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Abstract

The ~60 nm wide and ~2 um long TiO> nanotubes were obtained by anodization of Ti
films sputtered on F-doped tin oxide glass. For N-doping the samples were annealed in
ammonia atmosphere. The effect of pre- and post-annealing in air on the nature and
amount of incorporated N was studied by X-ray photoelectron spectroscopy. By
measuring the absorption spectra of the obtained samples and interpreting the
corresponding Tauc plots it was shown that the sample annealed just in ammonia
showed the highest visible light absorption even after sputtering cleaning and a decrease
of N amount from 3.8 % to 1 %. Pre and/or post annealing in air led to smaller amount
of incorporated N, that caused less pronounced absorption enhancement and smaller
band gap narrowing compared to the sample annealed only in ammonia. By fitting of N
Is line, the contribution that was assigned to substitutional N was detected only in the
samples that did not sustained post-annealing. The study showed that post-annealing in
air might lead to partial conversion of N atoms in TiO> to oxidized nitrogen species that
are easily removed with sputtering. It is also possible that substitutional nitrogen was
suppressed by oxygen from air to move to interstitial site. Weakly bonded NOx surface
species, which are cleaned away by sputtering, can be removed by post-annealing in air.
Those surface species could act as sensitizers and when their amounts are reduced, the
core absorption properties, as a result of interstitial incorporation of N in TiO; structure,
were revealed. Much lower visible light sensitization was achieved in the case of pre-
annealed sample in comparison to sample without pre-annealing, regardless the same

quantity and type of incorporated nitrogen.
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1. Introduction

Titanium dioxide (TiO») is one of the most studied semiconductor due to its wide
application ranging from gas sensing [ 1], water photoelectrolysis [2], photocatalysis [3],
biocoatings [4] and solar cells [5], which are all an effect of the photosensitivity of
titania. However the optical properties of titania are limited by its absorption edge at
387 nm for anatase or 413 nm for rutile phase [6], which is only ~5 % of entire solar
spectrum. In order to improve photo response of titania, two methods are widely
applied: the morphology modification and the doping of TiO,. It is already shown that
one-dimensional nanotubular structure has superior characteristics compared to
nanoparticular TiO2, in terms of electron propagation within the structure upon UV
radiation. It is proved that diffusion of electrons is 30 times faster along 1D TiO:
nanotubes (NTs) than through nanoparticles [7]. Also, in TiO2 NTs the electron transfer
loss is reduced since there are no grain boundaries as it is the case with nanoparticles
[8]. For obtaining TiO, NTs, the anodization technique has been applied as it is a
feasible and reproducible method for controlled synthesis of highly ordered TiO2 NTs
arrays [9]. Herein, the anodization of Ti sputtered on F-doped tin oxide (FTO) glass was
performed, since such obtained photoanode is transparent and can be used in front side

illumination configuration of a solar cell. The front side illumination mode provides



higher efficiency of the solar cell when compared with the solar cell consisting of TiO»

NTs film on Ti foil support (back side illumination mode) [10],[11].

Another approach that provides the enhancement of TiO> absorbance properties is
doping, where N-doping is headmost. The previous studies showed that N doping of
TiO2 NTs can be done by immersing of the NTs in N containing solutions [12], thermal
treatment in NH3 gas atmosphere [13], using N-containing Ti alloys obtained by an arc-
melting [14], high-energetic ion implantation [15], adding urea [16] or NH4NO3[17] in
the electrolyte for anodization. Since the TiO: NTs synthesized via anodization
technique are amorphous, it is necessary to anneal them at 7 > 250 °C [18] in order to
transform to more conductive crystalline structure. For N doping the method of our
choice was annealing in NH3 at 450 °C in order to obtain anatase phase of TiO> [19].
Our previous study showed that N-doping of TiOz via annealing in NH3 was more
effective, meaning higher amount of N was incorporated if TiO2 was amorphous rather
than if TiO, was crystalline as obtained by pre-annealing in air. However, this study
was about nanoparticular TiO> synthetized via sol-gel method not by anodization as
proposed here [20]. Furthermore, it was important to investigate the effect of post-
annealing on the N-doped TiO, NTs and their optical properties. Nitridation (NH3
treatment) of TiO2 not only leads to nitrogen doping but also to the formation of defects
including oxygen vacancies and Ti** states, which are all contributing to visible light
absorption features. Oxygen vacancies and Ti’* states were reported to strongly
influence photocatalytic activity by acting as charge carriers trapping and/or
recombination centers by themselves or through a impurity—vacancy electronic

interaction [21]. Chen et al. reported that post-annealing in Oz of NH3-treated TiO; leads



to the removal of surface amino species that consequently enhances the photocatalytic
activity by adsorption of oxygen and formation of O, radicals, which are important for
benzene degradation. In the mentioned research they analysed the N-doping and post-
annealing effect on P25 Degussa. Apart from decrease of oxygen vacancies number,
they have also showed that by post-annealing the surface Ti** defects were decreased
and the separation of photogenerated carriers was improved [22]. However, they also
proved that post-annealing treatment caused the decrease of visible light activation of
N-TiO», which suggested that oxygen vacancies are not responsible for the visible light
activity. Another study [23] about NHj3 treated nanopartucular TiO> obtained by a sol-
gel method also presented the positive effect of the post-annealing in air on
photocatalytic oxidation of ethylene. The discussion was about surface hydroxyl groups
that react with photogenerated holes producing active hydroxyl radicals which are
important for photocatalysis. Additionally, surface hydroxyl groups can act as surface
sites for adsorbing organic molecules that also capture photogenerated holes. The
trapping of holes stabilizes photogenerated electron—hole pairs, improving
photocatalytic efficiency. In the study they explained that due to the nitridation process
numerous NH3 react with hydroxyl groups on the TiO; surface leading to decrease of
the number of surface sites accessible for reactants and resulting in low photocatalytic
activity. With post-annealing most of the NH3; was removed and provided a higher
density of surface hydroxyl groups for adsorbing organic substrates as well as capturing
photogenerated holes, thereby stabilizing the charge carriers of the sample. What is
more, they showed that post-annealing stabilizes N atoms in TiO lattice. Therefore, we

found it important to investigate if and how the annealing in air prior and/or after the



annealing in NH3 would affect the amount and type of N incorporation in TiO» structure

and how would that further impact the optical properties of the N doped TiO».

There are only few studies related to anodized TiO> NTs films treated in NH3 for N
doping [13, 16, 24, 25]. Even less, only one reported the investigation of FTO supported
TiO2 NTs obtained by anodization [26]. The majority of studies investigated the use of
Ti foil to produce double-wall and single-wall TiO2 NTs that were annealed in NH3[27].
But there is no study about the pre or post treatment in air of the TiO, NTs film. Vitiello
et al. [28] mentioned that their TiO2> NTs on Ti support were re-annealed at 450 °C for 1
h and that lead to lower photocurrent in the visible light. They indicate that diffusional
loss of N in non-nitrogen containing environments is possible. However, the detailed
studied was not provided. Another study of Lemes et al. [29] was about optimization of
nitridation temperature for efficient N doping also on TiO> NTs on Ti foil. A
morphology change resulting in partial closure of the NTs at 500 °C annealing was
noticed. This was related to the density difference that occurs due to nitrogen doping
and hence material exhibit different density after nitridation as compared to its starting
oxide material. Within this work we have also investigated how the pre and post
annealing with NH3 treatment can influence the morphology of the NTs. In order to
preserve the open-porosity for better performances as photoanode in solar cell, the
annealing temperature for the present study was chosen to be 450 °C. The high
temperature interval was just 30 min, since it was previously reported that prolongation

of NHj3 treatment led to smaller amount of incorporated N in TiO» NTs [30].



2. Experiment

Pure titanium thin films were deposited by radio frequency magnetron sputtering (RF-
MS) onto FTO glass (PI-KEM Ltd, 200 nm FTO film, 12-14 ©Q/cm?) using titanium
target (Alfa Aesar GmbH). The FTO substrates were ultrasonically cleaned successively
in acetone, ethanol and deionizated water for 10 min in an ultrasonic bath before being
mechanically fixed inside the deposition chamber at a 40 mm target-to-substrate
separation distance. Prior to deposition a shadow mask was applied on the FTO glass
substrate such as to obtain a coated area of 10 x 10 mm? in the sample centre. The films
were sputtered using a Cesar RF Power Generator with a Dressler RMC-1 Matching
Controller (13.56 MHz) deposition system having a magnetron cathode with a plasma
ring of ~50 mm diameter. The sputtering chamber was first evacuated down to a base
pressure of ~2 x 10* Pa. Then pure argon was admitted in the reactor chamber at
constant gas flow rate of 5 sccm. The sputtering was carried out at room temperature for
1 h at a working pressure and RF power of 0.5 Pa and 60 W, respectively. The
conditions were chosen to obtain well-adhered films with a homogeneous
nanostructured surface, that will provide highly ordered and alighted TiO, NTs [3]. It
was previously reported that increase of substrate temperature and/or RF power or the

pressure produced bigger grains and higher roughness of the films [32], [33].

The sputtered titanium films were anodized in ethylene glycol (EG) containing 0.3 wt%
ammonium fluoride and 2 wt% water, using platinum as cathode. The electrodes were
kept 20 mm apart and the voltage was set at 60 V. The transparent films were obtained

after 10 min of anodization, whereupon the samples were well rinsed with water and let



to dry in air for 24 h. The dried samples were then annealed in air alone (the sample was
labelled as TiO»-air) or in air followed by annealing in ammonia (TiO2-Air/NH3) or just
in ammonia (TiO2-NH3) or in ammonia then in air (TiO2-NH3/Air) or first in air, then in
ammonia and finally in air again (TiO2-Air/NH3/Air). All the annealing processes were
performed at 450 °C for 30 min with a heating rate of 8 °C/min and in all cases the

cooling was natural till reaching room temperature.

The surface morphology of the samples was studied using a Tescan Mira X3 field
emission scanning electron microscope (FESEM). The diffused reflectance spectra
(DRS) of the pristine undoped and doped TiO> NTs formed on FTO glasses were
recorded using a Shimadzu 2600 UV-Vis spectrophotometer with an integrating sphere

attachment in the wavelength range from 300 to 750 nm.

The X-ray photoelectron spectroscopy (XPS) was used for the composition analysis and
the chemical bond identification of N-doped TiO; films. XPS analyses were carried out
on a SPECS customized Ultra-High Vacuum surface analysis system containing sputter
ion gun, PHOIBOS 100 spectrometer for energy analysis, dual anode Al/Ag
monochromatic source and an electron flood gun. High resolution XPS spectra were
taken using monochromatic Al Ka line (photon energy of 1486.74 eV) with the electron
pass energy of 20 eV, the energy step of 0.1 eV and the dwell time of 1-2 s depending
on the photoelectron line intensity. Sample sputter cleaning was performed using 3 keV
Ar* ion beam at a 45° incident angle. The sputtering duration was only 1 min in order to

reduce the preferential sputtering effects which typically, in the case of TiOx samples,



reduce 'x'. The sputtered surface was 5x5 mm?, and the typical ion beam current was

around 5 pA.

Quantitative composition analysis was performed from the relative intensities of the
characteristic photoelectron lines, determined as an area below a line after subtracting
Shirley background, using atomic sensitivity factors provided by the manufacturer. The
detailed analysis of the photoelectron lines was performed based on the following peak
model: each contribution was fitted to a pseudo-Voigt GL(30) peak profile; half widths
of peaks in the frame of the same line is considered to be equal; the intensity ratio of Ti
2p spin-orbit doublet peaks attributed to the same chemical bond was fixed to the
theoretical value 1:2. Binding energy axis correction due to the charging effects was
based on the position of the main C 1s line contribution, assuming it corresponds to the

adventitious carbon situated at 284.8 eV.

3. Results and discussion

Fig. 1 presents the overview of the FESEM micrograph of the as-anodized TiO2 NTs
with a length of ~2 um and ~60 nm inner diameter. The morphology of NTs
corresponds to previously reported double-wall NTs that are expected for the NTs

formed using EG based electrolyte for anodization. By using SEM the distinction



between outer and inner layers is not very apparent [34]. The tubes seem mainly to

consist of a thick tube wall that is tapered from top to bottom (Fig 1a)).

Fig 1.

Fig. 2 shows the FESEM micrographs of TiO> NTs after annealing. It can be seen that
in all cases the open porosity of the NTs remained, which is an important feature of the

structure, having a high specific surface area.

Fig. 2

The survey wide-energy XPS spectra were taken for all samples annealed in ammonia
in order to identify and quantify present elements. In all cases, the characteristic Ti 2p,
O 1s, C 1s and Sn 3d lines were detected as well as N 1s line of a small intensity. Fig. 3
shows a representative XPS spectrum of the TiO2-Air/NH3 sample. Ti and O originate
from TiO; film, whereas Sn signal comes from the F-SnO; film beneath (FTO glass). C

was expected as a usual constituent of surface contaminants.

Fig. 3

The chemical composition before (i) and after (ii) sputtering of all the samples annealed
in ammonia is given in Table 1. It can be seen that in all samples, the amount of C is

high (12- 20 %) and that it is not significantly decreased after ionic sputtering (except



for the TiO>-NH3 sample). This means that sputtering removes only the impurities from
the top surface of the NTs, but not from the NTs’ wall in depth. The amount of N before
and after sputtering remains mostly the same, except for the TiO>-NH3 sample, where N
concentration decreases from 3.8 % to 1.0 % [26]. In our previous study [26] we
assumed that in this case the major amount of N was bonded (adsorbed) to the surface
via weak bonds, enabling easy removal by sputtering. Further investigation about the
effect of post-annealing in air (sample TiO,-NH3/Air), showed that the concentration of
N is much smaller (0.7 %) than in the sample TiO>-NH3, but it does not change after the
sputtering. This indicates that in this sample N was uniformly incorporated along the
depth of TiO> NTs creating stronger bonds. It can be supposed that the N that was
removed by sputtering from the surface of TiO>-NH3 is the same type as the N removed
by the post-calcination in air for obtaining the TiO>-NH3/Air sample. Similar
occurrence can be observed comparing the samples TiO>-Air/NH3 and TiO»-
Air/NH3/Air, except that the N concentration in TiOz-Air/NH3 (1.4 %) was much
smaller than in the sample TiO>-NH3 and sputtering does not reduce it significantly (1.3
%). Therefore, it can be concluded that in well crystalline TiO2 (due to annealing in air)
a very small amount of N is bonded to the surface via weak bonds, thus the sputtering
did not affect much to the N concentration. It seems that the post-annealing in air of the
Ti02-Air/NH3 sample (sample TiO2-Air/NHs/Air) enabled the removal of all weakly

bonded N, as there was no difference in N concentration after the sputtering (0.8 %).

Table 1.



The fitting results for the N 1s line before (i) and after (ii) the sputtering of the samples
TiO>-NH3s, TiO2-NH3/Air, TiO2-Air/NH3, TiO2-Air/NH3/Air are given in Table 2. The
results for TiO2-NH3 sample were already discussed in our previous study [26], but they

are repeated within the given table for easier comparison with the new results.

Table 2.

Firstly noticed from Table 2, is that in comparison to TiO>-NHj3 the sample TiO»-
NHz3/Air lost the contributions ascribed as the peak 1 and 2 of the N 1s line and that the
peak 4 appeared instead. The peak 1 is characteristic for substutionally incorporated N
[26] and the peak 2 is associated to chemisorbed N (from N> or NH3) [35]. On the other
hand, the peak 4 at 402.10 eV is accociated to surface adsorbed NOx species [16]. This
results implies that post-annealing in air caused partial conversion of N atoms in TiO»-
NH3 to oxidized nitrogen species that are easily removed with sputtering [23]. It is also
possible that surface adsorbed NH3 (peak 2) were oxidized to NOx species (peak 4). The
other contribution of N in case of the TiO>-NH3/Air sample is the peak 3 at 400.08 eV,
that corresponds to interstitially incorporated N [36] and it was only one detected after
sputtering (it coincides to the resulting spectrum presented in Fig. 4 as envelope).
Another assumption can be made since the formation energy of interstitial N in TiO>
lattice is lower than for substitutional [37], the substitutional N might be suppressed by
oxygen from air to move to interstitial site. Analysing whole Table 2, it can be noticed
that there is always more interstitional N than substitutional no matter if the pre or post
annealing was performed. This means that formation of N-Ti-O bonds is more

favourable until certain saturation when excessive N atoms start to form N-Ti-N bonds



[38]. The reported saturation limit is 1.5 % and coincides with the amount of
incorporated N for the samples TiO»-NH3 and TiO»-Air/NH3 (Table 1) where both

interstitional and substitutional N were detected.

Fig. 4

For further analysis of the TiO»-Air/NH3 sample, N 1s line was fitted in three
contributions both before and after sputtering (Fig. 4). Apart from the peak at ~ 400 eV,
that corresponds to interstitial N (Niner) and the peak at ~ 402 eV, associated to NOx
species adsorbed at the surface, there is also the peak at ~ 396 eV, which is assigned to
substitutional incorporation of N (Nsubs) [28, 36] as in the case of TiO»-NH3 [26]. The
contribution at ~ 402 eV decreases after sputtering that indicates to weakly bonded NOx
species (Table 2). Proportionally to the decrease of the peak 4, the two remeaining
peaks 1 and 3 increased. However, the ratio Niner:Nsubs before sputtering was 1.63
whereas after it decreased to 1.33 (Table 2), which suggested that the incorporation of

both substitutaional and interstitial nitrogen was not uniform along the NTs.

In the case of TiO2-Air/NH3/Air before sputtering the three contribution of the N 1s line
are also deduced from the fitting (Fig. 4), as for the TiO2-Air/NH3 sample, however the
contribution at ~ 396 eV is smaller than for the TiO2-Air/NH3 sample. The Ninter:Nsubs
ratio before sputtering is much bigger (5.25) than for the sample without post-annealing.
This proves that the amount of substitutional N decreases due to the post-annealing in
air. It was already discussed that it might be due to suppression of oxygen from air to

move substitutional N to interstitial sites. However, sputtering caused the total loss of



the Nsups. This agrees with the assumption that incorporation of both Niner and Nsups 1S
not uniform along the NTs. The peak 3 coincides with the resulting spectrum

(envelope).

To deduce the influence of type of N-doping (calcination of amorphous or crystalline
TiO2 in NH3), post-annealing in air and ion sputtering on optical properties of the
obtained film, DRS spectra were recorded, using a bare FTO glass for baseline. The
samples were analyzed before and after the XPS measurement, meaning before and
after ionic sputtering. Together with the DRS spectra, the Tauc plots of the squared root
of the Kubelka-Munk functions (F(R) = (1- R)*(2R)) versus photon energy were given
for the estimation of the corresponding band gaps. Fig. 5 illustrates that the TiO>-NH3
sample had the highest absorption in the visible region. However, it showed a big
declination of absorption due to sputtering. This is in accordance with XPS results,
having in mind that the amount of N in this sample decreased from 3.8 % to 1.0 % and
showing that some surface attached species are removed by sputtering. Obviously, high
content of surface attached species causes high absorption in the visible region of the
sample TiO2-NHj3. The visible light absorption of the sample after sputtering is mainly
due to the presence of substitutional and interstitial N, meaning that the sputtering
revealed the intrinsic property of the sample. Therefore, although the sample TiO2-NHj3
has a very narrow band gap before sputtering (1.63 eV), the value obtained after
sputtering, 2.86 eV, can be considered as more realistic. Actually the first slope of the
Tauc plot with the tangent line at 3.06 eV reveals the contribution of the substitutional
N, but the overall impact on the absorption properties comes from the second slope that

corresponds to the interstitial N [24], [39]. Besides the substitutional and interstitial



incorporation of N, we proved that NH3 treatment led to pronounced diffusion of Sn in
TiO> from FTO support [40]. Therefore, the band gap narrowing is surely affected by
Sn incorporation as well. In the case of TiO>-NHj3, Sn concentration is the highest
among the samples (Table 1) and it decreases from 4.7 to 4.0 after sputtering, which can

also influence the lower band bap narrowing than before sputtering.

When analyzing the sample TiO2-NH3/Auir, it can be noticed that it possesses absorption
in the visible light region similar as the sample TiO>-NHj3 after sputtering. Since it did
not show any substitutional N, this result proves the strong effect of interstitial N.
Considering the effect of sputtering on the TiO2-NHs/Air sample, it can be seen that the
absorption remained almost the same, which agrees with the XPS data that the amount
of N did not change after sputtering. Also, the interpreted band gaps values before and
after sputtering, 2.83 eV and 2.96 eV, respectively, are close. By comparing DRS
spectra of TiO2-NH3 and TiO2-NH3/Air, it is obvious that strong visible-light harvesting
of the TiO>-NH3 sample is a result of the presence of species which are removed by
post-annealing in air or by spattering. These species are not important for the practical

application of the N-TiO2 NTs photoanode and can be removed by post-annealing in air.

Similar as in the case of TiO>-NH3 sample, the surface species amount in the sample
TiO>-Air/NH3 declined after sputtering with the increase of substitutional N
contribution. The sputtering effect was the most vivid for the sample TiO>-Air/NH3
where it revealed the three absorption shoulders, originating from three different N
contributions. The first add-on shoulder can be a consequence of substitutionally

incorporated N, the next two are originating from interstitial N and surface trapped NOx



species. Consequently, the interpretation of the Tauc plot gave three values of band gap.
The sample TiO>-Air/NH3/Air showed the smallest visible-light absorption and a
negligible band gap narrowing (3.27 eV and 3.24 eV before and after sputtering,
respectively) compared to the undoped sample. A small add-on shoulder was observed
after sputtering, when only interstitial N was detected. When compare to the sample
TiO>-NHz/Air which also possess only interstitial N, it can be concluded that the pre-
treatment in air, which led to crystalline structure, enable only a shallow level states
caused by incorporated N [24], whereas direct annealing in NH3 causes deeper level
states [41]. What is more the pre-treatment in air hinders the creation of oxygen
vacancies that benefit to visible light photo-response. Even though there was 0.8 % of N

detected in the TiO»-Air/NH3/Air it did not lead to significant visible light sensitization.

Fig. 5

4. Conclusions

TiO2 NTs, obtained by anodization of Ti films sputtered on FTO glass, were doped
with nitrogen by annealing in ammonia atmosphere. The effect of pre- and post-
annealing in air on the nature and amount of incorporated N was studied by XPS
technique. SEM analyses of the films proved that the nanotubular structure remained
open irrespective of the type of annealing treatment. The analysis of the N 1s XPS
spectra showed that, in all cases, N was incorporated interstitially in TiO; structure,

while substitutional incorporation of N was detected only in the samples that did not



sustain post-annealing in air. Weakly bonded NOx species, which are removed by ionic
spattering, can be partially removed from the surface by post-annealing. It was assumed
that substitutional nitrogen was suppressed by oxygen from air during post-annealing to
move to interstitial site. In addition, it is possible that post-annealing led to partial
conversion of N in TiO; lattice to oxidized nitrogen species, that are easily removed
with sputtering. The visible-light activation of N-doped samples was studies by
analyzing DRS spectra and corresponding Tauc plots. The sample annealed just in
ammonia showed the highest absorption in the visible region, even after sputtering
cleaning and decrease of N amount from 3.8 % to 1 %. Pre- and/or post-annealing in air
led to smaller amount of N, that caused less pronounced absorption enhancement
compared to the sample annealed only in ammonia. The surface species that were
removed by sputtering, as well as post-annealing, could act as sensitizers and when their
amounts are reduced, the core absorption properties were revealed. Pre-annealing in air,
which led to the crystalline structure before N-doping, provided much lower visible
light sensitization than N-doping of amorphous TiO, regardless the same quantity and

type of incorporated nitrogen.
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Table 1. Chemical composition of the surface of the analyzed TiO- films before (i) and after

(i) sputtering

Sample Sputtering  C (%) N (%) O (%) Ti (%) Sn (%)
(1) 20.7 3.8 53.1 17.7 4.7
TiO>-NH3 [22]
(i1) 6.2 1.0 62.6 26.2 4.0
(1) 15.0 0.7 58.5 22.2 3.6
TiO,>-NHs/Air
(i1) 12.2 0.7 60.5 23.0 35
(1) 20.5 1.4 54.6 20.0 35
TiO»-Air/NH3
(i1) 17.7 1.3 559 21.6 34
TiO»- ) 16.6 0.8 59.2 20.9 2.3
Air/NH3/Air (ii) 15.3 0.8 59.5 21.7 2.7
Table 2. The fitting results for the N 1s line before (1) and after (ii) sputtering
Sample Sputtering Peak 1 (position/%) Peak 3 Peak 4
(1) 396.1 eV/4% 398.7eV/52 % 400.4 eV/44 %
TiO2-NH3[22]
(i1) 396.6 eV/26 %  398.6 eV/33 % 400.2 eV/41 %
(1) 400.08 eV/85% 402.10 eV/15 %
TiO>-NH3/Air
(ii) 400.08 eV/100 %
(1) 396.56 eV/27 % 399.99 eV/44 % 402.02 eV/29 %
TiO;-Air/NHj3
(i1) 396.25 eV/33 % 399.29 eV/44 % 401.34 eV/23 %

TiO;-

®

396.18 eV/12 %

400.34 eV/63 % 402.01 eV/25 %

Air/NHs/Air

(ii)

399.97 eV/100 %





