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a b s t r a c t

In the search for efficient photocatalysts working under visible light, we have investigated the effect of
metal ions (Bi/Co, Fe/Co) codoping on the photocatalytic activity of TiO2 prepared by stearic acid gel
method. UV–vis spectra revealed that doped Co enhanced the absorbency of TiO2 under visible light, and
Bi/Co codoped TiO2 showed higher absorbance than Fe/Co codoped TiO2. The photoreaction based on
vailable online 22 August 2008

eywords:
iO2

odoped
tearic acid gel method

the prepared samples for photodegradation of 20 mg/l rhodamine B solution was examined. The results
showed that Fe(0.1%)/Co(0.4%) codoped TiO2 had the highest photoactivity among all as-prepared samples
under visible light, though less absorbency of visible light, indicating that the photoactivity not only
benefits from absorbency but also relates to the cooperative effect of the two dopants.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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. Introduction

Dye pollutants are important sources of environmental con-
amination. They can be effectively removed in wastewater by the
hotocatalytic process of semiconductor photocatalysts. Up to date,
emarkable progresses have been made in the photodegradation of
ye pollutants under ultraviolet (UV) light, but less effort in the vis-

ble light. Therefore, effective utilization of visible light to degrade
ye pollutants from the viewpoint of using the solar energy is an
ttractive attempt [1].

Semiconductor photocatalysts such as CdS, ZnS, CdSe, etc. [2–3]
ave been studied extensively due to their ideal edge positions of
he valence and conduction bands for the oxidation and reduction.
ne of the disadvantages of this type of photocatalysts is photocor-

osion [4], i.e. CdS, ZnS, and CdSe are oxidized into ions by the hole
roduced in its valence band by itself. TiO2 as a semiconductor cat-
lyst is widely used in the photodegradation process because it is
heap, stable, nontoxic, and exhibits strong photoactivity. However,
ts band gap (3.0–3.2 eV) can only capture UV light. To extend the
esponse of TiO2 to visible light, the modified TiO2 systems by dop-

ng have been considered [5–9]. Many researches have focused on
oping some transition metals or nonmetal elements in TiO2. Some
roups have attempted to dope two kinds of elements in TiO2, i.e.
odoping [10–23]. Nevertheless, codoping two transition metal ions

∗ Corresponding author. Tel.: +86 431 85168397.
E-mail address: fqwu@mail.jlu.edu.cn (F. Wu).
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n TiO2 to improve its photoactivity under visible light was rarely
eported [23].

In this paper, Fe(III)/Co(II) and Bi(III)/Co(II) were codoped into
iO2 by stearic acid gel method, and the photocatalytic properties
f as-prepared samples were evaluated with 20 mg/L rhodamine B
RB, C28H31N2O3Cl), a xanthene dye, under UV and visible light.

. Experimental

.1. Preparation of catalysts

The doped TiO2 nanocrystals were prepared by adding titanium
etraisopropoxide (CP, 2.5 ml) to the melting stearic acid (AR, 10 g)
ith vigorous stirring at 70 ◦C, and then metal acetates (CP) were

dded to the mixture. The molar concentrations of monodoped
e(III), Co(II) or Bi(III) in TiO2 were controlled to be 0.5%, and
odoped Fe(III)/Co(II) or Bi(III)/Co(II) in TiO2 were controlled to be
.1%:0.4%, 0.25%:0.25%, 0.4%:0.1%, and 0.5%:0.5%. After 2 h, the mix-
ure was cooled down in cold water, then combusted in air at 300 ◦C,
nd subsequently calcined at 450 ◦C for 2 h in atmosphere.

.2. Characterization of catalysts
X-ray powder diffraction (XRD) analysis was carried out using a
himadzu LabX XRD-6000. Specific surface areas were measured by
he BET method employing a nitrogen adsorption–desorption ana-
yzer (Quantachrome Autosorb-1C). Scanning electron microscopy
SEM) studies were performed with a JEOL JSM-6700F. UV–vis dif-

ghts reserved.
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Table 1
The crystal size, percent of rutile and BET surface area of samples

Sample IR/IA Percent of rutile (%) Crystal size (nm) BET (m2/g)

Undoped TiO2 0.11 11.7 11.8 91.3
Fe(0.5%) 0.09 9.7 12.8 74.1
Fe(0.4%)/Co(0.1%) 0.14 14.4 10.5 108.5
Fe(0.25%)/Co(0.25%) 0.09 9.7 11.7
Fe(0.1%)/Co(0.4%) 0.10 10.7 11.4 91.0
Co(0.5%) 0.09 9.7 12.1 72.6
Fe(0.5%)/Co(0.5%) 0.14 14.4 12.5

Bi(0.5%) 0.12 12.6 11.6 79.2
Bi(0.4%)/Co(0.1%) 0.08 8.8 10.6
Bi(0.25%)/Co(0.25%) 0.09 9.7 11.3 93.2
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Fig. 1. Schematic diagram of the photoreactor.

use reflectance spectra analysis was performed with Perkin–Elmer
ambda 20.

.3. Photochemical reaction

The experiment was performed in a jacketed column quartz
eactor (700 ml). The schematic diagram of photoreactor is shown
n Fig. 1. The UV light source was obtained through high pressure
g lamp (300 W) with an emission wavelength range from 320 to
50 nm centered at 365 nm. The artificial visible light source was
btained through Xe lamp (500 W) with an emission wavelength
ange from 290 to 800 nm, and NaNO2 solution was circulated
hrough the cooling jacket to filter out the UV emission of the lamp
elow 400 nm. The lamp was put in a quartz tube and then placed

nside the reactor. The reaction temperature was maintained at
5 ◦C by cooling water in the cooling jacket of the reactor. The initial
oncentration of RB was 20 mg/L and the catalyst was 1.0 g/L. After
tirring magnetically in the dark for 30 min, the light was turned
n and it was treated as the starting point (t = 0) of the reaction,

here the concentration of RB was designed as C0. The sample solu-

ions were collected at regular intervals for subsequent analysis by
Shimadzu UV-2450 spectrophotometer to determine the concen-

ration of RB (C) at the time, the sampling volume was 2 ml each
ime. The maximum absorption wavelength for the measurement

n
s
p
i

ig. 2. XRD patterns of as-prepared samples ((a) undoped TiO2, (b) Fe(0.5%)-TiO2, (c) Fe
o(0.5%)-TiO2, (g) Fe(0.5%)/Co(0.5%)-TiO2, (h) Bi(0.5%)-TiO2, (i) Bi(0.4%)/Co(0.1%)-TiO2, (j)
i(0.1%)/Co(0.4%) 0.07 7.7 11.2
o(0.5%) 0.09 9.7 12.1 72.6
i(0.5%)/Co(0.5%) 0.08 8.8 10.2 105.7

f RB was found to be 554 nm, the RB concentration was calcu-
ated by the calibration curve of RB concentration at wavelength of
54 nm.

. Results and discussions

.1. Characterization of photocatalysts

XRD is used to investigate the phase structure of the samples.
he characteristic peaks of rutile and anatase are indicated in Fig. 2.
o additional peaks except for the TiO2 are observed, this may be
ue to the small amount of dopants or their high dispersion in sam-
les. The peak at 25.4◦ was used to calculate the average crystal
ize by Scherrer equation. The crystal sizes of all samples shown
n Table 1 are about 11 nm, which demonstrates that the samples
onsist of nanocrystals and the doped ion has no obvious influence
n their crystal sizes.

Comparing the characteristic peak intensities of the rutile (27.4◦)
nd the anatase (25.4◦) forms revealed that all as-prepared samples
ad similar intensity ratio IR/IA (Table 1) of the two crystal phases.

n general, the intensity of characteristic peaks is proportional to
he content of corresponding crystal phases. Similar intensity ratio

eans that the doped ion has no obvious influence on the percent
f two phases. It also can be found from Table 1 that the surface
reas of samples were around 90 m2/g.
The morphology of the samples was detected by using a scan-
ing electron microscopy (SEM). The SEM micrographs of the
amples (Fig. 3) show that the samples consist of agglomerated
articles, and the amounts of doped metal ions had not obvious

nfluence on the morphology of the samples.

(0.4%)/Co(0.1%)-TiO2, (d) Fe(0.25%)/Co(0.25%)-TiO2, (e) Fe(0.1%)/Co(0.4%)-TiO2, (f)
Bi(0.25%)/Co(0.25%)-TiO2, (k) Bi(0.1%)/Co(0.4%)-TiO2, (l) Bi(0.5%)/Co(0.5%)-TiO2).
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Fig. 3. SEM micrographs of ((a) Fe(0.5%)-TiO2, (b) Fe(0.4%)/Co

Fig. 4 shows the UV–vis absorption spectra of as-prepared sam-
les. The Co-monodoped TiO2 (curve f) absorbed a larger amount
f visible light than the undoped TiO2 (curve a), and Fe or Bi-
onodoped TiO2 (curve b, h), indicating that the doped Co in TiO2

nduced intense absorbency of visible light. Fe/Co codoped TiO2
howed the lower absorbency than Co monodoped TiO2, and Bi/Co
odoped TiO2 exhibited the higher absorbency than Co monodoped
iO2. The absorbency of as-prepared samples in the visible light
egion followed the order: Bi/Co codoped TiO2 > Co monodoped
iO2 > Fe/Co codoped TiO2; the results may be explained by the
ooperative effect of the two metal ion dopants in the photoab-
orption.
.2. Photocatalytic performance

The degradation profiles for Fe/Co doped TiO2 under UV and
isible light are shown in Fig. 5. As can be seen from Fig. 5(a),

t
I
t
s
4

ig. 4. UV–vis absorption spectra of as-prepared samples ((a) undoped TiO2, (b) Fe(0.5%)-T
iO2, (f) Co(0.5%)-TiO2, (g) Fe(0.5%)/Co(0.5%)-TiO2, (h) Bi(0.5%)-TiO2, (i) Bi(0.4%)/Co(0.1%)-
iO2).
-TiO2, (c) Fe(0.1%)/Co(0.4%)-TiO2, (d) Fe(0.5%)/Co(0.5%)-TiO2).

part from Co(0.5%)-TiO2 and Fe(0.1%)/Co(0.4%)-TiO2, all the other
amples showed lower photoactivity than undoped TiO2, even
hough in the presence of Co(0.5%)-TiO2 and Fe(0.1%)/Co(0.4%)-
iO2, almost 70% RB was still remained in the solution under
llumination for 3 h, which implied that the photoactivity of
amples under UV did not benefit from Fe/Co doping. It was
upposed that when doping excess concentration of Fe, small
gglomerations of Fe2O3 formed at the surface of TiO2 par-
icles, which would result in the decrease of photoactivity
24].

But the photoreaction of Fe/Co doped TiO2 under visible light
howed relatively satisfying results (Fig. 5(b)). In the absence of

he photocatalysts, no observable degradation of the dye occurred.
n the presence of photocatalysts, Fe(0.1%)/Co(0.4%)-TiO2 exhibited
he highest photoactivity under visible light among all Fe/Co doped
amples, about 65% RB was photodegraded in the solution within
h.

iO2, (c) Fe(0.4%)/Co(0.1%)-TiO2, (d) Fe(0.25%)/Co(0.25%)-TiO2, (e) Fe(0.1%)/Co(0.4%)-
TiO2, (j) Bi(0.25%)/Co(0.25%)-TiO2, (k) Bi(0.1%)/Co(0.4%)-TiO2, (l) Bi(0.5%)/Co(0.5%)-
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the best performance on the photodegradation of RB among all
Bi/Co doped samples, but its photoactivity was lower than that
of Fe(0.1%)/Co(0.4%)-TiO2, though higher absorbency in the visible
light region (Fig. 4).
Fig. 5. Degradation profiles for Fe/Co doped TiO2

The results may be explained by the cooperative effect of the two
opants on photoactivity. Such a cooperative effect can promote
he charge carriers separation and interfacial charge transfer, thus
mprove the photoactivity of TiO2 under visible light [22].

For Fe(III) monodoped TiO2, Fe(III) ion can act as an electron
rap as well as a hole trap, the recombination of the photoexcited
harge carriers in the nanostructure can be restrained by Fe(III),
o the charge carriers will have a long lifetime. In general, a rela-
ive increase in the concentration of the long-lived charge carriers
esults in a corresponding increase in photoactivity. But at the same
ime, the excess concentration of Fe would also trap too many
harge carriers, the concentration of the available long-lived charge
arriers decreased that could result in a decrease in photoactivity
5,22].

For Co(II) monodoped TiO2, Co(II) mainly served as an elec-
ron trap [25]. The electrons, which were trapped on Co(II) sites,
ere subsequently transferred to the adsorbed oxygen to form

uperoxide radical ion O2
− (Co2+ + O2 → Co3+ + O2

−) [26]. Gener-
lly speaking, the faster transfer of electrons would speed up the
rocess of photocatalytic reaction. But the results do not show obvi-
us improvement in the photoactivity of Co(II) monodoped TiO2
ompared to undoped TiO2. It may be due to the increased recom-
ination of electrons with their mobile counterparts.

Thus, the monodoping with Fe(III) mainly improved charge car-
iers separation and Co(II) promoted interfacial charge transfer. But
he codoping can improve these two processes simultaneously. In

e/Co codoped TiO2 system, Fe(III) may mainly serve as a hole trap
nd Co(II) as an electron trap. Such trappings restrained the recom-
ination of charge carriers, and sped up interfacial charge transfer,
hich promoted the photoreaction. As a result, there was an opti-
al codoping concentration ratio (0.1%:0.4%) based on which the

F
p

Fig. 6. Degradation profiles for Bi/Co doped TiO2 under
UV and visible light ((a) UV and (b) visible light).

hotoactivity of sample under visible light was the highest, and
igher than that of Fe(III) or Co(II) monodoped TiO2.

The degradation profiles for Bi/Co doped TiO2 under UV and vis-
ble light are shown in Fig. 6. The photoactivity of Bi/Co doped TiO2
nder UV was slightly higher than that of Fe/Co doped TiO2, but
he results were still not satisfying. When the experiments were
erformed under visible light, Bi(0.25%)/Co(0.25%)-TiO exhibited
ig. 7. UV–vis spectra of RB solutions collected at different intervals during the
hotodegradation in the presence of Fe(0.1%)/Co(0.4%)-TiO2.

UV and visible light ((a) UV and (b) visible light).
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Fig. 8. Relationship between −Ln C/C0 and irradiation time.
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Fig. 9. The XRD patterns (a) and degradation profiles (

For Bi(III) doped TiO2, Bi(III) behaved as sites where electrons
ccumulated [27]. Better separation of electrons and holes on the
odified TiO2 surface allowed more efficient channeling of the

harge carriers into useful reduction and oxidation reaction rather
han recombination reaction.

In Bi/Co codoped TiO2 system, both Bi(III) and Co(II) only
mproved interfacial charge transfer. So Bi/Co codoping cannot
nhance the photoactivity of sample under visible light as much
s Fe/Co codoping.

The UV–vis spectra recorded during the photodegradation of
B in the presence of Fe(0.1%)/Co(0.4%)-TiO2 are shown in Fig. 7.

n the process of photodegradation, we observed that the colour of
olution weakened gradually. Moreover, the intensity of absorption
pectra shown in Fig. 7 decreases with the increase in irradiation
ime, and all the absorption peaks disappear after 8 h. This implies
hat RB not only decolorized but also mineralized under visible light
rradiation.

Fig. 8 shows the −Ln C/C0 of RB versus irradiation time t for the
ifferent catalysts. A approximate linear relationship of −Ln C/C0
ersus t indicates that the photodegradation processes of RB tended
o follow pseudo-first-order kinetic model in the presence of
he catalysts studied in this paper. The apparent rate constants
or Fe(0.1%)/Co(0.4%)-TiO2 and Bi(0.25%)/Co(0.25%)-TiO2 were esti-

ated from the slope of −Ln C/C0 versus t to be 4.12 × 10−3 min−1

nd 3.15 × 10−3 min−1, respectively.

The best performing photocatalyst Fe(0.1%)/Co(0.4%)-TiO2 was

ubjected to reuse in the presence of visible light irradiation. Fig. 9
hows that the phase structure of photocatalyst remained consis-
ent, but the efficiency decreased about 5% after each reuse. The
rop in the photoactivity of reused photocatalyst may be due to the

i
o
c
c
l

er visible light for the reused Fe(0.1%)/Co(0.4%)-TiO2.

dsorption of the original compound and/or by-products (adsorbed
pecies) on the active sites of the catalyst surface, the reduction
f the number of available photoactive sites resulted in the drop
n the photoactivity [28]. Further use of the catalyst is also possi-
le with lesser efficiency after the catalyst is filtered, washed and
ried in sequence. However, we still continue to do further work
o improve its recyclability from the viewpoint of application in
ractice.

. Conclusions

In summary, Bi/Co and Fe/Co codoped TiO2 were prepared by
tearic acid gel method. XRD patterns showed that nanocrystals
ormed, and SEM micrographs showed that the samples consist
f agglomerated particles. UV–vis spectra revealed that doped Co
nduced intense absorption of visible light, and the absorbency
f as-prepared samples in the visible light region followed the
rder: Bi/Co codoped TiO2 > Co monodoped TiO2 > Fe/Co codoped
iO2. The photoactivity of as-prepared samples was evaluated
y the photodegradation of 20 mg/l RB solution under visible
ight. The results showed that monodoping Co or Bi was less
ffective for photoreaction, and monodoping Fe had a negative
ffect on the photoactivity of sample. But codoping Bi/Co or
e/Co improved the photoactivity of as-prepared samples, and
e(0.1%)/Co(0.4%)-TiO2 showed the highest photoactivity under vis-

ble light among all as-prepared samples, though less absorbency
f visible light. It can be explained by the reason that the Fe/Co
odoping improved the charge carriers separation and interfa-
ial charge transfer to achieve a higher utilization rate of visible
ight.
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