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Abstract Lanthanum- and nitrogen-codoped TiO,
photocatalysts was synthesized using orthorhombic
nanotubes titanic acid as the precursor by a simple
impregnation and subsequent calcination method. The
morphology, phase structure, and properties of La- and
N-codoped TiO, were well characterized by trans-
mission electron microscopy, X-ray diffraction, Ra-
man spectra, X-ray photoelectron spectroscopy, and
UV-Vis diffuse reflectance spectra. The La-/N-codoped
TiO, showed excellent photoactivity of propylene
oxidation compared with the single-doped TiO, and
La-/N-codoped P25 TiO, nanoparticles under visible
light irradiation. The origin of the enhancement of the
visible light-responsive photocatalytic activity was
discussed in detail.
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Introduction

Recently, the increasingly serious environmental
problems have been attracted much attention by
several researchers. Some new nanomaterials have
been prepared to govern environmental pollution by
photocatalytic method (Du et al. 2013; Wang et al.
2013). Photocatalysis of TiO, for environmental
remediation has been widely concerned for several
decade years due to its advantages of being inexpen-
sive, nontoxic, and good chemical stability. However,
two shortages have limited its practical application.
One is the large band gap energy (Eg = 3.2 eV), and
the other is the low quantum efficiency of the photo-
generated charge carries. In order to improve the
visible light-responsive photocatalytic activity, dop-
ing TiO, with metal or nonmetal elements is a popular
method (Asahi et al. 2001; Dana Dvoranova et al.
2002; Huang et al. 2007; Park et al. 2006; Umebayashi
et al. 2003). Among the nonmetal-doped researches,
doping with nitrogen is considered as an effective
method to increase the absorption and improve the
activity. Wang et al. prepared N-doped TiO, by
annealing different Ti precursors in flowing NHj,
indicated that doping with nitrogen could enhance the
absorption of visible light effectively (Wang et al.
2011). For the metal-doped TiO,, especially, rare-
earth metal-doped TiO, has attracted much attention
in visible light-responded photocatalysis. Lanthanide
ions showed special optical properties and extraordi-
nary catalytic capacity owing to its special electronic
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structure of 4fx 5dy. Incorporation of lanthanide ions
in TiO, matrix could provide a means to adsorb the
organic pollutants on the semiconductor surface and
therefore enhanced the photocatalytic activity (Xu
et al. 2009). Hou et al. synthesized a highly active La-
doped TiO, photocatalyst for the degradation of
phenol by ultrasound-assisted sol-gel method. The
incorporation of La might facilitate the adsorption for
reactant molecules and UV lights, and also inhibit the
recombination between photoelectrons and holes,
leading to the higher photocatalytic activity (Huo
et al. 2007). Single doping with metal or nonmetal has
made some progress, but the photocatalytic efficiency
still very low. Nitrogen doping can expand photo-
absorption effectively, and the metal doping can
improve the separation of the photo-generated elec-
tron-hole pairs. If TiO, can be doped by nitrogen and
metal, the photocatalytic activity may have a large
improvement. Cong and coworkers prepared nitrogen-
and lanthanum-codoped titania nanocrystals, and
found that nitrogen doping could narrow the band
gap of titania and enhance the utilization efficiency of
visible light, while the La** dopant could accelerate
the separation of photo-generated electrons and holes.
The codoped photocatalysts showed higher photocat-
alytic activities than pure TiO, and single-component
nitrogen- or lanthanum-doped TiO, (Cong et al. 2011).
However, the previously reported codoped TiO, was
often obtained by the sol-gel and calcination method,
and their small BET surface areas can only provide
very less-active sites for the pollutants, and thereby the
photocatalytic activity was relatively lower.

Recently, nanotubes titanic acid (NTA) attracted
much attention due to many excellent properties, such
as large BET surface area, strong absorption capa-
bility, ion-exchange capacity, one-dimensional struc-
ture, and so on. The formation mechanism, photo-
electrochemical properties, and thermal dehydrated
characters were systematically investigated in our
former work (Li et al. 2007, 2006; Wang et al. 2010;
Xing et al. 2012; Yang et al. 2003; Zhang et al. 2011,
2004). NTA can transform to a novel anatase TiO, by
dehydration, and this kind of TiO, possess a large
amount of single-electron-trapped oxygen vacancies
(SETOV), and which can be excited by the visible
light. And they also have larger BET surface area than
the well-known P25. It is most important that SETOV
can make the nitrogen dopant more stable and increase
the doping amount (Irie et al. 2003).
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In this work, La- and N-codoped TiO, were
prepared using NTA and P25 as titanium precursor.
This kind of La, N-doped TiO, showed much higher
activity than the single-doped TiO, and codoped P25.
A systemic investigation was employed to reveal the
effects of La and N dopants in the enhancement of the
visible light absorption and photoactivity for propy-
lene oxidation.

Experimental
Preparation of samples

The titania precursor of NTA was prepared according
to our previous reports (Feng et al. 2012; Zhang et al.
2004). A certain quantity of NTA and urea (mass ratio
of 2:1) were added into 60 mL of de-ionized water,
then the pre-calculated amount of La(NO;3); was
added under stirring for 4 h (the atomic ratio of La/Ti
equals to 0, 0.1, 0.3, 0.5, 1.0, and 3.0 %, respectively).
The resultant mixed solution transferred to the round-
bottom flask to evaporate water by a vacuum distil-
lation. The obtained product was calcinated at 500 °C
for 4 h, and they were donated as x %La/N-TiO,. The
single-doped La-TiO, and N-TiO, were synthesized
using the similar process but without the addition of
urea or lanthanum nitrate, respectively. For compar-
ison, Degussa P25 powders were also selected to
prepare La, N-codoped TiO, under the same condi-
tions (denoted as La/N-P25).

Characterization

The phase composition of various x %La/N-TiO,
samples were analyzed by X-ray diffraction (XRD,
Philips X’Pert Pro X-ray diffractometer; Cu Ko
radiation, 4 = 0.15 nm). The X-ray photoelectron
spectroscopic (XPS) measurement was carried out
using ESCALAB210 with dual-anode Mg X-ray
source. All spectra were calibrated to the binding
energy of the adventitious C 1 s peak at 285 eV. The
UV-Vis diffuse reflectance spectra were obtained on a
Shimadzu U-3010 spectrometer, using BaSO, as a
reference. The morphology of the samples was taken
on a transmission electron microscopy (TEM, JEOL
JEM-2100, accelerating voltage 200 kV). The Bru-
nauer—-Emmett-Teller (BET) surface areas and aver-
age pore volumes were measured by automatic surface
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area and porosity analyzer (QUADRASORB SI). The
photoluminescence (PL) spectra were recorded on a
fluorescence spectrometer.

Photocatalytic activity measurements

The photocatalytic activity was evaluated by measur-
ing the oxidation of propylene (the initial concentra-
tion was ca. 600 ppm, and the flow rate was ca.
150 mL/h) under visible light irradiation. A 300 W
xenon lamp with a cutoff filter (A > 420 nm) was used
as the visible light source. About 25 mg of photo-
catalyst was spread on one side of a glass plate (ca.
8.4 cm? active areas) and kept in a flat quartz tube
reactor. The concentration of Cs;Hg was determined at
a sensitivity of 1 ppm (v/v over volume) using a
chromatograph (ShimadzuGC-9A) equipped with a
flame ionization detector, a GDX-502 column, and a
reactor loaded with Ni catalyst for the methanization
of CO,. Prior to irradiation, an adsorption and
desorption equilibrium of C3;Hg was established. The
photocatalytic activity of visible light photocatalytic
oxidation of C;Hg was calculated as (Cy—C)/
Co x 100 %, where C, refers to the concentration of
C3H6.

Results and discussions

The XRD patterns of the series of La/N doped TiO, are
shown in Fig. 1. The typical diffraction peaks at 25.3°,
37.8°, 48.0°, 53.9°, 55.0°, and 62.7° are corresponded

I\ \ 3% La/N-TiO,
’\ 1% La/N-TiO,
A \ \ 0.5% La/N-TiO,
}\ 0.3% La/N-TiO,
’\ 0.1% La/N-TiO,

0% La/N-TiO,

Intensity(a.u.)

10 20 30 40 50 60 70 80
Degree(20)

Fig. 1 XRD patterns of the x %La/N-TiO, samples

to the (101), (104), (200), (105), (211), and (204) plane
facet of anatase TiO,, respectively. Our previous work
has reported that NTA belongs to a orthorhombic
crystallinity (Yang et al. 2003). From the above XRD
results, we knew that NTA has transformed to TiO,
completely through the simple calcination process.
The character peaks of x %La/N-TiO, have no obvious
difference with the pure anatase TiO,. Raman spec-
troscopy is more sensitive to the surface region of TiO,.
Figure 2 shows the Raman spectra of the pure TiO, and
3 %La/N-TiO, samples. The bands at 141 cm™"' (Eg),
393 cm™! (B g), 519 cm™' (BI g), and 636 cm™'
(Eg) are attributed to anatase phase (Boppella et al.
2012). This result is consistent with XRD analysis.
Slight shift of peak position at 141 cm™ " is observed in
the inset picture. This is due to the existence of small
amounts of lanthanum doped into crystal lattice of the
titanium dioxide.

The structural and morphological study was com-
pleted with the help of TEM technique. As shown in
Fig. 3a, NTA displays uniform nanotube structure, the
diameters of NTA are about 6-10 nm, and the length
can reach several micrometers. After calcination, as
shown in Fig. 3b, the shape of the tube was destroyed
and converted into small particles completely.

The optical absorption property of the sample was
measured through the UV-Vis diffuse reflection
spectra, as shown in Fig. 4. There is no visible light
absorption for P25 and the undoped TiO,. Absorption
band edge of all other samples prepared by NTA
exhibits clear shifts to the visible region after calci-
nation, especially for N-doped TiO,. Our previous

TiO3

Intensity(a.u.)

3%La/N-TiO

110 120 130 140 150 160 170 180
Raman Shift (cm 'l)

Intensity(a.u.)

3% La/N-TiO,

TiOy
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Fig. 2 Raman spectra of undoped TiO; and 3 %La/N-TiO,
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Fig. 3 TEM images of a NTA precursor and b 0.3 %La/N-TiO,

—N-TiO,
—— 0% La/N-TiO,
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Fig. 4 UV-Vis diffuse reflectance spectra of samples

work has verified that a large amount of SETOV could
be generated in the high-temperature dehydration
process, which could broaden the absorption light to
the visible light region. The optical absorption of the
pure TiO, and La-doped TiO, using NTA as the
precursor has no obvious difference. However, the
absorption band edge of 0.3 %La/N-TiO, expanded to
the visible light region compared to the undoped TiO,.
Interestingly, the visible light absorption of 0.3 %La/
N-TiO, was much higher than that of the 0.3 %La/N-
P25. This implied that NTA 1is a better precursor to
prepare high visible light-responsive doped TiO, than
P25 (Zhang et al. 2013).

XPS analysis is conducted to understand the surface
chemical state of La-/N-doped TiO, nanoparticles.
The spectrum of La 3d of 0.3 %La/N-TiO, is shown in
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Fig. 5a. The two peaks centered at 834.2 and 853.5 eV
are attributed to La 3d5/2 and La 3d3/2, respectively
(Zong et al. 2013), which proved the existence of
lanthanum. Two characteristic peaks of Ti 2p of
undoped TiO, appeared at 458.4 and 464.1 eV just as
shown in Fig. 5b, which indexed to Ti 2p1/2 and Ti
2p3/2, respectively. This indicates that the Ti exists in
the form of Ti** (Gao et al. 2010). The binding energy
of Ti** is lower than those of Ti**" about 1.8 eV (Price
et al. 1999), which is not observed in the Ti 2p XPS
spectra. The binding energy of Ti 2p of N-TiO, and
0.3 %La/N-TiO, shifts to higher value compared with
undoped TiO,. This change suggests the different
electronic interactions of Ti ions (Huang et al. 2009),
which justifies the incorporation of La and N into the
crystal lattice of titanium dioxide (Lan et al. 2014).
The dopant La>" could effectively inhibit the recom-
bination of carriers. The spectrum of N 1 s is presented
in Fig. 5c. To date, the assignment of the XPS peak of
N 1 s has still been under debate. In many cases, the
peak locates at about 399.7 and 396 eV are attributed
to substitutional and interstitial nitrogen species,
respectively (Shen et al. 2008). Previous studies in
our group have found that the concentration of oxygen
vacancy could increase with increase of nitrogen
content. Thus, doping with nitrogen could improve the
photocatalytic activity in the visible light region. The
peak at about 402.9 eV indicated that a small amount
of N species was in the form of C—N bond (Kubacka
et al. 2009).

Figure 6 shows the N, adsorption—desorption
isotherms of undoped TiO, and 0.3 %La/N-TiO,.



J Nanopart Res (2015) 17:114

Page 5 of 8 114

Intensity(a.u.)

825 830 835 840 845 850 855 860

Binding Energy (eV)

b

Ti 2p 0.3%La/N-TiO,
- 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1
=
<
=4 N-TiO,
=
v
=
8 1 i i 1 " 1 i 1 i 1 i 1 i 1
=
L

TiO2
1 i 1 N 1 i 1 i 1 i 1 i 1 i 1
454 456 458 460 462 464 466 468
Binding energy (eV)
C
-
=
g
£
w
=
2
=
L
1 i 1 i 1 i 1 i 1 i 1

392 394 396 398 400 402 404 406
Binding energy(eV)

Fig. 5 XPS spectra of a La 3d in 0.3 %La/N-TiO,, bN 1 s in
0.3 %La/N-TiO,, ¢ Ti 2p in undoped TiO,, N-TiO,, and
0.3 %La/N-TiO,

The samples show a typical type-IV isotherm with an
H3 type hysteresis loop (Wang et al. 2009), indicating
the existence of mesoporous structure of samples. The
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Fig. 6 Nitrogen adsorption—desorption isotherms of undoped
TiO, and 0.3 %La/N-TiO,, and the inset figure displays pore
size distribution of undoped TiO, and 0.3 %La/N-TiO,
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Fig. 7 ESR spectra of 0.3 %La/N-TiO, and 0.3 %La/N-P25

pore size distribution acquired using the BJH method
is given in inset picture. The pore size distributions of
TiO, and 0.3 %La/N-TiO, are mainly in the range of
4-12 nm. The BET surface area of 0.3 %La/N-TiO, is
much larger than that of 0.3 %La/N-P25, correspond-
ing to 101 and 54 m?g~", respectively. The large
surface area could provide much more adsorption sites
for pollutants, which in favor of the improvement of
the photocatalytic activity.

Electron spin resonance (ESR) spectra of 0.3 %La/
N-TiO; and 0.3 %La/N-P25 are shown in Fig. 7. No
characteristic ESR signal of Ti? " (g = 1.96) ion was
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detected, well corresponding to the absence of Ti*™
species in relevant XPS analysis. In 0.3 %La/N-TiO,
samples, there is a strong characteristic ESR signal
(g = 2.004) that can be seen, which demonstrated the
presence of SETOV (Sakatani et al. 2003; Wang et al.
2011). SETOV are mainly generated from dehydration
process of NTA, which is beneficial for the adsorption
of visible light. However, characteristic ESR signal of
SETOV could not be found in 0.3 %La/N-P25. This
indicates that 0.3 %La/N-TiO, may have a higher
visible light photocatalytic performance than
0.3 %La/N-P25, and it is proved by the activity results
discussed below.

Photodegradation of C3Hg was used as the probe
reaction to evaluate the photocatalytic activity of
samples under visible light irradiation (Fig. 8a). The

]

C;H; Removal Rate(%)

=2

C;H; Removal Rate(%)

Fig. 8 Visible light photocatalytic activity of a x %La/N-TiOj;
b N-TiO,, La-TiO,, 0.3 %La/N-TiO,, 0.3 %La/N-P25
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degradation yield of C3Hg on undoped TiO, was 13 %.
All the La/N-TiO, samples showed relatively higher
visible light photocatalytic performance compared
with undoped TiO,. With the increase of lanthanum
content, the photocatalytic activities of La/N-TiO,
samples increased. Then the degradation yield de-
creased to about 16 % with the increased lanthanum
doping amount up to 3 %. The optimal doping of
lanthanum ion at 0.3 % corresponding to the degra-
dation yield of propylene is 35 %, which might be due
to the fact that there was an optimal doping of
lanthanum ions in titania particles for the most
efficient separation of photo-generated electron and
hole pairs.

For comparison, Degussa P25 was also used as a
precursor to prepare doped TiO, samples. Figure 8b
shows the degradation yield of C;Hg on 0.3 %La-
TiO,, N-TiO,, 0.3 %La/N-TiO,, and 0.3 %La/N-P25.
The sample of 0.3 %La/N-TiO, exhibits excellent
performance compared with single-component doping
TiO, and 0.3 %La/N-P25. An energy level (N 2p) is
introduced just above the valence band so as to absorb
more visible light. And the La>* dopant can improve
the separation efficiency of the photo-generated elec-
tron—hole pairs. Combining the role of N and La®*, the
0.3 %La/N-TiO, showed an excellent visible light
activity. The degradation yield of C3Hg on 0.3 %La/
N-TiO, is 35 %, whereas 0.3 % La/N-P25 almost no
visible light activity. The main reasons for this
difference are given as follows. Firstly, in our previous
work, we reported that the anatase TiO, obtained from
the dehydration of NTA possessed a large amount of
SETOV. This kind of TiO, with SETOV could
increase the capacity of absorption of visible light
and improve the visible light photocatalytic activity.
Secondly, the excited electrons could be capped by the
defects generated by the dopant atoms which im-
proved the separation efficiency of the electrons and
holes. Thirdly, the larger surface area could adsorb
more contaminants and provide more active sites,
which is beneficial for the improvement of the
catalytic activity of the visible light.

Based on the above experimental results, a possible
mechanism for the degradation of C3Hg is proposed in
Scheme 1. This kind of TiO, obtained by dehydration
of NTA can be excited by the visible light because of
the existence of the sub-band (SETOV) (Zong et al.
2013). An energy level (N 2p) was introduced just
above the valence band so as to absorb more visible
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Fig. 9 PL spectra of the undoped TiO,, 0.1 % La/N-TiO,,
0.3 %La/N-TiO,, 0.5 % La/N-TiO,

light. Under visible light irradiation, the electrons
could be excited into conduction band of TiO, by
several steps. The La’" dopant can improve the
separation efficiency of the photo-generated electron—
hole pairs. Subsequently, the electrons were scav-
enged by surface-absorbed O, to form superoxide
radical (O,7). The produced holes shifted to the
surface and combine with OH- absorbed on the surface
of La/N-TiO, and resulted in the formation of OH-.
Decomposition of C3Hg was accomplished by those
oxide species.

Photoluminescence (PL) emission spectrum is a
method used to study the transfer behavior of the
photo-generated electrons and holes and understand
the separation and recombination of photo-generated
charge carriers (Zhang et al. 2000). As shown in
Fig. 9, the PL intensity of TiO, decreased greatly after
codoped lanthanum and nitrogen, while the undoped

TiO, has a highest PL intensity. This indicated that the
recombination rate of the photo-generated electrons
and holes on La, N-doped TiO, is lower than pure
TiO,. Moreover, the 0.3 %La/N-TiO, is the lowest,
which would lead to a higher photocatalytic activity.
Therefore, the PL result was consistent with the actual
photocatalytic activity.

Conclusions

Lanthanum- and nitrogen-codoped TiO, was synthe-
sized using orthorhombic NTA as the precursor by a
simple impregnation and subsequent calcination
method. x %La/N-TiO, showed excellent photocat-
alytic activity compared with single-doped NTA and
La/N-P25 for the oxidation of propylene under visible
light irradiation. The XRD and Raman results indi-
cated that NTA was transported to anatase completely,
and lanthanum doped into crystal lattice of the
titanium dioxide. N, adsorption—desorption analysis
revealed that the samples belonged to mesoporous
structure and had large surface area than doped P25.
The EPR results indicated that large amount of
SETOV possessed in La-/N-codoped TiO,, while it
was absent in La-/N-codoped P25. TiO, with SETOV
could increase the capacity of absorption of visible
light and improve the visible light photocatalytic
activity. What is more is that the large surface areas
could provide much more adsorption sites for pollu-
tant molecules, which in favor of the improvement of
the photocatalytic activity.
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