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Abstract

This manuscript proposes a soft-chemistry method to develop superhydrophobic and highly IR-reflective hollow glass microspheres (HGM). The
anatase TiO2 and a superhydrophobic agent were coated on the HGM surface in one step. TBT and PFOTES were selected as the Ti source and
the superhydrophobic agent, respectively. They were both coated on the HGM, and after the hydrothermal process, the TBT turned to anatase
TiO2. In this way, a PFOTES/TiO2-coated HGM (MCHGM) was prepared. For comparison, PFOTES single-coated HGM (F-SCHGM) and TiO2
single-coated HGM (Ti-SCHGM) were synthesized as well. The PFOTES and TiO2 coatings on the HGM surface were demonstrated through
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive detector (EDS) characterizations. The MCHGM showed a
higher contact angle (153°) but a lower sliding angle (16°) than F-SCHGM, with a contact angle of 141.2° and a sliding angle of 67°. In addition,
both Ti-SCHGM and MCHGM displayed similar IR reflectivity values, which were about 5.8% higher than the original HGM and F-SCHGM. Also,
the PFOTES coating barely changed the thermal conductivity. Therefore, F-SCHGM, with a thermal conductivity of 0.0479 W/(m·K), was quite
like the original HGM, which was 0.0475 W/(m·K). MCHGM and Ti-SCHGM were also similar. Their thermal conductivity values were 0.0543
W/(m·K) and 0.0543 W/(m·K), respectively. The TiO2 coating slightly increased the thermal conductivity, but with the increase in reflectivity, the
overall heat-insulation property was enhanced. Finally, since the IR-reflecting property is provided by the HGM coating, if the coating is fouled,
the reflectivity decreases. Therefore, with the superhydrophobic coating, the surface is protected from fouling, and its lifetime is also prolonged.

Video Link

The video component of this article can be found at https://www.jove.com/video/55389/

Introduction

Hollow glass microspheres (HGM) are inorganic materials ranging in size from 10 to 100 µm. They demonstrate many useful features, such
as excellent dispersion, high flow ability, low density, and superior thermal insulation properties1,2,3,4. Because of their hollow structure, HGM
have an extremely low thermal conductivity10,11. For these reasons, they are applied in many areas, including aerospace engineering5, deep-sea
exploration6,7, hydrogen storage8,9, etc. However, they still demonstrate some disadvantages, such as low strength. In addition, IR light is able
to transmit through HGM and heat the subject behind. Therefore, surface modifications on HGM are essential to reduce the radiative thermal
transfer. An effective method is to coat an IR-blocking material onto the HGM surface. As a semiconductor, TiO2 has been used in many areas,
such as photo-catalysis12,13, solar cell development, sensor fabrication14, environmental applications15, and energy storage16. In addition, it also
shows low emissivity in the visible light and infrared band17,18,19. Therefore, for our purposes, TiO2 was a prudent selection due to its relatively
low price and high performance.

However, the coating is quite easy for pollutants to foul, which seriously affects the reflectivity of TiO2. The reflectivity must reduce gradually.
Therefore, a self-cleaning coating is essential to prevent the coating from fouling and to prolong the working time of such a coating.

In this manuscript, a soft-chemistry method was used to develop superhydrophobic TiO2-coated HGM. Tetrabutyl titanate (TBT) and
1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) were selected as the Ti source and superhydrophobic agent, respectively. They were
hydrolyzed and deposited on the HGM surface. Then, after the hydrothermal process, the anatase TiO2 formed on the HGM surface, and the
superhydrophobic properties remained. For comparison, PFOTES single-coated HGM (F-SCHGM) and TiO2 single-coated HGM (Ti-SCHGM)
were synthesized as well. The synthesis scheme is shown in Figure 1.
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Protocol

1. Pre-treatment of HGM

1. Place the HGM into a 500-mL beaker with 200 mL of absolute alcohol; the low density of unbroken HGM causes it to suspend in the alcohol,
but because the density of broken HGM is larger than that of alcohol, it precipitates in the solution. After 30 min, collect the suspended HGM
using a clean spoon and dry at 80 °C in an oven for further application.

2. Synthesis of MCHGM

1. Place 5 g of unbroken HGM, 47.5 mL of ethanol, and 2.5 mL of DI water in a three-necked flask. Stir using a mixing motor at 400 r/min for 20
min (pre-mixing).

2. Mix 15 g of TBT, 1 g of PFOTES, and 30 mL of absolute alcohol in a 200-mL beaker. Pour the mixture into a constant-pressure funnel.
3. Insert the constant-pressure funnel into one of the holes of the three-necked flask. Drop the mixture contained in the constant-pressure funnel

into the three-necked flask at a speed of 1 drop per 7 s, which is achieved by adjusting the valve of the constant-pressure funnel. Continue
the reaction for 3 h.

4. Pour the mixture from the three-necked flask into a hydrothermal reactor. Put the sealed reactor in a suitable steel sleeve in a 180 °C oven for
6 h.
 

NOTE: Make sure that the reactor has a suitable cover. After it is covered, put the reactor into the steel sleeve. The sleeve should also be
sealed with a cover.

5. After the reaction is over, collect the samples suspended in the hydrothermal reactor using a big spoon. Dry the samples at 80 °C for 4 h to
obtain  MCHGM.

3. Synthesis of F-SCHGM

1. Add 5 g of unbroken HGM, 47.5 mL of absolute ethanol, and 2.5 mL of DI water to a three-necked flask. Stir using a mixing motor at 400
r/min for 20 min (pre-mixing). Mix 1 g of PFOTES and 30 mL of absolute ethanol in a 200-mL beaker. Transfer the PFOTES and absolute
ethanol mixture to a constant-pressure funnel.

2. Insert the constant-pressure funnel into the three-necked flask. Drop the mixture contained in the constant-pressure funnel into the three-
necked flask at a speed of 1 drop per 7 s. Let the reaction run for 3 h.

3. Transfer the mixture from the three-necked flask to a hydrothermal reactor. Put the sealed reactor in a 180 °C oven for 6 h. After the reaction
is over, collect the samples suspended in the hydrothermal reactor using a big spoon. Dry the samples at 80 °C for 4 h to obtain F-SCHGM.

4. Synthesis of Ti-SCHGM

1. Place 5 g of unbroken HGM, 47.5 mL of absolute ethanol, and 2.5 mL of DI water in a three-necked flask. Stir at 400 r/min for 20 min (pre-
mixing). Mix 15 g of TBT and 30 mL of absolute ethanol in a 200-mL beaker. Transfer the TBT and absolute ethanol mixture to a constant-
pressure funnel.

2. Insert the constant-pressure funnel into the three-necked flask. Drop the mixture in the constant-pressure funnel into the three-necked flask at
a speed of 1 drop per 7 s. Let the reaction run for 3 h.

3. Transfer the mixture from the three-necked flask to a hydrothermal reactor. Put the sealed reactor in a 180 °C oven for 6 h. Collect the
samples in the hydrothermal reactor after the reaction is over. Dry the samples at 80 °C for 4 h to obtain Ti-SCHGM.

5. Characterizations

1. Conduct XRD characterizations on all samples. Collect the data using a highly versatile, multipurpose X-ray diffraction system with Cu Kα
radiation (λ = 0.15406 nm) and a 2θ ranging from 10° to 80°.

2. Acquire scanning electron microscope20,21 images after spraying the samples with gold. During the SEM tests, conduct the EDS is on a
specific area.

3. Measure the contact angle by using a contact-angle goniometer22; the water drop volume should be 10 µL.
4. Measure the sliding angle23 by changing the tilt angle of the surface. Minimize the angle until the water drop can just slide down.

1. Stick double-sided tape on a glass sheet (size: 26 mm x 76 mm x 2 mm). Using a spoon, uniformly place the powders (F-SCHGM or
MCHGM) on the tape. Using an injector, add a water drop (volume: 0.05 mL) to the powder surface.

2. Put the glass sheet on the motor platform of the contact-angle goniometer. Tilt the glass sheet by leaning the motor platform at a rate of
1°/s. Stop the motor when the water drop starts to slide; the tilt angle is the sliding angle.

5. Measure the reflectivity spectra using a spectrophotometer24. NOTE: The wavelength is from 450 nm to 2,550 nm.
6. Measure the thermal conductivity of all samples using a thermal conductivity meter25.
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Representative Results

The tests in step 4.4 reveal many features and properties of the samples. The XRD (Figure 2) reflects the formation of anatase TiO2. The SEM
(Figure 3) and EDS (Figure 4) display the TiO2 and PFOTES that are coated on the HGM surface. The contact angle (Figure 5) and sliding
angle (Figure 6) tests represent the superhydrophobicity. The Vis-NIR transmittance test (Figure 8) describes the reflective properties of the
TiO2 coating, and the thermal conductivity (Figure 9) demonstrates that the coating does not increase the thermal conductivity.

As shown in Figure 2, the four samples undergo the XRD tests. The broad peak at around 2θ = 23° represents the amorphous SiO2, which is
the main component of HGM. This peak is detected in the four samples, which demonstrates the existence of HGM. Since PFOTES is the only
coating with a thickness of a few molecules, it does not change the XRD signal. Therefore, the XRD patterns of the original HGM, F-SCHGM,
Ti-SCHGM, and MCHGM are almost the same. As for Ti-SCHGM and MCHGM, besides the broad peak of SiO2, the other peaks ((101), (004),
(200), (105), (211), (213), and (204)) are perfectly indexed to the standard TiO2 (PDF#89-4921). This reflects that the anatase TiO2 is formed in
the final products.

The SEM images are shown in Figure 3. As shown in those images, the F-SCHGM and the original HGM have no difference on the surface
because the PFOTES coating is only a few molecules thick. For MCHGM and Ti-SCHGM, it is quite obvious that there are coatings on the
surface. The EDS results are shown in Figure 4. The pink area in Figure 3 was investigated by EDS. As shown in Figure 4a, only Si, O, Na, and
Ca were detected. In Figure 4b, besides these four elements, F is also detected. This is the characterization element of PFOTES, which was
revealed to be coated on the HGM surface. In Figure 4c, besides the four elements in Figure 4a, Ti was detected, which indicates that TiO2 is
coated on the HGM. In Figure 4d, besides the five elements in Figure 4c, F was also detected. This demonstrates that both TiO2 and PFOTES
are coated on the HGM surface.

The contact angle was then investigated. As shown in Figure 5, the contact angles of the original HGM (Figure 5a), F-SCHGM (Figure 5b), Ti-
SCHGM (Figure 5c), and MCHGM (Figure 5d) are 59°, 141.2°, 85°, and 153°, respectively. With the help of PFOTES, the contact angles of
F-SCHGM and MCHGM both exhibit a huge increase. However, their sliding angles (Figure 6) are different. The sliding angles of F-SCHGM
and MCHGM are 67° and 16°, respectively. This is because of the special structure formed by TiO2 on HGM. This special structure increases
the surface roughness, so the sliding angle is also changed. The Cassie-Baxter wetting model26, shown in Figure 7, is able to explain the
superhydrophobic phenomenon. Formula 1 describes this model. In this formula, θc is the apparent contact angle, θ is Young's contact angle27,
and f is the solid-phase fraction. With the help of TiO2, both the roughness of the HGM surface and the f-value are increased. Therefore, the
contact angle became bigger. The TiO2 coating helped to form the pillar structure on the HGM surface. Therefore, the water drop is supported by
an air mat, and, when sliding, the resistance is smaller. Thus, the sliding angle of MCHGM is smaller.

cos θc = f cos θ - (1 - f)  (1)26

The reflectivity was then investigated and shown in Figure 8. Since the PFOTES coating barely changes the reflectivity, those four samples were
divided into two groups. The first one is the original HGM and F-SCHGM, and the second one is the Ti-SCHGM and MCHGM. In each group, the
data of reflectivity are quite similar. However, with the help of TiO2, the reflectivity increased by 5%.

Finally, the influence of the TiO2 coating on the thermal conductivity was investigated. This is essential because the TiO2 coating increases
the wall thickness of HGM. Thus, the thermal conductivity of TiO2-coated HGM is a little bit higher than uncoated HGM. However, the thermal
conductivity enhancement should not be so obvious that the overall heat insulation property weakens. As shown in Figure 9, since the PFOTES
barely changed the thermal conductivity, only TiO2 contributed to the gains in this parameter. However, the increase was limited. The thermal
conductivities of the original HGM, F-SCHGM, Ti-SCHGM, and MCHGM were 0.0475 W/(m·K), 0.0479 W/(m·K), 0.0546 W/(m·K), and 0.0543 W/
(m·K), respectively. Thus, even though the TiO2 coating increased the thermal conductivity due to the gain in HGM wall thickness, the increase
was slight. The overall thermal insulation properties of such TiO2-coated HGM were improved by the reflectivity enhancement that derived from
the TiO2.

 

Figure 1: The synthesis scheme of MCHGM. For other samples, such as F-SCHGM and Ti-SCHGM, the processes are quite similar, but
without related raw materials. Please click here to view a larger version of this figure.
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Figure 2: The XRD spectra of the original HGM, superhydrophobic TiO2/HGM, and standard anatase TiO2. The spectra were detected
by a highly versatile, multipurpose X-ray diffraction system with Cu Kα radiation (λ = 0.15406 nm) and a 2θ ranging from 10° to 80°. There are
no obvious differences between the original HGM and F-SCHGM or Ti-SCHGM and MCHGM. Please click here to view a larger version of this
figure.

 

Figure 3: The morphology of (a) the original HGM, (b) F-SCHGM, (c) Ti-SCHGM, and (d) MCHGM, detected using a scanning electron
microscope. On the original HGM and F-SCHGM surfaces, the coatings cannot be observed via SEM, but coatings do exist on the surfaces of
Ti-SCHGM and MCHGM. Please click here to view a larger version of this figure.
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Figure 4: The EDS measurements of the red-framed areas of (a) the original HGM, (b) F-SCHGM, (c) Ti-SCHGM, and (d) MCHGM,
detected using a scanning electron microscope. The characteristic elements of PFOTES and TiO2 were detected.

 

Figure 5: The contact angle of (a) the original HGM, (b) F-SCHGM, (c) Ti-SCHGM, and (d) MCHGM are detected by the contact-angle
goniometer. With the help of PFOTES, the contact-angle values of F-SCHGEM and MCHGM show a great increase. Please click here to view a
larger version of this figure.
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Figure 6: The sliding angle of (a) F-SCHGM and (b) MCHGM. The red circle marks the sliding path of the water drop. MCHGM shows a lower
sliding angle. Please click here to view a larger version of this figure.

 

Figure 7: The Cassie-Baxter wetting theory of superhydrophobicity. This is the model that describes wetting theory. The black circle
represents the water drop. The little pillars represent the rough surface.

 

Figure 8: The reflectivity spectra of the original HGM, F-SCHGM, Ti-SCHGM, and MCHGM, detected by the spectrophotometer. The
TiO2-coated HGM shows better reflectivity than the original HGM. Please click here to view a larger version of this figure.
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Figure 9: The thermal conductivity of the four samples, detected by a thermal conductivity meter. The increase in thermal conductivity
derives from the gain in wall thickness. Please click here to view a larger version of this figure.

Discussion

In this manuscript, the critical step in the protocol is the hydrothermal process. It influences the formation of TiO2, the final reflectivity, and the
superhydrophobicity. The temperature control and reaction time are also quite significant. If the reaction conditions change, the final products can
be flawed.

This method provides a simple way to synthesize superhydrophobic and highly IR-reflective HGM in one step. In previous research, the
superhydrophobic and reflectivity properties were achieved by separate means28,29,30. Therefore, to obtain both, at least two steps are required.
In this manuscript, a one-step method is proposed, largely enhancing the production efficiency. Also, with those two properties combined, the IR-
reflective coating is protected from fouling, and the coating performance can be retained for a long time.

However, there is a limitation in terms of large-scale synthesis. This method should be further modified for such purposes. When it comes to a
large hydrothermal reactor, the heat and mass transfer must be well-organized.

This technique is significant when compared to existing methods because it allows for the synthesis of superhydrophobic and highly IR-
reflective HGM in one step. The coating is the key factor for reflecting the IR. Thus, it is also quite important to keep the surface clean. With the
superhydrophobic self-cleaning property, the coating can be protected from fouling, and the lifetime can be prolonged. In addition, because two
steps are reduced to one step, the energy consumed during production is also reduced.

The proposed technique demonstrated in this manuscript represents a good method to synthesize a heat insulation material with a wide
variety of applications. The superhydrophobic property is combined with other properties, such as IR-reflection. Therefore, if necessary, the
superhydrophobic synthesis method can be applied to other functional materials, such as IR-absorption materials31, anti-corrosion materials32 or
even solar cells33.
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