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Abstract

Ultrafine-layered lanthanon titanates K2Ln2Ti3O10 (Ln ¼ La, Nd, Sm, Gd, Dy) were fabricated at relatively low temperature by a

stearic acid method (SAM). The obtained products were characterized by FT-IR, X-ray diffractometer, DTA–TG, scanning electron

microscopy, transmission electron microscopy and BET experiments. The photocatalytic activity of the obtained products was

studied and was compared with that of solid-state reaction (SSR) using photodecomposition of methyl orange as the model system.

Results showed that by using SAM, the fabricating temperature was lowered (from 1100 to 800 1C) and the reacting time was

shortened (from at least 11–2 h). Comparing with the product of traditional SSR, the particle size of K2Ln2Ti3O10 synthesized by

SAM is smaller, BET surface area is higher (more than 16.97m2/g), and photoreactivity is better. It was very interesting to find the

difference in d(002) of obtained K2Ln2Ti3O10 for Ln ¼ La, Nd, Sm, Gd, Dy separately and the photoactivity of K2Ln2Ti3O10 is

strongly dependent on lanthanide, increasing in the sequence of LaoSmoNdoGd oDy. A possible reason was put forward.
r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Peculiar properties differing from bulk materials may
appear as the dimensions of materials are reduced to the
submicrometer or nanometer scale. Study of the
preparation and properties of various nanostructured
materials has received extensive attention during the last
two decades [1]. In this article, we report a novel method
to synthesize ultrafine-layered lanthanon titanates
(K2Ln2Ti3O10 Ln ¼ La, Nd, Gd, Sm, Dy) and photo-
catalytic properties of this material.
K2Ln2Ti3O10 (Ln ¼ La, Nd, Gd, Sm, Dy), a layered

perovskite-type compound with a hydrated interlayer
space, is one type of the most extensively studied
photocatalytic material [2–9] because of its better
e front matter r 2004 Elsevier Inc. All rights reserved.
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photoreactivity comparing with TiO2. As a catalyst,
high dispersibility and large surface area are crucially
important. However, the actual particle size of
K2Ln2Ti3O10 was usually at least on the micrometer
scale because they were usually prepared via a solid-
state reaction (SSR) of K2CO3, Ln2O3 and TiO2 at high
temperature (1100–1300 1C) with long reaction time
[2,4–9]. So the control of its preparation is always a key
point for obtaining excellent photoactivities [10]. Be-
cause of the difficulty in preparing ultrafine-layered
K2Ln2Ti3O10 by the conventional SSR, little attention
has been paid to investigating the change of the
structure and the properties of these compounds when
the particle size of these compounds becomes smaller.
One of the typical strategies to synthesize nanoscale

complex oxides is using precursor routes [1]. We
previously reported a non-hydrolytic method, the so-
called stearic acid method (SAM) to prepare various
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nanocrystalline complex oxides using stearic acid as
reactant and dispersant [11–14]. It was found that
various metallic ions could be dispersed at the molecular
level in melted stearic acid via a liquid-state mixing
process, and each component was uniformly mixed even
in the resulting product after removing organic sub-
stances by combustion. This could remarkably reduce
the SSR reaction temperature and the ultrafine complex
oxides could be easily obtained. Herein, we developed
this technique to fabricate ultrafine K2Ln2Ti3O10
(Ln ¼ La, Nd, Gd, Sm, Dy) powders. Results showed
that K2Ln2Ti3O10 was successfully synthesized at a
relatively low temperature with shortened reaction time
and the d(002) values of obtained products were
different from each other when Ln changed. Compared
with the product of traditional SSR, the particle size of
K2Ln2Ti3O10 synthesized by SAM is smaller; BET
surface area is higher (more than 16.97m2/g) and the
photoreactivity is better. At the same time, the photo-
decomposition rate of methyl orange catalyzed by
K2Ln2Ti3O10 is strongly dependent on lanthanide,
increasing in the sequence of LaoSmoNdoGdoDy.
A possible reason has been put forward.
2. Experimental

2.1. Preparation and characterization of samples

The fabrication procedure of ultrafine K2Ln2Ti3O10
(Ln ¼ La, Nd, Gd, Sm, Dy) is illustrated in the
flowchart in Fig. 1. Tetrabutyl titanate (Ti(OBu)4),
KOH and Ln(NO3)3(Ln ¼ La, Nd, Gd, Sm, Dy)
obtained from Ln2O3 dissolved in HNO3 were used as
the precursors of Ti, K and Ln, respectively. Concerning
the volatilization of potassium during calcinations, the
Ln2O3 KOH 

Dissolved in HNO3+H2O Dissolved in H2O 

Solution A Melted stearic acid Melted stearic acid Solution B

Mixture solution 

Ti(OBu)4 added

Homogeneous transparent solution

Ignited in air

Sintering

Fig. 1. Flowchart for chemical processing of K2Ln2Ti3O10 (Ln ¼ La,

Nd, Gd, Sm, Dy).
molar rate of K/Ln/Ti is 3.6/2/3 (containing 80% excess
amount of potassium). Firstly, two appropriate portions
of stearic acid (ca. 30 g) were heated and melted. A given
amount of KOH and Ln(NO3)3 were added into them
and were named as Solution A and Solution B
separately. These mixtures were thoroughly stirred by
the magnetic mixer to eliminate the water. Then
Solution A was dumped into Solution B. After 0.5 h,
an appropriate amount of Ti(OBu)4 was added with
vigorous stirring. Two hours later, a homogeneous
transparent solution was formed. The solution was
ignited in air and the obtained powders were calcined at
a series of increasing temperatures ranging from 400 to
900 1C for 2 h in air.
For comparison, K2Ln2Ti3O10 (Ln ¼ La, Nd, Gd,

Sm, Dy) was also synthesized by traditional SSR
according to Ref. [2,6]. K2Ln2Ti3O10 was prepared from
K2CO3, Ln2O3 and TiO2 powders. These stoichiometric
mixtures were first calcined at 900 1C for 5 h followed by
grinding and calcination at 1100 1C for 11 h.
The preparative process was monitored by FT-IR

spectroscopy with a Bruker Vector 22 spectrometer. The
crystalline phase structure was determined by Bruker D8
Advance X-ray diffractometer (XRD) using CuKa
radiation. The BET surface area was evaluated by N2
adsorption in a constant volume adsorption apparatus
(Coulter SA 3100). The morphology was determined by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) using LEO-1530VP SEM
microscopy and H-800 TEM microscopy, respectively.

2.2. Photocatalytic activity measurement

The photoreactivities of the samples were evaluated
by methyl orange decomposition under UV irradiation.
A 300W high-pressure mercury lamp provided the
irradiation with a wavelength centered at 365 nm. The
initial concentration of methyl orange in a quartz
reaction vessel was fixed at 20mg/L with as-prepared
catalysts loading of 1 g/L. The reaction cell (500mL)
was bubbled with air at a flow rate of 10mL/min. The
extent of methyl orange decomposition was determined
by measuring the absorbance value at 465 nm using UV-
1100 spectrometer.
3. Results and discussion

3.1. Characterization of the preparative process of SAM

In this work, K2Nd2Ti3O10 was taken as an example
to describe the fabricating process prepared by SAM.
Stearic acid is one widely used surfactant. Its carboxylic
acid group and long-carbon chain endow it with strong
ability to disperse various substances. In order to
investigate the reaction and uniform distribution



ARTICLE IN PRESS

100 200 300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
G

A
 (

%
)

Temp (°C)

-20

-16

-12

-8

-4

0

4

8

12

16

D
T

A
 (

m
W

)

560.82

425

316.60

349.04

249.68
60

Fig. 3. DTA/TA curves of the precursor gel of K2Nd2Ti3O10.
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Fig. 4. XRD patterns of the (a) precursor powder ignited in air and

the products calcined at a series of increasing temperatures of

K2Nd2Ti3O10, (b) 500 1C, 2 h, (c) 700 1C, 2 h, (d) 800 1C, 2 h, and

(e) 800 1C, 6 h.
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mechanism of the reactant in the preparative process,
FT-IR was utilized to monitor the structural changes of
compounds during the preparative process. It was found
that strong chemical interaction existed between metal
precursors and stearic acid. After KOH was added into
stearic acid, the characteristic absorption bands of
–COOH (1702, 934.5 cm�1) decreased while one band
at 1560 cm�1 was observed, which is assigned to the
stretching vibration of –COO� (see Fig. 2), indicating
that potassium stearate was formed. After Ti(OBu)4 was
added to stearic acid, two new bands at 1590–1540 cm�1

appeared. The band at 1550–1590 cm�1 was attributed
to the COO� stretching vibration for bidenate Ti(IV)–
carboxylic acid complex [11,12], indicating that strong
coordination interaction between Ti(IV) and stearic acid
existed. However, after Nd(NO3)3 was added into
stearic acid, two characteristic absorption bands of
NO3

� (1545, 1304 cm�1) were observed and no bands
belonging to –COO� existed indicating that there was
no reaction between Nd3+ and stearic acid; the stearic
acid just acted as surfactant. Through the strong
interaction and dispersion between metal elements and
stearic acid, Ti(IV), K+ and Nd3+ were uniformly
dispersed in the stearic acid, attaining molecular-level
distribution. The highly dispersed precursors may
guarantee that the resulting K2Ln2Ti3O10 products are
ultrafine.
Fig. 3 shows the DTA and TG curves of the precursor

gel of K2Nd2Ti3O10. It can be seen that the DTA curve
has five peaks: the first endothermic peak (60 1C) is
associated with the melting of stearic acid, the second
endothermic peak (249.68 1C) with relatively large
weight loss (83%) is caused by the evaporation and
burning of the organic substance, the third exothermic
peak (349.04 1C) is attributed to the fabrication of
intermediate state (KNd2Ti3O9.5), the fourth small
exothermic peak (425 1C) is relative to the crystal lattice
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Fig. 2. FT-IR spectra of (a) stearic acid, (b) KOH+stearic acid, (c)

Ti(OBu)4+stearic acid, and (d) La(NO3)3+stearic acid.
energy released during the formation of perovskite-type
structure and the largest endothermic peak with 3.49%
weight loss is regarded as the volatilization of excess
potassium, burning of remaining organic substance and
the formation of K2Nd2Ti3O10 structure. The overall
weight loss observed in Fig. 3 is 95.10%, which is quite
consistent with the theoretical weight loss (94.88%),
indicating the complete removal of all the stearic acids.
No further peak or weight loss up to 800 1C was found,
suggesting the K2Nd2Ti3O10 can be fabricated at about
700 1C. These results can be confirmed by the XRD
patterns.
A clear transition from amorphous state to crystalline

state could be noticed in Fig. 4. The basic powder is
amorphous but containing a small amount of
KNd2Ti3O9.5 (JCPDS 430595) as a mediate phase.
When heated at 500 1C, the intermediate product of
KNd2Ti3O9.5 was very clear indicating the elevated
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temperature was required to yield K2Nd2Ti3O10 pow-
ders. We detected the first appearance of perovskite-type
structure when the sample was heated at 700 1C, but the
crystallinity was quite low. As the temperature was
raised to 800 1C and the calcination time was extended
to 6 h, a single phase of K2Nd2Ti3O10 (JCPDS 870479)
was completely formed. The fabrication process of other
K2Ln2Ti3O10 (Ln ¼ La, Gd, Sm, Dy) was very similar to
this. The only difference was that K2Dy2Ti3O10 crystal-
line did not appear only when the precursor had been
heated at 900 1C for 6 h. These results suggest that the
K2Ln2Ti3O10 series, which usually forms at high
temperatures in conventional method (�1100 1C) with
a long reaction time, can be successfully synthesized at a
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Fig. 5. XRD patterns of K2Ln2Ti3O10 (Ln ¼ La, Nd, Sm,Gd, Dy).

Table 1

Main parameters of obtained K2Ln2Ti3O10 crystallite by SAM

Main parameters La Nd

d(002) (nm) 1.476 1.479

BET surface area (m2/g) 11.83 16.97

Average size (nm�nm) 500� 450 225� 250

Reaction temperature (1C) 800 800

Calcination times (h) 3 6

Table 2

Ionic information, band gap and photoreactivity of K2Ln2Ti3O10

Ln3+ d(002) (nm) Ionic radius (Å) Valenc

Ln3+

La 1.476 1.032 [Xe]

Nd 1.479 0.983 4f3

Sm 1.497 0.985 4f5

Gd 1.295 0.938 4f7

Dy 2.319 0.912 4f9
relatively low temperature with shortened reaction time
by using SAM.
Fig. 5 shows the XRD patterns of K2Ln2Ti3O10

prepared by SAM. The La compound consisted of a
single phase of layered perovskite K2La2Ti3O10, the
XRD pattern of which is indexed based on tetragonal
lattice (I4=mm; a ¼ 3:871 (A; c ¼ 29:78 (A) as reported
previously [2,9]. This type of tetragonal-layered per-
ovskite was also produced for Ln ¼ Nd, Sm, Gd, Dy,
being free from the starting materials or other impu-
rities. But the crystallinities of K2Ln2Ti3O10 differ from
each other when the Ln changes because of the different
reactive characteristics of Ln and varied heating
temperature (see Table 1). For Ln ¼ La, it may be easy
to achieve the reaction balance, but for Ln ¼ Sm, it may
be relatively hard to obtain the perovskite structure
under the same condition.

3.2. Influence of preparation method on the

microstructure of prepared K2Ln2Ti3O10 powders

Preparative methods have a great effect on the crystal
structure of the obtained products. Table 1 summarizes
the main parameters of obtained K2Ln2Ti3O10 crystal-
line prepared by SAM. First of all, it can be seen that the
values of d(002) increase along with the atomic number
from La to Dy, in spite of Ln ¼ Gd (also can be seen in
Fig. 5). It is difficult to understand this difference. To
the best of our knowledge, one possible reason is that
the Ln3+4f levels have great effect on the lattice
structure. The d(002) value of K2Ln2Ti3O10 tends to
increase with the enhancement of Ln3+4f electron
numbers in spite of Gd3+ because its 4f7 is half-filled
(see Table 2). The other reason is that the ionic radius of
Sm Gd Dy

1.497 1.295 2.319

12.35 13.04 10.59

300� 500 160� 230 1400� 1100

800 800 900

8 8 6

e shell of Eg (eV) Photodegraded amounts of methyl

orange by K2Ln2Ti3O10 in 2 h (%)

3.05 10.8

3.25 17.9

3.26 12.7

3.30 20.4

3.38 44.8
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lanthanon affects the structure of K2Ln2Ti3O10. As can
be seen in Table 2, the value of d(002) increases along
with the decreases of ionic radius from La3+, Nd3+,
Sm3+ to Dy3+ (in spite of Gd). But in our experiment,
we found that it was impossible to achieve the layered
perovskite structure of K2Ln2Ti3O10 when using Er
(rEr3þ ¼ 0:890 (A) to replace Ln. This result suggests
that the formation of layered perovskite in K2Ln2Ti3O10
system is dependent on the ionic radius of Ln3+ [16]
there must exist a range of rLn to obtain this structure.
Further work is under progress.
Preparative methods also influence the grain size and

dispersibility of the obtained powders. Fig. 6 shows the
TEM and selected area electron diffraction micrographs
of the sample prepared by SAM. The product of
K2La2Ti3O10 crystalline is quadrilateral and with good
dispersibility, which is consistent with Ref. [7,8] and the
electron diffraction of the freshly prepared K2La2Ti3O10
reveals that the sample is a single crystal body-centered
tetragonal K2La2Ti3O10. The average size of K2La2
Ti3O10 estimated from TEM is 500 nm� 450 nm. These
results are confirmed by SEM images as well. From the
Fig. 6. (a) TEM micrograph, and (b) electron diffraction pattern of

K2La2Ti3O10 prepared by SAM obtained at 800 1C.

Fig. 7. SEM micrographs of K2La2Ti3O10
picture of both Fig. 7 (a) and (b), we can clearly see the
unique layered structure of K2La2Ti3O10 (see the arrow
in Fig. 7) and both of them are square-like. But the
average grain size of K2La2Ti3O10 obtained by SAM is
about 500 nm� 450 nm, which is quite smaller than that
of the solid-state method (ca. 1.5 mm� 1 mm).
Fig. 8 showed the SEM micrographs of other

K2Ln2Ti3O10 (Ln ¼ Nd, Sm, Gd, Dy) crystalline pre-
pared by SAM. It is very clear that the products with
high dispersibility are all square-like and have a unique
layered structure (see the arrows in Fig. 8), which are in
good consistency with Ln ¼ La and Ref. [7,8], indicating
that the crystallinity of the products is quite well. As can
be seen, the average sizes of obtained products ranged
from 300 to 1000 nm for Ln ¼ Nd, Sm, Gd, Dy
separately (see Table 1). And for Ln ¼ Dy, it has the
largest average size because it was fabricated at the
highest temperature.
Meanwhile, the BET surface areas of K2Ln2Ti3O10

calculated from N2 isotherms at �196 1C were in the
range of 10–18m2/g (see Table 1), which are larger than
those prepared by traditional SSR (�1m2/g) [3]. So
these good physical properties of obtained samples by
SAM, such as more regular morphology, higher
dispersibility and larger BET surface area, etc. may
result in better behavior in photocatalytic reaction.
3.3. Photocatalytic activity measurement

Photoactivity is one of the typical properties of
K2Ln2Ti3O10 and the property was strongly dependent
on the surface structure and the catalytic property of the
material itself. As-prepared K2Ln2Ti3O10 series were
used to photodecompose methyl orange without any
further pretreatments. Fig. 9 shows that the photo-
catalytic reaction goes with irradiation time using
K2Ln2Ti3O10 (Ln ¼ Dy, Gd) as catalyst. Apparently,
the plot is linear indicating that this photocatalytic
reaction is a first-order reaction. The photoreactivity of
other K2Ln2Ti3O10 is very similar to this, but the
prepared by (a) SAM, and (b) SSR.
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Fig. 8. SEM micrographs of products prepared by SAM (a) K2Nd2Ti3O10, (b) K2Sm2Ti3O10, (c) K2Gd2Ti3O10, and (d) K2DyTi3O10.
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decomposition rates are different from each other when
Ln changes. Fig. 10 summarized the photodegraded
amounts of methyl orange catalyzed by K2Ln2Ti3O10 in
2 h, which was fabricated by both SAM and SSR. It was
found that the photoactivities of samples obtained by
SAM are all better than those of SSR accordingly
because of their better physical properties mentioned
above (see Table 1). However, it is interesting to find
that the photodegraded amount of methyl orange was
strongly dependent on Ln, decreasing in the sequence of
Dy4Gd4Nd4Sm4La by the same method. In the Dy
case, the photodecomposition rate of methyl orange is
44.8%, whereas in the case of La the decomposition rate
decreased to 10.8%.
This phenomenon was also found in other systems,

such as RbLnTa2O7 [15,16]. It is difficult to rationalize
the sequence of this system. Most important of all, this
is considered [15,16] largely to be a consequence of the
partly occupied Ln4f levels, which form narrow bands
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within the band gap of the Ti–O sublattices. This may
imply that photoexcited Ln4f electrons play a key role in
the photocatalysis of the present layered pervoskite
lanthanon titanates [16,17] and it is materialized in the
form of the band gap.
Fig. 11a shows the representative UV–vis absorbance

spectra of K2Dy2Ti3O10 crystalline in 50%(v/v) glycol/
water suspension prepared using 20W/cm2 sonic in-
tensity. The optical data were analyzed at the near-
absorption edge using the equation

a ¼ Kðhv � EgÞ
n=2=hv,

where K and n are constants and Eg is the band gap of
the semiconductors [17]. The value of n is equal to 1 for
a direct band gap material, whereas n ¼ 4 for an indirect
transition material. In K2Ln2Ti3O10, there are two
possibilities of charge transfer transition involving 4f

levels, i.e., from the highest filled (valance) band mainly
composed of O2p to the Ln4f levels, or from the Ln4f

levels to the conduction band. In such cases, the
resultant photoexcited electrons or holes may take part
in the catalytic reaction on the surface. Actually,
however, the direct electron transfers from Ln4f to the
conduction band would be impossible due to a large
inteatomic distance (Ln–Ti) [9]. In contrast, Ln4f may
interact with the O2p (Ln–O) that participates in
deriving the conduction band through Ti–O–Ti interac-
tions [16]. In this regard, n should be fixed at 4.
Apparently, the plot of (ahv)1/2 versus hv (Fig. 11b) gives
Eg for an indirect allowed transition when the linear
region is extrapolated to zero ordinate. So the estimated
Eg of K2Dy2Ti3O10 was about 3.38 eV. The band gap of
other lanthanides tested by the same method was shown
in Fig. 12 and summarized in Table 2. It was found that
the photoactivity sequence of K2Ln2Ti3O10 was well
reflected by the band gap energy as shown in Table 2.
The higher band gap is, the better the photoreactivity
will be. And Ln ¼ Dy (Eg ¼ 3:38 eV) has the maximum
photoreactivity which is in accordance with the irradia-
tion of 365 nm (about 3.4 eV).
On the other hand, the photocatalytic activity is

dependent on the crystallinity of the catalyst. Thus, the
low activity for Ln ¼ Sm might be due to its poor
crystallinity when compared with Ln ¼ Nd, Gd. But on
considering that the crystallinity of Ln ¼ La is the
highest but its photoactivity is the poorest, we think that
the photocatalytic activity of K2Ln2Ti3O10 was strongly
dependent on Ln and the crystallinity was the second
place effect. Clearly, however, further detailed study and
more electronic informations are necessary to under-
stand this photocatalytic sequence.
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