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a b s t r a c t

Anatase-type nanoparticles ScXTi1�2XNbXO2 with wide solid solution range (X ¼ 0–0.35) were

hydrothermally formed at 180 1C for 5 h. The lattice parameters a0 and c0, and the optical band gap of

anatase gradually and linearly increased with the increase of the content of niobium and scandium from

X ¼ 0 to 0.35. Their photocatalytic activity and adsorptivity by the measurement of the concentration of

methylene blue (MB) that remained in the solution in the dark or under UV-light irradiation were

evaluated. The anatase phase existed stably up to 900 1C for the samples with X ¼ 0.25–0.30 and 750 1C

for that with X ¼ 0.35 during heat treatment in air. The phase with a-PbO2 structure and the rutile

phases coexisted in the samples with X ¼ 0.25–0.30 after heated at temperatures above 900–950 1C. The

a-PbO2 structure having composition ScTiNbO6 with possibly some cation order similar to that seen in

wolframite existed as almost completely single phase after heat treatment at temperatures 900–1500 1C

through phase transformation from anatase-type ScTiNbO6.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The precipitation technique from aqueous solution under
hydrothermal conditions, which is one of the aqueous solution
routes, is of current interest [1] and is attractive for the direct
formation of crystalline fine ceramic particles. Generally, hydro-
thermal reactions are carried out in an autoclave at temperature
between the boiling and critical points of water at elevated
pressure. Fine powders of various oxide ceramics have been
prepared via the hydrothermal route because of the excellent
homogeneity and uniformity of the synthesized particles [2,3].
From the point of view of saving energy and environmental
benignity, hydrothermal synthesis method under small autoge-
nous pressure below about 250 1C, i.e. mild hydrothermal
synthesis is suitable for low-temperature preparation of nano-
phase materials of different sizes and shapes [4–7] and new
compound [8,9].

Titanium dioxide has been extensively used as an environmen-
tally harmonious and clean photocatalyst [10] and its modification
has also been attempted by doping with various elements.
However, to form homogeneous anatase-type TiO2 solid solutions
with dopant through solid-state reaction with heat treatment at
600–1000 1C is not so easy because pure anatase phase is
metastable and easily changes to stable rutile one by heat
treatment above 635 1C from the result of the kinetic study
[11,12]. Thus, mild hydrothermal synthesis methods have been
ll rights reserved.
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applied to preparation of anatase-type titania solid solutions
doped with iron [13], zirconium [14–16], niobium [17,18],
scandium [19], and so on. In our previous work, the direct
formation of new anatase-type solid-solutions of AlXTi1�2XNbXO2

[20] and ScXTi1�2XNbXO2 [21] in the range X ¼ 0–0.20 was
performed via the synthesis of nanocrystalline particles using
the mild hydrothermal synthesis. On the other hand, in addition
to well-known three distinct polymorphs: rutile, anatase, and
brookite, pure titania (TiO2) can exist as orthorhombic structure
(a-PbO2(scrutinyite)-type) [22–24] and monoclinic baddeleyite-
type structure [25] under high pressure.

In the present study, the possibility of the presence of anatase-
type solid solution ScXTi1�2XNbXO2 with wider solid solution
range (X40.20) than that in the previous report [21] was
investigated. The photoactivity of thus obtained anatase-type
ScXTi1�2XNbXO2 solid solutions was evaluated separately by the
measurement of the concentration of methylene blue (MB)
remained in the solution in the dark or under UV-light irradiation.
The effects of the amount of dopant materials i.e. the value of X in
ScXTi1�2XNbXO2 on the structure, optical band gap, photocatalytic
activity, phase stability of anatase, and phase transformation
behavior were investigated. As the results of those investigations,
wide solid solution range (X ¼ 0–0.35) of anatase-type
ScXTi1�2XNbXO2 nanoparticles were found using mild hydrother-
mal synthesis technique at 180 1C for 5 h. Furthermore, the
presence of a ScTiNbO6 ( ¼ Sc0.33Ti0.33Nb0.33O2) compound
having a-PbO2 structure with possibly some cation order similar
to that seen in wolframite was discovered through phase
transformation from anatase by heat treatment at temperatures
above 900 1C.

www.sciencedirect.com/science/journal/yjssc
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Table 1
Starting composition and urea concentration of samples and analytical values of chemical composition of as-prepared anatase-type Titania.

Sample Starting composition (molar fraction) Urea concentration (mol/dm3) Analytical value (molar fraction)

X Sc Ti Nb Sc Ti Nb X

0.20 0.200 0.600 0.200 1.40 0.168 0.661 0.171 0.170

0.25 0.250 0.500 0.250 1.50 0.216 0.556 0.229 0.223

0.30 0.300 0.400 0.300 1.60 0.265 0.465 0.270 0.268

0.35 0.350 0.300 0.350 1.70 0.320 0.358 0.322 0.321
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2. Experimental

Anatase-type nanoparticles ScXTi1�2XNbXO2 with starting com-
position (X ¼ 0–0.35) were synthesized under hydrothermal
conditions at 180 1C for 5 h as previously reported [21]. The
starting composition and the concentration of urea are shown in
Table 1. In the present study, the hydrothermally prepared
powders were heated at 700–1100 1C for 1 h. The samples were
characterized via X-ray diffractometry (XRD), transmission
electron microscopy (TEM), an inductivity-coupled plasma
emission spectrometer (ICP), the adsorption isotherm of
nitrogen at 77 K based on the Brunauer–Emmett–Teller method
(BET), the optical absorption (using an ultraviolet–visible
spectrophotometer), and estimation of photocatalytic activity
and adsorptivity (using change in the concentration of
methylene blue, MB) as described in the previous study [21].
Fig. 1. X-ray diffraction patterns of precipitates obtained at starting composition of

X ¼ 0.20 in ScXTi1�2XNbXO2 under hydrothermal conditions at various tempera-

tures of 100–210 1C for 5 h.

Fig. 2. Crystallite size of anatase-type precipitates as-prepared at starting

composition of X ¼ 0.20 in ScXTi1�2XNbXO2 under hydrothermal conditions for

5 h plotted against hydrothermal treatment temperature.
3. Results and discussion

3.1. Direct synthesis of anatase-type solid solution nanoparticles

Scandium has most similar ionic radius to titanium in many
rare-earth elements. The ionic radius of niobium is also closer to
that of titanium. The influence of hydrothermal treatment
temperature on the formation of titania solid solution nanopar-
ticles co-doped with 20 mol% niobium and scandium was
investigated. Fig. 1 shows XRD patterns of the precipitates
formed from the precursor solution mixture of Sc(NO3)3, TiOSO4,
and NbCl5 at starting composition (X ¼ 0.20 in ScXTi1�2XNbXO2)
under hydrothermal conditions at various temperatures of
100–210 1C for 5 h in the presence of urea. The crystalline phase
of anatase was clearly detected in the precipitates as-prepared at
the temperatures more than 120 1C although appearance of very
broad peaks at the positions of anatase diffraction lines was
observed in the sample after heat treatment at 100 1C. The
precipitates obtained by hydrothermal treatment at 150–180 1C
were detected as a single phase of anatase-type structure, and no
trace of diffraction peaks due to another phase were detected. In
the present study, precipitation temperature of nanocrystalline
anatase from the precursor solution mixture under hydrothermal
conditions at weakly basic conditions in the presence of urea was
lower than that in the case of hydrothermal crystallization from
amorphous co-precipitates prepared by dropping aqueous
ammonia [19]. This result suggests that the hydrothermal
treatment at temperature more than 180 1C is appropriate and
necessary for obtaining anatse with nano-sized crystallite having
sufficient crystallinity.

Fig. 2 shows the effect of hydrothermal treatment temperature
on the crystallite size of anatase in as-prepared precipitates
(starting X ¼ 0.20 in ScXTi1�2XNbXO2) as a function of treatment
temperature. The crystallite size was estimated from the XRD line
broadening of 10 1 diffraction peak of anatase. The crystallite of
anatase in the range of nanometric levels grew with increased
treatment temperature, although increase rate in size became
gradually slow down. The effect of starting total metal cation
concentration (Sc+Ti+Nb) of the precursor solution mixture on the
crystallite size of anatase was investigated. The precipitates
obtained from the precursor solution mixture with total metal
cation concentration 0.1–0.5 mol/dm3 under hydrothermal
condition at 180 1C for 5 h were detected as single phase
anatase-type structure without a trace of another diffraction
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peaks. Fig. 3 shows the crystallite size of as-prepared anatase as a
function of starting total cation concentration. Gradual increase in
the crystallite size of anatase was observed with increased total
cation concentration of the precursor solution mixture.
3.2. Anatase ScXTi1�2XNbXO2 with wide solid solution range

Fig. 4 shows XRD patterns of precipitates formed from
precursor solution mixture with total metal cation concentration
of 0.5 mol/dm3 at various starting compositions (X ¼ 0, and
0.20–0.40 in ScXTi1�2XNbXO2) under mild hydrothermal
conditions at 180 1C for 5 h. The crystalline phase detected in all
the as-prepared precipitates except the sample X ¼ 0.40 was only
a single phase of anatase. No diffraction peaks due to other
crystalline phases were detected. In the sample X ¼ 0.40 almost
all diffraction lines were detected as anatase phase but unknown
peaks with very slight intensity were detected. It is considered
that this phenomenon may show the limit of the direct formation
of a single phase of anatase-type solid solution under this
Fig. 3. Crystallite size of anatase-type precipitates as-prepared at starting

composition of X ¼ 0.20 in ScXTi1�2XNbXO2 under hydrothermal conditions at

180 1C for 5 h plotted against total metal cation concentration (Sc+Ti+Nb) of the

precursor solution mixture.

Fig. 4. X-ray diffraction patterns of precipitates formed at various starting

compositions of X ¼ 0 and 0.20–0.40 in ScXTi1�2XNbXO2 under hydrothermal

conditions at 180 1C for 5 h.
hydrothermal condition. Since the sample X ¼ 0.40 is not so
uniform as other samples from the viewpoint of the existence of a
small amount of unknown phase, we investigated the properties
of the samples Xo0.40 with a single phase of anatase in this
study.

It is important to analyze the chemical compositions of the
resultant solid precipitates in order to discuss whether the
compositions of the products coincide with the starting composi-
tions of the samples or not. The analytical results of the chemical
compositions of the resultant powders with a single phase of
anatase are shown in Table 1, which were determined by the
elemental analysis using an ICP emission spectrometer. The
content of Ti in the analytical compositions of the as-prepared
samples was slightly more than that in the starting compositions
of the samples. We must also reconsider the reliability of the
chemical quantitative analysis of water of crystallization (n value)
associated in the starting material TiOSO4 �nH2O, although
consideration should also be given to the reliability of the ICP
analysis. We showed analytical X values in Table 1 based on the
analytical contents of Sc and Nb.

A gradual shift of the diffraction lines of the as-prepared
anatase-type TiO2 to a lower diffraction angle is observed with
increased the value of X in Fig. 4. Then the lattice parameters a0

and c0 of the as-prepared anatase-type TiO2 were plotted in Fig. 5
using analytical X values based on the analytical contents of Sc
and Nb in Table 1 because it is difficult to plot the lattice
parameters a0 and c0 of as-prepared anatase-type TiO2 in
accordance with individual values of the real Sc and Nb
contents. Though the lattice parameters were plotted using
analytical X values to confirm the formation of anatase-type
solid solutions, we usually used the starting X values as
representative X in this study. Linear increase in the lattice
parameters a0 and c0 were observed with increased niobium and
scandium content doped into TiO2. The lattice parameter c0

increased more than a0.
The corresponding lattice parameter change and the gradual

shift of the diffraction lines in the XRD patterns with increased the
value of X indicated that the anatase-type solid solutions were
formed by substituting for titanium sites by niobium (Nb5+ 0.64 Å)
and scandium (Sc3+ 0.73 Å) with slightly larger ionic radii than
that of titanium (Ti4+ 0.61 Å) [26]. Anatase-type solid solutions
ScXTi1�2XNbXO2 with very wide solid solution range of X ¼ 0–0.35
were directly formed as nanoparticles under hydrothermal
Fig. 5. Lattice parameters a0 and c0 of anatase-type ScXTi1�2XNbXO2 formed under

hydrothermal conditions at 180 1C for 5 h.
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Fig. 8. Optical bang gap of as-prepared anatase-type solid solutions with various

compositions in ScXTi1�2XNbXO2 prepared under hydrothermal conditions at 180 1C

for 5 h.
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conditions. There has been no information on the presence of
anatase-type crystal in which titanium component is minor in the
composition. This study must be the first report on the direct
formation of anatase in which titanium component is minor in the
composition. In Table 1, the analytical composition in the sample
ScXTi1�2XNbXO2 solid solution with starting X ¼ 0.35 is considered
to be approximated by Sc0.33Ti0.33Nb0.33O2 ( ¼ ScTiNbO6) compo-
sition in a certain degree although analytical X is 0.321. This is a
single phase of anatase with composition ScTiNbO6.

Fig. 6 shows TEM images of the as-prepared anatase-type
ScXTi1�2XNbXO2 solid solutions. The particle size of anatase
increased with increased niobium and scandium content in the
composition. The crystallite size of anatase estimated from the
XRD line broadening corresponded relatively well to the particle
size of the samples estimated from the TEM observation.

The diffuse reflectance spectra of the as-prepared anatase-type
ScXTi1�2XNbXO2 solid solutions are shown in Fig. 7. Slight and
gradual shift of the onset of absorption to shorter wavelengths
was observed with increased X value. The optical band gap is
estimated using ahn ¼ const (hn�Eg)n, where a is the absorption
coefficient, n ¼ 1/2 for a direct allowed transition, and n ¼ 2 for an
indirect allowed transition. Fig. 8 shows the band gap values for
the anatase-type ScXTi1�2XNbXO2 solid solutions as a function of
the analytical X, which were determined from the energy
intercept by extrapolating the straight regions of the plot of
(ahn)2 versus the photon energy hn for a direct allowed transition
Fig. 6. Transmission electron microscopic images of precipitates with various

compositions of (a) X ¼ 0.30 and (b) 0.35 in ScXTi1�2XNbXO2 obtained under

hydrothermal conditions at 180 1C for 5 h.

Fig. 7. Diffuse reflectance spectrum of as-prepared anatase-type solid solutions

with various compositions of X ¼ 0 and 0.20–0.35 in ScXTi1�2XNbXO2 prepared

under hydrothermal conditions at 180 1C for 5 h.

Fig. 9. X-ray diffraction patterns of samples with starting composition of (a)

Sc0.20Ti0.60Nb0.20O2 and (b) Sc0.25Ti0.50Nb0.25O2 before and after heating at

900–1100 1C for 1 h.
(Ed). The optical band gap value of anatase almost linearly and
gradually increased when the value of X was increased, i.e. with
increased niobium and scandium content co-doped in the sample.
3.3. Phase stability of anatase and formation of a-PbO2 phase

In the previous work, the XRD patterns of the ScXTi1�2XNbXO2

solid solutions with compositions X ¼ 0.15 before and after
heating at 900–1000 1C for 1 h showed that the anatase-type
Sc0.15Ti0.70Nb0.15O2 solid solution transformed into a resultant
single phase of new rutile-type Sc0.15Ti0.70Nb0.15O2 solid solution
without a trace of diffraction peaks due to another phase [21]. The
XRD patterns of the ScXTi1�2XNbXO2 solid solutions with composi-
tions X ¼ 0.20 and 0.25 before and after heating at 900–1050 1C
for 1 h are shown in Fig. 9(a) and (b), respectively. By heating,
anatase-to-rutile phase transition began at 920 1C and concluded
at 1000 1C, and rutile solid solution phase with a trace of
diffraction peaks of a-PbO2 phase was formed in the
Sc0.20Ti0.60Nb0.20O2 sample. With increase in the atomic fraction
replaced by niobium and scandium, the ratio of a-PbO2 phase
increased in the solid solution consisting of rutile and a-PbO2

phase after phase transformation as shown in Fig. 9(b).
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Fig. 10. X-ray diffraction patterns of samples with starting composition of (a)

Sc0.30Ti0.40Nb0.30O2 and (b) Sc0.35Ti0.30Nb035O2 before and after heating at

750–1000 1C for 1 h.

Fig. 11. Photocatalytic degradation of methylene blue as a function of ultraviolet

irradiation time for reference sample ST-01 and as-prepared anatase-type solid

solutions with various compositions of X ¼ 0 and 0.20–0.35 in ScXTi1�2XNbXO2.
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Phase transformation behavior of anatase-type ScXTi1�2XNbXO2

solid solutions with compositions starting X ¼ 0.30 and 0.35 are
shown in Fig. 10(a) and (b), respectively. The fraction of a-PbO2

phase fairly increased in the solid solution with starting X ¼ 0.30
after phase transformation in comparison with the sample with
starting X ¼ 0.25 (Fig. 9(b)). Through anatase-to-a-PbO2

phase transformation, almost completely single phase of
orthorhombic a-PbO2 without a trace of diffraction peaks of
rutile but with an extremely small intensity of unidentified
diffraction peaks was formed at 900–1000 1C in the sample with
starting X ¼ 0.35 (Fig. 10(b)).

Pure titania can also exist as orthorhombic a-PbO2 structure
under high pressure besides three distinct polymorphs: rutile,
anatase, and brookite [22–25]. The appearance of orthorhombic
a-PbO2 structure under mechanical activation through high
energy ball milling and ambient pressure has been observed in
the mixture of TiO2 and graphite [27], nanocrystalline TiO2

powders [28], and Fe-doped TiO2 [29]. The a-PbO2 phase is also
one of the structures appeared as srilankite in the binary system
ZrO2–TiO2 [30–33]. There are many compounds with a-PbO2

or a-PbO2 related structure as mentioned above and as MWO4

(M: Cd, Mg, Co, Ni, Fe, Mn, Zn), MM0O4 (M: Sc, In, M0: Nb, Ta),
HfTiO4, ZrSnO4, etc. Exclusive of high pressure modification
a-PbO2 phase of TiO2 [22–24] and ScNbO4 [34], few reports could
be found on the synthesis of compound having composition
ScTiNbO6 with a-PbO2 or a-PbO2 related structure in the ternary
system Sc2O3–TiO2–Nb2O5.

The high pressure TiO2 modification, orthorhombic srilankite,
which has a-PbO2 structure with disorderd cations. On the other
hand, the compound ScNbO4 has monoclinic wolframite-type
structure, which is ordered one based on a-PbO2 [35]. In
dimensions, the monoclinic wolframite with ordered structure
based on a-PbO2 is very similar to orthorhombic structure
with disorderd one. Although the sample after heat treatment
at 900 1C is identified as orthorhombic a-PbO2 structure, uni-
dentified diffraction peaks with extremely small intensity are
detected in Fig. 10(b). These unidentified diffraction peaks
perfectly correspond to a part of characteristic XRD lines of
monoclinic wolframite ScNbO4. However, it is not adequate to
identify as monoclinic wolframite structure because the intensity
of these unidentified diffraction peaks was very much low as
monoclinic symmetry of wolframite. The phase appeared after
heat treatment at 900–1000 1C is considered to be a-PbO2

structure with possibly some cation order similar to that seen in
wolframite
As shown in Fig. 10(b), we have found the presence of a
compound with a-PbO2 structure in the ternary system Sc2O3–
TiO2–Nb2O5. In Table 1, the analytical composition in the sample
ScXTi1�2XNbXO2 solid solution with starting X ¼ 0.35 is considered
to be approximated by Sc0.33Ti0.33Nb0.33O2 ( ¼ ScTiNbO6) in a
certain degree. Thus, the compound ScTiNbO6 that was almost
completely single phase of a-PbO2 structure with possibly some
cation order similar to that seen in wolframite was synthesized
through heat treatment at 900 1C in air via phase transformation
from anatase-type titania solid solution.
3.4. Photocatalytic activity of ScXTi1�2XNbXO2

The influence of the niobium and scandium content on the
adsorptivity and photocatalytic activity for the as-prepared
anatase samples having the value of starting X and reference
pure TiO2 powder ST-01 (anatase-type structure, BET specific
surface area: 302 m2/g, crystallite size: 7 nm, Ishihara Sangyo
Kaisha Ltd., Osaka, Japan) as changes in the concentration of MB
with time in the dark and under UV-light irradiation was
investigated. The photocatalytic activity of as-prepared anatase
samples is shown in Fig. 11 as plots of �ln(C/C0) versus UV-light
irradiation time. The plots gave almost straight lines, which
suggest that the photocatalytic decomposition of MB follows
pseudo-first-order kinetics with respect to MB concentration. The
slope of the straight lines in Fig. 11 shows photocatalytic activity.
The photocatalytic activity of pure anatase-type TiO2 formed
under this hydrothermal condition was relatively good in
comparison with the reference sample ST-01. In the previous
report [21], the anatase-type ScXTi1�2XNbXO2 with X ¼ 0.05
showed nearly two times and three times as high photocatalytic
activity as those of the hydrothermal anatase-type pure TiO2 and
commercially available reference pure TiO2 (ST-01), respectively.
The slope of the straight lines of anatase ScXTi1�2XNbXO2 with
X40.25 became gradually gentle with increased niobium and
scandium content. The sample with X ¼ 0.35 showed the lowest
photocatalytic activity. Anatase-type solid solutions that were
doped with niobium and scandium and directly formed under
hydrothermal conditions had effective photocatalytic activity, but
the addition of excessive amount of dopants resulted in a
reduction of the total photoactivity, partly because of the
decrease of photoactive TiO2 content in the sample.
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Fig. 12. Photocatalytic degradation of methylene blue as a function of ultraviolet

irradiation time for reference sample ST-01, as-prepared anatase-type titania with

composition of pure TiO2 and Sc0.35Ti0.30Nb035O2, anatase-type Sc0.35Ti0.30Nb035O2

after heat treated at 750 1C, and a-PbO2 phase of Sc0.35Ti0.30Nb035O2 formed at

900 1C.

Table 2
Lattice parameters, band gap, and BET surface area of as-prepared anatase-type

ScTiNbO6 and a-PbO2 phase of ScTiNbO6 after heat treatment at 1000 1C for 1 h.

Sample Lattice parameter (nm) Band

gap (eV)

BET surface

area (m2/g)

a0 b0 c0

Anatase-type 0.3902 – 1.0026 3.59 110

a-PbO2 phase 0.4714 0.5631 0.5045 3.58 15
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The effect of heat treatment in air i.e. calcination on the
photocatalytic activity of the samples with anatase and a-PbO2

phase having ScTiNbO6 composition was investigated. Fig. 12
shows photocatalytic activity as plots of �ln(C/C0) versus UV-light
irradiation time. The photocatalytic activity of anatase-type
ScTiNbO6 as-prepared under hydrothermal condition was
enhanced via heat treatment at 750 1C though it was lower than
that of anatase samples with pure TiO2 composition. The a-PbO2

phase obtained after heat treatment at 900 1C through phase
transformation showed low activity because of low surface area.

In the present study, anatase ScXTi1�2XNbXO2 with wide
solid solution range (X ¼ 0–0.35), anatase-type ScTiNbO6, and
a-PbO2-type ScTiNbO6 were formed. We summarize the data on
the lattice parameters, band gap, and specific surface area of
anatase-type and a-PbO2-type ScTiNbO6 in Table 2.
4. Summary

Anatase-type ScXTi1�2XNbXO2 solid solutions with wide solid
solution range (X ¼ 0–0.35) were hydrothermally formed as
nanoparticles from the precursor solutions of Sc(NO3)3, TiOSO4,
NbCl5 at 180 1C for 5 h using the hydrolysis of urea. The lattice
parameters a0 and c0 and optical band gap value of anatase
gradually increased with increase in the value of X. The a-PbO2

phase which appeared in addition to rutile one in the sample with
starting X40.20 after phase transformation increased in propor-
tion when the value of X was increased. The solid solutions in the
range 0.20ostarting Xo0.35 were composed of multiphase
a-PbO2+rutile after phase transformation. The fraction of a-PbO2

phase in the solid solution with starting X ¼ 0.30 after phase
transformation fairly increased in comparison with the
sample with starting X ¼ 0.25. A compound ScTiNbO6

(Sc0.33Ti0.33Nb0.33O2) that was identified as a closely single phase
of a-PbO2 with a trace of symptomatic wolframite a-PbO2 related
structure was formed at 900–1000 1C.
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