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This article describes the preparation of mesoporous rod-like F–N-codoped TiO2 powder photocatalysts

with anatase phase via a sol–gel route at the temperature of 373 K, using cetyltrimethyl ammonium

bromide (CTAB) as surfactant. The as-prepared photocatalysts were characterized by X-ray diffraction

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelec-

tron spectroscopy (XPS) and UV–visible diffuse reflectance spectra (UV–vis DRS). The results showed

that the photocatalysts possessed a homogeneous pore diameter and a high surface area of

106.3–160.7 m3 g�1. The increasing CTAB reactive concentration extended the visible-light absorption

up to 600 nm. The F–N-codoped TiO2 powders exhibited significant higher adsorption capacity for

methyl orange (MO) than that of Degussa P25 and showed more than 6 times higher visible-light-

induced catalytic degradation for MO than that of P25.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Mesoporous inorganic materials [1–5] with high surface area,
high damping capacity, low thermal conductivity and low
dielectric permittivity have gathered increasing attention because
of their potential application in the areas of separations, catalysis,
sensing and power generation. Among them TiO2 is one of the
most widely used and investigated inorganic materials because of
its nontoxicity, inexpensiveness, chemical stability and favorable
optoelectronic properties. Mesoporous TiO2 synthesized using a
sol–gel route was first reported by Antonelli and Ying [6]. Using
sol–gel and dip-coating methods, Dionysiou and co-workers [7]
also synthesized mesoporous photocatalytic TiO2 films with high
surface area (147 m g�1) and porosity (46%) and narrow pore size
distribution. Their samples showed high photocatalytic activity
for the destruction of methylene blue and creatinine in water.
Sakai and co-workers [8] reported the preparation of crystalline
mesoporous TiO2 and they found that the crystallization of TiO2

from amorphous to anatase form was caused by heating at the
temperature of 333 K.

However, the use of TiO2 photocatalytic technology was
hampered because of its large band gap. To solve this problem,
considerable efforts have been taken, including dye sensitization
[9] and transition metals [10] or nonmetals doping or modifying
ll rights reserved.
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[11–17]. Among them, nonmetal F/N mono-doping and
F–N-codoping of TiO2 have been viewed as effective ways to
lower the band gap of TiO2 and the consequent high photo-
catalytic activity for degradation of organics under visible
light illumination. Asahi and co-workers [11] reported that TiO2

doped with nitrogen by sputtering N2/Ar mixtures extended
the spectral absorption into visible region below 500 nm
and thus improved the photoelectrochemical reactivity of TiO2

films toward organic molecules under visible light illumination.
Beranek and Kisch [13] prepared N-doped titania films and
their samples exhibited photocurrents in the visible down to
700 nm. Dékány and co-workers [15] prepared phoshpate-
modified TiO2 by using sol–gel method and they found that
the photocatalytic activity of the modified sample was higher
than that of P25 TiO2. The first report on N–F-codoped TiO2 was
made by Nukumizu and co-workers [18], who prepared TiNxOyFz

with a band gap absorption edge at �570 nm using (NH4)2TiF6,
SiO2 and NH3 as sources. In our previous work [19] we have also
prepared F–N-codoped TiO2 photocatalysts with high visible-
light-induced catalytic activity for decompositions of methyl
orange (MO).

To our knowledge, however, the effect of surfactant such as
cationic surfactant cetyltrimethyl ammonium bromide (CTAB) on
the structures and properties of F–N-codoped TiO2 has rarely been
reported. Herein, we describe a detailed synthesis of mesoporous
F–N-codoped TiO2 powders, changing the dosage of surfactant
CTAB (C19H42BrN). We hope the present method may open a new
horizon for the preparation of mesoporous nonmetal-doped TiO2
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photocatalysts to use in the organic compounds adsorption and
degradation under visible irradiation.
2. Experimental

2.1. Photocatalyst synthesis

F–N-codoped TiO2 photocatalysts were synthesized using a
sol–gel route (Fig. 1). Typically, TiCl4 was added dropwise into
500 mL distilled water in an ice-water bath with strong magnetic
stirring. After 30 min, the pH of this acidic solution was adjusted
to 7 by dropwise addition of diluted ammonia solution (1:9). After
stirring at this pH for 24 h, the obtained white precipitates were
filtered and washed thoroughly with distilled water repeatedly
until Cl� ions were not detected. Thereafter the precipitates were
ultrasonic dispersed in 500 mL distilled water. H2O2 (30%, 50 mL)
was added dropwise into this mixture under stirring to obtain
yellow semitransparent peroxo-titanic acid (PTA) solution. A total
of 0.815 g of NH4F (Shanghai Shiyi Chemicals Reagent Co., Ltd.
China) was added into 100 mL of distilled water followed by the
addition of CTAB (Shanghai Bio Life Science & Technology Co., Ltd,
China). Then, 400 mL of peroxo-titanic acid solution prepared
above was added dropwise into the NH4F aqueous solution (the
starting molar ration of NH4F/Ti was 3/5). The mixtures were
heated at 100 1C for 6.5 h in a temperature controlled oil bath
equipped with a magnetic stirrer, thermometer and reflux
condenser. The resulting precipitates were washed by ethanol to
remove the possible CTAB. Finally, the yellow F–N-codoped TiO2

powder was obtained after drying the above washed precipitates.
The preparation conditions along with other physical properties
are presented in Table 1. For comparison, commercial Degussa P25
was selected as reference sample.

2.2. Characterization techniques

Structure phase analysis with the X-ray diffraction (XRD)
method was performed on a Rigaku D/MAX-IIIA X-ray diffract-
ometer with CuKa radiation at 40 kV and 60 mA. A continuous
scan mode was used to collect 2y with a small angle of 0.5–41 and
wide angle of 20–701. The average crystallite sizes were calculated
Fig. 1. Schematic diagram of the synthesis of F–N-codoped TiO2.
from the peak widths using the Scherrer equation [20].

Dk h l ¼ klðb cos yÞ

where Dh k l is the crystallite size, k is the shape factor (a value of
0.89 was used in this study), b is the line width at half-maximum
height of the main intensity peak after subtraction of the
equipment broadening. l and y are the X-ray radiation wavelength
(1.5418 Å for CuKa) and Brag angle, respectively. Morphologies of
the F–N-codoped TiO2 particles were examined by the transmis-
sion electron microscopy (TEM) (JEM-2010, Japan) operating at
200 kV in the mode of bright field and the scanning electron
microscopy (SEM). The specimens for TEM were prepared by
dropping an ethanol suspension of the powder onto an amor-
phous carbon foam, supported by a Cu grid. The specimen was
allowed to dry under air at room temperature for 20 min. The SEM
observations have been carried out with a Hitachi FE S-4800
(Hitachi Ltd., Japan) at an acceleration voltage of 20 and 15 kV. The
UV–visible diffuse reflectance spectra (UV–vis DRS) was recorded
on a UV–vis spectrophotometer (UV-2550, Shimadzu, Japan)
with an integrated sphere attachment. BaSO4 was used as the
reflectance standard.

2.3. Activity measurements

The evaluation method of photocatalytic activity was under-
taken by the degradation of MO using irradiation of a 125 W high-
pressure mercury lamp with a UV cut-off filter (lX420 nm)
similar with that reported previously [19], but there are three
differences: first, the mixtures of F–N-codoped TiO2 photocata-
lysts and MO solution were magnetically stirred for 30 min in the
dark before switching on light; second, the incident intensity to
the sample surface was 181 mW cm�2; third, the volume of MO
solution was 40 mL. The UV–vis spectra of MO solution were
recorded on a UV-1601 UV–vis spectrophotometer (Rigaku,
Japan).
3. Results and discussion

3.1. Catalyst characterization

Fig. 2 provides the XRD patterns of the F–N-codoped TiO2

photocatalysts, corresponding to samples A–E in Table 1 from the
top to the bottom, respectively. All the samples present distinctive
peaks centered at 2y ¼ 25.141, 37.881, 47.731, 53.931, 62.441
(Fig. 2a), which correspond to the anatase (101), (103, 004 and
112), (200), (105 and 211), (204) crystalline planes (JCPDF: 21-
1272). Moreover, the intensity of (101) peak increases with
increasing CTAB concentration, which indicates that the addition
of CTAB enhances the crystallization of F–N-codoped TiO2. By
using the width of the anatase diffraction peak and the Scherrer
equation, the average crystallinity sizes (Dk h l) were estimated to
have values from 10.9 to 14.2 nm, increasing with the augment of
CTAB concentration.

Fig. 2b shows small-angle XRD patterns of F–N-codoped
samples prepared with different CTAB concentrations. A peak at
�0.581 with a d-spacing of �14 nm along with a broad shoulder in
the range of �0.61–1.901 is observed. This result was similar
with that reported by Peng and co-workers [21] and was
considered to be related to the uniform pore size, which
further proved that the resulted photocatalysts had mesoporous
structure. Sakai and co-workers [22] prepared mesoporous
titania particles using CTAB as surfactant. The diffraction
patterns for their samples had three diffraction peaks at
around 2y ¼ 2.21, 3.81, and 4.21, which were assigned to the
hexagonal mesoporous structure. Cassiers and co-workers [23]
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Table 1
Preparation conditions, textural properties and other physical parameters of the F– N-codoped TiO2 powders

Sample Starting CTAB concentration (mM) Dh k l
a (nm) SBET

b (m2 g�1) Vp
c (cm3 g�1) Dp

d (nm) Relative coefficiente (R) Rate constantf (k) (h�1)

A 0 10.9 106.3 0.2958 11.1 0.996 0.038

B 0.1 11.5 143.7 0.4000 11.1 0.998 0.227

C 1.0 11.8 143.4 0.3362 9.4 0.999 0.367

D 10 12.5 160.7 0.4785 11.9 0.999 0.426

E 40 14.2 117.5 0.3562 12.1 0.997 0.394

a Crystallite size calculated by Scherrer equation.
b BET specific surface area.
c Total pore volume at P/P0 ¼ 0.99.
d Average pore diameter (4Vp/SBET).
e Photocatalytic degradation relative coefficients for all the products were close to 1, suggesting that the degradation of MO in the presence of the photocatalysts was

first-order kinetics reaction.
f Photodegradation reaction rate constants.

Fig. 2. Wide-angle (a) and low-angle (b) XRD patterns of F–N-codoped TiO2

prepared with different starting CTAB surfactant: (A) 0 mM, (B) 0.1 mM, (C) 1.0 mM,

(D) 10 mM and (E) 40 mM.
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also used CTAB as surfactant to prepare mesoporous titania and
they attributed the XRD pattern in the 2y range 2–41 to a pore
center to pore center correlation length.
The mesoporous structure of the as-prepared samples can be
obviously confirmed by FE-SEM, as shown in Fig. 3. The rod-like
F–N-codoped TiO2 particles were not close-packed enough and
took on an overlapped worm-like structure. The pore size was in
the range of 20–40 nm, typically the mesoporous structure [24].
This F–N-codoped TiO2 network with homogeneous, mesoporous
structures is beneficial to enhancing the adsorption of reactants
and thus improves the photocatalytic activity.

TEM images (Fig. 4a, c) also show that F–N-codoped TiO2

photocatalysts present crystals with uniform rod-like shapes
(length: width ratio of �4:1). Furthermore, the selected area
electron diffraction pattern (Fig. 4b, d) allows that the crystallized
codoped samples to be indexed to the anatase phase, which
coincides with the analysis of XRD. As reported [25,26], the TiO2

crystalline shape could be controlled by the addition of surfactant.
Weller and co-workers [25] reported the controlled growth of
anatase TiO2 nanorods via hydrolysis of titanium tetraisoprop-
oxide using oleic acid (OLEA) as surfactant at the temperature of
353 K. Using lauric acid (LA, CH3(CH2)10COOH) as the selective
surfactant and trioctylphosphine oxide (TOPO, [CH3(CH2)7]3PO) as
the nonselective surfactant, Jun and co-workers [26] prepared
TiO2 anatase nanocrystals. They found that the shape of the TiO2

nanocrystals could evolve from sphere to bullet, diamond, rod,
and branched rod by changing the ratio of the surfactant.

N2 adsorption–desorption measurement at liquid N2 tempera-
ture of 78 K was also used to study mesoporosity of the samples.
The isotherms of the samples (Fig. 5) were of typical type IV,
confirming that the as-synthesized powders were mesoporous
structures [27,28]. A sharp increase in adsorption volume of N2

was observed and located in the P/P0 range of 0.50–0.86. This
sharp increase can be attributed to the capillary condensation,
indicating the good homogeneity of the sample and fairly small
pore size [29]. All of the samples exhibited high surface areas in
the range of 106.3–160.7 m2 g�1 (Table 1) and narrow mesopore
distributions (Fig. 6). The mesoporous photocatalysts possessed
mean pore diameter and total pore volume of 9.4–12.1 nm (within
mesopore region) and 0.2958–0.4785 cm3 g�1, respectively. The
addition of CTAB changed little the morphology of F–N-codoped
crystals but slightly affected the surface area and pore sizes. The
samples prepared with the addition of CTAB possessed slightly
higher pore volumes and pore diameters, while the F–N-codoped
TiO2 prepared with the CTAB concentration of 40 mM exhibited
less surface area and pore volume but larger pore size.

The surfactant CTAB has been reported to be effective in the
preparation of mesoporous TiO2 photocatalysts [30,31]. It was
reported that the presence of the counterion of the surfactant was
important to keep the nanoordered crystal size unchanged, and
hexagonal mesoporous TiO2 with crystalline wall could be
synthesized via optimizing the composition of TiOSO4 and C16TAB
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Fig. 3. High magnification FE SEM images of the F–N-codoped TiO2 prepared with different starting CTAB concentrations: (a) 0 mM, (b) 0.1 mM, (c) 1 mM, (d) 10 mM and (e)

40 mM.
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[30]. Sanchez and co-workers [31] have discussed the effect of
different CTAB/Ti ratios on the structure of mesoporous of TiO2

with high surface area of 280–370 m2 g�1. In the present work, we
observed that yellow precipitates were formed when PTA solution
was added into colorless and transparent aqueous solutions of
CTAB and NH4F. The higher the concentration of CTAB solution was,
the sooner the precipitates presented, which indicated that the
more CTAB enhanced the transformation from PTA to anatase TiO2

particles. This conclusion is coincident with the XRD results shown
in Fig. 2. In addition, the PTA micell might be bound to the micell
group of CTAB, leading to a network structure during the formation
of codoped anatase TiO2 from PTA micell. The interaction between
TiO2 and CTAB resulted in the mesoporous structure after CTAB was
removed by ethanol washing repeatedly.

X-ray photoelectron spectroscopy (XPS) survey spectrum (not
shown here) indicated that F–N-codoped TiO2 photocatalysts
contain predominantly Ti, O, N and F elements and a trace amount
of carbon. Fig. 7 represents the high-resolution XPS spectra of the
Ti 2p, O 1s, F 1s and N 1s region, taken on the sample prepared
with starting CTAB concentration of 10 mM. By calculating, the
total surface concentrations of Ti, O, F and N were estimated to be
28.7, 65.2, 2.4, and 3.7 at%, respectively. The spin–orbit compo-
nents (2p3/2 and 2p1/2) of Ti 2p peaks are well deconvoluted by
two curves at 458.9 and 464.6 eV (Fig. 7a) with a split of 5.7 eV
between the doublets, indicating that Ti exists in the Ti4+ form
[32]. The O 1s signal is shown in Fig. 7b. By curve fitting, the peak
at 530.3 eV corresponds to lattice oxygen of TiO2, and a shoulder
located at higher binding energy of 532.4 eV is assigned to mixed
contributions from surface hydroxides [33].

The F 1s region is composed of two contributions (Fig. 7c). The
main contribution at 685.0 eV can be assigned to F� ions
physically adsorbed on the surface of samples and the minor
contribution at 686.8 eV attributed to the doped F atoms in TiO2,
which is similar with that of some literatures [34]. The N 1s XPS
spectrum shown in Fig. 7d also reveals a large broadness, which
can be deconvoluted by two peaks with the binding energies at
400.2 and 401.9 eV and has been assigned to N in NOx species by
many researchers [35–37].

Fig. 8 compares the UV–vis DRS of F–N-codoped TiO2 powders
prepared with varying starting CTAB concentrations over the
wavelength range of 250–650 nm. The codoping of nitrogen and
fluorine resulted in a new obvious absorption band in the visible
range, suggesting that the resulting samples can be activated
by visible light. Furthermore, the absorption edge of new
band shifted toward higher wavelength on the whole with
increasing CTAB concentration. For example, the sample prepared
with CTAB concentration of 10 mM showed visible-light absorp-
tion up to 600 nm.
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Fig. 4. TEM bright-field images of F–N-codoped TiO2 prepared with starting CTAB surfactant of 0 mM (a, b) and 10 mM (c, d).

Fig. 5. Nitrogen adsorption–desorption isotherms of the F–N-codoped TiO2

photocatalysts prepared at different CTAB concentrations.

Fig. 6. Pore size distributions of F–N-codoped TiO2 prepared with different CTAB

concentrations derived from the desorption branches using the BJH method.
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The significant red shift of the F–N-codoped TiO2 powders
clearly indicates a much decrease in the band gap energy of the
as-prepared samples. Fig. 8 inset gives the plots of transformed
Kubelka-Munk function versus the band gap energy. The extra-
polation of the linear portion of the modified spectra to zero
absorption determines the band gap energies of the as-prepared
photocatalysts. In fact, there was F–N-induced midgaps for the
codoped TiO2, which were roughly estimated to be 2.3–2.6 eV for
the samples prepared with 0.1–40 mM CTAB concentration.

F-doping was reported not to cause shift in the fundamental
absorption edge of TiO2 [38], while in other case the spectral
absorption of the F-doped TiO2 was found to show a stronger
absorption in the UV–visible range and a red shift [34]. The
mechanism of visible-light responses for N-doped TiO2 is also
under debate. Uhm and co-workers [39] concluded that the red
shift in optical energy gap by N doping occurred because the
energy level for N2p state lied below the conduction band and
valence band edge of TiO2. Nakato and co-workers [40] reported
the mechanism that visible-light responses for N-doped TiO2

arised from formation of an N-induced (occupied) midgap level
slightly above the valence band edge. Sakatani and co-workers
[41] have attributed the visible responses to the paramagnetic
nitrogen species (such as NO, NO2, etc.). According to the analysis
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Fig. 7. Ti 2p (a), O 1s (b), F 1s (c) and N 1s (d) high-resolution XPS spectra of samples as-prepared with starting CTAB concentration of 10 mM.

Fig. 8. UV–vis diffuse reflectance spectra and plot of the modified Kubelka-Munk

(KM) function versus photon energy (E) for the reflectance spectra (inset) of F–N-

codoped TiO2 prepared with different CTAB concentrations.

Fig. 9. Photocatalytic degradation curves of MO under visible light irradiation in

the presence of the F–N-codoped TiO2 photocatalysts and P25 TiO2.

Y. Xie et al. / Journal of Solid State Chemistry 181 (2008) 1936–1942 1941
of XPS, the prominent visible light response shown in Fig. 8 might
be the synergetic effects of doping F atoms in TiO2 and NOx

species.
3.2. Visible-light-induced catalytic activity studies

The photocatalytic degrading curves are displayed in Fig. 9. It
was found that after the powder samples have been dispersed into
the MO aqueous solution for 30 min under no light irradiation, a
decrease in the concentration of MO solution occurred, which was
attributed to the adsorption of the TiO2-based powders for MO
molecules. This adsorption was greatly enhanced with increasing
dosages of surfactant CTAB, for example, the sample prepared
with starting CTAB concentration of 10 mM showed more than 20
times higher adsorption capacity for MO solution than P25 TiO2.
Table 1 shows that the relative coefficients (R) for all the products
were close to 1, suggesting that the degradation of MO in the
presence of the photocatalysts was first-order kinetics reaction.
The slopes of the lines (not shown here) obtained by fitting linear
ln(C0/C) via irradiation time (t) could be considered as the
photodegradation reaction rate constants. These rate constants
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indicated that the F–N-codoped TiO2 prepared with CTAB
exhibited excellent visible-light activities for photodegradation
of MO, which increased overall with increasing reactive CTAB
concentration. Among them, the F–N-codoped sample prepared
with CTAB concentration of 10 mM achieved the highest photo-
degradation activity with a MO conversion of 92.9% and 97.2%
after 2 and 4 h irradiation, respectively, which was more than six
times higher than that by Degussa P25 TiO2. The increase in the
photocatalytic activities of the sample prepared with CTAB might
be owing to the improvement of visible-light absorption and red
shift shown in Fig. 8 and the improvement of mesoporous
structure.
4. Conclusion

In summary, we reported the preparation of F–N-codoped TiO2

powders with mesoporous structure and good anatase crystal-
linity via sol–gel route using CTAB as surfactant for the first time.
F–N-codoping resulted in a new absorption band, which shifted
towards higher wavelength on the whole with increasing CTAB
concentration. The results showed that the photocatalysts
possessed a homogeneous pore diameter and a high surface area
of 106.3–160.7 m3 g�1. The sample prepared with starting CTAB
concentration of 10 mM showed an obvious spectral absorption up
to 600 nm, and had more than six times higher photocatalytic
activity and more than 20 times higher adsorption capacity for
MO solution than those of P25 TiO2. The present photocatalytic
system with mesoporous F–N-codoped TiO2 might be a good
candidate to convert abundant visible or solar light energy into
useful chemical energy.
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