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Abstract: This study investigated the effect of copper (Cu) doping content on zinc oxide with varied
weight percentages and the dispersion of Cu-doped ZnO (CZO) by adding polyvinylpyrrolidone
(PVP), coated on a glass substrate, through a physical assessment and optical property and thermal
insulation testing. CZO NPs were synthesized by using the sol-gel method with a zinc acetate
precursor. The powder X-ray diffraction (XRD) patterns of the CZO showed that the solid solubility
limit was below 5 mol% without a secondary phase. A field-emission scanning electron microscopy
(FE-SEM) micrograph demonstrated that the particle size of CZO was in nanoscale with the packing
of a quasi-spherical shape. The UV-Vis-NIR reflectance spectra of the powder showed that 1 mol%
CZO has the highest near-infrared (NIR) reflectivity in the wavelength 780-2500 nm, with great visible
light transmission. The CZO NPs were loaded in acrylic copolymer in different weight percentages
ranging from 25 wt% to 75 wt%, the film thickness of the coating was varied from 5 um to 100 um,
and PVP was added into this nanocomposite polymer to disperse through an ultrasonication method.
The results showed that the highest loading of CZO powder in a polymer at 75 wt% in 100 um of
thickness with polyvinylpyrrolidone (PVP) as a dispersant showed better sample dispersion and
retained good transparency to the naked eye.

Keywords: Cu-doped zinc oxide; coating; polyvinylpyrrolidone; optical property; dispersion;
UV-Vis-NIR spectrophotometer

1. Introduction

Zinc oxide (ZnO) is one of the most attractive oxide materials due to its unique prop-
erties and versatile applications in transparent electronic materials [1], ultraviolet (UV)
light emitters [2,3], chemical sensors [4,5], solar cells [6], etc. ZnO is a direct band gap
(3.36 eV at ambient temperature) n-type semiconductor and has a large exciton binding
energy of 60 meV. It has high crystallinity, high thermal stability, high photoconductiv-
ity, good mechanical strength, and non-toxicity. ZnO with a hexagonal wurtzite struc-
ture in nanopowder has been prepared by various methods, which include solid-state
reaction [7], the sonochemical method [8], the oxidation process [9], colloid chemistry [10],
the hydrothermal method [11], the solution combustion method [12,13], the soft chemical
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method [14], the organochemical route [15,16], the wet chemical method [17], the vapor
condensation process [18], co-precipitation [19,20], the sol-gel method [21,22], and so on.
Among these methods, the sol-gel process is of great interest for preparing the nanopowder
because of its low equipment costs, simplicity, environmental safety, and ease of increasing
the amount of powder. In order to improve the properties of ZnO, it is usually doped with
group III elements such as Al, Ga, and In and the group VII elements Cl, I, and F, which
act as substitutional elements for Zn and oxide, respectively. Among the various types of
metal-doped ZnO, specifically, copper-doped ZnO (CZO) has attracted attention because of
its low material costs, richness in the Earth’s crust, and chemical stability. However, much
less research work is being carried out on these CZO nanoparticles.

In this study, we were interested in using CZO nanoparticles with thermal insulating
glass to shield against near-infrared (NIR) light and let visible light pass through the glass.
One advantage of thermal insulating glass is that it blocks heat rays from sunlight that cause
heat gain in buildings and automobiles with transparent glass. These properties can reduce
interior air temperatures, keep inside areas cool, and reduce electricity usage, especially
the use of electricity which would otherwise be used for air conditioning. Traditional glass
lets most sunlight radiation transmit through the glass, making the inside temperature of
the buildings and automobiles increase until they are uncomfortable to be in. For thermal
insulating applications, recent work has involved the use of, for example, Na,WOs3, which
is synthesized via the solvothermal method, requiring a specific tool (autoclave), high
temperature, and high pressure to synthesize and being difficult to scale-up [23]. Much
research has been carried out on tungsten bronze (MyWQO3) as an NIR shielding material.
W (tungsten) is an expensive metal and a rare earth. Our work has many advantages,
as CZO nanoparticles are synthesized via the sol-gel method, which does not require
specific equipment, is a low-cost synthesis technique, and is easy to scale-up. Cu and Zn
are inexpensive and abundant in the Earth’s crust, and much less research work has been
carried out on CZO nanoparticles in thermal insulating glass applications.

CZO nanocomposite coatings have also attracted increasing interest in recent years,
and the use of a dispersion coating is crucial to disperse CZO nanoparticles in the coating
in a good way to ensure a smooth and uniform surface coating. Polyvinylpyrrolidone
(PVP) is one of the most used dispersants in the coating process due to it being a strong
capping agent, thus preventing the aggregation of nanoparticles via the steric effect that
is based on its hydrophobic chains [24]. PVP is non-ionic, water-soluble in polymers and
soluble in various solvents (e.g., water, alcohol, amide, and chlorinated solvents), non-toxic,
and temperature-resistant. In this work, we added PVP to dispersed CZO nanoparticles
in acrylic copolymer emulsion. However, the PVP concentration affects the structural
and optical properties of the materials [25]. PVP is widely employed as a multifunctional
material, being used as a binder due to its adhesive property, and it is used as a binder in
many pharmaceutical tablets, such as those for drug delivery, etc.

For this reason, herein, we present our investigation of a synthesized ZnO that was
doped with Cu metal via the sol-gel method due to its ease of preparation, its facilitation of
the up-scaling of samples, and the fact that it is an environmentally friendly process. With
Cu-doped zinc oxide (CZO) and acrylic copolymer emulsion as the model, CZO/acrylic
copolymer composite coatings without/with PVP acted as dispersants and were prepared
using the casting method. These coatings can transmit visible light (400-780 nm) and shield
near-infrared (NIR) light (780-2500 nm). In high weight percentage loading of CZO powder
to polymer, it presented a high transparency at 75 wt% CZO nanopowder. These coated
glasses were investigated for their optical properties using a UV-vis-NIR spectrophotometer,
and also, their thermal insulation was tested with an IR lamp irradiating the coated glass.

2. Materials and Methods
2.1. Materials

Zinc acetate (Zn(CH3C0OO),-2H,0, 99.0%), cupric acetate Cu(CH3COO),, and morno-
ethanolamine (MEA) were purchased from Sigma Aldrich (St. Louis, MO, USA). Isopropanol
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was procured from Fluka (Buchs, Switzerland). Ethanol (CoH50H, 99.7%) was brought
from Daejeon Chemicals Reagent (Daejeon, Republic of Korea). Acrylic copolymer emul-
sion was obtained from Thai Young Chemical (Bangkok, Thailand). Polyvinylpyrrolidone
(PVP) M.W. 40,000 was secured from Alfa Aesar (Ward Hill, MA, USA). All the chemicals
were used without any further purification for the fabrication of CZO.

2.2. Synthesis of CZO Powder

Cu-doped zinc oxide (CZO) NPs were synthesized by the sol-gel method. Zinc acetate
was used as a precursor. First, 2 mL MEA was added to 50 mL isopropanol under stirring
for a few minutes. Then, 0.3 M zinc acetate was added into the solution and stirred at
65 °C until a homogeneous solution was achieved. For the Cu solution, MEA was added in
isopropanol, and then 0.3 M cupric acetate was added with the molar ratio of the dopant
Cu/(Cu + Zn) at 0, 1, 5 and 10 mol%. The mix Zn solution and Cu solution were subjected
to stirring at 65 °C for 1 h. The mix solutions were dried in an oven at 60 °C to remove the
solvent, which was then calcinated in a furnace at 550 °C for 1 h. After that, it was ground
with ceramic mortar into a fine CZO powder.

2.3. Preparation of CZO/Acrylic Copolymer Coating via Casting Technique

Microscope slides with a size of 1 inch x 1.5 inch and thickness of 1-1.2 mm were
selected for coatings. The glass slides were immersed in HNOj3 and washed with soap
solution and distilled water, and finally, the cleaned glass surface was dried in an oven
at 60 °C.

For the preparation of a CZO/acrylic copolymer coating solution without PVP, 0 mol%
and 1 mol% of CZO powder were ultrasonically dispersed in 25 mL of ethanol for a few
minutes and dried in an oven at 60 °C for 6 h to remove the solvent. CZO powder
(25 wt%) was mixed with acrylic copolymer emulsion, and the mixture was stirred with
the ultrasonication method till a homogeneous solution was achieved. Then, 5, 25, 50, and
100 pm of the solution was poured on a prepared glass substrate and cast coating glass
using a four-sided film applicator, which was operated manually. For 50 wt% and 75 wt%
of CZO to an acrylic copolymer, they were prepared using the same process as for 25 wt%.

For the composite coating solution with PVP as a dispersant, 0.35 g of PVP was
dissolved in 25 mL of ethanol; then, CZO powder was added into the solution, stirred via
ultrasonication, and dried in an oven at 60 °C for 6 h to remove the solvent. The weight
percentages of CZO powder were varied from 25 wt% to 75 wt% into an acrylic copolymer,
and the coating thickness, determined by the aforementioned applicator, was varied from
5 um to 100 pm, the same as for the method used for the CZO/polymer coating without
the PVP.

2.4. Characterization

The structure of the CZO powder was characterized by X-ray diffraction (XRD,
Malvern PANalytical Aeris, Almelo, The Netherlands) in the 20 range 20-80° with a
0.02° scan increment. Field-emission scanning electron microscopy (FE-SEM, SU 8000
Hitachi, Tokyo, Japan) was used to study the morphology of the CZO NPs. The optical
properties of all powders were investigated using a UV-Vis-NIR spectrophotometer (Agi-
lent Technologies, Santa Cary 5000, Santa Clara, CA, USA) in a wavelength ranging from
200 to 2500 nm. The NIR-shielding property of the coated glass substrate was investigated
using a digital thermometer data logger (Testo 175T3, West Chester, IL, USA).

2.5. Thermal Insulation Test

The thermal insulation performance of the coated glass was investigated using a white
foam box (size 21 cm x 30 cm x 25 cm) to represent a house. The coated glass was placed
on the top of the box, and the IR (150 W) light was irradiated onto the glass for 1 h. The
temperature on the surface glass (T1) and the temperature inside the box (T;) were recorded
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simultaneously using a thermometer data logger. The insulation test setup was as is shown
in Figure 1.

’*ﬁ' IR lamp
A\

Coated glass
22 cm /
Tl

Figure 1. House setup for IR thermal insulation testing.

3. Results and Discussion

The CZO powder, obtained using molar ratios of the dopant Cu/(Cu + Zn) of 0, 1, 5,
and 10 mol%, was synthesized using the sol-gel process after being calcinated at 550 °C for
1 h. The CZO powder/acrylic copolymer was coated on a glass substrate with and without
adding polyvinylpyrrolidone (PVP).

3.1. Powder X-ray Diffraction (XRD) Analysis

Figure 2 shows the XRD pattern of CZO in Cu?* concentrations of 0, 1, 5, and 10 mol%;
0 mol% Cu was undoped—ZnO acted as a standard material. The analysis of all diffrac-
tion peaks was matched with a hexagonal wurtzite ZnO structure (JCPDS File Card
No. 36-1451) [25-27]. The observed diffraction peaks at 26 were 31.67°, 34.43°, 36.21°,
47.54°, 56.60°, 62.91°, 66.31°, 67.93°, and 69.15°, referring to the (100), (002), (101), (102),
(110), (103), (200), (112), and (201) crystal planes, respectively. We found that when there
was an increase in the Cu doping sample, the intensity of all diffraction peaks negligibly
decreased. These occurrences proved that the Cu?* ion had replaced the Zn?* ion due to
the ionic radius of Cu?* (0.73 A) being very close to that of Zn2* (0.74 A) [28]. However,
there were some secondary phases of CuO appearing at 5 and 10 mol% Cu doping. The
disadvantage of the secondary phase was that it affected the microstructure and properties.
The diffraction peaks of CuO were found at 26 = 35.50° and 38.65°, referring to the (311)
and (111) planes, because excess Cu?* ions may form in the second phase rather than be
replaced in the ZnO lattice. This indicated that the limitation of Cu atoms in the ZnO lattice
was less than 5 mol%.

In many reported works, the solid solubility limits of Cu in ZnO differ greatly.
As reported by Mukhtar et al. [29], the solid solubility of Cu in ZnO can be 11 mol%
with the use of a co-precipitation method. Also, by using a co-precipitation method,
Muthukumaran et al. [30] claimed that the solid solubility limit was below 6 mol%. The Cu?t
occupied the Zn?* without changing the crystal structure. Moreover, Jongnavakit et al. [31]
reported that with the sol-gel process used in this study, Co doping as low as 0.5 mol%
was plausible. Overall, the Cu solubility limit in the ZnO lattice depends greatly on the
synthesis method.
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Figure 2. Rietveld refinement of X-ray diffraction data of CZO nanopowder at room temperature.

Rietveld refinement of XRD analysis was carried out to determine the structural
properties, such as phase formation and crystal structures, of the prepared CZO NPs. The
inter-planner spacing, or d-spacing, was determined by the formula for Bragg’s law, which

is as follows:
nA

~ 2sinf @
where ‘d’ is d-spacing, k is the X-ray wavelength (Cu K« radiation equals 1.5406 A°), and 6
is the Bragg diffraction angle. Values related to diffraction peaks, such as 26, (h k 1), and
inter-planar spacing djy;, are summarized in Table 1. From XRD data, the lattice constants
‘a” and ‘¢’ of the hexagonal ZnO wurtzite structure are found using the following formula:

1 2 2 2
1_meR P -

d? a? c?
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Table 1. Lattice parameters of hexagonal CZO nanoparticles.
o d-Spacing of Lattice Parameter Lattice Parameter

Samples 200 (101) (A) @ (A) © )
CZO 0 mol% 36.2287 2.4775 3.2508 5.2101
CZO 1 mol% 36.2035 2.4792 3.2519 5.2130
CZO 5 mol% 36.21386 2.4785 3.2517 5.2115
CZO 10 mol% 36.2223 2.4780 3.2509 5.2100

Table 1 compares the lattice parameters between the undoped ZnO and Cu-doped
Zn0O (CZO) with different dopant concentrations in terms of d-spacing and lattice parameter
values. It is interesting to note that the d-spacing and lattice parameter values CZO were
higher than that of undoped ZnO. At 1 mol%, CZO showed the highest values of all
parameters, followed by 5 and 10 mol%, while the undoped ZnO showed the lowest values
of all parameters. The lattice parameters of undoped—ZnO are close to the parameter of
a=3.2500 A and c = 5.2070 A from JCPDS data of ZnO. The values of the lattice parameters
for the different Cu concentration give slightly higher than undoped—Zn0O. The increase
in the value of the lattice parameter suggests the possibility of substituting Cu dopants into
the Zn sites.

3.2. The Morphologies of the CZO Powders

The morphologies of the CZO powders were characterized using FE-SEM with an
accelerating voltage of 10 kV. Figure 3 shows FE-SEM micrographs of the CZO powders
for Cu doping concentrations of 0, 1, and 10 mol% (there are no data for 5 mol% CZO).
All of the micrographs presented grains of particles that were quite similar in size (about
50-100 nm) and morphology. These showed the formation of a quasi-spherical shape and
the packing of nanoparticles aggregates. We found also that the size of aggregates was more
than 100 nm. The aggregation of particles occurs whenever single nanoparticles cluster
together, forming larger objects; it occurs due to the attractive forces between nanoparticles.

Figure 3. FE-SEM micrographs of as-synthesized CZO powders: (a) 0 mol%, (b) 1 mol%, and
(c) 10 mol% (100k x magnification).

3.3. The Optical Properties of the CZO Powders

The influence of Cu?* content on the optical properties of ZnO powder was investi-
gated based on reflectance spectra determined by using a UV-Vis-NIR spectrophotometer.

Figure 4 shows the reflectance spectra obtained at room temperature for the undoped
ZnO (0 mol%) and Cu-doped ZnO (1, 5, and 10 mol%) powders. It was found that CZO
1 mol% represented the highest NIR (in the wavelength of 780-2500 nm) reflectance (up
to 80%), followed by CZO 0, 5 and 10 mol%, respectively. CZO 0 mol% showed high
NIR reflectance, the same as CZO 1 mol%; however, it showed low visible light (in the
wavelength of 400780 nm) transmission. This means that visible light passed through the
window less frequently than for the others. For the Cu-doped ZnO (1, 5, and 10 mol%), it
showed a reflectance spectra trend from 1 mol%, followed by 5 and 10 mol%, respectively,
with similar reflection characteristics. The CZO powder, at 1, 5, and 10 mol%, presented low
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visible light reflectance and, therefore, high visible light transmission, that is, the visible
light can pass through the sample, causing transparency to occur. Most of the visible light
is transmitted because of the large bandgap of the CZO NPs [32]. The band gap of CZO
material is about 3.7 to 3.09 eV, depending on the Cu doping concentration [33]. The visible
spectrum is between 3.1 eV and 1.6 eV (wavelength ~400-780 nm). The band gap of CZO
material is higher than the maximum energy of visible light; only a small part of the visible
light is absorbed, while most of visible light passes through the material. Therefore, the
CZO materials appeared more transparent. At 10 mol%, the lowest visible light reflectance
was presented, which means that visible light can be transmitted more than in the other
samples; however, NIR reflectivity was poor at around 50-60%. While CZO 0 mol% showed
high reflectivity in visible NIR regions at about 65-70%. Even though CZO 0 mol% had
high NIR reflectivity, meaning that it can reflect more heat in solar light, the drawback was
that the visible light could not pass through the sample, or it passed through the sample
less than with other samples. This indicates that CZO 1 mol% could be a great sample, with
high NIR light reflectivity and good visible light transmission; furthermore, CZO 1 mol%
could be used to effectively coat the acrylic copolymer emulsion.

100
90 +
80 4
70
L 604
- ]
= 9
g 40 -
= ] —CZ0 0%
X 3. ——CZ0 1%
] ——CZO0 5%
20 ——CZO 10%
10
-
0 T T T v T v T T
500 1000 1500 2000 2500

Wavelenght (nm)
Figure 4. UV-Vis-NIR reflectance spectra of CZO powders with different Cu doping contents.

3.4. The Optical Properties of the CZO/Acrylic Copolymer Coatings

After that, CZO 1 mol% was chosen to coat the glass substrate as a window whilst
we varied the weight of percentage between 25, 50, and 75 wt% CZO powder to an acrylic
copolymer and differentiated the thickness of the coating between 5, 25, 50, and 100 pm
by using an applicator. We used an acrylic copolymer as the polymer matrix due to its
advantages, such as its good hydrophobicity, non-toxicity, and optical transparency. All
these coating glasses were light black in color. The samples are shown in Figure 5. The
5 um thick CZO/acrylic copolymer with 25 wt% CZO showed high transparency to the
naked eye, more so than others due to it having the smallest amount of CZO powder, while
the 100 um thick CZO/acrylic copolymer with 75 wt% CZO with the highest amount of
CZO powder presented poor transparency. With a high amount of powder, the dispersion
of the powder in the polymer was more difficult than with a small amount of powder and
indigent dispersibility. However, the coated glass was uniform, and no cracks formed in
the samples.
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Figure 5. CZO nanopowders coated on glass substrates by varied weight percentage of CZO content

to acrylic copolymer (25, 50, and 75 wt%) and varying thicknesses (5, 25, 50, and 100 pm).

For comparison, we also measured the transmittance spectrum of the coated

glass

samples with different Cu (1 mol%) contents (25, 50, and 75 wt%) mixed in acrylic copoly-
mer emulsion and different thicknesses (5, 25, 50, and 100 um). Obviously, with an increase

in CZO content from 25 to 75 wt% and an increase in the thickness of the coating from
to 100 um, the transmittance spectrum in the entire UV-vis-NIR region (200-2500 nm)

5 um
of all

samples decreased. This was due to there being more CZO nanoparticles with a light black

color, as shown in Figures 6a,b and 7c.
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Figure 6. Transmittance spectra of CZO/acrylic copolymer-coated glass substrates with different
thicknesses (5, 25, 50, and 100 um): CZO 1 mol% of (a) 25 wt% CZO content and (b) 50 wt% CZO

content in acrylic copolymer.
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Figure 7. Transmittance spectra of CZO/acrylic copolymer-coated glass substrates with different
thicknesses (5, 25, 50, and 100 um) (75 wt% CZO/acrylic copolymer): (a) CZO 0 mol% without PVP,
(b) CZO 0 mol% with PVP, (¢) CZO 1 mol% without PVP, and (d) CZO 1 mol% with PVP.

For example, the 75 wt% CZO (1 mol%)/acrylic copolymer with a coating thickness of
100 um exhibited very low transmittance in all UV-vis-NIR ranges, and at 2500 nm (maxi-
mum wavelength (Amax) in NIR region), it presented only 16% transmittance (T) compared
to the thinnest coating (5 pm), which had about 34% transmittance. These results were also
observed with 50 wt% (100 um thick; To500nm = 17% and 5 um thick; To500nm = 47%) and
25 wt% CZO content (100 um thick; Tr500nm = 39% and 5 um thick; Tr500nm = 55%). Due
to an increase in the CZO content with greater thickness, the amount of CZO powder on
the coating increased, and the light transmittance in all ranges was poor. However, the
100 um thick 75 wt% CZO content polymer-coated glass substrate was transparent, though
there was a lack of smoothness. Therefore, we added polyvinylpyrrolidone (PVP) to act as
a dispersant to disperse CZO powder into the acrylic copolymer before coating the glass.
We used PVP due to it the fact that it is hydrophilic and can be easily dispersed in ethanol,
which was a solvent in the solution, and ethanol was also completely evaporated.

Figure 8 shows the transmittance spectra of glass and acrylic copolymer-coated glass
substrates which acted as standard references. These two materials showed high trans-
mittance mostly in the UV to NIR radiation ranges. The transmittance spectra of both
showed a similar trend due to our %T mode measurements involving the use of glass,
which acted as a solid material so that the light source could pass through the sample. The
optical property of acrylic copolymer is transparent, and most acrylic polymers will allow
light of wavelengths greater than ~290 nm to pass through the material. Therefore, the

%T of the acrylic copolymer-coated glass presented the same transmittance spectra as the
glass substrate.

a " b

1 [=Glass| 1

Acrylic copolymer
coated glass_100 micron

Transmittance (%)
Transmittance (%)

500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelenght (nm) Wavelenght (nm)

Figure 8. The transmittance spectra of (a) the glass substrate and (b) the acrylic copolymer-coated
glass substrate (100 pm thick).
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3.5. The Optical Properties of the CZO/Acrylic Copolymer Coatings with and without PVP

Figure 9 shows 75 wt% CZO/acrylic copolymer coatings, which were placed on
the glass substrates, with 0 mol% and 1 mol% Cu doping concentrations and varying
thicknesses (5, 25, 50, and 100 pm). The left side of the figure shows those without the PVP
dispersant, while the right side of the figure shows those with the PVP dispersant. The
dispersion containing CZO nanoparticles exhibited a strong white color for CZO 0 mol%
(Figure 9a), a light black color for CZO 1 mol% (Figure 9b), and had high stability, even
remaining unchanged for several weeks. Obviously, when the CZO/acrylic copolymer
coating with PVP was added, the smoothness and dispersion state of the glass coating
were better than that of the coating without PVP, while the glass coating without PVP had
agglomerated together, leading to the poor transparency of the coating, thus indicating that
PVP acted as a dispersant and played a crucial role in the stabilization of CZO nanoparticles.
All these coating samples were also measured in terms of their transmittance, as shown
in Figure 7. The transmittance spectrum of the 75 wt% CZO/acrylic copolymer in CZO
0 mol% and 1 mol% with PVP (Figure 7b,d), in all wavelengths, presented lower values
than that of the coating without PVP (Figure 7a,c) due to the fact that adding more material,
namely PVP, led to a greater amount of substances in aqueous solution, and the optical
indistinctness was also increased. In addition, CZO nanopowder can transmit visible light
and also shield NIR light more effectively than the bare glass substrate and 100 um thick
acrylic copolymer, which transmitted light in almost all wavelengths, from UV to NIR.

Without PVP With PVP

a 2

Without PVP Wit

Figure 9. CZO/acrylic copolymer coatings applied to glass substrates with 75 wt% CZO content in
acrylic copolymer with different thicknesses (5, 25, 50, and 100 um): (a) CZO 0 mol% without/with
PVP and (b) CZO 1 mol% without/with PVP.



Coatings 2024, 14, 502

11 of 14

3.6. The Thermal Shielding Effects

The thermal shielding performance of the CZO coating samples was tested using the
aforementioned thermal insulation experimental setup. Figure 10 plots the temperature on
the glass surface (T1) and the interior air temperature of the box (Tz) upon irradiation time
in the average (last 20 m) time. It was found that when the glass surface was irradiated for
1 h, the temperature of the CZO coating surface (T1) tended to increase with an increase in
weight percentages from 25 to 75 wt% and an increase in thickness from 5 to 100 um due to
the amount of powder in the coating glass and the heat (NIR light) reflectance of the CZO
nanopowder, as revealed with the use of the UV-vis-NIR spectrophotometer (Figure 4).
The lowest T1 with increasing weight percentage and film thickness belonged to the glass
substance (70.6 °C), followed by the acrylic copolymer coating (70.7 °C) and CZO-coated
glass. The 75 wt% CZO/acrylic copolymer showed the highest temperature (from 73.0 to
75.6 °C), and the maximum temperature was achieved at 100 pm thickness. Regarding
the temperature inside the box (T5) after IR light exposure, it also tended to increase in
the same manner as the T;. The T; of the 25 wt% and 50 wt% CZO/acrylic copolymers
showed similar values with the same coating thicknesses (5, 25, 50, and 100 pm) in the
range of 53.2-54.0 °C, as shown in Figure 10b. And the 100 pm thick 75 wt% CZO/acrylic
copolymer coating showed the highest T, (around 54.0 °C). In addition, at 25 wt% (black
line) and 50 wt% (red line) and varying the film thickness from 5 to 100 um, the same trend
in T, was found, as shown in Figure 10b. However, the 5 um thick 75 wt% CZO coating
presented the lowest T. This result means that this coating could be great for window
coating applications because it could help keep interior air temperatures low, keeping
indoor areas cooler and also more comfortable for those living in buildings and when using
automobiles. Thus, we could use this material as a thermal insulation coating.

a 76 b 54.5

—=—25wi% — —a—25wi%

75 —e—50wt% 540 —o—50wt%
—b—75Wt% 1 —a— 75Wt%
74
< 535

53.0

Temperature (°C)
Temperature (°C)

52.5 4

52.0

T T T T T T T T T T T T
Glass Polymer 5 micron 25 micron 50 micron 100 rmicron Glass Polymer 5 micron 25 micron 50 micron 100 micron

T T2

Figure 10. Temperature of the coated glass substrates after IR lamp irradiation for 1 h: (a) temperature
on glass surface (T1) and (b) temperature inside the foam box (T,) of 25, 50, and 75 wt% CZO
(1 mol%)/acrylic copolymers without PVP.

While 75 wt% CZO/polymer coatings with different thicknesses and without and
with PVP were also tested in terms of thermal insulation performance, it can be seen that
the coating with PVP presented lower T than that of the coating without PVP (about
2.2-4.6 °C), as shown in Figure 11a, due to the good dispersion of CZO powder on the
coating surface (Figure 9b). The advantage of this result is that the surface of this coating
was not too high when compared with the CZO coating without PVP. The T; of the
75 wt%/acrylic copolymer coating without PVP was 73.0, 73.4, 75.3, and 75.6 °C at 5, 25,
50, and 100 pm thickness, respectively. The 75 wt% CZO/acrylic copolymer coating with
PVP showed the lowest Ty at 70.7 °C (50 pm thick) and the highest T; at 72.1 °C (100 pm
thick). In addition, the T, of those samples (without/with PVP) showed similar values at
temperatures between 52.3 and 54.2 °C (Figure 11b). The difference in temperature between
the 75 wt% CZO/acrylic copolymer without/with PVP was about 0.4-0.6 °C. It should be
noted that the temperature elevation was inevitable because of the CZO powder with its
own NIR (which acted as heat) reflectance. However, the inner and outer temperature of
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coating glass can be controlled by adjusting the amount of CZO powder, the thickness, the
smoothness of the coating, and the combination of the composite particles.

a 78 b 54.5

—a— 75Wt%_withoutPVP _
75 | —e—75wWt% withPVP —a— 75Wt%_withoutPVP
54.0 | —e—75wWt%_withPVP
S 74+ 5
& T 535
2 2
2 734 3
o o
g 2 530
5 7 £
= [
52.5
714
70 T T T T T T 52.0 T T T T T T
Glass Polymer & micron 25 micron 50 micron 100 micron Glass Polymer & micron 25 micron 50 micron 100 micron
T T2

Figure 11. Temperature of the coated glass substrates after IR lamp irradiation for 1 h: (a) temperature
on glass surface (T1) and (b) temperature inside the foam box (T3) of 75 wt% CZO (1 mol%)/acrylic
copolymers without/with PVP.

4. Conclusions

In summary, CZO NPs were synthesized by the sol-gel method. All the CZO particles
had a size of either 0, 1, 5, or 10 mol%, were in the same thickness range of about 50-100 nm,
and had a quasi-spherical morphology. At 1 mol%, the CZO powder exhibited the highest
NIR reflectance (up to 80%), with great visible light transmission. The CZO 1 mol%
nanopowder was mixed in an acrylic copolymer emulsion. When there was an increase
in the weight percentages of the CZO powder from 25 to 75 wt% and in the coating
thickness from 5 to 100 pm, the reflectance in all UV-vis-NIR radiation ranges (wavelengths
250-2500 nm) decreased due to the increase in the amount of CZO particles with a light
black color. Adding PVP in CZO/acrylic copolymers helps to disperse the CZO powder
in the polymer and leads to a smooth coating surface with a uniform distribution of
particles. The temperature on the glass surface (T;) of the 75 wt% CZO (1 mol% Cu-doped)
coating/acrylic copolymer with PVP with varying thickness was lower than the coating
without PVP, which means that it can reduce the risk of heat exposure after being coated
on glass surfaces.
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