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Abstract

Nitrogen and cerium codoped TiO2 photocatalysts were prepared by a modified sol–gel process with doping precursors of cerium

nitrate and urea, and characterized by X-ray diffraction (XRD), thermogravimetry–differential scanning calorimetry (TG–DSC), X-ray

photoelectron spectra (XPS) and ultraviolet–visible light diffuse reflectance spectra (UV–vis DRS). Results indicate that anatase TiO2 is

the dominant crystalline type in as-prepared samples, and CeO2 crystallites appear as the doping ratio of Ce/Ti reaches to 3.0 at%. The

TiO2 starts to transform from amorphous phase to anatase at 987.1K during calcination, according to the TG–DSC curves. The XPS

show that three major metal ions of Ce3+, Ce4+, Ti4+ and one minor metal ion of Ti3+ coexist on the surface. The codoped TiO2

exhibits significant absorption within the range of 400–500 nm compared to the non-doped and only nitrogen-doped TiO2. The enhanced

photocatalytic activity of the codoped TiO2 is demonstrated through degradation of methyl orange under visible light irradiation.

r 2008 Published by Elsevier Inc.

Keywords: TiO2 photocatalyst; Codoping; Nitrogen; Cerium; Visible light
1. Introduction

TiO2 is one of the most promising photocatalyst due to
its optical and electronic properties, stability, low cost and
non-toxicity, and can be applied in eliminating persistent
organic pollutants in air or water [1–4]. However, the
widespread technological applications of TiO2 are impaired
by its wide band gap (3.2 eV) which requires ultraviolet
irradiation (wavelength lo387 nm) for photocatalytic
activation [3]. Research efforts have been performed to
synthesize specific TiO2 that can be effectively activated by
visible light, the main portion of solar light. It was initially
reported that the doping of various transitional metal ions
into TiO2 could shift its optical absorption edge from UV
e front matter r 2008 Published by Elsevier Inc.
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into visible light range, but a prominent change in TiO2

band gap was not observed [5,6].
Recently, Asahi et al. [7] reported that nitrogen doping

could narrow the band gap and hence induce the visible
light absorption of TiO2. Since then, more detailed efforts
have been devoted to the investigation of nitrogen doping
[1,2,8,9]. It was demonstrated that nitrogen doping
extended the optical absorption edge of TiO2 into visible
light region. However, the practical application of the
N–TiO2 is still hindered by its low reactivity and quantum
efficiency [3]. Furthermore, the artificially created crystal-
line lattice lacuna could affect the long-term stability
of TiO2.
To solve these problems, TiO2 photocatalysts codoped

with nitrogen and metal or other non-metal ions are
regarded as a promising approach. It was reported that
nitrogen and lanthanum codoped TiO2 nanoparticles
showed a superior photocatalytic activity on degradation
of methyl orange under visible light irradiation compared
to N-doped or La-doped TiO2 [10,11]. The N–F codoped
TiO2 synthesized through spray pyrolysis technology
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exhibited better photocatalytic activity on degradation of
acetaldehyde under both UV and visible light irradiation
than Degussa P25, a commercial TiO2 photocatalyst [3,4].
Besides, Br–Cl [12] codoped TiO2 was also attempted to
enhance the visible light absorption of TiO2.

Doping TiO2 with lanthanide element has attracted
increasing attention due to their special 4f electron
configuration [13–22]. Lanthanide ions could form com-
plexes with various Lewis bases in the interaction of the
functional groups with their f-orbital, enhancing the
photocatalytic activity. Among them, the cerium doping
has received much more interest due to following reasons:
(1) the redox couple Ce3+/Ce4+ makes cerium oxide shift
between CeO2 and Ce2O3 under oxidizing and reducing
conditions [13,18]; (2) the easy formation of labile oxygen
vacancies with the relatively high mobility of bulk oxygen
species [13,15]; and (3) different optical and photocatalytic
properties caused by different ions (Ce3+/Ce4+) [14].
Taking account of these features, it could be expected to
fabricate an enhanced visible-light-driven photocatalyst by
introducing cerium into N–TiO2 particles. In this study a
series of visible-light-driven TiO2 photocatalyst codoped
with nitrogen and cerium were synthesized and character-
ized, and their photocatalytic activities were examined
through degradation of methyl orange under visible light
irradiation.

2. Experimental details

2.1. Preparation

N–Ce codoped nano-TiO2 photocatalysts were synthe-
sized by a modified sol–gel process. Briefly, a varied
amount of Ce(NO3)3 together with a constant amount of
urea (atomic ratio of urea to tetrabutyl titanate ¼ 0.5) were
dissolved in anhydrous ethanol according to the doping
ratio of Ce/Ti of 0, 0.1, 0.3, 1.0, 3.0 and 10.0 at%,
respectively. The resulting solution was added dropwise
into a tetrabutyl titanate solution with anhydrous ethanol
as solvent at room temperature under vigorously stirring
condition to carry out hydrolysis. The mixture was stirred
continuously until the formation of gel, which was then
dried at 383K for 8 h in air. The resulting powders were
finally calcined at 773K for 2 h to be crystallized. For
comparison, the as-prepared photocatalysts were denoted
as N–xCe–TiO2, where x represented the nominal atomic
ratio of cerium to titanium.

2.2. Characterization

To determine the crystalline structure of the prepared
TiO2, X-ray diffraction (XRD) patterns were recorded on
an XD-2 diffractometer (Microstructure Analytical La-
boratory, Peking University, China). CuKa radiation mode
was used over the 2y range of 20–801 at a scanning rate of
81min�1. The accelerating voltage and emission current
were applied at 36 kV and 20mA, respectively. Thermo-
gravimetry–differential scanning calorimetry (TG–DSC)
was analyzed in a-Al2O3 pans with a NETZSHC STA449C
thermal analysis system under nitrogen gas flow from 293
to 1273K at a heating rate of 20Kmin�1. To obtain the
chemical composition and chemicals state information,
X-ray photoelectron spectra (XPS) were collected with a
PHI Quantum ESCA microprobe system, using the AlKa
X-ray with the energy of 1486.6 eV and the working
pressure of less than 5� 10�7 Pa. The ultraviolet–visible
light diffuse reflectance spectra (UV–vis DRS) of the
prepared TiO2 were measured with a Hitachi U3010
spectrophotometer at room temperature in the wavelength
range of 240–800 nm using BaSO4 as reference.

2.3. Photocatalytic activity

The photocatalytic activity of the prepared TiO2 was
evaluated through degradation of 10mgL�1 methyl orange
in an SGY-1 multifunctional photochemical reactor
(Nanjing Stonetech Electric Equipment Company, Nanj-
ing, China). The volume of the reaction solution was
50mL, into which 20mg of photocatalyst was added.
Irradiation was provided by a medium-pressure Hg lamp
(300W) equipped with a cutoff filter to completely remove
any radiation below 400 nm and to ensure illumination by
visible light only. Sampling was performed at regular time
during reaction. The residue concentration of methyl
orange was determined by measuring its absorbance at
460 nm using an S54 UV–vis spectrophotometer (Shanghai
Lengguang Technology Co. Ltd., Shanghai, China).

3. Results and discussion

3.1. Crystalline structure

The XRD patterns of different N–Ce codoped TiO2

photocatalysts were given in Fig. 1. It showed that the
crystalline structure of the prepared TiO2 was anatase.
Peak B started to appear at the Ce/Ti doping ratio of
3.0 at%. As the Ce/Ti doping ratio increased to 10.0 at%,
the peak intensity got strong and could be clearly observed.
If peak B came from titanium oxide, it should appear in all
patterns. However, it did not follow the obtained results, so
it should be ascribed to cerium oxide rather than titanium
oxide. According to the diffraction angle of Peak B, it was
confirmed to be relevant to CeO2 [16–20], implying a
significant portion of Ce3+ ions were oxidized into Ce4+

during heating treatment.
The average crystal size can be estimated by the

Scherrer’s formula, D=(Kl)/(b cos y), from the integral
width of XRD peaks, where K is the Scherrer constant
(K=0.9), l is the wavelength of XRD (l=0.15418 nm),
and b is the full-width at half-maximum (FWHM) of the
1 0 1 plane (in radians) [23]. The crystalline structure
and crystal size of the prepared TiO2 were summarized in
Table 1. It is observed that increasing Ce/Ti doping ratio
reduced the crystal size. Because the ionic radii of Ce3+
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Fig. 1. XRD patterns of prepared TiO2 photocatalysts: (a) TiO2; (b) N–TiO2; (c–g) N–xCe–TiO2, x ¼ 0.1%, 0.3%, 1.0%, 3.0% and 10.0%.

Table 1

Crystalline properties of prepared TiO2 photocatalysts

Nanophotocatalyst Crystalline structure Crystal size (nm)

TiO2 Anatase TiO2 14.0

N–TiO2 Anatase TiO2 16.7

N–0.1% Ce–TiO2 Anatase TiO2 16.2

N–0.3% Ce–TiO2 Anatase TiO2 15.5

N–1% Ce–TiO2 Anatase TiO2 15.3

N–3% Ce–TiO2 Anatase TiO2, Cubic CeO2 15.3

N–10% Ce–TiO2 Anatase TiO2, Cubic CeO2 14.1
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Fig. 2. TG–DSC of N–10% Ce–TiO2.
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and Ce4+ (0.103 and 0.092 nm, respectively) [24] are much
bigger than that of Ti4+ (0.065 nm) [25], it is difficult for
Ce3+ and Ce4+ to enter the crystalline lattice of TiO2 to
replace Ti4+. The Ce3+ and Ce4+ ions seem more likely to
complex with the surface oxygen of TiO2, which suppresses
the growth of TiO2 crystallite [20,21].

3.2. TG–DSC analysis

The TG–DSC of the prepared TiO2, exemplified by
N–10% Ce–TiO2, was shown in Fig. 2. Results indicated
that an endothermic valley (Valley A) appeared at 372.3K
on the DSC curve, and there was 6% weight loss on the TG
curve correspondingly due to the evaporation of adsorbed
water. As the calcination temperature increased, an
exothermic peak (Peak B1) emerged at 542.7K on the
DSC curve. There was about 29% weight loss on the TG
curve correspondingly, mainly due to combustion and
desorption of organic materials. The exothermic peak
(Peak B2) at 987.1K on the DSC curve implies the phase
transformation of TiO2 from amorphous to anatase, and
Peak B2 is very wide, indicating that this phase transfor-
mation is quite slow. The cumulative weight loss was
approximately 35% at the calcination temperature of
1273K.
In the whole region of calcination from 300 to 1273K,

the exothermic peak denoting phase transformation from
anatase to rutile TiO2 was not observed. It may imply that
N–Ce doping inhibits the phase formation of rutile TiO2,
and it may be mainly attributed to cerium doping. Reddy
et al. [16] observed that the CeO2–TiO2 mixed oxide with
1:1 molar ratio did not display the rutile phase even up to a
calcination temperature of 1073K, and other results also
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showed the stabilization of TiO2 anatase in cerium doped
TiO2 [17–19]. Due to the bigger ionic radius of Ce4+, it
cannot substitute for Ti4+ and cerium hence surround the
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Fig. 3. XPS of N–10% Ce–TiO2.
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Fig. 4. High-resolution XPS of N–10%Ce–TiO2:
anatase crystallite, forming Ti–O–Ce bonds at the CeO2–
TiO2 interface. At the interface, Ti4+ is expected to
substitute for Ce4+ in the lattice of the cerium oxide to
form octahedral Ti sites. The interaction between the
tetrahedral Ti and octahedral Ti could inhibit the anatase
to rutile phase transformation [16–18].

3.3. XPS analysis

The N–10% Ce–TiO2 was further analyzed by XPS to
determine the main elements and chemicals state on the
TiO2 surface. The XPS spectrum was shown in Fig. 3.
Results indicated that five elements, namely, Ti, O, N, Ce
and C, were present together on the TiO2 surface. N and Ce
came from the doping solution, and C probably originated
from the calcination residue of organic materials [22].
Fig. 4 showed the high-resolution XPS of N 1s, O 1s, Ti 2p

and Ce 3d of the N–10% Ce–TiO2 photocatalyst. The XPS
fitting data, including chemical state, binding energy,
FWHM and peak area, were summarized in Table 2.
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Table 2

XPS fitting data of N–10% Ce–TiO2

Element Chemical state BEa (eV) FWHMb (eV) Peak area (%)

O1s Crystalline 529.64 1.13 70.33

Adsorptive 530.86 1.19 12.62

OH group 532.04 1.53 17.05

N1s Ion 399.85 2.02 100.00

Ti 2p 3/2 Ti3+ 457.86 0.76 41.85

Ti4+ 458.35 0.92 58.15

aBE: binding energy.
bFWHM: full-width at half-maximum of peaks.
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The substituting N was reported to be responsible for the
enhanced visible light absorption based on both theoretical
calculation and experimental results [7]. However, Diwald
et al. [2] prepared a TiO2 photocatalyst by heat treatment
under NH3 gas flow, and ascribed the enhanced visible
light absorption to a 399.6 eV peak rather than a 396 eV
peak that also appeared in XPS. In this case, a small N
peak appeared at 399.8 eV, but there was no peak detected
at 396 eV (see Fig. 4a). The N peak at 399.8 eV probably
reflects a chemical structure like O–Ti–N. In addition, the
substituting N atoms may occupy the interstitial sites of the
prepared TiO2 [2,9].

A prominent peak (Peak C) was observed at 529.64 eV
(see Fig. 4b), agreeing with the O 1s electron binding
energy of TiO2 and CeO2. There were two other peaks
nearby: one at 530.86 eV (Peak B) representing the surface-
adsorbed O atoms, and the other at 532.04 eV (Peak A)
representing the hydroxyl O atoms [22].

The Ti 2p 3/2 peak at 458.35 eV (Peak A) corresponded
to Ti4+ (see Fig. 4c). Because of the Ce doping, the
resulting charge imbalance caused the reduction of Ti4+ to
Ti3+ [13]. The Ti3+ peak was found at 457.86 eV (Peak B).

The XPS of Ce 3d is quite complicated due to the
hybridization of Ce 4f and O 2p electrons [26], as shown in
Fig. 4d. Since Burroughs [27] made his first attempt, much
effort has been made to interpret these peaks qualitatively
or quantitatively [16,23,28–32]. It was reported that the Ce
3d spectra could be assigned to two sets of spin–orbital
multiplets, i.e., 3d 5/2 and 3d 3/2 [16,32] which are denoted
as v and u in Fig. 4d, respectively. The peaks denoted as v,
v00 and v000 were attributed to CeO2 with v and v00

representing a mixed configuration of (5d 6s)0 4f 2 O 2p4

and (5d 6s)0 4f 1 O 2p5, and v000 representing a pure
configuration of (5d 6s)0 4f 0 O 2p6. Meanwhile, v0 and v0

were attributed to a mixed configuration of (5d 6s)0 4f 2 O
2p4 and (5d 6s)0 4f 1 O 2p5 in Ce2O3. Similar assignments
could be applied to the u class peaks, which corresponded
to the Ce 3d 3/2 electronic levels. Additionally, many peaks
were observed in the Ce 3d spectra, indicating the
coexistence of Ce3+ and Ce4+. However, the diffraction
peaks of Ce3+ were not observed in Fig. 1. This probably
indicated that the Ce3+ compound was either amorphous
or had a very low content.
3.4. UV–vis DRS

The UV–vis DRS of different N–Ce codoped TiO2

photocatalysts were shown in Fig. 5. Results indicated that
the optical absorption edge was obviously shifted to the
visible light range with increasing the Ce/Ti doping ratio.
The N–Ce codoped TiO2 showed a significant absorption
from 400 to 500 nm in comparison with the non-doped and
N-doped TiO2. The maximum absorption of visible light
was observed for N–10% Ce–TiO2.
Kubelka–Munk function was used to estimate the band

gap energy of the prepared TiO2 [33] by plotting [F(R)E]1/2

versus energy of light (see Fig. 6). The optical absorption
threshold (lg) was calculated using the equation,
lg ¼ 1240/EB, where EB is the band gap energy. The values
of band gap and absorption band were shown in Table 3.
Results indicated that the band gap energies of the N–Ce
codoped TiO2 were between 2.6 and 2.3 eV, considerably
narrower than that of non-doped (3.2 eV) or N-doped TiO2

(2.8 eV). Accordingly, the absorption band of the N–Ce
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Table 3

Optical properties of prepared TiO2 photocatalysts

Nanophotocatalyst Band gap energy

(eV)

Absorption edge

wavelength (nm)

TiO2 3.2 387

N–TiO2 2.8 443

N–0.1% Ce–TiO2 2.6 477

N–0.3% Ce–TiO2 2.4 517

N–1% Ce–TiO2 2.4 528

N–3% Ce–TiO2 2.3 535

N–10% Ce–TiO2 2.3 539
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codoped TiO2 exhibited a red shift to the visible light range
of 477�539 nm in comparison with the non-doped
(387 nm) and N-doped TiO2 (443 nm). It is demonstrated
that N–Ce codoped TiO2 can greatly improve the absorp-
tion of visible light. The enhanced visible light absorption
may result from: (1) N atoms replace a portion of O atoms
in TiO2 crystallite, forming a new energy level on top of the
valence band to generate a red shift [7]; and (2) The specific
4f electronic configuration of cerium plays a crucial role in
generating electron–hole pairs to improve the visible light
response [13].

3.5. Photocatalytic activity

The prepared TiO2 photocatalysts were used to degrade
methyl orange under visible light irradiation for 2 h, and
the results were presented in Fig. 7. Results showed that the
concentration of methyl orange only decreased 7.3% after
2 h visible light irradiation but without TiO2. It indicates
that the self-sensitization factor of methyl orange was weak
effect during the photocatalytic reaction and it could be
negligible to evaluate the visible light activity [34]. The
codoped TiO2 (except N–3% Ce–TiO2) exhibited a higher
photocatalytic activity than the non-doped or monodoped
TiO2, indicating that the N–Ce codoping was effective in
enhancing visible light response. In this study, the plain
TiO2 photocatalyst exhibits a significant removal of methyl
orange. Actually, non-doped titania do not have visible
light activity, it may be ascribed to adsorption of reactant
and slight dye self-sensitization. Therefore, the actual
degradation efficiency will be calculated considering these
factors.
The improved photocatalytic activity can be attributed

to the co-effect of nitrogen and cerium in TiO2 powder.
Nitrogen doping narrows the band gap of TiO2 to enhance
visible light absorption [4,7]. Cerium doping serves as an
electron trap in the reaction because of its varied valences
and special 4f level [13], as illustrated by the following
equations:

Ce4þ þ e� ! Ce3þ (1)

Ce3þ þO2! O2
� þ Ce4þ (2)

Od�
2 þ 2Hþ ! 2dOH (3)

Cerium doping also increases the surface area of TiO2 by
decreasing the crystal size. In addition, the hydroxyl O on
TiO2 surface may prevent the recombination of electrons
and holes [16].
The concentration of cerium dopant in N–Ce–TiO2

photocatalysts directly affects the visible light activity. It
might vary from low Ce/Ti atomic ratio range (p1%) to
high Ce/Ti ratio range (41%), which could be similar as
Fe-doping [5]. In the low Ce/Ti atomic ratio range there
was only one phase (anatase TiO2) in N–Ce–TiO2

photocatalysts, and the relationship between cerium con-
tent and activity obeyed general transition metal ions
doping mechanisms [5,6,13]. As the Ce/Ti doping ratio
increased from 0 to 0.3 at%, the dominant Ce4+ captured
electrons to achieve a higher photocatalytic activity.
However, if the Ce/Ti doping ratio continued to increase
from 0.3 to 1.0 at%, extra resulting Ce3+ ions could
introduce the indirect recombination of electrons and holes
to reduce the photocatalytic activity, leading to a huge
activity decline. Heavily loaded samples are completely
different since the phase (cubic CeO2) other than anatase
TiO2 is present. As the Ce/Ti doping ratio increased from
3.0 to 10.0 at%, a significant content of CeO2 crystallite
was formed on the TiO2 surface and a ternary oxide,
CeTiO4 or CeTi2O6 crystallite appeared in some measure,
which might enhance the visible light absorption and thus
improve the photocatalytic activity [35].

4. Conclusions

This study was to prepare and characterize the TiO2

photocatalysts codoped with nitrogen and cerium. Results
indicate that the dominant crystal type of prepared TiO2 is
anatase, and cubic CeO2 appeared at 3.0 at% of Ce/Ti
doping ratio. The XPS analysis indicates that the
N–10%Ce–TiO2 photocatalyst mainly consisted of Ce3+,
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Ce4+, Ti4+ (major ions) and Ti3+ (minor ion). The N–Ce
codoping could narrow the band gap of TiO2 photocata-
lysts, shift the optical threshold to the range of
477–539 nm, and hence lead to a stronger visible light
response than N-doped or non-doped TiO2. The N–Ce
codoped TiO2 exhibited, in general, an enhanced photo-
catalytic activity on degradation of methyl orange under
visible light irradiation in comparison with non-doped or
monodoped TiO2.
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