film in comparison to the ambient temperature. The
measurements were started at 17:00 when the sunlight was
receding, and this was characterized by the initial temperature
drop. It was interesting to note that the temperature inside
both the boxes dropped to subambient level at nighttime
(shown in the inset), most probably due to the MIR emission
properties of both glass and cellulose.10,25,42 Post sunrise, the
temperatures increased, and the maximum temperatures were
recorded in the afternoon under bright sunshine. The
uncovered glass box showed the highest temperature of 47
°C, whereas the box with the AgCNF-TC20 film had an ∼12
°C lower peak value at the same time when the corresponding
ambient air temperature was 24 °C. During the direct solar
irradiation period, i.e., 8:00−16:00, the mean temperature

Figure 7. (a) Simulation setup for indoor cooling measurements showing the geometry (insulating box split in a quarter), materials, and the
distribution of the temperature field after 700 s of irradiation for the AgCNF-TC20 film sample. The portion inside the red box is enlarged to show
the placement of the film sample under the glass plate. (b) Simulated (sim) and experimental (exp) Tin evolution relative to Tamb at the Glass, Mid-
25 mm, and Mid-150 mm positions. (c) Simulation setup for outdoor glass box measurements showing the geometry (glass box sliced from the
middle) and the distribution of temperature field at 14:00 for the AgCNF-TC20 film (with 50 nm Ag). (d) Simulated and measured temperatures
inside glass boxes placed outdoors, without or covered with the AgCNF-TC20 film between 9:00 and 9:00, 21st−22nd July 2022.
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difference was 7.0 ± 3.9 °C between the boxes without and
with films.
Figure 6b shows the results from a similar outdoor test

where one glass box was covered with a commercial solar film
(5% transmittance), and the other box was uncovered. This
test was performed only during the daytime (9:00−17:00). A
maximum temperature difference of 11 °C between the box
with and without films was observed in this test with the mean
temperature difference being 5.1 ± 3.2 °C.
Naturally, such outdoor measurement results are specific to

a particular date, local weather conditions, and geographical
location. Therefore, exact cooling potential values should not
be derived from such measurements but from those performed
in the laboratory under controlled conditions. Nonetheless,
such outdoor measurements are valuable for concept
demonstration purposes.
Cooling Performance Modeling. The indoor and

outdoor cooling experiments were replicated using finite
element (FE) analysis of the heat transfer phenomenon,
assuming that thermal conduction and thermal radiation are
the main heat transfer mechanisms. Irradiation with a solar
simulator lamp was modeled via a point external radiation
source as described in the Supporting Information (finite
element model of solar simulator). In the AgCNF-TC20 film
model, the thicknesses of the Ag and CNF-TC20 layers were
set to 200 nm and 42 μm, respectively. The irradiation
duration, i.e., simulation step time, was set to 700 s, as in the
experimental studies. All parts were modeled as thermal
conductive solids except for air which was modeled as thermal
conductive fluid. The outer surfaces were subject to a
convective heat flux boundary condition with a heat transfer
coefficient of 6 W·m−2·K−1. Experimentally measured ambient
temperature was used as the external temperature in the
model.
The simulation setup for modeling indoor cooling potential

and the distribution of the temperature field for the AgCNF-
TC20 film sample after 700 s of irradiation is shown in Figure
7a (left). The distribution of the temperature field for the
AgCNF-TC20 film sample after 700 s of irradiation is shown in
Figure 7a (right). For the AgCNF-TC20 film, the surface
radiative properties were defined by fitting the simulated
temperature data to the experimentally measured data at the
Glass, Mid-25 mm, and Mid-150 mm positions. Both the
experimental and simulated data are plotted in Figure 7b.
The simulation setup for modeling the outdoor cooling

potential is shown in Figure 7c along with an example of the
distribution of the temperature field. To simulate the solar
irradiation an “external radiation source” was included in the
model where the solar position corresponded to the geo-
graphical location of the actual outdoor measurements, i.e.,
Otaniemi, Espoo, Finland (60.18° N, 24.82° E). The incident
heat flux was computed for the local solar irradiance data from
21st to 22nd July 2022 between 09:00 and 09:00. The
simulations were performed for the glass box with no film and
for the glass box fully covered with the AgCNF-TC20 film with
a 200 nm Ag layer. The experimental measurements at the
aforementioned date were performed with the AgCNF-TC20
film with a 50 nm Ag layer. To reflect this, additional
simulations were performed by setting the Ag layer trans-
missivity value to 0.48.
Figure 7d compares the simulated and measured temper-

atures inside the glass box. For the box without film, between
9:00 and 11:00, the simulated results very accurately follow the

measured ones, while after 11:00, the simulated results start to
deviate, giving a 7.4 °C difference between the peak values.
The differences can be explained by the FE model limitations,
namely, neglecting thermal convection effects, which, in the
case of the uncovered glass box, might be significant.
Moreover, the FE model does not take into account hyperlocal
weather conditions such as clouds, which can cause large
temperature differences. The effect of clouds can be observed
between 14:00 and 16:30 in Figure 7d where the experimental
curve for the box without film shows a dip. Another factor
contributing to the difference between the experimental and
the simulated curves is the decreased accuracy of the diode-
type temperature sensor at temperatures >55 °C due to
photothermal heating of the sensor. Nevertheless, the overall
cooling behavior is qualitatively quite accurately captured.
For the glass box fully covered with the AgCNF-TC20 film

with a 50 nm Ag layer, between 9:00 and 19:00, the simulated
results quite accurately captured the temperature evolution
with only a 0.6 °C difference between the peak values. After
19:00, a bit lower cooling rate was observed for the simulated
temperature than for the experimental data. Concludingly, the
simulation model developed herein is successful in predicting
the cooling potential of the developed films. The model can be
useful in estimating the cooling potential of such cellulose-
based films in different geographical locations with varying
amounts of solar radiation and ambient conditions. The model
can also be extended to energy savings simulations in future
work.

■ CONCLUSIONS
This work explored the application of sustainable cellulose-
based films in thermal regulation for the built environment.
CNF films doped with black-to-leuco TC particles were
prepared for this purpose. The TC doping levels in the films
were 5, 10, and 20% on dry CNF mass. A thin silver layer was
also applied to one surface of the film by using vapor
deposition. The prepared films were flexible and translucent
with a black tint that grew darker as the TC doping in the films
was increased. The thermochromic films switched their optical
properties rapidly at ca. 22 °C (within 1 s), turning transparent
above the transition temperature.
Visible range transmittance of all samples was 60−90%, and

all samples exhibited pronounced absorption in the 8−12 μm
range corresponding to the atmospheric transmission window.
The cooling potential of the films was measured both indoors
and outdoors. Indoors, a cooling potential of 1−4 °C was
measured with CNF-TC film samples and 10 °C with AgCNF-
TC films. Outdoors, a peak cooling value of 12 °C during
bright sunshine was measured, which was on par with a
commercial solar film. A simulation model was also built based
on the experimental results. Temperature-dependent change in
film reflectivity was measured using optical heating, where a
maximum of 12% reflectivity change (CNF-TC20) was
observed as the film heated above 22 °C.
The concept presented in this study is not limited to

applications as standalone films but has the potential to be
applied as thin glass coatings. Future work on the topic could
focus on the coating aspects and on optimizing the reflective
coating on the films, for instance, in terms of metal selection,
thickness, and patterning of the coating to allow higher
transparency. Elaborate durability testing of such films could
also be performed, for instance, under prolonged ultraviolet
(UV) irradiation and changing humidity. Overall, this work
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opens the door for a novel application opportunity for green
cellulose-based films.
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