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ABSTRACT Self-cleaning glasses were prepared by coating niobia nanosheets and investigated on the performance. The coated glass
heated at >450 °C had very low turbidity, high hardness, and excellent adhesion properties. Niobia nanosheets ([NbsOg] ™) reacted
with sodium ions (Na*) diffused from the glass into the films to form a crystalline phase of NaNbsOg and this phase was converted to
NaNbOs5 at >450 °C. The films exhibited photoinduced hydrophilicity under UV irradiation but low photocatalytic oxidation activity.
Excellent self-cleaning ability of the niobia nanosheet coated glass was confirmed by the Taber abrasion test, which is thought to be

a candidate as self-cleaning glasses for vehicles.
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INTRODUCTION

itanium dioxide (TiO») is a well-known photocatalyst
material (1). When UV is irradiated onto TiO», elec-

tron and hole pairs are generated, which reduce and
oxidize adsorbates on the surface, respectively, thereby
producing radical species, such as OH radicals and O,.
These radicals can decompose most organic compounds or
bacteria (2—6). Many studies have been conducted on the
application of TiO, to water and air purification (7).

The photoinduced hydrophilicity, as well as conventional
applications, of a TiO, photocatalyst was discovered in 1995
(8—11). When UV is irradiated onto the surface of TiO,, a
highly hydrophilic surface is generated. This surface exhibits
both antifogging and self-cleaning properties, and a poly-
crystalline TiO, film coating has been applied on various
industrial products, such as automobile side mirrors, window
films, exterior tiles, and highway wall panels, utilizing this
property (12). However, the TiO, film cannot apply on self-
cleaning glass for vehicles. The adhesion and hardness of
coated films are important factors when self-cleaning glass
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is applied to the windows of vehicles, because such films
must be able to withstand the scrubbing action of washing
brushes.

On the other hand, nanosheets are two-dimensional
crystallites with high aspect ratios and flat surfaces. The flake
shape has advantages in realizing of low turbidity, excellent
adhesion and high hardness. Titania nanosheets are well-
known to exhibit photocatalytic oxidation activity and pho-
toinduced hydrophilicity (13, 14). This high performance as
well as a highly smooth film surface has inspired the possible
application of nanosheet films as a self-cleaning coating for
windows. However, a dense alkaline blocking layer is neces-
sary under titania nanosheets to avoid diffusion of alkaline
components, especially sodium ion (Na™), from the soda-
lime glass during the heating process because photocatalytic
activity became extremely degraded by the presence of Na™
(15, 16). The manufacturing process, therefore, became
more complicated and increased the production cost.

Recently, we reported that NaNbOs films exhibited pho-
toinduced hydrophilic conversion under UV irradiation but
poor photocatalytic oxidation activity (17). These results
confirm that photoinduced hydrophilicity was induced with-
out photocatalytic oxidation, being different from the prop-
erties observed for TiO,. The photocatalytic activity of
layered niobates (KNbsOg, KsNbsO17, HiNbsO,7, etc.) has
been studied for water splitting to H, production by photo-
catalysis and decomposition of organic compounds (18—22).
They can be exfoliated to niobia nanosheets in a way similar
to titania nanosheets.
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With this in mind, we consider that niobia nanosheets
are appropriate as the self-cleaning glass for vehicles. Be-
cause coated niobia nanosheets were expected to react with
Na™ diffused from a soda-lime glass during heating process
and form NaNbOs, such approaches have not been reported.
In this study, we prepared NaNbOs films using niobia
nanosheets having the chemical composition of [NbsOg] ™,
and investigated on the formation mechanism of NaNbOs,
turbidity, hardness, photocatalytic activity, and self-cleaning
properties.

EXPERIMENTAL SECTION

Preparation of Coating Solution with the Layered Niobia
Nanosheets. We mixed reagent-grades of potassium nitrate
(KNOs5, Wako Pure Chemical Industries, Tokyo, Japan) and
niobium oxide (Nb,Os, Wako Pure Chemical Industries, Tokyo,
Japan) in a molar ratio of 2:3. After milling, the powder was
heated at 1100 °C for 4 h and pulverized by a mortar. The
crystalline phase formed in this sample was confirmed to be
KNbsOg by X-ray diffraction (XRD). The proton exchange of
KNb5Og was carried out in 2.0 N sulfuric acid at room temper-
ature for 1 h with stirring and washed by ultrapure water. This
proton exchange and washing processes were repeated 3 times,
and K' ions were exchanged to H' or H;0%. The proton
exchanged sample was exfoliated in 200 mL of 40 mass % tetra-
n-butylammonium hydroxide [CH5(CH»)5]4NOH (TBAOH, Sigma-
Aldrich Japan K.K., Tokyo, Japan) aqueous solution (solid con-
centration of 5.0 mass %) at room temperature for 1 h. TBAOH
was added in 2 times more molar quantity than H*[NbsOg] ™~
([TBAOH]/[H] = 2.0). A coating solution (1.0 mass %) was
prepared by mixing the exfoliating solution and a reagent-grade
ethanol (C,HsOH, Wako Pure Chemical Industries, Tokyo,
Japan) at a volume ratio of 1:4.

Preparation of the Film on the Glass. The coating solution
was spin coated on a cleaned soda-lime glass at 1000 rpm for
20 s in dry air. After coating, the film was heated at 350, 400,
450, 500, and 550 °C for 1 h in an ambient atmosphere.

Characterization. Turbidity of the films was measured by a
turbidimeter (NDH 5000W, Nippon Denshoku Kogyo Co.,
Japan). Hardness was evaluated by a film hardness tester using
pencils in conformity with JIS-K5600, which is scratch hardness
test specified in the Japanese Industrial Standards (JIS). Abrasion
resistance was evaluated using a Taber abrasion tester (TABER
No. 410, Toyo Seiki Seisakusho Ltd., Japan) in conformity with
JIS-R3212 for safety glazing materials of road vehicles. Desorp-
tion and combustion temperatures of the exfoliation agent
(TBA') were measured by thermogravimetric analysis/differ-
ential scanning calorimeter (TGA/DSC 1, Mettler Toledo Inter-
national Inc., Japan). The crystalline phases were identified by
a high power XRD system (D8 DISCOVER Hybrid Super Speed,
Bruker AXS, Japan) for thin film analysis, using monochromated
Cu Ka radiation. The surface microstructure of the films was
examined by a SEM (S-4800, Hitachi High-Technologies Co.,
Japan). The surface chemical composition and binding energy
data of the films were evaluated by a XPS (ESCA-3400, Shi-
madzu Co., Japan) using Mg Ka radiation. The average surface
roughness (R,) and most difference in height (R,) of the films
were evaluated in 5 um x 5 um regions by an atomic force
microscopy (AFM, JSPM-5200; JEOL, Japan) in the tapping mode
using a conventional Si cantilever. UV—vis spectra of the films
were measured using a UV—visible scanning spectrophotometer
(U-3310, Hitachi High-Technologies Co., Japan).

Photocatalytic Reaction. Photocatalytic oxidation of the
prepared films was evaluated by decomposition of methylene
blue (MB, C,¢H;sCIN5S). The prepared films were immersed in
0.02 mM MB aqueous solution for 1 night to saturate the
adsorption on the film surfaces. After washing by ultrapure
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FIGURE 1. Relationship between (a) the turbidity (AHz) or (b)
hardness of the coated glasses and heat treatment temperatures.

water, a cylinder (40 x 30 mm) was contacted on the film
surface by using silicone grease and 0.01 mM MB aqueous
solution was poured into the cylinder. Irradiating overhead UV
light, the absorption spectra of MB were measured by a UV—vis
spectrophotometer. Photoinduced hydrophilicity of the films
was evaluated from the water contact angle value using a
commercial automatic contact angle system (OCA 15plus,
dataphysics Instruments GmbH, Germany) under UV (1.0 mW/
cm?) irradiation utilizing a black light blue (BLB) lamp. The water
droplet size used for the measurements was 1.0 uL. The values
of water contact angle were an average of three point measure-
ments. The superhydrophilic maintenance property of the films
was evaluated from the water contact angle. After irradiating
UV light adequately, the films set in desiccators in the dark.

RESULTS AND DISCUSSION
The turbidity and hardness of the coated glasses are

shown in Figure 1. The turbidity of the glasses was repre-
sented by haze value (AH,). The obtained values were <0.6
regardless of heating temperatures (Figure 1a). All glasses
have good optical transparency with similar to commercially
available functional glasses. However, hardness of the film
coated on the glass surfaces changed depending on the
heating temperature as shown in Figure 1b. The hardness
greatly increased by heat treatment at =450 °C. Similar
temperature tendency was also obtained for the abrasion
resistance. The films heated at 300 and 350 °C disappeared
after the Taber abrasion test. The adhesion strengths be-
tween the films and glasses in these samples are poor. The
films heated at 450, 500, and 550 °C remained after the
Taber abrasion test and only a slight change of the AH,
values before and after the test. These results indicate that
the films have an excellent surface hardness and abrasion
resistance when heated at higher than 450 °C.

The thermogravimetric and differential scanning calori-
metric (TG-DSC) curves of the powder sample, drying the
coating solution at 80 °C, are shown in Figure 2. Both
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FIGURE 2. TG-DSC curves of the powder sample that dries a coating
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FIGURE 3. XRD patterns of the coated glasses with various heat
treatment temperatures: (a) wide scan 5—50°, (b) detailed scan
corresponding to the (010) reflection of NaNb5Os, (c) detailed scan
of the samples prepared on the silica glass substrate.

endothermic and exothermic peaks were observed at 100
and 250 °C, respectively. Because the endothermic peak
accompanied weight loss, it is attributed to the dehydration
of water remained in the sample. The exothermic peak was
observed with a continuous weight loss ranging from 250
to 400 °C. Thus, this peak is attributed to the thermal
decomposition of the exfoliation agent (tetra-n-butylammo-
nium: TBA™M).

Figure 3 shows the X-ray diffraction (XRD) patterns of the
films. The crystalline phases detected in the films were
NaNbsOg and NaNbOs with Pmnm and Pbcm space groups,
respectively (Figure 3a). With increasing heating tempera-
ture, the intensities of NaNbsOg reflections became lower
while NaNbOs reflections started to be observed in the
samples heated at =450 °C, indicating conversion of
NaNbsOg to NaNbOs at those temperatures. Figure 3b shows
the XRD patterns featuring the (010) reflection of NaNbsOsg.
The peaks shifted to higher angle with higher heating tem-
perature. This is considered that layer spacing of NaNbsOg
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FIGURE 4. Respective XPS spectra of the Na 1s and Nb 3d regions,
as acquired from the coated glasses with various heat-treatment
temperatures.
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was decreased by the thermal decomposition of TBA™.
Figure 3c shows the XRD patterns on the silica glass sub-
strate. The peaks on silica glass were very broad, suggesting
to being difficult to maintain a layered structure ([NbsOg] ")
at these temperatures. In the case of soda-lime glass (Figure
3b), the peaks clearly appeared. It is guessed that the layered
structure on the soda-lime glass is maintained by the exist-
ence of Na*.

Figure 4 shows the high-resolution X-ray photoelectron
spectroscopy (XPS) spectra of the Na 1s and Nb 3d regions
of the film samples calibrated using C 1s (284.5 eV). The
intensity of the Na 1s increased with increasing heating
temperature. This change is suggested to occur according
to the diffusion of Na™ from the glass into the film. The
binding energies of Nb 3ds;, and 3dsp increased with
increasing heating temperature. It is guessed that the binding
energy of Nb—O increases since Nb—O bond lengths of
NaNbOs5 (23) are shorter than those of NaNbsOg (24). The
binding energy of Nb 3ds, of the sample heated at 550 °C
was in good agreement with NaNbOs (25). This result
indicates that NaNbsOg formed at lower temperatures under
low Na*t concentration changed to NaNbOs with higher Na*
concentration with higher heating temperature.

The structure change from niobia nanosheets to NaNbOs
by heat treatment is summarized in Scheme 1. Before
heating, niobia nanosheets have TBAY in the interlayers and
TBA[Nb3Og] units maintained until about 400 °C. With
increasing heating temperature, TBA™ ions were decom-
posed, and Na™ intercalated into the interlayers. If TBA™ ion
is assumed as a spherical shape, the radius calculated from
the n-butylamine length is 0.853 nm (26, 27) and is much
larger than ionic radius of Na™ (0.116 nm) (28). Therefore,
the (010) reflection shifted to higher angle with exchanging
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Scheme 1.
Various Heat Treatment Temperatures

0

of the interlayer cations from TBA' to Na', forming
NaNbsOg (Figure 3b). At higher than 450 °C, the NaNb5Og
converted to NaNbOs. The structures of niobia nanosheets
([Nb5Og] ™) and NaNbsOg are both constructed by distorted
NbOg octahedral units sharing the edges and corners. Three
NbOg octahedra are connected by sharing corners and edges
along the [001] direction in the niobia nanosheets. In the
NaNbOs5 structure, NbOg octahedral units are connected with
sharing corners along the [100], [010], and [001] directions.

Figure 5 shows the SEM photographs of the film surfaces.
For the films heated at 350 and 400 °C, homogeneous
microstructures, which are consisted of niobia nanosheets,
were observed. By contrast, cubic shaped grains attributed
to NaNbO5 were observed in the films heated at 450, 500,
and 550 °C, and their average grain sizes were ca. 50 nm.
The boundaries observed in the microstructures are cor-
responded to the niobia nanosheets and the NaNbOs grains
formed in the nanosheets. The R, values (5—47 nm) of the
films were larger than the R, values (1 —4 nm), and the values
became larger with increasing heat treatment temperature.

Figure 6 shows changes of the water contact angle (0) of
the films as a function of UV irradiation time. The initial
contact angles of the films were somewhat different among
the films. The reason may be attributed to the difference of
the dark storage times in the vacuum desiccators because
the surfaces of the films were slowly converted to a hydro-
phobic state. When UV was irradiated on the films, the

FIGURE 5. SEM photographs of the film surfaces heated at 350, 400,
450, 500, and 550 °C. The acceleration voltage was 1.0 kV.
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Schematic Illustration of the Structural Transformations of the Coated Niobia Nanosheets with
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contact angles began to decrease. The contact angles of all
films became 6 < 5° after irradiation for 300 min, which is
corresponding to highly hydrophilic state. This result indi-
cates that all films exhibit the photoinduced hydrophilicity
under UV irradiation. The films heated at 450, 500, and 550
°C showed higher hydrophilicizing rate than those at 350
and 400 °C, indicating higher hydrophilic conversion prop-
erty in NaNbOs5 than NaNbsOsg. Thus, the films heated at 450,
500, and 550 °C exhibited photoinduced hydrophilicity even
after the Taber abrasion test.

The hydrophilic maintenance property in the dark is then
shown Figure 7. The 350, 400, and 450 °C films were kept
the hydrophilic state (water contact angle <5°) for 7 days.
The 500 and 550 °C films were kept water contact angle
<10 and 15° for 7 days, respectively. It is indicated that the
films heated at lower temperature can keep highly hydro-
philic state compared with those at higher temperature.

Water contact angle [°]

50 250 300
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0

FIGURE 6. Variation of water contact angle on the films under UV
irradiation. Values of the water contact angles were averages of three
measurements. The light intensity was 1.0 mW/cm?2.
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FIGURE 7. Variation of water contact angle on the films during dark
storage. Values of the water contact angles were averages of three
measurements.

IENAPPLIED MATERIALS

XINTERFACES

1239




-
o< o
T
1

(2}
T
L

MB decomposition ratio [%]
N »

o

350 400 450 500 550
Heating temperature [°C]

FIGURE 8. Ratio of methylene blue (MB) decomposed on the films
under UV irradiation after 24 h. The light intensity was 1.0 mW/
cm?,
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FIGURE 9. The appearance photograph of the glasses coated or
uncoated the niobia nanosheets after self-cleaning test. The coated
glass was heated at 450 °C for 1 h. Both glasses were irradiated by
artificial sunlight lamp and sprayed with the droplet of industrial
water at regular time intervals.

As shown in Figure 8, the methylene blue (MB) decom-
position ratios of the films by the photocatalytic oxidation
under UV irradiation were less than 6%. The ratios de-
creased with increasing heating temperature, and dramati-
cally reduced by heating at 500 and 550 °C. This result
indicates that NaNbs;Og and NaNbO5 have low photocatalytic
oxidation activities, which are compatible with the previous
report (17, 29).

In the present samples, the crystalline phases of the films
changed by heating temperature. Thus, the band gap ener-
gies are considered to change according to those crystalline
phases. However, the observed UV—vis absorption edges of
the films were almost the same with irrespective to the
crystalline phases. Therefore, we consider that NaNbOs has
higher photoinduced hydrophilicity compared to NaNbsOg
but lower photocatalytic oxidation activity.

Figure 9 shows photographs of the glasses with and
without coating of niobia nanosheets after the self-cleaning
test. The coated glass was heated at 450 °C for 1 h. Both
glasses were irradiated by artificial sunlight lamp with spray-
ing the water droplets at regular time intervals. In the case
of the uncoated glass, a water scale adhered onto the glass
surface, whereas no water scale adhered onto the coated
glass. We also obtained similar results after the test using
some simulated powders, which are including some com-
ponents (C, SiOz, Fe,0s3, Al,O3, CaO, MgO, TiO»), and little
degradation of the performance was indicated after the
Taber abrasion test. By contrast, the same self-cleaning test
for some commercially available photocatalytic glasses in-
dicated clear degradation of the performance. This differ-
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ence is obtained not only by the photoinduced hydrophilicity
but also by the flat surfaces due to the nanosheet coating,
which realized the excellent adhesion and hardness of the
coated films.

As long as the photoinduced hydrophilicity is maintained
for the film, it shows self-cleaning ability even without the
photocatalytic oxidation activity. We consider that the 450
and 500 °C films are suitable as the self-cleaning glass for
vehicles with the excellent adhesion, hardness, and hydro-
philic maintenance properties.

CONCLUSIONS
Glasses with self-cleaning performance were prepared by

coating niobia nanosheets, and its physical properties (hard-
ness), photocatalytic activity, and self-cleaning performance
were investigated. The glasses showed good optical trans-
parency and hardness by heating at =450 °C. These results
are attributed to the crystalline phase change from NaNb5Og
to NaNbOs. The resulting coating glasses exhibited photo-
induced hydrophilicity under UV irradiation but low photo-
catalytic oxidation activity. Self-cleaning performance of
these glasses was excellent and suitable as self-cleaning glass
for vehicles.
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