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The photocatalytic activity of LaSr2AlO5:Eu3+ (LSA:Eu) ceramic powders was studied by monitoring the
degradation of methylene blue (MB) dye in water under UV excitation (253 nm). Several LSA:Eu samples were
fabricated with Eu3+ concentrations from 1 to 10 at.%. XRD patterns show a single tetragonal phase for all
LSA:Eu samples. Scanning electron micrographs of the ceramic powders depicted coalesced particles with
average sizes in the range of 3.5–4.27 μm. The optical bandgap of these powders varies between 4.7 eV and
5.1 eV depending on the Eu3+ concentration. The results of photocatalytic activity indicate that MB degradation
rate increases as the Eu content increases. In fact, totalMB degradation is reached after 360min underUV light by
using LSA:Eu (10 at.%) powders, and these can be removed easily after photocatalytic water treatment. Thus,
LSA:Eu powders could be potential photocatalyst for water cleaning applications.

© 2015 Elsevier B.V. All rights reserved.
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Scientists around the world are trying to find newways to eliminate
pollutants from wastewater, for example pesticides, textile dyes, and
surfactants. It is important to clean contamination in the environment
as well as to avoid detrimental effects in living organisms [1,2]. Particu-
larly, the removal of dyes such as rhodamine B, methyl orange and
methylene blue has taken relevance because they are very common
industrial contaminants [3–5]. There are several techniques for water
treatment such as physical methods, biological treatment, chemical
oxidation and photocatalytic process [6–8]. The last one is considered
one of the most effective methods to degrade organic compounds
[9,10]. It is considered a green method since it could employ solar
light as the activation energy source. Among photocatalysts, titania
(TiO2) has beenwidely used for photocatalysis because it has good ther-
mal stability, low cost of production and high degradation efficiencies
[11,12]. In addition, it can decompose toxic agents by the generation
of OH ions and O2− [13,14]. Typically, TiO2 can degrade the methylene
blue dye almost completely; the percentage of degradation varies
from 60% to 94% in a range of time from 120 min to 180 min [15–17].
Therefore, it has been reported that the combination of TiO2 with
other nanoparticles such as silver, and carbon nanotubes enhances
the photocatalytic activity, but a complete degradation is not still
achieved [18–20]. However, the main problem with those compounds
is separating their residuals from water after the photocatalytic treat-
ment (nanoparticles, carbon and colloidal titania) [21,22]. Another
problem for TiO2 is the damage produced in aquatic systems such
as rivers and oceans [23–25]. Hence, new environmentally friendly
photocatalysts are still topic of research.

Other compounds have been used for photocatalytic degradation of
dyes, such as graphitic carbon nitride (g-C3N4) or Zn1 − xMgOx,
reaching total degradation after 150 min, which is a competitive time,
however, the main drawback with these materials is the complexity of
the synthesis, as well as the use of non-conventional procedures for
their fabrication [26,27]. The use of Gd3+ and Eu3+ doped TiO2 in
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Fig. 1. a) Unit-cell schematic of LSA undoped sample and b) LaO8 coordination formed by
the La atom and the O atoms which is similar to the Eu and O atoms' coordination EuO8.
The spheres represent the following atoms: La (purple), Sr (green), Al (yellow) and O
(red). c) XRD patterns of the LSA:Eu powders with different x Eu atomic concentrations.
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photocatalysis has demonstrated good results for the degradation of
pollutants in industrial wastewater, since they can increase the surface
area of TiO2 which is related directly with the improvement of the
photocatalytic activity [28,29]. The presence of lanthanides in the
photocatalyst can decrease the recombination rate of holes and elec-
trons during the photocatalysis treatment by trapping photogenerated
electrons, and these dopants also can increase the absorption of light
in the ultraviolet region [14,30,31]. Besides, Lanthanum ions (La3+)
are suitable for photocatalysis because they introduce trapping sites
and defects in the crystalline lattice, that in turn, reduce the electron–
hole recombination [30,32]. Hence, the use of Eu3+ and La3+ as dopants
in nanomaterials is promising for photocatalysis. Doping TiO2with Eu3+

and La3+ is still a challenge because the ionic radius of these ones is
bigger than that for Ti4+, therefore other types of materials are needed
to be doped with rare earth ions. Lanthanum strontium aluminum
oxide, LaSr2AlO5 (LSA), could be an option, since it has excellent optical,
chemical and thermal properties [33]. To the best of our knowledge,
there are no studies about the photocatalytic properties of LSA powders
doped with Eu3+ (LSA:Eu). We have chosen Eu3+ as dopant ion for
photocatalysis because it can be introduced easily in the LSA host [33].
Moreover, this ion has been useful to enhance the photocatalytic degra-
dation of methylene blue in hosts such as TiO2, ZnO, g-C3N4 and BiPO4

[28,29,34,35]. In this work it is shown that total degradation (100%) of
the methylene blue dye in water can be reached by using LSA:Eu
powders as photocatalyst. In addition, it is found that LSA:Eu ceramic
powders can be easily separated from water solutions using simple
precipitation, which is an advantage with respect to TiO2 nanoparticles
whose removal from water is very difficult [24].

The LSA:Eu powders were prepared using the chemical formula:
La1 − xEuxSr2AlO5, where x represents the atomic concentration per-
centage of Eu. Four doped samples with different atomic concentrations
(at.%) of Eu were prepared: x= 1.0, 3.0, 5.0 and 10.0 at.%; as well as the
undoped one. A typical synthesis procedure is as follows: stoichiometric
amounts of metal nitrates are dissolved in 50ml of deionized water and
kept under strong stirring around 20 min. Then, 2 g of carbohydrazide
[CH6N4O] is added as a reductive fuel and the subsequent blend
continues to be strongly stirred by another 10 min. After that, the
blend is heated around 550 °C in an air atmosphere furnace and an
exothermic reaction takes place for 3–5 s. As result, the as-synthesized
powders of LSA:Eu are produced. Another host sample without Eu
dopant was also fabricated and named LSA. Finally the LSA:Eu powders
are annealed in air for 4 h at 1450 °C to increase crystallinity and
eliminate residual organic compounds.

The crystalline structure of the obtained powders was analyzed by
means of x-ray diffraction analysis with an automated powder diffrac-
tometer (Philips X'pert diffractometer), using Cu-Kα radiation. All the
data obtained were in the range of 10° b 2θ b 80° in steps of 0.02° at
room temperature. The LSA tetragonal structure has been modeled in
order to visualize the behavior and configuration of atoms within the
LSA lattice. Diamond Crystal and Molecular Structure Visualization soft-
ware was used for such purpose. Morphology of the LSA:Eu samples
was studied by scanning electron microscopy by using the JEOL JSM-
5300 equipment. The absorbance spectra of LSA:Eupowderswere obtain-
ed byusing a Perkin Elmer Lambda 900UV–VIS spectrometer in the range
of λ=200–800 nm. All measurements weremade at room temperature.

The photocatalytic activity of undoped LSA and doped LSA:Eu
powders was studied by measuring the photo-degradation of a 0.5 mM
methylene blue (MB) dye aqueous solution (total volume was 50 ml)
under UV-light. The photocatalytic reaction was performed by placing
the samples in the central part of a cylindrical reactor with four UV-
light lamps (4 W). Those lamps emitted UV light centered at 253 nm,
with a FWHM around 12 nm. Samples for photocatalysis were prepared
by adding 30 mg of LSA:Eu to the 0.5 mM methylene blue solutions.
Solution samples were stirred for 1 h in darkness to allow adsorption
of the methylene blue molecule on the surface of the photocatalyst.
Next, the lamps were turned on whereas the reactor interior was kept
at a constant temperature of 30 °C. Samples of 500 μl were extracted at
regular time intervals and centrifuged at 5000 rpm for 5 min to precipi-
tate the photocatalyst. Later, the MB degradation was monitored by
measuring its characteristic absorption peak at 665 nm. The absorption
spectra of the solutions taken during the photocatalytic activity experi-
ments were performed with a double beam Cary-60 spectrometer in
the range of 200–800 nm.

The LSA compound is a tetragonal phasewith a space group I4/mcm
(140) and lattice parameters of a = 6.8856 Å, c = 11.0613 Å and c/a =
1.606Å.We simulated the LSA tetragonal phase by taking the optimized
parameters fromRefs. [36,37]. Fig. 1a depicts the simulated LSAunit cell,
where the purple spheres represent La3+ atoms, the green spheres are
the Sr2+ atoms, and the yellow spheres represent the Al3+ atoms
which are in tetragonal configurationwith theO2− atoms (red spheres).
Thus, eight tetragonal AlO4 groups are found within the unit cell as
shown in Fig. 1a. Also, the La and O atoms are configured in polyhedral
LaO8 groups (Fig. 1b); and since Eu ions can substitute the La ion sites,
the Eu and O atoms also construct a similar polyhedral EuO8 groups.
Fig. 1c shows the XRD patterns of undoped LSA and doped LSA:Eu
samples. All observed peaks correspond to the tetragonal phase
according to the 70-2197 JCPDS card. The same tetragonal crystalline
phase is observed in the samples with or without Europium, even
with the increment of the Europium concentration. In addition, there
are not indications of segregation of other compounds in all synthesized
samples. This suggests that the synthesis method is robust to produce a
crystalline structure without segregation of phases. In the LSA host the
Lanthanum atoms should substitute the Europium atoms, since their
ionic radii are very similar (La3+ = 1.160 Å, and Eu3+ = 1.066 Ǻ).
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This small difference in radiuswill introduce lattice distortions as the Eu
concentration increases provoking a larger number of lattice defects.
Moreover, Europium forms an octahedral configuration with oxygen
(EuO8 polyhedron) [36,37]. The effective charge of the EuO8 polyhedron
is negative and this is advantageous to attract the positive charges ofMB
(R–S+) at the surface of the grains, favoring the adsorption of the
molecules as observed in other systems such as TiO2 which had a
negative charge Ti–O− on its surface. The EuO8 atomic distribution as
well as the Eu induced lattice distortions could be an advantage for
photocatalysis, because the EuO8 polyhedron and Eu induced defects
would act as a trap for electrons, avoiding electron–hole recombination
after photo-excitation. As a result, holes could go toward oxygen ions to
generate OH ions, which are oxidizing agents [39].

Fig. 2a shows a representative micrograph of the grains of
the 10.0 at.% Eu doped sample. All the powders showed the same
morphology. The size of the grains slightly increased as the amount of
Eu3+ dopant increased. The average sizes calculated from SEM images
are 3.9 μm (1.0 at.%), 4.4 μm (3.0 at.%), 4.0 μm (5.0 at.%) and 4.27 μm
(10.0 at.%) for the Eu3+ doped samples. The undoped LSA sample has
an average size of 3.5 μm, which indicates that the presence of Eu
increases the size of the particles. As observed, all samples are
composed of coalesced irregular grains that tend to be spherical-like
particles, the coalescence of the grains is probably associated with the
high content of the rare earth ions at the surface of the grains which
creates a surface effective charge and attracts grains with other charge
distributions and defects [40]. In fact, this property as well as their
porosity (empty space among adjacent coalesced grains in our case)
can be advantageous for the absorption of the methylene blue (MB)
molecules on the surface of the grains and for photocatalysis of cationic
Fig. 2. a) SEM image of LSA:Eu (10.0 at.%) powders. b) Absorbance spectra of LSA:Eu
powders with different x Eu atomic concentrations.
molecules [41]. Fig. 2b shows the absorption spectra of the LSA:Eu
samples. These curves exhibit an absorption band from 200 to 250 nm
with a peak located at 205 nm and a shoulder at 232 nm. The peak at
205 nm is attributed to the LSA host lattice absorption and the shoulder
centered at 232 nm is associated with the typical charge transference
transition between the Eu3+ and O2− ions [42]. Broad bands at
373 nm appeared for the samples doped with lower Eu concentrations
(x = 1.0 at.% and 3.0 at.%), and they are associated with the 7F0 → 5G4

transitions [43]. For the doped samples with higher Eu concentrations
(x = 5.0 at.% and 10.0 at.%) a narrow peak at 394 nm related with the
7F0→ 5L6 transitions is also observed [42,43]. The optical bandgap values
were estimated from the absorption spectra bymeans of the calculation
of the Kubelka–Munk function. The optical band gap of the Eu-doped
samples was in the range of 4.70–4.80 eV and it was 5.1 eV for the
undoped sample. The reduction of the band gap value with increasing
Eu content creates low energy absorption levels associated with the
Eu3+ sites. This is beneficial for the photocatalysis process because
more UV–Visible light can be absorbed by the photocatalyst powder.

The MB molecule C16H18N3C1S is a very common cationic dye
soluble in water, used for photocatalysis studies under UV light or
solar light [22,23]. The MB also shows a high absorbance (A) peak at
665 nm. When the intensity of this peak is monitored as a function of
time, an intensity diminution is observed and it is related to the decre-
ment of theMB concentration. In order to estimate the degradation per-
centage of MB as function of time, the following formula can be used:

Degradation %ð Þ ¼ C0−Ct

C0
¼ A0−At

A0
� 100 ð1Þ

where C0 is the initial MB concentration and Ct is the time “t” after
concentration in the catalyzed solution. They are related to the A0 and
At which are the absorbance intensity values of the dye solution before
and after irradiation at 665 nm, respectively. Thus, a decrease in the
absorbance intensity indicates a degradation of the dye in the aqueous
solutions. Fig. 3a shows the evolution of the degradation percentages
ofmethylene blue (MB) as a function of time for solutionswith different
LSA:Eu photocatalysts. We can observe that the degradation rate (Dr =
100− %degradation/min) is bigger for the samples with the highest Eu
concentrations (5.0 at.% and 10.0 at.%) and slower for the samples with
lower Eu concentrations (1.0 at.% and 3.0 at.%). After 120 min, the
degradation rates were 0.33, 0.42, 0.52 and 0.76%/min for the samples
with 1.0 at.%, 3.0 at.%, 5.0 at.% and 10.0 at.% of Eu, respectively. After
this time, there is a change in the degradation trends and the sample
with 1.0 at.% Eu has a higher degradation rate than that for the case of
5.0 at.% Eu. The sample with 10.0 at.% of Eu has the highest degradation
rate at all times, thus, this sample presents the best photocatalytic
activity. The undoped sample has a poor degradation rate at all times; it
is in average 0.11%/min from 0 to 150 min and just around 0.24%/min
from 230 up to 390 min. Those results suggest that the sample with
the highest Eu content is the most efficient to remove the MB. Total
degradation (100%) was observed after 360 min of UV irradiation
while the undoped sample degraded just 24% of MB in the same time
interval. Fig. 3b shows the evolution of the integrated absorbance
intensity at the 665 nm wavelength of the solution made with methy-
lene blue for the LSA:Eu (10 at.%) sample. Here, it is observed that
after 190 min the dye absorption at 655 nm has decreased almost
completely. To explain why the sample with the highest content of Eu
(x = 10.0 at.%) produced the fastest degradation of methylene blue,
we start from the fact that the high content of Eu in the LSA:Eu creates
levels and defects in the lattice. Those levels are called shallow traps and
they are responsible for trapping photogenerated electrons and holes,
which in turn reduces the recombination rate [44,45]. This fact
increases the lifetime of the free charge carriers and in turn their
availability for the photocatalysis process. Another important factor to
consider is the fact that the EuO8 polyhedron (anions) could be located
at the surfaceof grains, the proof for this could be the photoluminescence



Fig. 3. a) Methylene blue degradation in function of time under UV irradiation at 253 nm,
the x atomic concentrations of Eu in the LSA photocatalysts are: 0.0 at.%, 1.0 at.%, 3.0 at.%,
5.0 at.%, and 10.0 at.%. b) Integrated absorbance bar graph of methylene blue solution
catalyzed with LSA:Eu (10 at.%) powders as a function of time. The inset shows photo-
graphs of the solution withMB at the beginning (0min) and at the end of the experiment
(360 min).
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of LSA:Eu powders, since it is a surface phenomenon [33]. Then, theMB
molecules (with positive charges R–S+ when dissolved in water) could
be attracted at the anionic sites over the surface of the grains by simple
charge attraction as observed for TiO2 in Ref. [38]. Also, methylene blue
is a heteroaromatic cationic dye and can construct chains of molecules
that may be completely attached to the surface of the photocatalyst
and improve the availability of adsorbed molecules [46]. In that sense,
it can be inferred that the high content of Eu ions is related with the
increased attraction of MB molecules toward the surface of the grains;
in consequence, this promotes an enhancement of photocatalytic activity.
Therefore, the number of attached MB molecules at the surface should
be higher for samples with high Eu concentrations, this favors the dis-
placement of free carriers (electron or holes) toward the MBmolecules
and the breakage of their bonds.

The process of photocatalysis is generated when the solution with
the photocatalyst and the MB molecules absorbed are irradiated with
UV light of λ = 253 nm (Ehν = 4.90 eV), this ultraviolet emission
excites directly the optical band gap of the LSA:Eu lattice because that
energy value is above the energy band gap and it is in the range of
absorption for the LSA:Eu powders, see Fig. 2b. Since that excitation
energy almost matches the calculated optical bandgaps (4.7–4.8 eV) of
the LSA:Eu powders, the UV photons excite electrons from the valence
band to the conduction band of LSA:Eu powders,which are immediately
trapped in defects or intermediate levels produced by the substitution
of the Eu3+ in the LSA:Eu lattice. This avoids the recombination process-
es of the photogenerated electron hole pairs. Therefore, shallow traps
become essential for the generation of free holes in the solution,
which in turn, causes oxidation of MB [44–46].

Another mechanism reported to generate electrons and holes is
through the charge transfer band transition (CTB) between Eu3+ and
O2− [42]. The CTB transition promotes the migration of electrons from
Eu toward oxygen, and those ones could be trapped in defects, which
in turn, help in performance of the photocatalysis process. A great
advantage of LSA:Eu powders is that they can be easily separated from
water by simple precipitation because their size is in the range of
microns, as a result, the LSA:Eu powders are very easy to separate
from water after the photocatalysis experiment. On the contrary, the
disadvantage of TiO2 is the difficulty to separate it from water, which
makes its use expensive for commercial purification of water [47,48].

The inset on Fig. 3b shows pictures of the initial solution at the
beginning (t = 0 min) and final solutions (t = 360 min) after centrifu-
gation of the powder at 5000 rpm. Transparent water is observed when
the experiment finished completely. We can observe the complete
discoloration of the blue color which confirms the absence of the MB
molecules. This was also corroborated by the integrated absorbance
bar graph in Fig. 3b. Finally, future studies utilizing other dyes or organic
pollutants and the LSA:Eu3+ photocatalyst powder reutilization are
necessary in order to determine the efficiency and the full potential
of the LSA:Eu3+ powders for photocatalytic applications. This will be
carried out in a subsequent work.

Conclusions

In conclusion, we report for the first time the use of LaSr2AlO5:Eu3+

as photocatalysts for the degradation of methylene blue. It is found that
the degradation rate of MB is related to the amount of Eu3+ dopant in
LSA powders; thus, the photocatalytic activity increased as the content
of Eu increased. The UV photon energy matches the optical bandgap of
the samples, which makes more efficient the photocatalysis process
and this is favored by the presence of Eu ions on the surface of particles
because they act as traps for electrons, which in turn, avoids fast recom-
bination. Those ions also attract theMBmolecules toward the surface of
particles, which is beneficial to accelerate the photocatalysis mecha-
nism. Finally, our results demonstrate that LSA:Eu powders fabricated
by combustion synthesis are excellent photocatalysts, since they can
easily be removed from water after the degradation of MB.
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