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This manuscript describes a synthesis of nanocrystalline
TiOF, film. The nanocrystalline TiOF, becomes chemically
attached to the surface of the glass slide. These films are
robust and can be recycled as photocatalysts for the
degradation of organic dyes and solvents. These films also
have significant antibacterial properties upon irradiation.

The main text of the article should go here with headings as
appropriate. We describe here a method to synthesize and grow
robust, nanostructured photocatalytic semiconductor films on
glass surfaces. The abundance of energy from the sun makes
photocatalysis attractive for numerous applications such as
environmental remediation,'” H, production,* ° and “green”
reaction chemistry.®® The most well studied systems utilize
films of TiO,. TiO, films have been created by numerous
methods including vacuum evaporation, magnetron sputtering,
chemical vapor deposition, plasma spraying, and sol-gel
methods and studied as photocatalysts.'”'® TiO, is a wide
bandgap semiconductor and that is only activated by UV
irradiation.'* '* To narrow the band gap, a common strategy is
to dope the TiO,, but this has the unwanted effect of the
dopants often leaching out of the films.'*'® Many alternative
thin film semiconductors have band gaps that provide more
overlap with the solar emission spectrum, but they suffer from
poor activity due to the low surface area of the film."”?* To
create films that are both durable and have high surface area, it
is important to avoid calcination” ** but still form a robust and
intimate contact between the semiconductor thin film and the
substrate. We recently reported a method to make
polycrystalline TiOF, by an aerosol technique. Made by this
method, the TiOF, had high activity in photocatalytic
degradation of organic compounds under visible light
irradiation.”> TiOF, has a narrower band gap than TiO, and
avoids the problems associated with fluoride leaching from
fluorine doped TiO,. Here we describe, for the first time, a
method for the in situ growth of mesoporous films of
nanocrystals of TiOF, that are covalently attached to the glass
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substrate. Because of the bonding between the TiOF, films and
the substrate, this system is durable and can be recycled many
times as photocatalysts for degradation of organic pollutants
and for antimicrobial behaviour in films.
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Scheme 1. Formation process of TiOF, film on the glass
surface.

We developed an evaporation induced alcoholysis (EIA) method
that utilizes TiF, in an ethanol solution to react with glass substrates
to create the mesoporous, nanocrystalline films of TiOF,. The TiOF,
films are covalently bonded to the substrate. This study is based on
the method of SiO, synthesis developed by Guglielmi and
Zenezini.*® To create the films, we immersed glass substrates into a
solution of TiF, in ethanol (5 minutes, 25 °C) and then dried the
samples for 24 h at 100 °C. We varied the thickness of the films by
adjusting TiF, concentration in the ethanol solution (from 0.10, 0.20,
0.30, 0.40 to 0.50 M). We labeled the films as T1 (0.10 M reaction
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mixture) to T5 (0.50 M reaction mixture) based on the concentration
of TiF, used to produce them.

We monitor this process by '°F NMR spectroscopy (Fig. S1).
In the initial period of the reaction (1.5 h), we observe three
kinds of '°F resonances: TiF, (319 ppm), (RO),TiF,(257 ppm)
and (RO);TiF (75 ppm).>’** In addition, we observe a small
peak —53 ppm that is from HF®' in ethanol. After 5 h, the
intensities of all those resonances decrease abruptly due to
further alcoholysis, and a new signal appears around -32 ppm,
corresponding to the '°F species of TiOF,. Furthermore, the
resonance from SiF, appears at —60 ppm. After 24 h, we
observe only the resonance at—32 ppm, suggesting the complete
alcoholysis of organic Ti precursors into TiOF,. We
hypothesize, and demonstrate here, that the evaporation of
ethanol induces the alcoholysis of TiF, to (RO),TiF, that reacts
with the hydroxyl groups on the glass leading to a film of
TiOF,. Meanwhile, the HF produced from the TiF, alcoholysis
etches the glass surface leaving silicon vacancies that are
occupied by titanium. The end result is an interface between the
TiOF, film and glass substrate that has Ti-O-Si bonds. This
process is displayed in Scheme 1. We also used different
solvents, such as water and tetra. butyl alcohol instead of
ethanol, only TiOF, could be obtained. The possible reason is
that (RO),TiF, is more stable than other intermediate products.
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Fig. 1 (A) Transparent film of T3 on a glass substrate. (B) UV-
vis DRS spectra for films and particles of TiOF,. (C) TEM
image of T3. Inset: high resolution TEM image of T3.

The optical photo shows that all of the films are transparent
to the eye (Fig. 1A). The films are smooth (Fig. S2A); Atomic
force microscopy (Fig. S2B) indicates that for T3 the RMS
roughness is 2.1 nm. Fig. 1B shows the light absorbance spectra
for TI1-T5 obtained using UV-Vis diffuse
spectroscopy. T1-T5 demonstrates low visible light adsorption
due to the smooth surface with low diffuse reflectance. The T3’
particle scraped from T3 film exhibits the intrinsic highest
absorbance for visible light.

We can index the X-ray diffraction patterns from these films
(see supporting information Fig. S3) to a cubic TiOF, crystal
(JCPDS card No. 08-0060) based on the (100), (200), and (210)
reflections. From the Scherrer equation, the TiOF, crystal size

reflectance

is ~25 nm. From transmission electron microscopy (Fig. 1C),
the film contains nanoparticles with an average size about 20 +
2 nm. The high resolution TEM image (the inset to Fig. 1C)
contains two kinds of perpendicularly arranged lattice fringes,
corresponding to the vertically crossed (100) and (020) facets
of the cubic TiOF, nanocrystals.
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Fig. 2A-E displays the cross-section FESEM images for the
films T1-T5. The film thickness increases linearly based on the
amount of TiF, in the reaction condition. The thinnest of the
films, T1, is 125 + 5 nm thick, and the thickest, T5, is 460 = 10
nm. Elemental mapping of the interface in these cross sectional
samples (Fig. 1F) shows Ti on the surface of the film and Si on
the interior of the film with an interface between them. For the
elemental mapping of T3, the depth of the Ti film is ~350 +
10nm. This thickness agrees with the 319 + 8 nm measured
from the cross sectional SEM image. At the interface, the Ti
and Si elements overlap each other. This implies that there is a
strong interaction between TiOF, film and the glass surface
through the formation of Ti-O-Si bonds. The Ti : O : F atomic
ratio from EDX analysis is (1 : 1.3 : 1.9). The slightly higher
oxygen content is form the SiO, glass substrate, and the lower
fluorine is from the formation of the O-Si-O-Ti-O bonds
instead of F-Ti-O at interface (as in Scheme 1).

KA

Fig. 2 (A-E) Cross-section FESEM images for the films T1-T5.
(F) Elemental mapping of the silicon and titanium atoms at the
interface between the glass and TiOF, nanocrystalline films.

To further investigate the interface and bonding be-tween the
glass and TiOF,, we performed XPS depth pro-filing. Details of
this can be found in the Supporting Information. The XPS
spectra (Fig. 3) confirm the formation of TiOF, on the surface
of the glass substrate with binding energy (BE) of 686.0 eV for
the F 1s and 531.4 eV for the O 1s levels. At a depth of 350 nm,
we find a new silicon containing species that is indicative of a
Si-O-Ti bond with a BE of 104.0 eV.>*> ** More interesting,
such method has also been successfully applied on the ITO
glass substrate in preparing the TiOF, covered ITO electrode.
The XPS spectra (Fig. S4) show different case comparing to
pure glass substrate. The TiOF, has interaction with In and Sn
species instead of Si species, due to the slight shift of binding
energy of Fls and Ti2p with the increasing depth. At a depth of
400 nm, there is no F, Ti species have been found. The possible
reason is that formed acid product can corrode In-O and Sn-O
species and induce the formation of Ti-O-In or Ti-O-Sn, similar
to the process on pure glass substrate. And Si species has been
found at depth of 500 nm, further confirming that there is no
direct reaction between TiOF, and Si species. It confirms that

This journal is © The Royal Society of Chemistry 2012

Page 2 of 4



Page 3 of 4

the nanocrystalline TiOF, is chemically bonded to the both

glass and ITO substrate.
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Fig. 3 XPS spectra of T3 sample at different film depths
obtained by adjusting Ar” etching time.

To test the properties of these films, we investigated them for
the photocatalytic degradation of both aqueous rhodamine B
(RhB) and gaseous acetone. For the RhB degradation we used a
monochromatic light source with a wavelength (L) of 435 + 20
nm to avoid sensitization of the RhB molecules. For the
photocatalytic degradation of acetone, we used a visible light
source of A> 420 nm (see the Supporting Information for
experimental details). All of the films were active as
photocatalysts. The activity of the films is summarized in Table
1. T3 exhibits the highest activity in both the liquid phase
photocatalytic degradation of RhB and the gas phase
photocatalytic degradation of acetone (see Fig. S4). The similar
result has been found in the degradation of other dyes such as
methylene blue and fuchsin basic (see Fig. S6). As a
comparison, the pure TiO, film prepared by sol-gel method has
been applied in degradation of RhB, and only decolorization
rate of 8% was detected. The extremely low activity of the pure
TiO, film could be attributed to the big energy band gap of
TiO, (3.0~3.2 eV), which could not be activated by visible
lights. We also found that these films have significant
antibacterial properties against Staphylococcus aureus under
visible light irradiation (See Supporting Information and Fig.
S7 for experimental details)

Table 1 Structural parameters and photocatalytic performance.”

SBET Dp Vp Decolorization
Samples (m?*/g) (nm)  (cm’/g) Rate (%)
T1 47 2.3 0.066 61
T2 75 2.5 0.17 80
T3 84 2.3 0.20 92
T4 72 2.5 0.15 82
T5 22 2.5 0.076 76

“Reaction conditions: 28 ¢m? TiOF, film on petri dish, 5.0 mL
10 ppm RhB aqueous solution, a 300 W Xe lamp with
wavelength of 435 +20 nm, 10°C, 6 h.
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An important consideration for film-based photocatalysts is
their reusability. Fig. 4A shows the recycling test of the T3
during liquid phase photocatalytic degradation of RhB under
visible light irradiation. T3 was used repetitively without any
decrease in activity. We attribute the durability of this film to
the covalent attachment at the interface between the TiOF, film
and the glass substrate. To highlight the stability of the
covalently bonded films we treated T3 to ultrasonication.
There was no detectable leaching of TiOF, from the T3 film
after 90 minutes of sonication. Even extend sonication time to

180 min, there is only 0.5% weight loss could be detected.
B
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Fig. 4 (A) Recycling test for T3 photocatalytic degradation of
RhB (B) Visible light (A> 420 nm) induced photocurrent
profiles for the films T1-T5.

We investigated the structure of the films to determine the
origin of the high photocatalytic behaviour of T3 relative to the
other films. T3 has the strongest visible light induced
photocurrent (Fig. 4B) that may result from the higher surface
area and appropriate thickness facilitating the electron transfer.
We also found that all the films have a mesoporous structure
that has a type IV N, adsorption—desorption isotherm. Such
mesoporous structures are commonly observed in inorganic
materials synthesized by alcoholysis owing to the presence of
alcohol templates.®® Using Brunauer—-Emmett—Teller and
Barrett-Joyner-Halenda models on the desorption branches of
the N, adsorption-desorption isotherms, we calculate the
surface area (Spgr), average pore diameter (Dp) and pore
volume (Vp). As shown in Table 1, T1-T5 samples display high
Sger and similar Dp owing to the mesoporous structure. The
Sget and Vp increases gradually from T1 to T3 owing to the
enhanced content of TiOF, film on the glass substrate.
However, when the TiOF, film is made thicker there is a rapid
decrease in Spgr and Vp. The thicker films may occlude access
to the pores.

In summary, we have developed a general and facile
approach for synthesizing and the in situ bonding of
nanocrystalline TiOF, to form transparent, mesoporous films on
glass substrates. These films show high activity in the
photocatalytic degradation of aqueous RhB and gaseous
acetone that is dependent on the structured nanocrystals in the
active layer. Moreover, these films show significant anti-
bacterial properties under visible light irradiation. Given the
simplicity of this approach it can be applied to the in situ
transparent coating of TiOF, film onto other common glass-
based substrates (see Fig. S8). These results chart a path to

applications in air and water remediation.
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