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Abstract

Titania nanoparticles were synthesized by employing the hydrothermal method and using TiOSO, as a titanium source. By
varying pH between 0.5 and 1.0 and adding isopropanol to the hydrothermal reaction mixture, different mixtures of anata-
se, rutile, and brookite were obtained. The samples were also doped with nitrogen at different N concentrations using, res-
pectively, urea, ammonium nitrate, and tripropylamine as nitrogen sources. The samples were characterized by X-ray pow-
der diffraction, field emission scanning electron microscopy, infrared spectroscopy, UV-Vis diffuse reflectance spectros-
copy and according to their specific surface area. Additionally, their photocatalytic activity was measured in a gas-solid
reactor system. The results show that low pH favours rutile formation, whereas a higher pH yields mixed phase titania poly-
morphs. Isopropanol addition also favours rutile formation, and boosted the photocatalytic activity of the resulted particles.
Contrary to most data in the literature, rutile turned out to be the more active phase in the present investigation. Nitrogen

doping, on the other hand, did not contribute to higher photocatalytic activity, but was rather detrimental to it.
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1. Introduction

Titanium dioxide is a well-established industrial pro-
duct, which is mostly used as a white pigment. Ever since
the discovery of its photocatalytic potential by Honda and
Fujishima,' this special property of an otherwise common
material has been in the forefront of materials research.
Since TiO, is a wide band gap semiconductor, its photoca-
talytic activity is limited to UV and near-UV light, which
constitutes only a small part of the solar spectrum.>* The
proper tailoring of TiO, properties, using economically
feasible reagents and procedures, is crucial if photocataly-
tic TiO, is to become a widely used material.>*’

In order for photocatalysis to become more efficient,
a wider spectrum of solar energy should be utilized, e.g.
the visible part of the spectrum, as well as UV, should be
exploited. In order to achieve this goal, band gap modifi-
cation through the doping and co-doping of various hete-

roatoms in the crystal lattice of titania has been propo-
sed.>*** However, doping is a complex process that may
also influence other important parameters such as crystal-
lite size and morphology, the charge carrier recombination
rate, and the charge transfer rate. All of these factors have
an influence on the photocatalytic degradation of pollu-
tants. The influence of doping on photocatalysis is not al-
ways beneficial, and can even be detrimental. Choosing
dopants and co-dopants and determining their optimal
concentration leads to a combinatorial explosion of mate-
rial modification possibilities.>*¢!-12

According to the literature, one of the most favourab-
le dopants is nitrogen.*'*!""1>-1% Many reports have found
that nitrogen doping effectively reduces band gap energy
and therefore promotes visible light photocatalysis. The
mechanism of band gap reduction is still controversial and
several hypotheses have been proposed to explain N-doped
TiO, photocatalytic behaviour exposed to visible light.*'*'*
Different sources of nitrogen create specific chemical envi-
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ronments and can yield somewhat different results concer-
ning the dopant position, either substitutional or interstitial,
and consequently the band gap reduction, size, and morp-
hology of TiO, nanoparticles, all of which have significant
effect on the photocatalytic performance of TiO,.'*'>"

TiO, synthesis may be performed by means of diffe-
rent routes and by using various reagents. Among wet
chemical methods the most notable are sol-gel syntheses,
which usually employ titanium alkoxides as precursors.
Hydro- and solvothermal syntheses are another set of
commonly used procedures. Although titanium alkoxides
are the most commonly used reagents, titanium tetrachlo-
ride, titanyl nitrate and titanyl sulphate can also be
used.*?*?* Our work was focused on the latter reagent,
employing hydrothermal synthesis to obtain the product.

The focus of the first part of the study was on the de-
pendence of titania phase composition on pH at the very low
end of the scale (the pH was varied between 0.5 and 1.0). Ad-
ditionally, the influence of isopropanol addition on phase
composition is discussed. The effect of the anatase:rutile ra-
tio in the obtained titania products on the latter’s photocataly-
tic activity is systematically studied and commented upon.

In the second part of the study, titania was doped
with nitrogen using different sources (ammonium nitrate,
urea, and tripropylamine) in different concentrations, whi-
le also varying the pH of the samples — taking into account
the knowledge collected in the first part of the work. In all
cases isopropanol was added to the samples.

2. Experimental

2. 1. Synthesis

Titanium oxysulphate, TiOSO,, (Sigma Aldrich, 29%
= as TiO,) was dissolved in distilled water while stirring,
containing 15 wt.% of reagent powder in the solution. The
mixture was stirred magnetically until it turned into a co-

| 1. TIOSO, dissolution in walerl

l NH,OH addition

l 2. Gel precipitation and washing l

3. Gel dispersion

lourless solution. The ammonium hydroxide solution, with
an ammonia content of 25% (Sigma Aldrich, NH,OH) was
diluted to an ammonia content of 10%. The ammonia solu-
tion was added instantaneously to a titanium oxysulphate
solution under vigorous stirring so that the pH value of the
precipitated gel reached 8. The reaction took place in a bea-
ker. The obtained amorphous gel was then filtered and rin-
sed several times using distilled water, so that no residual
sulphate or ammonium ions remained. After rinsing, water
was added to the gel, so that the TiO, content was 5 wt.%.
The dispersed gel was then mixed in a dissolver at 4500
rpm for at least 30 minutes. 28 grams of the obtained mix-
ture was transferred to a standard Teflon-lined stainless
steel autoclave with total volume of 40 mL, where its pH
was adjusted using nitric acid (HNO,, 65%, Sigma Al-
drich). The pH of the samples was set at either 0.5, 0.7 or
1.0. Teflon-lined autoclaves were chosen because this ma-
terial is known to be inert even in very low pH conditions.

The undoped samples were either i) immediately
enclosed in the Teflon autoclave or ii) enclosed in the au-
toclave after addition of an appropriate amount of isopro-
panol. In both cases autoclave was then put into a pre-hea-
ted oven at 200 °C for 18 hours (see Figure 1). The filling
level in the autoclave was 80%.

For the doped samples, an appropriate amount of
dopant precursor was added to the mixture in the autocla-
ve, the pH of which was adjusted prior to dopant precur-
sor addition. The mixture was then stirred for at least 15
minutes. Just before enclosing the autoclaves, 0.5 mL of
isopropanol was added. The mixture was then sealed in
the autoclaves and put into a pre-heated oven at 200 °C for
18 hours. To ensure similar conditions, the filling level of
all the autoclaves reached 80%.

After the heating phase the autoclaves were taken
out of the oven and left to cool at room temperature. The
obtained product was filtered, rinsed, and dried under am-
bient conditions.

| 6. Product characterization |

1

I 5. Filtration and drying of the product |

s | pH adjustment with HNO, |

4 iPrOH addition
‘

(when necessary) |

R ]

doping agent addition
(when necessary)

4. Hydrothermal treatment at 200°C for 18 hours |

Figure 1. Schematic presentation of the synthesis procedure.
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The dopants were ammonium nitrate (NH,NO,),
urea (CO(NH,),) and tripropylamine (TPA — (CH,CH,
CH,);N). An appropriate amount of ammonium nitrate
(0.21 g) or urea (0.28 g) was dissolved in 10 mL of distil-
led water; 1 mL of these solutions corresponds to the do-
pant concentration of 1 at.% of nitrogen in TiO,. The vo-
lume of dopant solution added to the synthesis mixture
was 0.5, 1.0 or 2.0 mL which correlates to 0.5, 1.0 or 2.0
at.% of nitrogen doping, respectively (see Figure 1).

2. 2. Product Characterization

Structural characterization of the samples was per-
formed by X-ray diffraction (XRD) using D4 Endeavor,
Bruker AXS with Ko Cu as the radiation source (A =
0.154 nm) and Sol-X as an energy dispersive detector. The
fractions of the anatase and rutile phases were calculated
using the Spurr equation®:

x, (wt%) = - . (1)

141,265
!.J

where x_ is wt.% of anatase in the sample, I represents the
rutile (110) peak at 26 =27.4°, and I  represents the anata-
se (101) peak at 26 = 25.3°. The fractions of the phases in
the three-phased samples (rutile-anatase-brookite) were
estimated by using the following equation:

/ 2

where x; represents the wt.% of phase i (either anatase, ru-
tile or brookite), I, represents the intensity of this phase,
and I, I, and I, represent, respectively, the intensities of
anatase, at 25.3°, brookite, at 30.8°, and rutile, at 27.4°, re-
presenting the (101), (110), and (121) plane, respectively.
In the case of anatase and rutile the highest reflections we-
re taken into account whereas in the case of brookite the
second highest reflection was used since its highest inten-
sity reflection at 25.3° overlapped with the anatase reflec-
tion. The second highest reflection intensity at 30.8° was
therefore used in the calculations, divided by the correc-
tion factor of relative intensity compared to the highest in-
tensity at 25.3°, the value of which was 0.9. In the calcula-
tions of the fractions of the three polymorphs the possible
presence of an amorphous phase was neglected.

The BET surface area was measured by a surface
area analyser via nitrogen adsorption-desorption isot-
herms at liquid nitrogen temperature using a Micrometrics
ASAP 2020 instrument.

The size and morphology of the samples was deter-
mined using a Zeiss ULTRA plus field emission scanning
electron microscope (FE-SEM).

Diffuse reflectance spectroscopy of the samples was
performed on a Shimadzu 3600 UV-VIS-NIR spectropho-
tometer with an ISR-3100 integrating sphere attachment.
Barium sulphate was used as a standard. The samples we-
re prepared for measurement by piling a small amount on
a layer of barium sulphate powder, after which the sample
powder was spread into a thin uniform layer using a glass
rod.

FT-IR spectroscopic analysis of samples was perfor-
med on a Perkin Elmer Spectrum 100 FT-IR spectropho-
tometer. A small amount of the sample was ground toget-
her with KBr, and the resulting powder was pressed into a

Figure 2. Schematic representation of the gas-solid reactor system.
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pellet. The pellet was put into the spectrometer and its
spectrum measured.

Photocatalytic activity measurements were perfor-
med in a sealed gas-solid reactor utilizing FT-IR spectros-
copy on a Spectrum BX model Perkin Elmer spectrometer
(see Fig.2). The method has been described in detail el-
sewhere.”” The model pollutant was isopropanol. Isopro-
panol oxidizes over the lit sample into acetone, and this
acetone oxidizes into other products. The samples were
prepared by milling 50 mg of the sample and uniformly
distributing it in a standard petri dish with a diameter of
60 mm.

Isopropanol —*—» acetone —— further products (3)

The first reaction of isopropanol oxidation is fast
compared to subsequent reactions, and is usually conside-
red to be a zeroth order reaction. The second step can be
assumed to be the first order reaction. Taking into account
these two assumptions, the equation for the time depen-
dence of acetone concentration is as follows:
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Figure 3. Typical isopropanol (blue) and acetone (green) concen-
tration profiles for the determination of photocatalytic activity: (a)
P25 profiles under UV+VIS illumination; (b) P25 profiles under
VIS illumination (a filter was used at 400 nm).

The evaluation of photocatalytic activity is based on
acetone formation kinetics and given in ppm/h. According
to equation (4), the acetone curve would exhibit a peak
(i.e. a maximum concentration) at a certain time. Howe-
ver, since k;>> k, a linear fit of the initial acetone forma-
tion kinetics curve can still be made, yielding quite reliab-
le results for photocatalytic activity (see Fig. 3). In order
to ensure repeatability of results, temperature and relative
humidity were kept at 25 + 3°C and 22 + 3%, respective-
ly. Evonik P25 was also measured regularly in order to en-
sure the reliability of the method. The results of the prepa-
red samples are also given in terms of the P25 coefficient,
i.e. the sample’s photocatalytic activity result was divided
by the measurement result for the P25 photocatalytic acti-
vity, and the obtained number is the P25 coefficient.

The light source for the photocatalytic activity mea-
surements was a 300 W Xe lamp (Newport Oriel Instru-
ment, USA), with an infrared filter. The lamp imitates the
solar spectrum and emits both ultraviolet (UV) and visib-
le light (VIS). The results of measurements in UV indica-
ted that the whole spectrum of the light was used, i.e. VIS
plus UV, whereas the VIS measurements indicated that a
filter was used. This filter cuts out any light under 400 nm,
so that in this case the samples were irradiated solely by
visible light. In this study, the radiance intensity on the
sample was 40 W/m?’.

3. Results and Discussion

3. 1. Dependence of Product Properties
on pH and the Addition of Isopropanol

The main properties of titania products as functions
of pH and isopropanol addition are shown in Table 1.

The pH of the prepared samples was 0.5, 0.7 and
1.0. As can be seen from Figure 4, where the XRD results
are shown, a low pH favours the formation of rutile. The
sample pHO.5 showed a distinct reflection at 27.6°, which
is characteristic for rutile, and no reflection at 25.5°. The
samples pHO.7 and pH1.0 also showed a reflection at
27.6°, although a less pronounced one. These two sam-
ples, however, showed another reflection at 25.5°, which
is characteristic for samples containing anatase. Another
reflection with a low intensity at 32° indicates that the
samples pHO.7 and pH1.0 contained a small fraction of
the brookite phase. It can therefore be concluded that low
pH, in our case a pH value of 0.5, favours rutile formation,
whereas higher pH values favour anatase formation with a
small fraction of brookite. There is an indication that the
higher the pH value the higher is the anatase:rutile ratio.
This was also found by Yang et al.”® and Xu et al.”’

Structural analysis of the samples with isopropanol
addition showed a similar trend, i.e. that low pH values fa-
vours rutile formation. The samples pH0.5-0.5 and
pHO.7-0.5 contained the rutile phase only, whereas the
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Table 1. The results of the samples with varying pH with and without the addition of isopropanol

iPrOH BET SSA
[mL] [m%g] [wt.%]

Sample pH

Anatase

Rutile
[wt. %]

Brookite
[wt. %]

VIS activity UV+VIS activity
[ppm/h] [ppm/h]

pHO.5 0.5 / 43 0
pHO.7 0.7 / 119 57
pH1.0 1.0 / 117 66
pHO0.5-0.5 0.5 0.5 54 0
pHO0.7-0.5 0.7 0.5 58 0
pH1.0-0.5 1.0 0.5 100 20
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Figure 4. XRD diffractograms of (a) samples with varying pH wit-
hout isopropanol, and (b) samples with varying pH with added iso-
propanol.

sample pH1.0-0.5 contained a certain quantity of the ana-
tase phase. Isopropanol addition seems to favour rutile
formation, since pure rutile can be obtained at a higher
pH (compare the samples pH0.7 and pHO0.7-0.5). For
example, the sample pH1.0-0.5 contains a much higher
rutile percentage than sample pH1.0. A similar finding
was made by Yan et al.** In their experiments a mixture of

water and ethanol in the hydrothermal reaction mixture
yielded a higher percentage of the rutile phase than the
reaction mixture of water without ethanol.

Comparing the FE-SEM images (Figures 5a—c) and
the BET specific surface area values (Table 1), it is pos-
sible to confirm that anatase particles are spherical in sha-
pe, with a diameter of 10-15 nm (Figures 5a—c), rutile
crystallizes in the form of elongated nanorods, about
50-150 nm in length and 30-60 nm in width, as can be
seen from the FE-SEM image in Figure 5d. The anatase
containing samples (pHO.7, pH1.0 and pH1.0-0.5) have a
significantly higher specific surface area than those com-
posed entirely of rutile. Despite the fact that photocataly-
sis is a surface phenomenon, where one might expect hig-
her surface area samples to have better photocatalytic ac-
tivity, it was found that was not the case with our samples.
It is important to bear in mind that photocatalysis is a
complex phenomenon, which depends on many factors,
not just specific surface area. Both sample pHO0.7 and
sample pH1.0 have significantly higher specific surface
area than sample pHO.5, but their photocatalytic activity
in VIS is lower by a factor of 7 or more. The anatase con-
taining samples fared somewhat better under UV+VIS ir-
radiation, but their activity was much lower than that of
the sample pHO.5, which contains only rutile (see Table
1). It should be noted that photocatalytic activity depends
on many factors, among which the model pollutant used is
one. The obtained values are specific for isopropanol oxi-
dation and acetone formation, whereas they may be diffe-
rent if another pollutant was used.

In the case of some of the samples a small amount of
isopropanol was added before the hydrothermal treat-
ment. Isopropanol addition had two effects. Firstly it inf-
luenced phase composition. This effect can only be obser-
ved by comparing samples pH0.7 and pH1.0 with samples
pHO.7-0.5 and pH1.0-0.5. Sample pH0.7-0.5 was com-
posed entirely of rutile crystallites, whereas sample p-
H1.0-0.5 still contained the anatase phase, but less of it.
Secondly, isopropanol addition also had an effect on the
specific surface area of rutile. Comparing the samples p-
HO.5 and pHO0.5-0.5, a somewhat larger specific surface
area can be observed in the case of the latter sample (54
m?/g vs. 43 m%g). Isopropanol also had a significant ef-
fect on photocatalytic activity. This can be explained by
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)

Figure 5. FE-SEM images of samples containing different anatase:rutile phase ratios (a) pH1.0, 25 wt.% rutile, (b) pH1.0-0.5, 77 wt.% rutile,
(c) pH-0.5-1% NH,NO,, 94 wt.% rutile, and (d) pH0.5-0.5, 100 wt.% rutile.

the higher rutile content, as is the case of samples pHO0.7—
0.5 and pH1.0-0.5. The rutile phase has already been
shown to be more active. However, sample pH0.5-0.5 al-
so had a somewhat higher photocatalytic activity than
sample pHO.5, despite the fact that both samples contain
only a rutile phase. This may be explained by the somew-
hat larger specific surface area of sample pHO0.5-0.5.
Wang®' also found that introducing alcohol into the
hydrothermal reaction mixture resulted in a higher speci-
fic surface area of the titania, although his product was
composed of anatase particles.

By comparing the undoped samples with P25, it can
be seen that the photocatalytic activity, under VIS irradia-
tion, of the samples without isopropanol was much lower
in the anatase-containing samples (pHO0.7 and pH1.0),
whereas the activity of a rutile phase containing sample,
pHO.5, is almost twice as high as that of P25 (Figure 6a).
A similar finding can be made in the case of the synthesi-
zed samples under UV+VIS irradiation (Figure 6b). The
anatase-containing samples have a much lower activity
than P25. Sample pHO.5 stands out, since its activity is
comparable to that of P25.

As has already been mentioned, those samples to
which isopropanol was added before hydrothermal treat-
ment showed, in general, a higher photocatalytic activity.
All of them were more active than P25, both under VIS ir-
radiation alone, and under UV+VIS irradiation. The diffe-
rences in activity under VIS irradiation are relatively large
and the sample prepared at pH 0.5 is the most active even
in this group (Figure 6¢c). The difference in activity is
much less noticeable under UV+VIS irradiation (Figure
6d). All the samples were more active than P25. However,
under UV+VIS irradiation, sample pH0.7-0.5 had the
highest photocatalytic activity. Isopropanol addition to the
reaction mixture before hydrothermal treatment seems to
boost the photocatalytic activity. Since isopropanol addi-
tion had a favourable effect on photocatalytic activity, 0.5
mL of isopropanol was added to all the doped samples.

3. 2. Properties of the Nitrogen Doped Samples

In the second part of the experiments, different sour-
ces of nitrogen were used for doping the TiO,. Nitrogen
doping has been widely considered as a promising way of
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Figure 6. Acetone formation kinetics, from which the photocatalytic activity was calculated (see section 2.2), (a) samples pHO.5, pHO0.7, pH1.0 and
P25 under VIS irradiation, (b) samples pHO.5, pHO.7, pH1.0 and P25 under UV+VIS irradiation, (c) samples pH0.5-0.5, pH0.7-0.5, pH1.0-0.5 and
P25 under VIS irradiation, and (d) samples pH0.5-0.5, pH0.7-0.5, pH1.0-0.5 and P25 under UV+VIS irradiation.

improving TiO, photocataytic activity, ever since the pio-
neering work of Asahi et al.'”* Up until now, a plethora of
articles have been written, mainly focusing on anatase do-
ping. Rutile is, in general, considered to be a less active
species, so that the lack of papers on rutile doping is not
surprising. Yet, as above mentioned, this was not the case
with our samples (see section 3.1), where rutile was shown
to be the more active phase. The experiments described in
the following section were all prepared using the synthesis
parameters that yielded the most active photocatalyst wit-
hout doping, i.e. samples pH0.5-0.5 and pH0.7-0.5. In the
present work three different dopants were considered as
potential sources of nitrogen for doping, i.e. ammonium
nitrate, urea, and tripropylamine. The dopants were added
in different concentrations and at different pH values of the
reaction mixtures (see section 2.1 for details).

3. 2. 1. Photocatalytic Properties of the Nitrogen
Doped Samples, Using Urea, Ammonium
Nitrate and Tripropylamine as Dopants

A pre-calculated amount of either urea or ammo-
nium nitrate water solution was added to the reaction mix-
ture before hydrothermal treatment, which was equivalent
to 0.5, 1.0 or 2.0 at.% (normalized on oxygen at.%) of ni-

trogen doping. Tripropylamine was added in its pure form
directly to the reaction mixture, which was equivalent to
0.5, 1.0 and 2.0 at.% of nitrogen doping. The pH of the
reaction mixture was adjusted to either 0.5 or 0.7.

The XRD results showed that the doped samples at
pH 0.5 and with the addition of isopropanol were predo-
minantly in the rutile phase. The samples at pH 0.7 doped
with ammonium nitrate at 0.5 at.% N and 1 at.% N contai-
ned a small fraction of the anatase phase, which made up
7 wt.% and 6 wt.% of the samples. Similarly, the samples
doped with urea with 0.5 at.% and 1.0 at.% N doping at p-
H 0.7 both contained 5 wt.% of the anatase phase. All the
other samples were composed of pure rutile.

BET specific surface was the lowest in the case of the
sample with 2 at.% N doping, using NH,NO, as a dopant,
where it reached 44 m%g. The specific surface area of other
solely rutile-containing samples ranged between 49 and 59
m?%g. The samples containing a small amount of the anatase
phase showed a somewhat higher BET specific surface area,
which varied between 63 and up to 67 m%/g. The data con-
cerning structural analysis and BET specific surface area
measurements of the doped samples are listed in Table 2.

As can be seen from Figure 7a—d, in all cases the ni-
trogen doping had a detrimental effect on the photocataly-
tic activity of the synthesized samples. There were, howe-

Rozman et al.: Tuning the Photocatalytic Activity of Nanocrystalline



Acta Chim. Slov. 2014, 61, 506-516

Table 2. The results of structural analysis and BET specific surface area measurements of the doped samples

pH=05 pH=0.7
Doping N Anatase Rutile BET SSA Anatase Rutile BET SSA
agent [at.%] [wt.%] [wt.%] [m?%g] [wt.%] [wt.%] [m%g]
NH,NO, 05 0 100 55 7 93 63
NH,NO, 1.0 0 100 51 6 94 67
NH,NO, 2.0 0 100 44 0 100 49
Urea 0.5 0 100 54 5 95 60
Urea 1.0 0 100 49 5 95 65
Urea 2.0 0 100 48 0 100 53
TPA 0.5 0 100 51 0 100 59
TPA 1.0 0 100 54 0 100 54
TPA 2.0 0 100 54 0 100 52
a) VIS activity, pH 0.5 c) VIS activity, pH 0.7
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Figure 7. Photocatalytic activity of the doped samples with different amounts of doping using different sources of nitrogen under (a) VIS ir-
radiation, sample pH adjusted to 0.5, (b) UV+VIS irradiation, sample pH adjusted to 0.5, (c) VIS irradiation, sample pH adjusted to 0.7, and

(d) UV+VIS irradiation, sample pH adjusted to 0.7.

ver, differences concerning the severity of the negative do-
ping effect.

N doping, using urea as a nitrogen source, diminis-
hed photocatalytic activity at pH 0.5 with 1 at.% nitrogen
loading. The smallest negative effect of urea doping was
observed in the case of a 2 at.% nitrogen load. 0.5 at.% do-
ping lies somewhere in between (Figure 7a, b). A similar
observation can be made in the case of urea doping at pH
0.7 under UV+VIS irradiation (Figure 7d). At pH 0.7 un-

der VIS irradiation, 0.5 at.% N doping turns out to have the
strongest negative effect (Figure 7c). 1 at.% and 2 at.% at
pH 0.7 showed similar photocatalytic activity under VIS
irradiation.

Where ammonium nitrate was used as a nitrogen
source, N doping was most detrimental in the case of
0.5 at.% doping under VIS irradiation, which is true for
the samples prepared at pH 0.5 and pH 0.7. Increasing
nitrogen content also increased the photocatalytic acti-
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vity. Still, even the most strongly doped sample, with 2
at.% N, did not reach the activity of the undoped sample
(Figures 7a and c). The results are mixed under
UV+VIS activity. At pH 0.5 1 at.% doping yielded the
sample with the highest activity, whereas 0.5 at.% do-
ping yielded the sample with the lowest activity (Figure
7b). On the other hand, at pHO.7, the least doped sample
showed the highest activity and an increasing nitrogen
load only further diminished the photocatalytic activity
(Figure 7d).

Under VIS irradiation, N doping using tripropylami-
ne as nitrogen source had the most significant negative ef-
fect in the case of a 0.5 at.% nitrogen load. Increasing the
nitrogen content also increased the photocatalytic activity
of the samples at both pH 0.5 and 0.7. The same observa-
tion can be made for the samples at pH 0.5 under UV+VIS
irradiation (Figure 7a—c). However, under UV+VIS irra-
diation the samples at pH 0.7 did not follow such a trend.
The least doped sample was the most active, the second
best is 2 at.% doping, and the least active sample was do-
ped with 1 at.%.

None of the doped samples reached the photocataly-
tic activity of the undoped samples, neither at pH 0.5 nor
at 0.7. Nitrogen doping, in general, therefore had a negati-
ve effect on photocatalytic activity. All the samples were
more active than P25 under VIS irradiation, whereas un-
der UV+VIS irradiation the signal was mixed, and diffe-
rences were smaller.

3. 2. 2. The UV-VIS Diffuse Reflectance
Spectra

The UV-VIS diffuse reflectance spectra of the
samples doped with different sources of nitrogen we-
re obtained. All the samples were doped with 2% N,
and were prepared at a pH value of 0.5. The P25
industrial benchmark and the undoped sample
pHO0.5-0.5 were also included for comparison purpo-
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Figure 8. DRS analysis of samples P25, pH0.5-0.5, pH0.5-2%
NH,NO,, pH0.5-2% urea, and pHO0.5-2% TPA.

ses. The results of the DRS analysis are shown in Fi-
gure 8.

The DRS spectra showed that P25 has a lower ab-
sorption edge. This is not surprising, since the prevai-
ling phase of P25 is anatase, which has a band gap of
3.2 eV. On the other hand all the other samples shown in
Figure 8 are composed entirely of the rutile phase,
which has a band gap of 3.0 eV. What is interesting is
that there is no shift in the absorption edge of the doped
samples in comparison with the undoped sample. No
red shift, i.e. any reduction in the band gap energy, nor
any blue shift, as has been proposed for nitrogen doped
rutile by Di Valentin et al.'"¥, was observed. Band gap
shifting cannot be an appropriate explanation for the
difference in the photocatalytic activity of the doped
samples.

3. 2. 3. The FT-IR Spectra of the Synthesised
Materials

FT-IR spectroscopy analysis was performed on
an undoped sample and on several samples that had
been doped with the highest amount of nitrogen, 2
at.%, using different sources of nitrogen for doping
(see Figure 9).
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Figure 9. FT-IR spectra for the samples pHO0.5-0.5, pH0.5-2%
NH,NO,, pH0.5-2% urea, and pHO0.5-2% TPA.

By comparing the non-doped sample with those
containing nitrogen, a slight shift towards a lower wave-
number can be seen in the low-frequency area, i.e. a shift
from 685 cm™' in the non-doped sample to 667 cm™!, and a
shift from 751 cm™ to 747 cm™. There is also a new peak
at 515 cm™ in the sample doped with ammonium nitrate.
The broad peak region from 400 to 1000 cm™' is caused by
a Ti-O stretch.'® Although a peak at 1385 cm™ is present
in all the samples, it is much more pronounced in the case
of the sample that was doped with ammonium nitrate as a
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nitrogen source. It is barely noticeable in the urea doped
sample and the undoped sample. This peak was attributed,
by Xing et al.,* to surface adsorbed NH,* species. The ab-
sorption peak at 1634 cm™ is characteristic of adsorbed
H,0, as reported by Nolan et al.'® The broad peak in the
high frequency region at 3415 cm™' was attributed, by Li
etal.'!, to the OH species on the titania surface. This peak
is most noticeable in the undoped sample and a large po-
pulation of surface OH species might have contributed to
its relatively high activity. Although, there are differences
in the spectra of the analysed samples, overall, FT-IR
analysis did not provide any definitive proof about the
successful doping of nitrogen atoms in the TiO, crystal
lattice. What can be said is that the surface OH group po-
pulation is much higher in the case of the undoped sam-
ple, which may have contributed to its relatively high pho-
tocatalytic activity.

4. Conclusions

The hydrothermal synthesis method and titanium
oxysulphate as the titanium source were used in order to
produce photocatalytically active titania nanoparticles.
The influence of pH, which varied between 0.5 and 1.0,
was observed on product properties, as well as that of the
addition of isopropanol. The results showed that a lower
pH favours rutile formation. Isopropanol addition additio-
nally favours crystallization of the rutile phase, and also
boosts photocatalytic activity. The exact role of isopropa-
nol during hydrothermal treatment is yet unknown. Rutile
crystallizes in the form of a nanorod-like structure,
50-150 nm in length and 30-60 nm in width. On the other
hand, anatase is composed of smaller spherical particles,
10—15 nm in diameter. The XRD and FE-SEM results we-
re supported by the BET specific surface area measure-
ments. A rutile specific surface area was measured at
43-58 mz/g, whereas results of more than 100 m2/g were
obtained in the case of the anatase-containing samples.
Contrary to the findings in the literature, but not all of it,**
it was observed that the rutile phase is the more active spe-
cies, both under VIS and UV+VIS irradiation. Comparing
our best sample with P25, ours was more than twice as ac-
tive under VIS irradiation and significantly more active
under UV+VIS irradiation (a factor of about 1.4). The at-
tempted nitrogen doping did not result in samples with a
higher photocatalytic activity. In fact, in the case of our
samples doping seems to have diminished their photoca-
talytic activity. However, no clear relationship was found
between the doping concentration and/or the doping sour-
ce and diminished photocatalytic activity. No band gap
shifting was observed in the doped samples. There were
differences in the FT-IR spectra — the undoped sample had
a higher concentration of surface OH groups compared to
the doped samples, which may have contributed to its hig-
her activity.
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Povzetek

S hidrotermalno metodo smo sintetizirali nanodelce titanovega oksida. Kot izvor titana smo uporabili TiOSO,. Spremi-
njali smo pH med 0,5 in 1,0 ter dodatek izopropanola v reakcijsko zmes in s tem pripravili razlicne zmesi anataza, ruti-
la in brookita. Vzorce smo tudi dopirali z razli¢nimi deleZi dusika, pri ¢emer smo kot izvor dusika uporabili secnino,
amonijev nitrat in tripropilamin. Vzorce smo karakterizirali z rentgensko praskovno difrakcijo, elektronsko vrsti¢no mi-
kroskopijo na poljsko emisijo, infrardeco spektroskopijo, UV-Vis difuzno refleksijsko spektroskopijo in jim dolocali
specifi¢no povrsino. Fotokatalitsko aktivnost pa smo merili v reaktoskem sistemu plin-trdno. Ugotovili smo, da nizek
pH favorizira nastajanje rutila, medtem ko vi§je vrednosti pH vodijo do meSanih polimorfnih faz titanovega oksida. Tu-
di dodatek izopropanola pospeSuje nastajanje rutila. V nasprotju z vecino literaturnih podatkov je bila v nasi raziskavi
najbolj fotokatalitsko aktivna rutilna modifikacija. Dopiranje z duSikom pa ne poveca fotokatalitske aktivnosti, ampak
jo celo nekoliko zmanjsa.
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