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Abstract

The stable and crystalline phase Ln (Ln=Sm, Er, Gd, Dy, and Eu) doped La(OH); (La(OH)3:Ln3 *) nanorods were synthesized by a facile
hydrothermal method. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used to examine the microstructure and
morphology. The analysis reveals that the obtained compounds are one-dimensional (1D) rod-like nanostructures. The photodegradation of
La(OH);:.Ln* T nanorods was tested by measuring the degradation of azo dye Congo red (CR). The experiments demonstrated that La(OH)s:
Ln>* nanorods degraded CR much faster than undoped La(OH); nanorods and the photodegradation efficiency of La(OH);:.Ln> T nanorods was

significantly higher than that of undoped La(OH); nanorods.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lanthanum, the lightest element in the lanthanide series, has
been widely studied in its oxide, hydroxide, phosphate, or
oxychloride forms and extensively applied in optoelectronic
devices [1], phosphors [2], solid electrolyte [3], catalytic [4],
sorbent [5], and gas sensor [6]. Especially, lanthanum hydro-
xide (La(OH);) is one of the novel rare earth compounds, and
has been used in many field, such as ceramic, superconductive
materials, hydrogen storage materials, electrode materials, etc.,
especially catalyst and sorbent materials [7]. From the point
of view of the optical properties, comparing many reported
nanostructures synthesized using various routes, little work has
been carried out to investigate their photocatalytic behavior.
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As for optical properties of Ln(OH); nanostructures, the
photocatalytic activity are actually one of the most notable
findings after following photovoltaic response. Consequently,
additional studies are warranted in order to gain a better
understanding of the factors governing the photoactivity of
Ln(OH); nanostructures.

Congo red [1-naphthalene sulfonic acid, 3,30-(4,40-bipheny-
lenebis (azo)) bis (4-amino-)disodium salt] with two azo bonds
(—N=N-—) chromophores in its molecular structure is a well-
known class of azo dyes that are of high toxicity and even
carcinogenic to the animals and human and they are not readily
degradable. CR from textile and dyeing industries is causing
severe environmental problems and has been banned in many
countries because of health concerns. However, the tradi-
tional physical, chemical and biological means of wastewater
treatment often have little degradation effect on this anionic
secondary diazo dye pollutant due to their complex aromatic
structures, which provide them with physicochemical, thermal
and optical stability [8]. Compared with the conventional
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wastewater treatment means, photodegradation has been proved
to be effective for this kind of pollutions due to its strong
destructive power to mineralize the pollutants into CO, and
H,0. To the best of our knowledge, the photocatalytic activity
of La(OH)5:Ln>* nanorods used as the potential photocatalytic
materials for photodegradation of Congo red from the aqueous
solution has been reported scarcely. In this paper, Congo red
dye was selected as a model dyeing pollutant to evaluate the
photodegradation activity of La(OH)y:Ln>" nanorods. The
photodegradation activity of La(OH); nanorods is enhanced
using Ln doping.

2. Experimental

All chemical reagents used in the experiments were obtained
from commercial sources as guaranteed-grade reagents and
used without further purification.

La(OH);:.Ln** nanorods were synthesized by a facile
hydrothermal method starting with corresponding rare-earth
chloride hexahydrate LnCl;-6H,0, ammonia NH;-H,O
and cationic surfactant cetyltrimethylammonium bromide
(CTAB). In a typical process, the synthetic procedures were
as follows: CTAB was mixed with distilled deionized water
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under vigorous stirring until a homogeneous solution
(0.003 M) was obtained. The solution of diluted NH;-H,O
(25 wt% solution, 40 ml) was added into the CTAB solution
again under vigorous stirring for 30 min. When the reaction
solution became homogeneous, the aqueous solutions of
corresponding LaCl;-6H,O (0.004 M) and LnCl;-6H,0
(Ln=Sm, Er, Gd, Dy, and Eu) with the different Ln
compositions in the range of 2.5-20 at% were added into the
mixture. After stirring for 2 h, the products were severally
transferred to the autoclaves, followed by sealing and heating
the autoclaves at 200 °C for 4 h, respectively. After the elapsed
reaction time, the autoclaves were taken out from the oven and
left to cool-down spontaneously to the room temperature. The
resulting products were filtered, washed with distilled water to
remove surfactant CTAB, and then dried in vacuum.

Powder X-ray diffraction (XRD) -characterization was
carried out with Rigaku D/max-RB diffractometer using Cu K,
radiation (A=1.5418 A). Scanning electron microscopy (SEM)
images were recorded with XL.30ESEM-TMP microscope.

Congo red (C3,H5,NgNay;O6S,, molecular weight: 696.67 g
mol ™!, from Guangzhou Reagent Corporation, China) was
used as a model dye to investigate the photodegradation acti-
vity of La(OH);:Ln** nanorods. The degradation was carried

S a:La(OH);Sm* c:La(OH):Gd™
b: La(OH) :Er’”  d: La(OH):Dy™"
s e: La(OH) :Eu™
- e f: JCPDS 36-1481
= <
<
S
>
=
7]
5 1
2
£
-
]
1
10
20 (degree)
S a:La(OH):Sm™ c: La(OH):Gd™
T b:La(OH):Er" d:La(OH):Dy”
g e: La(OH)J:Eus'
- = f: JCPDS 36-1481
: — —_—
- o -
s < 8 ¢
[
z I
® 8 =
S s_s88% g =
= o o
£ STk § 88 €
c
] I|f. A RarRtahet
L} T L} ) ) L}

10 20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD patterns of La(OH)3:Ln3+ nanorods with the different doping concentration (A) 2.5%, (B) 5%, (C) 10%, and (D) 20%, respectively.
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out in an aqueous solution at ambient temperature using La
(OH);:.Ln** nanorods as catalysts. 50 mg of the La(OH)j:
Ln*" nanorods were added into 50 mL of CR aqueous
solution with a concentration of 30 mg/L in a quartz beaker,
respectively. The reaction mixtures were irradiated by a
Xe-lamp (30 W) with the wavelength range of 320-400 nm
in which a peak wavelength of 365 nm for UV light and 400-
800 nm for visible light, and magnetically stirred throughout
the photocatalytic experiment under air. The distance between
the Xe-lamp and the solution surface is 8 cm. During irradia-
tion, 4 mL of the dispersion was continually extracted at given
time and subsequently centrifuged to separate catalyst and dye
solutions at 4000 rpm for 30 min. The concentration (C) of the
centrifuged solution and the initial concentration (C,) of CR

solution were monitored immediately by measuring the absor-
bance of the different supernatant at maximum absorption
wavelength of 498 nm using the absorbance model by a
spectrophotometer (model no. JH722N). The removal rate of
CR dye was calculated using the relation of R=((Cy— C)/
Co) x 100%.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for the La(OH);:
Ln®>" nanorods. From the diffraction peaks presented in the
figure, it can be confirmed that the obtained samples have
polycrystalline structures, and are perfectly indexed to the
hexagonal crystals of La(OH); [space group: P6s/m (176)] in a

Fig. 2. SEM images of La(OH);:Ln>* nanorods with a doping concentration of 20%: (a) La(OH)s, (b) La(OH);:Sm> ™, (c) La(OH)5:Er* *, (d)La(OH);:Gd>*, (e)

La(OH);:Dy* " and (f) La(OH):Eu® .
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good agreement with the values in the corresponding JCPDS
cards (ICDD PDF No. 36-1481, a=6.528 A, ¢=3.858 A).
Within the XRD detection limit, no secondary phases related
to hydroxides or oxides of Ln are detected, indicating that the
Ln doping does not change the hexagonal structure of
La(OH);. It implies that the Ln’* doping most probably
occurs by substituting lanthanum atom in the crystal structure.

The morphology of the La(OH);:Ln®>" products with
doping 20% Ln>" was characterized by SEM. Fig. 2 gives
the images of La(OH);:.Ln*", in which the nanorods are
mainly composed of uniform short nanorods with diameters of
about 10 nm and lengths of 100—150 nm. No particles can be
observed in the sample. SEM observation reveals that they all
exhibit one-dimensional rod-like nanostructures and have high
aspect ratio.

The synthetic La(OH)3:Ln3 T nanorods with a defined
structure offer an opportunity to investigate the crystal size/
surface-dependent photocatalytic properties for organic pollu-
tants in an aqueous solution. The results of degradation
experiments (Fig. 3) show that Congo red can be effectively
removed by the La(OH)3:Ln3+ nanorods. Rapid removal of
CR is observed at the beginning of the reaction time.
Following the rapid removal, the removal rate decreased, and
an apparent equilibrium is reached after several hundred or
more than ten hundred minutes depending on the different
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Ln** doping. It is found that La(OH)s:Ln’>* nanorods degrade
CR much faster than undoped La(OH); nanorods. The
as-synthesized La(OH);:Ln> " nanorods exhibit higher photo-
degradation activity compared with pure La(OH); nanordos.
It can also be seen that the as-synthesized La(OH)3:Ln3 +
nanorods with a Ln content of 20 mol% show the highest
photodegradation activity. Furthermore, photodegradation
activity of the La(OH);:Ln®* nanorods increases gradually
with an increase of the Ln doping content.

The photocatalytic activity of semiconductor is based on the
generation of electron (e~ )-hole (h™) pair upon light irradia-
tion, and thus the photocatalytic efficiency depends on two
processes: one is the competition between the recombination
and capture of photogenerated electrons and holes; the other is
the competition between the recombination of captured elec-
trons and holes and interface charge transfer. In our case, the
proposed impurity level and the lattice defects, which can
effectively enhance the electron—hole separation rate in La
(OH); nanorods, are generated in the presence of the singly
oxygen vacancy (V) defects in the as-synthesized pure La
(OH);. Vg defect can easily work as electron donors to form
charged oxygen vacancy (V4 ) [9] and simultaneously trap
the photogenerated holes temporarily to reduce the surface
recombination of electrons and holes [10]. It can be deduced
that the more the singly ionized oxygen vacancy (V) defects,
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Fig. 3. Photodegradation activity of La(OH)3:Ln3Jr nanorods for Congo red with the different doping concentration (a) 2.5%, (b) 5%, (c) 10%, and (d) 20%.
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the higher the photodegradation activity [11]. As the XRD
analysis, Ln is proposed to be located at substitutional
positions instead of lanthanum substitutional site. With
increase in doping concentrations of Ln, the singly ionized
oxygen vacancy (Vj) defect concentration and the corre-
sponding photodegradation activity of La(OH);:Ln> " increase.
In most cases, A" can easily react with surface bound H,O to
produce - OH radicals. It is well known that the OH radical is a
powerful oxidizing agent capable of degrading most pollutants.
The CR dye can be photoxidated by OH in deep level, and
then be degraded to form smaller organic molecules, and these
organic molecules can eventually be mineralized into CO, and
H,0. Based on these findings, the possible degradation
mechanism of Congo red in the presence of La(OH);:Ln® ™
nanorods can be proposed as follows:

an(OHls):Ln“e_ Lt )
Or+e >0, 2)
CR+0; — CR,(intermediates) - CO, +H,0 3)
Vi +ht-vit 4)
Vit +OH™ -V} +<OH 5)
CR+ * OH — CR,,(intermediates) > CO, + H, 0 6)

4. Conclusions

The feasibility of employing Ln (Ln=Sm, Er, Gd, Dy, and
Eu) doped La(OH); nanorods for the photodegradation of CR
has been demonstrated. Among the nanorods, 20 at% Ln-
doped La(OH); nanorods showed a superior performance
towards degradation of CR, whereas relative low photodegra-
dation activity was observed for undoped La(OH); nanorods. It
has been concluded that higher doping concentration and
increase in the lattice defects of La(OH); upon Ln doping
have significant influence on the enhanced photocatalytic
activity of La(OH);:Ln*" nanorods.
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