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Abstract
In this study, pure titanium dioxide (TiO2), Ta-doped TiO2, S-doped TiO2, and Ta-S-codoped rutile TiO2 photocatalysts were
prepared by a sol-gel method. To evaluate the properties of the synthesized samples, X-ray diffraction analysis (XRD) and
X-ray photoelectron spectroscopy (XPS) were applied. XRD detection results showed that the samples contained rutile phase
basically. Scanning electron microscope observation showed that the morphology of Ta-S-TiO2 was nearly spherical.
Transmission electron microscope investigation indicated that Ta-S-TiO2 had a flower-shaped structure consisting of many
nanorods. The measurement of Brunauer-Emmett-Teller (BET)-specific surface areas (SBET) showed that tantalum and sulfur
codoping can effectively increase the SBET of TiO2. XPS results indicated that Ta was in the form of Ta5+ in the TiO2

structure. Finally, the photocatalytic activities of synthesized photocatalyst samples were measured for the degradation of
methylene blue in ultraviolet and visible light irradiation. The results demonstrated that the Ta-S-codoped rutile TiO2

photocatalyst had better photocatalytic performance than pure rutile TiO2, Ta-doped rutile TiO2 and S-doped rutile TiO2

photocatalyst.

Graphical Abstract
Effects of pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2 on degradation of MB under visible light irradiation (a) and
ultraviolet (UV) irradiation (b) were studied. Ta-S-TiO2 exhibited a good photocatalytic performance under UV and visible
light irradiation.
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Highlights
● Ta-S-codoped rutile TiO2 was prepared by a sol-gel method.
● Ta-S-codoped rutile TiO2 had high photocatalytic activities under UV and visible light irradiation.
● S and Ta codoping caused a synergetic effect to enhance UV and visible light activities.

1 Introduction

Titanium dioxide (TiO2) has unique electronic and optical
properties and is used in many fields ranging from photo-
catalysts, dye-sensitized solar cells, lithium ion batteries,
and so on [1]. TiO2 mainly exists in two types of crystallite
phases: rutile and anatase. Compared with anatase, rutile
has two advantages: higher chemical stability and narrower
band gap. Rutile TiO2 has been extensively applied in dye-
sensitized solar cells [2] and lithium ion batteries [3, 4].
However, rutile TiO2 receives much less attention in pho-
tocatalysis application in comparison with anatase TiO2.
Recently, it has been reported that rutile TiO2 shows

effective photocatalytic activity and is more active for
photocatalysis in some cases [5].

To enhance photocatalytic activity, metal or nonmetal
doping in TiO2 is a frequently used method. Many non-
metal elements such as B, S, and N doping into TiO2 were
conducted and successfully improved the photocatalytic
activity of TiO2 [6–10]. For example, it was reported that
S-doped TiO2 had a band gap of 1.7 eV covering the
whole visible light spectrum and a better photocatalytic
performance compared with undoped TiO2 [9, 10]. Metal
doping can also enhance the photocatalytic performance
of TiO2. For instance, Wang and Xu [11] demonstrated
that V-doped anatase TiO2 showed higher photocatalytic
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activity compared with undoped anatase TiO2. Sengele
et al. [12] reported that Ta doping could induce significant
modifications on the morphological, structural, and opti-
cal properties of TiO2, and Ta-doped TiO2 had a better
photocatalytic activity in comparison with undoped TiO2

[12]. It is worth noting that the morphology of photo-
catalyst have a large effect on the photocatalytic activity.
For example, Li et al. [13] showed that some specific
morphology (such as flower-like pattern) of TiO2 could
yield a significant improvement of the photocatalytic
activity of TiO2. The codoping catalysts are often better
than single doping catalysts, because there may be a
synergistic effect between dopants [14–19]. Recently, Ta
codoping has attracted much attention from the
researchers due to its improvement effect for the photo-
catalytic activity of TiO2. For example, Gong et al. [14]
reported that B-codoped and Ta-codoped anatase TiO2

catalysts exhibited much higher photodegradation effi-
ciency compared with undoped anatase TiO2 and singly
doped anatase TiO2 under solar light irradiation and they
observed that an increase of absorption in the UV region
and a red shift owing to the coincorporation of boron and
tantalum species for B-codoped and Ta-codoped anatase
TiO2. Obata et al. [20] reported the enhanced photo-
catalytic activity of Ta-codoped and N-codoped TiO2

under visible light in comparison with N doped TiO2.
Recently, the theoretical investigation by Liu et al. using
density function theory indicated that S-codoped and Ta-
codoped anatase TiO2 not only had the similar high
absorption rate to S-doped TiO2 in the UV region but also
had higher absorption rate than S-doped or Ta-doped TiO2

in the visible light region due to the synergistic effect
between sulfur and tantalum [21]. Hence, Ta could be a
good codoping metal element.

To date, although it can enhance the photocatalytic
activity of TiO2, the doping was mostly conducted in ana-
tase TiO2 for photocatalytic degradation. Moreover, the
effects of nonmetal and metal doping on the visible light
photoactivities of TiO2 were mainly discussed and the
effects of nonmetal and metal doping on the UV photo-
activities of TiO2 were rarely mentioned.

In this report, undoped rutile TiO2, Ta-doped rutile
TiO2, S-doped rutile TiO2, and Ta-codoped and S-
codoped rutile TiO2 photocatalyst (Ta-S-TiO2) were syn-
thesized by a simple sol-gel method. X-ray diffraction
(XRD) measurements, X-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM), transmission
electron microscope (TEM) and Brunauer–Emmett–Teller
(BET)-specific surface areas measurements were con-
ducted to the photocatalysts. The properties of these cat-
alysts were tested by the photodegradation of methylene
blue (MB) under visible light irradiation and UV
irradiation.

2 Experimental section

2.1 Materials

All chemicals are of analytical grade and are directly used
as received. Titanium tetrachloride (TiCl4, 99%, YongHua
Chemical Technology Co.), tantalum chloride (TaCl5,
≧98%, Shanghai Macklin Biochemical Co.), thiourea
(CH4N2S, ≧99%, YongHua Chemical Technology Co.), n-
butyl alcohol (C4H10O, ≧99%, Shanghai Shenbo Chemical
Co.) were used as TiO2 precursor, tantalum and sulfur
sources and solvent, respectively.

2.2 Preparation of photocatalysts

A typical synthesis of Ta [n(Ta)/n(Ti) × 100%= 4%]−
S[n(S)/n(Ti) × 100%= 4%]− TiO2 photocalyst through a
sol-gel hydrolysis precipitation method was as follows.
Four milliliters of TiCl4 was dissolved in 10 mL of hydro-
chloric acid to form a precursor solution, which was called
solution A. TaCl5 of 0.545 g was dissolved in 70 mL of n-
butyl alcohol under vigorous stirring to form solution B.
Thiourea of 0.116 g, solution B, and 15 mL of deionized
water (to dilute hydrochloric acid concentration to 4 mol/L)
were then slowly added to the solution A, respectively. The
mixture was stirred continuously in the water bath at 85 °C
for 10 h. The obtained suspension was centrifuged, washed
with deionized water, and dried in the oven at 80 °C for
15 h. The obtained powder was placed in the muffle furnace
and calcined under air atmosphere at 500 °C for 2 h and
then cooled to room temperature.

For comparison, undoped rutile TiO2, Ta-doped rutile
TiO2, and S-doped rutile TiO2 samples were also prepared
by similar procedures, respectively. The as-prepared
undoped rutile TiO2, Ta-doped rutile TiO2, S-doped rutile
TiO2, and Ta-S-codoped rutile TiO2 samples were denoted
as pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2, respec-
tively. In addition, Ta-S-codoped TiO2 samples prepared
under the calcination temperature of 300 °C and 400 °C, as
well as without calcinating were denoted as Ta-S-TiO2

(300 °C), Ta-S-TiO2 (400 °C), and Ta-S-TiO2 (NC),
respectively.

2.3 Characterization

The crystal structures of undoped and doped TiO2 samples
were determined using a Bruker D8 Advance XRD dif-
fractometer (Bruker), equipped with a Cu Kα radiation
source (accelerating voltage 40 kV, applied current
150 mA) at scanning rate of 10 °C/min. The BET-specific
surface areas (SBET) of all prepared samples were deter-
mined through nitrogen adsorption at 77 K by Quadrasorb
SI. Before SBET measurements, all powders degassed at
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180 °C for 3 h. Morphology of all samples was observed by
JEM-2100F TEM with an acceleration voltage of 200 kV.
The SEM investigations of all synthetic materials were
performed by S-3400N II at 20 kV voltage. XPS measure-
ments were carried out by ESCALAB 250Xi X-ray pho-
toelectron spectroscopy (Thermo Scientific) that was
equipped with a monochromatic Al Kα source. The binding
energies of all elements involved were calibrated with the
C1s peak at 284.8 eV for the adventitious carbon.

2.4 Measurement of photocatalytic activities

The photocatalytic activities of synthesized samples were
evaluated by the degradation of MB under visible light and
UV irradiation, respectively. Photocatalysts of 0.05 g were
dispersed into 50 mL MB to form suspension in a glass
tube. The initial concentration of MB was 9 mg/L. A 350W
xenon lamp equipped with a UV cut-off filter (λ > 400 nm)
was used as the source of visible light. The mixture was
stirred in the dark for 15 min to reach an adsorption–
desorption equilibrium. After that, the mixture was exposed
in the light and stirred. In order to keep the environmental
temperature unchanged during the photocatalytic process,
circulating cooling water was used. Then, 4 mL suspension
was withdrawn every 20 min and centrifuged for 5 min to
remove photocatalyst. The absorbance of MB was measured
at 665 nm. The UV photocatalytic method is similar to the
visible light photocatalytic method mentioned above. The
difference was that the 4 mL suspension was withdrawn
every 15 min and centrifuged for 5 min to remove photo-
catalyst. The UV source is 350W mercury lamp. All the
photocatalytic experiments were carried out at room
temperature.

3 Results and discussion

The XRD was used to study the phase states of the syn-
thesized samples. The XRD patterns of these synthesized
samples were shown in Fig. 1. From Fig. 1a, it was found
that the samples (pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-
TiO2) calcinated at 500 °C were mainly crystallized rutile
TiO2 (JCPDS no. 21-1276) and contained only a little
anatase TiO2. In addition, the crystallite sizes of TiO2

samples were calculated by the full-width at half-maximum
(FWHM) of the strongest characteristic peak of (110)
applying Scherrer equation [22]:

d ¼ kλ=β cos θ; ð1Þ
where d is the crystallite size, k is a constant (=0.89, shape
factor), λ is the X-ray wavelength (=0.154056 nm), β is the
FWHM of the diffraction peaks in radians, and θ is the
diffraction angle. The crystallite sizes of pure TiO2, Ta-

TiO2, S-TiO2, and Ta-S-TiO2 samples were calculated to be
16, 14, 14, and 16 nm, respectively. The crystallite size of
nanoparticle only decreased a little owing to doping. It
indicated that the doping of tantalum or/and sulfur only had
a weak effect for the crystallite size of nanoparticle. Figure
1b was the XRD patterns of Ta-S-TiO2 (NC), Ta-S-TiO2

(300 °C), Ta-S-TiO2 (400 °C), and Ta-S-TiO2 sample. In
Fig. 1b, we could find that a lot of anatase phases appeared
when the calcination temperature was <500 °C. But there
still existed many rutile phases in Ta-S-TiO2 (NC) sample
obtained without calcinating, which indicated that the rutile
phase of TiO2 synthesized by this method had a certain
stability at low temperature. It could result from the use of
hydrochloric acid in the synthesis procedure [23]. Jiang
et al. [23] reported that it was easy to generate rutile TiO2 if
hydrochloric acid was employed as solvent when TiCl4 was
used as titanium source.

SBET measurement results of pure TiO2, Ta-TiO2, S-TiO2,
and Ta-S-TiO2 were 27.3, 38.1, 33.6, and 38.7 m2/g,

Fig. 1 a XRD patterns of pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2.
b XRD patterns of Ta-S-TiO2 (NC), Ta-S-TiO2 (300 °C), Ta-S-TiO2

(400 °C), and Ta-S-TiO2
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respectively. The Ta-TiO2, S-TiO2, and Ta-S-TiO2 samples
showed a larger SBET than pure TiO2 sample. Ta had a
significant effect on the increase of SBET. Among these
samples, Ta-S-TiO2 exhibited a highest SBET. It indicated
that the introduction of tantalum or sulfur had an enhanced
effect of SBET of TiO2 and tantalum and sulfur codoping had
a synergistic effect for the increasing of SBET. Large SBET
was beneficial to the enhancement of photocatalytic
activity.

Figure 2 showed the SEM images of pure TiO2, Ta-TiO2,
S-TiO2, and Ta-S-TiO2. It can be seen from Fig. 2 that there
are large particles in all samples, which can be attributed to
the agglomeration of crystallites. The morphologies of Ta-
TiO2 in Fig. 2b and Ta-S-TiO2 in Fig. 2d were nearly
spherical. It indicated that Ta doping could have a mod-
ification effect for the morphology of TiO2. Compared with
Ta-TiO2 (mostly with a diameter of ~310 nm), the volume
of spherical particles of Ta-S-TiO2 (mostly with a diameter
of ~110 nm) was much smaller. Moreover, Ta-S-TiO2 had
more uniform particle distribution, therefore generating more
hydroxyl radicals to improve the photocatalytic activity by
getting in touch with more oxygen and water [24].

To further investigate the morphology of the pure TiO2,
Ta-TiO2, S-TiO2, and Ta-S-TiO2 samples, TEM observa-
tions were conducted. Figure 3 showed the TEM images of
pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2 samples. We
could find that the morphologies of Ta-TiO2 and Ta-S-TiO2

were obviously different from that of pure TiO2 and S-TiO2.
Ta showed a significant modification effect of morphology
for the TiO2 [12]. As can be seen from Fig. 3a, c, both pure
TiO2 and S-TiO2 showed irregular agglomeration of nano-
particles. In Fig. 3b, we could find that many short Ta-TiO2

nanorods formed a flower-shaped particles. In Fig. 3e, d,
some smaller flower-shaped particles assembled by a lot of

short nanorods could be found for Ta-S-TiO2 samples in
comparison with Ta-TiO2 in Fig. 3b. The morphology of
TiO2 photocatalyst had a large effect on the photocatalytic
activity of TiO2. Zhang et al. [25] found that the rod-like
TiO2 had better photocatalytic performance than the tradi-
tional TiO2. Wang et al. [26] reported that rutile TiO2

nanorods superstructures had higher photocatalytic perfor-
mance than the commercial photocatalyst P25 under artifi-
cial solar light. Kőrösi et al. [27] successfully synthesized
flower-like rutile TiO2 in a different method and proved that
this structure was beneficial to the degradation of dye.
Figure 3f showed the high-resolution transmission electron
microscopy images of Ta-S-TiO2, which was used to judge
crystal phase. The crystal plane spacing of (110) in Fig. 3f
was 0.322 nm, which indicated that this was the rutile
phase [28].

XPS was used to examine the surface elemental com-
position of pure TiO2, Ta-TiO2, and Ta-S-TiO2 samples.
XPS spectrum for Ti2p was shown in Fig. 4a. The binding
energies of Ti2p for pure TiO2, Ta-TiO2, and Ta-S-TiO2

appeared at 458.6, 458.9, and 458.7 eV for Ti2p3/2 and
464.4, 464.6, and 464.5 eV for Ti2p1/2, respectively. Com-
pared with pure TiO2, these two peaks of Ta-TiO2 and Ta-S-
TiO2 samples slightly shift toward high binding energy,
respectively. These results indicated that Ta or/ and S had
incorporated into the TiO2 crystal lattice. The distance
between the two peaks for pure TiO2, Ta-TiO2, and Ta-S-
TiO2 is 5.8, 5.7, and 5.8 eV, respectively, which indicated
that titanium existed mainly in the form of Ti4+ [29]. The
incorporation of Ta or/and S altered the position of the Ti2p
peaks but did not affect the chemical state of the metal.

Figure 4b showed the XPS spectrum for O1s. The
spectrum of pure TiO2, Ta-TiO2, and Ta-S-TiO2 sample had
a strong peak at about 530 eV, which can be attributed to

Fig. 2 SEM images of pure TiO2

(a), Ta-TiO2 (b), S-TiO2 (c), and
Ta-S-TiO2 (d). These samples
were all treated under the
calcination temperature of
500 °C
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crystal lattice oxygen (Ti–O) [30]. A weak peak for Ta-TiO2

and Ta-S-TiO2 sample appeared at 532.1 eV, which can be
ascribed to hydroxyl oxygen (O–H) [30].

In Fig. 4c, there were two strong peaks for Ta-TiO2 and
Ta-S-TiO2 samples, respectively. For Ta-TiO2 sample, two
intense peaks centered at 26.0 and 28.0 eV were observed.
For Ta-S-TiO2 sample, two intense peaks centered at 25.8
and 27.7 eV can be found. These two strong peaks were
assigned to Ta4f7/2 and Ta4f5/2 of Ta

5+ [20, 31]. Because no
XRD diffraction peak from Ta2O5 existed in Fig. 1, the Ta5
+ signal can be attributed to substitutional Ta which replace
Ti and donate an extra electron to the lattice. A relatively
small peak at 22.1 eV can be attributed to the deposition
of a small amount of tantalum on the surface of TiO2

powder [32].

The S2p XPS spectrum was showed in Fig. 4d. In Fig.
4d, there was a strongest peak with binding energy of
173.1 eV corresponding to the S6+. This fact can be
explained by the oxidation of sulfur during calcination
under air atmosphere. In addition, it can indicate that S
atoms are doped in the interstices of TiO2 structure [10]. In
general, the S4+/S6+ XPS peak appeared in the range of
167–170 eV [28]. But we did not observe the obvious peak
ranging from167 to 170 eV in the present work. The phe-
nomenon could result from a low sulfur doping content in
the Ta-S-TiO2 sample.

The experimental results of MB degradation under visi-
ble light and UV irradiation were shown in Fig. 5. In Fig. 5,
“Blank” means that there is a light condition in experiment,
but no catalyst is added. “Dark environment” means that

Fig. 3 TEM images of pure TiO2

(a), Ta-TiO2 (b), S-TiO2 (c), Ta-
S-TiO2 (d, e), and HRTEM
images of Ta-S-TiO2 (f). These
samples were all treated under
the calcination temperature of
500 °C
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there is no light condition in experiment, but the catalyst is
added. In above two cases, MB had almost no apparent
degradation, indicating the importance of light and catalyst
in degradation of MB. It can be seen from Fig. 5 that the
photocatalytic activities of Ta-TiO2, S-TiO2, and Ta-S-TiO2

photocatalyst are higher than pure TiO2. Among them, the
Ta-S-TiO2 had the best photocatalytic ability whether under
visible light or UV irradiation. The degradation rate of MB
reached 86.9% for 100 min and 96.2% for 45 min for Ta-S-
TiO2 photocatalyst, whereas only 48.3% and 83.8% for the
pure TiO2 under the visible light and UV irradiation con-
dition, respectively. The phenomenon could be ascribed to
the large amount of hydroxyl groups on the surface of TiO2

because of the doping from Ta or Ta+ S. The hydroxyl
groups on the surface of TiO2 could combine with the
photogenerated holes to form oxidative hydroxyl free
radical (·OH). Moreover, the hydroxyl groups on the surface

of TiO2 can become the absorption centers for organic
molecules [33]. Previous SBET results also showed that Ta-
S-TiO2 had a largest specific surface area, which was ben-
eficial to the increase of photocatalytic activity. In addition,
an excellent increasing of photocatalytic activity for Ta-S-
TiO2 photocatalyst under the visible light irradiation could
be attributed to the decreasing of band gap from S doping in
comparison with Ta-TiO2 photocatalyst [10]. Finally, the
unique flower-shaped structure of Ta-S-TiO2 sample could
have a significant effect for the enhancement of its photo-
catalytic activity. Thus, the synergistic effect of Ta and S in
Ta-S-TiO2 photocatalyst resulted in a high photocatalytic
activity.

In order to deal with the experimental data, the pseudo-
first-order model was applied as follows:

ln c=c0ð Þ ¼ �kt; ð2Þ

Fig. 4 XPS spectra of pure TiO2, Ta-S-TiO2, and Ta-TiO2 for Ti2p (a), O1s (b), Ta4f (c), and S2p (d). These samples were all treated under the
calcination temperature of 500 °C
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where c0 and c are the concentration of MB at time 0 and t,
respectively, and k is the pseudo-first-order constant. This
formula can be used to simulate the process of degrading
organic molecules with low initial concentration [34]. The
results of the data processing and pseudo-first-order rate
constant were displayed in Fig. 6 and Table 1, respectively.
The value of k was obtained from the slope. It is clear that
the Ta-S-TiO2 not only has the best catalytic performance
but also has the fastest reaction rate, which is 0.0194 and

0.0703 min−1 under visible light and UV irradiation,
respectively.

4 Conclusion

In summary, pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2

samples were prepared by a sol-gel method, respectively.
The prepared pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2

Table 1 Pseudo-first-order rate
constants for MB degradation by
all synthesized samples under
visible light irradiation and UV
irradiation

Samples k under visible light
irradiation (min−1)

Linear coefficient
(R2)

k under UV irradiation
(min−1)

Linear coefficient
(R2)

Pure TiO2 0.006 0.972 0.0378 0.974

Ta-TiO2 0.0098 0.993 0.0443 0.99

S-TiO2 0.0089 0.977 0.0508 0.927

Ta-S-TiO2 0.0194 0.993 0.0703 0.976

Fig. 5 Effect of pure TiO2, Ta-TiO2, S-TiO2, and Ta-S-TiO2 on
degradation of MB under visible light irradiation (a) and UV irradia-
tion (b). These photocatalysts were all treated under the calcination
temperature of 500 °C

Fig. 6 Kinetic curves for photocatalytic degradation of MB over all
samples under the visible light irradiation (a) and UV irradiation (b).
These samples were all treated under the calcination temperature of
500 °C
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photocatalyst were mainly crystallized rutile. For Ta-S-
TiO2, tantalum existed mainly in the form of Ta5+. The Ta-
S-TiO2 had the best photocatalytic ability compared with
pure TiO2, Ta-TiO2, and S-TiO2. The enhanced photo-
catalytic effect can be attributed to the synergistic effect of
tantalum and sulfur.
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