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Chemical modification of TiO, by H,PO, /HPO;  anions
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Two titanium phosphate materials (TP and T,P) have been successfully synthesized by sol-gel route with controlled
precipitation and hydrolysis. The T,P material was obtained from the reaction between precipitated titania and phosphate
buffer solution H2PO;/HP042[ (pH = 7.3). The T,P material was prepared through hydrolysis of titanium in the presence
of HZPO;/HPO% The probable state of the phosphate anions in titania framework and their effect on the anatase-to-rutile
transformation were characterized by ICP-AES, DTA-TG, 3'P NMR, FT-IR, and Raman analysis HRTEM/SEM. FT-IR and
31p NMR analyses of titanium phosphate T,P calcined at low temperature showed that the phosphate species existed not only
as Ti-O-P in the bulk TiO, but also as amorphous titanium phosphates, including bidentate Ti(HPOy4), and monodentate
Ti(HyPOy)4. Increased calcination temperature only gave an enrichment of bidentate structure on the titania surface. For the
TP material, H,PO, /HPO?[ anions were introduced into the initial solution, before precipitation, what promoted their lattice
localization. At high temperatures, all the phosphorus inside the bulk of TiO, migrated to the surface. The Raman analysis of
both samples showed that the bidentate phosphates increased the temperature of the anatase-to-rutile phase transformation to
more than 1000 °C with the formation of well crystalline TiP,O7 phase. This phenomenon was more evident for T, P sample.
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1. Introduction routes entailing either surface modification of tita-
nium oxide or hydroxide hydrate by anions, such
as phosphates or sulfates [1-8] or hydrolysis of
TiO, from corresponding titanium alkoxides in
presence of phosphoric acid [9-12]. Ramadan et
al. [13] reported a study on titanium dioxide ob-
tained from the hydrolysis of titanium ethoxide
and phosphate by impregnation with ammonium
hydrogen phosphate. The authors argued that the
bidentated phosphate groups HPOﬁ‘ were persis-
tent up to 800 °C, indicating the stability of these
groups within the titanium oxide structure to high
temperatures. Gong [14] identified two species on
the surface, namely the bridging bidentate sur-
face complex (TiO),PO, with C;, symmetry and
the electrostatically adsorbed POi* ion with Ty
*E-mail: K.elghniji @yahoo.fr symmetry. Kazarinov et al. [15] investigated the

Preparation of anatase TiO, with high ther-
mal stability is of great importance for its prac-
tical application. Various procedures and differ-
ent preparation conditions were applied to im-
prove the thermal stability of the anatase TiO;, by
constraining the growth of crystallites. The most
promising methods that include surface modifica-
tions by increasing the number of adsorbed phos-
phates or sulfate ions, reduce the surface energy
of the anatase phase. These species tend to retard
the phase transition of anatase to rutile and crystal-
lite growth. Recently, phosphate/titanium dioxides
have been obtained through different preparative
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adsorption of F~, CI", HSO, and H,PO, /HPO;~
anions on titanium dioxide by means of the ra-
dioactive tracer method. Unlike, e.g., the sulphate
and chloride anions, the HZPOZ/HPOZ’ exhibited
still significant extent of adsorption on TiO; in
neutral and alkaline solutions. However, the au-
thors did not show the results of the effect of these
anions on the anatase-to-rutile phase transforma-
tion during heat treatment. From these observa-
tions it is evident that the adsorbed phosphate ions
HgPOZ/HPOi_ play a key role in the stabilisation
of surface sites of TiO;.

The number of papers on
phosphorus/phosphate-TiO, is undergoing an
exponential increase. As it often occurs in case
of a rapidly growing subject, a certain degree
of confusion due to conflicting evidences and
interpretations is present in the literature. This is
probably due to the variety of synthetic methods
adopted to prepare the solid. In addition, the
researchers have not studied the nature and pH of
phosphate species in the starting H3PO4 solution
and the location of these species that can play
different roles, depending on their nature either in
the bulk, at the surface or in both.

It is well known that the high (POi_) or low
pH (H3POy) of the solution containing the titanium
alkoxide dramatically affects the rate of the hydrol-
ysis and condensation reactions in a sol-gel pro-
cess. Furthermore, the use of these species as dop-
ing agents does not allow a strict control of their ef-
fect on the properties of solid. Therefore, the mod-
ification and doping of TiO, by H,PO, /HPO;~
phosphate anions (buffer) at neutral media seems
to be an advantageous method to overcome this
problem.

The effect of the proportions of H3POu,
H,PO,, HPO; ™ and PO;~ on pH is illustrated in
Fig. 1. As it can be seen, there is little H3POy4 in
highly acidic solution and POZ’ predominates only
in highly basic solutions. Within the pH range of
natural water, dissolved phosphates exist as H,PO,
and HPOi_ with equivalent fractions.

The objective of the work reported here is to ex-
plain the role of phosphate buffer H2PO;/HPOi_
located either in bulk or in both bulk and

NaOH (mL)

Fig. 1. Titration of orthophosphoric acid H3PO4
(0.1 M) sodium hydroxide NaOH (0.1 M).

surface of TiO,. Two titanium phosphate mate-
rials were prepared by sol-gel route with con-
trolled precipitation and hydrolysis. The advan-
tage of our strategy is that it is possible to track
the exact state of phosphorus in the framework of
TiO, even at a low temperature. The first sample
was obtained from the reaction between precipi-
tated titania and phosphate anions H,PO, /HPO; .
The second sample was prepared through hydrol-
ysis and precipitation of titanium in the presence
of HZPO;/HPO;‘;’. Our results showed that these
phosphate species exhibited a significant extent of
adsorption in neutral solution. The modification of
TiO; by H2POZ/HPOi_ phosphate anions led to
two chemical states of amorphous titanium phos-
phate, including Ti(HPO4), and Ti(H,POy4)4 after
calcination in temperatures of 500 to 700 °C. More
importantly, the sample obtained by precipitation
retained its anatase phase even after calcination at
higher temperatures (1000 to 1050 °C). Based on
spectroscopic and analytical techniques, a better
understanding of the thermal stability and the prob-
able state of the phosphate species was obtained.

2. Experimental

2.1. Modification of precipitated titanium
hydroxide by HyPO, /HPO?~

In the preparation of precipitated titanium
dioxide by the sol-gel method, titanium (IV)
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isopropoxide (97 %, Aldrich) was hydrolyzed in
isopropyl alcohol (99.8 %, Riedel de Haen), (mo-
lar ratio 1:5). Deionized water was added to the
mixture under stirring (molar ratio between water
and alcohol 1:1). The isopropanol was then evap-
orated in a rotary evaporator to yield concentrated
white precipitate (mixture A).

The phosphate buffer solution HQPO;/HPOi_
(pH = pKa 7.3) was prepared by titration of
20 mL orthophosphoric acid H3PO4 (0.1 M) (85 %,
Aldrich) with 34 mL sodium hydroxide NaOH
(0.1 M) (mixture B) (Fig. 1). The resultant phos-
phate buffer solution (mixture B) was added under
stirring to the concentrated precipitate (mixture A)
to prepare titanium phosphate sample. The calcu-
lated atomic ratio of P/Ti was 0.15. For the blank
TiO, sample, we followed the same procedure ex-
cept the addition of the phosphate anions. The gel
was subsequently dried at 80 °C for 6 hours. The
dried materials were calcined in a muffle furnace
at 500, 700, 900 and 1050 °C in air for 2 h at a
heating rate of 5°/min. The prepared powders were
labelled according to precipitation process (p) and
calcination temperature (T): T,P7.

2.2. Hydrolysis and precipitation of tita-
nium in the presence HZPOZ/HPOZ_

Titanium (IV) isopropoxide was hydrolyzed in
isopropanol (molar ratio 1:5) containing phosphate
buffer solution H,PO, /HPO;~ (pH = pKa 7.3)
(molar ratio between phosphate buffer solution and
alcohol 1:1). The appearance of a white precipitate
indicated the formation of hydrate titanium oxide.
50 mL of deionized water was added to the mix-
ture during stirring to ensure complete precipita-
tion. After aging at room temperature for 2 h, the
sample was dried at 80 °C overnight. The calcu-
lated atomic ratio of P/Ti was 0.15. The dried mate-
rials were calcined in a muffle furnace at 500, 700,
900 and 1050 °C in air for 2 h at a heating rate of
5 °C-min~!. The prepared powders were labelled
according to hydrolysis process (h) and calcination
temperature (T): T;Pr.

2.3. Characterization

Differential thermal analysis-thermogravimetry
(DTA-TG) experiments were carried out to monitor

crystallization behaviour using NETZSCH equip-
ment, model STA 449, from room temperature to
1100 °C at temperature ramp rate of 5 °C-min~!
in an air flow of 30 mL-min~'. The bond vi-
brations were analyzed with a FT-IR (Shimadzu
FT-IR-8400s) spectrometer by the transmission
method. The 3'P NMR/MAS spectra of the pre-
pared TiO, powders were recorded on a Bruker
300 Ultra-Shield spectrometer in magnetic field of
9.4 T, corresponding to *'P resonance frequency
of 121.5 MHz. Chemical shifts were identified us-
ing an external H3POy4 (85 %) reference (0 ppm).
The crystalline degree of the samples was veri-
fied by Raman (LABRAM HRS800) spectrometer
equipped with a He—Ne ion laser emitting at a
wavelength of 633 nm. The morphology and size
were observed by TEM and HRTEM micrographs
with a JEOL-JEM 2000EX microscope working at
a 100 kV accelerating voltage. The scanning elec-
tron microscopy (SEM) and the energy dispersive
X-ray spectroscopy EDX measurements were car-
ried out on a (Philips XL 30) system operating at
20 keV.

2.4. Determination of phosphorus content

The Ti and P contents in the samples were
determined by all-argon sequential (Thermo Jar-
rell ASH, USA) inductively coupled plasma atomic
emission spectrometry (ICP-AES). Prior to the
analysis, a fluorhydric acid/nitric acid mixture was
prepared (in proportion of 30:70) and then 20 mil-
ligrams of each sample were transferred into a
Teflon flask, and then completely dissolved in this
solution using a microwave (CEM, MARS 5). The
intensity of the spectral lines of 213.6 (phosphorus)
and 336.1 nm (titanium) were measured.

3. Results and discussion

3.1. Thermal studies

The dried materials obtained in this study were
all thermally analyzed to observe their thermal be-
haviour during heating. Fig. 2a and 2b give the TG
and DTA curves for T, T,P and T,P samples. For
the blank sample T, it can be observed that the
total loss of weight (10 %) takes place in three
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well-defined steps. The first is the main loss of
weight (~6 %) corresponding to the loss of free or
adsorbed water and isopropanol, which takes place
between 30 and 180 °C. This coincides with the
broad endothermic peak at 126 °C. The second loss
(~2 %) and the third (~2 %) weak loss take place
between 200 to 300 °C and 300 to 400 °C, and the
corresponding DTA curve shows three significant
exothermic peaks at 239 °C, 297 °C, and 372 °C,
respectively, which can be assigned to the super-
position of the burning reaction of organic sub-
stances and crystallization process of the anatase
phase (372 °C) in the xerogel. Beyond ~500 °C,
the TG curves stabilize and a notable exothermic
change appears at ~691 °C, what might be at-
tributed to the anatase-to-rutile transformation. By
introducing HZPOZ/HPOE’ anions into the reac-
tion mixture, the position of crystallizing peak of
the anatase at 372 °C shifts to 406 °C in DTA curve
of T,P, indicating that the presence of phosphate
species increases the crystallization temperature of
the titania powder [16]. Furthermore, there are ad-
ditional weight loses of 0.7 % and 1.5 % occur-
ring between ~478 °C and ~514 °C for T,P and
T,P samples, respectively. These exotherms seem
to correspond to the further loss of coordinated wa-
ter. The DTA curve of T,P reveals an unexpected
exothermic phenomenon at ~1016 °C, which is not
linked to any weight loss. However, we tentatively
associate this peak to the anatase-to-rutile transfor-
mation. Samantaray et al. [17] observed a similar
exothermic peak near 930 °C and its position at
so high temperature agrees with the inhibiting ef-
fect of phosphate species on the transformation of
anatase to rutile. Similar to the weight losses ob-
served in TG and DTA curves, the P/Ti ratios of
samples T,P and TP increase with increasing tem-
perature to reach 0.1603 and 0.157, respectively, at
500 °C. This is due to the loss of water (dehydroxy-
lation) during heat treatment [17].

3.2. FT-IR studies

FT-IR spectra of samples calcined at increas-
ing temperatures are shown in Fig. 3. The region
of FT-IR spectra from 750 cm~! to 1600 cm™!,
which has been assigned to phosphate groups, is of

particular interest in this work. The bands at
1384 cm™! and 1470 cm™! are mainly due to the
decomposition of residual organic compounds in
the particles (e.g. -CHy—) [18], in agreement with
thermal studies. The dired T,Pgy shows a band
at 1035 cm~! (Fig. 3a), which is not observed
in blank TiO,. Meanwhile, considering the fact
that no peaks corresponding to the P—O vibrations
appeared in the range of 900 to 1000 cm™! in
H3PO,4 aqueous solution (1000 cmfl), it is rea-
sonable to conclude that a small part of phos-
phorus species was introduced into the framework
of TiO, forming Ti—O-P bond (1035 cmfl) [19].
The bands at 1089, 1151, 1280, and 1115 cm™!
suggest that different chemical environments ex-
isted around the phosphorus after precipitation pro-
cess. The three former mentioned bands can be as-
signed to the v3 and T, vibrations of the phos-
phate anions H,PO, (mondentate structure) and
electrostatically adsorbed POZ‘ anions, respec-
tively [20]. The later band could be assigned to
v, vibration of phosphate anions HPOi_ (biden-
tate structure) adsorbed to TiO, [21, 22]. These
results indicate that the phosphate anions inter-
acted strongly with the surface of TiO;, as reported
in the introduction section. Hence, we tentatively
associate these bands to the amorphous titanium
phosphates Ti(HPO4), monodentate/Ti(H,PO4)4
bidentate structures. Please note, however, that in
the synthesis of T,P sample, the Ti(OC,Hs)4 are
hydrolyzed rapidly and form Ti(OH)s. Homocon-
densation between Ti—OH groups leads to the for-
mation of Ti—~O-Ti bonds in precipitated TiO,.
During the addition of phosphate buffer species, a
small, but not negligible fraction of P-OH groups
could be trapped into TiO, framework to form
Ti—O-P bonds (1038 cm™!). During the drying
process, the great part of H2PO;/HPOﬁ_ anions
could only bond to the surface of precipitated
TiO, to form a composition of amorphous ti-
tanium phosphates phases, including Ti(H,PO4)4
and Ti(HPO4),. Therefore, we can confirm that
the phosphate may exist not only in the form Ti—
O-P bond in the bulk of TiO,, but as amorphous
phosphate anions coordinated to titania surface of
TiO,. Calcination at 500 °C leads only to the disap-
pearance of the 1280 cm~! and 1151 cm™! peaks,
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Fig. 2. TG/ DTA curves of prepared xerogels.

characteristic of POi_ anions with T,; symme-
try [23]. At 700 °C, the band at 1089 cm~ ! of the
monodentate phosphate disappears, whilst that of
the bidentate phosphate increases in the sample, in-
dicating the lowering of the symmetry v3 of phos-
phate anion to v, (960, 980, 1045, and 1216 cm™! ),
as revealed by 3'P NMR. At high temperatures,
several adsorption bands at 960, 980, 1045, 1105,
1184 and 1280 cm™!' were detected for T,Pogo
and T,Py100. These bands are ascribed to the frac-
tions of P20‘7F on the particle surface able to form
well crystallized phases of TiP,O;. The significant
change of FT-IR trend at 1000 to 1250 cm~' at
1100 °C is possibly due to the anatase-to-rutile
transformation. Hence, it can be concluded that the
binding of the bidentate/monodentate phosphate
could retard the anatase-to-rutile phase transforma-
tion and crystallite growth.

For the sample T,P (Fig. 3b) we detected only
a single peak at 1035 cm™! revealing that all phos-
phate species were included in the bulk titania to
form Ti—O-P bonds. The intensity of this band in-
creased with heat treatment at 500 °C, indicating
the stability of this bond within the bulk of tita-
nia. After calcinations at 700 °C, the FT-IR spec-
trum displayed two new bands at 1105 cm~! and
980 cm™!, attributable to phosphate ion (bidentate
structure). It is worth noting that in the synthesis of
TP, the phosphate anions H,PO, /HPO?~ were in-
timately mixed from the very beginning with the
Ti(OC,Hs)4. During the hydrolysis reaction, the

T T T T T
200 400 600 800 1000

Temperature (°C)

Ti—OH aggregated with P-OH groups of phosphate
anions and formed only Ti—O-P bonds in the bulk
titania matrix. At high temperatures, all the phos-
phorus inside the bulk of titania diffused and mi-
grated to the surface of titania [24]. Thus, at 900 °C,
we can observe significant differences for the re-
gion of spectra at 1035 cm™". This band is shifted
to 1056 cm~! and decreases gradually with heating
at 900 to 1100 °C. This indicates that the phospho-
rus content in the bulk TiO, is lowered when it is
expelled to the surface of the particle, leading to
the intensities enhancement of bidentate phosphate
peaks (960, 980, 1105, 1184, and 1280 cm™!).
The intensity of these peaks is little stronger than
that of T,Pogo—1100. Thus, at high temperatures,
the bidentate phosphates on the surface are poly-
merized to form TiP,O7; with a network structure,
which is found to improve the thermal stability of
the anatase phase.

3.3. 3P MAS-NMR studies

MAS-NMR measurements were carried out
to understand the behaviour of phosphate anions
on the surface of T,P sample at elevated calcina-
tion temperatures. The broadening of 3'P NMR
spectrum for T,Pgg (Fig. 4a) stems from the wide
distribution of phosphorus among several sites
with slightly different environments, as revealed by
FT-IR analysis. The phenomenon is more evident
in the spectrum of T,Pspp sample (Fig. 4b).
Deconvolution of the spectrum based on Gaussian
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Fig. 3. FI-IR spectra of the powders calcined at various temperatures: (a) T,P; (b) T;P.

fitting resulted in the appearance of two peaks. The
first one at ~—4.49 ppm (peak 1), which is in good
agreement with chemical shift values for phospho-
rus, coordinated via one oxygen to one titanium
atom 1P-O-Ti bonds, forming the monodentate
structure, i.e. Ti(HyPOy4)s. The second signal at
~—10.4 ppm (peak 2), which can be assigned
to phosphorus, coordinated via two oxygen to
two titanium atoms 2P—O-Ti bonds in a bridging
bidentate structure, i.e. Ti(HPO4), [25, 26]. The
peak (1) is about 1.3-fold higher than (2). Con-
sidering the fact that no signal of electrostatically
adsorbed POi’ anions is observed, the degree of
phosphorus oxidation for sample T,Psg is equal
to +V. The main part of the phosphorus atoms are
covalently bonded to the titania surface by two
P-O-Ti bridges [27]. Similar results were reported
by Fan et al. [28]. They argued that the use of
H3PO4 as phosphorus source led to three chemical
states of amorphous titanium phosphate, including
Ti3(PO4)4, Ti(HPO4)2 and Ti(H2P04)4 after calci-
nation at a temperature <600 °C. After calcination
at 700 °C (Fig. 4c), the signal of amorphous tita-
nium phosphate monodentate decreased whilst that
of bidentate increased, indicating the occurrence
of condensation of H-containing groups, observed
also in FT-IR spectra. In this case, the peak (2)
was about 2.4-fold higher than (1). For the T,P
(Fig. 4d) calcined at 900 °C, the resonance of the
P,0O7 groups at —38.6 to 52.35 ppm became pre-
dominant, while the relative intensity of the

amorphous  titanium  phosphate  bidentate
Ti(HPO4), appearing at low field disappeared,
indicating dehydration between adjacent P-OH
groups of this structure. As the calcination
temperature increased up to 1100 °C (Fig. 4e),
the 3'P NMR spectrum showed a well-resolved
spectrum, characteristic of a well crystalline
material. The existence of lines at —38.6, —40.5,
—42.9, —44.5, —46.15, —49.48 and —52.35 ppm
can be associated with the presence of several
crystallographic sites for phosphorus atoms in
a 3 x 3 x 3 crystal structure of TiP,O7 [29]. A
minor and narrow peak at ~—27 ppm appeared at
900 °C. The assignment of this peak to a specific
phosphate phase is not defined, but it cannot be
assigned to TiP,O7 [30]. The peak may be related
to a new titanium phosphate phase developed from
TiP, 07 at high temperature.

3.4. Raman analysis

Fig. 5 shows Raman spectra of T,P and T,P
samples calcined at various temperatures. Typically
for Tsqp (Fig. 5a), there are three Raman active fun-
damental modes of the anatase phase at 399, 513
and 643 cm~! [31-33]. The rutile phase (i.e. 140,
235, 445 ad 609 cm™!) starts to appear at 700 °C,
and it becomes the only phase at 900 °C. By in-
troducing HZPO;/HPOZ_ anions into the reaction
mixture after precipitation process T,P (Fig. 5b),
the anatase is stabilized at higher temperatures in
T,Pogo—1050. The effect of phosphate anions on
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Fig. 4. 3'P-NMR spectra of the powders calcined at (a)
80 °C; (b) 500 °C; (c) 700 °C; (d) 900 °C; (e)
1100 °C.

the thermal stability of the anatase phase is due
to the following causes: (1) HyPO, /HPO;  an-
ions can be strongly adsorbed on the surface sites
of TiO, and stabilize the anatase phase structure
to reduce the surface energy of anatase. (2) The
growth of the anatase TiO; crystallites is restricted
due to the phosphate anions adsorbed on the grain
boundaries, inhibiting the phase transformation of
anatase to rutile. Lv at al. [34] also reported that the
fluoride ions F~ located in the titania grain bound-
aries, impeded direct contact of the anatase parti-
cles and prevented the phase transition of anatase
to rutile. For the T,P, the rutile phase starts to ap-
pear at 900 °C, and it becomes the only phase with
traces of TiP,O7 phase at 1000 °C. At this tem-
perature, T,P and TP samples display new Raman
peaks at 1035, 1047, and 1073 cm™", which corre-
spond to P—O asymmetric and symmetric stretch-
ing vibrations, indicating the generation of TiP,O7
phase. These results are consistent with 3'P NMR
study.

Compared to Tsg, there is a notable shift and
broadening of the anatase main peak (146 cm™!)
of T,Psoo (the peak widths of the Eg mode at
146 cm~! for samples Tsoo and T,Pso are 12
and 20 cm™!, respectively). The observed shift of
the Raman peaks for T,Psoo can be interpreted as
originating from the effect of particle size in the
presence of phosphate anions [35, 36]. The crys-
tallite size of T,Pspp (10.3 nm) is much smaller
than that of Tsgy (23 nm). Therefore, the Raman
analysis confirms that the presence of adsorbed

HzPO;/HPOﬁ’ anions retards the grain growth of
the titania crystallites.

HRTEM and SEM images were applied as an
additional tool for determining the state and the
effect of phosphate anions on TiO, morphology.
Fig. 6a demonstrates that the Tsqg sample exhibits
nearly cubic particles with high anatase crystalliza-
tion degree, which is confirmed by the well re-
solved crystal lattice of 0.32 nm in the attached
HRTEM and the well defined diffraction patterns
in the SAED image. However, the T;Psoy sam-
ple (Fig. 6b) has a form of nearly shapeless and
stacked particles. This confirms that the presence
of phosphate at the titania grain boundaries retards
the crystal growth. The particles of T,Psq) sam-
ple (Fig. 6¢) are not well dispersed having irregular
morphology with poor crystallization degree. This
is due to the presence of amorphous titanium phos-
phates (circled areas in SEM).

4. Conclusions

The control of the preparation method is very
important in determining the final state of the phos-
phate species. The adopted procedure led to obtain-
ing two kinds of materials, different from one an-
other, at 500 °C.

e The T,Ps0p sample showed that the
phosphate species existed not only as

Ti-O-P in bulk TiO, but also as
amorphous titanium phosphates
Ti(HPO4)2/Ti(HoPOy4)s and  electrostat-

ically adsorbed POi_ anions on the surface
of TiO;. Upon calcination at 700 °C,
the bands of H,PO, and POi_ anions
disappeared, whilst that of the bidentate
phosphate HPOi_ increased in the sample,
indicating the lowering of symmetry vz and
T, of phosphate anion to v;.

* The T,Ps500 sample displayed only a single
peak at 1038 cm™!, which was ascribed to
Ti—O-P bond, revealing that all phosphates
species were included in the bulk titania ma-
trix. Upon calcination at 700 °C, the enrich-
ment of bidentated phosphate structure on
the titania surface was observed.
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Fig. 5. (a) Raman spectra of blank TiO; T, (b) T,P and TP calcined at various temperatures.
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Fig. 6. (a) TEM and HRTEM images of blank TiO; Ts0; (b) T;Ps00; (c) TpPs00. The insets to (a) and (b) show
the corresponding selected area electron diffraction SAED. The insets to (a), (b), and (c) show the corre-
sponding interplanar space. Arrows: the SEM images of Tsqg and T,Psqp.
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* The increase in the calcination temperature
up to 900 °C resulted in a clear decrease in
bidentated phosphate structure of both ma-
terials. This indicated that only the biden-
tated phosphates HPO;~ were polymerized
to form TiP,07, in spite of different prepa-
ration methods.

* The FT-IR and Raman analyses showed that
the surface-bound phosphate with biden-
tate structure delayed the formation of
the anatase phase and crystallite growth
and inhibited the anatase-to-rutile phase
transformation.
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