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Bifunctional TiO2 photocatalysts co-doped with nitrogen and sulfur were prepared by the
controlled thermal decomposition of ammonium titanyl sulfate precursor. They have both
photocatalytic activity and Brønsted acidity, and thus are active in the photoreduction of
Cr(VI) under solar light irradiation without the addition of acids. The activity is superior
to that of Degussa P25 in the acidified suspension at the same pH adjusted by H2 SO4 .
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activity in individual visible light-driven photocatalytic
reactions and acid-catalyzed reactions [20−22]. Such
bifunctional TiO2 photocatalysts should be promising
in effectively catalyzing the photoreduction of Cr(VI)
without the addition of acids.
In this work, the photoreduction of Cr(VI) has been
examined over bifunctional TiO2 photocatalysts. Results for the first time demonstrate that the photocatalytic activity and Brønsted acidity of TiO2 can effectively cooperate for the photoreduction of Cr(VI) under
solar light irradiation without the addition of acids.

I. INTRODUCTION

Cr(VI) ions are highly toxic, carcinogenic, mutagenic,
and teratogenic to living organisms. The concentration is seriously restricted by the environmental quality
standards for water pollution control [1, 2]. Besides the
various physical means such as ion exchange and membrane filtration [1−4], in order to remove Cr(VI) the
adsorption, TiO2 -catalyzed photoreduction is a most
promising process through the reduction of extremely
mobile Cr(VI) to Cr(III) that is less harmful and readily eliminated by precipitation or sorption [2−6]. The
acid medium is essential for the reduction of Cr(VI)
to Cr(III) because this reaction consumes protons and
the redox potential of Cr(VI)/Cr(III) increases with the
proton concentration. Therefore, during the photoreduction reaction of Cr(VI) catalyzed by TiO2 , external
acids have to be added to provide a proper acid medium
[5−10]; meanwhile, various hole scavengers or sacrificial
organics are added to improve the photocatalytic performance [6, 8].
Previous investigations have demonstrated that sulfation of TiO2 can effectively promote its crystalline stabilization, surface acidity, and photocatalytic activity
[7, 11−14]. In the meantime, the nitrogen and/or sulfur doping may be efficient for the enhancements of the
photocatalytic performance of TiO2 under visible or solar light irradiation [12, 15−21]. However, it was previously reported that sulfation of TiO2 does not obviously
promote its activity in photoreduction of Cr(VI) under
UV light irradiation [7]. Recently, we have successfully
synthesized bifunctional N and/or S-doped TiO2 photocatalysts with Brønsted acidity that exhibited nice

II. EXPERIMENTS

TiO2 co-doped with sulfur and nitrogen was prepared through one-step route as described in our previous report [21]. A certain amount of Ti(SO4 )2
and (NH4 )2 SO4 was dissolved in distilled water and
kept stirring to form a clear solution, which was
then evaporated at 70 ◦ C to form a white powder
(NH4 )2 TiO(SO4 )2 . The powder was then calcined
at the desired temperature for 2 h to prepare the
co-doped TiO2 catalysts, denoted as S-N-TiO2 -Temp,
where Temp is the corresponding calcination temperature. The commercial Degussa P-25 was employed for
comparison.
Powder X-ray diffraction (XRD) patterns were
recorded on a Philips X’Pert Pro diffractometer. BET
surface area was determined from N2 adsorptiondesorption isotherm with a Micromeritics TriStar II
3020 system. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCALAB 250
spectrometer equipped with Al Kα radiation with binding energies referred to C1s at 284.5 eV. Diffuse reflectance UV-Vis spectra were recorded on a Shimadzu
UV-2450 UV-Vis spectrophotometer. Transmission
electron microscopy (TEM) and high-resolution trans-
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FIG. 1 (A) XRD patterns, (B) S2p, (C) N1s, and (D) O1s XPS spectra of (a) S-N-TiO2 -600, (b) S-N-TiO2 -700, and (c)
S-N-TiO2 -800.

mission electron microscopy (HRTEM) measurements
were preformed on a JEOL-2010 high-resolution transmission electron microscope with electron acceleration
energy of 200 kV. The Brønsted acidity was measured
by adding 10 mg samples into 4 mL ultrapure water
(resistance >18 MΩ) and then measuring the pH value
of the centrifuged aqueous solution with a DELTA-320
pH meter.
The photo-reduction of Cr(VI) experiments were performed under both the simulated sunlight irradiation
using a 500 W Xe arc lamp (BL-GHX-CH500, Xi’an
Depai Biotech, China) and the UV-light irradiation using a 500 W high-pressure Hg lamp (BL-GHX-Hg-500,
Xi’an Depai Biotech, China), which was positioned inside a cylindrical Pyrex vessel surrounded by a circulating water jacket to cool the lamp. Typically, 0.1 g
of catalyst was suspended into 40 mL aqueous solution
of K2 Cr2 O7 (concentration: 40 mg/L). Before the illumination, the suspension was stirred in a dark condition for 60 min to establish the adsorption-desorption
equilibrium. Samples were then withdrawn regularly
and centrifuged immediately for separation of the suspended solids. The Cr(VI) concentration was determined on Shimadzu UV-2450 UV-Vis spectrophotometer by measuring the absorbance at 347 nm [8]. The
photoreduction experiments catalyzed by bifunctional
DOI:10.1088/1674-0068/25/02/214-218

TiO2 catalysts were carried out without the addition of
any acids. For comparison, the photoreduction activity
of P25 was also tested in the acidified K2 Cr2 O7 solution
at pH=3.3 adjusted by H2 SO4 .
III. RESULTS AND DISCUSSION

Figure 1(A) shows the XRD patterns of S-N-TiO2 calcined at different temperatures. Only TiO2 in anatase
phase (JCPDS card No.83-2243) can be indexed. The
anatase generally undergoes phase transition to rutile
at about 600 ◦ C [23], but this phase transition can be
suppressed by the sulfation of TiO2 [7, 11, 12]. Our SN-TiO2 catalysts are still with the pure anatase phase
even after calcined at 800 ◦ C, implying that the molecular precursor ammonium titanyl sulfate can effectively
stabilize the anatase phase during its decomposition
process. As summarized in Table I, the crystalline size
(dTiO2 ) estimated from XRD patterns increases from
17.5 nm to 35.0 nm with the increase of the calcination
temperature from 600 ◦ C to 800 ◦ C, while the BET
surface area (SBET ) decreases from 62 m2 /g to 18 m2 /g
accordingly.
Figure 2 shows TEM and HRTEM images of the catalysts. With the increase of the calcination temperac
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FIG. 2 TEM and HRTEM images of S-N-TiO2 -600 (a1)−(a3), S-N-TiO2 -700 (b1)−(b3), and S-N-TiO2 -800 (c1)−(c3). The
insets in (a1)−(c1) insets show the corresponding electron diffraction patterns.

TABLE I Structure properties and surface characteristics
for S-N-TiO2 catalysts.
Catalyst
dTiO2 /nm
S-N-TiO2 -600
17.5
S-N-TiO2 -700
27.3
S-N-TiO2 -800
35.0

SBET /(m2 /g)
62
45
18

[S]/%
3.42
1.05
0.52

[N]/%
1.58
0.47
0.27

[S] and [N] are atomic ratio of sulfur and nitrogen
determined from XPS analysis.

ture, the size of TiO2 particles increases, and particles
with elongated shapes evolve besides sphere particles.
The electron diffraction patterns of all catalysts can be
assigned to anatase and the lattice fringes of all catalysts are 0.36 nm corresponding to the (101) planes of
anatase.
Figure 1 (B), (C), and (D) show the S2p, N1s, and
O1s XPS spectra of all catalysts, respectively, and Table I summarizes the S and N concentrations analyzed
by XPS. The S2p3/2 binding energy is 168.2−168.7 eV
which could arise from the cationic S(IV) substitution of Ti in the bulk TiO2 and sulfonic acid groups
chemisorbed on TiO2 [16, 17, 24]. Sulfur in sulfonic
acid groups on TiO2 usually exhibits a higher binding energy than the substitutional-doped sulfur in TiO2
[16, 17, 23, 24]. With the increasing calcination temperature, the amount of sulfonic acid groups on TiO2
decreases; meanwhile, the total sulfur concentration declines (Table I). Similar tendency of evolution was also
observed for the intensity of the N1s XPS spectra as
function of calcination temperature. Two N1s components were identified with the binding energy at 401.7
DOI:10.1088/1674-0068/25/02/214-218

and 399.8 eV, respectively. The former at 401.7 eV
may correspond to the adsorbed NH4 + originating from
the ammonium-containing precursor [20, 21, 25], which
diminishes drastically with the increasing calcination
temperature and almost vanishes at 800 ◦ C. The latter
at 399.8 eV assigned to the N species at the interstitial
site in TiO2 [15, 18, 20, 21] is visible for all catalysts.
Two O1s components appear in the O1s XPS spectra:
lattice oxygen (O1s binding energy: 529.6−530.1 eV)
and oxygen in sulfonic acid groups and surface hydroxyls (O1s binding energy: 531.2−531.8 eV) [21, 23, 25].
The intensity of the latter peak gradually decreases with
the increase of the calcination temperature, indicating
the progressive loss of sulfonic acid groups and surface
hydroxyls, which agrees with the evolution of S2p spectra.
XPS results show that as-synthesized S-N-TiO2 catalysts are doped with N and S and are modified with
sulfonic acid groups. After the addition of 10 mg SN-TiO2 -600, S-N-TiO2 -700, and S-N-TiO2 -800, the pH
value of 4 mL ultrapure water (resistance >18 MΩ) decreases to 3.3, 3.8, and 5.4, respectively. The pHzpc
of pure anatase TiO2 was reported to be 5.6−5.8 [26].
These results demonstrate that the density of Brønsted
acid sites on S-N-TiO2 catalysts decreases with the increasing of calcination temperature, in consistence with
XPS results.
Figure 3 compares the diffuse reflectance UV-Vis
spectra of S-N-TiO2 -600, S-N-TiO2 -700, S-N-TiO2 -800,
and P25. S-N-TiO2 -600, S-N-TiO2 -700, and S-N-TiO2 800 show absorption in the visible light region more or
less.
Thus, S-N-TiO2 catalysts are bifunctional catalysts: visible-light-responsive photocatalysis and acidc
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FIG. 3 UV-Vis DRS spectra of S-N-TiO2 -600, S-N-TiO2 700, S-N-TiO2 -800, and P25.

catalysis. TiO2 -catalyzed photoreduction of Cr(VI) to
Cr(III) is one of the most promising processes for the
elimination of Cr(VI) in aqueous environments [2−6],
but the chromates reduction reaction involves the consumption of protons, therefore external acids need to
be added during the photoreduction Cr(VI) to Cr(III)
catalyzed by TiO2 [5−10]. Therefore, our bifunctional
S-N-TiO2 catalysts might be promising in such a photocatalytic reaction without the addition of acid, which
could simplify the process.
Figure 4(a) displays the adsorption and photocatalytic reduction of Cr(VI) under the simulated
sunlight in the presence of the different catalysts.
S-N-TiO2 -600 and S-N-TiO2 -700 without the addition of acids show an equivalent adsorption capacity
(3.6 mg Cr(VI)/gcatal. ) to P25 acidified by the addition of H2 SO4 with the pH of 3.3, suggesting that
the bifunctional S-N-TiO2 catalysts themselves can
provide the necessary acid environment to facilitate the
adsorption of Cr(VI) on the catalyst surface [6, 12, 14,
21]. Figure 4 (b) and (c) compares the conversion of
Cr(VI) during the photoreduction reaction catalyzed by
different catalysts under the simulated sunlight and the
UV light, respectively. First of all, S-N-TiO2 -600 and
S-N-TiO2 -700 can effectively catalyze the photoreduction of Cr(VI) to Cr(III) without the addition of acids,
for the first time demonstrating the cooperation between the photocatalytic activity and Brønsted acidity
of TiO2 . Under UV light irradiation, the photocatalytic
activity follows the order: P25 with the addition of
H2 SO4 >S-N-TiO2 -600>S-N-TiO2 -700>S-N-TiO2 -800;
however, under simulated sunlight irradiation, because
S-N-TiO2 -600 and S-N-TiO2 -700 can be excited by the
visible light more or less, the photocatalytic activity
follows the order: S-N-TiO2 -600≈S-N-TiO2 -700>P25
with the addition of H2 SO4 >S-N-TiO2 -800. The different photocatalytic performances between S-N-TiO2 -600
and S-N-TiO2 -700 might arise from their different BET
surface areas, crystallinity, doped S and N concentrations, and Brønsted acidities.
The very poor
photocatalytic performance for S-N-TiO2 -800 is reaDOI:10.1088/1674-0068/25/02/214-218

FIG. 4 (a) adsorption and photocatalytic reduction of
Cr(VI) over different catalysts under the solar light, the dot
line indicates the start of illumination, and conversion of
Cr(VI) as a function of reaction time under the solar light
(b), and under the UV-light (c) catalyzed by different catalysts.

sonable due to the lack of doped N and S and its weak
acidity. Therefore, S-N-TiO2 -600 and S-N-TiO2 -700
are better catalysts than P25 for the photoreduction
of Cr(VI) to Cr(III) under solar light irradiation,
moreover, they can operate without the addition of
acids, which simplifies the process.
IV. CONCLUSION

We for the first time demonstrate that the photocatalytic activity and Brønsted acidity of bifunctional
S,N-doped TiO2 can effectively cooperate for the photoreduction of Cr(VI) under solar light irradiation and
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without the addition of acids, whose photoreduction activity is higher than that of the commercial Degussa P25
in the acidified suspension adjusted by H2 SO4 . These
results reveal that multi-functionalization of TiO2 photocatalysts might be a promising method to facilitate
their applications in some photocatalytic reactions.
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