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Doped TiO2 photocatalysts have been prepared by a coprecipitation method. Uniformly
doped nanocrystalline TiO2 of 10–20 nm sizes was synthesized by calcinating the
coprecipitated gels at 400–650◦C. Photocatalytic characterization along with the
microstructural investigation for each catalyst provides better understanding of the
photocatalytic behavior. It was found that the photodegradation of methylene blue (MB)
was a complex function of the doping type and its concentration and the microstructural
characteristics of the catalysts. Antimony doing significantly improved photocatalytic
performance as compared to the undoped TiO2. Post-treatment of the as-precipitated wet
doped Ti gels in an organic solvent also increased the surface area, forming approximately
8 nm size doped TiO2 with surface area ∼149 m2/g. Superior catalytic activity was observed
in the Sb-doped TiO2 samples at a doping concentration ranging from 1 to 5 at%. Using the
5 at% Sb-doped TiO2 catalyst treated in butanol, 100 ppm of MB could be decomposed
completely within 1 h, which was better than the commercial Degussa P-25.
C© 2001 Kluwer Academic Publishers

1. Introduction
Semiconductor photocatalysis is a promising technol-
ogy that has a variety of applications in environmental
systems such as air purification, water disinfection, haz-
ardous waste remediation, and water purification [1, 2].
Several semiconductors have band gap energies suf-
ficient for promoting or catalyzing a wide range of
chemical reactions of environmental interest. Among
many candidates, TiO2 has proven to be the most suit-
able for widespread environmental applications be-
cause of its biological and chemical inertness, stabil-
ity against photocorrosion and chemical corrosion, and
cost-effectiveness [3].

Photoexcitation of TiO2 with light of energy that
matches its band gap yields electron-hole pairs. Photo-
produced electrons and holes can migrate to the surface
and react with adsorbed reactants in the desired redox
process, or they may undergo undesired recombination,
dissipating the input energy as heat. The photocatalytic
efficiency depends on the competition between these
two processes, i.e., the ratio of the surface charge carrier
transfer rate to the electron-hole recombination rate. To
increase the quantum yield, the photoinduced electrons
and holes should be separated to suppress recombina-
tion by utilizing a suitable surface defect state as a tem-
poral trap [4].

One of the effective methods to control surface prop-
erties of TiO2 is to introduce defects into the lattice
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through selective metal ion doping [5–14]. Many tran-
sition metal ion dopants have been investigated for the
TiO2 system, among which Fe3+ has been most exten-
sively examined. Understanding of the photocatalytic
process, mechanism, and kinetics in the doped TiO2 is
complex, however, and requires a fundamental knowl-
edge about physical chemistry of semiconductor-liquid
interfaces and semiconductor physics. The photocat-
alytic behavior is even influenced by physicochemical
variables of the catalysts including particle size, sur-
face area, crystallinity and the state of surface hydration
[15–17]. This complex phenomenology makes it diffi-
cult to draw unifying conclusions by direct comparisons
between the studies, and often leads to a controversial
issue.

In this study, nanocrystalline TiO2 particles doped
with antimony metal ion are synthesized. The pho-
tocatalytic behavior of the resulting powders is char-
acterized by quantifying the degradation of an or-
ganic dye, methylene blue, in the aqeuous suspension.
It was determined in the preliminary study that Sb
was more photoactive for the degradation of methy-
lene blue as compared to other dopants such as Cr,
Fe, Nb, and Ta. The detailed microstructural charac-
teristics for the Sb-doped TiO2 catalyst system are
investigated as a function of the doping content,
the preparation method, and the calcination condi-
tions.
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2. Materials and methods
2.1. Catalyst preparation
Nanocrystalline TiO2-based catalysts were prepared by
coprecipitation from titanium tetrachloride. All chem-
icals used in this study were reagent-grade supplied
from Wako Pure Chemical Industries. Firstly, TiCl4
was mixed with HCl and deionized water to inhibit
premature hydrolysis. Amorphous titanium hydrous
gels were precipitated upon neutralization with NH4OH
at∼pH 8. Modification of pure TiO2 was achieved by
incorporation of metal cation at a doping level ranging
from 0.25 to 10 nominal atomic % (at%). SbCl5 was
used as a precursor of the dopant. Metal salt was dis-
solved in nitric acid, followed by mixing with aqueous
titanium tetrachloride solution under vigorous stirring
at room temperature. Complex amorphous Ti gels were
prepared through coprecipitation from homogeneous
precursor solutions. The resulting precipitates were re-
peatedly washed to remove undesirable anions such as
Cl−, followed by drying at 120◦C for 12 h. In some
cases, the coprecipitated wet gels were treated in a bu-
tanol at 100◦C for 3 h prior to the drying step. The dried
precipitates were calcined at temperatures from 400–
650◦C in air. The calcined powders were ball-milled
using ZrO2 media in ethanol for 3 h prior to powder
characterization.

2.2. Catalyst characterization
Powder X-ray diffraction (XRD, Phillips APD1700)
was used for crystal phase identification and crystallite
size estimation of each doped TiO2. High-purity sili-
con powder (99.9999%) was used as an internal stan-
dard to determine normalized relative X-ray intensities
for anatase and rutile and to account for instrumental
line broadening effect during crystal size estimation.
Particle morphologies of the doped TiO2 were also ex-
amined by transmission electron microscopy (TEM,
JEOL JEM-4000FX) at 400 KV. Surface area of the
powders was determined by B.E.T. nitrogen adsorp-
tion techniques (Coulter, Omnisorp 360). Diffuse re-
flectance spectra were also obtained for the dry-pressed
disk samples using a Uv-Vis-NIR spectrophotometer
(JASCO V-570) equipped with an ISN-470 integrating
sphere assembly. Reflectance spectra were referenced
to BaSO4.

2.3. Photoactivity measurement
The photocatalytic activity of each doped TiO2 sys-
tem was characterized in terms of the degradation of a
cationic organic dye, methylene blue (MB). Methylene
blue was selected because of its strong adsorption char-
acteristics on metal oxide surfaces, well-defined optical
absorption characteristics, and good resistance to light

TABLE I Particle characteristics of the undoped and doped TiO2

Fraction Crystallite Surface
Sample ID I(Anatase)/ISi I(Rutile)/ISi of rutile size (nm) area (m2/g)

Undoped 1.44 0.03 0.029 21.39 55.9
1 at% Sb 2.18 0 0 14.83 68.6

All samples were calcined at 600◦C, 2 h.

degradation, which makes easy its quantification [18].
0.05 g of each catalyst was suspended in 20 ml of stan-
dard MB aqueous solution (100 ppm) using 30 ml-
capacity Pyrex vials. The photocatalytic behavior of
Degussa P-25 was also measured as a reference to com-
pare with the synthesized catalysts. The catalysts were
ultrasonically agitated for 10 min in MB solution in the
absence of light to attain the equilibrium adsorption on
the catalyst surface. The samples were then irradiated
under stirring using a 500 W xenon arc lamp from which
the light was collimated by a fused silica condenser
lens. The wavelength selection was achieved with glass
and water filters (330–600 nm,λmax= 500 nm) and
the radiation intensity was 0.8 W/cm2 at a distance
of 25 cm. After a given irradiation time, the catalysts
were separated from the supernatant by centrifugation.
A UV-vis spectrophotometer (Shimadzu UV-1600PC)
was utilized to measure absorbances at 665 nm. The
extent of MB photodecomposition was calculated us-
ing a calibrated relationship between the measured ab-
sorbance and its concentration. The measurements were
repeated for each catalytic system, and the experimen-
tal error was found to be within±1%. Approximately
10% MB was photodegraded in the absence of any cat-
alyst under the same irradiation conditions. All the re-
ported amounts of decomposition took into account this
self-decomposition.

3. Results
3.1. Characterization of the doped

TiO2 powders
As-precipitated amorphous doped Ti gels undergo crys-
tallization during calcination. Microstructural charac-
teristics of the resulting calcined powders depend upon
calcination temperature, synthesis procedure, and dop-
ing concentration. X-ray analysis indicated that all the
Sb-doped TiO2 powders did not exhibit any impurity
phase, even at higher doping concentration (>5 at%)
when calcined at 650◦C. Similarly, energy-dispersive
X-ray (EDX) analysis did not detect any other peaks
except TiO2, and confirmed uniform distribution of the
doping element within its spot size∼10 nm for the ag-
gregates of the powders. These results support that the
current doping procedure allows intimate and uniform
mixing of the dopants, forming stable solid solutions
with TiO2.

Doping TiO2 with a foreign metal ion induces slug-
gish anatase-to-rutile phase transition compared with
the undoped TiO2 as shown in Table I. The 1 at% Sb-
doped TiO2 calcined at 600◦C, 2 h showed pure anatase
phase, while the undoped TiO2 was a mixture of anatase
and rutile. The doped TiO2 powders also had smaller
particle size and larger surface area than the pure TiO2.
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Figure 1 Variations of (a) the relative anatase and rutile X-ray intensities
and (b) crystal size for the Sb-doped TiO2 samples as a function of doping
concentration and preparation method.

Doping concentration also influences the relative inten-
sities of anatase and rutile observed in the doped TiO2,
as presented in Fig. 1. Crystallinity of the anatase phase
for the Sb-doped TiO2 calcined at 600◦C was maxi-
mized at a concentration of 2 at% and then decreased
again. Further doping above 5 at% did not bring about
any noticeable variation in the degree of crystallization.
However, the estimated crystal size monotonically de-
creased with increasing doping concentration from 21
to 12 nm.

Post-treatment in an organic solvent modifies the par-
ticle characteristics of the catalysts as summarized in
Table II. All the Sb-doped TiO2 treated in the butanol

TABLE I I Particle characteristics and photocatalytic activity of the various doped TiO2 powders prepared by two different methods

Crystallite Surface area Decomposed
Sample ID I(Anatase)/ISi size (nm) (m2/g) MB (%)

Directly calcined Undoped 2.08 14.1 60.3 70.1
0.5 at% Sb 2.20 13.9 78.6 84.9
1 at% Sb 1.67 13.7 80.4 88.0
5 at% Sb 1.46 12.2 83.4 88.5

Organic solvent Undoped 1.53 11.7 104.6 76.4
treated 0.5 at% Sb 1.72 11.5 107.0 94.4

1 at% Sb 1.68 11.0 117.3 98.2
5 at% Sb 0.84 8.50 149.2 98.4

All samples were calcined at 500◦C, 2 h.

showed a lower degree of crystallization, an increased
surface area, and a decreased particle size than the un-
treated counterparts. Doping content dependence of rel-
ative anatase-to-rutile ratio and crystal size was very
similar to the directly calcined TiO2, as seen in Fig. 1.
The crystallinity of the anatase phase showed a maxi-
mum at 1 at% and the crystal size decreased with the
increasing Sb content. It is believed that the organic
solvent treatment enhances dehydration and terminates
polymeric chain linkage in the amorphous gels. These
surface modifications can prevent particle agglomer-
ation, forming well-defined nanocrystalline powders
with high surface area after calcination.

Fig. 2 shows TEM micrographs of nanocrystalline
Sb-doped TiO2 prepared by two different methods. The
organic solvent treated 1 at% Sb-TiO2 particles pre-
sented smaller particle size than the untreated counter-
part. The average particle sizes of the 1 at% Sb doped
TiO2 calcined at 500◦C, 2 h were approximately 13 nm
for the picture (a) and 10 nm for the picture (b). These
sizes are in reasonably well agreement with the values
estimated by X-ray peak broadening.

Doping also modifies light absorption characteris-
tics of TiO2 as shown in Fig. 3. An abrupt increase in
the absorption shortly after 400 nm can be assigned to
the intrinsic band gap absorption of pure anatase TiO2
(∼3.2 eV). It is apparent that the diffuse reflectance-
spectra (DRS) of all the doped TiO2 samples have in-
creased absorbances in the visible range with a red shift
in the band gap transition. The presence of Sb resulted
in a higher absorption in the visible range. The onset of
the absorption shifts to the red range with the increas-
ing doping content. The organic solvent treated sam-
ple exhibited a similar reflectance spectrum as com-
pared with the untreated counterpart, with a slightly
higher absorption between 650–800 nm. Red shift as-
sociated with the present types of dopants can be at-
tributed to a charge transfer transition between the metal
ion d electrons and the TiO2 conduction or valence
band [8].

3.2. Characterization of photocatalytic
activity

Fig. 4 shows photodecomposed MB (%) for the Sb-
doped TiO2 as a function of dopant concentrations.
Doping of TiO2 with Sb significantly enhances the
photocatalytic efficiency as compared to the undoped
TiO2. The decomposition of MB rapidly increased
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Figure 2 TEM micrographs showing nanocrystalline Sb-doped TiO2: (a) the directly calcined 1 at% Sb-TiO2 and (b) the organic solvent treated 1 at%
Sb-TiO2.

Figure 3 Diffuse reflectance spectra for the Sb-doped TiO2 as a function
of dopant content and preparation method. All the catalysts were calcined
at 500◦C for 2 h. ‘NO’ indicates the directly calcined samples, whereas
‘OR’ represents the organic solvent treated powder.

with the increasing doping concentrations below 1 at%.
The photocatalytic activities were high in the range of
1–5 at%, remaining unchanged within experimental de-
viations. However, a further increase in dopant content

Figure 4 Photodegraded amounts of methylene blue by the Sb-doped
TiO2 as a function of doping concentration. All the catalysts were cal-
cined at 500◦C for 2 h. Irradiation time was 42 min.

above 5 at% reduced the photocatalytic activity. Lower
photoactivity for the doped TiO2 with higher content
may be associated with formation of a non-photoactive
phase such as Sb2O4 on the surface of the powders
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Figure 5 Photocatalytic activity of the Sb-doped TiO2 as a function of
doping concentration and preparation method. All the catalysts were
calcined at 500◦C for 2 h. Irradiation time was 42 min.

although the existence of such a phase was not detected
by XRD.

Fig. 5 presents the influence of the synthesis proce-
dure on the photocatalytic decomposition of MB over
the various catalysts calcined at 500◦C, 2 h. The detailed
particle characteristics of each catalyst are listed in
Table II. All the organic solvent treated catalysts exhib-
ited better photocatalytic activity than the untreated co-
unterparts. This improvement can mainly be attributed
to the significant increase in surface area by the post-
treatment, despite of a little less crystallinity. The un-
doped TiO2 post-treated in the organic solvent decom-
posed 76.4% of MB, while 70.1% was observed for the
directly calcined undoped TiO2. For the 1 at% Sb-doped
TiO2, the photodecomposed amount of MB after 42 min
irradiation was 98.2% over the organic solvent treated
catalyst, and 88.0% for the untreated counterpart.

Studying the influence of the calcination conditions
also reveals the importance of the catalyst particle char-
acteristics in the photocatalytic activity. Fig. 6 presents
the results of the photocatalytic degradation experi-
ments over the organic solvent post-treated 5 at% Sb-
doped TiO2 samples calcined at different conditions.
The detailed particle properties used in this study are
summarized in Table III. Fig. 7 is the corresponding
X-ray diffraction pattern showing the anatase-to-rutile
phase transition behavior as a function of calcination
temperature.

The optimum calcination temperature and time yield-
ing the best catalytic activity were determined to be
500◦C and 2 h. Surface area significantly decreasedwith

TABLE I I I Particle characteristics and photocatalytic activity of the 5 at% Sb-doped TiO2 powders submitted to different calcination temperatures

Calcination Fraction Crystallite Surface Decomposed
temperature (◦C) I(Anatase)/ISi I(Rutile)/ISi of rutile size (nm) area (m2/g) MB (%)

450 0.80 0 0 7.88 166.7 92.9
500 1.21 0 0 8.48 149.2 98.2
550 1.30 0 0 9.97 131.5 96.4
600 1.43 0 0 9.98 110.8 95.9
650 1.67 0.76 0.36 14.84 76.0 90.9

All samples were post-treated in a butanol at 100◦C followed by calcination at 500◦C, 2 h.

Figure 6 Photocatalytic activity of the organic solvent treated 5 at%
Sb-doped TiO2 as a function of (a) calcination temperature and (b) cal-
cination time.

increasing calcination temperature from 166.7 m2/g
at 450◦C to 76.0 m2/g at 650◦C. The estimated crystal
size was also a strong function of the calcination tem-
perature varying from 7.9 to 14.8 nm. Such microstruc-
tural variations directly influenced the photodegrada-
tion of MB. The sample calcined at 450◦C, 2 h wasless
active toward the photodegradation of MB due to its
poor crystallinity in spite of a high surface area. The
photoactivity was maximized for the sample calcined
at 500◦C, which presented relatively well-crystallinity
and high surface area. A further increase in the calcina-
tion temperature slightly enhanced the X-ray intensity
of anatase. At the same time, however, the surface area
of the catalyst rapidly decreased via particle growth,
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Figure 7 Variations in X-ray diffraction patterns for the organic solvent
treated 5 at% Sb-doped TiO2 as a function of calcination temperature.
The samples were calcined for 2 h ateach calcination temperature.

Figure 8 Photodecomposition of methylene blue by the organic solvent
treated 5% Sb-doped TiO2 as a function of irradiation time.

which became a dominating factor for lowering the
net catalytic behavior. Decreased photoactivity for the
catalyst calcined at 650◦C may result from a signifi-
cant reduction in the surface area in conjunction with
the presence of the less photocatalytic active rutile and
brookite phases.

Fig. 8 shows the extent of MB photodecomposition
as a function of the irradiation time over the organic
solvent treated 5 at% Sb-doped TiO2. The decomposi-
tion occurred rapidly at the early stages of the reaction
followed by a decrease at the later stages. The Sb-doped
TiO2 completely decomposed 100 ppm of MB within
1 hr, which was 9% better than the commercial Degussa
P-25 under the same experimental conditions.

4. Discussion
Photocatalysis of TiO2 is a complex function of the
physical characteristics of the particles. Different
preparation methods may result in different defect
structures and surface morphologies, affecting the pho-
toactivity. Doping with foreign cations further aug-
ments the complexity in understanding the photocat-
alytic process. The relative efficiency of a metal ion
dopant depends on whether it serves as a mediator of
interfacial charge transfer or as a recombination center.
The ability of the dopant to function well is related to
the dopant concentration, the energy level of the dopant
within the TiO2 lattice, its d electronic configuration,
the distribution of the dopant within the particles [7, 19].

Although the exact understandings of the Sb-doping
are still unclear in the current set of experiments, it is
believed that Sb doping plays an effective shallow trap
for charge carriers. For the photocatalytic decomposi-
tion of methylene blue by TiO2, it was proposed that
the surface-bound hydroxyl radical is the principal re-
active oxidant [20]. Hydroxyl radicals are formed on
the surface of TiO2 by the reaction of holes in the va-
lence band with adsorbed H2O, hydroxide, or surface
titanol group (=Ti-OH) [21–24]. A hydrogen atom is
extracted from organic dye via hydroxyl radical attack.
In this case, oxygen plays an important role as a pri-
mary electron acceptor and it should be supplied on
continuous basis [22].

It seems that Sb dopant acts as electron traps retarding
electron-hole recombination and enhancing interfacial
hole transfer to degrade the organic dye adsorbed on
the surface of the particles. When the dopant concen-
tration is too high, however, the recombination rate will
increase because the distance between trapping sites in
a particle decreases with the number of dopants.

The Sb doping is also responsible for the red shift
of the intrinsic absorption edge of TiO2 and for the en-
hancement of the light absorption in the visible range as
indicated by the DRS results in Fig. 3. Increased light
absorption will allow energy transitions in the visible
region in addition to the band gap transition in the near
UV region, which possibly leads to a better photocat-
alytic efficiency.

However, the doping effect alone is not sufficient for
explaining all the photocatalytic results in the present
study. It is believed that the microstructural aspects
of the catalysts play a significant role in determin-
ing the photocatalysis of methylene blue. Furthermore,
the doping itself modifies the microstructural char-
acteristics of the resulting doped catalysts. This cor-
relation between the doping and the microstructural
characteristics makes the photocatalytic behavior more
complicated.

The dependence of MB decomposition with the dop-
ing content as shown in Fig. 4 can manifest such in-
terrelationships between both parameters. The detailed
Sb-TiO2 catalyst characteristics used in this experiment
are summarized in Table IV. The photocatalytic activ-
ity rapidly improves as the doping concentration in-
creases and then reaches a plateau in the concentration
range of 1–5 at%. Further doping above 5 at% makes
the catalytic reactivity decreased. This photocatalytic
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TABLE IV Particle characteristics and photocatalytic activity of the
Sb-TiO2 samples with various doping levels

Sb doping Crystallite Surface Decomposed
content (at%) I(Anatase)/ISi size (nm) area (m2/g) MB (%)

0.5 1.92 16.91 65.3 82.2
1 2.18 16.32 68.6 85.9
2 2.34 14.83 71.6 84.5
3 1.78 13.40 81.1 86.4
5 1.72 13.58 82.2 87.9
6 1.90 12.86 84.5 83.3

10 1.31 12.00 83.4 75.3

All samples were directly calcined at 600◦C, 2 h without the organic
solvent post-treatment.

behavior as a function of the doping content can be
explained by dividing into three regimes.

The first would be the beneficial doping effect dom-
inant regime in which the photocatalytic activity im-
proves with the increasing doping content by effective
charge carrier pair separation. The second regime can
be characterized by a competition between the doping
effect and the microstructural influence. An increase in
the photoactivity by doping reaches a maximum at a
concentration of 1 at%, beyond which the photocatal-
ysis should decrease due to an increased charge car-
rier recombination. But the observed photoactivity is
still high. The microstructural aspects come to play at
this point since the catalyst characteristics vary with
the increasing doping content as shown in Table IV.
The relatively higher crystallinity of the anatase phase
for the 2 at% Sb-TiO2 may keep the catalyst still pho-
toactive. Decreased particle size and increased surface
area when the doping level is 3–5 at% may also com-
pensate for the adverse doping effect. It is considered
that such concurrent microstructural variation associ-
ated with the doping permits the Sb-doped TiO2 to ex-
hibit relatively high photoactivity over a wide range
of doping levels. The final ragime shows the adverse
doping effect dominance. The increasing doping con-
tent does not cause any observable variation in the mi-
crostructural characteristics above 6 at%. The excess
doping thus significantly reduces the catalytic perfor-
mance beyond the microstructural contribution, making
the net photocatalytic activity to decrease.

5. Conclusions
Nanocrystalline doped TiO2 photocatalysts have been
synthesized by a coprecipitation method. Photocat-
alytic characterization in conjunction with microstruc-
tural evidence indicated that the photooxidation of
methylene blue was a complex function of the dopant
type and its concentration, and the particle character-
istics of the catalysts. The Sb-doped TiO2 exhibited
better photocatalytic performance than the undoped
TiO2. Superior catalytic activity was observed in the
Sb-doped TiO2 at a doping concentration ranging from
1 to 5 at%. Using the 5 at% Sb-doped TiO2 treated in
butanol, 100 ppm of MB could be decomposed com-
pletely within 1 h, which was better than the com-

mercial Degussa P-25. High photoactivity over a rel-
ative wide range of doping level is believed to result
from interrelated contributions between a doping ef-
fect and the microstructural characteristics of the doped
catalysts. When the doping is above the optimal con-
centration (∼1 at%), the photocatalytic activity should
be deteriorated. However, the concurrent microstruc-
tural variation of the catalysts occurred with increasing
doping concentration. This compensates to some ex-
tent for the adverse effect of the excess doping in the
range of 1–5 at%. Above 5 at% Sb doping, however,
accumulation of excess electrons significantly reduces
the photocatalytic activity beyond the microstructural
compensation.
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