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bstract

Nanocrystalline La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solutions were prepared by a polymeric complex method. The samples were characterized
y X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM), UV–vis diffuse reflectance spectra (DRS), energy dispersive X-
ay spectrum (EDS), thermogravimetric analyses (TGA) and differential thermal analyses (DTA). The photocatalytic activity of La1.5Ln0.5Ti2O7
Ln = Pr, Gd, Er) was evaluated by the photocatalytic degradation of methyl orange (MO). La1.5Gd0.5Ti2O7 showed the best photocatalytic activity
nd it was supposed that the half-filled electronic configuration of Gd3+ can promote charge transfer and enhance the photocatalytic activity. The
ifference in the photocatalytic activity observed for La1.5Ln0.5Ti2O7 (Ln = La, Pr, Gd, Er) can be related to the different Ln 4f shell.

2006 Elsevier B.V. All rights reserved.
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. Introduction

La2Ti2O7 has a layered perovskite structure with a gen-
ral formula of A2B2O7 [1–7]. La2Ti2O7 has been extensively
tudied as photocatalyst materials for water splitting [1–4,6,7],
ptical materials [8], ferroelectric device components [9,10] and
o on. The crystal structure of La2Ti2O7 (Fig. 1) indicates that
a2Ti2O7 is built of layers of distorted perovskite-like slabs

unning parallel to the (1 1 0) plane bounded to each other by
nterlayer La3+ ions. The thickness of the slabs corresponds
pproximately to four corner-linked TiO6 octahedral [6].

A layer-perovskite-structured metal oxide A2B2O7 provides
good base material for chemical substitutions. Both A sites and
sites in A2B2O7 can be substituted by diverse component ions

o form stable solid solutions. The formations of stable solid
olutions via partly substitutions of Ti sites by Cr3+, Fe3+ [4]

nd La sites by Pr3+, Nd3+ in La2Ti2O7 have been reported by
ee et al. [1]. It was reported that the band structure and the
hotocatalytic activity for water splitting of the resultant solid
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olutions could be greatly influenced by the substituted Ln ions
ue to their different 4f shell.

Although La2Ti2O7-based solid solutions have been investi-
ated as efficient photocatalysts for water splitting, the appli-
ations of such materials in the photocatalytic degradations
f organic pollutants have seldom been reported so far [5]. It
ould be interesting to explore the feasibility of the applications
f La2Ti2O7 based materials in the photocatalytic decompo-
ition of organic pollutants and how the substitutions would
ffect the photocatalytic activities of these solid solutions. Since
ulti-component oxides prepared by the polymeric complex
ethod have been reported to exhibit much higher photocat-

lytic activities than those prepared by traditional solid-state
eactions [6], in this paper we prepared Ln ions (Ln = Pr, Gd,
r) substituted La2Ti2O7 solid solutions via a polymeric com-
lex method. The structures and photophysical properties of the
repared solid solutions were characterized and their photocat-
lytic activity was evaluated by the degradation of the typical
ye methyl orange (MO). The comparative studies of these

a2Ti2O7 based materials showed that their structures and pho-

ophysical properties can be tuned by Ln ions substitutions.
ighly enhanced photocatalytic activity was observed on Gd3+-

ubstituted La2Ti2O7, whereas Nd3+ or Pr3+ substitutions only
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Fig. 1. Schematic diagram of La2Ti2O7.

ead to the decreased photocatalytic activity. The difference in
he photocatalytic activity can be related to the different Ln 4f
hell.

. Experimental
.1. Synthesis

Scheme 1 showed a flowchart of the synthesis procedure for
a1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solutions via a poly-

cheme 1. Flowchart of syntheses of La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid
olutions via a polymeric complex method.
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eric complex method. Tetra-n-butyl titanate, La(NO3)3·6H2O,
r(NO3)3·5H2O, Pr(NO3)3·6H2O, Gd(NO3)3·6H2O and citric
cid were used as the starting materials. For a typical experiment,
n amount of 2 mmol of tetra-n-butyl titanate was first dissolved
nto 80 mL of ethylene glycol, and subsequently 4 mmol of cit-
ic acid was added to this solution. After complete dissolution,
.5 mol of La(NO3)3·6H2O and 0.5 mol of Ln(NO3)3·XH2O
Ln = Pr, Gd, Er) were added. The mixture was stirred mag-
etically for several hours at 70 ◦C until it became a transparent
lear solution. The solution obtained was heated at 130 ◦C with
tirring for several hours to form a polymeric gel. The polymeric
el was dried at 150 ◦C in baking oven to form precursor. The
recursors thus obtained were calcinated at 800 ◦C for 5 h to
btain La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solutions.

.2. Characterizations

X-ray diffraction (XRD) patterns were collected on a Bruker
8 Advance X-ray diffractometer with Cu K� radiation. The

ccelerating voltage and the applied current were 40 kV and
0 mA, respectively. Data were recorded at a scanning rate of
.1◦ 2θ s−1 in the 2θ range 10–60◦. It was used to identify
he phases presented and their crystallite sizes. The crystallite
ize was calculated from X-ray line broadening analysis by the
cherer equation: D = 0.89λ/β cos θ, where D is the crystal size

n nm, λ the Cu K� wavelength (0.15406 nm), β the half-width of
he peak in radians, and θ is the corresponding diffraction angle.
V–vis absorption spectra of the powders were obtained for

he dry-pressed disk samples using a UV–vis spectrophotometer
Cary 500 Scan Spectrophotometers, Varian, USA). BaSO4 was
sed as a reflectance standard in the UV–vis diffuse reflectance
xperiment. Thermogravimetric analyses (TGA) and differential
hermal analyses (DTA) were performed on a TG-DTA Netzsch
ta 449C thermal analysis instrument. Measurement was taken
ith a heating rate of 10 ◦C/min from 50 to 800 ◦C. The trans-
ission electron microscopy (TEM) and high-resolution trans-
ission electron microscopy (HRTEM) images were measured

y JEOL model JEM 2010 EX instrument at the accelerating
oltage of 200 kV. The powder particles were supported on a
arbon film coated on a 3 mm diameter fine-mesh copper grid.

suspension in ethanol was sonicated, and a drop was dripped
n the support film.

.3. Photocatalytic activity measurements

Photocatalytic reactions were performed in a quartz tube with
.7 cm inner diameter and 16.5 cm length. Four 4 W UV lamps
ith a wavelength centered at 254 nm (Philips, TUV 4W/G4
5) were used as illuminating source. 150 mg of powdered
hotocatalysts were suspended in 150 mL of MO aqueous solu-
ion (1 × 10−5 mol/L) and stirred for 1 h before irradiation to
nsure the reach of the adsorption/desorption equilibrium. A
mL aliquot was taken at 30 min intervals during the experi-

ent and centrifuged (TDL-5-A). The resulting clear liquor was

nalyzed on a Varian UV–vis–NIR spectrophotometer (model:
ary-500). The percentage of degradation is reported as C/C0. C

s the absorption of methyl orange at each irradiated time inter-
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Fig. 2. TGA and DTA curves for La1.5Gd0.5Ti2O7 precursor.

al of the main peak of the absorption spectrum at wavelength
64 nm. C0 is the absorption of the starting concentration when
dsorption/desorption equilibrium was achieved.

. Results and discussion

.1. TG and DTA studies

TGA and DTA were performed on the as-synthesized
a1.5Gd0.5Ti2O7 precursor to determine the calcination temper-
ture. The TGA curve showed two continuous weight losses in
he range of 50–350 ◦C and 350–550 ◦C (Fig. 2). The first weight
oss could be due to the dehydration and the partly decompo-
ition of the citrate. The second weight loss could be ascribed
o the decomposition of the residual organics involved in the
ntermediate product. DTA results showed four features. The
ndothermic peak at ca. 120 ◦C might be from the removal of
he adsorbed waters. Two exothermic peaks in the region of
30–350 ◦C were attributed to the partly decomposition of the
rganics. The largest exothermic peak around 510 ◦C could be
ue to the burn out of the residual organics. The thermoanalysis
esults indicated that the totally removal of the organics can only
appened above 550 ◦C.

The XRD patterns of La1.5Gd0.5Ti2O7 precursor calcinated
n air at various temperatures as shown in Fig. 3 supported the
hermoanalysis results. Crystalline La1.5Gd0.5Ti2O7 can only
e obtained after calcinated at temperature higher than 600 ◦C

Fig. 3). To obtain better crystalline samples, 800 ◦C was chosen
n the synthesizing of La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid
olutions.

ig. 3. XRD patterns of products obtained by calcinating La1.5Gd0.5Ti2O7 pre-
ursor in air for 5 h at (a) 500 ◦C; (b) 600 ◦C; (c) 800 ◦C.
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Fig. 4. XRD patterns of La1.5Ln0.5Ti2O7 (Ln = La, Pr, Gd, Er).

.2. XRD analyses

Fig. 4a showed the XRD patterns of La2Ti2O7 and
a1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solutions prepared
ia the polymeric complex method. All the peaks match well
ith the characteristic reflections of La2Ti2O7 (JCPDS card
8-517) and literature results [1,6,11]. All the peaks could be
scribed to the monoclinic La2Ti2O7 and no impurity phases
ere detected. An expanded view of the peak corresponding

o (2 1 2) plane was shown in Fig. 4b. The lattice constants of
a2Ti2O7 and La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solutions
alculated from the d-spacing of the X-ray diffraction pattern
ere summarized in Table 1. The d-spacing of the (2 1 2) plane

nd the unit-cell volumes both followed the order of La2Ti2O7
La1.5Pr0.5Ti2O7 > La1.5Gd0.5Ti2O7 > La1.5Er0.5Ti2O7. This

esult is reasonable considering the ionic radius of eight-
oordinated Ln3+ (1.16, 1.13, 1.05, 1.00 Å for La3+, Pr3+, Gd3+,
r3+, respectively) [12].

.3. UV–vis diffuse reflectance spectra
Fig. 5 showed the UV–vis diffuse reflectance spectra of
a2Ti2O7 and La1.5Ln0.5Ti2O7 (Ln = Pr, Gd, Er) solid solu-

ions. The band-gap transitions showed red shifts when Pr, Er
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Table 1
Lattice constants of La1.5Ln0.5Ti2O7 (Ln = La, Pr, Gd, Er)

Lattice parameter La2Ti2O7 La1.5Pr0.5Ti2O7 La1.5Gd0.5Ti2O7 La1.5Er0.5Ti2O7

d-Spacing of (2 1 2) plane (Å) 2.991 2.987 2.978 2.974
a (Å) 13.011 13.006 12.945 12.928
b (Å) 5.546 5.535 5.495 5.489
c (Å) 7.812 7.784 7.744 7.718
V 4.00
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(Å3) 557.31 55

r Gd substituted for La in La2Ti2O7. The color of La2Ti2O7,
a1.5Pr0.5Ti2O7, La1.5Er0.5Ti2O7 and La1.5Gd0.5Ti2O7 were
hite, light green, pink and white, respectively. The visible-light

bsorption observed for La1.5Pr0.5Ti2O7 and La1.5Er0.5Ti2O7
ould be ascribed to the internal transitions in a partially filled
n 4f shell.

.4. TEM, HRTEM and EDS

The TEM image of La1.5Er0.5Ti2O7 (Fig. 6a) showed that the
verage value of the nanocrystalline La1.5Er0.5Ti2O7 was around
5 nm, which was consistent with the value obtained from XRD
atterns using the Scherrer formula. Some aggregations among
he particles could be observed. The HRTEM images (Fig. 6b
nd c) showed clear lattice fringes. The fringes of d = 0.27 and
.29 nm matched that of the (4 0 0) and (2 1 2) crystallographic
lanes of La1.5Er0.5Ti2O7. The EDS pattern showed that the
amples contain only La, Ti, Er and O elements. The atomic
atio of La, Er and Ti was about 1.5:0.5:2, in agreement with the
xpected stoichiometry.

.5. Photocatalytic activity

Although La1.5Er0.5Ti2O7 and La1.5Pr0.5Ti2O7 are visible-
ight responsive, they did not show any photocatalytic activities
nder visible light illumination. So the photocatalytic activ-
ties of the as-prepared samples were evaluated by measur-

ng the degradation of MO under UV illumination. Tempo-
al changes in the concentration of MO were monitored by
xamining the variations in maximal absorption in UV–vis
pectra at 464 nm. Fig. 7 showed the results of the degra-

ig. 5. UV–vis diffuse reflectance spectra of La1.5Ln0.5Ti2O7: (a) La2Ti2O7;
b) La1.5Pr0.5Ti2O7; (c) La1.5Er0.5Ti2O7; (d) La1.5Gd0.5Ti2O7.
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544.60 541.47

ation of MO in the presence of different samples. It was
ound that the order of the photocatalytic activities was
s following: La1.5Gd0.5Ti2O7 > La2Ti2O7 > La1.5Er0.5Ti2O7 >
a1.5Pr0.5Ti2O7.

Since all the solid solutions have the same layered perovskite-
ype structure, the reason why La1.5Gd0.5Ti2O7 showed the
ighest reactivity may be related to the special electronic con-
guration of Gd3+. Gd3+ is different from the other rare earth

ons in that it has a half filled f shell. The systematic studies by
hoi et al. had shown that Fe3+, Ru3+ and Os3+ (all have half-
lled electronic configuration) doped TiO2 showed the highest
hotocatalytic activities [13]. Xu et al. also reported that among
ll the rare earth ions doped TiO2, Gd3+-doped TiO2 showed the
ighest photocatalytic activity towards the photodegradation of
itrite [14]. According to Xu et al., the half-filled configuration
f the metal ion is more stable and when such a configuration
s destroyed, it has a strong tendency to return to the original
table state. This particular characteristic of the dopant ion with
he half-filled electronic configuration can promote the charge
ransfer and efficiently separate the electron–hole pairs by shal-
owly trapping electrons. Although other metal ions can also
rap the photo-exicted electrons, the detrapping is more difficult
n these metal ions. So La1.5Gd0.5Ti2O7 has higher efficiency
n the separation and transfer of charge carriers and thus shows
igher reactivity than other rare-earth La1.5Ln0.5Ti2O7 (Ln = La,
r and Pr).

The photocatalytic activities of the other three com-
lexes followed the order of La2Ti2O7 > La1.5Er0.5Ti2O7
La1.5Pr0.5Ti2O7. Lee et al. have reported that the photocat-

lytic activity for water splitting on La2Ti2O7 was superior to
hat of LaPrTi2O7 [1]. According to his calculations on the
and structure of these two complexes, he concluded that the
onduction band of La2Ti2O7 consisted mainly of broad Ti 3d
nd sharp La 4f orbital and when La was substituted with Pr,
he band gap would become smaller due to a lower 4f level
f Pr compared to that of La [15,16]. A smaller band gap is
isadvantageous for the suppression of the recombination of
lectron–hole pairs and leads to a decrease in the photocat-
lytic activity for water splitting. In our experiment, although
he band structures of La1.5Er0.5Ti2O7 and La1.5Pr0.5Ti2O7 were
ot calculated, the DRS results suggested that when La was sub-
tituted with Pr or Er, the band gap transition showed red-shift

nd thus indicated a smaller band gap in La1.5Er0.5Ti2O7 and
a1.5Pr0.5Ti2O7 compared to La2Ti2O7. So a higher photocat-
lytic activity observed for La2Ti2O7 can be attributed to a larger
and gap.
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Fig. 6. TEM and HRTEM ima

Fig. 7. Photocatalytic degradation of MO under UV illumination (λ = 254 nm):
(a) photolysis; (b) La1.5Pr0.5Ti2O7; (c) La1.5Er0.5Ti2O7; (d) La2Ti2O7; (e)
La1.5Gd0.5Ti2O7.
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. Conclusions

Nanocrystalline La2Ti2O7 and La1.5Ln0.5Ti2O7 (Ln = Pr, Gd,
r) solid solutions were successfully synthesized by a poly-
eric complex method. The characterization results showed

hat Ln3+ (Pr, Gd, Er) were substituted for La sites in the
a2Ti2O7 lattice. La1.5Gd0.5Ti2O7 showed the best photocat-
lytic activity in the decomposition of MO and it was supposed
hat the half-filled electronic configuration of Gd3+ can pro-
ote charge transfer and enhance the photocatalytic activity.
ifferent photocatalytic activity observed for La1.5Ln0.5Ti2O7

Ln = La, Pr, Gd, Er) can be related to the different Ln
f shell.
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