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Flaky monoclinic La2Ti2O7 was prepared via a hydrothermal method based on the reaction of Ti(SO4)2 and La(NO3)3. Relative

to the solid-state reaction sample, the flaky La2Ti2O7 showed higher surface areas, much smaller crystal size and more efficient light

absorption. All these factors led to the higher photoactivity to produce H2 from water splitting under UV irradiation.
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1. Introduction

Monoclinic compounds La2Ti2O7 with space group
P21 has been the subject of considerable interests due to
its properties as photocatalyst for producing hydrogen
from water photosplitting and photodegradation of
organic pollutants [1–5]. La2Ti2O7 was initially prepared
by a conventional solid-state reaction (SSR) method [6,
7], in which appropriate amounts of precursor oxides or
carbonates are ground together and then calcined at a
high temperature (1100–1400 �C) for long periods to
allow interdiffusion of cations. This method produces
materials with low surface areas, nonuniform particle
sizes and low phase purity, and in consequence, a low
photoactivity for the water splitting.

Attempts to synthesize La2Ti2O7 below 900 �C have
been carried out through several solution techniques to
get active photocatalysts with high surface areas, such as
coprecipitation [4], metal organic decomposition [5],
sol–gel [8] and polymerized complex method [3, 9, 10].
For example, La2Ti2O7 have been prepared by the
polymerized complex method, which was reported to
have a high surface area due to the relative low heat
treatment temperature, and also to exhibit much higher
activity than the photocatalyst prepared by the SSR
method for the photocatalytic water decomposition
under ultraviolet (UV) irradiation [11, 12]. M-doped
La2Ti2O7 (M = Cr, Fe) as photocatalyst has also been
fabricated for the water splitting under visible light
irradiation [1]. A highly donor-doped (110) layered
La2Ti2O7 has also been found to be an efficient photo-

catalyst for the degradation of organic pollutants, which
is comparable to TiO2 (P25) [2]. Moreover, this photo-
catalysts loaded with nickel show high quantum yields
for the water photosplitting [3, 13–15]. However, the
surface areas of these materials are still very small due to
the high-temperature treatment needed to obtain crys-
talline phases. Therefore, it still remains essentially
important to seek for more effective method for the
preparation of La2Ti2O7 under mild synthetic condi-
tions. To the best of our knowledge, there are only a few
studies focused on the hydrothermal synthesis of
La2Ti2O7 [16, 17]. Herein, a flaky monoclinic La2Ti2O7

was fabricated from the reaction of La(NO3)3 and
Ti(SO4)2 via a hydrothermal reaction by using cetylt-
rimethylammonium bromide (CTAB) as surfactant and
NaOH as mineralizer. The microstructures, optical
property, and photoactivities of La2Ti2O7 are studied in
detail.

2. Experimental section

In a typical procedure, a Ti(SO4)2 solution was added
into CTAB solution under stirring, and then La(NO3)3
solution was slowly added into above mixture. The
molar ratio of La(NO3)3:Ti(SO4)2:CTAB is 1:1:0.2, the
pH value of the mixture was then adjusted by a super-
saturated NaOH solution. After stirring for 30 min, the
resulting mixture was aged at room temperature for 12 h
and then transferred into a Teflon-lined autoclave, which
was maintained at 150–240 �C for 24 h. The product was
collected by centrifugation, washed with distilled water
and ethanol in sequence, and then dried at 80 �C over-
night. Ion-exchange treatment was performed to remove
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CTAB by mixing the as-synthesized powders with a
water–ethanol solution of NaCl under stirring at 40 �C
for 10 h. La2Ti2O7 was also prepared from mixture of
La2O3 (99.99%) and TiO2 (rutile) at 1150 �C according
to SSR method [7].

The obtained samples were characterized by X-ray
powder diffraction (XRD) analyses using XRD-6000
diffractometer, transmission electron microscopy (TEM)
on LaB6 JEM-2010 (HT)-FEF electron microscope and
field emission scanning electron microscopy (FESEM)
on FEG SEM Sirion electron microscope. The nitrogen
adsorption and desorption isotherms at 77 K were
measured on a Micrometrics ASAP 2010 system after
samples were degassed at 120 �C. UV–Vis diffuse
reflectance spectra (DRS) were performed with a Cary
5000 UV–Vis–NIR spectrophotometer equipped with an
integrating sphere.

Photocatalytic reaction was performed at room tem-
perature in an outer-irradiation-type Pyrex reactor
(320 mL). A 500 W high-pressure mercury lamp was
applied as light source, which is positioned inside a
cylindrical Pyrex vessel surrounded by a circulating
water jacket (Pyrex) to cool the lamp. A cylindrical
Pyrex glass vessel was used as photoreactor, which were
located at 15 cm’s distance to the Hg lamp. The catalyst
(0.0500 g) was suspended in distilled water (200 mL) by
magnetic stirring. The rates of H2 evolution were
determined by gas chromatography (TCD, molecular
sieve 5 Å columns and Ar carrier).

3. Results and discussion

The XRD patterns for the products showed that
maintaining the hydrothermal system at 210–240 �C for
20–24 h (pH 12.5) is the most suitable synthetic condi-
tions for La2Ti2O7. The XRD patterns for the obtained
La2Ti2O7 powders are shown in figure 1. The sample
derived from 180 �C was only composed of the diffrac-

tion peaks attributed to La2O3 and La(OH)3. There is
no any significant reflection peak attributed to La2Ti2O7

and TiO2. While all reflection peaks for the SSR sample
completely accord with those of monoclinic La2Ti2O7

reported in JCPDS 28-0517. The product prepared from
the hydrothermal treatment at 210 �C for 24 h show
good agreement with those of monoclinic La2Ti2O7, and
the crystallinity of the product was enhanced upon
increasing the hydrothermal temperature from 210 to
240 �C, all XRD reflections for the sample derived from
240 �C exhibited a single phase of monoclinic La2Ti2O7.
This result indicates that the crystallization of La2Ti2O7

is completed between 210 �C and 240 �C. The crystal
sizes, calculated by Scherrer’s equation, are ca. 15.9 nm
(210 �C), 17.5 nm (240 �C), and 52.6 nm (SSR),
respectively. Thus, the crystallized La2Ti2O7 with much
small crystal size is formed by the hydrothermal method.
The calculated cell parameters, based on the XRD data
(Table 1), are similar with those of SSR product and the
JCPDS 28-0517, indicating that the La2Ti2O7 with
monoclinic structure can be formed at significantly
lower temperature and shorter reaction time comparing
with the SSR sample and the previous publications [2–
7]. Relative to the SSR sample, however, the XRD
patterns for the products derived from hydrothermal
processes show weaker and broader diffraction peaks,
and the intensities of those main diffraction peaks
assigned to monoclinic La2Ti2O7 also exist obvious
differences between the two kinds of samples as
observed from figure 1. Moreover, there are two
undistinguishable broad diffraction peaks between
2h = 27–29� and 31–34� for the hydrothermal samples,
whereas the SSR sample shows distinguishable sharp
diffraction peaks. Namely, those experimental facts
indicate that the hydrothermal samples have much
smaller crystal sizes and the lower crystal perfection
than that of SSR sample.

Figure 2 shows the FESEM photographs for
La2Ti2O7 prepared by the hydrothermal and SSR
method. The SSR product only consists of well-rounded
particles with particle sizes in the range of 0.4–2.5 lm
(figure 2c). These particles are agglomerates of crystal-
lites with 52.6 nm in average sizes as measured by XRD
analyses. Whereas, samples derived from hydrothermal
processes consist of flakes in irregular shapes with the
length and width in sub-micrometer scale. More detail
morphologies of the flakes can be seen from the
HRTEM images (figure 3). Figure 3a shows that the
La2Ti2O7 obtained at 210 �C consist mainly of nearly
homogenous and laminar grains. Those laminar grains
are present in irregular shapes with some concomitants
of rectangular edges. The observed very faint contrasts
indicate the very thin in thickness of the flaky grains. It
is interesting to note the periodical fringes in HRTEM
image of one flake (figure 3b), indicating that the single
crystal of the layered La2Ti2O7. Figure 3c shows a
magnified lateral image of a thin flake, from which the
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Figure 1. XRD patterns of La2Ti2O7 obtained from hydrothermal

reaction. (a) 180 �C, (b) 210 �C, (c) 240 �C, and (d) derived from SSR

method.

H. Song et al./Hydrothermal synthesis of flaky crystallized La2Ti2O7 55



multilayer structure can be seen more clearly. In this
case, the black stripes (ca. 1.0 nm thickness) correspond
to slab thickness (1.054 nm) of the monoclinic La2Ti2O7

[3], and the white stripes (ca. 0.25 nm thickness) closed
to the inside of the flake correspond to the interlayer
space (0.247 nm) of La2Ti2O7 [3], indicating that the
thin planar morphology of the sample has a full-grown
La2Ti2O7 crystallite, which is consistent with the
observation of XRD. The selected area electron dif-
fraction pattern (SAED) inserted in figure 3b also dis-
plays a symmetric array of sharp spots, indicating these
laminar grains are single crystal. However, the very thin
flaky morphologies and the smaller crystallite size of the
hydrothermal samples might affect the crystal perfection
of La2Ti2O7, because the periodical crystal boundaries
has been destroyed at least in the vertical directions of
the thin flaky planes, which might result in a large
amount of "broken" surfaces or dangling bonds and
defect centers intrinsically existing in the hydrothermal
samples [18]. It is also the inherent reason for the main
diffraction peaks intensities of the hydrothermal samples
are obvious different from that of SSR sample as
observed from figure 1. Therefore, it can be concluded
that the hydrothermal samples have much lower crystal

perfection than that of SSR sample despite of the full-
grown La2Ti2O7 crystallite in the planar directions of
the thin flakes.

Figure 4 depicts the EDAX pattern of the sample
derived from 210 �C, there are two kinds of peaks in the
EDAX pattern correspond to La and Ti, which shows
the atom ratio of La and Ti is 1:1. Moreover, the EDXA
result in figure 4 also shows that there exists very small

Table 1

The crystallite sizes, lattice parameters, BET surface areas and photocatalytic activity of La2Ti2O7

Sample a (Å) b (Å) c (Å) Crystal sizes (nm) SBET (m2 g)1) Activity (lmol H2/h g)

treated at 210 �C 13.084 5.536 7.829 15.9 82 50.44

treated at 240 �C 13.097 5.537 7.834 17.5 54 72.46

SSR at 1150 �C 13.010 5.544 7.810 52.6 1.1 0

JCPDS 28-0517 13.01 5.545 7.817 – – –

Figure 2. FESEM images of products derived from hydrothermal and SSR method. (a) hydrothermal treatment at 210 �C, (b) 240 �C,
and (c) SSR method.

Figure 3. HRTEM photographs of products derived from hydrothermal reaction at 210 �C.
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Figure 4. EDAX spectrum of product derived from hydrothermal

reaction at 210 �C.
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amount of C atom, which may be attributed to the
remaining pyrolyzing products of the surfactant
(CTAB). Whereas there is no any signal assigned to the
IR peaks for the carbonate ion at 1738, 1096 and
798 cm)1 in the IR spectra (not shown) [18]. Further-
more, the XRD patterns for the hydrothermal samples
(figure 1) also show no any diffraction peak assigned to
Ti–C, indicating that the amount of C atom in La2Ti2O7

is very small, and consequently its IR and XRD peaks
are considered to be very weak [18].

Figure 5 shows the UV–Vis diffuse reflectance spectra
(DRS) for the samples derived from the hydrothermal
and SSR method. The wavelength at the absorption
edge (kab) was determined as the intercept on the
wavelength axis for a tangent line as drawn in figure 5.
The main kab of both the hydrothermal samples are
estimated to be about 365 nm (3.40 eV). Whereas, the
main kab of the SSR sample is about 325 nm (3.82 eV),
which is consistent with the literature value [1, 3]. The
band gap absorption of the hydrothermal samples has
some red-shift, which might make them show better
efficiency for the water photosplitting than that of SSR
sample. Moreover, the DRS spectra for the hydrother-
mal samples show also tails with higher light absorption
at long wavelength side compared with the SSR sample.
Obviously, this visible absorbance cannot be attributed
to a band-to-band transition of La2Ti2O7 [7]. Wang and
co-workers had reported a similar phenomenon [19],
they found that the band gap for CaTiO3 with much
more perfect crystal structure and higher phase purity
after treatment by 2% NaOH solution is 3.50 eV while
that for the untreated CaTiO3 is 3.10 eV [19]. They
thought that the 0.4 eV narrower band gap for the
untreated CaTiO3 can be ascribed to the energy level of
defects within the forbidden band, and this lower crystal
perfection also resulted in the tail (with higher absor-
bance) in the visible light region of the DRS spectrum
for the untreated CaTiO3. Moreover, Pontes and
co-workers have proved that the visible PL emission in
amorphous CaTiO3 was directly related to the expo-
nential optical edges and tails [20]. The nature of these

exponential optical edges and tails may be associated
with defects promoted by the disordered structure of the
amorphous materials [20]. Furthermore, the large
amount of ‘‘broken’’ surfaces or dangling bonds and
defect centers intrinsically existing in the hydrothermal
samples due to the very thin flaky morphologies and the
smaller crystallite size, can also form various animated
energy levels localized within the forbidden gap and they
act as optical absorption centers, which make large
modifications in the optical properties of the materials,
and are responsible for the more visible absorbance than
the SSR sample [20]. Therefore, the nature of red-shift
of UV absorption and tails for the hydrothermal sam-
ples compared with the SSR sample can be mainly
attributed to the specific morphologies and/or the lower
crystal perfections as described above.

Photoactivities of the La2Ti2O7 prepared by the
hydrothermal and SSR method for water splitting were
also measured under UV irradiation. Table 1 summa-
rizes the results of water photosplitting and the surface
areas of the obtained samples. As shown in table 1, the
photoactivity of the obtained samples increased as the
hydrothermal temperature increased from 210 to
240 �C, although sample derived from 210 �C has a
higher surface area (82 m2/g) than that (54 m2/g) of
sample derived from 240 �C. This might be ascribed to
the presence of little noncrystallized phase in the low
temperature sample. However, although the SSR sample
has much higher and more perfect crystallinity com-
pared with the hydrothermal samples, it showed no
significant photoactivity. Therefore, in addition to the
surface area and crystallinity, other factors governing
the photoactivity in water splitting should be considered
to explain the variation among those samples.

The hydrothermal synthesis provides mixing of ele-
ments at an atomic level, which can reduce the diffu-
sion path needed for obtaining the desired material
down to the nanometer scale, and thus, needs a lower
temperature to obtain the crystal phase than the SSR
method. Therefore, compared with the SSR method,
the effects of hydrothermal process on La2Ti2O7 could
be summarized as follows: higher surface areas, higher
phase purity, smaller crystallite size, lower agglomera-
tion and crystal perfections. Consequently, all these
desirable properties led to a higher photoactivity. In
addition to the much lower surface area compared with
samples derived from hydrothermal processes, SSR
sample has higher bandgap energy as shown in the
DRS of figure 5, which result in the smaller amount of
light absorption in the longer wave region of Hg lamp.
Thus, the low photocatalytic activity of SSR sample
appears to be closely related to the effect of lower
surface areas and higher bandgap energy. Furthermore,
the smaller crystallite sizes for the hydrothermal sam-
ples are also an important factor for improving the
photoactivity, which is beneficial for the separation and
diffusion of the photogenerated carriers due to the
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Figure 5. DRS spectra of products derived from hydrothermal and

SSR method. (a) hydrothermal treatment at 210 �C, (b) at 240 �C, and
(c) SSR method.
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much shorter diffusion path than the SSR sample. The
thin planar morphologies also favor the interaction
between the photogenerated carriers and water mole-
cules on the surface of photocatalysts, and the light
penetration in the suspension system, those factors
together with the red-shift of UV absorption for
hydrothermal samples can lead to the more efficient
light absorption of photocatalyst. Therefore, relative to
the SSR sample, the flaky La2Ti2O7 showed higher
surface areas, lower bandgap energy, and shorter dif-
fusion distances of carriers due to the smaller crystallite
size, lower agglomeration and crystal perfections. All
these factors led to the higher photoactivity for the
hydrothermal samples during the water photosplitting.

In summary, flaky La2Ti2O7 with monoclinic struc-
tures have been prepared through a hydrothermal pro-
cess by using CTAB as surfactant and NaOH as
mineralizer. The results of XRD, SEM and TEM indi-
cated that La2Ti2O7 crystals were formed under hydro-
thermal treatment at 210–240 �C for 20–24 h.
Compared with SSR methods, the present method is a
mild, effective process for the preparation of La2Ti2O7.
Among various obtained La2Ti2O7, only samples
derived from hydrothermal process produced H2 from
photocatalytical water splitting under UV irradiation,
while there is no significant H2 production detected over
the SSR sample. Photocatalytic activity of the flaky
La2Ti2O7 derived from the hydrothermal process
depended on its higher surface areas and phase purity,
much smaller crystal size, more efficient light absorption
and charge separation due to its special thin planar
morphologies and smaller crystallite size.
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