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Anatase titanium dioxide is among the most com-
mon supports for various heterogeneous catalysts. Fur-
thermore, anatase itself is used as a catalyst in acid–
base catalysis and photooxidation [1–6]. It was demon-
strated that the microstructure of titanium dioxide
depends strongly on the preparation method [7–9].
Using different preparation methods, one can obtain
microstructures ranging from highly ordered (regular)
to defective. The structure of TiO

 

2

 

 is strongly correlated
with the physicochemical properties and texture of the
oxide, which govern the interaction between the active
component and the support. This unique possibility of
purposefully modifying the structural properties of tita-
nium dioxide is still attracting researchers’ attention.

An efficient way of varying the structural properties
of anatase, including its texture, is by modifying it with
various cations, for example, vanadium [10], molybde-
num [11, 12], and phosphorus [13]. The effect of a
modifier on the TiO

 

2

 

 structure depends on the chemical
nature of the modifier. Modification of TiO

 

2

 

 with vana-
dium or molybdenum affords a nanostructured material
having interblock boundaries between anatase crystal-
lites. As a result, this material is thermally more stable
than the initial anatase. Furthermore, its smaller parti-
cle size and its larger specific surface area persist up to
higher temperatures [10–12]. However, titanium diox-
ide modified with both molybdenum and vanadium is
thermally less stable than pure TiO

 

2

 

.

Introducing refractory modifiers, such as cerium
dioxide, is likely to enhance the thermal stability of
TiO

 

2

 

. This would be significant for the synthesis of tita-
nium dioxide–based supports and catalysts for high-
temperature processes. Cerium–titanium oxides are
used as supports in CuO/Ce–TiO

 

2

 

 catalysts for the oxi-

dation of CO, ethanol, and ethyl acetate [14] and for
NO + CO reduction [15]; in supported metal catalysts
for low-temperature CO oxidation [16]; and in photo-
oxidation reactions [17]. In any case, the structure and
physicochemical properties of the cerium–titanium
oxide support are of primary importance in the forma-
tion of the active component.

It was shown that, as a mixture of cerium and tita-
nium dioxides is heat-treated in an oxidizing atmo-
sphere, the components do not react up to 1300

 

°

 

C,
yielding no solid solutions or compounds [18–20].
However, the metastable compound 

 

CeTi

 

2

 

O

 

6

 

 with a
monoclinic structure is detected at 1310–1350

 

°

 

C. As
the temperature is further raised, this compound
decomposes. Heat-treating a mixture of prereduced
cerium and titanium oxides at 

 

T

 

 = 1200–1250

 

°

 

C and a
reduced oxygen partial pressure yields a number of
metastable variable-composition cerium–titanium
compounds, namely, 

 

Ce

 

2

 

TiO

 

5

 

, Ce

 

2

 

Ti

 

2

 

O

 

7

 

, Ce

 

4

 

Ti

 

9

 

O

 

24

 

[21], 

 

ëÂTi

 

2

 

O

 

5.6

 

, ëÂTi

 

3

 

O

 

8.7

 

, CeTiO

 

3

 

 [19], 

 

ëÂ

 

0.75

 

TiO

 

2.995

 

,
and 

 

ëÂ

 

0.90

 

TiO

 

3.03

 

 [22], which are unstable in air.

At the same time, it was demonstrated that cerium–
titanium compounds can be synthesized not only at
high temperatures, but also at comparatively low tem-
peratures of 400–650

 

°

 

C [23–25]. For example, the
monoclinic compound 

 

Ce

 

0.3

 

Ti

 

0.7

 

O

 

2

 

 and a cubic solid
solution of titanium in cerium dioxide were obtained by
mixing an organometallic compound of titanium with
cerium nitrate followed by drying and heat treatment of
the mixture at 650

 

°

 

C [23]. 

 

CeTiO

 

3

 

 

 

with a perovskite
structure was obtained by reacting an organometallic
compound of titanium with cerium chloride at room
temperature [24]; however, the product became amor-
phous above 400

 

°
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(Ti/Ce = 4 : 1 and 1 : 1) stable at 800

 

°

 

C were obtained
by sol–gel processing followed by redox reactions [25].

It follows from the above data that none of the
Ce

 

−

 

Ti–O compounds has been found to retain the orig-
inal anatase structure. However, as was mentioned
above, it is anatase that is used in most catalysts.

Here, we report the formation of the structure of
cerium-doped titanium dioxide (anatase) in a wide tem-
perature range.

EXPERIMENTAL

Ce–Ti–O samples containing 3–15 wt % CeO

 

2

 

 and
85–97 wt % TiO

 

2

 

 were synthesized by incipient-wet-
ness impregnation of anatase xerogels (0.5–1.0 mm
size fraction) with an aqueous solution of 

 

Ce(NO

 

3

 

)

 

3

 

 

 

·

 

6H

 

2

 

O

 

 (reagent grade) followed by drying at 110

 

°

 

C for
10–12 h and heat treatment in flowing air at 300–850

 

°

 

C
for 4 h.

The cerium content of the products was determined
by ICP–AES.

Electron microscopic examinations were performed
using a JEM 2010 microscope with a resolution of
1.4 Å and an accelerating voltage of 200 kV. The
microscope was equipped with an EDAX energy-dis-
persive spectrometer, which allowed elemental analysis
to be carried out.

The odorous structure of xerogels was studied by
the conventional low-temperature (77.4 K) nitrogen
adsorption method using a DigiSorb-2600 instrument
(Micromeritics). True density (

 

ρ

 

, g/cm

 

3

 

) was measured
with an AutoPycnometer-1320 helium picnometer
(Micromeritics). The total pore volume (

 

V

 

Σ

 

, cm

 

3

 

/g) and
porosity (

 

ε

 

, cm

 

3

 

/cm

 

3

 

) were derived from the bulk den-
sity (

 

δ

 

, g/cm

 

3

 

) and true density using the conventional
relationships 

 

V

 

Σ

 

 = (0.6/

 

δ

 

 – 1/

 

ρ

 

)

 

 and 

 

ε

 

 = 

 

V

 

Σ

 

ρ

 

/(1 + 

 

V

 

Σ

 

ρ

 

)

 

.
The limiting sorption volume (

 

V

 

s

 

, cm

 

3

 

/g), which is the
microporous plus mesoporous part of the pore volume,
was determined directly from adsorption data. The total
specific surface area (

 

S

 

BET

 

, m

 

2

 

/g) was derived from Ar
thermal desorption data (four sorption equilibrium
points) obtained using an SORBI-M instrument. The
mean particle size of materials (

 

d

 

ads

 

, nm) was estimated
as 

 

d

 

ads

 

 = 

 

6/

 

S

 

ρ

 

. The equivalent pore throat size distribu-

tion was derived from the desorption branches of nitro-
gen adsorption isotherms using the Barret–Joyner–Hal-
lenda (BJH) method [26]. The dominant pore size
(

 

D

 

dom

 

, nm) was indicated by a peak in the distribution
curve.

The phase composition of materials was determined
by X-ray powder diffraction (URD-63 diffractometer,
monochromated 

 

Cu

 

K

 

α

 

 radiation). The coherent-scatter-
ing domain (CSD) size (

 

d

 

CSD

 

, nm) for anatase crystal-
lites was derived from the halfwidth of the 2.0.0 peak
using the Scherrer formula [27].

RESULTS AND DISCUSSION

The data presented in Table 1 show how the phase
composition of the materials examined changes upon
heat treatment. In the sample with a low cerium content
(3 wt % CeO

 

2

 

 + 97 wt % TiO

 

2

 

), only the anatase phase
is detected up to 850

 

°

 

C. Raising the cerium content to
10–15 wt % CeO

 

2

 

 results in the formation of traces of
CeO

 

2

 

 at a lower temperature of 700

 

°

 

C. At the same
time, the thermal decomposition of cerium nitrate
yields well-crystallized CeO

 

2

 

 at 300

 

°

 

C.

The microstructure and morphology of the Ce–Ti–O
materials were studied by electron microscopy. It was
demonstrated in an earlier work [7] that the initial tita-
nium dioxide consists of aggregates of fine anatase par-
ticles 3–8 nm in size. These aggregates are combined
into larger aggregates 70–90 nm in size. Titanium diox-
ide modified with cerium oxide has the same structure
and morphology. Figure 1 shows an electron micro-
graph of the 15 wt % CeO

 

2

 

 + 85 wt % TiO

 

2

 

 catalyst cal-
cined at 350

 

°

 

C. This micrograph is typical of the
TiO

 

2

 

−

 

CeO

 

2

 

 catalysts calcined at this temperature. It is
clear that this sample consists of aggregates of 3- to
8-nm fine particles. According to electron microdiffrac-
tion data, the sample does not contain any appreciable
amount of the CeO

 

2

 

 phase. The electron microdiffrac-
tion pattern is a set of ring-shaped reflections indicating
interplanar spacing characteristic of the anatase phase
(Fig. 1). At the same time, elemental analysis data sug-
gest the presence of cerium in the samples. Apparently,
the modifying cerium on the surface of the anatase par-
ticles is in a near-atomic state of dispersion.

 

Table 1.  

 

Heat-induced changes in the phase composition of the Ce–Ti–O materials

Chemical
composition, wt %

 

T

 

, 

 

°

 

C

300 500 700 850

TiO

 

2

 

Anatase Anatase Anatase Rutile

3% CeO

 

2

 

″ ″ ″

 

Anatase

5% CeO

 

2

 

″ ″ ″

 

Anatase + CeO

 

2

 

 traces

10% CeO2 ″ ″ Anatase + CeO2 traces Anatase + CeO2

15% CeO2 ″ ″ Anatase + CeO2 traces Anatase + CeO2

CeO2 CeO2 CeO2 CeO2 CeO2
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Note that, in all samples calcined at 350–600°C, no
cerium oxide phase was detected by X-ray diffraction
or electron microdiffraction and the unit cell parame-
ters of the anatase phase are equal to those of pure ana-
tase. However, the presence of cerium is indicated by
microprobe analysis. Since anatase, CeO2, and ëe2O3
have different structures and the ionic radii of Ce4+ and
Ce3+ (0.88 and 1.02 Å, respectively) far exceed the
ionic radius of Ti4+ (0.64 Å) [28], the cerium ions can-
not be stabilized in the anatase lattice. This result is in
full agreement with the finding that, in an oxidizing
atmosphere, cerium and titanium oxides react only
above 1300°C [18–20]. These data apparently suggest

that, in the samples calcined at 600°C, most of the
cerium ions are localized at interblock boundaries
formed by anatase particle intergrowths, where the ana-
tase structure is heavily disordered. Microprobe analy-
sis data indicate that the signal from the Ce atoms
strengthens as the accelerating voltage is reduced from
200 to 100 kV (Fig. 2). Since the probing depth in EDX
analysis decreases as the accelerating voltage is
reduced, the strengthening of the Ce signal possibly
indicates that most of the cerium is localized near the
surface.

Heat treatment of the Ce–Ti–O materials above
800°C causes the sintering of TiO2 particles into crys-
tals up to 50 nm in size and the transfer of cerium oxide
from the interblock boundaries to the surface. It is clear
from Fig. 3 that cerium leaves the interblock bound-
aries to concentrate as the cerium oxide phase. The
alternating contrast bands in the image of the cerium
oxide structure on the anatase surface are due to the
overlapping of particles of two crystalline phases hav-
ing different structures, namely, tetragonal TiO2 and
cubic CeO2. Furthermore, anatase retains its block
structure. Therefore, part of the cerium can remain at
the interblock boundaries (see arrows). Apparently
some cerium stays in the subsurface layer: the anatase
surface has numerous steps with a distorted structure,
and no cerium oxide crystallites are detectable on these
steps (Fig. 4). Cerium ions can also be present at inter-
crystal boundaries (which are noted by arrows in
Fig. 4).

The electron microscopic data are in agreement with
our X-ray diffraction data (Fig. 5). It follows from the
latter that all samples calcined at 850°C consist only of
the anatase phase and contain no rutile traces, irrespec-
tive of the cerium content. Traces of the cerium oxide

12 nm

000

(001)TiO2

Fig. 1. Micrograph of the Ce–Ti–O sample containing 15%
CeO2. Tcalcin = 350°C. Inset: the microdiffraction pattern
characteristic of anatase titanium dioxide.
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Fig. 2. EDX microanalysis data for the Ce–Ti–O sample containing 15% CeO2. Tcalcin = 600°C. The accelerating voltage is (a) 200
and (b) 100 kV.
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phase are observed starting at 5 wt % CeO2. Thus, ana-
tase modified with cerium oxide is stable up to 850°C,
while pure TiO2 turns into rutile starting at 750°C.

The doping of titanium dioxide with cerium oxide
not only modifies the phase composition of the former
but also exerts a considerable effect on its porous struc-
ture (Table 2). Figure 6 plots the specific surface area of
Ce–Ti–O materials and pure TiO2 as a function of cal-
cination temperature. The specific surface area of pure
titanium dioxide decreases sharply with increasing
temperature. Generally, titanium dioxide modified with
cerium is thermally more stable than pure TiO2. At a
cerium oxide content of 3–5 wt %, the large specific
surface area of the material (~300 m2/g) persists up to a
calcination temperature of 300–400°C and decreases as
the temperature is further raised. The samples contain-

ing 10–15 wt % CeO2 have a smaller specific surface
area of ~250 m2/g. In the temperature range 300–
400°C, this effect is due to the higher extent of disper-
sion of anatase in the samples containing 3–5 wt %
CeO2. Particle sizing by the adsorption method demon-
strated that the lower the cerium oxide content, the
smaller the particle size of the sample. For example, the
particle size is ~5.3 and 6.5–7.8 nm in the samples con-
taining 3–5 and 10–15 wt % CeO2, respectively. At the
same time, the CSD domain size of anatase in these
samples is the same.

As the calcination temperature is raised above
400°C, particle growth takes place (according to
adsorption data) and the CSD size of anatase gradually
increases (Table 2). From the fact that the particle size
derived from adsorption data is somewhat larger than

10 nm

TiO2

(110)CeO2

Fig. 3. Micrograph of the Ce–Ti–O sample containing 5%
CeO2. Tcalcin = 850°C

10 nm

(001)TiO2

Fig. 4. Micrograph of an area of the Ce–Ti–O sample con-
taining 5% CeO2. Tcalcin = 850°C. No crystallites of the
cerium oxide phase are observed.

20 30

Intensity

2θ, deg
40 50 60

*

* * * 4

3

2

1

Fig. 5. X-ray diffraction patterns from the Ce–Ti–O sam-
ples containing (1) 3, (2) 5, (3) 10, and (4) 15 wt % CeO2.
Tcalcin = 850°C. Reflection labeling: ↓, anatase; and *,
CeO2.
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Fig. 6. Specific surface area as a function of the heat treat-
ment temperature for (1) TiO2 and (2–5) Ce–Ti–O materials
with a CeO2 content of (2) 3, (3) 5, (4) 10, and (5) 15 wt %.
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the CSD size of anatase, it can be inferred that anatase
particles are sintered incoherently. Therefore, the
decrease in the specific surface area of the materials at
high temperatures is mainly due to the sintering of ana-
tase particles.

Note that, up to 650°C, the higher the cerium oxide
content of the cerium–titanium oxide sample, the less
sharp the decrease in the specific surface area. For
example, for the samples calcined at 600°C, the specific
surface area increases with increasing cerium oxide
content (Table 2). This is due to the decreasing mean
particle size (dads) and the decreasing CSD size of ana-
tase.

Both the pore volume and the porosity of the Ce–Ti–
O materials (Table 2) show complicated, composition-
dependent trends. The limiting sorption volume Vs,
which is equal to the mesopore volume in the absence
of micropores, is ~0.4 of the total pore volume VΣ over
the calcination temperature range of 300–500°C. As the
temperature is further raised, the Vs/VΣ ratio generally
decreases. This is evidence that the total pore space of
the materials is dominated by macropores. At the same
time, the specific surface area of the materials is large
owing to the mesoporous component of the texture. The
variation of the mesopore volume between 350 and

500°C depends on the sample composition: this param-
eter decreases with increasing temperature for the sam-
ple containing 3 wt % CeO2, is almost invariable for the
sample containing 5 wt % CeO2, and increases slightly
for the other samples. The way the total porosity ε var-
ies with the heat-treatment temperature is also compo-
sition-dependent. For the xerogels containing 3–5 wt %
CeO2, ε does not change noticeably; for the other sam-
ples, ε decreases.

Figures 7 and 8 plot the mesopore volume distribu-
tion over pore diameter for the Ce–Ti–O samples cal-
cined at 350 and 500°C. Raising the CeO2 content
causes an increase in the dominant pore size Ddom in the
first case and some decrease in Ddom in the second case.
For the sample containing 3 wt % CeO2, as the heat
treatment temperature is raised, Ddom increases and the
texture remains uniformly porous. Similar behaviors
are shown by the samples containing 5 wt % CeO2. By
contrast, in the samples with a higher cerium oxide con-
tent, the initial Ddom value persists up to 500–550°C and
then begins to increase.

This can clearly be seen from Figs. 9 and 10, which
plot the pore volume distribution over pore diameter for
the samples containing 5 and 10 wt % CeO2. The mean
pore diameter is 2.5–3 nm and is affected only slightly

Table 2.  Texture parameters of Ce–Ti–O samples containing various amounts of CeO2

Sample T, °C ρ, g/cm3 S, m2/g Vs, cm3/g Ddom, nm VΣ, cm3/g ε, cm3/cm3 dCSD, nm dads, nm

3 wt % CeO2 350 3.44 328 0.271 2.5 0.67 0.70 – 5.3

400 3.48 329 0.266 3.1 0.68 0.70 – 5.2

500 3.65 – 0.252 3.7 0.68 0.71 – –

600 – 93 – – – – 13.0 16.4

700 4.45 – – – 0.68 0.75 – –

5 wt % CeO2 300 3.51 323 0.320 2.6 0.67 0.70 5.0 5.3

350 3.59 317 0.316 3.2 0.77 0.73 5.9 5.3

400 3.52 276 0.311 3.1 0.67 0.70 6.0 6.2

450 – 230 – 2.9 – – – 7.3

500 3.62 196 0.323 3.9 0.66 0.70 7.2 8.5

600 – 100 – – – – 9.3 13.5

740 4.43 50 – – 0.68 0.75 – 27.1

10 wt % CeO2 350 3.83 250 0.239 3.3 0.78 0.75 – 6.3

450 3.92 228 0.258 3.2 0.79 0.75 – 6.7

500 3.95 185 0.288 3.1 0.71 0.74 – 8.2

550 4.01 135 0.237 3.1 0.69 0.73 – 11.1

600 3.99 118 – – 0.61 0.71 7.5 12.7

700 3.97 53 0.192 7.1 0.62 0.71 – 28.5

15 wt % CeO2 350 3.64 210 0.251 3.1 0.69 0.72 – 7.8

500 3.67 160 0.244 3.1 0.66 0.71 – 10.2

600 – 135 – – – – 7.0 11.0

700 4.10 36 0.218 11.5 0.61 0.70 – 40.6

830 – 25 0.187 11.8 0.58 0.69 – 58.2
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by calcination in the temperature range of 300–450°C.
Raising the calcination temperature to 500–700°C
causes a gradual increase in the pore size.

The above experimental data suggest that the forma-
tion of the structure of the Ce–Ti–O materials in the
temperature range examined depends on the modifier
content and proceeds in different ways in the samples
containing 3–5 and 10–15 wt % CeO2.

Sintering is among the main texture-transforming
processes occurring during the high-temperature treat-
ment of the xerogels. The detailed mechanism of sinter-
ing at a given temperature depends on the properties of
the material, its chemical and phase compositions, and
the environment. The sintering mechanism is deduced
from the overall changes in pore structure parameters

(porosity, specific surface area, and dominant pore size)
[29]. At the same time, it is necessary to take into
account the effect of the heat-induced phase transfor-
mation in the xerogel on the structure parameters.

For the Ce–Ti–O samples containing 3–5 wt %
CeO2, the heat-induced textural changes at 350–550°C,
namely, the decrease in the specific surface area, the
constancy of porosity, and the increase in the dominant
pore size, indicate that sintering proceeds mainly by the
surface diffusion mechanism. For the other samples,
the bulk viscous flow mechanism comes into play, as is
indicated by the decrease in the specific surface area,
the decrease in porosity, and the approximate constancy
of the dominant pore size. The thermodynamic analysis
of the transfer of low-molecular-weight substances for
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4

Fig. 7. Pore volume distribution over pore diameter for the
Ce–Ti–O materials calcined at 350°C. CeO2 content: (1) 3,
(2) 5, (3) 10, and (4) 15 wt %.
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Fig. 8. Pore volume distribution over pore diameter for the
Ce–Ti–O materials calcined at 500°C. CeO2 content: (1) 3,
(2) 5, (3) 10, and (4) 15 wt %.
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Fig. 9. Pore volume distribution over pore diameter for the
5 wt % CeO2 + 95 wt % TiO2 sample calcined at (1) 300,
(2) 350, (3) 400, (4) 450, and (5) 500°C.
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Fig. 10. Pore volume distribution over pore diameter for the
10 wt % CeO2 + 90 wt % TiO2 sample calcined at (1) 350,
(2) 450, (3) 500, (4) 550, and (5) 700°C.
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the basic high-temperature sintering mechanisms
responsible for the textural changes is described in,
e.g., [30].

Thus, the modification of titanium dioxide (anatase)
with cerium oxide changes the properties of the initial
material through the formation of nanostructured ana-
tase Ce–Ti–O compounds that consist of incoherently
intergrown fine TiO2 crystallites and are separated by
interblock (intercrystallite) boundaries stabilizing
cerium ions. This stabilization is possible owing to the
fact that the TiO2 crystal structure at the interblock
boundaries is disordered. The nanostructure formed in
the Ce–TiO2 system stabilizes the anatase phase, pre-
vents the anatase particles from sintering at high tem-
peratures, and allows modified anatase to retain a larger
specific surface area and a higher porosity upon heat
treatment than pure titanium dioxide does. The Ce–Ti–O
samples containing 3–5 wt % CeO2 are single phases up
to 700°C, while traces of finely dispersed cerium oxide
appear in the sample with a higher CeO2 content. Above
800°C, rather large CeO2 crystals are observed in all
samples containing more than 3 wt % CeO2. The sinter-
ing of the Ce–Ti–O xerogels between 350 and 550°C
proceeds mainly via the surface diffusion mechanism
for 3–5 wt % CeO2 and via the bulk viscous flow mech-
anism for 10–15 wt % CeO2.
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