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Scalable Photochromic Film for Solar Heat and Daylight

Management

Weihao Meng, Augustinus J. J. Kragt, Yingtao Gao, Eleonora Brembilla, Xiaowen Hu,
Julia S. van der Burgt, Albertus P. H. J. Schenning, Tillmann Klein, Guofu Zhou,
Eric R. van den Ham, Longfei Tan, Laifeng Li, Jingxia Wang,* and Lei Jiang

The adaptive control of sunlight through photochromic smart windows could
have a huge impact on the energy efficiency and daylight comfort in buildings.
However, the fabrication of inorganic nanoparticle and polymer composite
photochromic films with a high contrast ratio and high transparency/low haze
remains a challenge. Here, a solution method is presented for the in situ
growth of copper-doped tungsten trioxide nanoparticles in polymethyl
methacrylate, which allows a low-cost preparation of photochromic films with
a high luminous transparency (luminous transmittance T, = 91%) and
scalability (30 x 350 cm?). High modulation of visible light (AT,,,,, = 73%) and
solar heat (modulation of solar transmittance AT, = 73%, modulation of
solar heat gain coefficient ASHGC = 0.5) of the film improves the indoor
daylight comfort and energy efficiency. Simulation results show that low-e
windows with the photochromic film applied can greatly enhance the energy
efficiency and daylight comfort. This photochromic film presents an attractive
strategy for achieving more energy-efficient buildings and carbon neutrality to
combat global climate change.

1. Introduction

In response to global climate change,
achieving carbon neutrality by 2050 is the
most pressing task of our society nowadays.
To this end, it is of utmost importance and
a significant challenge to improve energy
efficiency and reduce carbon emissions.!!
Buildings accounted for 34% of global en-
ergy demand and 37% of energy-related
CO, emissions in 2021, while more than
50% of the building energy is spent on
cooling, heating and lighting the interior
spaces.l?] Continuous high temperatures in
the northern hemisphere during the sum-
mer of 2022 exacerbated the energy con-
sumption required to cool buildings.l*!

Due to radiation heat losses in winter
and solar heat gains in summer, win-
dows are considered to be the least energy-
efficient part of a building facade.[*
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Nevertheless, windows are increasingly used in the built envi-
ronment because they provide an open architecture and allow
daylight, which is favorable for people’s well-being. However, too
much daylight can also cause visual discomfort, typically in the
form of glare.l’l To improve energy efficiency and visible daylight
comfort in buildings, smart windows are becoming of increasing
interest. Smart windows can dynamically regulate the solar trans-
mission (Ty), solar heat gain coefficient (SHGC, the percentage
of solar radiation admitted through a window, released as heat
inside a building), and visible light transmission (T},,,) of glaz-
ing depending on outdoor weather conditions.[*® Especially in
climates with fluctuating seasons and weather conditions smart
windows can make an impact on a building’s performance.

Existing smart window technology typically has the active ma-
terials laminated between the glass panes and thus the installa-
tion requires the replacement of the original glazing. This makes
the installation of smart windows quite costly and hinders rapid
implementation. Therefore, a technology that is easily applica-
ble to existing windowpanes will make fast renovations with
smart window technology possible, which enhances its potential
impact on a carbon-neutral built environment. Over the years,
smart windows appeared that operate by switching an electric
field (electrochromic)®1! as well as smart windows that respond
autonomously to changes in outdoor weather conditions, such
as temperature (thermochromic)'?3¢ and sunlight intensity
(photochromic).3”-*%] Compared to electrochromic smart win-
dows, thermochromic and photochromic (PC) smart windows
are considered a better choice because of their simple structure,
passive light modulation, and zero energy input characteristics.
Although thermochromic materials are extensively researched,
there are some practical restrictions. For instance, the limita-
tion of VO,-based smart windows!!22!] is the unfavorable color,
service stability, and the balance between Tj,, and solar modu-
lation (AT,,).*> Perovskite-based smart windows!?223] also face
the problems of insufficient environment stability and AT, ;.3
Hydrogel-1'8-28] and ionic liquid gel-based**3!) smart windows
have garnered considerable interest for their great transparency
and effective solar modulation capabilities, but their scattering
properties at elevated temperatures make them opaque, which
affects the field of view and people’s observation of outdoors. Hy-
bridization of different material systems results in better perfor-
mance, but still has the limitation of scattering!®2*! or AT, .3l
Photochromic smart windows are more advantageous in these
factors.

The current preparation of PC smart windows is mainly based
on inorganic PC materials, for their passive bleaching process
in dark conditions and better durability compared to organic PC
materials.*®] Tungsten trioxide (WO,) is the most intensively
studied inorganic PC material due to its excellent reversibility,
fast response to light, and high contrast ratios.*’] The current
preparation of WO;-based smart windows is mainly based on
the coating of WO,, requiring expensive magnetron sputtering
equipment.*}] Moreover, most WO;-based PC devices need lig-
uid electrolytes containing redox media, which inevitably de-
grades the long-term stability due to leakage phenomena.l*?! En-
capsulating WO, with a polymer binder is another approach to
prepare WO;-based smart windows, however, preparing such
composite films with high transparency and low haze remains
a challenge. Due to the difference in refractive index between
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the polymer and WO, nanoparticles, light is scattered when pass-
ing through the composite film, causing the loss of transparency.
This can be avoided by reducing the concentration or the size of
nanoparticles (to less than one-tenth of the wavelength of inci-
dent light (<0.14)) according to Rayleigh’s law.[*8] A sufficiently
high concentration of WO, in the polymer matrix is required
to ensure high contrast in sunlight modulation of the PC smart
window films. Nevertheless, an excessive concentration will also
lead to a decrease in transparency due to agglomeration of the
nanoparticles. Reducing the size of nanoparticles is the only solu-
tion, even if they are not straightforward, since energy-intensive
methods such as hydrothermal synthesis,!*’! dialysis,[**! or bead
milling[®®! are needed to be employed.

Here, we describe the fabrication of an all-solid, free-standing
flexible photochromic film with high luminance transmittance
(Tium = 91%) and low haze (2.46%) by in situ growth of highly dis-
persed, small-sized Cu-doped WO, nanoparticles!** in a poly-
methyl methacrylate (PMMA) matrix. The prepared PC films ex-
hibit self-adaptive control of sunlight, as solar transmittance of
the PC film is modulated with sunlight intensity without addi-
tional energy input. The doping of the WO, nanoparticles with
Cu, increased the speed from the tinted to transparent state, sig-
nificantly. The great modulation of visible light (AT, = 73%)
and solar heat (AT,,; = 73%, ASHGC = 0.5) shows enormous
potential for improving indoor daylight comfort and energy ef-
ficiency, which is demonstrated by outdoor testing and building
model simulations. The PC film can be used as a non-destructive
solution for retrofitting existing windows with no additional re-
placement cost. Furthermore, we show the scale-up of the PC
films (30 x 350 cm?) by blade-coating, which indicates its po-
tential for large-scale application. This PC film demonstrates a
solution for smart windows that can be prepared and applied at
low cost, which will have a significant impact on achieving more
energy-efficient buildings and carbon neutrality to better address
global climate change.

2. Results and Discussion

2.1. Fabrication and Characterization of the PC Film

To achieve a highly transparent and low haze PC film, an in situ
growth of WO, nanoparticles in a PMMA matrix was developed.
To do so, a solution of PMMA in dichloromethane (DCM) was
mixed with a solution of tungsten chloride (WCl,) and copper (I)
chloride (CuCl) in N,N-dimethylformamide (DMF). The mixture
was poured into a mold and dried to form a film. During the
film formation process, WCl, is hydrolyzed using H,O present
in the air to produce WO, nanoparticles (Figure 1A). The low
solubility of PMMA in DMF, insolubility of WCl; in DCM, and
the different boiling points of the two solvents (DCM 40 °C and
DMEF 153 °C) allows the stepwise PMMA film formation, which
means DCM will completely evaporate before the formation of
WO, nanoparticles. Therefore, the PMMA matrix adjusts the nu-
cleation process by encapsulating the precursors of nanoparticle
(WCl,/CuCl/DMF) and dispersing them in discrete compart-
ments, thus providing control over the particle growth and
preventing particle agglomeration. More specifically, in the pre-
cursor solution, PMMA chains are discrete and do not penetrate
each other in the DCM solvent ocean; as DCM evaporates, the
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Figure 1. Preparation and working principle of PC film. A) Schematic depiction of the fabrication process for the Cu-W-PC film. The WClg/DMF solution
and the PMMA/DCM solution were thoroughly mixed and dried in the mold, where the PMMA and Cu-doped WOj3, during which the PMMA and the
Cu-doped WOj; precipitated in steps. B) Transmittance spectra of the Cu-W-PC films at transparent and tinted state (by irradiation with outdoor sunlight
for 6 h) against a normalized AM1.5 global solar spectrum (green shadow). C) Summary of T),,, and AT for passively modulated smart windows,
which was divided into two types based on the presence or absence of scattering effect. The first type includes hydrogel, ionic liquid gel, and liquid
crystal, which has scattering effect and affects the field of view in the tinted state. The second type includes VO,, perovskite and WO; which do not have
scattering and has no effect on the field of view. The as-prepared Cu-W-PC film which has superior performance in the second type materials with the
highest T}, and AT,,,. D) Photos of a 30 x 40 cm? Cu-W-PC films prepared by the blade-coating method in transparent state (left) and tinted state
(right). E) Photos of a 30 X 350 cm? Cu-W-PC films on a PET substrate prepared by the blade-coating method in transparent state (top) and tinted state

(bottom).

spacing between PMMA chains decreases until they penetrate
each other and become entangled. After the DCM completely
evaporates, the generation of nanoparticles will be subject to
the spatial domain confinement effect of PMMA chains as the
DMF evaporates (Figure 1A). Whereas, under the same condi-
tions where the precursor solution does not contain polymers,
WO, clusters of very large size (micrometer scale) will be ob-
tained (Figure S1, Supporting Information). The ratio of the two
solvents is a key factor in achieving this stepwise in situ precipita-
tion (Figure S2, Supporting Information), which determines the
particle size of the nanoparticles and thus affects the haze and
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transparency of the resulting film (Figure S3, Supporting Infor-
mation). The WO, and PMMA composite films prepared with the
optimal solvent ratio exhibit extremely low haze (2.48%) as the
uniform distribution of nanoparticles (the average particle size of
about 1.04 nm) in the film, which can be seen by high-resolution
scanning transmission electron microscopy (STEM) images
(Figure S4, Supporting Information). In this way, we can simply
and efficiently obtain highly dispersed, small-sized nanoparticles
in the composite film, instead of the energy-intensive and costly
conventional methods (e.g., hydrothermal, dialysis, and bead
milling) for preparing composite films of WO, nanoparticles and
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polymers (Table S1, Supporting Information), which need tight
controlling of the reaction parameters to reduce the nanoparticle
size and to prevent the agglomeration of nanoparticles. Scanning
electron microscopy (SEM) cross section image reveals a thick-
ness of 40 um and the corresponding energy dispersive spectrom-
eter (EDS) images shows a uniform distribution of nanoparticles
throughout the thickness (Figure S5, Supporting Information).

Cu ions!*®>!l were introduced into the PC film to accelerate the
recovering bleaching process (Cu-W-PC film). The introduction
of Cu ions increased the average size of the nanoparticles in the
film to 9.34 nm (Figure S4, Supporting Information) and slightly
increased the haze of the film to 5.02%. The doping of Cu also in-
troduces a yellowish color (Figure S6, Supporting Information),
which can be attributed to an absorption peak around 400 nm
of the tetrachloro copper complex ion [CuCl,]* formed by the
combination of chloride ions and divalent copper ions (Figure
S7, Supporting Information). The Cu-W-PC film has good ther-
mal stability up to 130 °C (Figure S8, Supporting Information)
and a mechanical strength (tensile stress of 38.7 MPa) slightly
lower than that of PMMA film. In addition, it has excellent flex-
ibility for its transmission spectrum does not change after 1000
bending cycles (Figure S9, Supporting Information).

The prepared Cu-W-PC films showed a uniform coloration
(tinted state) when irradiated by sunlight and a recovery (bleach-
ing, transparent state) under room light conditions without
solar illumination. The Cu-W-PC films in the tinted state exhibit
absorption of the majority wavelength ranges present in sunlight
(Figure S7, Supporting Information), which is the basis for its
regulation of room temperature and daylight comfort. The trans-
mittance spectrum of the Cu-W-PC film in a transparent and
tinted state shows a significant solar modulation (Figure 1B).
When the Cu-W-PC film is in the transparent state, T, = 91%,
T, = 85% and SHGC = 0.88. While in the tinted state, the T},
T, and SHGC reduced to 18%, 12%, and 0.38 respectively,
which shows an enormous contrast ratio of ATy, = 73%, AT,
= 73% and ASHGC = 0.50 compared to the transparent state.
It is worth noting that Cu-W-PC films are without scattering in
the tinted state either, that is, the far-field vision through the
films remains (Figure S6, Supporting Information). This is an
advantage over smart window materials that have scattering
properties. Based on the presence or absence of scattering prop-
erties, we divide the materials for realizing passively modulated
smart windows into two types and summarize their T, and
AT, in Figure 1C. The first type includes hydrogel, ionic liquid
gel, and liquid crystal, which have scattering effect and affect the
field of view in the tinted state. The second type includes VO,,
perovskite, and WO, which do not have scattering and have
no effect on the field of view. The as-prepared Cu-W-PC film
has superior performance in the second type materials, for it
possesses the highest Tj,,, and AT, ;. The optical characteristics
of the PC films in different states are summarized in Table S2,
Supporting Information.

Particularly, one of the main advantages of our Cu-W-PC films
prepared by the solution method is the ease of manufacturing
for large-scale applications. Cu-W-PC film with the size of 30 x
40 cm? was prepared by blade-coating, in which the nanoparticles
had an average particle size of 1.50 nm, so that it still had high
transparency (T, = 89%) and low haze (2.46%). It still shows
photochromism in the presence of sunlight (Figure 1D). For a

Adv. Mater. 2024, 36, 2304910

2304910 (4 of 12)

www.advmat.de

typical film preparation process, the weight ratio of CuCl, WCl,,
and PMMA in the precursor solution is 0.15:7.5:100, so the con-
centration of WO, nanoparticles in the photochromic film can be
calculated as 4.4 wt%, assuming that the WCl, is completely con-
verted to WO, in the film, while, TGA results showed that the
weight ratio of Cu-doped WO, nanoparticles in Cu-W-PC film
was 3.4 wt% (Figure S8, Supporting Information). When increas-
ing the concentration of CuCl and WCl; in the precursor solu-
tion, there size of the nanoparticles increases (Figure S10, Sup-
porting Information). However, it is worth noting that a consider-
able number of nanoparticles with small size (~1-2 nm) still exist
around the larger-sized nanoparticles, indicating that the forma-
tion of nanoparticles under these conditions is still subjected to
the limiting effect of the polymer. Cu-W-PC flexible film was also
prepared on PET substrates with the size of 30 x 350 cm? follow-
ing the same approach (Figure 1E). Also, the preparation cost of
Cu-W-PC film is extremely low, with the price of raw materials
being only about 0.7 $ m~2, as shown in Table S3, Supporting
Information.

2.2. Photochromic Effect of PC Film

The photochromic effect of the film was further explored by
irradiation with UV-light (365 nm) with an intensity of 5 mW
cm™ and following the change in transmission over time. The
Cu-W-PC film gets a uniform tint over time and its transmit-
tance gradually decreased (Figure 2A), where the transmission
minimum around 1050 nm (T y50,,) Was reduced from 90% to
9% in ~100 s of irradiation (Figure 2B). After turning off the
UV-light source, the Cu-W-PC film recovered to a large extent
(Tho50nm = 85%) as fast as 20 min in room light and recovered
completely to its original state in ~#40 min (Figure 2A,B). Trans-
mittance variations (Figure S11, Supporting Information) and
photos (Figure S12, Supporting Information) were recorded for
the Cu-W-PC films with different thicknesses prepared with
different volumes of the precursor solution in the tinting and
bleaching process. The transmittance of the Cu-W-PC film in the
tinted state decreases as the thickness increases, which can be
explained by Beer-Lambert Law. The thickness of the Cu-W-PC
film has little effect on the tinting rate, but significantly affects its
bleaching rate. The bleaching rate slows down as the thickness
increases. The Cu-W-PC film prepared by the blade coating
method with a thickness of about 48 pym demonstrated similar
tinting/bleaching processes and optical properties (Figure S13,
Supporting Information). It should be noted that for non-doped
W-PC film, the photochromic time is shorter (T s, dropping
from 90% to 9% in ~40 s of irradiation), but the bleaching process
is very slow: it takes >3 days to fully regain its initial transparent
state (Figure S14, Supporting Information). In addition, the
samples were irradiated with a solar spectrum mimicking lamp
(100 mW cm~2). Under these light conditions, the tinting process
slowed down because the intensity of UV light irradiated by the
sunlight-mimicking lamp is lower than for the UV lamps, while
the bleaching process showed a similar trend (Figure S15, Sup-
porting Information). The introduction of Cu ions into the PC
film thus significantly accelerates the bleaching process (40 min
to bleach completely), which shows sufficient advantages in
comparison with reported WO,-based photochromic smart
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Figure 2. Photochromic effect of PC films. A) Transmittance spectra of the Cu-W-PC films prepared by the mold method during the tinting (irradiation
with UV light of 365 nm, 5 mW cm~2) and bleaching process. The transmittance of Cu-W-PC film gradually decreased under UV light, and then the
value increased and recovered after turning off the UV-light. B) Transmittance changes of the Cu-W-PC films at 1050 nm during the tinting (left) and
bleaching process (right). T1o50nm Was reduced from 90% to 9% in ~100 s of irradiation and recovered to a large extent (T1g50nm = 85%) in as fast as 20
min in room light, and the value recovered completely to its original state in ~#40 min. C) 2D mapping of the transmittance at 1050 nm of the Cu-W-PC
films during the tinting process at varying solar radiation intensity/time, which shows various intermediate tinted states, indicates it is suitable to follow
variable sunlight intensities during a day. D) Photographs of the Cu-W-PC films placed outside on a sunny day. E) Transmittance changes of the Cu-W-PC

films at 1050 nm during more than 360 cycles of tinting and bleaching.

windows. As a result, we achieved the fastest bleaching process
based on the lowest cost doping method, as shown in Table
S4, Supporting Information. On sunny days a bleaching time
between 20 and 40 min is sufficiently fast as the intensity of
daylight diminishes at the end of the day, and the film can
easily keep up with changes in daylight. When sunlight intensity
decreases more drastically on such a sunny day, such as in the
event of a cloud blocking the direct sunlight, the intensity of
indirect sunlight is still high and therefore it is still desired for
both energy efficiency and daylight comfort to block solar heat
and maintain a certain degree of tint. Therefore, 20 to 40 min
response time is actually sufficient for practical applications,
which is confirmed by glass companies and stakeholders. How-
ever, for a broader range of applications it is desired for the
shortened bleaching time and optimization.

The speed of the bleaching process can be tuned with the
dosage of Cu ions in the system, and the yellow color caused by
the absorption of copper doping at 400 nm is also related to the
concentration of copper (Figure S16, Supporting Information).
We choose to use 20 mol% Cu (with respect to W) in the remain-
ing of this work to have a good balance between a sufficiently fast
bleaching process and not clear yellowish color in the transpar-
ent state. During the tinting process, when Cu?* is transformed
to Cu* the absorption peak at 400 nm decreases and the yellowish
color disappears.
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The speed of the tinting process is also dependent on the light
intensity (Figure 2C, Figure S9, Supporting Information). For ex-
ample, when the sunlight intensity is 100, 80, 60, 40 mW cm~2,
T’ o50nm 4drop to 25% requires about 250, 350, 450, 650 s, respec-
tively. When the light intensities >40 mW cm™2, T}, drops
to about 9%, while at sunlight intensities <40 mW ¢cm~ the Cu-
W-PC film maintains various intermediate tinted states, which
indicates it is suitable to follow variable sunlight intensities dur-
ing a day. The PC films were placed outdoors to verify their self-
adaptive control to sunlight intensity (Figure 2D and Figure S17,
Supporting Information). Clearly, the Cu-W-PC film can change
from transparent to tinted state, and then recover to transpar-
ent state within the duration of 1 day. The Cu-W-PC film shows
good cycling stability (Figure 2E). It can be seen that the contrast
between the transmittance at 1050 nm of the Cu-W-PC film in
transparent and tinted states slightly decreases after 360 cycles.
Figure S18, Supporting Information shows the environmental
weatherability of the Cu-W-PC film. The optical properties of Cu-
W-PC change little after 7 days of storage under humid-heat con-
ditions and vacuum conditions. Whereas, the contrast between
the tinted and transparent states of the Cu-W-PC film decreased
significantly after 7 days of placement in the simulated environ-
mental conditions, which matches the results of the cyclic stabil-
ity tests.

© 2023 Wiley-VCH GmbH
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Figure 3. Photochromic mechanism of PC films. A) Schematic illustration of the photochromic and bleaching mechanism of Cu-W-PC film, including
the generation of electron and hole pairs in the presence of light, the reduction of Cu?* and W5* by electrons, and their subsequent oxidation by oxygen
as an inverse process. 2D mapping result of the transmittance change in B) tinting (irradiation with solar lamp of 100 mW c¢m™2) and C) bleaching
process for Cu-W-PC film. Spectra variations indicate changes in the valence states of W and Cu. XPS spectra of the Cu-W-PC film in tinted state and
transparent state for D) W 4f and E) Cu 2p demonstrate the valence change of W and Cu. F) HAADF STEM raw image of Cu-W-PC film demonstrates
the amorphous structure of the Cu-doped WO; nanoparticle. G) STEM-EDS mapping of W and Cu of the Cu-W-PC film exhibits the distribution of W

and Cu in the nanoparticles.

2.3. Photochromic Mechanism of PC Films

For the photochromism of copper-doped WO, films, we propose
the following mechanism. When the PC films are irradiated with
sunlight the WO, nanoparticles absorb UV-light and electron-
hole pairs are generated (Figure 3A). Part of the photogenerated
electrons is trapped by oxygen vacancies on the surface of the
WO, nanoparticles, which reduces W to W>*. The abundant
oxygen vacancies on the surface result in an increased free charge
density, and the free electrons oscillate under an external elec-
tromagnetic wave, giving rise to localized surface plasmon reso-
nance (LSPR). This LSPR phenomenon causes a strong absorp-
tion of sunlight by the PC films in the tinted state, correspond-
ing to the drastic decrease in the transmittance visible and in-
frared light range (Figure 3B, right arrow). When introducing
Cu?* ions to the film, a fraction of the photogenerated electrons
required for the tinting process are consumed by the Cu?*, reduc-
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ing Cu?* to Cu*, which leads to a slower tinting process. At the
same time, the disappearance of Cu?* leads to a decrease in light
absorption at 400 nm, corresponding to a higher transmittance
(Figure 3B, left arrow). The photogenerated holes are captured by
water molecules to generate protons and oxygen. The protons are
embedded in the tinted WO, nanoparticles to balance the charge
of the captured photoelectrons.

Under dark conditions both W°* and Cu* are oxidized by
oxygen in the air, forming again W and Cu?" returning the
film gradually to its initial state, the corresponding transmit-
tance is restored to the initial state (Figure 3C). The oxidation
process of W°* is extremely slow, resulting in a slow bleaching
process of the W-PC film. In contrast, Cu? is unstable and is
very easily oxidized to Cu?* by atmospheric oxygen. The elec-
tron transfer from the occupied oxygen vacancies at the sur-
face of the W°* complex to the generated Cu?" ions facilitates
the bleaching process of the Cu-W-PC film. In other words,

© 2023 Wiley-VCH GmbH
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the redox coupling of Cu?*/Cu* acts as a transfer process of
electrons from W°* to O,. The electron interactions between
adjacent W, W3t Cu?*, and Cut speed up the bleaching
process.

To support this proposed mechanism, the PC films were char-
acterized by electron paramagnetic resonance (EPR) and X-ray
photoelectron spectra (XPS) measurements. The change in EPR
signal demonstrates the trapping of electrons in the oxygen va-
cancy in the tinted state and the reduction of W and Cu?* to
W+ and Cu* during the transition from the transparent to the
tinted state, respectively (Figure S19, Supporting Information).
When comparing the XPS of the Cu-W-PC in transparent and
tinted states, peaks of W were observed for the tinted state, im-
plying that W°* is partially reduced to W>* by the photogenerated
electrons (Figure 3D,E).’?] Also, the change in the ratio of the
peak areas!®®! of the Cu?* and Cu* signals showed that Cu?* was
reduced to Cu™.

The band structure of WO, and photoluminescence (PL) spec-
tra of Cu-W-PC are shown in Figure S20, Supporting Informa-
tion. The PL experiment proved the transfer and separation ef-
ficiency of photogenerated charge carriers. The Cu-W-PC film
shows drastically lowered PL emission intensity (at 430 nm) than
W-PC film, indicating that Cu might effectively facilitate the pho-
togenerated electrons extraction to the Cu active sites. The va-
lence band level 3.25 eV and conduction band (CB) level 0.07 eV
span the redox potential of H,0/0, (1.229 V versus normal hy-
drogen electrode (NHE)) and Cu?*/Cu™* (0.153 eV versus NHE),
and thus these energy levels can facilitate the photoelectron re-
duction and atmospheric oxidation reactions for the tinting and
bleaching process.

No difference was observed for the X-ray diffraction patterns
of PMMA, and Cu-W-PC films, which suggests the amorphous
nature of the WO; in Cu-W-PC films (Figure S21, Support-
ing Information). The amorphous structure of WO, was con-
firmed from the HRTEM (Figure S22, Supporting Information)
and aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) pic-
tures (Figure 3F). Amorphous WO, leads to abundant oxygen
vacancies on its surface, which allows photochromic reaction to
occur readily even under extremely weak light conditions. STEM-
EDS mapping of W and Cu of the Cu-W-PC film shows a uni-
form distribution and adequate contact between W and Cu in the
nanoparticle, which is the basis for electron transfer (Figure 3G).
For the undoped WO, nanoparticles in W-PC film, it can be seen
the distribution of W elements in the nanoparticles, but without
Cu elements (Figure S23, Supporting Information). The doping
degree of Cu was demonstrated by the corresponding EDS spec-
tra (Figure S24, Supporting Information) (molar ratio of Cu:W ~
22:100) and ICP measurements (molar ratio of Cu:W = 27:100)
of Cu-W-PC film, which are very close to the molar ratio calcu-
lated from the EDS spectra (22:100) and in the precursor solution
(20:100).

In dark conditions, both W°* and Cu* are oxidized by oxy-
gen in the air. Therefore, the bleaching rate decreases obviously
with increased film thickness, due to the diffusion of oxygen in a
thicker PC film (Figure S25, Supporting Information). When the
Cu-W-PC films are placed in an oxygen-free environment, the
bleaching process does not occur, and the color of the PC films
does not change even after 1 h. The bleaching process immedi-
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ately starts when the Cu-W-PC film is removed from the oxygen-
free environment.

2.4. Energy-Saving Potential of PC Films

As the Cu-W-PC film will be able to reduce the temperature of
an indoor space, it will also reduce the cooling demand. To ex-
plore the energy saving potential of the Cu-W-PC film, the energy
consumption of a model office (Figure 4A) building equipped
with low-e glazing (Figure 4B) with or without Cu-W-PC film
was calculated using DesignBuilder. To understand the effect of
the photochromic character of the film, calculations of the en-
ergy use in case the Cu-W-PC film would be permanently in its
tinted state are also included. This was done for two climates
with mainly sunny and warm weather conditions all year through
(e.g., Guangzhou and Lisbon) and for two climates with more
fluctuating weather conditions throughout the seasons (e.g., Bei-
jing and Amsterdam). The steady-state optical properties of the
Cu-W-PC film in combination with a single glass plate at vari-
ous sunlight intensities were measured and included into a low-e
window design in DesignBuilder (Figure S26, Supporting Infor-
mation). The window characteristics at specific sunlight inten-
sities can be found in Table S5, Supporting Information. The
energy use on lighting, heating, and cooling of the model of-
fice is included and the total energy uses are normalized by
setting the energy use for low-e glazing without film to 100%
(Figure 4C).

The largest energy-saving potential can be found in warm cli-
mates (e.g., Guangzhou and Lisbon). Here annual energy savings
of 35.4% and 41.8% are found upon application of the Cu-W-PC
film, respectively. In these climates the energy use is dominated
by cooling the interior space. As sunlight intensity is high for
most of the daytime period throughout the year, the Cu-W-PC
film will be mostly in its tinted state, which reduces the need
for artificial cooling. Compared to the case of using a perma-
nent tinted window film, the energy saving is slightly reduced
in these climates, as the Cu-W-PC film allows some solar heat
under lower sunlight intensity conditions (e.g., during morn-
ings, evenings, and cloudy moments). In climates with larger
seasonal weather changes (e.g., Amsterdam and Beijing) poten-
tial energy savings of 17.9 and 27.6% are calculated, respec-
tively. In these climates, heating in winter also contributes sig-
nificantly to the annual energy use (Figure 4D). Solar heat re-
jection during winter days causes an additional energy use for
heating. In the case of a permanent tinted window film, this
effect is large and even results in an increasing annual energy
use of 2.8% for the case of Amsterdam. When using the Cu-W-
PC film this effect is also present, but much smaller compared
to the use of a permanent tinted window film, resulting in a
net annual energy saving. This can be attributed to the trans-
mission of solar heat by the Cu-W-PC film during conditions
of lower sunlight intensity in winter, which will be blocked in
case of a permanent solar heat rejection film. When a building
is equipped with double or single glazing (Figure S27, Support-
ing Information), thus having less insulating properties, the en-
ergy used for heating becomes larger, while that of cooling be-
comes smaller, which reduces the impact of the Cu-W-PC film.
Nevertheless, still significant energy savings can be expected
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Figure 4. Impact of the PC films on indoor temperature and simulation of energy consumption in a model office building. Representation of the A)
office and B) glaze model used to evaluate the energy-saving potential of the Cu-W-PC film. C) Calculated and normalized annual energy use for lighting,
heating, and cooling for different cities. D) Calculated monthly energy use in Amsterdam. E) Schematic representation of the model house. Temperature
curves for the model houses under the F) simulated sunlight 100 mW-cm=2 for 1 h and G) field test for 1 day.

ranging between 12.3% and 31.7% (Figure S28, Supporting Infor-
mation) in warm climates (e.g., Guangzhou and Lisbon). How-
ever, in climates like Amsterdam and Beijing, it is recommended
that Cu-W-PC films be used in combination with well-insulated
glass if only the energy performance of the building is to be
considered.

To validate the effect of solar heat rejection, and thus the po-
tential to save energy on cooling loads, by the PC films in real-
life the indoor temperature of a model house was monitored
(Figure 4E). Two samples (Cu-W-PC and PMMA films) were at-
tached to a 2 mm thick glass plate and placed on the windows
of two identical model houses. The model houses were made of
acrylic boxes with a dimension of 15 X 15 X 15 cm® and sealed
with thermal insulation materials (the interior is covered with
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black sponge and the exterior is wrapped with Al foil). The air
temperature of the inner space is monitored when irradiating
with solar radiation of 100 mW cm~2 (Figure 4F). A 4 °C reduc-
tion is achieved for the model houses equipped Cu-W-PC film
compared to the control experiment with a PMMA film with-
out the photochromic nanoparticles. In addition, the same model
houses were placed outside on a sunny summer day in Beijing
while monitoring the indoor temperature (Figure 4G). The max-
imum indoor air temperature of the model houses equipped
with the Cu-W-PC (52.3 °C) films was >7.4 °C lower than that
of the model house with PMMA (59.7 °C), which confirms the
solar heat rejection effect induced by the PC films, underly-
ing the reduction of cooling energy loads in the DesignBuilder
simulation.
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2.5. Impact of the PC Films on Daylight Visual Comfort

In addition to lowering the indoor temperature and saving en-
ergy, the Cu-W-PC film also impacts the daylight visual com-
fort. This was explored by simulating the daylight illuminance
level of the same office floor model and climates as used for the
energy use calculation but using the Radiance command suite
(Figure 5A).5* The average illuminance levels of each room at
a specific moment during occupied hours throughout the year
were calculated. These were categorized into three groups (Figure
S29, Supporting Information), referred to as useful daylight il-
luminance (UDI) categories:**! “too dark” (<300 lux), “comfort-
able” (between 300 and 3000 lux), and “too bright” (>3000 lux).
The percentage of time in each UDI-category is plotted for each
room of the office model in Amsterdam (Figure 5B and Figure
S30, Supporting Information). This analysis shows that imple-
mentation of the Cu-W-PC film increases the time of “comfort-
able” daylight illuminance level compared to the situation with-
out film for almost all the room orientations. The times at which
the rooms are “too bright” (>3000 lux) are reduced as the Cu-
W-PC film will be in its tinted state (at these moments of high

Adv. Mater. 2024, 36, 2304910 2304910

outdoor sunlight intensity). The times at which the rooms are
“too dark” (<300 lux) are almost the same, as the Cu-W-PC film
will be in its transparent state like a regular window at these mo-
ments of low outdoor sunlight intensity. When comparing the
Cu-W-PC film with a permanently tinted film, the Cu-W-PC film
increases the time of “comfortable” illuminance as well in side
offices having just one window (Figure 5B). Although, the per-
manent tinted film is more effective in reducing the moments of
too high illuminance (>3000 lux), a permanent tinted film causes
the rooms to be “too dark” (<300 lux) more often compared to the
Cu-W-PC film. The corner offices having two windows are “too
bright” for much of the occupied time. For these office spaces, it
can be more beneficial to install a permanently tinted film when
considering daylight visual comfort (Figure S28, Supporting In-
formation). This effect is also seen in other climates (Figure S31,
Supporting Information).

The impact of the Cu-W-PC film on daylight visual comfort
is also studied by daylight glare probability (DGP) analysis. The
DGP index is used to express whether glare is commonly expe-
rienced by people as “intolerable” (>0.45), “disturbing” (0.40 —
0.45), “perceptible” (0.35-0.40), or “imperceptible” (<0.35).°¢ In
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this study, two desk positions close to the window in the south
and south-east room of the model office are analyzed and the
DGP index during occupied hours (8 AM to 6 PM) over the year
for a person sitting at one of the desks is calculated (Figure 5A).
Again, the situation of the model office equipped with low-e glaz-
ing without film is compared with the situation in which a perma-
nent tinted film or the Cu-W-PC film is applied to the glazing. For
all climates, it is found that the Cu-W-PC film improves the glare
comfort level over the year, as the DGP index is more frequently
in the “imperceptible” range and less in the “intolerable” range
(Figure S32, Supporting Information). As the Cu-W-PC film tints
at moments of high sunlight intensity the film cuts off annoying
glare. Zooming in on the DGP indices throughout the days over
the year reveals that for the south-east office, the Cu-W-PC film
improves glare comfort mostly during morning hours, whereas
for the south office glare comfort is mostly enhanced around the
afternoon hours (Figure S33, Supporting Information). This find-
ing is expected considering the trajectory of the sun coming up
in the east and being positioned south in the afternoon. The DGP
analysis also reveals that a permanent tinted film would improve
the glare comfort level more compared to the Cu-W-PC film. This
can be expected as such film will also be in a fully tinted state at
conditions of annoying glare during intermediate sunlight inten-
sities. However, as revealed with the UDI analysis, this might also
result in the room in general to be too dark (Figure 5B). Con-
sidering the overall daylight visual comfort level compared to a
permanent tinted film, the Cu-W-PC film cuts off annoying glare
at moments this is most needed, but also allows daylight at mo-
ments of lower sunlight intensity to prevent a room from being
too dark.

To validate the improvement of daylight comfort in practice, a
test box was designed in which an electronic screen was placed
(Figure 5C). Without the Cu-W-PC film, the image on the elec-
tronic screen cannot be seen clearly under strong sunlight condi-
tions (Figure 5D, right). When the Cu-W-PC film is placed on the
glazing of the box, the image on the screen becomes well visible,
as the film tints and provides a better contrast between the screen
and its surroundings (Figure 5D, left).

3. Conclusion

The as-prepared PC film has an extremely low fabrication cost
and can be installed cost-effectively to renovate any existing win-
dow. The PC film demonstrates an excellent solar heat (AT,
= 73%, ASHGC = 0.5) and daylight regulation (AT, = 73%),
while being almost invisible in the transparent state (T}, = 91%).
The PC films can autonomously regulate a comfortable visible
daylight entrance, cut off annoying glare when needed, and re-
duce indoor temperature at moments of high sunlight intensity.
Simulations show that our PC film provides significant energy
savings when being applied to different glazings in various cli-
mates. For example, in warm areas, such as Lisbon, low-e win-
dows with PC film reduced the annual energy consumption of
buildings by 42%, while in climates with significant summer
and winter conditions, such as Amsterdam, energy efficiency was
significantly higher compared to permanent tinting schemes,
and in all areas, the implementation of photochromic films in-
creased “comfortable” daylight illuminance level and “impercep-
tible” glare compared to the situation without film. Moreover, a
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large-area PC film has been prepared by blade-coating, which in-
dicates the potential for large-scale applications of the PC film.
The PC film just needs to be attached to the outer surface of the
existing windows with a transparent adhesive layer between the
film and the glass. Additionally, the film may be implemented at
the side of a glass pane facing the cavity of a double-pane win-
dow. In this case, the film should be applied during the assembly
of the glazing unit. Both integration options will be investigated
in future work.

4. Experimental Section

Materials:  Tungsten chloride, copper (II) chloride, and 1,2
dichloroethane were purchased from Aladdin. DCM and DMF were
purchased from Sinopharm Chemical. PMMA (heat stability injection
grade) was purchased from Shanghai Macklin. 30% Hydrogen peroxide
(30%, Analytical Reagent) was purchased from Xilong Scientific Co., Ltd.

Preparation of the PC Films by Mold Method: 0.3 g of tungsten chloride
(WClg) and 60 pL of 30% hydrogen peroxide (H,0,) were dissolved in
1.5 mL of DMF and stirred for 2 h at room temperature to form a solution.
H,0, acts as an oxidizing agent and leaves the newly prepared film in the
transparent state. 4 g of PMMA was dissolved in 50 mL of DCM and stirred
for 2 h at room temperature. The two solutions were mixed and stirred for
2 h to obtain a precursor solution for the PC films. The precursor solution
was poured into an A4 size quartz tray and dried in an oven at 40 °C for 1h.
After demolding the A4 size PC film was obtained. W-PC film with different
solvent ratios was obtained by varying the amount of DMF. 0.5, 0.75, and
1 mL DMF corresponds to DMF:DCM = 1:100, 1.5:100, and 2:100 W-PC
film, respectively. For the Cu-W-PC films preparation, the procedure was
the same as above, except that 0.015 g of copper (1) chloride (CuCl) was
added to the DMF solution before stirring.

Preparation of the PC Films by Blade Coating Method: A control coater
(PF400, Jiangsu LEBO) was used to prepare the PC films with A3 size. 0.6 g
of tungsten chloride (WClg) and 0.03 g of copper (1) chloride (CuCl) were
dissolved in 3 mL of DMF and stirred for 2 h at room temperature to form
a solution. 8 g of PMMA was dissolved in 16 mL of 1,2-dichloroethane for
8 h at room temperature. The two were mixed and stirred for 1 h at room
temperature to obtain a precursor solution for the PC films. Then, the coat-
ing was applied using a 200 um gap, which was pushed forward over the
mixture automatically by the coater at 70 °C on the PET or glass substrate
surface. The speed of the applicator movement was about 100 mm s~ .
And it was placed on the hotplate of the applicator at 70 °C for 30 min
to evaporate the solvent. After detaching the coating layer from the sub-
strate, the A3 size PC film was obtained. For the 30 x 350 cm? Cu-W-PC
films preparation the procedure was the same as above, except that the
preparation process was repeated successively by blade coating on a roll
of PET substrate.

Illumination Time-Dependent UV—vis-NIR Spectroscopy: The transmis-
sion spectra of the PC films were recorded every 0.1 s with an optical fiber
coupled spectrometer (USB 2000, Ocean Optics) mounted on the micro-
scope (Olympus, BX51) during the UV light illumination (5 mW cm~2)
from the H086-425 and once a minute during the bleaching process.

Light Intensity-Dependent UV-vis-NIR Spectroscopy:  The transmission
spectra of the PC films were recorded every 30 s for a total of 20 min with
the optical fiber-coupled spectrometer under the irradiation of a solar sim-
ulator PL-X300DF. The process was repeated by varying the intensity of the
solar simulator. The light intensity was calibrated by CEL-NP2000-2(10)A,
CEAULIGHT.

Transmission, Reflection, and Absorption UV-vis-NIR Spectroscopy for PC
Films in a Defined State: PC films were exposed to outdoor sunlight for
6 h to reach their full tinted state. The spectra of PC films in the tinted or
transparent state were recorded with a spectrometer Cary 7000, Agilent
with integrating sphere attachment. The haze of the film was obtained
utilizing a haze meter (CS-700, Hangzhou CHNSpec). All pictures were
obtained by D7200, Nikon.

© 2023 Wiley-VCH GmbH
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Morphology of the PC Films: SEM images were obtained by S-4300.
TEM images were obtained by HT7700. The high-angle annular dark-field
(HADDF) STEM images were obtained by JEM-ARM300F. XPS measure-
ments were accomplished via a photoelectron spectrometer (PHI5000 Ver-
saprobelll XPS) with an Al Ka radiation source. Electron spin resonance
(ESR) spectra were obtained over Bruker E 500 at 108 K with in situ UV
irradiation (5 mW cm™2). ICP test was accomplished by ICP-MS:Agilent
7800.

Energy Performance Calculations: To define the glazing characteris-
tics the Cu-W-PC film was placed on a single clear glass plate of 2 mm
thick. The transmission and reflection measurements were performed af-
ter maintaining various sunlight intensities using a PL-X300DF solar sim-
ulator for 30 min allowing the film to reach a steady state. This was done
upon increasing and decreasing the sunlight intensity to include hystere-
sis between the steady-states during the tinting and bleaching process.
The steady-state spectra at a certain sunlight intensity were averaged and
implemented in the LBNL software Optics6 to define the optical proper-
ties at a certain sunlight intensity. The model office was designed in De-
signBuilder and the four identical sides of the office were oriented toward
the North, East, South, and West. The window-to-wall ratio of the model
office was 60%. The floor and ceiling of the office were designed to be adi-
abatic, to mimic an office space with adjacent building levels. The outdoor
walls were medium-weight walls having a U-value of 0.25 W m=2 K='. The
building was equipped with an LED lighting system having a normalized
power density of 2.5 W m~2 per 100 lux and was turned on when the illu-
minance level dropped below 400 lux at a working height of 0.8 m during
occupied hours. The HVAC system was based on the “Best practice” tem-
plate defined in DesignBuilder. The heating system ran on natural gas and
had a coefficient of performance (CoP) of 1.0 and was activated when the
indoor temperature of a room dropped below 20 °C. For operation sched-
ule, the DesignBuilder template “Office_OpenOff_Heat” was used. The
cooling system ran on electricity from the grid and had a CoP of 2.5 and
was activated when the indoor temperature rose above 25.5 °C during oc-
cupied hours (DesignBuilder template “Office_OpenOff_Cool”). Further-
more, the activity was based on the “Generic Office Area” template defined
in DesignBuilder. The model office has an occupation density of 0.111
people per m? and operates according to the standard open office occu-
pancy schedule (DesignBuilder template “Office_OpenOff_Occ”). During
the operational hours defined by this occupancy schedule office equip-
ment was used with a power density of 11.77 W m~2. During the simula-
tions all modeling parameters, except for the glazing, were kept constant.
The low-e coated double glazing with and without Cu-W-PC film was de-
signed within DesignBuilder. For the low-e coated glass plate, the input
optical data from Saint-Gobain Eclaz 4 mm were taken from the IGDB
database in the LBNL software Window 7.7. Argon 16 mm was chosen as
gas filling between the two glass plates. For the reference case without Cu-
W-PC film, the second glass pane was defined by the optical properties of
the 2 mm glass plate. For the case with Cu-W-PC film, the second glass
pane was defined by the optical properties of the 2 mm glass plate with
the Cu-W-PC film in its transparent state. An assumption was made that
the U-value was the same for coated and uncoated glass here, because the
emissivity of ordinary glass (¢ = 0.84) was close to the emissivity of the
film (e = 0.88). To introduce the photochromic effect in the calculation,
the “window shading” feature was used. Here the optical properties of the
second glass pane at various sunlight intensities were defined based on
the optical properties determined above. The window shading was con-
trolled by “daylight only” and operated “24/7” to mimic the autonomous
working principle of the Cu-W-PC film. For the model calculation each win-
dow was provided with a single light-intensity “sensor,” so the various win-
dows of the building model operated individually. The weather data files
were downloaded from www.climate.onebuilding.org, which provided typi-
cal meteorological year datasets for the specific locations, which were then
imported into the DesignBuilder model.

Daylight Performance Calculations: To assess indoor daylight access
and visual comfort, the same office building geometry, material proper-
ties, and weather data files as for the energy calculations were used. The
daylight access analysis was performed for all eight office rooms (four cor-
ner rooms and four side-lit rooms) and was simulated on a horizontal grid
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at a height of 0.8 m from floor level. The Radiance 3-phase method!®’! was
used for the annual performance simulations that produced UDI results,
to account for the variable visible transmittance of the photochromic glaz-
ing. The correct transmittance was selected based on an irradiance calcula-
tion performed with the Radiance 2-phase method,!*®! for each individual
window at a point placed in the center of the glass and facing outward. The
glare analysis was performed with the Radiance evalglarel>®! command,
which allowed to calculate the DGP metric from a rendered field of view
from the position of a building occupant. Two sitting positions were cho-
sen within the case study building: one in the South-East corner room, fac-
ing North; and one in the South side-lit room, facing East. In both cases,
the height of the occupant’s eyes was assumed to be 1.20 m height above
the floor and their gaze was fixed on a computer screen placed on the
desk in front. To allow for an efficient annual glare evaluation, the vertical
illuminance at eye level was precomputed with a higher accuracy simula-
tion run and then provided to evalglare, while the simulation needed to
produce a rendered field of view was kept at a lower accuracy and took
into account only direct sunlight. As suggested in previous studies,[>®! the
evalglare threshold method with a threshold value of 2000 cd m~2 was
adopted for all evaluations.

Statistical Analysis: Haze of the film was tested at five different points
in each sample and averaged. The calculated energy consumption for 1
year in Figure 4B was normalized by putting the energy use with low-e
glazing without film to 100%.
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