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Abstract
To address critical energy issues in civic structures, we have developed a novel concept of optical thermal insulation (OTI) without relying on a
conventional thermal intervention medium, such as air or argon, as often used in conventional window systems. We have synthesized the
photothermal (PT) materials, such as the Fe3O4 and Fe3O4@Cu2−xS nanoparticles, that exhibit strong UV and near-infrared (NIR) absorptions
but with good visible transparency. Upon coating the inner surface of the window glass with a PT film, under solar irradiation, the inner surface
temperature rises due to the PT effect. Subsequently, the temperature difference, ΔT, is reduced between the single pane and room interior.
This leads to lower the thermal loss through a window, reflected by the U-factor, resulting in considerable energy saving without double- or
triple-glazing. Comparing with the Fe3O4 coatings, Fe3O4@Cu2−xS is spectrally characterized with a much stronger NIR absorbance, contrib-
uting to an increased PT efficiency under simulated solar irradiation (0.1 W/cm2). PT experiments are carried out via both white light and
monochromic NIR irradiations (785 nm). The parameters associated with the thermal performance of the PT films are calculated, including
PT conversion efficiency, specific absorption rate (SAR), and U-factor. Based on the concept of OTI, we have reached an optimum U-factor of
1.46 W/m2 K for a single pane, which is satisfactory to the DOE requirement (<1.7 W/m2 K).

Introduction
Thermal insulation has been a great challenge in energy saving
particularly for commercial buildings in cold climate.
Conventional buildings are commonly structured with win-
dows enframed within the building walls that compromise
between lighting and heat transfer. One of the key issues
deals with overall building energy and material consumptions,
including electricity, heating, and cooling, and materials pro-
duction simply due to their large sheer sizes. A new trend in
architecture has been transforming traditional windows to
glazed building façade with finesse that almost entirely covers
the building surface areas. However, great challenges remain in
terms of thermal transfer, energy efficiency, and lighting
requirements, especially heat loss in cold climate. Although
various technologies have been developed to improve thermal
transmittance, including low emissivity coating and double/tri-
ple panes, huge consumption of energy will not be resolved
until fundamentally different new concepts and engineering
innovations are developed. The U.S. Energy Information
Annual (EIA) reported 5.3 quadrillion British thermal units
(quad) energy consumptions of primary heat loss from ventila-
tion, heating, and air conditioning system in 2018 in the
USA.[1]

The US Advanced Research Projects Agency – Energy
(ARPA-E) initiated a program on replacing double-pane win-
dows with single panes for improving energy and materials

consumptions of commercial buildings especially for cold cli-
mate regions.[2] The overall heat transfer coefficient: U-factor
is a measure of heat loss by conduction, radiation, and convec-
tion.[3] A lower U-factor indicates a higher thermal insulation
or lower energy transfer through a window. To lower the
U-factor, the conventional approach has been replying on a
thermal insulation medium, such as air or argon, that requires
the glazing technologies. However, only a few insulation mate-
rials currently available that are not only highly thermally insu-
lating but also significantly transparent for window
applications. We demonstrate a novel concept of optical ther-
mal insulation (OTI) without any intervening medium.
Instead of applying a thermal insulator, a transparent photother-
mal (PT) film can selectively absorb photons in the UV and
near-infrared (NIR) regions and efficiently convert them to
heat, therefore raising the building skin surface temperature
(via free energy). As the inner building skin temperature is
raised relative to room temperature, the heat transfer at the
building skin inner surface can be effectively reduced via
OTI, characterized by a low U-factor. The solar spectrum can
be divided into three primary regions, including ultraviolet
(below 400 nm), visible (400–700 nm), and infrared light
(above 700 nm). According to the standard solar radiation spec-
tra,[4] there are approximately 49% of heat provided by infrared
light. The critical requirements of OTI are: (i) it is highly trans-
parent but only absorbing UV and NIR for energy conversion
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and (ii) upon absorbing solar light in the UV and NIR regions,
energy conversion is efficient and able to effectively raise the
window inner surface temperature for the reduction of the
U-factors. These requirements are spectrally characterized
with a “U”-shaped absorption, i.e., high UV and NIR absorp-
tions, but low absorptions in the visible band.

The PT effect is characterized by the absorption of electro-
magnetic radiation in a particular wavelength and conversion to
thermal energy within a short period of time. The PT effect has
been extensively and primarily studied for medical treat-
ment.[5–10] Most of the PT materials applied for medical thera-
peutics mainly focused on noble metals,[5,11,12] carbon-based
materials,[6] and metal oxide composites.[7–9,13] Although
metallic materials exhibit strong PT responses upon NIR light
irradiation, none is qualified for OTI due to their nontransparent
nature. Note that, in all previous studies, the PT nanoparticles
were only synthesized in extremely small quantities in milli-
grams and applied in the aqueous solutions. Zhao et al., for
the first time, deposited a thin coating of Fe3O4 nanoparticles
on a glass substrate for window applications and found the
film not only quite transparent with significant average visible
transmittance (AVT) but also efficiently PT resulting in very
low U-factors even below those of the double panes, therefore
making single pane highly possible.[13] However, the absorp-
tion of Fe3O4 is majorly focused near UV, but rapidly decreas-
ing and diminishing in the NIR range. As noted above, the key
to enhancing the PT effect is to have both strong UV and NIR
absorptions forming a “U”-shaped spectrum with high AVT.

Tian et al. reported a core–shell nanoparticle suspension sol-
ution of Fe3O4@Cu2−xS that exhibits an absorption peak at
960 nm in UV–Vis–NIR absorption spectra, providing a
unique PT characteristic that is lacking in the Fe3O4 system.[9]

The Cu2−xS nanocrystal has a tunable localized surface plas-
mon resonance (LSPR) in the NIR region.[10] Several studies
investigated the energy conversion mechanisms of CuS and
gold nanoparticles based on LSPR.[10–12,14] Compared to sur-
face plasmon resonance (SPR), LSPR is related to size,
shape, and surrounding materials of the nanoparticles.[15] A
nanoparticle’s response to the oscillating electric field can be
described by the dipole approximation of Mie scattering the-
ory[11,14] based on which the extinction efficiency of Fe3O4

has been calculated.[16] Specifically, Mie scattering applies to
the condition where the size of the scattering particle is compa-
rable to the wavelength of the incident light.[17] Wei et al.
showed that LSPR of Cu2−xS originates from the concentration
of holes being reduced by the copper vacancies in copper chal-
cogenides nanocrystals.[14] Hence, the PT effect can be affected
by the nanoparticle size, shape, and dielectric constant.

In this study, we investigated the PT effects of thin films of
both Fe3O4 and Fe3O4@Cu2−xS irradiated by simulated solar
light (0.1 W/cm2) and monochromic irradiation (785 nm
laser, 0.1 W/cm2). Fe3O4 and Fe3O4@Cu2−xS nanoparticles
were synthesized by the one-pot synthesis, and their thin
films were deposited by spin-coating for single-pane window
applications. The PT effects of the thin films were investigated

based on the absorption spectra and Raman scattering. The cor-
relations between the U-factor and visible transmittance were
established for both Fe3O4 and Fe3O4@Cu2−xS films.

Experimental details
The chemicals of this research including iron (III) acetylaceto-
nate (Fe(acac)3, ≥99.9%), copper (II) acetylacetonate (Cu
(acac)2, ≥99.9%), oleylamine (70%), sulfur (99.998%),
N-methyl-2-pyrrolidone (99.5%), and chloroform (≥99.9%)
were purchased from Sigma-Aldrich Inc. (Milwaukee, WI,
USA). Cyclohexane was purchased from Tedia Inc. (Fairfield,
OH, USA). Poly (methyl methacrylate) was purchased from
Polysciences Inc. (Warrington, PA, USA).

Fe3O4 and Fe3O4@Cu2−xS nanoparticles were synthesized
by a modified procedure from the literature.[9] Specifically,
90 mL of oleylamine was heated to 300 °C in a three-necked
flask and stirred for 30 min in a nitrogen environment.
Subsequently, a solution containing 18 mL of oleylamine, 12
mL of N-methyl-2-pyrrolidone, and 2.12 g of Fe(acac)3 was
injected into the flask. After keeping at 300 °C for 10 min,
slowly cooled down to 60 °C for 10 min. When the Fe3O4 sol-
ution was cooled down to room temperature, the nanoparticles
were collected by a strong magnet and washed three times with
methanol. The collected nanoparticles were freeze-dried
(Labconco corporation). After drying, the Fe3O4 nanoparticles
were dispersed in toluene for later use.

For synthesizing the Fe3O4@Cu2−xS nanoparticles, 60 mL
of oleylamine was heated to 300 °C in a three-necked
flask and stirred for 30 min in a nitrogen environment.
Subsequently, injecting a solution containing 12 mL of oleyl-
amine, 8 mL of N-methyl-2-pyrrolidone, and 700 mg of Fe
(acac)3 into the flask. Keeping the solution at 300 °C for 10
min, it was then cooled down to 70 °C for 10 min. 128.28
mg of sulfur dissolved in 12 mL of oleylamine was mixed
with 10 mL of cyclohexane and injected into the previous sol-
ution. After stirring at 70 °C for 10 min. 523.52 mg of Cu
(acac)2 dissolved in 4 mL of oleylamine and 16 mL of chloro-
form solution was injected into the solution. The final mixture
was kept at 70 °C and stirred for 30 min. The Fe3O4@Cu2−xS
nanoparticles were collected by a strong magnet and washed
three times with methanol, and then freeze-dried. After drying,
nanoparticles were dispersed in toluene for later use.

To prepare the thin-film samples, 2.54 × 2.54 cm2 micro
slides were sonicated in acetone for 15 min, subsequently
sonicated in isopropyl alcohol for another 15 min, and dried
at 50 °C for 30 min in an isotemp oven 500 series (Fisher
Scientific). Toluene solutions containing various concentra-
tions of Fe3O4 and Fe3O4@Cu2−xS nanoparticles were fixed
with 5% PMMA. The solutions were spin-coated on glass sub-
strates for 10 s at 1000 rpm. Each glass slide was coated with
80 µL solution.

For PT experiments, samples were irradiated by 0.1 W/cm2

white light using the Newport 150 W solar simulator (Lamp
model 67005) and by 0.1 W/cm2, 785 nm laser (SFOLT Co.,
Ltd). The temperature was measured and recorded by using
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an infrared camera (FLIR E6). A black sheet was placed under
the sample to avoid reflection of light. The power density of
solar simulator was calibrated by an optical power meter
(Coherent Inc.). There were two main steps in this experiment,
namely heating and cooling. Nanoparticle size was determined
by transmission electron microscopy (TEM). The absorption
and transmittance spectra were obtained by a UV–VIS NIR
spectrometer Lambda 900 (PerkinElmer Inc.). The AVT was
measured by a light transmittance meter (LS116, Linshang,
Co. Ltd.). The Raman spectra were acquired by Raman spectro-
scopy excited by both 514 and 785 nm He–Ne lasers
(Renishaw inVia).

The power densities on the samples from the solar simulator
and 785 nm laser were both 0.1 W/cm2. An infrared camera
was employed to measure the temperature of the samples. For
heating curves, temperatures were recorded every min for the
first 10 min. After 10 min, the light source was turned off.
After turning off the light source, the cooling curve was deter-
mined by recording the temperature for 5 min.

The change in temperature increase is the key factor in the
PT effect. However, in PT testing, the temperatures of heating
and cooling are relative due to the solar simulator not only heat-
ing the sample but also raising the environment temperature.
Consequently, the temperature data plotted are relative temper-
ature changes. The relative temperature change (or change in
temperature increase) can be obtained by using the following
equations:

TS,0 − TRef ,0 = T0 (1)

(TS,x − TRef ,x)− T0 = DT (2)

where TS,0 and TR,0 are, respectively, the initial sample temper-
ature and the initial environment temperature without irradia-
tion; TS,x and TR,x are the sample temperature and the
environment temperature under light irradiation; and ΔT is
the change in temperature increase.

Results and discussion
Fe3O4

[13] and Fe3O4@Cu2−xS
[9] nanoparticles were synthesized

respectively by modified procedures based on the previously
published reports. Figure 1(a) shows the change in temperature
increase as a function of time for the Fe3O4 thin films of various
concentrations irradiated by white light (i.e., simulated solar
light). Expectedly, AVT decreases as the concentration
increases, resulting in a linear relationship between the maxi-
mum temperature increase, ΔTmax [the highest point from
each heating curve in Fig. 1(a)], and AVT, as shown in
Fig. 1(b). Note that in Fig. 1(b), each AVT point respectively
corresponds to a concentration, accordingly: 65%, 70%, 75%,
80%, 85%, and 91% with the highest AVT (91%) for the
glass substrate. The PT effects of these Fe3O4 thin films irradi-
ated by the 785 nm laser are shown in Fig. 1(c). As shown in
this figure, there are less temperature increases compared to
those irradiated by the white light [Fig. 1(a)]. A similar linear

relationship between ΔTmax and AVT is shown in Fig. 1(d)
for the 785 nm laser irradiated samples. Comparing both irradia-
tions for the highest concentration of 4.57 × 10−4 g/cm2, one can
see that the maximum temperature increase reaches 6.53 °C
under simulated solar, while that is only 5.10 °C under the
785 nm laser irradiation.

Figure 1(e) shows the change in temperature increase, ΔT, as
a function of time for the Fe3O4@Cu2−xS thin films of various
concentrations irradiated by white light (i.e., simulated solar
light). In a similar fashion, AVT is inversely proportional to
concentration. For instance, the AVT is only 65% for the high-
est Fe3O4@Cu2−xS concentration of 5.08 × 10−4 g/cm2, as
shown in Fig. 1(f). A linear relationship is also found between
ΔTmax and AVT for the Fe3O4@Cu2−xS thin films [Fig. 1(f)].
The heating curves by the 785 nm laser irradiation are shown
in Fig. 1(g). As shown in this figure, ΔTmax reaches 7.77 °C
under 785 nm laser irradiation, considerably higher than that
by simulated solar irradiation (7.10 °C). The corresponding lin-
ear relationship between ΔTmax and AVT is shown in Fig. 1(h)
for Fe3O4@Cu2−xS samples by the 785 nm laser irradiation.

Figures 2(a) and 2(b) show the UV–Vis/NIR transmittance
and absorption spectra of the Fe3O4 thin films of various con-
centrations. As shown in Fig. 2(a), the Fe3O4 thin films exhibit
strong absorption near the UV region and rapidly decrease in
the visible region. Only weak absorption is observed in the
NIR regions. Correspondingly, as shown in Fig. 2(b), the
films retain considerable AVTs in the visible region, providing
significant transparency. This is consistent with the heating
curves shown in Fig. 1(a) that the white light irradiation gener-
ates more heat for a greater increase in temperature for a wider
band of absorption in the visible region. In contrast, the temper-
ature increase is not as significant by the 785 nm laser for much
less absorption in the NIR region.

A quite different absorption and transmittance spectra were
observed for the Fe3O4@Cu2−xS thin films as shown in Figs. 2(c)
and 2(d). As shown in Fig. 2(c), the Fe3O4@Cu2−xS thin films
exhibit much stronger absorption in a wide range of NIR
extending up to 1400 nm for all concentrations investigated.
An interesting characteristic of the absorption is the
“U”-shaped curve for all concentrations with a minimum
within the visible range. This is a particularly important feature
for window applications. As mentioned above, one of the key
requirements is to have strong UV and NIR absorptions, but
minimum absorption in the visible region for high AVTs. As
a result, the AVT of the Fe3O4@Cu2−xS thin film is rather
substantial reaching even 90% for the concentration of
3.55 × 10−4 g/cm2 in the visible region [Fig. 2(d)]. These spec-
tra data are also consistent with the heating curves shown in
Figs. 1(e) and 1(g) that the temperature increases are compara-
ble when irradiated by either the white light or the 785 nm laser
for its pronounced absorption in the NIR region.

As LSPR can be affected by inter-particle interactions, we
also investigated the absorption behavior of the Fe3O4 and
Fe3O4@Cu2−xS nanoparticles dispersed in toluene by UV–
Vis–NIR spectroscopy. Figure 3(a) shows the absorption
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Figure 1. (a) The change in temperature increase, ΔT, versus time curves under white light irradiation for the Fe3O4 thin films of different concentrations. (b) The
maximum change in temperature increase, ΔTmax, versus AVT for the Fe3O4 thin films of different concentrations under white light irradiation. (c) The change in
temperature increase, ΔT, versus time curves under the 785 nm laser irradiation for the Fe3O4 thin films of different concentrations. (d) The maximum change in
temperature increase, ΔTmax, versus AVT for the Fe3O4 thin films of different concentrations under the 785 nm laser irradiation. (e) The change in temperature
increase, ΔT, versus time curves under white light irradiation for the Fe3O4@Cu2−xS thin films of different concentrations. (f) The maximum change in
temperature increase, ΔTmax, versus AVT for the Fe3O4@Cu2−xS thin films of different concentrations under white light irradiation. (g) The change in temperature
increase, ΔT, versus time curves under the 785 nm laser irradiation for the Fe3O4@Cu2−xS thin films of different concentrations. (h) The maximum change in
temperature increase, ΔTmax, versus AVT for the Fe3O4@Cu2−xS thin films of different concentrations under the 785 nm laser irradiation. Intensities of the white
light and 785 nm laser are both 0.1 W/cm2. The environment temperature is 25 °C.
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spectra of the Fe3O4 and Fe3O4@Cu2−xS suspensions with the
same concentration. As shown in this figure, the
Fe3O4@Cu2−xS solution has an absorption peak at 1160 nm
considerably shorter than that of the thin film counterpart
(1349 nm), indicating particle interaction dependent absorp-
tion. Interestingly, the minimum of the “U”-shaped curve is
also shifted from 639 nm for the thin film to 560 nm for the sol-
ution. The absorption behaviors of both Fe3O4 thin film and
suspension are quite similar to absorptions diminished beyond
700 nm [Fig. 3(a)]. The red-shift of the absorption peak in
Fe3O4@Cu2−xS has been explained by the SPR coupling
between the nanoparticles.[18,19] Tian et al.[9] pointed out that
the NIR absorption can be attributed to the Cu2−xS shell.

The nanoparticle size dependence of absorption has been
reported for the Fe3O4@Cu2−xS solution.[9] The absorption
peak shifts from 960 to 1150 nm as the Fe3O4@Cu2−xS particle
size increases from sub-10 to 15 nm.[9] Figures 3(b) and 3(c)
show the TEM images of Fe3O4 and Fe3O4@Cu2−xS nanopar-
ticles. As shown in this figure, the average size of Fe3O4 is

around 10 nm, while that of Cu2−xS coated nanoparticles is
about 15 nm. This considerable size difference suggests the
Cu2−xS coating on the nanoparticles of Fe3O4, which is consis-
tent with the report by Tian et al.[9]

The Raman experiments were carried out with 514 and 785
nm laser extinctions (Fig. 4). As shown in Fig. 4(a), the Fe3O4

nanoparticles exhibit a small peak at 680 cm−1 by 514 nm
extinction, which is consistent with a previous report.[20]

However, no obvious strong peaks are observed from the
Fe3O4@Cu2−xS nanoparticles by 514 nm extinction [Fig. 4(b)].
Under 785 nm laser extinction, as shown in Fig. 4(a), there are
no significant differences between Fe3O4 and Fe3O4@Cu2−xS
in Raman spectra.

PT conversion efficiency, SAR, and
U-factor
The PT conversion efficiency, η, is defined as the ratio of
the thermal energy generated by the sample to the incident
photon energy. The PT conversion efficiency for solar light

Figure 2. (a) Absorption and (b) transmittance spectra of the Fe3O4 thin films of various concentrations. (c) Absorption and (d) transmittance spectra of the
Fe3O4@Cu2−xS thin films of various concentrations.
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was developed by Jin et al. and given by the following
equation[21]:

h=
(Cglassmglass+CPTmaterialmPTmaterial+Cpolymermpolymer)DTmax

IADt

≈CglassmglassDTmax

IADt
(3)

where C is the specific heat capacity (J/g °C), m is mass (g),
ΔTmax is the maximum change in temperature increase of the

sample (°C), I is the power density (W/cm2), A is the surface
area of the sample, and Δt is the time for sample to achieve
the maximum temperature (s). In this research, the specific
heat of glass is 0.84 J/g °C, and mass of the substrate is
1.75 g, the power density is 0.1 W/cm2, and the surface area
of the substrate is 2.54 × 2.54 cm2.

The specific absorption rate (SAR) of a PT material is a
measure of the rate at which energy is absorbed by the material
when exposed to incident light and can be expressed as
follows[21]:

Figure 3. (a) Absorption spectra of the Fe3O4 and Fe3O4@Cu2−xS solution (0.1 mg/mL). TEM images of (b) Fe3O4 and (c) Fe3O4@Cu2−xS nanoparticles.

Figure 4. Raman spectra of Fe3O4 and Fe3O4@Cu2−xS on micro slides. (a) Raman spectra by 514 nm laser and (b) 785 nm laser excitations at room
temperature.

160▪ MRS COMMUNICATIONS • VOLUME 10 • ISSUE 1 • www.mrs.org/mrc
�%%"$����!��!#������

���#�������	
�!( �!������#!���%%"$���(((�����#�����!#���!#���������#�$$��
��
����
���! ��
��"#�������%����

�����$&����%�%!�%�������#������!#��%�#�$�!��&$����'���������%��%%"$���(((�����#�����!#���!#��%�#�$�



where ΔTcontrol is the maximum change in temperature increase
of the PMMA film without PT materials. This equation can be
simplified as[22]:

SAR = Cglass mglass(DTmax − DTcontrol)
mPTmaterial Dt

(5)

In accordance with ASTM C1199-14,[23] the U-factor can
be expressed as follows:

U = 1
(1/hh) + (1/hc) + (1/UL)

(6)

where hh and hc are, respectively, the interior and exterior
heat coefficients, and UL is the heat transfer coefficient
of the window pane. hh and hc are respectively expressed as
follows:

hh = 1.46× (Tin − Tg)
L

[ ]0.25
+se

(T4
in − T4

g )

(Tin − Tg)

[ ]

(7)

hc =
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
(0.84× (Tg − Tout)1/3)

2 + (2.38× v0.89)2
√

(8)

where Tin is the interior room temperature, Tout is the exterior
window temperature, v is wind speed, L is the height of the win-
dow, σ is Stefan–Boltzmann constant (5.67 × 10−8W/m2 K4), e
is emissivity, and Tg is the original interior window
temperature.

Neglecting the edge and radiation effects, UL can be derived
as follows:

Heat loss via thewindow assembly

= UL × A× (Tg − Tout) (9)

Heat loss from the room to the interior window

= hh × A× (Tin − Tg) (10)

Since these two heat loss rates must be equaled:

UL × A× (Tg − Tin) = hh × A× (Tin − Tg)

we have

1
UL

= 1
hh

×
(Tg − Tout)
(Tin − Tg)

(11)

and

1
hh

+ 1
UL

= 1
hh

× (Tin − Tout)
(Tin − Tg)

(12)

The U-value or U-factor is a measure of how much heat loss
through a window, which is also known as the thermal transmit-
tance. The U-factor equation can be expressed as follows[22]:

The calculation parameters of the U-factor are obtained from
NFRC 100-2017[3]: Tin is 21.11 °C (294.26 K); Tout is−17.78 °C
(255.37 K); v is 5.50 m/s; L is 1.499 m, and e is 0.84 in this study.
Assuming the original interior window temperature is 5 °C, and
Tg is calculated to be 278.15 K + ΔTmax.

The PT conversion efficiency, SAR, and U-factor of each
sample are calculated by using above equations and the results
are summarized in Table I. For a given AVT, the
Fe3O4@Cu2−xS thin film is shown to have a higher PT conver-
sion efficiency than that of the Fe3O4 thin film due to pro-
nounced NIR absorption of the former. One can see that the
U-factor decreases from 2.21 to 1.54 W/m2 K by increasing
the mass of Fe3O4 nanoparticles in the thin-film samples. The
U-factor is reduced more significantly from 2.21 to 1.46 W/
m2 K with increasing mass of Fe3O4@Cu2−xS. According to
Energy Star certification in the USA, the Department of
Energy (DOE) general requirement of U-factor for the window
is <1.7 W/m2 K (0.3 Btu/h ft2 °F).[24] The bestU-values for dif-
ferent materials are 1.54 W/m2 K (F-1) and 1.46 W/m2 K
(FC-1) in this research, these values are less than the minimum
requirement of DOE for windows (1.7 W/m2 K). Consequently,
we claim that the best U-values are well below the DOE
requirement for windows. Although some of the U-factors are
satisfactory for commercial windows, most of them are double
panes for cold climate regions. The low U-factors obtained in
this study are from the single-layer coating on a glass substrate,
therefore qualified for the single-pane design.

As shown in Table I, for the Fe3O4 films, SAR consistently
decreases with increasing concentration. In contrast, the SAR
of Fe3O4@Cu2−xS shows rather random values which are not
affected by a change in concentration. This difference may

SAR =
(Cglass mglass + CPTmaterial mPTmaterial + Cpolymer mpolymer)DTmax − (Cglass mglass + Cpolymer mpolymer)DTcontrol

mPTmaterial Dt
(4)

U = 1
Tin − Tout
Tin − Tg

( )
× 1

1.46×
(Tin − Tg)

L

[ ]0.25
+ se

(T4
in − T4

g )

(Tin − Tg)

[ ]+ 1%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
(0.84× (Tg − Tout)1/3)

2 + (2.38× v0.89)2
√

(13)
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attribute to large NIR absorptions by the Fe3O4@Cu2−xS films
rendering the materials with more light absorptions that are less
dependent on concentration.

It is interesting to note that both sample F-2 (Fe3O4) and
FC-2 (Fe3O4@Cu2−xS) have the same area density (4.07 ×
10−4 g/cm2). As expected, Fe3O4@Cu2−xS film (FC-2)
shows better performance with greater PT respond (ΔTmax),
higher PT conversion efficiency (η), and lower U-factor, all
attributable to the large NIR absorptions in this compound.

Conclusions
We conclude in this study that it is possible to reduce thermal
transmittance of building skin via a new concept of OTI with-
out relying on any intervening medium. This novel approach
fundamentally lifts the limiting barrier of the physical thermal
insulators and paves a new way for single-pane designs via
OTI. OTI requires a “U”-shaped spectrum with strong UV
and NIR absorptions but enhanced visible transmittance,
based on which new materials can be designed with spectral
selectivity and tunability. To reduce thermal transmittance, a
PT coating can be applied on single-pane window surfaces.
Upon solar irradiation, the temperature of the PT coating can
be significantly increased, reducing the temperature difference
between the window inner surface and the room interior, lead-
ing to lowered U-factor. The proof of concept is successfully
demonstrated on two materials systems, namely Fe3O4 and
Fe3O4@Cu2−xS, both are highly PT but with different absorp-
tion spectra. While the former is with strong UV absorption, the
latter is characterized with both UV and NIR absorptions exhib-
iting a typical “U”-shape, therefore making this system an ideal
candidate for single-pane applications. Due to pronounced NIR

absorption of Fe3O4@Cu2−xS, its overall performance is signif-
icantly improved over Fe3O4, supported by the data of the PT
effect (ΔTmax), PT conversion efficiency (η), and U-factor.
Furthermore, two opposing factors: concentration and AVT
were studied and optimized providing a new base for engineer-
ing design of single panes.
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