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Lanthanum and nitrogen co-doped SrTiO3 powders
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Abstract

Lanthanum and nitrogen co-doped SrTiO3 was prepared by a mechanochemical reaction method using SrTiO3, urea and La2O3 as the raw
materials. Nitrogen-doped SrTiO3 could be prepared by heating the mixture of SrTiO3 and La2O3 under flowing NH3 gas at 600◦C. The
sample prepared with 0.2 mol% La2O3, 22 mol% urea and 77.8 mol% SrTiO3 which has nearly the same nitrogen and lanthanum doping
atomic fractions could be obtained by a mechanochemical method and exhibited high photocatalytic activities. Under the irradiation of light
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ith wavelengths larger than 400 and 290 nm, the photocatalytic activity of nitrogen and lanthanum co-doped SrTiO3 was 2.6 and two time
reater than that of pure SrTiO3. A new absorption edge, which was formed in the visible light region and higher visible light absorptio
o-doping were the reason for the high visible light photocatalytic activity of this substance.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Strontium titanate (SrTiO3) is an important material which
as applications in photocatalysis and electronics industry
nd has attracted much attention from both fundamental and
ractical viewpoints.1–3 Its photocatalytic properties in UV

ight range have been investigated in the past. The redox
otential of electrons and holes induced by UV irradiation

s powerful enough to decompose hazardous pollutants into
ontoxic substances4,5 and to cleave H2O into H2 and O2
as.6 However, UV light is less than 5% of the sunlight
n the earth. Visible light photoactivity has been introduced

nto TiO2 by doping with transition metals7 and nonmetallic
lements.8–12It was reported that Cr or V ion-implanted TiO2
bsorbed visible light efficiently and could decompose NO
y visible light irradiation. However, it seems that anion dop-

ng is more efficient for improving the photocatalytic activity.
mong all the anion-doped photocatalysts, nitrogen doping

∗ Corresponding author. Tel.: +86-10-67391101; fax: +86-10-67392840.
E-mail address:wangjsh@bjpu.edu.cn (J. Wang).

has aroused great attention since Asahi et al. claimed th
rowing of the band gap of TiO2 by doping with nonmetalli
atoms and actually showed the visible light responsive
tocatalytic activity of nitrogen-doped TiO2.8 We also found
that nitrogen doping is also effective to add visible light
sponsive photocatalytic activity to SrTiO3.13 It is suspected
however, that replacing O2− with N3− would result in the for
mation of anion defects for the charge compensation an
anion defects would act as electron–hole recombination
ters. It is expected that the charge compensation is sat
if O2− is replaced with N3− together with replacing Sr2+ or
Ti4+ with a higher valence metal ion. It is known that La3+ has
nearly the same ionic radius (0.115 nm) as Sr2+ (0.113 nm
and can replace Sr2+ in SrTiO3 without producing a large la
tice strain. In a previous paper, we have successfully d
nitrogen in SrTiO3 lattice by mechanochemical reactions13

It was also reported that heat treatment of titania in
monia gas atmosphere was effective for doping nitroge8,9

Therefore, in the present study, nitrogen and lanthanum
doped SrTiO3 was synthesized by both mechanochem
reaction and heat treatment in ammonia gas, and the v
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.07.027



3208 J. Wang et al. / Journal of the European Ceramic Society 25 (2005) 3207–3212

light responsive photocatalytic activity of the samples was
evaluated.

2. Experimental

2.1. Sample preparation

Stoichiometric strontium titanate was synthesized by solid
state reaction of SrCO3 and TiO2 (Kanto Chem. Co. Inc.
Japan) at 1100◦C for 2 h as shown in Eq.(1)

SrCO3 + TiO2 → SrTiO3 + CO2 (1)

(NH2)2CO and La2O3 (Kanto Chem. Co. Inc. Japan) pow-
ders were used as doping sources. The samples were pre-
pared as follows. Sample 1 (heating method): 1 g of the
mixed powder of 77.8 mol% SrTiO3, 22.0 mol% (NH2)2CO
and 0.2 mol% La2O3 was put into an Al2O3 crucible and
heated at 600◦C under flowing NH3 gas for 3 h. Samples
2–5 (mechanochemical reaction method): Three grams of the
mixed powders of 77.9, 77.8, 77.7, and 76.0 mol% SrTiO3,
22.0 mol% (NH2)2CO and 0.1, 0.2, 0.3, 2.0 mol% La2O3
were charged in a zirconia pot of 45 cm3 volume with seven
zirconia balls of 15 mm in diameter and ball-milled for 2 h at
room temperature and 700 rpm rotation speed using a plane-
tary ball mill (Pulverisette-7, Fritsch, Germany), respectively.
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2.3. Photocatalytic activity measurement

A 450 W high pressure mercury arc was used as the light
source, where the light wavelength was controlled by select-
ing filters, i.e., Pyrex glass for cutting off the light ofλ <
290 nm, Kenko L41 Super Pro (W) filter <400 nm. The pho-
tocatalyst sample was placed in a hollow place of 20 mm
× 15 mm× 0.5 mm on a glass holder plate and set in the
center of the reactor. The elimination of nitrogen monoxide
was determined by measuring the concentration of NO gas
at the outlet of the reactor (373 cm3) during the photoirra-
diation under a constant flow of 1 ppm NO and 50 vol.%
air (balance N2) mixed gas (200 cm3 min−1). The gas con-
tained 0.157 wt.% NO, 23.474 wt.% O2 and 76.369 wt.% N2.
The concentration of NO was determined by a NOx analyzer
(Yanaco, ECL-88A).

3. Results and discussions

3.1. Characterization of the samples

Fig. 1 shows the XRD patterns of samples 1 and 3 made
by heating and mechanochemical reaction, respectively. All
of the samples consisted of single phase SrTiO3 which is
completely identified as a perovskite-type structure having
c rns
o lline
p -
p tallite
s mples
t
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m
D
b es of
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t ted of
s s of
hen, the ground powders were calcined at 400◦C to remove
emaining urea and by-products such as NH2CONHCONH2,
3H3N3O3, etc.

.2. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained usin
himadzu XD-D1 diffractometer using graphite monoc
atized Cu K� radiation. Crystallite size was calculated fr

he line broadening of corresponding X-ray diffraction pe
ccording to the Warren and Averbach equation:14

= λ180

π cosθL
(2)

hereL is the line width at medium height,λ the wave
ength of the X-ray radiation (0.15418 nm) andθ the diffrac-
ion angle. The particle size and shape were evaluate
ransmission electron microscopy (JEM-2000EX). Spe
urface areas (BET), Barrett–Joyner–Halenda (BJH)
ize distributions and pore parameters of the powder
les were determined by nitrogen adsorption–desor

sotherm measurements at 77 K (Quantachrome NOVA 1
S). The binding energies of Sr, Ti, N, La and O were m
ured at room temperature using an electron spectro
Perkin-Elmer PHI 5600). The peak positions of each
ent were corrected by using that of C1s (284.6 eV).
mount of nitrogen and oxygen in the SrTiO3 was determine
y an oxygen–nitrogen analyzer (HORIBA, EMGA-28
nd the sensitivity of the nitrogen measurement was a
.00001 wt.% (0.1 ppm).
ubic symmetry. In addition, the X-ray diffraction patte
f the milled sample exhibited broadening of the crysta
eaks. The result calculated by Eq.(2) showed that the sam
le made by the mechanochemical reaction had a crys
ize of 20.2 nm. The specific surface areas of these sa
ogether with the starting SrTiO3 are shown inTable 1. After
eat treatment under NH3 flow, the specific surface area
rTiO3 decreased from 4.1 to 3.2 m2 g−1. On the other hand

he samples prepared by mechanochemical reaction sh
uch higher specific surface areas around 22.7–25.1 m2 g−1.
irect TEM observation showed that doped SrTiO3 prepared
y the heating method consisted of relatively large particl
bout 0.2–0.4�m in diameter (seeFig. 2a). On the other han

he sample made by mechanochemical reaction consis
pherical particles of two different sizes, i.e., tiny particle

Fig. 1. XRD pattern of (a) Sample 1 and (b) Sample 3.
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Table 1
Initial compositions, doping fraction of nitrogen and lanthanum and specific surface areas of the samples prepared

Samples Preparation method Initial composition (mol%) N (wt.%)x andy in LaxSr1−xTiO3−yNy Specific surface area (m2 g−1)

SrTiO3 (NH2)2CO La2O3 x1 x2 y

SrTiO3 100 0 0 0 4.1
1 Calcination 77.8 22.0 0.2 0.100 0.0051 0 0.0131 3.2
2 Mechanochemical 77.9 22.0 0.1 0.149 0.0026 – 0.0195 24.5
3 Mechanochemical 77.8 22.0 0.2 0.165 0.0051 0.0162 0.0216 23.4
4 Mechanochemical 77.7 22.0 0.3 0.188 0.0077 – 0.0247 22.7
5 Mechanochemical 76.0 22.0 2 0.214 0.0526 0.1272 0.0284 25.1

x1: calculated from the initial amount of lanthanum in the raw material;x2: calculated from XPS data.

Fig. 2. Transmission electron micrographs of (a) Sample 1 and (b) Sample 3.

ca. 20 nm and large agglomerated particles of 100–200 nm
in diameter (Fig. 2b). The size of 20 nm was similar to that
calculated by XRD. The larger particles were covered with
tiny crystallites. The tiny particles seemed to be caused by
high energy grinding. During high energy milling, SrTiO3
powders were subjected to severe mechanical deformation by
the collisions with milling balls and pot. Consequently, plas-
tic deformation at high strain rates occurred within SrTiO3
powders and the average grain size could be reduced to about
20 nm.

In order to check whether nitrogen and lanthanum have
been incorporated successfully into the SrTiO3 lattice, X-ray
photoelectron spectra analysis was carried out.Fig. 3shows
N1 XPS spectra of different samples. Samples prepared by
mechanochemical reaction or heating both show N1s peak
at about 398.4 eV. It may be attributed to the doping state of
nitrogen, since the binding energy of N1s of urea used as a
starting material for mechanochemical reaction is located at
1.3 eV higher energy (399.7 eV).

The shape of the La3d peak changed depending on the
preparation method. The La3d spectra of La oxide consist
of two doublets. The energy loss peaks appearing on the
higher energy side of the 3d5/2 and 3d3/2 peaks inFig. 4c are

Fig. 3. XPS spectrum of N1s of (a) Sample 3, (b) Sample 1 and (c) urea.
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Fig. 4. XPS spectrum of La3d of (a) Sample 3, (b) Sample 1 and (c) pure
La2O3.

called satellite peaks. These peaks are believed to result from
core–hole screening by nearly degenerate O2p and empty La
4f states. The general explanation for high binding energy
satellite peaks of lanthanum oxide is that there is a charge
transfer from O2p to the empty 4f state of La leading to the
3d94f1final state.15 Compared with the La3d peak of pure
La2O3 (Fig. 4c), the peak shape of the sample prepared by
mechanochemical reaction method greatly changed (Fig. 4a).
The most obvious change after doping was the decrease of
the La3d core level intensity and the increase of the satellite
peak intensity in the La3d doublet, indicating that the bind-
ing between lanthanum and oxygen changed. On the other
hand, the sample prepared by the heating method exhibited a
La3d peak shape similar to pure La2O3 (seeFig. 4b and c),
indicating that La existed as La2O3 state and was not incor-
porated into SrTiO3. Therefore, it may be concluded that the
mechanochemical reaction method is efficient for co-doping
of nitrogen and lanthanum in the SrTiO3 lattice whereas the
heating method at 600◦C could only be used for doping nitro-
gen. Doping lanthanum in the SrTiO3 lattice includes break-
ing of the La–O bond, diffusion of lanthanum ions and the
substitution reaction between La3+ and Sr2+ ions. It seems
that heat treatment at 600◦C could not provide enough energy
to break the La–O bonds. On the other hand, the mechani-
cal stress provided by high energy ball-milling induced the
destruction of La–O bonds and the formation of new bonds.
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Fig. 5. Doping atomic fraction profile of lanthanum with sputtering time.

as one based on the solubility rules for substitutional solid so-
lutions. For the substitutional solid solutions, the extent of the
substitution is mainly determined by the ionic size. The ionic
radius of La3+ is close to that of Sr2+, and the difference in
the radii of these two ions is only 1.7%, far lower than the
radii difference limit of 15% for the formation of substitu-
tional solid solution.16 The doping fractions of nitrogen and
lanthanum of the various samples are summarized inTable 1.
It is clear that the amount of doped lanthanum measured by
the XPS method is higher than the initial concentration in
the raw material. XPS is a surface analysis method and the
concentration of lanthanum inTable 1suggests that the lan-
thanum concentration near the powder surface is higher than
that inside.Fig. 5shows the doping atomic fraction profile of
lanthanum with sputtering time. It indicates that in the initial
stage, the doping fraction of lanthanum decreased with pro-
longing of sputtering time, in other words, decreased with the
increase of depth. When the sputtering time is in the range
3–4 min, the doping fraction is zero. Further prolonging the
sputtering time, the doping fraction of lanthanum increased,
indicating that after being sputtered for 3.5 min, the site might
be the center of the particles. Incorporating lanthanum into
the SrTiO3 lattice includes breaking of the La–O bond, diffu-
sion of lanthanum ions and the substitution reaction between
La3+ and Sr2+ ions. It seems that the incorporating reaction is
relatively difficult to take place in the inner part of the parti-
c dent,
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As stated above, La3+ has nearly the same ionic rad
0.115 nm) as Sr2+ (0.113 nm), so we could deduce that l
hanum and nitrogen ions substituted for strontium and
en ions, respectively, and the doped compound cou
ritten as LaxSr1−xTiO3−yNy. The concentrations of nitr
en in samples 1–5 were measured by an oxygen–nit
nalyzer and those of lanthanum were calculated from

he initial content in the raw material and the XPS peak a
f individual elements through sensitivity factors for these
ments provided by Perkin-Elmer PHI 5600 software. Fo
ample prepared with SrTiO3, 22.0 mol% urea and 0.2 mol
a2O3, the atomic ratio of La/Sr was calculated as 0.0165
icating the formation of LaxSr1−xTiO3−yNy with x= 0.0162
nder the condition that lanthanum has a substitutional

ion of fs = 1. It is reasonable to take the substitutional frac
les. Since catalytic activities are highly surface-depen
he lanthanum concentration near the powder surface d
ined by XPS influences catalyst activity greatly.
Taking urea as the nitrogen source, the following two

ctions might take place during grinding:

(NH2)2CO → NH3 + NH2CONHCONH2 (biuret) (3a)

(NH2)2CO → 3NH3 + C3H3N3O3 (cyanuric acid) (3b

Since two solid phases, biuret and cyanuric acid,
trong N H and C N bonds, it is difficult to react wit
rTiO3. NH3 gas produced by these two reactions is

ly absorbed on the surface of SrTiO3 particles and react wit
rTiO3 to dope nitrogen. The solid-state interdiffusion re

ion during reactive ball-milling was triggered by fragmen
ion of the SrTiO3 powder thus creating new surfaces. Th
reshly created surfaces reacted with NH3 and La2O3 to form
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Fig. 6. The photocatalytic activity of various samples under visible light (λ

> 400 nm) and ultraviolet light (λ > 290 nm): (a) Sample 1, (b) Sample 3,
(c) Sample 3 before calcination, (d) SrTiO3 and (e) blank without sample.

a nitrogen and lanthanum co-doped SrTiO3 surface layer over
the unreacted core particles. With further milling this dop-
ing reaction continued and a LaxSr1−xTiO3−yNy phase was
formed resulting in a nanostructured nitrogen and lanthanum
co-doped SrTiO3.

3.2. Optical properties and photocatalytic activity for
NO destruction

Fig. 6 shows the photocatalytic activity of undoped
SrTiO3, nitrogen-doped SrTiO3 (Sample 1) and nitrogen and
lanthanum co-doped SrTiO3 (Sample 3) for the NO elimina-
tion under irradiation of visible light (λ > 400 nm) and UV
light (λ > 290 nm). It took about 10 min to reach the steady
state after light irradiation. It was also found that when the
light was turned off, NO concentration returned to its initial
level of 1 ppm within 10 min. These results suggested that
the light energy is essential for the oxidation of NO, i.e., NO
was photocatalytically eliminated. The oxidation degrees by
blank test without photocatalyst were 9.6 and 20% under the
irradiation of light with wavelengthλ > 400 and 290 nm,
respectively (Fig. 6e). As expected from its large band gap
energy, undoped SrTiO3 exhibited little photocatalytic activ-
ity, whereas samples 1 and 3 showed higher photocatalytic
activity under visible light irradiation (λ > 400 nm). It is seen
t un-
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t pure
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Fig. 7. The photocatalytic activity of samples 1–5 as a function of La3+

doping.

contaminations and also decrease the number of defects in
the lattice of SrTiO3 produced during high energy grinding
because of the high recovery rate of the lattice defects at el-
evated temperature.

The photocatalytic activity and the doping fraction of ni-
trogen as function of the doping fraction of lanthanum,x1,
determined from the initial composition of the sample are
shown inFig. 7. The NO elimination ratio of the samples
increased with the increase of doping fraction of lanthanum
up tox1 = 0.005, then decreased with the further increase of
the lanthanum content. The increase in the initial stage may
be due to the increase in nitrogen content. On the other hand,
the decrease of the photocatalytic activity with excess lan-
thanum doping may be due to the formation of a cation defect
and/or Ti3+ for the charge compensation. For the Sample 5
made with 2 mol% La2O3–22 mol% (NH2)2CO–SrTiO3, the
lanthanum doping content near the particle surface reached
0.1272 whereas the nitrogen doping content is only 0.0284
(seeTable 1), indicating that the nitrogen doping content
could not increase so much due to the relatively big difference
of ionic size of N3− (r = 0.171 nm) and O2− (r = 0.140 nm)
although the extent of substitution of La3+ to Sr2+ could be
very high. Excess La3+ doping will lead to the formation of
cation defects and/or reduction of Ti4+ to Ti3+ which will de-
crease the photocatalytic activity of the sample because of a
decrease in the thickness of the space-charge layer as deep
T ng
f ro-
g of
t

i-
c fuse
r
(
p g of
a in
F cor-
r
T 0 and
hat Sample 3 showed the highest NO destruction ability
er visible light irradiation, i.e., 35.8% NO could be destr

ed, which is about 2.6 and 1.4 times larger than that by
rTiO3 and Sample 1, respectively (Fig. 6a, b and d). Furthe
ore, the co-doped SrTiO3 sample had good photocataly
ctivity in the near ultraviolet light range also, i.e., 63.
O could be destructed which was about two times hi

han that of pure SrTiO3. On the other hand, the nitrogen a
anthanum co-doped SrTiO3 sample without calcination ha
ower capability for the elimination of NO. It might be d
o the inhibition of NO adsorption by remaining by-produ
uch as NH3, NH2CONHCONH2, C3H3N3O3, etc. and unre
cted (NH2)2CO. Heat treatment of the sample at approp

emperature such as 400◦C might remove these unfavorab
i3+ traps are populated.17 Therefore, an appropriate dopi
raction of lanthanum which is consistent with that of nit
en doping could efficiently improve the photoreactivity

he sample.
It is well-known that the photocatalytic activity of a sem

onductor is related to its band gap structure. The dif
eflectance spectra of pure SrTiO3, nitrogen-doped SrTiO3
Sample 1), lanthanum and nitrogen co-doped SrTiO3 (Sam-
le 3) and the sample prepared by high energy millin
mixture of SrTiO3 and 2 mol% La2O3 are represented
ig. 8. Pure SrTiO3 shows an absorption edge at 390 nm

esponding to the band gap energy of 3.18 eV (seeFig. 8d).
he co-doped samples have two absorption edges at 39



3212 J. Wang et al. / Journal of the European Ceramic Society 25 (2005) 3207–3212

Fig. 8. The diffuse reflection spectra of (a) Sample 3, (b) Sample 1, (c)
ground mixture of 2 mol% La2O3 and SrTiO3 and (d) pure SrTiO3.

450 nm. These absorption edges may be attributed to those
of SrTiO3 and nitrogen-doped SrTiO3 lattice, respectively,
since the ground mixture of SrTiO3 and La2O3 exhibited
only one absorption edge at 390 nm (seeFig. 8c). Fig. 8and
Table 1suggest that lanthanum doping could increase the ni-
trogen doping content. Nitrogen doping could generate the
absorption edge in the visible light range and result in the im-
provement of NO photo-oxidation ability under visible light
irradiation. The photocatalytic activity results indicate that
co-doping of lanthanum and nitrogen in SrTiO3 could gener-
ate a stable visible light responsive photocatalyst with good
NO elimination potential.

4. Conclusions

(1) Mechanochemical synthesis provides an efficient
method for co-doping of nitrogen and lanthanum in the
SrTiO3 lattice by using (NH2)2CO and La2O3 as the
nitrogen and lanthanum sources. The co-doped sample
could not be obtained by heating a mixture of SrTiO3
and La2O3 under flowing NH3.

(2) The content of doped nitrogen increased with the amount
of lanthanum. The sample which has nearly the same
lanthanum and nitrogen doping fraction exhibited high
photocatalytic activity.

( d
as a
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