
C
C

T
a

b

a

A
R
R
A

K
T
C
N
P
V

1

t
r
[
t
i
a
a
g
s
p
a
v
v

s
e
t
a
p
b
A

1
d

Chemical Engineering Journal 157 (2010) 86–92

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

haracterization, activity and kinetics of a visible light driven photocatalyst:
erium and nitrogen co-doped TiO2 nanoparticles

ao Yua,∗, Xin Tana,b,∗, Lin Zhaoa, Yuxin Yinb, Peng Chena, Jing Weia

School of Environmental Science and Engineering, Tianjin University, No. 92, Weijin Road, Nankai District, Tianjin 300072, China
School of Chemical Engineering, Tianjin University, Tianjin 300072, China

r t i c l e i n f o

rticle history:
eceived 2 July 2009
eceived in revised form 19 October 2009
ccepted 26 October 2009

a b s t r a c t

In order to effectively photocatalytically degrade azo dye under solar irradiation, anatase TiO2 that was
co-doped with cerium and nitrogen (Ti1−xCexO1−yNy) nanoparticles (NPs) were synthesized using a one-
step technique with a modified sol–gel process. The crystal structure and chemical properties were
characterized using XRD, BET and XPS. Oxynitride species, Ce4+/Ce3+ pairs, and Ti–O–N and Ti–O–Ce
eywords:
iO2

erium doping
itrogen doping
hotocatalyst

bonds were determined using XPS. The photocatalytic mechanism was investigated through methylene
blue (MB) photocatalytic degradation using various filtered wavelengths of light (� > 365 nm, � > 420 nm,
� > 500 nm, � > 550 nm and � > 600 nm) for a period of 10 h. Two experimental parameters were stud-
ied systematically, namely the atomic ratio of doped N to Ce and the irradiation wavelength number.
The photocatalytic degradation of MB over Ti1−xCexO1−yNy NPs in aqueous suspension was found to fol-

order
n wa
isible light low approximately first-
photocatalytic degradatio

. Introduction

Titanium dioxide has been applied as a promising environmen-
ally friendly photocatalyst in many fields such as environmental
emediation, hydrogen production and solar energy utilization
1–7]. Titanium dioxide is valued for its chemical stability, lack of
oxicity and low cost. Recently, there has been increasing interest
n the application of TiO2 nanoparticles (NPs) in the field of organic
nd inorganic pollutant removal from wastewater. These practical
pplications, however, have been limited by the large energy band
ap (3.2 eV), which can capture only less than 3% of the available
olar energy (� < 387 nm), as well as by the fast recombination of
hotogenerated electron–hole (e−–h+) pairs, both on the surface
nd in the core of TiO2 NPs. Photocatalysts that function in the
isible wavelengths (400 nm < � < 800 nm) are desirable from the
iewpoint of solar energy utilization.

Many attempts have been made to enhance the utilization of
olar energy and to inhibit the recombination of photogenerated
−–h+ pairs by doping the base photocatalyst with impurities. In
he past, transition metal ions and noble metal ions have been used

s dopants to broaden optical absorption in the visible light band for
ractical applications [8,9]. Lanthanide (Ln)-doped TiO2 NPs have
een especially favored for their unique 4f electron configuration.
mong others, Ce-doped TiO2 NPs have attracted interest due to

∗ Corresponding author. Tel.: +86 22 27891291; fax: +86 22 27401819.
E-mail address: lisat.yu@gmail.com (T. Yu).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.10.051
kinetics according to the Langmuir–Hinshelwood model. The enhanced
s attributed to the increased number of photogenerated •OH radicals.

© 2009 Elsevier B.V. All rights reserved.

their Ce3+/Ce4+ redox couple, which results from the shift of cerium
oxide between CeO2 and Ce2O3 under oxidizing and reducing con-
ditions [10–13]. Lanthanide-doped photocatalysts, however, suffer
from utilization within the visible light spectrum [14,15]. Sato et
al. reported that NOx species can induce the band gap of TiO2 to
narrow greatly, which broadens its absorption spectra within the
visible light region. This research sparked a growing interest in
non-metal doping of TiO2 NPs [16–18]. Among the possibilities, N-
doped TiO2 exhibits significant photocatalytic activities in various
reactions under visible light [19–24]. Lattice oxygen atoms can be
replaced by doping non-metal elements and hence induce visible
light absorption by the modified TiO2 NPs. Nitrogen-doped TiO2
NPs, however, are limited by long-term instability, low reactivity
and low quantum efficiency [25]. In order to solve these problems,
many valuable efforts have been devoted to investigate the syn-
thesis of TiO2 NPs co-doped with N and Ln elements. For example,
it was reported that nitrogen and lanthanum (La) co-doped TiO2
NPs show superior photocatalytic activity on the photocatalytic
degradation of methyl orange under visible light irradiation when
compared to only N-doped TiO2 or Ln-doped TiO2 [26–28].

In the work presented here, Ti1−xCexO1−yNy NPs were synthe-
sized, and an aqueous solution of azo dye and methylene blue (MB)
was selected as a model pollutant to test photocatalytic activity

under various filtered wavelengths of light (� > 365 nm, � > 420 nm,
� > 500 nm, � > 550 nm and � > 600 nm). Two experimental param-
eters were studied, namely the atomic ratio of doped N to Ce and
the irradiation wavelength number. The possible mechanisms and
synergistic effects of co-doping N and Ce were discussed in detail.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lisat.yu@gmail.com
dx.doi.org/10.1016/j.cej.2009.10.051
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Table 1
Summary of SSA, XRD-determined average crystal size and BET-determined average
size of synthesized (A) BT NPs and Ti0.993Ce0.007O2−xNx (x = (B) 0.0000, (C) 0.0058, (D)
0.0070, (E) 0.0089) NPs.

BT CeT CeNT-1 CeNT-2 CeNT-3

O% (at.%) 53.6 57.1 56.4 51.6 52.6
Ti% (at.%) 23.1 24.19 24.61 21.77 20.68
Ce (at.%) 0 0.71 0.69 0.70 0.72

458.7 eV for Ti0.993Ce0.007O2−xNx (x = 0.0058, 0.0070 and 0.0089)
NPs, respectively. This indicates that the Ti elements mainly existed
as Ti4+, and the fixation of doping Ce and N did not induce its
chemical shift. The chemical shift of Ti 2p binding energy was not
T. Yu et al. / Chemical Engin

. Experimental

.1. Materials

Titanium tetrabutoxide (Sigma–Aldrich, >97%) and cerium
itrate hexahydrate (Sigma–Aldrich, >99%) were used as the start-

ng materials. Urea (Sigma–Aldrich, >99%) was used as the source
f nitrogen. All reagents were used as received without any further
urification.

.2. Photocatalyst preparation

Bare TiO2 (denoted as BT) NPs and cerium and nitrogen co-
oped TiO2 (denoted as Ti1−xCexO1−yNy) NPs were synthesized
sing a one-step modified sol–gel technique. First, 8.5 ml titanium
etrabutoxide was dissolved in 40 ml absolute ethanol and stirred
or 30 min to get a homogeneous solution. Cerium nitrate hex-
hydrate (0.021 g) and various amount of urea (1.0 g, 2.0 g and
.0 g, respectively) were dissolved in a mixture of absolute ethanol
20 ml) and double distilled water (2 ml). Then the mixture of
erium nitrate hexahydrate with various amounts of urea was
ropped (30 drop/min) into the titanium tetrabutoxide solution
hile stirring rapidly at room temperature. The resulting solution
as stirred continuously until a transparent gel formed. Then the

el was put into a 70 ◦C oven for 2 days to evaporate the ethanol,
hich was followed by calcination at 550 ◦C for 2 h in open air to

btain the desired NPs. The values of x and y were determined by
PS.

.3. Characterization

X-ray diffraction analysis (XRD) with a CuKa (� = 1.5406 Å) radi-
tion source over the scan range of 2� between 10◦ and 90◦, an
ccelerating voltage of 18 kW and a current of 20 mA with a scan
peed of 0.5◦/min and a 0.026◦ step size was employed to analyze
he phase state and crystal structure of the synthesized NPs. The
RD patterns were obtained using a Smart Lab D/max 2500v/pc.
he average grain sizes were calculated using the Debye–Scherrer
ormula. Specific surface area (SSA) of the synthesized NPs was
etermined using the BET method (Micromeritics Tristar 3000) by
itrogen adsorption at 77 K after degassing under flowing nitrogen
t 150 ◦C for 3 h. X-ray photoelectron spectroscopy (XPS) conducted
sing a PHI1600 ESCA system was employed to characterize the
hemical state of doped nitrogen and cerium atoms in the com-
ounds as well as the other chemical ingredients of the synthesized
amples. In the XPS process, an AlKa X-ray beam was used in a vac-
um chamber at 2 × 10−10 Torr. The depth of analysis was 20–50 Å.

.4. Photocatalytic activity measurement

An azo dye-MB aqueous solution with an initial concentration
f 15 mg/L was employed as the model reactant to test the photo-
atalytic activity of the synthesized BT NPs and the Ti1−xCexO1−yNy

Ps. In order to detect the effects of various wavelength number
or irradiation on the efficiency of MB photocatalytic degradation,
30-W fluorescent lamp with a long-pass optical filter was used

s the light source and five wavelengths (� > 365 nm, � > 420 nm,
> 500 nm, � > 550 nm and � > 600 nm, respectively) were attained
y using different long wavelength filters with intensity adjusted
sing a neutral density filter wheel. Then, 0.05 g of NPs was
uspended in 50 ml of MB aqueous solution. The photocatalytic

egradation of MB solute was followed by measuring its absorp-
ion in the range of 250–800 nm using a Varian Cary100 UV–vis
pectrometer and the corresponding residue concentration of the
B solution was calculated using Lambert–Beer’s law. The stabil-

ty of as-prepared particles for the degradation of MB solution was
x-Value
N% (at.%) 0 0 0.52 0.70 0.89
y-Value

evaluated with � > 420 nm light using the same reaction system by
running the reaction for five cycles. The concentration of photocat-
alyst in suspension was kept at 1 g/L. At the end of every cycle, the
re-collected particles were washed several times using double dis-
tilled water till the residue solution was clear, and dried in a vacuum
drier for 48 h at room temperature. All photocatalytic experiments
were performed at room temperature. In order to demonstrate
the reproducibility of our experiments, all photocatalytic reactions
were repeated three times under identical conditions.

3. Results and discussion

3.1. Chemical state analysis

The XPS of synthesized BT and Ti1−xCexO1−yNy NPs is shown in
Figs. 2–5, the detailed Ti 2p XPS in Fig. 2, the detailed O 1s XPS in
Fig. 3, and the deconvoluted Ce 3d XPS, N 1s XPS in Figs. 4 and 5,
with the elemental percentage shown in Table 1.

The chemical composition of the as-prepared samples is shown
in Table 1, which illustrates that the composition of as-prepared
NPs was Ti and O, with a trace amount of cerium and nitrogen
dopant. In Table 1, we also determined the value of x to be 0.007,
and the values of y to be 0.0000, 0.0058, 0.0070 and 0.0089, cor-
responding to 0.0 g, 1.0 g, 2.0 g and 3.0 g urea which were added
into synthesis process, respectively. In order to simplify the names
of samples, we denoted them as Ti0.993Ce0.007O2−xNx (x = 0.0000,
0.0058, 0.0070 and 0.0089) throughout this paper.

Fig. 1 shows that Ti 2p binding energy increased from 458.2 eV
for BT NPs to 458.5 eV for Ti0.993Ce0.007O2−xNx (x = 0.0000) NPs and
Fig. 1. (a) XRD patterns of (A) BT NPs and Ti0.993Ce0.007O2−xNx (x = (B) 0.0000, (C)
0.0058, (D) 0.0070 and (E) 0.0089) NPs with varied amount of urea calcined at
550 ◦C for 2 h in air, and (b) high resolution in the range of 23–28◦ of (A) BT NPs
and Ti0.993Ce0.007O2−xNx (x = (B) 0.0000, (C) 0.0058, (D) 0.0070, (E) 0.0089) NPs with
varied amount of urea calcined at 550 ◦C for 2 h in air.
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to the fact that the binding energy was higher than that in N–Ti–N
(397.3 eV), and the corresponding Ti 2p core level at 459.2 eV was
significantly higher than that in TiN crystal (455.2 eV) [26]. When
an oxygen atom was substituted for the nitrogen atom in a TiO2
ig. 2. Ti 2p XPS spectra with core level from 454 eV to 468 eV of synthesized (A) B
ith varied amount of urea calcined at 550 ◦C for 2 h in air.

etected in any sample, which can be explained by the lack of reduc-
ion of the TiO2 valence state as investigated by Gole et al. [19].
ompared to XPS of bare TiO2 NPs, the 0.3 eV and 0.5 eV binding
nergy differences were found in Ti0.993Ce0.007O2−xNx (x = 0.0000)
Ps and Ti0.993Ce0.007O2−xNx (x = 0.0058, 0.0070 and 0.0089) NPs,

espectively. The lower binding energy resulted from the increased
lectron cloud density around Ti, which indicates that the atom
ossessing lower electronegativity was introduced into the TiO2
rystal structure. It can also be further confirmed by the smaller
lectronegativity of N (3.04 Pauling electronegativity scale) than O
3.44 Pauling electronegativity scale).

In Fig. 2, the O 1s XPS spectrum shows a prominent peak at
30 eV, which was ascribed to the Ti–O bonds in TiO2. From the
econvoluted spectrum, a peak at around 531.7 eV was detected.
he oxygen species around this binding energy were first observed
n native oxide. Then, it was identified as a Ti–O–N bond in tita-
ium or titanium suboxides by Saha and Hadand [23]. Recently,
he formation of oxynitride as investigated by Prokes et al. [29] has
een accepted. Based on the reported results, it was assigned to the
ormation of oxynitride or Ti–O–Ce bond in this paper, because it
ecame stronger with increasing amount of doping nitrogen.

Fig. 3 shows the Ce 3d XPS spectrum of Ti0.993Ce0.007O2−xNx

x = 0.0000 and 0.0070) NPs. It was reported that Ce 3d spec-
ra were assigned 3d 5/2 and 3d 3/2, two sets of spin orbital

ultiples [30,31]. From Fig. 4, we can see that the peak shape
f Ce 3d XPS did not change after the incorporation of doping
itrogen. The existence of the +4 oxidation state was dominant

n synthesized particles with a little +3 oxidation state giving
ise to several peaks around 910–900 eV in Ti0.993Ce0.007O2−xNx

x = 0.0000 and 0.0070) NPs, indicating the co-existence of Ce4+ and
e3+ in Ti0.993Ce0.007O2−xNx (x = 0.0000 and 0.0070) NPs. The bind-

ng energy of the Ce 2p5/2 peak at around 885.8 eV indicates the
resence of CeO2 species, and the peaks in the range of 910–900 eV
ere characterized by the presence of Ce2O3 [28,30–35]. Because
he radii of Ce4+ (0.101 nm) and Ce3+ (0.111 nm) are both bigger
han Ti4+ (0.068 nm), it is difficult to dope them into a TiO2 crystal
attice and substitute Ti4+. Therefore, it was deduced that a Ce–O–Ti
ond formed at the interstitial sites or interfaces between CeO2
nd TiO2. Increased numbers of generated hydroxyl groups can
and Ti0.993Ce0.007O2−xNx (x = (B) 0.0000, (C) 0.0058, (D) 0.0070 and (E) 0.0089) NPs

trap more photogenerated electrons due to an increased amount of
Ce2O3 in Ti0.993Ce0.007O2−xNx (x = 0.0070) NPs, which can be con-
firmed by the weaker electron configuration (5d 6s)0 4f2 O 2p4,
(5d 6s)0 4f1 O 2p5 and (5d 6s)0 4f0 O 2p6 than Ti0.993Ce0.007O2−xNx

(x = 0.0000) NPs. Therein, electrons were trapped in Ce4+/Ce3+ sites
effectively. And subsequently, the recombination photogenerated
electron–hole pairs were inhibited.

In Fig. 4, three core level peaks at 397.7 eV, 399.7 eV and 401.8 eV
were detected in as-prepared Ti0.993Ce0.007O2−xNx (x = 0.0058,
0.0070 and 0.0089) NPs from their deconvoluted N 1s XPS spec-
trum. We selected Ti0.993Ce0.007O2−xNx (x = 0.0070) NPs to conduct
the analysis here. It was clear that the element adjacent to nitrogen
directly influences its binding energy and the stronger the elec-
tronegativity of the adjacent element, the higher the binding energy
of nitrogen. In this paper, the first major peak at 397.7 eV was
attributed to substitutional N species in the Ti–O–N structure, due
Fig. 3. O 1s XPS spectrum with the core level from 526 eV to 536 eV of synthesized
Ti0.993Ce0.007O2−xNx (x = (a) 0.0000, (b) 0.0058, (c) 0.0070 and (d) 0.0089) NPs with
varied amount of urea calcined at 550 ◦C for 2 h in air.
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ig. 4. Ce 3d deconvolution XPS spectrum with core level from 870 eV to 930 eV
f synthesized Ti0.993Ce0.007O2−xNx (x = (a) 0.0000 and (b) 0.0070) NPs with varied
mount of urea calcined at 550 ◦C for 2 h in air.

attice, the electron density around N 1s could have been reduced
hile that around Ti 2p increased, which then induced an increase

n N binding energy and a decrease in Ti 2p binding energy in
repared NPs. The second peak at 399.5 eV was attributed to the
dsorbed NO or N species in Ti–N–O linkage [23]. The third peak at
01.8 eV was attributed to molecularly adsorbed N species on the
urface of the nitrogen modified titanium dioxide NPs [3,4], or the
ormation of interstitial Ti–N bonding [26]. The latter was unlikely
n this present work because the nitrogen atoms in interstitial sites
xisted in a higher oxidized state. For this reason, we assigned the
eak at 401.8 eV to molecularly adsorbed N species on the surface
f the particles. These nitrogen species can be desorbed at a low
emperature [22], or annealed away by heating the particles at tem-
erature in excess of 550 ◦C in vacuum [24]. It was likely that the
hemisorbed nitrogen did not contribute to catalytic activity.

.2. Crystal structure analysis

XRD patterns of synthesized BT and Ti0.993Ce0.007O2−xNx

x = 0.0000, 0.0058, 0.0070 and 0.0089) NPs were shown in Fig. 5a
nd b. A summary of SSA, crystalline structure and XRD-determined
verage crystal size is shown in Table 2. Fig. 5a indicates that
he crystallinity was suppressed by the amount of doping with
erium and nitrogen, and this trend was strengthened with the
oping amount increasing. Meanwhile, the growth of crystal size
f NPs was suppressed to different extent by the doping impuri-
ies, which can be ascribed to the segregation of the doping ions
t the grain boundary, in turn due to the bigger ionic radii of Ce3+

0.111 nm) and Ce4+ (0.101 nm) than Ti4+ (0.068 nm), where it was
ifficult for Ce3+ and Ce4+ to replace Ti4+ in the crystalline lattice.
o peaks other than anatase were detected in Fig. 1a, which con-

rmed that all doping cerium and nitrogen had been incorporated

nto a TiO2 crystal structure. From Fig. 5b, we can see that the
idth of anatase 1 0 1 crystal plane peak broadened as the nitro-

en doping amount was increased. At the same time, the grain

able 2
lemental percentages determined by XPS of synthesized Ti1−xCexO1−yNy NPs.

Synthesized NPs XRD analysis BET analysis

Crystal sizea d (nm) Space (Å) SSA (m2/g)

A 11.12 3.50 71.24
B 10.60 3.51 90.79
C 9.89 3.51 85.32
D 9.76 3.51 83.42
E 9.75 3.52 88.01

a Calculated from anatase 1 0 1 crystal face.
Fig. 5. N 1s deconvolution XPS spectrum with core level from 397 eV to 402 eV of
synthesized Ti0.993Ce0.007O2−xNx (x = 0.0070).

sizes of Ti0.993Ce0.007O2−xNx (x = 0.0058, 0.0070 and 0.0089) NPs
were all smaller than Ti0.993Ce0.007O2−xNx (x = 0.0000) NPs, which
is consistent with the results calculated by Scherrer’s formula. It
has been thought that doping nitrogen reduced the crystalliza-
tion of anatase and retarded the transformation of amorphous
titanium dioxide to anatase, possibly due to the decomposition
of surplus urea in the mixture that might restrain the formation
and growth of the TiO2 crystal phase during the solid reaction pro-
cess [13]. In Table 2, no distinct change of d space (d = 0.35 nm)
was observed in all experimental NPs, which demonstrates that
anatase crystal structure was still the predominant crystal phase.
All as-synthesized NPs with non-porous surface were confirmed
by adsorption–desorption isotherm (which is not shown here). In
Table 2, a larger SSA of Ti0.993Ce0.007O2−xNx (x = 0.0058, 0.0070 and
0.0089) NPs was observed than the BT and Ti0.993Ce0.007O2−xNx

(x = 0.0000) NPs, which can be attributed to the decreased particle
size resulting from the doping process.

3.3. Photocatalytic activities and mechanism analysis

The efficiency of photocatalytic degradation of MB aqueous
solution with various prepared NPs under visible light (� > 420 nm)
is shown in Fig. 6. In order to evaluate the photocatalytic activ-
ities of single doped particles and double doped particles, the
nitrogen-doped TiO2 (denoted as NT) NPs were also prepared here
using the same method as described in Section 2.2. The enhanced
photocatalytic activity of Ti0.993Ce0.007O2−xNx (x = 0.0070) NPs was

attributed to the co-effect of doping with nitrogen and cerium
in as-prepared NPs. Doping with Ce ions served as the elec-
tron trap in the reaction because of their varied valences and
special 4f level [32,26,15]. Meanwhile, doping with nitrogen nar-
rowed the band gap of Ti0.993Ce0.007O2−xNx (x = 0.0058, 0.0070 and
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to the impact of wavelength number for irradiation on photocat-
alytic efficiency. Fig. 6 shows results of photocatalytic degradation
of MB versus various wavelength numbers for irradiation in the
presence of Ti0.993Ce0.007O2−xNx NPs suspension for 6 h. Here,
Ti0.993Ce0.007O1.993N0.007 NPs were selected as model photocat-

Table 3
Summary of the pseudo-first-order kinetics of various prepared NPs under visible
light (� > 420 nm) within the initial 2 h.

Sample ID Fitted equation R2 Rate
constant
ig. 6. Efficiency of photocatalytic degradation of MB aqueous solution in the pres-
nce of prepared (A) BT NPs, Ti0.993Ce0.007O2−xNx (x = (B) 0.0000, (C) 0.0058, (D)
.0070, (E) 0.0089) NPs and (F) NT NPs under visible light (� > 420 nm).

.0089) NPs to enhance their absorption within the visible light
egion. The decreased photocatalytic activities were found with too
any doping impurities, such as Ti0.993Ce0.007O2−xNx (x = 0.0089)
Ps, which can be explained by saying that overfull dopants
an act as recombination centers. In Fig. 6, synthesized cerium
nd nitrogen co-doped TiO2 NPs (except for Ti0.993Ce0.007O2−xNx

x = 0.0058) NPs) exhibited a higher photocatalytic activity than BT
nd Ti0.993Ce0.007O2−xNx (x = 0.0000) NPs. It has been confirmed by
urchi and Ollis [36] that the •OH radicals are the primary source
f oxidation in a photocatalytic system. When cerium was incorpo-
ated into a TiO2 crystal structure, a large numbers of •OH radicals
ere generated due to the co-existence of Ce4+/Ce3+ ion pairs, as

llustrated by the following equations [28]:

e4+ + e− → Ce3+ (1)

e3+ + O2 → O2
•− + Ce4+ (2)

+ + H2O → •OH + H+ (3)

2
•− + 2H+ → 2•OH (4)

These photogenerated •OH radicals had a positive effect on the
asis of organic reactant. It should be pointed out that bare TiO2
hotocatalyst exhibits a significant removal of MB under visible

ight (>420 nm) irradiation, which can be ascribed to adsorption of
eactant and slight dye self-sensitization. Moreover, it was reported
hat MB can absorb visible light and photocatalytically degrade
tself to some extent. Therefore, the actual degradation efficiency

as calculated considering these factors and the MB solution with-
ut any photocatalyst being irradiated under fluorescent light and
isible light (>420 nm) for 6 h for comparison in this paper.

.4. Kinetics of photocatalytic process analysis

Fig. 7 shows photocatalytic degradation of MB variations in
n(Ct) as a function of irradiation time and linear fitting curves of
i0.993Ce0.007O2−xNx NPs. The summary of the first-order kinetics of
s-prepared NPs under visible light (� > 420 nm) within the initial
h is shown in Table 3.

From the experimental results showed in Fig. 6, it is plausible to
uggest that the reactions followed the first-order kinetics accord-
ng to the Langmuir–Hinshelwood (LH) model within the initial 2 h.
he LH kinetic equation was mostly used to explain the kinetics of
he heterogeneous catalytic processes as given by:
= −dC

dt
= krKC

1 + KC
(5)

here r represents the rate of reaction that changes with time (t).
he rate expression based on LH expression can be reduced to first-
Fig. 7. Plots of photocatalytic degradation of MB variations in ln(Ct) as a function of
irradiation time and linear fits of (A) BT NPs and Ti0.993Ce0.007O2−xNx (x = (B) 0.0000,
(C) 0.0058, (D) 0.0070 and (E) 0.0089) NPs.

order kinetics when t = 0, C = C0, it was described as follows:

− ln
(

C

C0

)
= krt (6)

where kr represents the apparent rate constant, C represents
the MB concentration in aqueous solution at any time t during
photocatalytic degradation, and t is reaction time. It was demon-
strated that the current photocatalytic degradation process was
in good accordance with first-order kinetics resulting from the
linear correlation between ln(Ct) and t. The apparent rate constant
k was found in the order of Ti0.993Ce0.007O1.993N0.007 > Ti0.993
Ce0.007O1.9911N0.0089 > Ti0.993Ce0.007O1.9942N0.0058 > Ti0.993Ce0.007
O2.000N0.000 > BT under visible light (>420 nm). It should be pointed
out that the first-order apparent rate constant was not pro-
portional to the amount of doping cerium and nitrogen after it
reached 0.7 at.% Ce and 0.7 at.% N, which means that the optimal
doping percentage was found within the studied range, which is
consistent with the results shown in Fig. 6.

3.5. Effects of photocatalytic parameters analysis

Two experimental parameters were selected to investigate their
effects on MB photocatalytic degradation: the atomic ratio of doped
N to Ce and the irradiation wavelength number.

Fig. 8 shows the efficiency of photocatalytic degradation of
MB under various wavelengths of light (� > 365 nm, � > 420 nm,
� > 500 nm, � > 550 nm and � > 600 nm) in the presence of sus-
pended Ti0.993Ce0.007O2−xNx NPs for 6 h. It is well known that
the capacity of photogenerated electrons during the photocat-
alytic process mainly depends on the intensity of the incident
photons with matchable energy for irradiation. It was necessary
BTNPs y = 0.0026x + 0.7645 0.9961 0.0026
Ti0.993Ce0.007O2.000N0.0000 NPs y = 0.0045x + 0.7781 0.9945 0.0045
Ti0.993Ce0.007O1.9942N0.0058 NPs y = 0.0035x + 0.7797 0.9908 0.0035
Ti0.993Ce0.007O1.993N0.0070 NPs y = 0.0073x + 0.7806 0.9948 0.0073
Ti0.993Ce0.007O1.9911N0.0089 NPs y = 0.006x + 0.7715 0.9905 0.0060
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Fig. 8. Plots of efficiency of photocatalytic degradation of MB versus various wave-
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ength numbers for irradiation in the presence of Ti0.993Ce0.007O2−xNx NPs suspension
or 6 h. Each point represents an average value of three or more separate experiments
nd the vertical line represents the error associated with each reading expressed as
tandard deviation.

lysts to carry out the following experiments due to their high
fficiency. As observed. in Fig. 8, a slightly decreased efficiency
as observed under � > 365 nm light compared to the experimen-

al results under � > 420 nm light irradiation, which indicated that
he TiO2 NPs co-doping cerium and nitrogen acted as a visible
esponse semiconductor and the co-doped cerium and nitrogen
cted as a recombination center for the photogenerated carri-
rs in the UV light spectrum. At wavelength numbers � > 500 nm,
i0.993Ce0.007O1.993N0.007 NPs still displayed notable activity rela-
ive to the experimental results under � > 420 nm light irradiation
ut differences in activity were muted at wavelengths � > 550 nm
nd � > 600 nm, which resulted from the various extents of band
ap narrowed by the doping impurities.

Fig. 9 shows the relationship between the atomic ratio of dop-
ng N to Ce and the efficiency of photocatalytic degradation of MB
nder visible light (>420 nm). In order to investigate the effects of
he atomic ratio of doping N to Ce on the efficiency of photocatalytic
egradation of MB, Ti0.993Ce0.007O2−xNx (x = 0.0040 and 0.0110) NPs
ere also prepared using the same method described in Section 2.2.

he experimental results in Fig. 7 clearly demonstrated that the
pparent rate strongly related to the atomic ratio of doping N to Ce.

t was accepted that the photoreaction was initiated by the photo-
enerated electron and hole pairs and the generation/separation of
hotogenerated e−–h+ pairs, and the transformation of photons to
arriers, i.e., quantum efficiency, are all key factors in the photocat-

ig. 9. Relationship between the atomic ratio of doping N to Ce in prepared
i0.993Ce0.007O2−xNx and the efficiency of photocatalytic degradation of MB under
isible light (>420 nm) irradiation. Each point represents an average value of three
r more separate experiments and the vertical line represents the error associated
ith each reading expressed as standard deviation.
Fig. 10. Stabilities of as-prepared particles for the photocatalytic degradation of MB
aqueous solution under visible light (� > 420 nm) irradiation.

alytic process [37]. The initial reaction rate increased with increased
the dopants cerium and nitrogen amounts increasing first. And
then the degradation rate showed a maximum when the dopant
amount reached 0.7 at.% Ce and 0.7 at.% N. With further increases
in the dopant amounts, the decomposition rate decreased, which
can be ascribed to the formation of a recombination center of pho-
togenerated e−–h+ pairs. It was explained for synthesized NPs, the
4f level plays an important role in interfacial charge transfer, and
cerium ions can act as an effective electron scavenger. Moreover,
the existence of Ce4+/Ce3+ pairs created a charge imbalance, result-
ing in more hydroxide ions adsorbed on the surface. The adsorbed
hydroxide ions act as traps that inhibit recombination of photogen-
erated e−–h+ pairs as well. It should be pointed out that no distinct
changes in SSA or particle size were observed (Table 2) among these
as-synthesized particles, so the recombination of photogenerated
e−–h+ was assigned to the key factor for the decreased efficiency of
photocatalytic degradation of MB. So, the interfacial charge trans-
fer being a determining-rate step for photocatalytic reaction was
determined in this paper.

3.6. Stability of photocatalyst

Fig. 10 shows the stability of the as-prepared photocatalyst for
MB solution degradation. Based on the results reported in Fig. 6,
we selected BT NPs, NT NPs, CT NPs and Ti0.993Ce0.007O1.993N0.007
NPs as model photocatalysts to carry out the stability evalua-
tion experiments. In addition, from Fig. 6, we can see that for
Ti0.993Ce0.007O1.993N0.007 NPs, when the reaction was run over 3 h,
the MB can be decomposed completely, so we selected the initial
2 h as the reaction duration in the stability evaluation experiments.
It is evident from Fig. 10 that Ti0.993Ce0.007O1.993N0.007 NPs are more
stable that BT NPs, NT NPs and CT NPs, while the similar stabilities
were found for the NT NPs and CT NPs. Overall, the results here
show a clear relationship between the types of synthesized NPs
and stability.

4. Conclusions

Cerium and nitrogen co-doped anatase TiO2 NPs were suc-
cessfully synthesized using a one-step technique with a modified
sol–gel process. The best experimental result for the photocat-
alytic degradation of a MB aqueous solution under visible light

(� > 420 nm) was found with Ti0.993Ce0.007O2−xNx (x = 0.0070) NPs,
which was confirmed by the reaction rate constant of first-order
kinetics calculated using the LH model. The interfacial charge trans-
fer was determined to be a key step for photocatalytic reaction
in the current study. The synergistic effect of doping with cerium
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