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Abstract

We investigated a photocatalytic reaction on TiO, nanotube (NT) surfaces using infrared
absorption spectroscopy with multiple-reflection geometry (MIR-IRAS). We used an
anodization technique to form a film of well-aligned TiO, NTs on the Si prism used for MIR-
IRAS measurements. The photocatalytic decomposition process of the endocrine disruptor,
dioctyl phthalate (DOP), on the TiO, NT surface was monitored in-situ and in real time. We
demonstrated that the photocatalytic decomposition of organic materials is promoted with the
presence of molecular oxygen. It was observed that the amount of surface-adsorbed water
molecules changed during the reaction. We proposed a simple reaction model that can
reproduce the time-dependent change of the surface coverage of water and DOP. By
comparing the photodecomposition of organic materials on TiO, NT films with that on TiO,
nanoparticle (NP) films, we showed that TiO, NT films are superior in photocatalytic
reactivity compared to NP films. We suggest that the NT structure provides wider and shorter
paths for the transport of photo-generated radicals and byproducts, leading to a higher
reactivity compared to TiO, NPs.
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Introduction

Since the first application of the TiO, photocatalytic effect by Fujishima et al, this unique
effect has attracted a lot of attention from both researchers and engineers." Recently, the
applications of TiO,-photocatalysts, such as the photo-oxidation of surface contaminants and
photo-reduction for fuel production, have demonstrated strong potential and remarkable
progress.”** The nanostructure of the TiO, material can substantially affect the photocatalytic
efficiency. Salmasi et al. has reported that TiO, nanotubes (NTs) are superior in reactivity
compared to TiO, nanoparticles (NPs) as a catalyst of an oxide-sulfurization process.’ Liu et
al. has also demonstrated that TiO, NTs can oxidize methylcyclonhexane faster than TiO,
NPs.™ However, the influence of the nanostructure on the photocatalytic reaction on TiO,
surfaces has not been well studied.

The first stage of photo-oxidation of organic materials on TiO, surfaces is when
electron/hole pairs are generated by photons, which are absorbed by the TiO, photocatalyst.
The holes can react with the surface groups of TiO, or water molecules to form hydroxyl
radicals ("OH). In particular, surface-bound hydroxyl radicals (Ti-"OH) are thought to play an
important role in oxidizing organic species near the TiO, surface.” On the other hand, the
photo-generated electrons in bulk TiO, may react with O, to form ‘O, radicals, which also
participate in the photo-induced decomposition process of the surface organic materials.'>*°
Henderson showed that the photo-induced oxygen atoms exchange between the TiO, and
gaseous O, under vacuum conditions."” It has also been reported that water molecules can
incorporate into a TiO, lattice during the photocatalytic reaction.” It seems that water
molecules and molecular oxygen (O;) can both act as the source of the oxygen atoms which
are required for the photo-oxidation reaction. However, there is seldom any study comparing
the reactivity of H,O and O; in a photo-induced reaction in detail, especially on TiO, NT
surfaces.

In this study, therefore, we investigated the photocatalytic reaction at TiO, NT surfaces
using infrared absorption spectroscopy with multiple-reflection geometry (MIR-IRAS). This
provided us with valuable information on the chemical changes on the molecular scale
relevant to the surface reactions.®*** In order to carry out MIR-IRAS measurements on TiO,
NT film surfaces, we needed to form a TiO, NT film on an MIR Si prism surface. The
conventional method for forming vertically aligned TiO, NT arrays is to anodize metallic Ti
plates which are infrared opaque.”*°** We therefore developed a method to fabricate TiO,
NTs directly on the Si MIR prism. Using the endocrine disrupting chemical, dioctyl phthalate
(DOP), as a model organic material, we studied the photocatalytic process of organic
materials on TiO, NT surfaces in different reaction environments to demonstrate the effect of
water and oxygen on photocatalysis. Also, we investigated the photocatalytic reaction of both
TiO, NPs and NTs to show how the nanostructure affects the photo-oxidation reaction.

Experimental
A. Experimental setup

The experimental setup we used in this study is shown schematically in Fig. 1. The Si
prism was mounted in a specially designed cell, as shown in Fig. 1. In the sealed cell, we can
precisely control the humidity and composition of the gas. In order to investigate the
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photocatalytic reaction of TiO,, three ultraviolet (UV) light-emitting diodes (LED, 365 nm)
were attached to the top cover (acrylic) of the cell. 60 uL of DOP in ethanol solution (100
M) was dispersed on the TiO, NT film surface. After fully evaporating the ethanol from the
TiO, surface, the Si prism was transferred into the cell shown in Fig. 1. The humidity and the
temperature (25 °C) in the cell were precisely controlled to obtain reproducible data. We
investigated the photocatalytic process in dry (relative humidity, RH = 3-7%) and wet
conditions (RH = 60-65%) with two different carrier gases, Air and pure N gas. It should be
noted that the air contained 20 % oxygen. The decomposition of DOP on TiO, NPs and NTs
under UV illumination was monitored in-situ using MIR-IRAS. An infrared beam entered the
Si prism through one side of the beveled edges and was collected at the other side of the
bevels using a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector. In the
prism, the beam reflected about 100 times generating an evanescent field at the surface. The
evanescent field is highly sensitive to chemical changes, therefore it is suitable for the in-situ
observation of the photocatalytic reaction which happens on the TiO, surface.

B. Si Prism fabrication for MIR-IRAS

The fabrication process of the Si prism for MIR-IRAS is shown in Fig. 2. A highly doped
silicon prism (10 x 4 x 0.5 mm?®) with 45° beveled edges was cleaned in a mixture of H,SO,
and H,0,, followed by 5% hydrofluoric acid. A thin layer of Au was deposited onto the
backside of the Si prism by thermal evaporation through a metal mask. After that was done,
50 nm of TiO, and 200 nm of Ti were sequentially deposited onto the surface of the prism.
Then the TiO, NTs were formed by anodizing the deposited Ti layer. The detailed fabrication
method for the TiO, NTs has been described elsewhere.'** The Au layer at the bottom of the
prism acted as the contact for the anodization process. The as-formed TiO, NTs were then
crystallized (anatase) at 450 °C to achieve the high catalytic activity.”* Figures 3(a) and 3(b)
show typical top and cross-sectional views of the scanning electron microscopy (SEM)
images of the TiO, NT film fabricated on the Si MIR prism. The SEM images were recorded
at an accelerating voltage of 3.0 kV using Hitachi SU-8000 equipment. Fig. 3 shows that the
inner and outer diameters of the TiO, NTs were about 50 and 100 nm, respectively. The
thickness of the film was approximately 500 nm. It is known that TiO; in the anatase form
exhibits high photocatalytic activity under ultraviolet (UV) illumination. TiO, NT films
grown by anodization of metallic Ti is amorphous and can be converted to the anatase form
by annealing at approximately 450 °C. Fig. 3(c) shows a typical X-ray diffraction (XRD)
pattern of the TiO, NT film post annealing. XRD measurements were performed using
Rigaku RINT-2000 equipment with CuKa radiation operating at 40 kV and 40 mA. The
scanning step was 0.02°. It can be seen in Fig. 3(c) that the as-formed TiO, NT film was
transformed into the anatase phase due to post annealing at 450 °C in air.

To fabricate the prism with the TiO, NPs, a thin layer of TiO, NPs (anatase, Solaronix)
was spin-coated from an aqueous suspension (2.5 g/mL). The thickness of the NP film was
similar to that of NT film (500 nm). The NP film was then annealed at 450 °C to improve
adhesion between the prism and the NP layer.

Results and discussion
A. Reaction-atmosphere-dependence of photocatalytic decomposition of organic
materials
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In Fig. 4 we have shown the IRAS spectrum of DOP on the TiO, NT film after UV
irradiation. The reference for this spectra was the spectrum of the as-deposited DOP on the
TiO, NT surface prior to UV illumination, which we have shown in the bottom of Fig. 4. The
molecular structure of DOP is shown in the inset of Fig. 4. Two distinct features can be
identified at around 1705 and 28003000 cm™. The feature at 1705 cm™ represents the C=0
stretching modes of ester groups, and the feature at 2800-3000 cm™ represents the C-H
stretching vibrational modes of -CHs, -CH, and -CH groups in the DOP molecule. It can be
seen in Fig. 4 that the IRAS spectrum under UV illumination exhibits troughs, the positions
of which are the same as those of the dominant vibrational modes of the pristine DOP. This
clearly indicates that due to UV illumination, the DOP molecules on the TiO, NT film were
decomposed. As described later, we observed that DOP on the bare Si surface did not show
any spectral changes under UV illumination. Thus, we concluded that the DOP
decomposition observed on the TiO, NT film is due to the photocatalytic effect of the TiO,
NTs.

The primary purpose of this study was to clarify the dependence of photocatalytic effect
on the reaction atmosphere. Therefore, we examined photocatalytic reactions under the
following four types of environments: (1) dry air, (2) pure nitrogen gas, (3) humidified air
and (4) humidified nitrogen gas. Humidity control was performed by controlling the gas flow
rate as the gas was supplied to the measurement cell through a bubbler. The humidity of the
dry atmosphere (dry condition) was set at 3—7%, and that of the humidified atmosphere (wet
condition) was RH = 60-65%. Fig. 5 shows the spectral changes on TiO, NT film surfaces
under UV illumination in the four different environments. From Fig. 5, it can be seen that the
decomposition of DOP proceeds faster in oxygen-containing dry air than in oxygen-free
nitrogen gas. Also, it appears that the humidity does not significantly promote DOP
decomposition.

In order to further investigate how the photocatalytic reaction proceeds at the TiO,
surface, we have looked in detail at the spectral changes in the wavenumber region between
2500 and 4000 cm™, where the C-H and O-H stretching vibrational modes should appear. To
quantify the decomposition rate of the DOP molecules under UV illumination, we focused on
the negative feature observed at a wavenumber of 2964 cm™ (Fig. 5). This feature
corresponded to the C-H stretching vibrations of DOP, and its peak intensity represented the
amount of DOP decomposed and detached from the TiO, NT surface. We calculated the DOP
residue ratio based on the peak intensities at 2964 cm™ (as seen in Fig. 5) and the same peak
before UV illumination. The time evolution of the DOP residue ratio for the four different
environments (dry air, pure N, humidified air and humidified N;) is shown in Fig. 6. For
comparison, the result obtained for a bare Si surface is also shown in Fig. 6. The calculated
DORP residue ratio hardly changed during UV illumination when DOP was deposited on the
Si prism surfaces. It is evident that the residue ratio significantly changed when DOP was
deposited on the TiO, NT film surface. These facts suggest that DOP decomposition is
induced by the photocatalytic effect of the TiO, NTs upon UV illumination. We also noticed
that the reaction rate of the DOP decomposition on the TiO, NT surface depends on the
atmosphere. In a N, atmosphere, only 40% of the DOP molecules were decomposed in 5
hours of UV illumination, while the decomposition ratio increased to 80% in the oxygen-
containing atmospheres. Furthermore, we observed that the decomposition ratio does not
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depend on the humidity of the atmosphere. These observations indicate that O, is superior in
promoting the photo-oxidation reaction on TiO, NT surfaces compared to N, and H,O. The
oxygen molecules react with photo-generated electrons to form ‘O, radicals, which may
further react with and decompose organic molecules on the surface. This then produces
carbon dioxide as the final product.*>*° In addition, the oxygen molecules may also assist the
consumption of photo-generated electrons and prevent the electron/hole recombination,
leading to an enhancement of the photocatalytic effect.

B. Time-dependent surface coverage of water

In order to understand how water is involved in the photocatalytic reaction, we looked at
the IR spectra in the range of 3000-4000 cm™, where the O-H stretching mode (3400 cm™) of
water appears. As shown in Fig. 5, in all of the tested atmospheres, the amount of H,O
adsorbed at the TiO, surface initially decreased with illumination time. Since we purged the
sample cell with dry N, before starting the UV illumination, the observed loss of water at the
surface is not due to the evaporation of H,O from the surface. Almost all of loosely bound
H2,O molecules should have been removed from the surface during purging process. The
remaining H,O molecules would be strongly adsorbed to the TiO, surface.” The reduction of
H>O molecules at the surface during UV illumination, as shown in Fig. 5, indicates that the
H,O molecules present at the TiO, surface are partially involved in the photocatalytic
reaction, as has been previously suggested by Montoya et al.,” who reported that H,O can act
as an oxidation reagent in the photo-oxidation process in aqueous solutions. However, as can
be seen from Fig. 6, an increase in the humidity of the atmosphere did not facilitate the
decomposition of DOP.

In Fig. 7, we show the plot of the time dependence of the absorbance of the O-H
vibrational mode along with that of the C-H vibrational mode. The initial decrease observed
for all the atmosphere types can be attributed to the removal of surface water by the
photocatalytic effect of the TiO, surface. In the humidified atmosphere, in particular in wet
air, an increase in the intensity of OH band was observed. The subsequent increase is
attributed to the adsorption of water on the exposed TiO, surface after the decomposition of
the DOP molecules. It has been reported that the TiO, surface becomes hydrophilic after the
removal of surface contaminants by the photocatalytic reaction due to the replenishment of
surface hydroxyl groups.** This means that after removing surface contaminants, the water
molecules in the atmosphere most likely get adsorbed onto the surface.

To support our interpretation, we propose a simple model to simulate the time evolution
of the amount of surface water and DOP. The concept of our model is shown schematically in
Fig. 8. Suppose the starting surface is covered with DOP and water. Their relative coverage is
represented by 6,0p and 8,,4:.r, respectively. DOP and water are decomposed and removed
from the TiO, NT surface through the photocatalytic reaction. The rate constants for these
reactions are k29 and kjye*¢". After the removal of the surface adsorbate, the surface
becomes hydrophilic and the water molecules in the atmosphere readsorb on the surface. The
reaction constant of water readsorption is kX" . In our model, the humidity of the
atmosphere is included in this rate constant; in other words, the higher the humidity is, the
larger the value of k*#*¢"is. The reaction rate equations representing the temporal change of
the surface coverage of water and DOP are as follows:

d 6pop/dt = —kZ°%Op0p , 1)
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d ebare/dt = k([i)OPBDOP + kt‘;)atergwater - kawc?terebare ’ (2)

dewater/dt = _k:jivaterewater + kg/éltergbaTE' (3)

These reaction equations were solved by a sequential calculation method to determine
the amount of surface adsorbed water and DOP. The results of calculation are shown in Fig. 9.
The parameters which we used in the calculations to obtain a good fit to the experiment are
shown in Table I. The initial value of 80p, 85,p, Was set at the same value. The initial value
of By aters 024ter, Was adjusted to reproduce the variation of the absorbance of the O-H
vibrational mode. It should be noted that, as mentioned above, 8,p and 8,,,:., are relative
surface coverage, and therefore the sum of 83,, and 82 ,;., is not unity. It can be seen from
Fig. 9 that the calculation quantitatively reproduces the experimental results shown in Fig. 7,
indicating that our assumption on the temporal change of water adsorption is reasonable.
From the parameter values shown in Table I, several points are worth mentioning. Firstly, the
decomposition rate of water is about an order of magnitude larger than that of DOP. This is
quite natural considering that the decomposition of the water molecule is a single-step
process while the thorough decomposition of DOP requires multiple reactive radicals and it is
a multi-steps process. Secondly, the decomposition rate of DOP is larger in the oxygen-
containing atmosphere than that in the oxygen-free atmosphere. This result is consistent with
our conclusion from Fig. 5 and Fig. 6, which is that oxygen is more effective in facilitating
the photocatalytic reaction on the TiO, NT surface. Thirdly, the readsorption rate in the
humidified atmosphere is larger than that in the dry atmosphere. This may be attributed to the
increase in the impinging rate of water molecule on the surface in the humidified ambient.
Finally, it should be noted that the readsorption rate in the oxygen-containing atmosphere is
larger than that in the corresponding oxygen-free atmosphere. This could be attributed to the
higher decomposition rate of DOP in oxygen-containing atmosphere, and thus larger surface
area for water adsorption.

Close inspection of Fig. 5 reveals that the peak at 3740 cm™, as indicated by arrows in
Figs. 5(a) and 5(b), shows up on the surface in the O,-containing atmosphere. On the other
hand, no peaks can be identified in the vicinity of 3740 cm™ on the TiO, surface in the
oxygen-free atmosphere. This peak is attributed to the O-H stretching vibration mode of the
surface Ti-OH species on TiO,. We suppose that removal of DOP and water molecules
produces Ti-OH species on the resulting bare TiO, surface. Note that such a surface will be
hydrophilic and therefore easy to adsorb water. Accordingly, we interpret that the preferential
formation of surface Ti-OH species in the oxygen-containing atmosphere is the origin for the
observed enhancement of water readsorption on the surface. We believe that oxygen radicals
would favorably create surface Ti-OH species. However, the details why the surface Ti-OH
species are favorably formed in the O,-containing atmosphere are not clear at the present
moment.

C. Comparison of NT and NP films
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In order to investigate how the nanostructure affects the photocatalytic reaction, we
fabricated a Si MIR prism with a thin layer of TiO, NPs. As shown in Fig. 10, a thin
mesoporous film of NPs with a size of 15~20 nm formed on the Si MIR prism, which is in
contrast to the structure of the NT thin films where the nanotubes were regularly aligned. In
Fig. 11, we showed a series of IRAS spectra of DOP on the TiO, NP film upon UV
illumination in dry air. These spectra have been collected for different illumination durations
and the spectrum of the DOP on the TiO, NP surface before UV illumination was used as the
reference. It can be seen by comparing Figs. 4 and 11 that the spectral changes observed for
the NP TiO, are quite similar to those observed for the NT TiO, film. The two intense
features observed around 1705 cm™ and 2800~3000 cm™, are due to the C=O stretching
modes of the ester groups and the C-H stretching modes of the -CHj3, -CH, and -CH groups in
the DOP molecule, respectively.

To compare the photocatalytic reactivity of the TiO, NTs and NPs, we examined the
time-evolution of the DOP residual ratio for the TiO, NT and NP films in Fig. 12. We can see
from Fig. 12 that the photocatalytic decomposition of DOP on the TiO, NT and NP surfaces
proceeded in a similar fashion for the first hour of UV illumination. However, the reaction
rate on the TiO, NPs slowed down afterwards. After 5 hours of UV illumination, only half of
the DOP molecules were decomposed. On the other hand, the DOP molecules on the TiO,
NTs kept being decomposed even after 5 hours of illumination. Despite a larger surface area,
the NP film seems to exhibit a lower photocatalytic reactivity than the NT film. Because both
of the NTs and NPs were crystalized in the anatase phase, the only difference is their
nanostructure. As described above, we believe that the oxygen radicals are favorably formed
in an oxygen atmosphere to promote the decomposition of organic materials. In the case of
the NT film, the straight pores are oriented perpendicular to the film surface, which may
facilitate the penetration of oxygen and the desorption of the decomposed products, and thus
promote the decomposition of organic materials. Furthermore, the longer charge diffusion
length in the TiO, NTs most probably reduces the possibility of charge recombination at the
interface, which leads to highly efficient photodecomposition.> A more thorough
investigation will be needed to determine which factors play a more important role in
improving photocatalytic reactivity.

Conclusions

In this study we have investigated in-situ the photodecomposition process of organic
materials on a TiO, NT film surface using a MIR-IRAS method. To carry out this study, we
fabricated special Si MIR prisms with well-aligned TiO, NT films formed on a Si prism
surface. To clarify the atmospheric dependence of the photocatalytic reaction, we examined
the spectral changes of the TiO, NT film surface induced by UV illumination under four
different types of atmospheres which were dry air, humidified air, pure N, gas, and
humidified N, gas. Our IRAS data clearly demonstrated that oxygen gas plays an important
role in promoting the photocatalytic decomposition of organic materials. We confirmed that
the water molecules adsorbed on the TiO, surface decompose faster than the organic
materials on the surface. In an oxygen-containing atmosphere, the surface Ti-OH species
were preferentially generated on the TiO, surface after removal of the surface contaminants
and water. Finally, we found that the TiO, NT films are superior in photo-oxidation reactivity
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over conventional TiO, NP-based films. We suggested that the TiO, NT film has a straight
path for oxygen adsorption and the release of byproducts and reactive radicals, leading to an
enhanced photocatalytic effect.
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Tables

Table I. Parameters used for the calculations.

Atmosphere 830p 02 ater kDOP kyrater fyvater
Dried air 1 0.2 0.005 0.05 0.005
Humidified air 1 1 0.005 0.05 0.05

Pure N, 1 0.5 0.002 0.02 0.0005
Humidified N, 1 1 0.002 0.02 0.005
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Figure Captions

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1. Experimental setup for the MIR-IRAS measurement.

2. [Fabrication process of the Si prism with TiO, NTs.

3. (a) Top view and (b) cross-sectional view of SEM images of the fabricated TiO, NT
film. (c) Measured (black) and calculated (red) XRD patterns of TiO, NTs after post-
annealing.

4. IRAS spectrum of the DOP deposited on the TiO, NTs after UV illumination in dry
air. A typical infrared spectrum of DOP on the TiO2 NTs is shown at the bottom of the
figure. The inset shows the molecular structure of DOP.

5. IRAS spectra of DOP on the TiO, NTs during UV illumination in (a) dry air, (b)
humidified air, (c) N, and (d) humidified N, atmosphere. The reference of these spectra
is the spectrum of DOP on the TiO, NTs before UV illumination.

6. Time-evolution of the DOP residue ratio in which the calculation is based on the
peak intensities at 2960 cm™ in four types of atmospheres: dry air, humidified air, N, and
humidified N,.

7. Temporal changes in the absorbance of the C-H stretching vibrational peak at 2960
cm™ and of the O-H stretching vibrational peak at 3400 cm™ for the four different types
of atmospheres: dry air, humidified air (a), N, and humidified N, (b). The absorbance
was normalized to that of the corresponding peaks of the as-deposited DOP prior to UV
illumination.

8. Schematic of a simple model for simulating the time evolution of the surface
coverage of water and DOP.

9. Calculated time evolution of the surface coverage of water and DOP obtained for the
different types of atmospheres.

10. Top and side views of the SEM images of the TiO, NP film.

11. IRAS spectra of DOP on the TiO, NP film during UV illumination in dry air. The
reference of these spectra is the spectrum of DOP on the as-formed TiO, NP film before
UV illumination.

12. Time-evolution of DOP residue ratios on the TiO, NT and NP films in dry air. The

residue ratios were calculated based on the peak intensity at 2960 cm™.



UV lam
% P

Gas Outlet
TiO, NTs T
X
Dry air
Mirror

Inter-
ferometer

UV light

MCT

S/"\
Mirror

Si prism

detector
Mirror




(@) _/ Si prism (MIR-IRAS)
D) — (oo
(Back side)
(©) —/ Compact TiO, deposition

(d)

\ Y~ Tideposition

lllllllllllllllllll
.................

@ I, e

S—



(y o

SU-8000 3.0kV 3.8mm x100k SE(U)

(c)
A(101 -
Ll /S'(200) A = Anatase
M)
=
=
E A(112)
> ‘ A(200)
: A(105)
< A211)
T | i) M N | i “J\’*“/W’"
20 30 40 50 60

2theta (deg.)



TiO, NT

UV illumination 5

in dried air 11 x 10
VTi-OH

' voy | ChHx _/_jf

Ve=0

®
[}
G
o 5 hrs
S illumination
D
<L
I
o _oHy ;
|'| F%E’.)\'O'/\wr\v/\‘cH3 :: ?:
PN O s~ _CHa 2 i
oI CH,

4000 3500 3000 2500 2000 1500
o
Wavenumber (cm )



(€)

Absorbance

TiO, NT
UV illumination
in dried air

VTioH

4000

Absorbance

i

3500 3000 2500 ZPOU
Wavenumber (cm )

1500

TiO, NT
UV illumination

3000 2500 2000

3500 !
Wavenumber (cm )

4000

1500

(b) | Tio,NT T1x10
UV illumination Stis
in humidified air Sc=0 1
VeH,
VoH
. ww—x\\\d////ﬂyf_*hh
ot
3
2
0
I\
$
VTi-oH K
| | | | | |
4000 3500 3000 2500 ZPOO 1500
Wavenumber (cm )
(d) TiO, NT 2
UV illumination [1x10

Absorbance

in humidified N,

8H.0H

3000 2500 2000

3500 !
Wavenumber (cm )

4000

1500




DOP residual ratio (arb. units)

| | | | | |
1oL TiO, NT CH, (DOP)

UV illumination

Siin dry air

-#-- Ny a
i ________________ i --{J-- Humidified N,

.................. - %

--@-- Dry air
04 E T O+ Humidified air

o2+~ T T '_'_'_g -

0.0 I I I I I I 11
50 100 150 200 250 300 350

[Hlumination time (min)

o H



-1 —_—
) Q
o

o

i
o

20

30

Absorbance (@2960, 3400 cm

40x10°

g~
) O
~—
o

-
o

Absorbance (@2960, 3400 cm
o

wn

Ti02 NT ® A Dried air

2 Humidified air

CH, (DOP)
(@2960 cm ™)

50

100 150 200 250 300 350
llumination time (min)

TIO,NT = v N,

O ¥ Humidified N,
CH, (DOP) (@2960 cm™)

H,O (@3400 cm’)

/

| I 1 | I I

50

100 150 200 250 300 350
lllumination time (min)






i | T | I =
— H,0
---- DOP

Dried air

Surface coverage (arb. units)

0 100 200 300 400 500
Elapsed time (arb. units)



. . I
SU-8000 3.06% 4 Trom x300k SE(L) SU-8000 3.0kV 3.5mm x100k SE(U) 500nm



TiO, Powder

UV illumination
in dry air

Absorbance

—{fe
<
O
2L
<<
o
xI

VTi-OH

4000 3500 3000 2500 2000 1500
-1
Wavenumber (cm )



DOP residual ratio (arb. units)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

TiO, NT vs Powder

UV illumination

in dry air

--@-- TiIO, NT
—A— Powder

CH, (DOP) =

50

100 150 200 250
[Hlumination time (min)

300 350



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12

