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promising technologies aimed at addressing issues of envi-
ronmental pollutions and clean energy. Photocatalysts can 
use the solar energy for producing clean energy through 
the production of hydrogen by degrading pollutants. In this 
light, various compounds have been prepared and evaluated 
as photocatalysts [2, 9–12].

Titanium oxide salts of rare earths, generally illustrated 
as  RE2Ti2O7 (RE = rare earth) present interesting proper-
ties which have changed them to potential candidates for 
various applications including the area of photocatalysis. 
These compound have been known to occur in structures 
[13] based on the size of the cation. For smaller cations like 
Sm to Lu, the compounds adopt a pyrochlore-like structure 
with a cubic  Fd3m space group. In the case of the larger 
cations like La to Nd, however, a non-centrosymmetric 
monoclinic layered perovskite (LP) structure, P21 space 
group has been observed [14, 15]. These compounds have 
been evaluated as photocatalysts [16], dielectric materi-
als [17], components of ferroelectric devices [18], oxygen 
transport [19] etc. Various lanthanide salts of this family 
have also proven to have photocatalytic activities in the 
photo-induced degradation of organic pollutants.

The compounds have been synthesized through dif-
ferent methods like the molten salt [20], sol–gel [21], the 
polymerized complex [22], auto combustion [23] and 
pulsed laser deposition [14], stearic acid [24], solid-state 
reaction [25] methods, many of which suffer problems 
like the difficulty in controlling the phase of the product, 
need for large amounts of solvents and high temperatures, 
and complicated equipment in addition to being time con-
suming and complicated. Given this, developing facile, 
rapid and inexpensive procedures for the phase-controlled 
preparation lanthanide titanates  Ln2Ti2O7, is a huge chal-
lenge. Classically, the sol–gel technique has been found to 
be advantageous over the solid-state and co-precipitation 

Abstract The major goal of this study was to synthesize 
 La2Ti2O7 nanoparticles, using capping agent like cetyltri-
methylammonium bromide, sodium dodecyl sulfate, poly 
vinyl pyrrolidone and glucose. Next the effects of the dif-
ferent agents on the morphology and size of final product 
particles were evaluated using XRD, SEM, FT-IR, PL and 
UV–Vis spectroscopy. Further the optimal nano-sized par-
ticles were used for the catalysis of light-induced photo-
degradation of methyl orange under UV irradiation. The 
results revealed that 95.3% of the pollutant (i.e. methylene 
blue) was degraded, leading to the decolorization of the 
samples after 40 min of UV irradiation, in the presence of 
the particles.

1 Introduction

A prominent modern, and most probably future, challenge 
is developing clean and efficient energy sources through 
converting the solar energy to chemical energy. Also 
energy storage, using devices like supercapacitors, batter-
ies, etc and hence this is a hot area of scientific and R&D 
activities [1–5]. Controlling environmental pollutants is 
another a global concern in modern societies [6–8], and in 
this regard a great deal of attention has been directed to the 
preparation and evaluation of photocatalysts for use to this 
end, due to the fact that these compounds are among the 
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approaches, since they enhance the homogeneity of the 
mixed precursors.

2  Experimental

2.1  Characterization

The X-ray diffraction data were obtained using a Philips-
X’PertPro XRD instrument with a Ni-filtered Cu Ka radia-
tion. An LEO-1455VP equipped with an energy dispersive 
X-ray spectroscope was used for obtaining the scanning 
electron microscopy (SEM) images. An S-10 4100, Scinco 
UV–Vis scanning spectrometer was used for obtaining the 
electronic spectra. Energy dispersive spectrometry (EDS) 
was also conducted using an XL30, Philips microscope. All 
FT-IR evaluations were conducted on a Bruck Equinox 55 
instrument using the KBr pellet method.

2.2  Synthesis of  La2Ti2O7 nanoparticles

All chemicals including lanthanum nitrate, ethanol, tetra-
nbutyl titanate (TNBT), cetyltrimethylammonium bromide 
(CTAB), sodium dodecyl sulfate (SDS), poly vinyl pyrro-
lidone (PVP) and glucose were obtained from Merck Co. 
To synthesize the nanoparticles, initially 1 mmol of the sur-
factant and La(NO3)3 was individually dissolved in 5 and 
10  mL of distilled water, and then the surfactant solution 
was added to the cation solution under stirring. Next TNBT 
was added to this mixture and the stirring was continued 
until a gel was formed at 110 °C (in the case of ethanol this 
was observed at 90 °C). This product was next calcinated in 
a furnace at different temperatures for 3 h in an air atmos-
phere (Table 1).

2.3  The photocatalytic activity of the nano‑particles

The synthesized nanoparticles were assessed as photocat-
alysts in the photodegradation reaction of methylene blue 
(MB) in water under UV irradiation. To perform the tests 
an airlift photoreactor, which was a cylindrical Pyrex dou-
ble pipe equipped with a high pressure Hg lamp (250 W, λ 
280 nm) positioned inside the reactor was used.

A suspension of the photocatalytic nano-particles in the 
sample solution was prepared by admixing 0.05  g of the 
particles in 500 mL of 25 mg/L aqueous solutions of MB. 
Before the onset of the irradiation, the MB concentration 
as measure through UV–Vis spectrometry and the suspen-
sion was mixed in the dark for 20 min.  TiO2 (Degussa P25) 
was also used as a reference material for comparing the 
photocatalytic activities of the species. Both the  Ln2Ti2O7 
and  TiO2 suspensions were subjected to UV light under 
constant aeration. During the reaction, which was per-
formed under a constant temperature regime at ambient 
temperature, samples of the solution were taken and their 
MB concentrations were analyzed at 19 min intervals until 
60 min. The measurements of the MB concentrations were 
performed through UV–Vis spectrometery of the samples 
at the maximum absorption wavelength of the analytes.

Using the Lambert–Beer law (Eq. 1) [26, 27]:

where A, ε, b and C illustrate the absorbance of light, the 
molar absorptivity, the length of path of light through the 
sample and the concentration of the analyte, the measure-
ments were carried out. Considering  A0 and  At as the ini-
tial absorbance observed for the unreacted sample and the 
absorbance at time t after the reaction started, and  C0 and 
 Ct as the corresponding concentrations, we have Eq. 2:

(1)A = �bC

(2)Degradation efficiency (%) =
A0 − At

A0

× 100

Table 1  Preparation conditions 
for the synthesis of La2Ti2O7 
nanoparticles

Sample No. Solvent Reaction tem-
perature (°C)

Calcination tem-
perature (°C)

Surfactant Size of produced 
 La2Ti2O7 nanoparticles 
(nm)

1 Water 110 700 CTAB 90
2 Water 110 700 SDS 135
3 Water 110 700 Glucose 140
4 Ethanol 90 700 CTAB 80
5 Ethanol 90 700 SDS 143
6 Water 110 800 CTAB 126
7 Water 110 900 CTAB 210
8 Ethanol 90 800 CTAB 155
9 Ethanol 90 900 CTAB 200
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Fig. 1  SEM images of  La2Ti2O7 nanoparticles prepared under different condition of Table 1; a sample 1, b sample 2, c sample 3, d sample 4, e 
sample 5, f sample 8, and g sample 9
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The kinetics of the MB degradation reaction was studied 
through the Langmuir–Hinshelwood kinetics model. This 
model is normally used for the photocatalytic degradation 
of dilute solutions of organic pollutants and is described as 
the following Equation [31]:

C, kapp, t and −dC/dt being the concentration of the pollut-
ant, reaction rate constant, time and reaction rate.

3  Results and discussion

The efforts made in recent years, with the aim of control-
ling the shape, size and morphology of nanoparticles by 
manipulating effective reaction parameters, especially given 
that the properties of nanoparticles greatly depend on their 
size and shape [29–34]. Accordingly several experiments 
were performed to study the effects of different parameters. 
These parameters included the effects of the nature of the 
surfactants (i.e. CTAB, SDS and glucose) and solvents, as 
well as the calcination temperature, on the physicochemical 
properties of  La2Ti2O7. Figure 1a–c contain the SEM images 
of the  La2Ti2O7 samples produced using CTAB, SDS, and 
glucose in water and calcinated at 700 °C, respectively. Fig-
ure 1c, shows that using glucose as a surfactant the resulting 
product mainly consists of agglomerated nanoparticles. The 
product prepared in the presence of CTAB, on the other hand 
is smaller in size than that in the presence of SDS (Table 1). 
These products are nanoparticles with the respective average 
sizes of around 120 and 135 nm. Since these products have 

(3)−
dC

dt
= kappC

almost similar properties, both of the surfactants were used 
while evaluating the solvent.

Next studies were conducted to evaluate the role of the sol-
vent in defining the properties of the product and the results 
are given in Fig.  1d, e. Based on the results, the  La2Ti2O7 
nanoparticles prepared in ethanol were smaller, as opposed 
to those prepared in water, in the case of both surfactants. 
The product in ethanol was less agglomerated as opposed 
to water, in which due to the fast hydrolysis of the precursor 
agglomeration is inevitable.

Eventually the product was calcinated at 700, 800 and 
900 °C, to determine the optimal calcination temperature and 
the results are illustrated in Fig. 1f–h. It is evident that parti-
cle sizes increased upon increasing the temperature. Yet the 
sample prepared at 700 °C does not possess appropriate crys-
tal properties, and hence 800 °C was considered as the opti-
mal calcination temperature.

The crystalline properties of the product samples were 
studied using XRD. The XRD results obtained for sample 
8 is given in Fig. 2. The pattern in this figure was indexed 
to pure monoclinic  La2Ti2O7 (a = 13.01  Å, b = 5.54  Å, and 
c = 7.80 Å) with a P21/m space group according to JCPDS 
No. 27-1182.

Given that no diffraction peaks corresponding to other 
species were detected, the samples were considered as being 
pure. Using the XRD results, the crystallite diameter (Dc) 
of the optimal nanoparticles (sample 8) was calculated to be 
19 nm using the Scherer equation:

Dc = Kλ∕β cos θ

Fig. 2  XRD pattern of  La2Ti2O7 nanoparticles prepared under optimum condition (sample 8)
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Fig. 3  FT-IR spectra for prepared  La2Ti2O7 nanoparticles by sol–gel method at optimum conditions (sample 8) a before annealing, and b after 
annealing at 800 °C
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with β being the breadth of the diffraction line at its half 
intensity, K being the shape factor (usually around 0.9), and 
λ being the wavelength of X-ray source [35, 36].

To investigate the presence of functional groups in the 
structure of the optimal product, the FT-IR spectra of the 

optimal nanoparticles were obtained (Fig.  3). The fig-
ure contains the FT-IR spectra of the optimally produced 
 La2Ti2O7 nanoparticles both before and after annealing at 
800 °C. According to Fig. 3a the absorption peaks at about 
734 and 600  cm−1 before annealing is related to the stretch-
ing vibrations of Ti-O and La-O; respectively. The absorp-
tion peak at 3390 and 1470  cm−1 in Fig. 5a was attributed 
to the stretching of the O–H and bending of H–O–H bonds 
of the water molecules on the external surface of the sam-
ples. With calcination of the precipitates at 800  °C, the 
intensity of this peak was reduced, which supports the idea 
of the evaporation of adsorbed water (Fig. 3b). Other peaks 
is related to the presence of surfactant (CTAB) in the sam-
ple that the most important of them in the region of 2850 
and 2920  cm−1 is related to the symmetric and asymmetric 
stretching vibration of methylene in chain while as can be 
seen in Fig. 3b after calcination at 800  °C the absorption 
peaks related to the stretching vibrations of Ti-O and La-O 
have been splited and slightly shifted.

The diffused reflectance spectrum of the optimal 
 La2Ti2O7 nanoparticles (sample 8) is given in Fig.  4a. 
In most semiconductors the fundamental absorption 
edge has an exponential behavior. Based on the absorp-
tion data, and using Tauc’s equation, the band gap was 
determined:

h, υ, α, Eg, and A being Planck’s constant, frequency of 
light, absorption coefficient, band gap energy and a con-
stant value, respectively. η, can be 0.5 and 2 depending on 
the transition mechanism and was considered 0.5, here. The 
band gap energy for the optimal  La2Ti2O7 nanoparticles 
was determined through extrapolating the linear sections of 
a plot of (ahυ) 2 against hυ (Fig. 4b), and was found to be 
3.6 eV [11].

(αhν)1∕n = A(h − Eg)

Fig. 4  a Diffuse reflectance UV–Vis spectra of  La2Ti2O7 nanoparti-
cles. b Tauc’s plot for as-prepared  La2Ti2O7 nanoparticles (sample 8)

Fig. 5  UV–Vis absorption spectra of the  La2Ti2O7 nanoparticles pre-
pared via sol–gel method (sample 8)

Fig. 6  UV–Vis absorbance spectrum of MB at different time inter-
vals on irradiation using 50 mg  La2Ti2O7 (sample 8) nanoparticles as 
photocatalyst
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To evaluate the absorption profile of the optimal prod-
uct UV–Vis spectroscopy was used to study the behavior 
of a dispersion of the  La2Ti2O7 nanoparticles in distilled 
water and the results (Fig. 5) shows the main absorption 
in the region of 200–350 nm. This can be held as proof of 
the small size of the particles, due to the strong quantum 
confinement of the excitonic transition for nano-struc-
tures [37–39].

3.1  Photocatalytic activity

The results of tests on the photodegradation of aqueous 
methylene blue (MB) solutions under UV light and in 
the presence of the synthesized  La2Ti2O7 (Fig.  6) were 
found to be very promising. Figure  7a is a plot of MB 
concentration in the aqueous solution in the presence 
of  La2Ti2O7 and  TiO2 nanoparticles (C/C0 versus illu-
mination time).  La2Ti2O7 nanoparticles were found to 

effectively degrade MB. Based on Fig. 7b, which is a plot 
of the degradation percentage over time, after 40 min the 
maximum conversion is reached. The maximum conver-
sion was calculated to be about 95.3 in the presence of 
the  La2Ti2O7 nanoparticle while it was 50% for and  TiO2 
nanoparticles.

Figure 8 further illustrates the pseudo 1st order kinet-
ics of the photodegradation reaction in the presence of 
the  La2Ti2O7 nanoparticles, and the slope of the linear 
regression can yield the first-order reaction rate con-
stant. Overall, the observations proved that  La2Ti2O7 can 
effectively degrade MB, at higher speeds as compared to 
 TiO2. This shows that the  La2Ti2O7 nanoparticles can act 
as superior photocatalysts with promising qualities to be 
used in the photocatalytic removal of organic pollutions 
from water samples.

Fig. 7  a Comparison of photocatalytic behavior, and b photocatalytic 
degradation of methylene blue solution under UV irradiation using 
 La2Ti2O7 (sample 8) and  TiO2

Fig. 8  Pseudo first order kinetics of MB degradation for: a  La2Ti2O7 
and b  TiO2
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4  Conclusion

After the successful synthesis of  La2Ti2O7 nanoparticles 
through a facile procedure, and evaluating the effects of 
capping agents, solvent and calcinations temperature on the 
physic chemical properties of the products, various tests 
were performed using CTAB, SDS, PVP and glucose. The 
different  La2Ti2O7 nanoparticles were analyzed through 
XRD, UV–Vis, FT-IR and SEM, and also evaluted as pho-
tocatalysts with a maximal methylene blue degradation 
yield of about 95.3% after 40 min under UV light.

Funding The authors are gratefully acknowledged the finan-
cial support provided by Iran National Science Foundation (Project 
94019559).
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