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An efficient, rapid and straightforward method for the preparation of nitrogen and fluorine (N, F) codoped
high temperature stable anatase using a microwave pre-treatment is reported. Using a single source,
ammonium fluoride (NH4F) for both nitrogen and fluorine, effective doping of the precursor titanium
isopropoxide (TTIP) was possible. These samples were characterised for their structural and optical
properties using X-ray diffraction (XRD), Fourier Transform IR (FTIR), Raman spectroscopy and UV-vis

Keywords: ) spectroscopy. In terms of the anatase to rutile transition enhancement using a novel microwave assisted
Microwave assisted synthesis . . L P

Anatase technique, the sample prepared in a composition of 1:8 TiO,: NH4F at 1200 °C was seen to be most effec-
Rutile tive, having stable anatase present at 57.1% compared to undoped TiO, being 100% rutile from 900 °C. This

Tio2 method involves the production of ammonium oxofluorotitanates (NH4TiOF3) at low temperatures. The
inclusion of these intermediates greatly reduces the particle size growth and delays the anatase to rutile
transition. The photocatalytic activity of these materials was studied by analysing the degradation of an
organic dye, rhodamine 6G as a model system and the rate constant was calculated by pseudo-first-order
kinetics. These results showed that the doped sample (0.0225 min~') was three times more active than
the undoped sample (0.0076 min—!) and over seven times faster than the commercial TiO, photocatalyst
standard Degussa P-25 calcined at 1200°C (0.0030 min—'). The formation of intermediate compounds,
oxofluorotitanates, was identified as the major reason for a delay in the anatase to rutile transition.

© 2016 Published by Elsevier B.V.

Photocatalysis

1. Introduction reported as having major impacts in the rate of photocatalysis. This

can conclude that, it is not one factor alone that will affect the rate

Titanium dioxide (TiO,) is an environmental friendly semicon-
ductor photocatalyst used for various purposes including water
splitting [1,2], self-cleaning [3-6], sterilisation [ 7], anti-fogging [8],
lithography [9], degradation of organic compounds [10,11], and
metal corrosion prevention [12,13]. The advantages of TiO, are
its chemical stability, durability, nontoxicity, low cost, and trans-
parency to visible light. In photocatalysis, there are many factors
involved in producing a photocatalytically active material. The
phase composition [1], surface composition [14], the affinity of
the organic molecules toward the surface [15], surface area [16],
and the level of electron-hole recombination [17] are properties
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of reaction; it is a combination of the above at certain conditions
that will provide the optimum photocatalyst.

The stability of high temperature anatase has been an area of
continuous study over the years [18]. The use of cations (usually
metals) for the doping of TiO, was generally avoided due to their
tendency to increase charge carrier recombination centres [19],
and the generation of secondary impurity phases which inevitably
reduces the photo-activity of titania [20]. It was also suggested
that despite the decrease in band gap energy, metals were not
always successfully introduced into the TiO, framework, and that
the remaining metals on the outside surface sheltered the photo-
reaction sites [21]. To counter these reported issues, a number of
papers have been published in recent times on the extension of
the anatase to rutile transformation by non-metal doping of TiO-.
Sulfur doping through the use of sulphuric acid allowed the reten-
tion of anatase at 100% at 800 °C and 20% at a temperature as high
as 900°C [22]. Further on to this work, a combination of nitrogen
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and sulphur doping provided materials of 100% anatase at 850°C
[23]. Doping with fluorine was also found to be a promising route of
obtaining high temperature stable anatase with literature showing
that the highest published levels of retained anatase are attained
from using sources of fluorine. Padmanabhan et al. [24] used tri-
fluoroacetic acid as the fluorine source, which provided significant
stable anatase being retained up to 900°C. Lv et al. obtained F-
doped anatase TiO, nanoparticles prepared via the alcoholysis of
TiCl4 showing stability up to 1000 °C before being transformed into
the rutile structure, with 40% anatase present up to 1150°C [25].
Lv et al. also studied the effectiveness of fluorine and through the
use of hydrofluoric acid as an additive, surface fluorinated TiO,
nanosheets were successfully prepared with anatase present at 8%
at 1200°C [26]. The study conducted by Lv et al. [26], showed that
the fluorine ions not only provide a thermally stable material but
also increased the photocatalytic activity of the resulting materials.

Photocatalysts have proven to be a solution to a number of
environmental problems including water decontamination, treat-
ment of waste products and disinfection of hospital surfaces where
harmful anti-bacterial resistant bacteria such as MRSA and C
diff may form. Self—cleaning building materials such as glass,
ceramic and roof tiles can be used in hospital and other health
care facilities to provide a clean disinfected environment [19,27].
The advantage of high temperature stable anti-microbial anatase
is that the photocatalyst can be applied to products which are
processed at high temperatures (e.g., ceramic tiles or toilet fit-
tings). Building materials such as ceramic tiles, roof tiles and glass
are produced at high temperatures ranging from 650 to 1100°C.
If TiO, were to be applied to these materials during the manu-
facturing process it would convert to the non-photocatalytically
active rutile phase resulting in the need to develop a method of
preparing a high temperature stable anatase. By developing a syn-
thesis method whereby the photocatalytic active anatase phase is
retained to higher temperatures, self-cleaning building materials
can be produced without too much modification to the existing
manufacturing techniques [1]. Throughout the study described in
this paper, a novel methodology was investigated to obtain a high
temperature stable sample with high levels of anatase present. This
synthesis route provided a straight forward, easy to reproduce and
cost effective method to develop high temperature stable anatase
TiO,.

In this paper, the use of microwave irradiation as a pre-
treatment step in the preparation of TiO,, with the aim of producing
a stable anatase phase at higher temperatures is studied. Research
into microwave assisted preparation of nanomaterials has been
studied for its effectiveness against more conventional methods
[28]. Microwave treatment was investigated to measure whether
this pre-treatment step produced an enhanced, more active,
improved catalytic performance when compared to other methods
such as sol-gel processing. Ammonium fluoride (NH4F) was used
as the precursor in this study providing both N and F ions, with
NH4F showing past success in effectively improving the photocat-
alytic activity and anatase to rutile transition temperature [29,30].
Co-doping with both N and F atoms provides a change in the photo-
catalytic capabilities of the TiO, at a larger scale than those changes
caused by each dopant individually [31,32].

2. Experimental
2.1. Materials

In this study, titanium tetraisopropoxide (97.0%), isopropanol
(99.0%), ammonium fluoride (>98.0%) were purchased from Aldrich

and were used without further purification to prepare the sam-
ples. The dye used for the photocatalytic study (rhodamine 6G)

was obtained from Eastman and was of analytical reagent grade
and used without further purification. Deionised water was used
in all experiments.

2.2. Preparation of nanomaterials

In a typical experiment to prepare a 1:1 titania: ammonium flu-
oride sample, 18.72 mls of titanium isopropoxide (Ti(OPr)4) was
added slowly with stirring to 164.2 mL of isopropanol. To this solu-
tion, a mixture of 2.37 g of ammonium fluoride (NH4F) in 240 mL of
deionised water was added drop wise. The precipitate was stirred
for 2 h at room temperature. The resulting solution was then irradi-
ated in a CEM MARS 5 microwave system under ambient pressure
at400 W for 20 min. The irradiated precipitate was then filtered and
the solid obtained was washed with 100 mL of deionised water. The
resulting solid was placed in an oven at 80 °C to dry. The dried pow-
der was calcined at 100°C intervals ranging from 200 to 1200°C
with a ramp rate of 5°C/min and held at these temperatures for
a 2 h period. Samples were prepared with varying molar ratios of
TiO, to dopants, i.e., 1:1, 1:2, 1:4 and 1:8 TiO,: NH4F.

2.3. Characterisation

A combination of analytical techniques was used allowing
the full characterisation of the N, F—TiO, samples produced.
These techniques included X-ray diffraction using a Siemens D
500 X-ray diffractometer with the diffraction angles scanning
from 26 =20°-80°, using a Cu Ko radiation source. The crystallite
size for each sample was calculated using the Scherrer equation
(D=0.9\/BcosO)where D = crystalline size, A =is the X-ray radiation
wavelength (0.154 nm), 3 =is the full line width at half-maximum
height of the main intensity peak and 6=Bragg’s angle. Raman
spectroscopy carried out using a Horiba Jobin Yvon LabRAM HR
system was used to confirm the crystalline phase present in the
desired samples. Samples were analysed using the 50x objective
lens at varying filter percentages between 1 and 100% which varied
according to the intensity recorded for each samples. A 300 grating
and a scan range of 0-1200 cm~! was used in all experiments with
each run having an exposure time of 3s. The Spectrum GX-FTIR
spectrophotometer was used to confirm the formation of TiO, and
its bonding capabilities with the dopants present, measured over a
range of 400-4000 cm~! with an accumulation of 8 scans. In order
to study the optical properties, the diffuse absorbance spectra of
samples were measured using a Perkin Elmer Lambda 900 UV-vis
absorption spectrophotometer between 300 and 600 nm.

2.4. Photocatalytic studies

Photocatalysis studies were carried out using rhodamine 6G
under various light sources including; simulated solar, UV light and
visible light irradiation. These studies were carried out by varying
parameters to determine the optimum amount of sample and dye
for degradation analysis. These parameters were time, concentra-
tion of sample, concentration of pollutant and the light source used.
The rhodamine dye was irradiated by all light sources and was seen
to have no degradation in the absence of a catalyst.

Photocatalysis studies involving rhodamine 6G were carried out
using solar light provided by a Q-Sun solar simulator at 340 nm with
a power outage of 0.28 W/mZ2. 25 mg of each sample was added
to 50 mls of 8.62 x 10~ M of rhodamine 6G. Aliquots were taken
at 10 min intervals for a period of 60 min and then centrifuged to
remove all solids remaining in solution. These samples were then
analysed using the UV-vis spectrometer to measure their degrada-
tion properties.
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Fig. 1. Comparison XRDs of undoped TiO, and N, F co-doped TiO; all calcined at
200°C. (a) Undoped TiO, (b) 1:2 TiO,: NH4F and (c) 1:8 TiO,: NH4F.

*indicates the presence of the ammonium oxofluorotitanate (NH4TiOF3;) and
A=Anatase.

Table 1
Particle size of non-doped and NH4F doped TiO, samples.

Particle size (nm)—Anatase

Temp (° C) 200 400 1200
1 TiO, 5.7 8.4 464 (R)
2 1:1TiO: NH4F 49 113 39.3 (R)
3 1:2 TiO,: NH4F 8.4 21.7 405
4 1:4 TiO,: NH4F 20.2 37.3 494
5 1:8 TiO: NH,4F 336 365 51.0

3. Results and discussion
3.1. X-Ray diffraction spectroscopy

The crystal structure of the undoped TiO, and N, F doped TiO,
was determined by X-ray diffraction with Cu Ka radiation. Fig. 1
shows the X-ray diffraction pattern of the non-doped TiO, sam-
ple, 1:2 TiO,: NH4F and the 1:8 TiO,: NH4F sample which were
all calcined at 200°C and the formation of an alternative phase is
shown. From these results, the titanium dioxide prepared with-
out ammonium fluoride doping is seen to be forming crystalline
anatase TiO, at a calcination temperature of 200 °C with identifi-
cation peaks seen at 25°, 38°, 48° and 54°. When NHy4F is added,
prominent peaks located at 23° and 27° appeared. This intermedi-
ate compound is seen alongside the anatase phase only when the
titania precursor is modified with ammonium fluoride. The inter-
mediate has been identified as the ammonium oxofluorotitanate
(NH4TiOF3) [33] and is formed upon heat treatment.

The crystallite size for each sample was calculated over the tem-
perature range of 400-1200 °C. For the undoped and samples doped
at a ratio of 1:1 and 1:2 TiO,: NH4F, the particle sizes grew by a
factor of 5, (6.4-38.6 nm), (3.6-39.3 nm) and (7.9-40.9 nm) respec-
tively. At the higher doped samples (1:4 and 1:8) the particles size
growth rate was significantly reduced, with a growth of a factor of 2
occurring, 23.4-49.4 and 28.6-51 nm respectively, (Table 1). Even
though the higher doped samples have a larger initial particle size,
the formation of the intermediate greatly reduces the particle size
growth of the samples whilst also retarding the anatase to rutile
transition up to a higher temperature range.

The transition between the anatase and rutile phases at 900°C
(Fig. 2) and 1200°C (Fig. 3) are shown. The key to the high tem-
perature phase stability is the presence of ammonium fluoride in
a 1:8 ratio. At lower ratios (1:1, 1:2 and 1:4) and in the absence of
ammonium fluoride the anatase to rutile transition happens at a
lower temperature. As the amount of dopant added to the titania
is increased, the temperature to which the anatase is retained is
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Fig. 2. Comparison XRDs of undoped TiO, and N, F co-doped TiO, at various ratios
of dopants calcined at 900°C. (a) Undoped TiO,, (b) 1:1 TiO2: NH4F, (c) 1:2 TiO:
NH4F, (d) 1:4 TiO,: NH4F and (e) 1:8 TiO,: NH4F.

*A=Anatase and * R=Rutile.
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Fig. 3. Comparison XRDs of non-doped TiO, and N, F co-doped TiO; at various ratios
of dopants calcined at 1200°C. (a) Undoped TiO,, (b) 1:1 TiO,: NH4F, (c¢) 1:2 TiO:
NH4F, (d) 1:4 TiO2: NH4F and (e) 1:8 TiO,: NH4F.

*A=Anatase and * R=Rutile.

also increased. The anatase to rutile percentage is measured using
the Spurr equation. In the undoped sample, no anatase is present
when the sample was calcined at 900°C and above. At the lower
doped samples, 1:1 TiO,: NH4F and 1:2 TiO,: NH4F, the amount
of rutile decreases but is still present at a much higher ratio than
anatase for example 13.6% A and 86.4% R and 12.3% A and 87.7% R
respectively. As the amount of the NH4F dopant is increased, the
percentage of anatase remaining at higher temperatures is high.
For the 1:4 TiO,: NH4F samples the ratio is 49.7% A and 50.3% R.
For the 1:8 TiO,: NH4F sample, there is very little amount of rutile
present in the sample. The only sample in which rutile can be seen
is that which has been calcined at 1200 °C. In this sample 57.1% A
is present compared to the 42.9% R. This can also be due to the for-
mation of the oxofluorotitanates at the higher doped samples seen
in Fig. 1. The titanates could be the cause of the delayed anatase
to rutile transformation and this therefore maintains the anatase
phase at a temperature as high as 1200 °C. By keeping the anatase
phase at this point, the sample retains its photocatalytic ability at
these high temperatures.

3.2. Raman spectroscopy

Raman spectroscopy was employed as an additional tool to con-
firm the presence of crystalline material in doped and undoped
TiO,. The anatase phase of TiO, consists of six (144, 197, 399, 513,
and 639 cm~1) Raman active modes whereas the rutile form con-
sists of five (144, 446,612,827 cm ~1)[34]. Fig. 4 shows the anatase
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Fig.4. Raman spectra of (a) undoped TiO;, (b) 1:8 TiO,: NH4F and (c) 1:2 TiO,: NH4F,

400 W 20 min calcined at 1200°C.
*A=Anatase and * R=Rutile.
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Fig. 5. FT-IR spectra of TiO, and 1:8 TiO,: NH4F calcined at 200°C showing the
addition of N and F related bonds within the doped TiO, sample.

phase being quite prominentin the 1:8 NH4F doped TiO, at 1200 °C.
A comparison between this sample and an undoped TiO, at the
same temperature allows us to clearly see the phase differences
present as the rutile form was detected.

3.3. Fourier transform infrared spectroscopy

The FTIR spectra of the undoped and NH4F doped TiO, were
recorded and analysed for the purpose of determining bonds
formed during doping (Fig. 5). The peaks seen at 3550-3000cm™~!
and 1600cm™! in both spectra indicate hydroxyl group stretch-
ing vibrations. The strong peak at 1416 cm ~! indicates N—H bonds
present due to the deformation mode of ammonium ions. A wide
band formed around 500cm~! in the undoped sample can be
attributed to the Ti—O—Ti bonds formed in the preparation of the
TiO,_ In the doped samples, the broad peak between 500 cm~! and
990 cm~! may possibly be due to the combination of Ti—O and Ti—F
bonds or a lattice mode of these [35].

3.4. Photocatalysis studies

There are many factors that affect the photocatalytic proper-
ties of TiO,. These include the phase composition, crystallinity,
particle size, surface area, retention of added dopant in the pre-
pared material, absorption properties of the dye onto the surface
of the TiO, used, rate of electron-hole recombination and the num-
ber of electrons created [22,36]. From the photocatalysis results
for samples calcined at 1200°C, the rates calculated for all sam-
ples using visible light only were negligible, showing that the

undoped TiO,, 1:8 NH4F: TiO, and Degussa were all inactive.
The 1:8 TiO,: NH4F, MW, 1200°C sample has a rate of reaction
calculated as being 0.0068 min—! when UV light is used. These
degradation rates are very low and very little visual diminution is
observed experimentally by UV-vis spectroscopy. In comparison,
the undoped TiO; at 1200 °C had a measurable rate of 0.0091 min~1
making this 1.3 times faster than the doped sample. After compar-
isons between undoped TiO, and samples prepared a microwave
method, which were all calcined at 1200 °C, the standard Degussa
was analysed to relate the rates of the prepared samples to a
commercial standard. The dye degradation by the standard at a
comparable temperature of 1200 °C shows a drastically reduced to
rate of 0.0027 min~!, making it 2.5 times less effective than the
1:8 TiO,: NH4F, 1200°C sample. Under solar light irradiation, the
undoped TiO, and Degussa standard were seen to be inactive, with
calculated rates being 0.0015 min—! and 0.0021 min~—! respectively.
When the 1:8 NH4F: TiO, sample was analysed, a rate of reaction of
0.0031 min~! was measured, showing this to be more active than
the undoped and the standard, even though the values are still quite
low.

4. Discussion

With the aim of producing a high temperature stable anatase
TiO, photocatalyst, a combination of microwave pre-treatment
and co-doping with non-metals was studied. With the microwave
providing an efficient production method, nitrogen suggested to
provide the generation of discrete energy levels above the valence
band (midgap state) [37] and fluorine proposed to not only retard
the anatase torutile transition, but to increase concentration of *OH
radicals in solution, a highly effective and stable anatase photocat-
alyst is anticipated. The use of nitrogen and fluorine as dopants
has been studied extensively for their effectiveness in altering the
properties of TiO,. Nitrogen can be used as a dopant in the alter-
ation of the band-gap of TiO, introducing filled N 2p states above
the TiO, valence band [38,39]. The N-2p orbitals provide a step-
up for the electrons coming from the valence band and make the
jump to the conduction band much smaller. A notable factor in
nitrogen doping is that different forms of doping can occur; inter-
stitial or substitutional, and the form of doping attained depends
heavily upon the preparation method used [1,40]. Substitutional
nitrogen, where nitrogen successfully replaced an oxygen atom in
the titania lattice, tends to have a positive effect on band gap reduc-
tion by mixing with valence band states [1]. Interstitial nitrogen
doping occurs when additional electronic states are found to form
above the upper edge of the valence band. In literature, the form
of nitrogen doping responsible for inducing visible light activity is
still being debated. Di Valentin et al. [41] have previously stated
that both substitutional and interstitial doping provide the forma-
tion of localised occupied states in the band gap leading to visible
light activity. Extensive study of using nitrogen as a dopant of TiO,
shows that effective nitrogen doping occurs in the form of inter-
stitial doping rather than substitutional [42-46]. Fluorine doping
is also effective in causing modifications of the electronic struc-
ture of TiO, by the formation of surface oxygen vacancies due to
charge compensation between F~ and Ti** but without creating a
substantial variation in the optical absorption of TiO, [47]. F-doping
is understood to not only retard the anatase to rutile transition, but
causes an increase in the concentration of *OH radicals in solution,
improving the photo-degradation rate of organic compounds [29].
Also, the F~ ions provided lead to substitution of the oxygen in the
solid lattice which gives rise to electronic effects which favour N
photoactive species incorporation in the solid [48].

A proposed scheme for the formation of the oxofluorotitanates
and the retention of the anatase phase is shown in Fig. 6. Nor-
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Fig. 6. Proposed scheme for the formation of high temperature stable anatase.

mally, the anatase to rutile transition is a gradual occurrence in
respect to both temperature and time with the anatase phase con-
verting to the rutile phase at temperatures of 600-700°C under
typical synthesis conditions. In this study, undoped anatase TiO,
is formed upon calcination temperatures of 200°C, with a highly
crystalline form appearing after 400 °C. The anatase phase is then
measured for each sample up to and including 800°C (95 %A).
The anatase phase is only completely converted to 100% rutile by
900 °C. In comparison, when a typical sol-gel preparation method
was used it was seen that the rutile phase was the majority phase
present at 800C (15 %A and 85 %R). This highlights that through
the use of the microwave pre-treatment, the anatase to rutile
transformation temperature has been successfully extended. When
ammonium fluoride is added during the preparation stage (Section
2.2), oxofluorotitanate, NH4TiOF5, was seen to form upon calcina-
tion temperatures of 200 °C alongside the anatase phase. After the
formation of oxofluorotitanate, anatase was seen to be retained
much longer than undoped TiO,. 100% anatase was seen for all
samples except at 1200 °C where an anatase and rutile mixture was
detected. The titanates were then deemed to be responsible for the
retention of the anatase phase at high temperatures and therefore
the postponement of the rutile formation.

The effect that the ammonium fluoride has on the crystal growth
of the titania nanoparticles is one of the factors that affects the
anatase to rutile transition. Even though the higher doped sam-
ples have a larger initial particle size (Table 1), the inclusion of the
intermediate greatly reduces the particle size growth of the sam-
ples as well as retarding the anatase to rutile transition up to a
higher temperature range.

As mentioned earlier, the photocatalytic efficiency of a mate-
rial is based on several factors. During this study, it was deemed
that the undoped and 1:8 TiO,: NH4F samples at 1200°C have
similar particle sizes (Table 1) and high levels of crystallinity, and
therefore are not believed to be deciding factors in the resulting
rates. The photocatalytic rates were affected mainly due to dif-
fering phase compositions within the samples. Anatase is known
to have a higher number of hydroxyl radicals on its surface, lead-
ing it to exhibit an increased reactivity on its surface as opposed
to the rutile phase which is seen to encourage the dissociation of
organic molecules from its surface. The presence of 100% rutile
in the undoped sample also leads us to believe that an increased
electron-hole recombination rate is responsible for its lower reac-
tivity. Diffuse absorbance spectroscopy studies show no shift in the

band gap towards the visible light region for the doped samples and
showed a typical band gap of 3.18 eV for the sample 1:8 TiO, : NH4F,
1200°C and 2.96 eV (rutile) for the undoped TiO, at this tempera-
ture. This is not surprising because at such high temperatures the
dopants are expected to be burned off during calcination. It is a com-
bined effect of the oxofluorotitanates formed at low temperatures
delaying the anatase to rutile transition and greater phase stabil-
ity at such high temperatures in the microwave samples that allow
it to be a better photocatalyst when compared to the (traditional)
sol-gel material.

5. Conclusions

Microwave treatment is an improved way of producing crys-
talline TiO, and is preferable due to its cost effectiveness. Various
doped samples of titanium isopropoxide and ammonium fluoride
(NH4F) were used to prepare N, F-TiO, using a microwave method
and calcined at temperatures of 100 °C intervals between 200 and
1200°C. Characterisation techniques including XRD, Raman spec-
troscopy, FTIR, diffuse absorbance and photocatalysis were used to
characterise the produced materials and their ability to degrade
different pollutants and/or dyes.

During the study of doping of titanium dioxide with ammonium
fluoride, a method for the formation of high temperature stable
anatase was found. 57.1% Anatase at 1200°C was prepared which
is considerably higher than previously presented reports of 40%
anatase at 1150°C [33]. With XRD analysis, the main attributing
factor to this anatase retention was seen to be the formation of
the oxofluorotitanate material at low temperatures (200 °C). This
titanate species greatly affected the particle sizes measured, by
forming a higher initial particle size in comparison to the non-
doped and lower doped samples but a reduced grain growth rate
with increasing temperatures. In our study of microwave treatment
as a pre-step in the preparation of photocatalytic TiO,, it is seen
to produce more effective photocatalysts when compared to other
methods such as sol-gel processing. It can be proved to increase
the crystallinity and improve the retention of dopants in the TiO,
lattice to increase reactivity of the samples.

Theretention of a stable anatase at high temperatures (>1000°C)
opens up the use of this material into various industries such as the
production of building materials such as ceramic tiles, roof tiles and
glass for disinfection purposes.
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