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Introduction

Mesoporous materials with tunable pore structure and tail-
ored framework composition are of great interest for broad
applications ranging from adsorbent materials, separations,
catalysis, energy storage, and biological conversions.[1–3]

Among this family of materials, mesoporous titania is of par-
ticular interest because its semiconductor framework is pho-
toactive, while its mesoporous channels offer larger surface
area and enhanced accessibility. Such a unique combination
provides a new platform for the design and fabrication of
novel photoactive materials and devices, such as high-effi-
ciency photocatalysts and photovoltaic devices.[4] To date, ti-
tania�s low quantum efficiency has been limited due to its
high bandgap (3.0–3.2 eV) in the UV range.[5] The utilization
of mesoporous titania as a highly active photocatalyst thus
remains challenging. Possible strategies toward overcoming

this intrinsic limitation include doping titania with inorganic
or metallic species, such as ions and clusters, or photosensi-
tizing titania with organic dyes, which are often efficient but
unstable.[6,7]

TiO2 doped with C, N, or B has brought new perspectives
because it renders the TiO2 responsive to visible-light irradi-
ation.[8] Investigations on alternative materials like bismuth
are rare, although a number of reports have recently ap-
peared concerning Bi-doped TiO2 with high photocatalytic
activities under visible-light irradiation.[9,10] Bian et al. re-
ported the synthesis of an active Bi2O3/TiO2 visible photoca-
talyst with an ordered mesoporous structure.[11] Wang et al.
prepared bismuth- and sulfur-codoped TiO2 by a simple sol–
gel method; its high photocatalytic performance is associat-
ed with the existence of numerous oxygen vacancies, the
acidic sites on the surface of TiO2, and its high specific sur-
face area.[12] Rengaraj and co-workers synthesized a Bi-
doped TiO2 nanocatalyst, and their degradation experiments
demonstrated that the presence of Bi3+ in the TiO2 catalysts
substantially enhanced the photocatalytic degradation of
methyl parathion under UV light.[13] However, the synthesis
of highly ordered mesoporous Bi-doped TiO2 has never
been reported before.

Bi-doped TiO2 photocatalysts have also been found to be
active for the photodegradation of pollutants in aqueous so-
lution.[14–19] Yao et al.[20, 21] and Thanabodeekij et al.[22] report-
ed that bismuth titanate compounds BixTiyOz were catalyti-
cally active for the photodecolorization of methyl orange
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and photodegradation of 4-nitrophenol. They found that the
Bi�O polyhedra in bismuth titanate compounds were photo-
catalytic centers. It was also suggested that the Bi3+ species
in doped TiO2 photocatalysts are active centers in the photo-
induced degradation, reduction, or decolorization of pollu-
tants.[9–11,13, 14–19] Herein, we report simultaneous phenol oxi-
dation and chromium reduction under visible irradiation by
a Bi-modified mesoporous TiO2.

Hexavalent chromium (chromium(VI)) is found together
with a variety of aromatic compounds in a number of conta-
minated sites.[23,24] Organic pollutants, including phenol,
naphthalene, and trichloroethylene, have been found at high
concentrations in water containing chromium(VI).[25] Envi-
ronments contaminated by chromium(VI) and its aromatic
copollutants include groundwater aquifers, lakes, river sedi-
ments, and soils.[26] Chromium(VI) and its organic copollu-
tants often originate from industrial sources such as leather
tanning, photographic-film making, wood preservation, car
manufacturing, petroleum refining, and agricultural activity.
Chromium(VI) is a potent mutagen and a USEPA-classified
group-A carcinogen because of its chronic and subchronic
effects. On the other hand, the trivalent form of chromi-ACHTUNGTRENNUNGum(III) is about 1000 times less toxic than chromium(VI).[26]

Xie et al. reported the simultaneous photocatalytic reduc-
tion of chromium(VI) and oxidation of phenol over mono-
clinic BiVO4 under visible-light irradiation.[27] Wang et al.
studied the photocatalytic reduction of chromium(VI) over
various TiO2 photocatalysts and the effects of dissolved or-
ganic species in UV light.[28]

Herein, we report the controllable and reproducible syn-
thesis of a Bi-doped ordered mesoporous TiO2 (ms-TiO2),
with variable Bi ratios from 0 to 4 mol % based on an etha-
nolic evaporation-induced self-assembly (EISA) process. Ti-
tanium isopropoxide (TIPO) and bismuth nitrate were used
as precursors, with amphiphilic triblock copolymer (P123) as
a template. We found that Bi species exist in various forms
in the doped samples, and that the suitable doping of Bi sig-
nificantly enhanced the photoactivity. The Bi-doped ordered
mesoporous TiO2 exhibits higher photocatalytic activities for
the simultaneous oxidation of phenol and reduction of chro-
mium in aqueous suspension than commercial photocatalyst
P25 (Degussa P25) and Bi-doped conventional titania (Bi-
doped conv-TiO2). The promoting effects on the activity,
mesoporosity, crystallinity and the modifying role of Bi spe-
cies on the surface microstructure are investigated and dis-
cussed herein.

Results and Discussion

We have successfully synthesized a highly ordered hexago-
nal mesoporous Bi-doped TiO2 with variable ratios through
an ethanolic EISA process by using TIPO as a titania
source and P123 as a template. Mesostructured Bi-doped
TiO2 samples undergo a self-assembly process of titanate
oligomers hydrolyzed from TIPO and P123. The final nano-
composites have a uniform and homogeneous framework

with doped Bi, as represented in Scheme 1. In this method,
a high concentration of HCl simultaneously lowers the con-
densation and polymerization rates of TIPO, which renders
it a controllable and reproducible method for producing
highly ordered composite mesostructures.

The small-angle XRD (SAXRD) patterns of pure ms-
TiO2 and Bi-doped ms-TiO2 with various levels of doping
calcined at 350 8C are shown in Figure 1. All patterns show

three well-resolved diffraction peaks of typical 2D hexago-
nal mesostructure with d-spacing ratios of 1:

p
3:2, which are

indexed as the 100, 110, and 200 reflections, respective-
ly.[29–32] This indicates the highly stable, ordered 2D hexago-
nal mesostructure. Figure 2 shows the SAXRD patterns of
2.0 % Bi-doped ms-TiO2 calcined at three different tempera-
tures. The principle diffractional peak (100) is clearly ob-
served even after calcination at 400 8C, which shows relative-
ly good thermal stability of the mesoporous structure. In-
creasing the calcination temperature results in a gradual de-
crease of diffractional strength due to the decrease in the
degree of ordering of the mesoporous structure. The peak of
calcined sample is shifted to lower angle, which corresponds
to the increase in d-spacing due to pore-wall compacting, as
well as to some smaller pores within the pore wall reorgan-
izing to give larger pores. This implies that mesopores en-

Scheme 1. Proposed mechanism of formation of ordered mesoporous
TiO2 with Bi doping.

Figure 1. SAXRD of samples calcined at 350 8C: a) pure ms-TiO2;
b) 1.0% Bi-doped ms-TiO2; c) 2.0% Bi-doped ms-TiO2; d) 4.0% Bi-
doped ms-TiO2.
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large as the calcination temperature increases. Further in-
crease of the calcination temperature to 450 8C corresponds
to the weak appearance of the diffractional peak due to the
collapse of the mesoporous structure and loss of long-range
order. When the temperature reaches 500 8C, no diffraction
peak can be seen, which is due to the growth and coarsening
of the anatase nanocrystallites.[33]

The wide-angle XRD (WAXRD) patterns of pure ms-
TiO2 and ms-TiO2 with various levels of Bi-doped samples
calcined at 350 8C are shown in Figure 3. The pure ms-TiO2

and Bi-doped ms-TiO2 samples display crystallized anatase
phase, which corresponds to the characteristic diffractional
peaks.[29,32, 33] No significant diffractional peaks characteristic
of the Bi phase are observed in the Bi-doped ms-TiO2 sam-
ples. Clearly, the doping of Bi has not affected the crystal
structure of photocatalysts, because of the extremely high
dispersion and the lower content of Bi. With an increase in
the Bi/TiO2 ratio, the intensities of the diffraction peaks de-
crease, which indicates a decrease in the crystallinity of the

anatase nanocrystals. The average particle size of the crys-
tals is estimated from the widths of anatase (101) reflection
by the Scherrer formula. The crystallization degree could be
enhanced slightly with a further increase in calcination tem-
perature (see Figure 4). The size of the pure and variously
doped ms-TiO2 nanocrystals in the framework matrix are
calculated to be in the range of 7.2–6.3 nm.

Figure 5 shows the UV/Vis diffuse reflectance spectra
(DRS) of the pure and variously doped ms-TiO2 samples.
The pure ms-TiO2 is dominated by the edge relative to the
O2�–Ti4+ charge transition at 300–380 nm of TiO2 anatase,
which agrees well with previously reported results.[34,35] Pure
mesoporous TiO2 displays no significant absorbance in visi-
ble light due to its large bandgap of TiO2 (3.2 eV). The Bi-
doped ms-TiO2 calcined at 350 8C shows a spectral response
in the visible region (400–700 nm) and the absorbance be-
comes stronger with increasing Bi content from 1.0 to 2.0 %.
A change of color from white to brownish yellow is ob-
served from 0 to 2.0 %. Briefly, the Bi2O3 photosensitizer

Figure 2. SAXRD of 2.0 % Bi-doped ms-TiO2 calcined at a) 350 8C;
b) 400 8C; c) 450 8C.

Figure 3. WAXRD of samples calcined at 350 8C: a) pure ms-TiO2;
b) 1.0% Bi-doped ms-TiO2; c) 2.0% Bi-doped ms-TiO2; d) 4.0% Bi-
doped ms-TiO2.

Figure 4. WAXRD of 2.0% Bi-doped ms-TiO2 calcined at a) 350 8C;
b) 400 8C; c) 450 8C; d) 500 8C.

Figure 5. UV/Vis diffuse reflectance spectra of samples calcined at
350 8C: a) pure ms-TiO2; b) 1.0% Bi-doped ms-TiO2; c) 2.0% Bi-doped
ms-TiO2.
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with narrow energy gap (2.8 eV) can be easily activated by
visible light and induced photoelectrons and holes. In the
absence of TiO2, these electrons and holes may recombine
rapidly owing to the narrow energy gap, which leads to the
quenching of the spectral response. In Bi-doped ms-TiO2,
the recombination between photoelectrons and holes can be
effectively inhibited, which leads to a strong response in the
visible range.[36] This wide visible-light response mainly orig-
inates from the formation of surface-defect centers, which
are associated with existence of oxygen vacancies created by
the doping process. Consequently, 2.0 % Bi-doped ms-TiO2

reduces the energy gap of the catalyst, thereby shifting the
excitation source from UV to the visible light.

Figure 6 shows the Raman spectra of pure ms-TiO2 and
ms-TiO2 with various levels of Bi doping. The Raman bands

of TiO2 appear at 146.3, 196.3, 397.3, 517.6, and 638.7 cm�1.
The bands typical of anatase can be seen at 146.0, 196.0,
397.0, 516.0, and 638.0 cm�1,[37] and can be assigned to the
Eg, B1g, A1g, B2g, and Eg vibrational modes of TiO2, respec-
tively. These results are consistent with the XRD measure-
ments. The absorption at 146 cm�1 indicates an anatase crys-
talline framework structure.[38] The absorption becomes
broader and weaker, and shifts positively by 4 cm�1 when
the Bi content increases from 1.0 to 2.0 %, which suggests
increased crystalline defects within the framework.[38] Such
defects may favor the capture of photoelectrons and thus in-
hibit charge recombination. Meanwhile, Bi-doped nanoparti-
cles on the surface framework may also serve as electron
conductors, which facilitates photoelectron transfer to the
pore surface, and further reduces the probability of charge
recombination. When the Bi content is further increased
from 2.0 to 4.0 %, no significant effect on the Raman peak
position is observed.

Photoluminescence (PL) emission spectra have been
widely used to investigate the change of surface states of
TiO2, the efficiency of charge-carrier trapping, migration,
and transfer to understand the fate of electron–hole pairs in

semiconductor particles.[39] Figure 7 shows room tempera-
ture photoluminescence spectra for pure ms-TiO2 and ms-
TiO2 with various levels of Bi doping. In this study, the PL

spectra of all samples were examined in the range of 300–
550 nm. The PL spectrum of the pure ms-TiO2 is higher in
intensity than the spectra of the Bi-doped ms-TiO2 samples.
The PL intensity greatly decreases with the increased pres-
ence of bismuth. As for the pure ms-TiO2, well-resolved
peaks at 365, 405, 424, 451, 461, 486, and 528 nm were ob-
served. All these peaks can be ascribed to surface traps.[40, 41]

The excitonic PL intensity of the Bi-doped ms-TiO2 samples
decreases as the Bi content increases up to 2.0 %. It then in-
creases again with an increase in Bi content up to 4.0 %. It
can be clearly observed from Figure 7 that Bi-doped TiO2

shows a decrease in PL intensity compared to the blank ms-
TiO2, which reflects the decrease in trap states on the sur-
face of TiO2. This indicates that TiO2 incorporated with an
appropriate amount of Bi may slow the radiative recombina-
tion process of photogenerated electrons and holes in TiO2.
The slower recombination of the photogenerated charges is
advantageous for photocatalysis. The observed PL spectra
are attributed to the radioactive recombination of either
self-trapped excitons[42] or hydroxylated Ti3+ surface com-
plexes[43] from the charge-transfer excited state of the highly
dispersed TiO2 species. The reduction in PL intensity indi-
cates a decrease in radioactive recombination processes.
These experimental results demonstrate that PL spectra are
quite sensitive to the level of Bi doping. When the Bi con-
tent is lower than its optimal ratio, the Bi impurity energy
level would be a separation center and reduce the electron–
hole recombination. On the contrary, when the content of
Bi was higher than its optimal ratio, the Bi impurity energy
level would be a recombination center.

Transmission electron microscopy (TEM) images (see
Figure 8) viewed along the [001] and [110] directions con-
firm that Bi-doped ms-TiO2 products calcined at 350 8C have
a highly ordered 2D hexagonal regularity. The TEM images
(Figure 8a and b) show that the 2.0 % Bi-doped ms-TiO2 cal-

Figure 6. Raman spectra of a) pure ms-TiO2; b) 1.0 % Bi-doped ms-TiO2;
c) 2.0% Bi-doped ms-TiO2; d) 4.0 % Bi-doped ms-TiO2.

Figure 7. PL emission spectra of a) pure ms-TiO2; b) 1.0% Bi-doped ms-
TiO2; c) 2.0% Bi-doped ms-TiO2; d) 4.0 % Bi-doped ms-TiO2.
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cined at 350 8C displays highly ordered mesoporous channels
with average diameter of 6.5 nm. No significant Bi particles
are observed in the pore channels or on the outer surface,
which implies the extremely high dispersion of the parti-
cles.[11] The size of the anatase nanocrystals evaluated from
the TEM images is about 6.6 nm. This is consistent with the
results calculated from WAXRD patterns. The average
pore-wall thickness is about 3.8 nm. The increase of Bi con-
tent in the Bi-doped ms-TiO2 had no considerable effect on
the mesoporous structure. The Bi particles do not appear in
the pore channels, or even on the outer surface of the 4.0 %
Bi-doped ms-TiO2 (Figure 8 c), due to the lower content of
Bi. Figure 8 d demonstrates that calcination of the 2.0 % Bi-
doped ms-TiO2 at 400 8C partially damages the mesoporous
structure. As shown in Figure 8 e, the mesoporous structure
is destroyed after calcination at 450 8C, which is in accord-
ance with the results from low-angle XRD patterns. The
high-resolution TEM (HRTEM) image of 2.0 % Bi-doped
ms-TiO2 at 400 8C (Figure 8 f) shows that the average d-spac-
ing of the lattice fringes measured from the TEM images is
about 0.34 nm, which agrees well with the d 101 value of
0.35 nm calculated from the corresponding WAXRD pat-
terns. Such pore walls are composed of highly crystallized
anatase.[44]

N2 adsorption–desorption isotherms of 2D hexagonal Bi-
doped ms-TiO2 samples calcined at 350 8C with 0 to
4.0 mol % Bi are displayed in Figure 9. The isotherms exhib-
it typical type IV curves with a sharp capillary condensation
step at relative pressure (P/Po) of 0.7, which suggests a
narrow pore-size distribution. The hysteresis loop is very
close to being H1 type, which implies uniform cylindrical
pore geometry.[32, 45] The attached pore-size distribution dem-
onstrates a narrow pore-diameter range. The surface area,

pore volume, and pore diame-
ter are calculated from the N2

adsorption–desorption iso-
therms. Table 1 shows that the
undoped ms-TiO2 and Bi-doped
ms-TiO2 samples obtained
through the EISA method ex-
hibit much higher surface areas
than both Degussa P-25 and Bi-
doped conv-TiO2 prepared by
the conventional sol–gel
method. The pore size calculat-
ed from the adsorption data
using the Barret–Joyner–Halen-
da (BJH) model are in the
range of 6.0–7.3 nm (inset
Figure 9). The calculated BET
specific surface areas are in the
range of 207–157 m2 g�1. For the
Bi-doped ms-TiO2 samples,
both surface area and pore
volume decrease while the pore
diameter increases with higher

Figure 8. a,b) TEM images of 2.0% Bi-doped ms-TiO2 calcined at 350 8C; c) 4.0% Bi-doped ms-TiO2 calcined
at 350 8C; d) 2.0% Bi-doped ms-TiO2 calcined at 400 8C; e) 2.0% Bi-doped ms-TiO2 calcined at 450 8C;
f) HRTEM of 2.0% Bi-doped ms-TiO2 calcined at 400 8C.

Figure 9. N2 sorption data of a) pure ms-TiO2; b) 1.0 % Bi-doped ms-
TiO2; c) 2.0% Bi-doped ms-TiO2; d) 4.0 % Bi-doped ms-TiO2.

Table 1. BET surface areas and pore properties of pure ms-TiO2 and the
various Bi-doped composites.

Sample SBET Pore volume Pore sizeACHTUNGTRENNUNG[m2 g�1][a] ACHTUNGTRENNUNG[cm3 g�1][b] [nm][c]

pure ms-TiO2 207 0.25 6.0
1.0% Bi-doped ms-TiO2 191 0.25 6.2
2.0% Bi-doped ms-TiO2 180 0.24 6.5
4.0% Bi-doped ms-TiO2 157 0.23 7.3
2.0% Bi-doped conv-TiO2 55 – –

[a] BET surface area calculated from the linear part of the BET plot.
[b] Estimated by the BJH method. [c] Estimated by using the desorption
branch of the isotherm.
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Bi content, which is due to the intrusion of Bi particles in
the pore channels of TiO2 structure. However, the bismuth
content up to 4.0 % low enough to be detected by XRD and
TEM analyses.

Quantitative XPS analysis was performed on powders of
pure ms-TiO2 and ms-TiO2 with various levels of Bi doping,
as shown in figure 10, which shows the high-resolution spec-

tra for the Ti2p, O1s and Bi 4f regions for the samples. All
samples contain only Ti, O, Bi, and C. The C can be ascribed
to adventitious hydrocarbon from the XPS instrument itself.
The XPS spectra of the Bi 4f region of the Bi-doped ms-
TiO2 are given in Figure 10 A. To determine the oxidation
state of the bismuth dopant, the binding energies of Bi 4f7/2

and Bi 4f5/2 for pure Bi2O3 at 158.6 and 163.9 eV, respective-
ly, were taken from previous reports and accepted as stan-
dard for the XPS measurement.[46–48] Figure 10 A shows that
with the increasing Bi content, the intensity of the Bi 4f
peaks increases and the binding energies of the Bi 4f peaks
shift toward higher values. The binding energies of Bi 4f7/2

and Bi 4f5/2 are increased to 158.9 and 164.2 eV, respectively,
which are higher than the values of pure Bi2O3. The positive
shift is attributed to Bi(3+x+ ) state.[48] It indicates a strong in-
teraction between Bi and TiO2, and that the Bi3+ centers
are partially oxidized to Bi(3+ x+ ). The ionic radii of the more

oxidized forms of Bi are smaller than that of Bi3+

(1.17 �).[49] This enhancement of binding energy may be due
to the formation of Bi�O�Ti bonds in the framework of ti-
tania. These results are consistent with the Raman measure-
ments.

Figure 10 B shows that the Ti 2p orbital splits into two
peaks 2p1/2 and 2p3/2. The Ti 2p1/2 and Ti 2p3/2 spin–orbital
splitting photoelectrons for the sample are located at bind-
ing energies of about 464.2 and 458.4 eV, respectively, which
is in agreement with previously reported values.[41–44] There
is a slight decrease in the binding energy of Ti 2p in the 2.0
and 4.0 % Bi samples, as indicated in Figure 10 B. The slight
decrease in binding energy of Ti 2p suggests that some Ti4+

ions are converted to a lower oxidation state, such as Ti3+.[10]

Therefore, it illustrates that the Ti oxidation state is lowered
with Bi substitutions.[17,50] On the other hand, the O1s region
also shows a slight decrease in binding energy as shown in
Figure 10 C. In 2.0 % Bi-doped ms-TiO2, the O1s region
shows two peaks, as can be seen in Figure 10 D. The first
peak is located at 529.6 eV, which is assigned to Ti�O in
TiO2, whereas the second peak, at 531.4 eV, is ascribed to
the oxygen attached to bismuth (Bi�O bond).[35] It has been
suggested that the second peak is associated with hydroxyl
groups.[51] The XPS and Raman results infer that the Bi�O�
Ti bonds were formed in the Bi-doped ms-TiO2 samples.
The Bi/Ti molar ratios of the various bismuth-doped ms-
TiO2 samples calculated by XPS data are 0.018, 0.056, and
0.134 for the 1.0, 2.0, and 4.0 % samples, respectively.

The simultaneous photocatalytic oxidation of phenol and
chromium(VI) reduction were employed to evaluate the
photocatalytic activities of pure ms-TiO2 and the Bi-doped
ms-TiO2 samples. No detectable degradation of phenol and
chromium is observed without catalyst. After 150 min of ir-
radiation, 95 % oxidation of phenol and 90 % of chromium
reduction are observed. Figure 11 a shows the comparison of
oxidation of phenol and reduction of chromium after
150 min in visible light with the various Bi-doped ms-TiO2

samples, pure ms-TiO2, Degussa P25, and Bi-doped conv-
TiO2. Modification of ms-TiO2 with 2.0 % Bi-doped ms-TiO2

results in an abrupt increase of the photocatalytic activity
relative to pure Degussa P25 and 2.0 % Bi-doped conv-TiO2.
The absorption of 2.0 % Bi-doped ms-TiO2 is more redshift-
ed, and reduces the electron–hole recombination more effi-
ciently. This wide visible-light response mainly originates
from the existence of oxygen vacancies created by the
doping process. Consequently, there is an optimum concen-
tration of loaded ions, at which the thickness of the space–
charge layer is approximately equal to the light-penetration
depth. As the concentration of dopant ions increases to-
wards the optimum amount, the surface barrier increases,
and the space–charge region becomes narrower. The elec-
tron–hole pairs within the region are efficiently separated
before recombination. In the case of Bi-doped ms-TiO2, the
photoinduced hole centers are formed as a result of the pho-
togenerated electrons trapped by the pre-existing oxygen va-
cancies under visible light.[52,53] Bi introduced into the ana-
tase titania acts as an electron acceptor, which aids the ef-

Figure 10. High-resolution XPS spectra of A) Bi 4f; B) Ti 2p; C) O 1s re-
gions; D) O 1s region in curve fit data of 2.0% Bi-doped ms-TiO2;
a) pure ms-TiO2; b) 1.0 % Bi-doped ms-TiO2; c) 2.0% Bi-doped ms-TiO2;
d) 4.0% Bi-doped ms-TiO2.
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fective separation of electron–hole pairs photogenerated in
the TiO2, and inhibits their recombination. The higher activ-
ity of Bi-doped ms-TiO2 is also attributed to its higher sur-
face area, which can enhance light harvesting and adsorp-
tion for reactant molecules. The mesopores are beneficial
for photocatalysis, since more accessible active sites are
available for the photocatalytic process. Moreover, better
connectivity of mesopores provides more pathways for the
reactants to enter and for products to escape from the net-
work. These mesoporous characteristics are crucial to photo-
catalytic reactions, especially for degrading large molecular
pollutants.

All the Bi-doped ms-TiO2 samples show higher activity
than pure ms-TiO2 and Degussa P25 under UV irradiation,
as shown in Figure 11 b. This indicates that the existence of
Bi is favorable for the separation of photogenerated elec-
tron–hole pairs, and it also directly confirms the PL results.

The photocatalytic efficiency of pure ms-TiO2 and the var-
ious Bi-doped ms-TiO2 samples are also evaluated for a
single pollutant system; for either phenol oxidation or chro-
mium reduction. The 2.0 % Bi-doped ms-TiO2 sample gave
58 % phenol oxidation and 54 % chromium reduction for
the single systems. The 2.0 % Bi-doped ms-TiO2 sample ex-
hibits the best activity of all the composites and P25 under
visible light, as shown in Figure 12.

To determine the effect of calcination temperature on
photocatalytic activity, the 2.0 % Bi-doped ms-TiO2 sample
calcined at various temperatures was employed for simulta-
neous phenol oxidation and chromium reduction. The
sample calcined at 350 8C showed the highest activity. Calci-
nation at higher temperature, as shown in Figure 13, caused
a decrease in activity, which was mainly attributed to the
damage of long-range order in the mesoporous structure, as
indicated by the TEM results.

In traditional noble-metal/titania composites, such as Pt/
TiO2 and Au/TiO2, the noble metals have been demonstrat-
ed to serve as trapping centers for electrons generated in
light-activated TiO2, thereby leading to improved quantum
efficiency. The role of Bi is similar to the noble metal in this
system. The incorporation of Bi induces the formation of
Bi3+ and Bi(3+x+ ) species, which act as trapping sites for the
electrons, and thus benefit the separation of the electron–
hole pairs. Generally, the photocatalytic activity of a catalyst

Figure 11. Phenol oxidation and chromium reduction profiles over pure
ms-TiO2, the various Bi-doped ms-TiO2, 2% Bi-doped conv-TiO2 sam-
ples, and P25 under a) visible and b) UV irradiation.

Figure 12. Phenol oxidation and chromium reduction profiles for the
single pollutant systems over pure ms-TiO2, the various Bi-doped ms-
TiO2 samples, 2% Bi-doped conv-TiO2, and P25 under visible light.

Figure 13. Phenol oxidation and chromium reduction profiles over 2.0 %
Bi-doped ms-TiO2 calcined at three different calcination temperatures.
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for the photooxidation of organic compounds is mainly re-
lated to the position of the valence band of the photocata-
lyst and the mobility of the photogenerated carriers.[54,55] In
the hybridized valence band of Bi-doped TiO2, the photo-
generated holes show high mobility, which contributes to
the high activity of the photocatalyst. However, very high Bi
content (>2.0 %) is harmful for the photoactivity. Because
the high Bi content, rather than facilitating charge transport
and reducing charge recombination, may lead to the Bi spe-
cies acting as centers of electron–hole recombination, which
would reduce quantum efficiency,[49,56] as confirmed in our
PL study. It was found that the 2.0 % Bi-doped ms-TiO2 ob-
tained through the EISA method exhibited much higher ac-
tivity than the 2.0 % Bi-doped conv-TiO2 prepared by con-
ventional sol–gel method.

The photo-reduction of chromium(VI) to chromiumACHTUNGTRENNUNG(III)
and the oxidation of phenol can be achieved through a pho-
tocatalytic process by using a novel visible-light active Bi-
doped ms-TiO2 catalyst, with the mechanism as shown in
Scheme 2. From the results of XPS, we found that the addi-

tion of Bi creates Bi3+ and Bi(3+x+ ) species. The redox po-
tential Eo (Bi(3+x+ )/Bi3+)=�0.29 V lies between the conduc-
tion-band potential of TiO2 (Ecb =�0.5 V versus normal hy-
drogen electrode (NHE)) and the valence-band potential
(Evb = 2.7 V versus NHE). By comparing the PL and UV/Vis
spectra, we found that the photogenerated electron–hole
pairs are effectively separated under the visible irradiation.
In other words, this range of light contributes to the catalytic
degradation of phenol and chromium(VI) reduction. There-
fore, we conclude that the degradation of pollutants must
depend on the separation of the electron–hole pairs of the
catalyst generated by the visible-light. The experimental re-
sults also support the above inference. In Bi-doped ms-TiO2,
the bismuth doping creates the energy level below the con-
duction band of TiO2, which results in a reduction of band-ACHTUNGTRENNUNGgap energy, as shown in Scheme 2. Visible irradiation of Bi-
doped ms-TiO2 produces electron–hole pairs [Eq. (1)] at the
surface of the photocatalyst; the electrons are trapped by
the Bi(3+x+ ), which is converted to Bi3+ species, and this aids
the separation of the electron–hole pairs:

TiO2 þ Bið3þxþÞ þ visðhnÞ ! TiO2ðhþÞ þ Bið3þÞðe�Þ ð1Þ

After electron–hole separation, the electrons can be scav-
enged by chromium(VI), which in turn is reduced to
chromiumACHTUNGTRENNUNG(III) [Eq. (2)]. The holes can then produce OH
radicals [Eq. (3)], which can further degrade the phenol to
CO2 and H2O [Eq. (4)]. Of course, the holes can also direct-
ly oxidize the organic molecules [Eq. (5)]:

Cr2O7
2� þ 14Hþ þ 6e� ! 2Cr3þ þ 7H2O ð2Þ

H2Oþ hþ ! COHþHþ ð3Þ

COHþ phenol! CO2 þH2O ð4Þ

hþ þ phenol! CO2 þH2O ð5Þ

In the presence of organic species, the photogenerated holes
are rapidly scavenged from the Bi-doped ms-TiO2 particles,
which suppress electron–hole recombination on the catalyst
surface and accelerate the reduction of chromium(VI) by
photogenerated electrons.[57] One of the important strategies
of promoting the photocatalytic reduction of chromium(VI)
is to enhance the charge separation which can be achieved
by improving the structure of the photocatalyst, and by in-
troducing scavengers of holes and/or electrons in the solu-
tion. It has been reported that the presence of organic spe-
cies as sacrificial electron donors can accelerate the photo-
catalytic reduction of chromium(VI).[58,59]

Theoretically, in the photoelectrochemical process the
number of charges involved in reduction by conduction-
band electrons and oxidation by valence-band holes must be
equal. Thus, one can expect that the promoting effect of
both pollutants is mutual; in other words, the presence of
phenol enhances the reduction of chromium(VI) to
chromiumACHTUNGTRENNUNG(III). This mutual promoting effect provides an
important support for Bi-doped ms-TiO2 as a visible-light
catalyst for efficient simultaneous removal of phenol and
chromium(VI) by photocatalytic oxidation and reduction,
respectively, in the same system.

Conclusion

The highly ordered 2D hexagonal mesoporous Bi-doped ms-
TiO2 composites with variable Bi ratios have been success-
fully synthesized by using a synchronous assembly approach
based on the ethanolic EISA process. The highly ordered
mesoporous Bi-doped TiO2 with 2D hexagonal structure can
be obtained by adding a large amount of HCl under low rel-
ative humidity and evaporation temperature. Ordered meso-
porous Bi-doped ms-TiO2 contained crystalline anatase
which was uniformly embedded in the pore walls. Bi-doped
ms-TiO2 samples showed an extension of light absorption
into the visible region, which mainly originates from the
doping process with the formation of new states of Bi in the
form of Bi�O�Ti bonds and reduction of the electron–hole
recombination rate. The Bi-doped ms-TiO2 samples exhibit-
ed improved photocatalytic activities over the commercial

Scheme 2. Proposed mechanism of phenol oxidation and chromium re-
duction on Bi-doped ordered ms-TiO2 photocatalyst.
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catalyst P25 and Bi-doped conv-TiO2 in the simultaneous
degradation of phenol and reduction of chromium in aque-
ous suspension under visible and UV irradiation.

Experimental Section

Materials : Titanium isopropoxide ([Ti ACHTUNGTRENNUNG{OCH ACHTUNGTRENNUNG(CH3)2}4], TIPO), bismuth ni-
trate (Bi ACHTUNGTRENNUNG(NO3)3·5H2O), ethanol (absolute), and concentrated HCl
(36.5wt%) were AR grade. Pluronic P123 [(Mw) 5800, HO-ACHTUNGTRENNUNG(CH2CH2O)20(CH2-CHCH3O)70ACHTUNGTRENNUNG(CH2CH2O)20 H, EO20PO70EO20, abbrevi-
ated as P123], was purchased from Aldrich. All the above chemicals
were purchased from Shanghai Sinopharm Chemical Reagent Co. P25 (a
commercial nanocrystalline TiO2 that consists of ca. 80% anatase and
20% rutile; BET area ca. 50.0 m2 g�1) was supplied by Degussa. All the
chemicals were used as received without further purification. Double-dis-
tilled water was used throughout the experiments.

Catalyst preparation : For a typical synthesis, copolymer P123 (1.0 g) was
dissolved in ethanol (30.0 g), and then concentrated HCl (1.8 g) was
slowly added with vigorous stirring. After heating in a sealed bottle at
40 8C for 3 h, TIPO (3.0 g) and Bi ACHTUNGTRENNUNG(NO3)3·5H2O were added and the reac-
tion was stirred vigorously for 5 h at 40 8C. The resulting sols were soni-
cated for 30 min before being transferred into Petri dishes and evaporat-
ed at 35 8C in air with relative humidity of 50–60 % for about four days
to produce transparent membranes, which were then dried at 80 8C for
six days. The samples were calcined at 350 8C for 4 h in air to remove or-
ganic templates. Samples containing 1.0, 2.0, and 4.0 mol % Bi were pre-
pared and subsequently calcined at various temperatures for 2 h in air.
For comparison, pure mesoporous TiO2 was also prepared by the same
method without the addition of dopant. The samples were denoted as
x% Bi-doped ms-TiO2, where x % refers to the Bi molar ratio. For com-
parison, the Bi-doped TiO2 samples were also prepared by using the tra-
ditional sol–gel method without adding P123. These samples were desig-
nated as x % Bi-doped conv-TiO2.

Characterization : XRD patterns for all samples were collected in the
range 20–808 (2q) for WAXRD and 0.5–88 (2q) for SAXRD with a
Rigaku D/MAX 2550 diffractometer (CuKa radiation, l= 1.5406 �), oper-
ated at 40 kV and 100–200 mA. The crystallite size was estimated by ap-
plying the Scherrer equation to the full width at half-maximum (fwhm)
of the (101) peak of anatase. D =kl/bcosq, where b is the half-height
width of the diffraction peak of anatase, K=0.89 is a coefficient, q is the
diffraction angle, and l is the X-ray wavelength corresponding to CuKa ir-
radiation. The UV/Vis absorbance spectra were obtained for the dry-
pressed disk samples using a Scan UV/Vis spectrophotometer (Varian,
Cary 500) equipped with an integrating sphere assembly, with BaSO4 as
the reflectance sample. The spectra were recorded at room temperature
in air within the range 200–800 nm. Raman spectra of the samples were
recorded with a Renishaw inVia Raman spectrometer at room tempera-
ture with excitation wavelength 785 nm. The morphologies were ob-
served by using TEM (TEM, JEOL JEM2010). PL spectra were recorded
with a Varian Cary Eclipse Fluorescence spectrophotometer with excita-
tion at 270 nm. The instrument employed for XPS was a Perkin–Elmer
PHI 5000C ESCA System with AlKa radiation operated at 250 W. The
shift of binding energy due to relative surface charging was corrected
using the C 1s level at 284.6 e.V as an internal standard. Nitrogen adsorp-
tion and desorption isotherms were obtained at 77 K with a Micromerit-
ics ASAP 2010 system. All the samples were degassed at 473 K before
measurement.

The simultaneous chromium reduction and phenol oxidation were carried
out in a 100 mL quartz photochemical reactor. The reaction solution con-
tains 0.05 g catalyst mixed with 50 mL aqueous solution of 6.0 � 10�4

m

phenol and 4.0 � 10�4
mK2Cr2O7. A 1000 watt halogen lamp was used as

the visible light source. The short-wavelength components (l<420 nm)
of the light were removed using a cut-off glass filter. A 300 watt high-
pressure Hg lamp with strongest emission wavelength of 365 nm was
used as the UV light source. During the reaction, a water-cooling system
maintained the photochemical reactor at room temperature. The distance

between the lamp and the center of quartz tube was 10 cm. Prior to illu-
mination, the suspension was sonicated for 10 min and then magnetically
stirred in darkness for 30 min to establish adsorption–desorption equilib-
rium at room temperature. During irradiation, stirring was maintained to
keep the mixture in suspension. The samples were centrifuged to sepa-
rate the photocatalyst for analysis. The concentration and conversion of
phenol and chromium(VI) were analyzed at their characteristic wave-
lengths (phenol= 270 nm, chromium(VI)=350 nm) using a Cary100 UV/
Vis spectrophotometer. Preliminary results indicated a linear relationship
between light absorbance and phenol or chromium(VI) concentration,
and showed that the decomposition of phenol or reduction of chro-
mium(VI) in the absence of photocatalyst or irradiation was negligible.
The reproducibility was checked by repeating the measurements at least
three times, and was found to be within the acceptable limit (�3%).
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