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A type of nitrogen and cerium co-doped titania photocatalyst, which could degrade nitrobenzene under
visible light irradiation, was prepared by the sol-gel route. Titanium isopropoxide, ammonium nitrate, and
cerium nitrate were used as the sources of titanium, nitrogen, and cerium, respectively. X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-vis diffusive reflectance spectroscopy (DRS), scanning
electron microscopy (SEM), and N, adsorption-desorption isotherm were employed to characterize the
as-prepared photocatalyst. The degradation of nitrobenzene under visible light illumination was taken as

ﬁ?{r‘gg:f;ene degradation probe reaction to evaluate the photoactivity of the co-doped photocatalyst. The commercial TiO, pho-
Nitrogen tocatalyst (Degussa P25), which was thought as a high active photocatalyst, was chosen as standard
Cerium photocatalyst to contrast the photoactivity of the nitrogen and cerium co-doped titania photocatalyst.
Co-doped The results showed that the photocatalytic performance of the nitrogen and cerium co-doped titania was

related with the calcination temperature and the component. The nitrogen atoms were incorporated into
the crystal of titania and could narrow the band gap energy. The doping cerium atoms existed in the
forms of Ce,03 and dispersed on the surface of TiO,. The improvement of the photocatalytic activity was
ascribed to the synergistic effects of the nitrogen and cerium co-doping.

Titania photocatalysis

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, semiconductor photocatalysis has been the
focus of numerous studies and TiO, is frequently used as photocat-
alyst to degrade a great deal of pollutants resulting from industrial
and agricultural wastes because of its excellent properties [1-5].
However, titania can be activated only by ultraviolet (UV) light
because of the high energy band gap (ca. 3.2 eV for anatase) [6,7].
In addition, low photo quantum efficiency and high recombina-
tion of electron-hole pairs restrict the application of titania [8-10].
Therefore, all kinds of attempts have been made to improve optical
absorption and photocatalytic activity for the purpose of extending
the light absorption toward the visible light range and to suppress
the recombination of hole-electron pairs, and the most feasible
modification methods seem to be doping with metal and doping
with nonmetal [9-15].

Previous studies demonstrated that the mechanisms of modi-
fication to titania varied with methods. The doping of nonmetal
could narrow the band gap and might drive the response to visi-
ble light and catalytic activity, whereas the doping of metal could
trap temporarily the photogenerated charge carriers and might
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suppress the recombination of photo-induced electron-hole pairs
when migrating from the inside of the photocatalyst to the surface
[6,7,9,10,13-19].

The modification to titania by co-doping was an effective
method and the cooperate action of the co-doping was able to
improve the photocatalytic activity. Yuan et al. [20] reported that
the cooperative action of co-doping of Zn%* and Fe3* over titania
could obviously improve the photocatalytic performance for the
phenol degradation. Zhao et al. [21] prepared the B-Ni co-doped
photocatalyst using the modified sol-gel method. They pointed out
that incorporation of B into TiO; could extend the spectral response
to the visible region and that Ni doping could increase greatly the
photocatalytic activity. Lin et al. [22] prepared the N-P co-doped
titania photocatalyst extending spectral response to the visible light
region. They proved that co-doping of both N and P could improve
significantly the photocatalytic activity under both UV light and vis-
ible light. Balek et al. [23] reported that the nitrogen and fluorine
co-doped titania photocatalyst showing high photocatalytic activ-
ity in a visible region of spectrum for acetaldehyde decomposition
was prepared by spray pyrolysis using a mixed solution of TiCly
and NH4F. They demonstrated that the observed high photocat-
alytic activity of the samples could be ascribed to a synergetic effect
of nitrogen and fluorine co-doping. Ling et al. [24] prepared the B
and N co-doped TiO, nanopowders using boric acid and ammo-
nium fluoride as the precursors of boron and nitrogen. They proved
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that the synergistic effect of B and N co-doping was responsible for
improving the photocatalytic performance. These reports unequiv-
ocally indicated that modification to titania by co-doping was an
effective method for increasing the photocatalytic activity.

However, there were few reports on the co-doped photocata-
lyst with nitrogen and cerium. In the present work, the nitrogen
and cerium co-doped titania photocatalyst with high photocatalytic
performance under visible light was prepared using the sol-gel
method. The prepared samples were characterized by XRD, XPS,
DRS, SEM, and N, adsorption-desorption isotherm. The photocat-
alytic performance was evaluated by means of the degradation for
nitrobenzene under visible light illumination.

2. Experimental
2.1. Photocatalyst preparation

In this study titanium isopropoxide was chemically pure and
others were analytically pure. All chemicals were used without any
further purification. Water used was deionized water.

The nitrogen and cerium co-doped titania was synthesized by
the following procedure. A certain amount of ammonium nitrate
and cerium nitrate was dissolved in the mixture of 10 mL of deion-
ized water, 10mL of glacial acetic acid, and 80mL of ethanol
at room temperature to gain solution A. Titanium isopropoxide
(28.6g, 0.1 mol) was dissolved in 100 mL of absolute ethanol to
form solution B. Then, the solution B was added drop-wise into
the solution A within 60 min under vigorous stirring, followed by
stirring for 2 h. The resulting sol was aged for 48 h at room tem-
perature and was dried for 12h at 80°C. Thus, the xerogel was
to be obtained. The resultant xerogel was milled and annealed
at different temperature for 3h to remove the residual organic
compounds to prepare the nitrogen and cerium co-doped photo-
catalyst. The sample was labeled as N(x)Ce(y)TiO,-t, where x and
y represented the mole ratios of ammonium nitrate to titanium
isopropoxide and cerium nitrate to titanium isopropoxide, respec-
tively, and t denoted the corresponding temperature of calcination
(°C).

2.2. Photocatalyst characterization

The XRD patterns of samples were recorded by means of a
D/max-RB X-ray diffractometer equipped with Cu Ka radiation
(A=0.15406 nm) in a 26 range of 20-70°. The scanning speed was
4°/min. The standard diffraction charts of anatase and rutile were
used to compare with the obtaining XRD patterns. Crystallite sizes
of the samples were estimated by the Scherrer equation and the
lattice constants were calculated using full profile structure refine-
ment of XRD data. The X-ray photoelectron spectra of the co-doped
photocatalyst were measured by a Thermo Escalab250 X-ray photo-
electron spectroscope equipped with Al Ko excitation. The binding
energies for N 1s, Ti 2p, and Ce 3d were calibrated with respect to the
signal for adventitious carbon (binding energy = 284.6 eV). The sur-
face electronic states and the chemical states were analyzed using
the binding energies. The UV-vis diffusive reflectance absorption
spectra of samples were recorded on a Shimadzu (Japan) UV-Vis
2100S spectrophotometer with an integrating sphere attachment.
The scanning range was between 200nm and 800nm. BaSO4
was used as a reference. The structural morphology of sample
was observed by a microscope (Philips XL 30 CP). The particle
size was estimated approximately by SEM photograph. Specific
surface area was determined by the BET method based N, adsorp-
tion on a Autosorb-1 at 77 K. Prior to adsorption measurement,
the sample was degassed in an evacuation chamber for 12h at
423 K.

2.3. Photocatalytic activity test

Nitrobenzene was used as a model organic pollutant. The degra-
dation of nitrobenzene was taken as a model reaction to assess the
photocatalytic performance of the nitrogen and cerium co-doped
titania photocatalyst. In all the studies, the suspension contain-
ing 200 mL of 50 mg/L nitrobenzene aqueous solution and 0.20 g of
photocatalyst was loaded in a 500 mL of homemade quartz vessel
beaker and was magnetically stirred. A 300 W xenon lamp provided
the light source and a 400 nm glass filter was used to remove the
UV light. The degradation reaction was carried out under visible
light irradiation and the reaction temperature was maintained at
30.0°C. After the mixture was ultrasonicated for 10 min and stirred
for 60 min in the dark to achieve the adsorption equilibrium, the
xenon lamp was turned on. The decomposition experiment was
carried out for 4 h. Prior to irradiation and after irradiation of 4 h,
5 mL of sample was taken out and centrifugated for determining the
nitrobenzene concentration, from which the nitrobenzene conver-
sion was calculated.

3. Results and discussion
3.1. XRD spectra of samples

Fig. 1 shows the XRD patterns of the different samples. From
Fig. 1, one could observe a characteristic peak (20 =27.4°) assigned
to rutile (110) for the sample TiO,-600. However, one could not
see the characteristic peak assigned to rutile for the other sam-
ples. One could conclude that the sample TiO,-600 existed in
the states of both anatase and rutile, and that the other samples
existed only in anatase phase. Obviously, the XRD patterns revealed
that the doping could retard the transformation from anatase to
rutile at elevated temperatures. According to the previous litera-
tures [17,25-28], the N doping can make the prepared sample more
porous, corresponding to the larger BET surface area; the Ce dop-
ing can lead to the well-crystallized anatase mesostructure, thus
increasing the crystallization temperature of the titania powder and
inhibited the phase transformation of anatase to rutile.

According to Fig. 1, the width of the (101) plane diffraction
peak of anatase (20 =25.3°) become narrower for the nitrogen and
cerium co-doped titania with the annealing temperature increas-
ing. Based on the Scherrer equation, one could conclude that the
average particle size increased when increasing the calcination
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Fig. 1. XRD patterns of different samples: (a) N(0.02)Ce(0.01)TiO,-400, (b)
N(0.02)Ce(0.01)TiO,-500, (c) N(0.02)Ce(0.01)TiO,-600, (d) N(0.02)TiO,-500, (e)
Ce(0.01)Ti0,-500, (f) TiO,-500, and (g) TiO,-600.
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Table 1
Crystal size and surface area of samples

Sample Crystal size (nm) Surface area (m?/g)
TiO,-500 229 29.8
Ce(0.01)Ti0,-500 10.8 89.6
N(0.02)Ce(0.01)TiO,-400 9.2 151.9
N(0.02)Ce(0.01)TiO,-500 9.6 144.5
N(0.02)Ce(0.01)TiO,-600 10.2 132.7

Table 2

Crystal constants of the typical samples

Sample a=b (nm) ¢ (nm)
TiO,-500 0.37825 0.95119
Ce(0.01)Ti0,-500 0.37848 0.95136
N(0.02)TiO,-500 0.37806 0.94835
N(0.02)Ce(0.01)TiO,-500 0.37817 0.94862

temperature. Moreover, the average grain sizes of the samples were
shown in Table 1 and were 22.9 nm, 9.2 nm, 9.6 nm, and 10.2 nm for
TiO,-500, N(0.02)Ce(0.01)TiO,-400, N(0.02)Ce(0.01)TiO,-500, and
N(0.02)Ce(0.01)TiO,-600, respectively. Apparently, the annealing
temperature had an effect on the grain size of the nitrogen and
cerium co-doped titania photocatalyst.

The lattice constants of the typical samples were measured and
were used to determine whether the doping atoms could incor-
porate into TiO, lattice. Table 2 shows the lattice parameters of
the samples. Compared with the lattice parameters of TiO,-500,
the corresponding values of the sample Ce(0.01)TiO,-500 were
almost unchanged. The lattice parameters a and b of the samples
N(0.02)Ti0,-500 and N(0.02)Ce(0.01)TiO,-500 remained almost
unvaried while the ¢ parameters decreased. This indicated that
the crystal lattices of the two samples were locally destroyed by N
doping. The above results revealed that nitrogen atoms were incor-
porated into the crystal lattice of TiO, whereas cerium atoms were
not incorporated into TiO,.

3.2. XPS spectra of the nitrogen and cerium co-doped TiO,
photocatalyst

The XPS spectra of the typical sample N(0.02)Ce(0.01)TiO,-500
for N 1s, Ti 2p, and Ce 3d are shown in Figs. 2-4, respectively. The
binding energy (BE) for N 1s was 397.0eV in TiN [29] and BE for Ti
2p3p in TiN was 455.2 eV [30]. According to Figs. 2 and 3, BE for N 1s
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Fig. 2. XPS spectra of the typical sample N(0.02)Ce(0.01)TiO,-500 for N 1s.
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Fig. 3. XPS spectra of the typical sample N(0.02)Ce(0.01)TiO,-500 for Ti 2p.

was 399.4 eV, and the binding energies (BEs) for Ti 2p were 458.3 eV
and 464.1 eV. These results demonstrated that there was no exis-
tence of the compound TiN, and further confirmed that nitrogen
atoms (BE=399.4eV) in the sample N(0.02)Ce(0.01)TiO,-500 had
been doped into TiO;, lattice. This accorded well with the result from
XRD analysis. BEs for Ti 2p at 458.3 eV and 464.1 eV were assigned
to Ti 2p3j, and Ti 2py, of TiO,. BE for Ce 3d in Ce;03 was 885.8 eV
[31]. Fig. 4 revealed that BE for Ce 3d was 885.7 eV, which should
be attributed to Ce 3ds, in Ce;03. From Fig. 4, one concluded that
cerium nitrate was changed into Ce, O3 by annealing. Therefore, the
doping Ce existed in the form of Ce,0s. In fact, the ionic radii of Ce3*
and Ti#* are 0.101 nm, 0.068 nm, respectively. It was not difficult to
understand that Ce3* could not be incorporated into the lattice of
TiO,.

Combined with the XRD analysis, one could deduce that the dop-
ing nitrogen atoms were weaved into titania crystals, and that the
doping cerium atoms presented in the forms of Ce;03 and were
distributed on the surface of titania.

3.3. UV-vis DRS spectra of samples

Fig. 5 shows the optical absorption spectra of the different sam-
ples. The samples N(0.02)TiO,-500 and N(0.02)Ce(0.01)TiO,-500
absorbed observably in the visible region from 400 nm to 800 nm

885.7 eV Ce3d

Intensity(a.u.)

875 I SIBO l 8%35 I 8;)0 I 895
Binding energy(eV)

Fig. 4. XPS spectra of the typical sample N(0.02)Ce(0.01)TiO,-500 for Ce 3d.
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Fig. 5. Diffuse reflectance absorption spectra of the different samples: (a) TiO2-500,
(b) Ce(0.01)Ti0,-500, (c) N(0.02)Ti0,-500, and (d) N(0.02)Ce(0.01)TiO,-500.

wavelengths. However, the samples Ce(0.01)TiO,-500 and TiO,-
500 hardly absorbed visible light. The red shift of the absorption
edge demonstrated a decrease in the band gap energy. According
to the results from XRD and XPS, the doping nitrogen atoms were
weaved into titania crystals and led to the modification of the elec-
tronic structure around the conduction band edge of TiO, because
of the substitution of the lattice oxygen by nitrogen during the
TiO, nitridation, whereas the doping cerium atoms presented in
the forms of Ce,03 and were distributed on the surface of titania.
Therefore, N doping led to the band gap narrowing [17]. However,
Ce doping did not.

Furthermore, the intercept on the wavelength axis for a tangent
drawn on DRS spectra was used to determine the onsets of absorp-
tion edge, which were 393.1 nm for TiO,-500 and 560.7 nm for the
sample N(0.02)Ce(0.01)TiO,-500.

3.4. SEM photograph of N-Ce co-doped TiO, photocatalyst

Fig. 6 shows SEM photograph of the typical sample N(0.02)
Ce(0.01)TiO,-500. From the image, the sample N(0.02)Ce(0.01)
TiO,-500 existed approximately in the form of spherical particle
and presented the porous structures. According to the statisti-
cal estimation, the average size was about 10.3 nm, which was in
accordance with the value determined by XRD (9.6 nm). In addi-
tion, other samples investigated were so from the SEM images (not
shown), too.

Fig. 6. SEM pattern of the typical sample N(0.02)Ce(0.01)TiO,-500.

Table 3

The concentrations of nitrobenzene at the adsorption equilibrium after 60 min in

the dark over different photocatalysts

Sample Cin (mg/mL) Co (mg/mL)
P25 50.00 42.06
N(0.02)Ce(0.01)TiO,-500 50.00 38.48
N(0.02)TiO,-500 50.00 41.30
Ce(0.01)TiO,-500 50.00 44.68
TiO2-500 50.00 45.92
N(0.02)Ce(0.01)TiO,-400 50.00 38.39
N(0.02)Ce(0.01)TiO,-450 50.00 38.75
N(0.02)Ce(0.01)TiO,-550 50.00 39.02
N(0.02)Ce(0.01)TiO,-600 50.00 39.35
N(0.02)Ce(0.005)TiO,-500 50.00 40.03
N(0.02)Ce(0.02)Ti0,-500 50.00 39.55
N(0.01)Ce(0.01)TiO,-500 50.00 39.85
N(0.025)Ce(0.01)TiO,-500 50.00 39.78

Cin: the initial concentration. Cy: the concentration at the adsorption equilibrium.

3.5. BET surface area

Table 1 shows the Brunauer-Emmett-Teller (BET) surface
areas of different samples calculated from the linear part of
the BET plots. The surface areas were 29.8m?/g, 89.6m?/g,
151.9m?/g, 144.5m?2/g, and 132.7 m2/g for the samples TiO,-500,
Ce(0.01)Ti0,-500, N(0.02)Ce(0.01)TiO5-400, N(0.02)Ce(0.01)TiO,-
500, and N(0.02)Ce(0.01)TiO,-600, respectively. There was no
doubt that co-doping led to the increase of BET surface area. In
addition, the annealing temperature had an effect on the sur-
face area of the nitrogen and cerium co-doped photocatalyst. As
is well known, the photocatalytic reaction occurs on the surface
and the surface area of photocatalyst influences the photocatalytic
rate.

3.6. Photocatalytic performance

The adsorption of target pollutant over photocatalyst is the pre-
requisite of photocatalysis. Table 3 shows the concentrations of
nitrobenzene at the adsorption equilibrium after 60 min in the
dark over different photocatalysts. Obviously, it could be seen
that the adsorption of nitrobenzene over different photocatalysts
was influenced by the annealing temperatures and the compo-
nent, and that the sample N(0.02)Ce(0.01)TiO,-400 adsorbed the
most amount of nitrobenzene at the adsorption equilibrium among
these samples. Fig. 7 shows the nitrobenzene conversion within 4 h
under visible illumination over the different samples including P25,
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Fig. 8. The nitrobenzene conversion within 4 h under visible illumination over the
N-Ce co-doped titania samples with the different annealing temperatures and with
the different component: (a) N(0.02)Ce(0.01)TiO,-400, (b) N(0.02)Ce(0.01)TiO,-
450, (c) N(0.02)Ce(0.01)Ti0,-500, (d) N(0.02)Ce(0.01)TiO,-550, (e) N(0.02)Ce(0.01)
Ti02-600, (f) N(0.02)Ce(0.005)TiO,-500, (g) N(0.02)Ce(0.02)TiO,-500, (h) N(0.01)
Ce(0.01)Ti0,-500, and (i) N(0.025)Ce(0.01)TiO,-500.

N(0.02)Ce(0.01)TiO,-500, N(0.02)TiO,-500, Ce(0.01)TiO,-500, and
TiO,-500. Obviously, the samples P25, N(0.02)Ce(0.01)TiO,-500,
and N(0.02)TiO,-500 exhibited photocatalytic activity under vis-
ible light irradiation, whereas the samples Ce(0.01)TiO,-500 or
TiO,-500 hardly degraded nitrobenzene. The results were in agree-
ment with the outcome from the DRS analysis. According to Fig. 7,
the photocatalytic activity of N(0.02)Ce(0.01)TiO,-500 was supe-
rior to that of N(0.02)TiO,-500, indicating that Ce,0s distributed
on the surface of photocatalyst doped with N could further improve
the photocatalytic performance. It could be observed that the
photoactivity of N(0.02)Ce(0.01)TiO,-500 exceeded that of P25.
Compared with P25, there was an increase of 175% in photoactiv-
ity for the decomposing nitrobenzene under visible light for the
sample N(0.02)Ce(0.01)TiO,-500.

Fig. 8 shows the nitrobenzene conversion within 4 h under vis-
ible illumination over the nitrogen and cerium co-doped titania
samples with the different annealing temperatures and with the
different component, including N(0.02)Ce(0.01)TiO,-400, N(0.02)
Ce(0.01)TiO,-450, N(0.02)Ce(0.01)TiO,-500, N(0.02)Ce(0.01)TiO,-
550, N(0.02)Ce(0.01)Ti0,-600, N(0.01)Ce(0.01)TiO,-500, N(0.015)
Ce(0.01)TiO,-500, N(0.025)Ce(0.01)TiO,-500, N(0.02)Ce(0.005)
TiO,-500, and N(0.02)Ce(0.02)TiO0,-500. All the nitrogen and
cerium co-doped titania samples showed photocatalytic activity
under visible light irradiation. Compared with the nitrobenzene
conversions over these samples, one could deduce that the photoac-
tivity of the nitrogen and cerium co-doped titania photocatalyst
was related to the annealing temperatures, and that the compo-
nent of photocatalyst influenced the photoactivity. Among these
samples, N(0.02)Ce(0.01)TiO,-500 owned the best photocatalytic
performance for the nitrobenzene degradation within 4 h. It has
been widely accepted that many factors have effects on the pho-
toactivity of photocatalyst and these factors are closely related to
each other [19,32-34]. Therefore, it was easy to understand that the
sample N(0.02)Ce(0.01)TiO,-500 exhibited the highest photocat-
alytic performance for nitrobenzene decomposition under visible
light illumination.

In order to test the stability of the nitrogen and cerium co-doped
titania photocatalyst, six cycles of photocatalytic experiments were
done using the sample N(0.02)Ce(0.01)TiO,-500 under visible
irradiation. The photoactivity was found not to decrease, demon-
strating that the as-prepared titania photocatalyst co-doped with
nitrogen and cerium was stable.

4. Conclusions

The nitrogen and cerium co-doped titania photocatalyst was
prepared through the sol-gel route. The as-prepared photocata-
lyst could adsorb the visible light and showed high photoactivity
in the visible region because of the band gap narrowing. Nitro-
gen atoms were incorporated into the crystal lattice of titania and
nitrogen doping destroyed locally the crystal structure, resulting
in the response to the visible light. Cerium atoms existed in the
state of Ce,03 and were dispersed on the surface of titania, sup-
pressing the recombination of electron-hole pairs and increasing
the photoactivity. The as-prepared titania photocatalyst presented
approximately the spherical shape and owned the porous surface.
The average crystal size and the surface area correlated with the
calcination temperature. The catalytic performance was influenced
by the annealing temperature and the component of photocata-
lyst. The cooperative effect of the nitrogen and cerium co-doping
improved the photocatalytic activity. The photoactivity of the as-
prepared titania photocatalyst co-doped with nitrogen and cerium
exceeded that of P25 for the decomposing nitrobenzene under vis-
ible light.
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