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and Yucan Peng*

Low-emissivity materials are regarded as promising candidates for

thermal insulation. However, aesthetic concerns often hinder their

practical application, primarily due to metallic gray coloration. While some
colorful low-emissivity paints have been developed to address this issue, the
labor application costs and complex preparation processes remain significant
drawbacks. Here, a new category of self-stratifying colorful low-emissivity
paints (SSCLPs) is presented, engineered to spontaneously form

a distinct bilayer structure with a single application, thus eliminating the need
for a second coat. Through careful formulation, the resulting bilayer coating
features a highly reflective bottom layer and an infrared (IR)-transparent
colored top layer, demonstrating low mid-infrared emissivity (as low as 0.107),
high near-infrared reflectance (up to 0.814), and selectively visible reflectance
for desired colors. Simulations confirm that effective stratification is essential
for achieving the desired optical properties. Thermal insulation experiments
demonstrate that SSCLPs can efficiently resist radiative heat transfer.
Furthermore, building energy simulations indicate that SSCLP application

to a two-story office building can yield annual heating, ventilation and air
conditioning (HVAC) savings of up to 13.38 M) m~2, with an associated CO,
emission reduction of 1.1 kg m~2. This study contributes to advancing thermal
insulation materials that promote energy savings and sustainability objectives.

breeding, and brewing industries.!””]
Among various thermal regulation strate-
gies, heat insulation materials play a crucial
role in enhancing energy efficiency by
reducing heat transfer.®] For instance, in
buildings, heat insulation materials can
significantly reduce energy consumption
for heating and cooling by effectively lim-
iting heat loss in winter and preventing
excessive heat gain in summer.l This ther-
mal barrier effect not only stabilizes indoor
temperatures but also reduces dependency
on active heating and cooling systems,
ultimately contributing to energy conser-
vation and a reduction in greenhouse gas
emissions across diverse climates and
applications.[1%]

Low-thermal-conductivity materials are
commonly used for heat insulation, owing
to their ability to inhibit thermal conduc-
tion. To realize satisfied insulation, these
materials are often designed with high
porosity to trap pockets of still air, which
enhances thermal resistance.''8] Based

1. Introduction

Energy shortages and excessive CO, emissions are pressing
global concerns, highlighting the urgent need to reduce energy
consumption. A substantial share of energy is devoted to heat-
ing and cooling to maintain appropriate temperatures in vari-
ous environments, including buildings, transportation, storage,

on their working mechanism, a few mil-

limeters to centimeters of material thick-

ness is typically required for adequate

insulation.!®] In contrast, low-emissivity materials provide insula-

tion by altering surface radiative properties.l?] Their low emis-

sivity, i.e., high reflectance, can massively reduce thermal radia-

tion exchange, thus enhancing heat insulation through radiation
control.[?!]

Low-emissivity coatings are usually classified into trans-

parent and opaque types based on their applications.[?224
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Transparent low-emissivity coatings are commonly used on win-
dows to allow visible (VIS) light transmission while reflecting in-
frared radiation, enhancing energy efficiency without altering the
appearance.[®] On the other hand, opaque ones often exhibit a
metallic silver or gray appearance, which leads to aesthetic lim-
itations and potential light pollution.[?®?’! In many practical ap-
plications, visual appeal is as important as thermal performance,
creating an urgent need for colorful low-emissivity coatings that
combine effective insulation with aesthetic effect.!??]

To tackle this challenge, researchers have explored some ap-
proaches for colorful low-emissivity materials, such as surface
modification, material mixing, and layer lamination. For exam-
ple, Yuan et al. designed core-shell aluminum (Al) /Fe;O, black
composite pigments with an infrared emissivity of 0.50 in the
8-14 um range.[?! Tan et al. prepared greenish-yellow coatings
using Prussian blue (PB) surface-modified Al powders, achiev-
ing an average emissivity of 0.426 in the same spectral range.>")
Besides, Fantucci et al. mixed commercial Al paint with matte
paints, resulting in ~0.60 emissivity.®!l However, the emissiv-
ity levels are not sufficiently low to gratify effective heat insula-
tion performance, and the resulting colors often fall short of aes-
thetic expectations. Recently, Peng et al. reported a colorful low-
emissivity paint with ~0.2 mid-infrared (MIR) emissivity.[*?! Nev-
ertheless, this approach requires two separate spray processes to
form a bilayer laminated structure, increasing labor costs and ap-
plication complexity.

Here, we propose self-stratifying colorful low-emissivity paints
(SSCLPs) that spontaneously separate into a distinct bilayer
structure, offering low emissivity and colorful appearance. How-
ever, the state-of-the-art self-stratifying coatings typically feature
high emissivity.?*3*] More detailed performance comparisons
between them are presented in Table S1 (Supporting Informa-
tion). As shown in Figure 1a, the exemplary optical properties
of colorful low-emissivity paints (CLPs) include high reflectance
in both near-infrared (NIR) and MIR wavelength ranges, along
with selective reflectance in the VIS spectrum. The desired color
is achieved through this selective reflectance in the VIS range.
In hot conditions, the high NIR and MIR reflectance of CLPs
can effectively prevent solar heat and outdoor warmth from en-
tering indoor spaces, thereby reducing heat gain and cooling en-
ergy consumption. Conversely, in cold conditions, the high MIR
reflectance helps retain indoor heat, minimizing heat loss and
energy consumption for heating.

2. Results and Discussion

2.1. Material Design and Self-Stratifying Principle

To achieve the desired optical spectrum, it is essential to select
appropriate functional materials for the top and bottom layers
in the self-stratified coating. For the bottom layer, we chose alu-
minum microflakes (Al MFs) as the reflective components, which
can present high broadband reflectance as long as their direc-
tional arrangement is realized. Small-size flake Al pigment leads
to high surface roughness, which will result in low specular re-
flectance and high-diffusing reflectance, leading to low total MIR
reflectance.[*] After optimization, Al MFs with a size of 60 um
were selected (Note S1 and Figure S1, Supporting Information).
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To obtain the colorful appearance without compromising the IR
reflectance of the bottom layer, nanoscale inorganic pigments
were selected, including PB for blue, iron oxide (Fe,O;) for red,
and goethite (a-FeOOH) for yellow.

To facilitate self-stratification, solvents with different proper-
ties were chosen for the top and bottom layer coatings. Due to
the hydrophobicity of the Al MFs (Figure S2, Supporting Infor-
mation), a non-polar perchloroethylene (PCE) solvent was em-
ployed to disperse Al MFs. Notably, the choice of solvent is crit-
ical in guiding the assembly morphology of Al MFs as well,
which consequently affects the apparent reflectance of the re-
sulting coating. On the contrary, pigment nanoparticles disperse
more easily in polar solvents due to the formation of hydro-
gen bonds. Therefore, a mixed solvent of isopropyl alcohol (IPA)
and water (volume ratio = 1:1) was selected for the top layer.
Additionally, solvent density was carefully considered. As a re-
sult, the different polarities and densities of the solvents facil-
itate spontaneous separation, bringing the functional materials
into distinct two layers. Overall, the rationale behind the op-
timization of the paint formula was to achieve a composition
that enables self-stratification, presents a decent color appear-
ance, and provides high IR reflectance simultaneously. For in-
stance, the optimized ratio of Al MFs mass (g): PCE volume
(mL) = 11:55. (See Note S1, Figures S3 and S4 for more de-
tailed data on formula optimization, Supporting Information).
With an increased usage of pigment nanoparticles, the coat-
ings exhibit darker color shades alongside reduced MIR and
NIR reflectivity. Additional information is provided in Note S1
and Figure S5-S13 (Supporting Information). In the main
text, we present SSCLP samples with medium color shades as
representatives.

Moreover, compatible polymer binders were chosen and incor-
porated into the SSCLPs to provide adhesion. Polyvinyl butyral
(PVB) was utilized in the bottom oily layer due to its solubil-
ity in less polar solvents. To prevent the dissolution of PVB in
the upper polar solvent, 1,1,2,2-tetrachloroethane (TCE) solvent
was introduced to ensure the complete dissolution of PVB in the
oily layer. The optimization of the PVB/TCE ratio is detailed in
Note S1 and illustrated in Figures S14 and S15 (Supporting In-
formation). For the aqueous layer, polyvinyl alcohol (PVA) was se-
lected as the binder, as its numerous hydroxyl (-OH) groups can
form hydrogen bonds with polar solvents, enhancing cohesive-
ness (See Note S1 and Figure S16 for more details, Supporting
Information).

In SSCLPs, the functional components, binder polymers, and
solvents are mixed homogenously upon using (Figure 1b). This
process mirrors the shaking procedure typically used in the prac-
tical application of paints. The subsequent self-stratification pro-
cess is depicted in Figure 1c. Due to their higher densities, PCE
and TCE descend, bringing Al MFs and PVB into the bottom
layer. In contrast, water and IPA containing inorganic pigment
nanoparticles and PVA move upward to form the top layer. Ul-
timately, this results in two distinct layers: the top layer con-
tains IPA, water, pigment nanoparticles, and PVA, while the bot-
tom layer comprises PCE, TCE, Al MFs, and PVB, as shown
in Figure 1d. Upon solvent evaporation, the bilayer coating is
formed, exhibiting selective reflectance in the visible range and
high reflectance in both NIR and MIR wavelength ranges, as il-
lustrated in Figure le.
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Figure 1. Design principles of self-stratifying colorful low-emissivity paints (SSCLPs). a) An exemplary reflectance spectrum of colorful low-emissivity
paints. The green lines represent the spectrum of an ideal colorful low-emissivity paint. b) Schematic of a uniformly mixed SSCLP. c) Graphical expla-
nation of the self-stratifying principle of SSCLP. The differences in polarity and density of solvents and fillers result in the self-stratification of paints.
d) The stratified SSCLP. The top layer solution is low-density and high-polarity solvents that dissolve PVA binder and disperse pigment nanoparticles.
The bottom layer solution is high-density and poor-polarity solvents that dissolve PVB binder and disperse Al MFs. e) Schematic of the bilayer coating

formed by SSCLP.

2.2. Optical Performance of SSCLPs

Figure 2a displays the photographs of SSCLPs in both mixed
and stratified conditions, revealing a range of colors, including
red, blue, and yellow, offering viable alternatives to commercial
paints. Here, sprayed-coated samples on glass substrates are
presented as well. We refer to the SSCLPs by their respective
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colors, such as “red-SSCLP”. Other colors can be obtained by
mixing the three existing inorganic pigment nanoparticles. For
example, we obtained a green color by mixing a-FeOOH and PB
in a 1:1 mass ratio, an indigo color by mixing Fe,O, and PB in
a 2:1 mass ratio, and an orange color by mixing Fe,0; and a-
FeOOH in a 2:1 mass ratio. The photographs of the samples are
demonstrated in Figure S17 (Supporting Information), and the
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corresponding total MIR reflectance is demonstrated in
Figure S18 (Supporting Information). Figure 2b presents a
scanning electron microscope (SEM) image showcasing the
surface morphology of the yellow-SSCLP, demonstrating the
uniform distribution of goethite nanorods on the densely packed
Al MFs. As shown in Figure 2c, the thickness of the Al MF
layer and the goethite layer is ~13 and 2 um, respectively.
This cross-section SEM image further verifies the successful
self-stratification of the SSCLP.

As exhibited in Figure 2d, the total MIR reflectance for the SS-
CLP coating in three colors reach 0.893 for blue-SSCLP, 0.839 for
red-SSCLP, and 0.862 for yellow-SSCLP, corresponding to emis-
sivity of 0.107, 0.161 and 0.138 respectively, as measured by a
Fourier transform infrared (FTIR) spectrometer equipped with
a diffuse gold integrating sphere. The above calculated MIR re-
flectance is the weighted average value based on the blackbody
radiation spectrum at the temperature of 300 K. The coating con-
sisting solely of the Al MF layer shows ~0.955 reflectance, as
displayed in Figure S19 (Supporting Information). More details
about the Al MF orientation distribution and its contribution
to reflectance properties are presented in Note S2 (Supporting
Information), Figure S20-S23 and Table S2 (Supporting Infor-
mation). The observed reduction in total MIR reflectance is at-
tributed to the inevitable thermal absorption by the binder poly-
mers, pigment nanoparticles, and porous morphology of the top
layer coating. In contrast, the average total MIR reflectance of
commercial paints of the same thickness is only ~0.08, which
is significantly lower than that of SSCLPs (Figure S24a, Support-
ing Information), as these commercial paints tend to strongly ab-
sorb thermal radiation. Regarding the VIS and NIR wavelength
ranges, Figure 2e presents the measured total reflectance of SS-
CLPs using an Ultraviolet (UV)-VIS-NIR spectrometer equipped
with a diffuse reflectance accessory. The spectra for red, blue,
and yellow-SSCLPs indicate NIR reflectance of ~0.771 for blue-
SSCLP, 0.814 for yellow-SSCLP, and 0.773 for red-SSCLP, along
with characteristic reflection peaks corresponding to their respec-
tive colors in the VIS range. In comparison, commercial paints
of the same colors and thickness show NIR reflectance ranging
from 0.281 to 0.351, which are lower than those of the SSCLPs
(Figure S24b, Supporting Information).

In addition, we compared the spectra of a simple mixture of
Al MFs and Fe,0; with those of red-SSCLP, using the same
amounts of Al MFs and Fe,O;. As shown in Figure 2f, the MIR
reflectance of the mixture paint is obviously lower than that of
red-SSCLP, which can be attributed to the chaotic arrangement
and orientation of Al MFs, as evidenced by the SEM image of the

www.afm-journal.de

mixture paint (Figure S25, Supporting Information). This find-
ing suggests that the MIR reflectance of stratified layer structure
is superior. The VIS and NIR reflectance characteristics of the
mixture paint are detailed in Figure S26 of the Supporting In-
formation. Furthermore, the color intensity of the mixture paint
is less pronounced compared to that of the SSCLP, as shown in
the inset of Figure 2f. Besides, when comparing the colorful low-
emissivity coating sprayed with a low-emissivity base layer fol-
lowed by a color layer, the visual appearance and total MIR re-
flectance remain quite similar (Figures S27 and S28, Supporting
Information).

To further explore the underlying mechanisms behind the im-
proved reflectivity, we employed finite-difference time-domain
(FDTD) simulations to investigate the differences in optical prop-
erties between the mixture paint structure and our SSCLP struc-
ture. The dispersions of electromagnetic field intensity at the
wavelength of 8 um are depicted in Figure 2g,h, illustrating the
flow of radiation wave inside the coating structure. As shown
in Figure 2g, incident radiation can be almost completely re-
flected from the coating surface due to the well-layered struc-
ture of Al MFs in SSCLP. Even with the presence of the pigment
nanoparticles layer on the Al MF layer, the coating maintains
high reflectance over the entire spectrum. In contrast, as shown
in Figure 2h, the randomly distributed Al MFs structure in the
mixture paint causes incident radiation to be reflected in various
orientations. The pigment layer on the Al MF surface absorbs ra-
diation that is reflected from adjacent Al MFs, resulting in lower
MIR reflectance for the mixture paint. Corresponding reflectance
over 4-16 um wavelengths of SSCLP and mixture paint are shown
in Figure 2i. The MIR reflectance of our SSCLP is higher than
that of the mixture paint. The simulated reflectance is higher and
exhibits fewer characteristic peaks compared to the experimental
results, which can be attributed to the omission of PVA, PVB, and
the porous structure in the simulations.

In addition, we also explored the VIS-NIR properties of the
two structures. For the NIR band, the dispersion of electromag-
netic field intensity at the wavelength of 1 um and reflectance are
illustrated in Figures S29-S31 of the Supporting Information,
demonstrating that the NIR reflectance of our SSCLP is also
higher than that of the mixture paint. Regarding the VIS band, for
SSCLP, the characteristic peak in the VIS-NIR spectrum arises
from the selective reflectance of the Fe,O, layer, correspond-
ing to the same peak observed in the experimental spectrum
(Figure S31, Supporting Information). The deviation in the nu-
merical values of these characteristic peaks arises because the
simulation assumes a relatively ideal Fe,O, layer, whereas in the

Figure 2. Optical properties of SSCLP and environmental durability tests. a) Photograph of the formulated SSCLP solutions in evenly mixed condition
(left) and stratified condition (right), and coating samples on glass substrates. From left to right, red, blue, and yellow, respectively. b) SEM image
of the bilayer coating formed by yellow-SSCLP, of which the bottom is the Al MF layer, and the top is the goethite nanorods layer. Scale bar, 50 um.
c) Cross-section SEM image of the bilayer coating formed by yellow-SSCLP. The red dashed lines locate the Al MF layer, and the yellow dashed lines
locate the goethite layer. Scale bar, 10 um. d) Measured total reflectance of SSCLP coating samples on glass substrates in the MIR wavelength range.
e) Measured total reflectance of SSCLP coating samples on glass substrates in the visible and NIR wavelength range. f) Measured MIR reflectance
for the red mixture paint and red-SSCLP. g) Map of electromagnetic field intensity for stratified red paint (red-SSCLP) at the wavelength of 8 um.
h) Map of electromagnetic field intensity for red mixture paint at the wavelength of 8 um. i) Simulated total reflectance in the MIR wavelength range
of red-SSCLP and red mixture paint. j) Measured MIR spectra for SSCLP coating samples before and after the artificial climate aging test (T = 47 °C,
relative humidity = 96%, UV irradiation = 8.5 W m~2) and low-temperature test (—20 °C). k) Measured MIR spectra for SSCLP coating samples before
and after the water flushing test, soaking test, and fluctuating humidity test. I) Measured MIR spectra for samples before and after acid rain exposure
test and salt spray test. No obvious spectral change was observed.
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experiment, the pigment nanoparticles exhibited agglomeration
rather than forming a continuous thin film, thereby weakening
the characteristic peaks of the pigment material. For the mixture
paint, the characteristic peak also aligns with the experimental
results (Figure S31, Supporting Information). However, due to
the random distribution of Al MFs in the mixture paint, the pig-
ment material no longer forms a continuous film on the topmost
incident layer. Therefore, the characteristic peaks of the pigment
material are weakened in both the experimental and simulated
results.

2.3. Durability Tests of SSCLPs

To assess the durability of SSCLPs, we conducted a series of tests
involving the measurement of sample mass, MIR spectra, and
visual inspections before and after specific environmental expo-
sures. First, SSCLP coating samples were subjected to artificial
climate aging (T =47 °C, relative humidity = 96%, UV irradiation
= 8.5 W m~2) and low-temperature (—20 °C) environments for
two weeks. As illustrated in Figure 2j, Figures S32 and S33 (Sup-
porting Information), the SSCLPs exhibited remarkable stability,
with no significant alterations observed in their MIR reflectance,
mass, or visual appearance after the exposure period.

To assess adhesion, we tested SSCLP samples with varying
PVA contents by placing them under an acrylic plate with a
1.1 kg object and then pulling the plate horizontally, as shown in
Figure S34 (Supporting Information). We measured the weights
of SSCLP samples before and after the test. The detailed mass
information of samples before and after the adhesin test and
mass loss ratios can be found in Table S3 (Supporting Informa-
tion). The photographs of SSCLP samples before and after the
adhesion test are shown in Figure S35 (Supporting Information).
We selected 40 mg mL™! as the optimized PVA concentration
in IPA/water, balancing its satisfactory adhesion performance
(~2.6% mass loss with no visible appearance change) while min-
imizing the reduction in MIR reflectance.

In order to evaluate the durability of SSCLP against water,
we performed the water flushing test, soaking test, and fluctu-
ating humidity test. As shown in Figure 2k, Figures S32 and S33
(Supporting Information), there were no significant changes in
MIR reflectance, mass, and appearance before and after the tests.
Additionally, samples were tested in acid rain exposure and salt
spray to evaluate their durability in corrosive environments. As
shown in Figure 21, Figures S32 and S33 (Supporting Informa-
tion), the samples demonstrated decent durability with no signif-
icant changes in MIR reflectivity, mass, and appearance.

2.4. Heat Insulation Performance Demonstration

To visually demonstrate the thermal insulation performance of
SSCLPs, we selected red-SSCLP as a representative sample and
compared it with commercial red paint, both applied to glass sub-
strates. As illustrated in Figure 3a, both samples were placed on
a hot plate set to 40 °C, and their thermal profiles were captured
using an infrared thermal camera. After reaching thermal equi-
librium, both samples attained the same temperature of 40 °C.
However, due to the difference in radiant heat emitted from their
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surfaces, the temperature displayed by the thermal camera dif-
fered. As shown in Figure 3D, the surface temperature recorded
for the SSCLP is apparently lower, indicating that the SSCLP sam-
ple has a much lower IR emissivity.

Furthermore, we constructed cubic building simulants with
the exterior surfaces of their walls and roofs coated with red-
SSCLP and commercial red paint, respectively. As depicted in
Figure 3c, these simulants were placed in a vacuum oven set at
50 °C. The temperature of the vacuum oven is defined as T,
Thermocouples were installed at designated positions within
each building simulant to measure the internal temperature (de-
noted as T;,). To prevent thermal conduction from the oven floor,
an insulating foam board was placed beneath the simulants. In
the vacuum chamber, the absence of air minimizes heat transfer
via convection, making thermal radiation the primary mode of
heat transfer. As shown in Figure 3d, the simulant coated with
red-SSCLP exhibited a significantly slower increase in internal
air temperature compared to the one coated with commercial red
paint. At 677 s, the measured T}, of red-SSCLP was 5.1 °C lower
than that of commercial red paint, validating the effectiveness of
SSCLP in reducing heat exchange through thermal radiation.

Additionally, we evaluated the thermal insulation performance
of the building simulants coated with red-SSCLP and commercial
red paint under standard room-temperature conditions (24 °C).
As illustrated in Figure 3e, ice cream samples with almost identi-
cal initial mass before tests (%18 g) were placed in glass contain-
ers inside each building simulant. After 1 h, we measured the
mass loss of ice creams to assess the extent of melting, as shown
in Figure 3f. With exterior and interior coatings, the ice creams
within the red-SSCLP-coated simulant revealed a reduced mass
loss rate of ~38.5% compared to that within the commercial red
paint-coated simulant. This substantial reduction indicates that
the red-SSCLP effectively slowed down the melting rate due to
its superior heat insulation properties. Figure 3g presents pho-
tographs of the ice cream samples before and after the 1 h testing
period, further demonstrating the enhanced thermal insulation
provided by SSCLPs.

2.5. Building Energy Saving Calculations

To quantitatively evaluate the potential energy-saving impact of
SSCLPs, we developed a building model that incorporates the
optical properties of the materials and real weather data from
various regions in China, utilizing commercial building energy
simulation software DEST. We analyzed multiple cities across
different climate zones to calculate the annual energy savings
for a two-story office building when SSCLPs are applied to ex-
terior and interior walls and roofs. Detailed information about
the calculations and the building model can be found in Meth-
ods, Figure S36, and Table S4 (Supporting Information). We
calculated the annual heating, ventilation, and air conditioning
(HVAC) consumption of the building model with and without
our SSCLPs to obtain HVAC savings. In this model, both heating
and cooling are provided by an air conditioner with a coefficient
of performance (COP) of 3.

To investigate the impact of different colors of SSCLPs on
energy savings in various climatic zones, we selected ten cities
in different climatic zones (Hot summer & cold winter zones:

© 2025 Wiley-VCH GmbH
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Figure 3. Heat insulation demonstration of SSCLP. a) Schematic of the experiment examining the surface temperatures of samples on a hot stage.

b) Infrared thermal images of commercial red paint (left) and red-SSCLP (right) on the same hot stage. c) Schematic of building a simulant test in a
50 °C vacuum oven. Thermocouples were employed to measure the T;,, of the building simulants. d) Measured internal temperature curves of the building
simulants with exterior walls and roofs coated with different surface modifications. The simulant with the red-SSCLP exhibited a slower temperature
increase. e) Schematic of ice cream tests within the building simulants. Ice cream samples were placed in a glass container inside the building, simulants
were coated with different paints under standard room-temperature conditions. f) Measured mass loss of ice cream samples after 1 h for different surface
modifications. g) Photographs of ice cream samples before and after 1 hour inside the building, simulants coated with different coatings. The initial
weight of all ice creams is ~18 g.
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Figure 4. Evaluation of building energy savings by applying SSCLPs. a) Annual total energy saving for a two-story office building coated with various
colors of SSCLPs and corresponding to the average of the three-color parameters in ten selected cities across various climate zones. b) Calculated color
map of annual total HVAC savings for a two-story office building in different climates, with both exterior and interior walls and roofs coated with average
SSCLP. ¢) Calculated color map of corresponding annual CO, emission reduction.

Hangzhou and Xuzhou, Cold zones: Beijing and Datong, Tem-
perate zones: Bijie and Lijiang, Hot summer & warm winter
zones: Shaoguan and Guilin, Severe cold zones: Hulun Buir
and Qiqihar) and calculated the total annual HVAC savings of
buildings coated with SSCLPs of different colors (blue: solar re-
flectance: 0.506, emissivity: 0.1066; red: solar reflectance: 0.591,
emissivity: 0.1613; yellow: solar reflectance: 0.655, emissivity:
0.1379, and corresponding to the average of the three color-
SSCLPs’ parameters: solar reflectance: 0.584, emissivity: 0.135).
As shown in Figure 4a, the application of SSCLPs in differ-
ent colors to building walls and roofs has shown significant year-
round HVAC energy savings. Specifically, in most regions of
China except the hot summer & warm winter region, the to-
tal HVAC energy savings decrease as the solar reflectance in-
creases. This is because higher solar reflectance reduces the ab-
sorption of heat from sunlight, leading to increased heating en-
ergy consumption in winter, even though it reduces cooling en-
ergy consumption in summer. The ambient temperatures dur-
ing winter that necessitate heating are quite low, leading to an
increased demand for heating when solar heat gain is minimal.
Moreover, although summer temperatures can be relatively high,
solar irradiation is not intense due to predominantly cloudy and
rainy weather. Consequently, the total HVAC energy savings are
largely dependent on heating energy savings. Therefore, the im-
pact of increased solar reflectance on reducing heating energy
savings is greater than the improvement in cooling energy sav-
ings, even if the solar reflectance of these low-emissivity coatings
is greater than 0.5. In contrast, in the hot summer & warm win-
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ter regions, the total HVAC energy savings increase with higher
solar reflectance. Due to the higher winter temperatures in these
regions, heating energy consumption is inherently lower, making
cooling energy dominant in HVAC energy consumption. Thus,
SSCLPs with higher solar reflectance are more suitable for hot
summer & warm winter regions.

We calculated the HVAC energy savings by applying SSCLPs
to buildings in 101 cities in China and constructed the energy-
saving map. Figure 4b illustrates the annual total HVAC savings.
The annual total HVAC energy savings vary between 1.33 M]J
m~2 in Dongfang, Hannan, and 13.38 MJ m~ in Datong, Shanxi.
The separate heating and cooling energy-saving maps are dis-
played in Figure S37a,b (Supporting Information), respectively.
Significant heating energy savings are observed across all simu-
lated zones. The application of SSCLPs yields positive cooling en-
ergy savings in certain regions, such as Wuwei, Gansu (0.984 M]J
m~2), where their high NIR reflectance reduces the solar heat
gain, partially offsetting the limited sky radiative cooling caused
by low MIR emissivity. However, in some cities, negative cooling
energy savings are observed, primarily due to the reduced sky
radiative cooling resulting from the low MIR emissivity, which
outweighs the benefit of decreased solar absorption, but annual
energy savings still remain positive. Overall, in the context of
China’s climate zones, the application of SSCLPs can achieve
year-round HVAC energy savings. This is particularly evident
in cold and mild climate zones. However, in regions with con-
sistently high temperatures throughout the year, where heating
demands are minimal, caution should be exercised due to the

© 2025 Wiley-VCH GmbH

85U8017 SUOWILLIOD 3A1TeR1D) 3|qeo! [dde au Aq peuenob ae Ssppiie YO ‘8sn JO 8Nl 10} Areiq1T 8UIUO A8]1M UO (SUONIPUOD-PUR-SUBYLIO" A3 1M ATRIq Ul |UO//SdNY) SUORIPUOD pue swie | 8y} &8s *[9202/T0/20] Uo Ariqiauliuo A8|IM ‘YiesH AiseAiun Bubed Ad 601206202 WIPe/Z00T OT/I0p/Wo A8 | 1M Aeiq 1 puljuo peoueApe//Sdily Wolj papeo|umod ‘Zi ‘SZ0g ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

potential loss of sky radiative cooling caused by the low emissiv-
ity of SSCLPs.

Figure 4c presents color maps of the annual CO, emission
reductions associated with applying SSCLPs to walls and roofs,
with reductions of up to 1.1 kg m~2. The corresponding an-
nual electric energy saving map is shown in Figure S38 (Sup-
porting Information), indicating savings of up to 3.72 kWh m=.
More detailed data on the annual CO, emission reductions for
the selected ten cities are available in Table S5 (Supporting
Information).

3. Conclusion

In this study, we report a self-stratifying approach to develop
user-friendly colorful low-emissivity paints (SSCLPs) designed
for effective thermal insulation. These SSCLPs achieve MIR re-
flectance up to 0.893 and NIR reflectance as high as 0.814, while
maintaining aesthetic appeal through selective reflectance in the
visible spectrum. Our simulation-based analysis highlights the
impact of the mixing degree of aluminum microflakes (Al MFs)
and pigment nanoparticles on the overall optical properties of
the formed coatings. It demonstrates that improved stratification
leads to enhanced MIR reflectance compared to evenly mixed for-
mulations. In the heat insulation demonstration experiments,
the SSCLP coatings effectively resisted heat input from the hot
environment, significantly delaying the temperature increase in
the building simulant. Meanwhile, it was observed that SSCLPs
reduced the melting rate of ice creams by ~38.5%. Using a two-
story office building compliant with energy efficiency standards
for public buildings as a model, our building energy simulations
reveal substantial annual heating and cooling savings: total en-
ergy savings of up to 13.38 MJ m~2, and a reduction of CO, emis-
sions of up to 1.1 kg m=2.

The SSCLPs provide an innovative solution for year-round
HVAC energy savings involving both heating and cooling with
a single installation. The scalable, solution-based process allows
for easy application on various surfaces, such as roofs and walls,
via spray coating. We believe that these self-stratifying, colorful,
low-emissivity paints offer a transformative approach to energy
efficiency across various sectors, including buildings, transporta-
tion, storage, livestock breeding, and brewing industries, thereby
advancing efforts toward global carbon neutrality.

4. Experimental Section

Materials Synthesis and Fabrication: The Al MFs were provided by
Guangdong Wanxing International Trade Co., Ltd. The pigment nanopar-
ticles, including Prussian blue (Macklin, 99%), iron oxide (Macklin, 99%),
and goethite (Aladdin, 30 to 63% Fe) were used as purchased. The sol-
vents, including PCE (Macklin, 98%), TCE (TgLabor, 98%), and IPA (TglLa-
bor, AR) were used as purchased without further purification. Commercial
paints were purchased from Qisehua Coatings Co., Ltd. PVB was dissolved
and stored in TCE at a concentration of 10 mg mL™" before use, and PVA
was dissolved and stored in IPA and water (solvent volume = 1:1) at a
concentration of 40 mg mL~" before use. Coating dispersions of a low-
emissivity layer were needed to be prepared and a color layer, and then
mix the two dispersions to form a self-stratifying colorful low-emissivity
painting. A typical formulation for a low-emissivity oil layer dispersion in-
cludes 0.11 g Al MFs, 0.55 mL PCE, 0.11 mL PVB solution, and a formu-
lation for a pigmented aqueous layer includes 0.005 g PB, 0.5 mL PVA
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solution, 0.05 mL IPA, and 0.05 mL water. The two were fully oscillated
and sonicated, then mixed to form an SSCLP. A 40 x 50 x 1 millimeter
glass was chosen as the substrate, rinsed with deionized water, ethanol,
and acetone in turn, and finally blown dry with nitrogen gas. The spraying
coating method was used to apply the paint on the substrate. The pres-
sure of the spray gun was set at 200 KPa, with the tip of the spray gun
located at #0.1 m from the substrate in a typical spraying process. A typi-
cal formulation for the mixture paintincludes 0.11 g Al MFs, 0.01 g Fe, O3,
0.66 mL IPA, and 0.5 mL PVA. The solution was shaken before use. The
same substrate and spray coating method as SSCLPs were used to pre-
pare mixture paint samples. All samples were dried after the spray coating
process.

Preparation of Cross-Section Samples: To facilitate cutting, yellow-
SSCLP was sprayed on top of the Thermoplastic polyurethane (TPU) sub-
strate according to the aforementioned spraying method, and the TPU
substrate was cleaned in the same way as the glass above. The sample
was placed on a clean platform with its substrate side facing out. A sharp
blade (Gillette) was used to quickly cut the sample in a vertical direction
to obtain the cross-sectional sample.

Characterization:  Surface morphology images of the coatings were
obtained by field emission scanning electron microscopy (SEM, Hitachi
SU8220). MIR reflectance was characterized using a Fourier transform
IR spectrometer (FTIR, Nicolet iS50) equipped with a diffuse gold inte-
grating sphere (PIKE Technologies). Visible and NIR reflectance was mea-
sured by an ultraviolet-visible-near-IR spectrophotometer (UV-VIS-NIR,
Lambda 1050+). Diffraction patterns of samples were recorded using an
X-ray diffractometer (XRD, SmartLab, Rigaku) with an operating voltage
and current of 40 kV/150 mA, a rotating copper target, an X-ray wave-
length of 1.54188 A, and a scanning angle range of 10° — 80°. Sample
masses were measured with an analytical balance (Sartorius, 0.0001 g
readability).

Optical Simulation: ~ Reflectivity and electromagnetic field simulations
were conducted using FDTD solutions. For both the mixture paint and
SSCLP models, the upper and lower boundaries were set to be perfect
matching layers to simulate open areas and prevent wave reflections from
interfering with the results within the computational domain. The left and
right boundaries were set to be periodic boundaries to simulate infinite
periodic structures so that the boundaries of the computational domain
were “connected” to each other, thereby accurately reflecting the physical
properties of the painting structure. For the mixture paint model, the Al
MFs were assigned a width of 50 um and a thickness of 200 nm, each
conformally wrapped with a 100 nm thick Fe,O; layer. Based on the SEM
images, the Al MFs were set to be randomly distributed in a 75 um-thick
region in the model. The x and y coordinates of the center point of the
Al MFs, along with the angle between the aluminum sheet and the x-axis,
were treated as random variables to generate a randomly distributed Al
MF layer. The incident radiation source was set to be 15 um above the up-
per boundary of the Al MFs region. For the SSCLP model, SEM images
revealed that the Al MFs were stacked flat on top of each other; thus,
the Al MFs as an entire layer were set with a thickness of 15 pm, cov-
ered with a 200 nm thick Fe,O; layer. Moreover, a ladder-like structure
with an overlap thickness of 200 nm was constructed to more accurately
reflect the actual stacking state of the Al MFs in SSCLP. The incident radi-
ation source was set to be 2 um above the upper boundary of the pigment
region.

Environmental Durability Tests: 1) Artificial climate aging test: The test-
ing method was modified from GB/T 1740-2007 and GB/T 1865-2009. A
dried sample was placed in a programmable environmental chamber with
precise temperature and humidity control. The temperature was main-
tained at 47 °C constantly, while the relative humidity was maintained at
96% constantly. Meanwhile, a UV lamp was installed at a height of 10 cm
above the sample with a wavelength of 340 nm and an intensity of 8.5 W
m~2. 2) Low-temperature test: A dried sample was placed in the refriger-
ator at a temperature of —20 °C. 3) Acid rain exposure test: The testing
method was modified from ASTM D7356. Artificial acid rain (PH = 5) was
prepared by mixing diluted sulfuric acid and diluted nitric acid, which was
added into a humidifier. A dried sample was placed at the vapor outlet, at a
distance of 15 cm, with a vapor rate of 300 mL h~". 4) Salt spray test: The
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testing method was modified from GB/T 1771-2007. A NaCl aqueous so-
lution with a concentration of 5 wt.% was added to the humidifier. A dried
sample was placed at the vapor outlet, at a distance of ~#15 cm, with a
vapor rate of 300 mL h~'. 5) Soaking test: A dried sample was submerged
in 250 mL of water. The above tests 1) —5) all lasted for two weeks. 6) Wa-
ter flushing test: The testing method was modified from ASTM D7377. A
dried sample was fixed at an inclination of ~45° at a distance of 5 cm from
a water faucet. Water was released at a flow rate of 120 mL min~', strik-
ing the sample before draining into a sink. The test duration was 2 h. 7)
Fluctuating humidity test: A dried sample was placed in a programmable
environmental chamber with precise temperature and humidity control.
The temperature was maintained at a constant 25 °C, while the relative
humidity was varied. Specifically, the relative humidity was sequentially ad-
justed as follows: 40% for 1 h, increased to 60% for 1 h, then to 80% for
1 h, and finally to 100% for 1 h. Subsequently, it decreased back to 80%
for 1 h, then to 60% for 1 h, and finally returned to 40% for the last hour.
8) Mechanical abrasion evaluation: An SSCLP sample (glass substrate)
was adhered to a table, with an acrylic plate and a 1.1 kg weight placed
on top. The acrylic plate was then dragged horizontally across the SSCLP
surface.

Heat Insulation Performance Demonstration: 1) Thermal imaging:
Thermal images were captured using a thermal camera (HM-TP42-
3AQF/W, HIKMICRO). Two identical glass substrates (50 x 40 x 1 mil-
limeter) coated with red-SSCLP and commercial red paint, respectively,
were placed on a hot plate set to 40 °C. 2) Vacuum oven test: For the ther-
mal demonstration in a vacuum oven, cubic building simulants were con-
structed from acrylic boards (10 cm side length and 3 mm thick). The inter-
nal temperature was measured using thermocouples (K type, KAIPUSEN)
inserted into the simulants and connected to a data logger (640X, KAI-
PUSEN). 3) Ice cream melting test: The building simulants used for this
test were the same as the vacuum oven test. Water with blue food-grade
pigment was added to the ice cream mold, frozen in the refrigerator at
—20 °C for 2 days, and then unmolded to prepare the ice creams used in
this experiment. The initial weights of the ice creams were all ~#18 g.

Building Energy Saving Calculations by DEST:  DEST 2.0 software was
used to conduct a detailed energy consumption simulation analysis for
building applications. The building model was a two-story office building
with a height of 3.6 meters, a length of 40 meters, a width of 14.63 me-
ters, and a total air-conditioned area of 1140 square meters. The building
was oriented due north, with window-to-wall ratios of 0.11 for the south
facade and 0.12 for the north facade. The heat transfer coefficient for the
exterior walls, roofs, and exterior windows was set according to the charac-
teristics of different climate zones and in compliance with the provisions
of the Energy Saving Design Standard for Public Buildings (DB37 5155-
2019). The indoor HVAC system employs a stand-alone unit, which was
used for cooling in summer and heating in winter. Regarding ventilation
energy consumption, the frequency of indoor air changes at 0.5 times per
hour in summer was set with air conditioning on, 2 times per hour without
air conditioning, and 0.5 times per hour in winter with or without air con-
ditioning. The indoor temperature was set to be 26 °C constantly. Typical
annual outdoor meteorological data were utilized from DEST 2.0, includ-
ing hourly temperature, relative humidity, wind direction, wind speed, and
solar radiation throughout the year. According to the downloaded build-
ing model, the surface solar reflectivity values of the exterior walls, interior
walls, and roofs were set at 0.22, 0.08, and 0.3, respectively, and the MIR
emissivity was set at 0.85. To evaluate the effect of SSCLP applications,
these parameters were updated using experimentally measured data: the
average solar reflectance (380-2000 nm) and MIR emissivity of the SSCLPs
in red, blue, and yellow were 0.584 and 0.135 (equal to 0.865 of average
MIR reflectance), respectively. The weighted average solar reflectance val-
ues of SSCLPs were calculated based on the solar radiation spectrum. The
weighted average MIR reflectance values of SSCLPs were calculated based
on the blackbody radiation spectrum at 300 K. The annual HVAC, heat-
ing, cooling, and electric energy savings in 101 cities across China were
calculated. Based on these data, the results were extrapolated to the sur-
rounding areas. The thermal resistance of the exterior wall and interior
wall of office building models in different climates is shown in Table S6
(Supporting Information).
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