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a b s t r a c t

Bi, C and N codoped TiO2 photocatalysts were prepared by doping TiO2 with BiCl3 and KSCN in a sol–gel
process (denoted as (Bi,SCN)-TiO2). The catalyst samples were then characterized by XRD, TEM, diffuse
reflectance spectra (DRS), XPS, FT-IR and N2 sorption. Bi, C and N elements were detected both by XPS and

−
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elemental analysis, while S element was not found, suggesting that SCN group may have decomposed
during the sol–gel process. The effects of the doping on the properties and photocatalytic activity of
the TiO2 were investigated. It was found that the cation and the anion affected the properties of TiO2

differently. The optical absorption onset of TiO2 red shifted in the presence of Bi3+, while long tail occurred
in the presence of SCN−. The order of photoreactivity for TiO2 samples was as follow: (Bi,SCN)-TiO2 > Bi-
TiO2 > undoped TiO2 > p25 TiO2, whatever under UV or visible light illumination. The high photoreactivity
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. Introduction

A great deal of effort has been devoted in recent years to
eveloping heterogeneous photocatalysts with high activities for
nvironmental applications, such as air purification, water disin-
ection, hazardous waste remediation, and water purification [1,2].
mong various oxide semiconductor photocatalysts, titania has
roven to be the most suitable for environmental applications for

ts chemical inertness, strong oxidizing power, cost effectiveness,
nd long-term stability [3,4].

The primary event occurring on the illuminated TiO2 is the gen-
ration of ecb

− and hvb
+. In these reactions, the organic pollutants

re oxidized by the photogenerated holes or by reactive oxygen
pecies such as OH• and O2

− radicals formed on the irradiated
iO2 surface. However, a problem in the application of TiO2 as a
hotocatalyst is the large band gap energy, i.e. anatase only shows
hotocatalytic activity under UV-light irradiation of wavelengths
387 nm, corresponding to its band gap value of 3.2 eV.

Many studies have revealed that doping TiO2 with nonmetal
toms, such as N [5], S [6], C [7], I [8], Br and Cl [9] shifts the
ptical absorption edge of TiO2 to lower energies, thereby increas-
ng the photoactivities. Another way of extending the TiO2 spectral

esponse and of improving its photoreactivity is doped with transi-
ion metals. Doping of transition metal ions including Cr [10], V [11]
nd Fe [12] have been investigated. Recently, we found that the pho-
oreactivity of TiO2 was greatly improved when doping with Bi [13].

∗ Corresponding author. Fax: +86 27 67842752.
E-mail address: Dengkj@scuec.edu.cn (K. Deng).
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hoi et al. [14] found that the photoreactivity of doped TiO2 appears
o be a complex function of the dopant concentration, the energy
evel of dopants within the TiO2 lattice, their d electronic configura-
ion, the distribution of dopants, the electron donor concentration,
nd the light intensity.

However, the effect of codoping by both cation and anion on
he photocatalytic activity was seldom reported. Zhao et al. stud-
ed the TiO2 doping with both a nonmetal element, boron, and a

etal oxide, Ni2O3 [15]. They found that incorporation of B into
iO2 extended the spectral response to the visible region and that
he photocatalytic activity was greatly enhanced as it was further
oaded with Ni2O3.

Recently, a number of Bi-based photocatalysts, such as NaBiO3
16], Bi3O4Cl [17], Bi4Ti3O12 [18] and Bi2WO4 [3], were synthesized;
hese materials showed high photocatalytic activities even under
isible light irradiation. It seems that bismuth maybe a proper can-
idate dopant element to extend the TiO2 spectral response and
hus to improve its photoreactivity. Another goal of the paper is to
tudy the synergistic effects of codoping by both cation and anion
n the photocatalytic activity of TiO2. Here we report on doped TiO2
ith both Bi3+ and SCN− by a simple method of modified sol–gel

ynthesis.

. Experimental
.1. Catalyst synthesis

Titanium n-butoxide (TTBO), KSCN, BiCl3 and phenol were
btained from Shanghai. Chemical Co., China. The target dye pollu-
ants, RhB (Fig. 1), was obtained from Acros Chem. Co. Commercial

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Dengkj@scuec.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.03.111
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anatase form, whereas the XRD peaks at 2� = 27.42 (1 1 0) are taken
as the rutile form [19]. Fig. 2 shows the XRD patterns of TiO2. It
could be seen that the prepared pure TiO2 was of pure anatase
form (Fig. 2b). However, the intensity of the peaks at 2� = 25.25◦

decreased sharply and three new peaks at 2� = 25.92, 32.54 and
Fig. 1. Structure and electronic spectrum of rhodamine B (RhB).

25 (Degussa, 50 m2/g, 80% anatase and 20% rutile) was used as
eference sample. Doubly distilled water was used throughout this
tudy, and the pH of the solution was adjusted by diluted aqueous
olutions of HClO4 and NaOH.

The catalyst (Bi,SCN)-TiO2, were prepared by the sol–gel
ethod. In a typical preparation procedure, 10 ml TTBO was added

ropwise to another mixture consisting of 5 ml of acetic acid and
0 ml of anhydrous ethanol under vigorous stirring at room tem-
erature, and then 20 ml ethanol containing 0.3 mmol BiCl3 and
.1 mmol KSCN was added dropwise to the solution. After that,
5 ml water was added to form a slurry. The slurry was transferred
o a 100 ml autoclave fitted with Teflon liner. The autoclave was

aintained at 180 ◦C for 14 h and then air cooled to room tem-
erature. The gray precipitate was collected, washed with distilled
ater. To prevent from sintering, the catalysts were dried under

nfrared irradiation instead of calcinations. Pure TiO2 (undoped
iO2), SCN-doped (SCN-TiO2) and Bi3+ doped TiO2 (Bi-TiO2) sam-
les were synthesized using the same method except the addition
f BiCl3 and/or KSCN.

.2. Catalyst characterizations

The X-ray diffraction (XRD) patterns obtained on a D8-advance
-ray diffractometer (German Bruker) using Cu K� radiation at
scan rate of 0.02◦ S−1 were used to determine the crystallite

ize and identity. The acceleration voltage and the applied cur-
ent were 200 kV and 20 mA, respectively. The average crystallite
ize of anatase was determined according to the Scherrer equation
sing FWHM data after correcting the instrumental broadening.
V–vis absorption spectra of TiO2 powder were obtained for the
ry-processed disk samples using a UV–vis spectrophotometer
Lambda, Bio 35, PE Co., U.S.A.). Absorption spectra were referenced
o BaSO4. X-ray photoelectron spectroscopy (XPS) measurement
as done using Multilab 2000 XPS system with a monochromatic
g K� source and a charge neutralizer, all the binding energies
ere referenced to the C 1s peak at 284.4 eV of the surface adven-

itious carbon. Transmission electron microscopy (TEM, Tecnai
20, FEI Co., U.S.A.) with an acceleration voltage of 200 KeV was
sed to examine the morphology and particle size. FT-IR spectra
ere recorded on a NEXUIS-470 infrared spectrometer (Nicolet Co.,

.S.A.). Nitrogen adsorption–desorption isotherms were collected
n a Micrometrics ASAP2010 adsorption analyzer at −196 ◦C (77 K).

A Shimadzu AA-646 atomic absorption spectrophotometer
quipped with a bismuth, hollow-cathode lamp was used to deter-
ination the concentration of Bi3+ in TiO2 samples, and BiCl3 was

F
a

aterials 161 (2009) 396–401 397

sed to prepare the standard solutions. The following instrumen-
al parameters were used: wavelength = 223 nm, slit = 0.2 nm and
ource = 5 mA.

.3. Photoactivity measurement

The effect of pH on the degradation of the organic pollutants
as been studied in our previous work, and lower pH (higher acid-

ty) favors for the degradation of RhB [13]. The light source was a
00-W halogen lamp (Institute of Electric Light Source, Shanghai,
hina) and cutoff at 320 nm by the Pyrex-glass reactor, or equipped
ith a glass cutoff filter to completely remove any radiation below

20 nm to ensure illumination by visible light source only. Before
ight irradiation, 50 ml TiO2 suspension (pH 2.0) containing RhB
1.0 × 10−4 mol/l) or phenol (2.0 × 10−4 mol/l) was first sonicated
or 5 min, and shaken at a constant rate in the dark overnight. At
iven time intervals of illumination, a 3 ml aliquot was drawn, cen-
rifuged, and 1.0 ml of the supernatant was diluted in a 10-ml flask
or analysis. The structure and the electronic absorption spectra of
hB at pH 2.0 and pH 6.0 were shown in Fig. 1, and its absorption
pectra showed little change at the solution pH ranged from 6.0 to
.0.

The profile of photocatalytic degradation rate constants of RhB
s a function of TiO2 concentration showed that the optimum load-
ng of TiO2 was 0.9g/l [13]. Thus, this dosage of TiO2 was used
hroughout the experiment and the solution pH was adjusted to 2.0
efore irradiation. The analysis of RhB was performed using UV–vis
pectrophotometer and the absorbance of the filtrate at 550 nm was
easure to determinate the concentration change, while phenol
as analysed using a Varian HPLC system consisted of a UVD 340S
iode Array detector with an intersil ODS-3C18 reverse column

5 �m, 250 mm × 4.6 mm).

. Results and discussion

.1. Measurements of XRD, TEM, DRS, XPS and FT-IR

XRD was usually used for identification of the crystal phase
nd to estimate the anatase to rutile ratio as well as the crystal-
ite size of each of the phases present. The XRD peaks at around
� = 25.25◦(1 0 1) in the spectrum of TiO2 are identified as the

◦

ig. 2. XRD patterns of p25 TiO2 (a), undoped-TiO2 (b), Bi-TiO2 (c), SCN−-TiO2 (d)
nd (Bi,SCN)-TiO2 (e).
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shown in Fig. 5. XPS peaks show that (Bi,SCN)-TiO2 powder contains
only Ti, Bi, O, C and a trace amount of N, and the signal of S was negli-
gible. Through elemental analysis, the contents of C and N were 1.4%
and 0.88%, respectively, while S element was not detected. These
Fig. 3. Transmission electron mic

3.52◦ appeared simultaneously when it was doped with Bi3+

Fig. 2c and e). It suggests that bismuth oxides or BixTiOy phases
ay be formed in the doped sample, or alternatively titanium

tom may have substituted bismuth atom in the Bi2O3 lattice
nd a Ti O Bi bond may have formed. Both the formation of
i O Bi bond and charge imbalance might greatly affect the chem-
cal state of the Bi-TiO2 surface. The average crystallite sizes of
he TiO2 samples were as follows: undoped TiO2(12 nm), SCN-
iO2(7.6 nm), Bi-TiO2(4.9 nm) and (Bi,SCN)-TiO2(3.0 nm), according
o the Scherer equation. On doping with the anion, SCN−, the XRD
f the resulting material remained unchanged from the undoped
ample and no other new diffraction peaks appeared (Fig. 2b and
), indicating no obvious change in the lattice of TiO2 occurred on
oping with the anion.

Fig. 3 shows the TEM photograph of the undoped TiO2(A), SCN-
iO2(B), Bi-TiO2 (C), and (Bi,SCN)-TiO2 (D). It is found that all the
repared TiO2 nanoparticles appear similarly prism-shaped, with
verage particle size of about 10 nm.

Prior to evaluation of the photooxidation activity, the diffuse
eflectance spectra (DRS) of the catalysts were measured, as shown
n Fig. 4. Although the shape of the curve of the DRS spectrum
f Bi-TiO2 nanoparticles did not change after Bi3+ doping, it is
ound that the sharp decrease in DRS spectrum red shifted for
bout 15 nm (390 nm for undoped TiO2 and 405 nm for Bi-TiO2).
he codoping of TiO2 with SCN− resulted in the sharp decrease
ed shifted for another 10 nm (up to 415 nm) and the long tail

p to about 800 nm was obvious in DRS spectrum. The sharp
ecrease in the optical absorption spectrum is due to the band
ap transition and the long tail is probably caused by the lattice
efects, such as oxygen vacancies [16]. The optical band gaps, judg-

ng from the onset of the DRS, were estimated to be about 3.1 eV
F
T

hs of the prepared TiO2 samples.

or Bi-TiO2 and 3.0 eV for (Bi,SCN)-TiO2 from the sharp decrease
round 405 and 415 nm, respectively, due to the band gap transi-
ion [16]. Because (Bi,SCN)-TiO2 absorbs a larger amount of visible
ight than Bi-TiO2 and pure TiO2, it could be a promising visible
ight photocatalyst.

The XPS spectra of (Bi,SCN)-TiO nanoparticles surface are
ig. 4. Optical absorption spectra of p25 TiO2, undoped TiO2, Bi-TiO2 and (Bi,SCN)-
iO2.
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Fig. 5. XPS survey spect

esults suggest that SCN− group may have decomposed during the
ol–gel process. The content of bismuth was 1.8%, according to the
tomic absorption spectroscopy (AAS).

The binding energy of Ti 2p is 459.0 eV, which is 0.8 eV higher
han that of pure TiO2 (458.2 eV) [20], due to the decrease of the
lectron density around the Ti4+ ions when doped with Bi3+ ions. At
he same time, the binding energy of Bi 4f decreased to 160.03 eV,
hereas the binding energy was reported to be 162.3 eV in bis-
uth trichloride [13]. These results infer that the Bi O Ti bonds
ay have been formed in the Bi-doped TiO2 samples. The amount of

ismuth atom is about at. 0.7%, according to XPS, which was consis-
ent with the result measured by AAS (atomic absorption spectrum,
ith an error of ±2%).

Fig. 6 shows the IR spectra of TiO2. The bands appearing at about
425 cm−1 in Bi-TiO2, corresponds to the stretching vibration of
H groups linking with titanium atoms (Ti-OH) and the band at
630 cm−1 is the flexion vibration of OH group in adsorbed water
21,22]. These results confirm the presence of hydroxyl group in the
tructure of the samples. The adsorbed water and hydroxyl group
re crucial to the photocatalytic reactions since they react with
hoto-excited holes on the catalyst surface to produce hydroxyl
adicals, which are powerful oxidant. The small absorption band

t 2974 cm−1 is probably caused by the stretching mode of unre-
cted ethoxy groups such as -Ti-OC4H9 [21]. The band centered
t 1332 cm−1 is assigned to bending vibrations of C H bond in
he species linking -Ti-O-Ti- structural network. The intensity of

Fig. 6. IR spectra of p25 TiO2 (a), Bi-TiO2 (b) and (Bi,SCN)-TiO2 (c) powders.
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Bi,SCN)-TiO2 powders.

he absorption at 1044 cm−1, probably due to Bi-O-Ti stretching,
ncreases with increasing Bi content in Bi-TiO2 samples (not shown
ere). A new absorption peak appeared at 1523 cm−1 in (Bi,SCN)-
iO2 sample, which was attributed to the N-O stretching vibrations.
he peak at around 600 cm−1 was ascribed to absorption bands of
i-O and O-Ti-O flexion vibration.

.2. Nitrogen sorption

The Brunauer–Emmett–Teller (BET) specific surface areas, pore
olumes of TiO2 samples were summarized in Table 1. Compared
ith p25 TiO2, the particle size of the prepared TiO2 samples is
uch smaller, resulting in larger specific area. Small particle size

ould shorten the route for an electron migrates from the conduc-
ion band of the TiO2 to its surface, while large surface area could
rovide more active sites and absorb more reactive species.

.3. Measurement of photocatalytic activity

The adsorption of RhB (a cationic dye) on the surface of the
iO2 catalyst is negligible due to the static repulse, as the par-
icles are positively charged in acidic medium. To compare the
atalytic activity of the catalysts, p25 TiO2, undoped TiO2, Bi-TiO2
nd (Bi,SCN)-TiO2 were used in the 1.0 × 10−4 mol/l RhB, respec-
ively, under UV and visible light illumination (Fig. 7). The kinetic
ata was well fitted by the apparent first-order rate equation, and
he rate constants are listed in Table 2. Control experiment showed
hat the bleaching of RhB is very slow under UV light, with an
pparent first-order rate constant of 0.081 h−1. From the table, it
an be seen that the order of photocatalytic activity of TiO2 sam-
les was as following: (Bi,SCN)-TiO2 > Bi-TiO2 > undoped TiO2 > p25
iO2, whatever under UV or visible light illumination. (Bi,SCN)-TiO2
s an efficient photocatalyst with an rate constant of 3.74 and 7.65

imes higher than that of p25 TiO2, under UV and visible light irra-
iation, respectively. Considering that RhB can also be degraded
ia photosensitization pathway, phenol, a colorless organic pollu-
ant, was performed in p25 TiO2 and (Bi,SCN)-TiO2 suspensions
nder visible light illumination (Fig. 8). The degradation of phe-

able 1
extural properties of TiO2 samples

ample ABET (m2/g) VBJH (cm3/g)

ndoped TiO2 106.1 0.156
i-TiO2 146.2 0.228
Bi,SCN)-TiO2 161.8 0.237
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Fig. 7. Kinetics of degradation of RhB (1.0 × 10−4 M, pH 2.0) un

ol was very slow in p25 TiO2 suspension, with a rate constant of
.0070 h−1. However (Bi,SCN)-TiO2 showed much higher photoac-
ivity in the degradation of phenol, with a rate constant of 0.13 h−1

nder the same condition. Thus, the photoreactivity of (Bi,SCN)-
iO2 was 18.6 times higher than that of p25 TiO2 under visible light
rradiation.

During hydro-thermal treatment, guest metal oxides or dopants
ay react with titania to form new crystalline phases (Fig. 2). In

he case of the Ti Bi O system, titania reacts with Bi3+ ions to pro-

uce BixTiOy, and then BixTiOy/TiO2 heterojunction maybe formed.
eterojunctions of Cu2O/TiO2, Bi2O3/TiO2 and ZnMn2O4/TiO2 has
een studied in the literatures [23]. In case of ZnMn2O4/TiO2 het-
rojunctions, it was found that electrons created on the conduction

able 2
pparent first-order rate constants for the photocatalytic degradation of RhB on TiO2

n water at pH 2.0 under UV (� > 320 nm) or visible light (� > 420 nm) illumination

atalyst 320kfirst (h−1) 320R 420kfirst (h−1) 420R

25 TiO2 0.38 0.999 0.051 0.998
ndoped TiO2 0.44 0.979 0.094 0.992
i-TiO2 1.10 0.996 0.37 0.996
Bi,SCN)-TiO2 1.42 0.998 0.39 0.966

he kinetic data was fitted by the apparent first-order rate equation, ln(C/C0) = kfirst

, where kfirst is rate constant, C and C0 are the concentration of RhB at irradiation
ime t = 0 and t, respectively. R is the linear regression coefficient.

ig. 8. Kinetics of degradation of phenol (1.0 × 10−4 mol/l, pH 2.0) under visible light
� > 420 nm) irradiation.
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V (� > 320 nm, A) and visible light (� > 420 nm, B) irradiation.

and of TiO2 can be injected in the conduction band of ZnMn2O4,
nd holes generated on the TiO2 valence band can be transferred
o ZnMn2O4. Thus, the electrons and holes can be effectively sepa-
ated and combination were greatly suppressed in heterojunctions
fter irradiation. Heterojunction effects between BixTiOy and TiO2
ay also exist and be responsible for the higher photoreactivity

i-TiO2. The related study is still in progress.
The doping of TiO2 with anion, SCN−, resulted in the lattice

efects, such as oxygen vacancies, which enhanced the visible light
bsorptive capability further (Fig. 4). Oxygen vacancies have been
emonstrated by electron spin resonance (ESR) measurements in
doped TiO2, and the study of Ihara showed that it is the oxygen

acancies that contribution to the Vis activity in N-doped TiO2 [24].
recent study by Serpone has also proposed the formation of oxy-

en vacancies and thus the advent of color centers (e. g., F, F+, F++
nd Ti3+) were responsible for the absorption of the visible light in
nions (N, C, and S mostly) doped TiO2 [25].

It should be noted that dyes, such as RhB, can also be degraded
hrough photosensitization pathway. In that case, it is the dye rather
han TiO2 was excited under the irradiated of light with energy
maller than the band gap of TiO2. But the degradation of the dye by
hotosensitizing is much slower than photocatalytic degradation
athway.

. Conclusions

The goals both of extending the TiO2 spectral response to the
isible region and of improving its photocatalytic activity are real-
zed by modification with BiCl3 and KSCN. The photocatalyst shows

uch higher photoreactivity than p25 TiO2 on the degradation of
rganic pollutants (RhB and phenol) both under UV and visible
ight irradiation. Doping of TiO2 with Bi3+ resulted in the formation
f BixTiOy, and the heterojunction effects of BixTiOy/TiO2 maybe
esponsible for the higher photoreactivity of Bi3+ doped TiO2. How-
ver, lattice defects, such as oxygen vacancies, may be formed in the
resence of SCN−. Doping of TiO2 with Bi3+ and SCN− enhanced the
eparation of the carriers (electron and holes) and light absorptive
apability, and thus the photoreactivity. The special physical prop-
rties also contributed to the high photoreactivity of (Bi,SCN)-TiO2.
cknowledgements
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