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Hierarchically structured La,0,M@C:Eu®* (M = S, Se) micro-
flowers have been successfully prepared by a facile one-pot
synthesis at a low temperature of 950 °C by the reaction un-
der autogenic pressure at elevated temperature (RAPET)
technique. The X-ray diffraction patterns reveal the single-
phase formation of hexagonally structured La,O,M and
La,O,M:Eu®* (M = S, Se) microstructures. The optimization
of reaction parameters, such as temperature and the molar
concentrations of the precursors, for the preparation of
monophasic La,O,M was evaluated by XRD measurements.
Raman spectroscopy measurements allowed for the elucida-
tion of the formation of La,0O,M (M = S, Se) through examina-

tion of the active vibrational modes, and also proved the
presence of carbon in the compounds. The field emission
scanning electron microscopy (FESEM) and TEM images
clearly show the micron-sized rose-like morphology, as well
as the nanoflake-like structure of the final products. The high
resolution transmission electron microscopy (HRTEM)
images reveal well-defined lattice fringes indicating the
highly crystalline nature of the products. The selected area
electron diffraction (SAED) pattern indicates the single- and
polycrystalline nature of the products. The optical properties
of the materials have been studied by UV/Vis spectroscopy.

Introduction

Rare earth oxysulfides and -selenides, La,O-M (M = S,
Se), are technologically important materials because of
their promising potential application in various pioneering
fields. Because of their unique properties such as high ther-
mal and chemical stability, insolubility in water, high melt-
ing point (2000-2200 °C), and luminescent efficiency, they
have been used in radiation intensifying screens, fluorescent
display tubes, X-ray computed tomography, luminescent
biological labels, field emission displays, and as effective
catalysts for the reduction of SO, by CO.['"71 Generally, rare
earth oxysulfide complexes have Cj;, point group symmetry,
where the rare earth ions are coordinated by four oxygen
ions and three sulfur ions in the nearest neighbour posi-
tions. The O site symmetry is also C3,, and four rare earth
ions are tetrahedrally coordinated to one oxygen ion. The
S site is octahedrally coordinated to six rare earths ions and
has D5, symmetry.®!

The synthesis and characterization of different rare earth
substituted and unsubstituted lanthanide oxysulfides for
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various applications have been reported in the literature.
Compound La,O,S is a wide-band-gap semiconductor with
high thermal and chemical stability. Conventionally,
La,O,S has been prepared at 1100 °C with high-purity
La,O; and elemental sulfur as the starting compounds, and
with Na,COj; as the flux to enhance product formation.!
Recently, Jiang et al. prepared La,O,S at 300 °C by a two-
step gel solvothermal method involving a reaction between
an La(OH); gel and K,S.I'% Using a two step boron/sulfur
method, Huang et al. prepared one-dimensional La,O,S
nanostructures under mild conditions.''! The crystal chem-
istry, thermal and thermodynamic properties of La,0,S
have been discussed by Suponitskii et al.['”l Peng et al. have
synthesized La,0,S:Eu’* by the gel thermolysis method.['?]
Using an ethanol-assisted solution combustion method,
Luo et al. have prepared an La,O,S:Yb,Pr nanometer phos-
phor at 1000 °C in a reduced atmosphere of 90% N, + 10%
H,.'Y1 Eu’*-substituted La,0,S and Eu-, Tb- and Tm-
doped Ln,O,S (Ln =Y, La, Gd) compounds have been pre-
pared by Xia et al.l'¥! and Bang et al.l'®l by a combustion
method with nitrate salts as the starting precursors and
highly expensive dithiooxamide as the fuel. Tb**- and Eu®"*-
substituted La,O,S compounds have been prepared by a
coprecipitation method with gelatine as the template and
ammonium sulfate as the sulfurizing agent, following a re-
duction reaction at 750 °C in an H, atmosphere.'’l The
above-mentioned preparation methods for lanthanide oxy-
sulfides have drawbacks. Some of the methods need reduc-
ing atmospheres,['*!”1 complicated two-step processes,!%-!!]
and expensive starting compounds.['>10 It is very difficult
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to synthesize La,O>,M (M = S, Se) by a single-step method.
This conclusion led us to develop a new synthetic strategy
to prepare this type of technologically important materials
in a one-step process conducted at a low reaction tempera-
ture. The proposed technique uses easy to handle precur-
sors, simple process control, and is cheap to implement.

Taking into account the above-mentioned criteria, we
will present a single-step RAPET method for the synthesis
of La,0,M@C:Eu** (M = S, Se). The main advantage of
this method is that it is a straightforward single-step process
that is solvent-free, catalyst-free, environmentally friendly,
and highly reproducible. Using this method, we have pre-
viously prepared and reported on the synthesis of various
materials such as rare earth hexaboride (RBg) cubes,['81 WC
nanotubes,'”) WS, plates,? hexagonally shaped SnO,
nanoparticles,?!l superconducting MgB,,??! and a spherical
PtP,/C composite.[*’] Herein we report on the synthesis of
La,O-M@C:Eu** (M = S, Se) from readily available rare
earth metal acetate precursors and elemental S or Se start-
ing compounds. The prepared materials have been charac-
terized by XRD, Raman spectroscopy, FESEM, TEM,
HRTEM and UV/Vis measurements. To the best of our
knowledge, no single-step syntheses of La,O,Se and Eu’*-
substituted La,0O,Se have ever been reported; hence this is
the first report of its kind.

Results and Discussion

Structural Properties

The XRD patterns of the prepared La,O-M@C:Eu** (M
= 8§, Se) compounds are shown in Figure 1(a)—(d). All of
the XRD patterns show sharp and well-defined peaks, indi-
cating the high crystallinity of the products, and no other
secondary phases were observed, which shows the high
phase purity of the end products. The observed diffraction
peaks appeared at 20 = 25.34, 28.50, 36.31, 44.61, 46.93,
52.23, 53.87, 59.19, 60.64, 66.84, 71.58, 72.55, 73.29, 77.00°
corresponding to diffraction from the following planes:
(100), (101), (102), (110), (103), (200), (201), (104), (113),
(203), (114), (211), (105) and (212), respectively. The ob-
served 20 values are consistent with the standard Powder
Diffraction File (PDF No. 27 0263) for La,O,S. The calcu-
lated lattice constant values are given in Table 1 and indi-
cate that the synthesized La,O,S belongs to the hexagonal
crystal system with the space group P3ml (164), and the
calculated lattice parameters (¢ = 4.0625 A, ¢ = 6.9012 A)

are consistent with the standard PDF values (¢ = 4.051 A,
¢ = 6.944 A). When Eu* ions are substituted into the
La,O,S structure, the lattice constants (¢ = 4.0156 A, ¢ =
6.8443 A) decrease. This decrease shows the substitution ef-
fect, which follows Vegard’s law.”?*! The peak positions are
also shifted to higher angles. The unit cell volume also de-
creases, which is due to the difference in the ionic radii of
the La3* and Eu* ions (ionic radii: La** 1.03 A, Eu®*
0.94 A). The calculated X-ray density increases when the
structure is doped with Eu’* ions.
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Figure 1. XRD patterns of La,0,S (a), La,0,S:Eu** (b), La,0,Se
(c), and La,O,Se:Eu?* (d) microstructures.

The observed diffraction peaks for La,O,Se [Fig-
ure 1(c),(d)] are well matched with the standard PDF file
(PDF No. 74 0346), which suggests the formation of a hex-
agonal La,O,Se structure. The calculated lattice constant
values (a = 4.0896 A, ¢ = 7.1320 A) are comparable to the
standard values (a = 4.07 A, ¢ = 7.124 A) for La,0,Se. The
unit cell parameters decrease (¢ = 4.0540 A, ¢ = 7.1043 A)
when Eu®* ions are substituted into the La,O,Se structure,
due to the difference in ionic radii between the Eu** and
La** ions. A similar trend was observed for the unit cell
volume. No carbon signal was observed for either sample,
which may be due to the amorphous or semicrystalline na-
ture of the carbon.

Figure 2 shows the Raman spectra for La,O,M@C:Eu**
(M =S, Se) nanostructures measured over the wavenumber
range 250-1800 cm™!. The peaks observed in the low wave-
number region, from 250 to 600 cm™!, are assigned to

Table 1. Structural and optical properties of the compounds reported herein.

Compounds Lattice parameters Grain size Quantitative analysis [La/M/Eu (%)]® Band gap
a[A] ¢ [A] [nm] Atomic ratio of elements (normalized) Eg [eV]
Reactants Products
La/M Eu/M La/M Eu/M
La,0,S 4.0625 6.9012 44 0.4 - 2.23 - 4.12
La; gEuy,0,S 4.0156 6.8443 32 0.36 0.04 1.92 0.21 4.14
La,0O,Se 4.0896 7.1320 39 0.4 - 1.93 - 4.14
La; gEup,0,Se 4.0540 7.1043 39 0.36 0.04 1.625 0.175 4.17
[a] M =S, Se.
5686 www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 5685-5690
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La,O,M (M =S, Se). According to factor group analysis,®!
the a-phase of La,O,S has the following lattice vibrations:
I'=24,, + 345, + 2E, + 3E,, where the four g modes are
Raman-active, and four of the u modes are IR-active. The
remaining two u modes are acoustic. The two strong peaks
observed at 361.0 and 391.4 cm™! in the Raman spectra of
the La,O,S products are assigned to Raman-active modes
E, and A, respectively. These Raman bands are in good
agreement with earlier reported spectra (360 and
392 cm1).>51 On the other hand, the spectrum for La,O,Se
shows one sharp high-intensity peak at 393 cm™! within the
measured frequency range corresponding to the Raman-
active mode A;,. It can be concluded that the Raman spec-
tra also substantiate the assignment of the products as
La,0,M (M =S, Se).
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Figure 2. Raman spectra of La,O0,S@C (a) and La,0,Se@C (b)
microstructures.

In order to identify the presence of carbon in the
La,O,M (M = S, Se) samples, the Raman spectra were also
measured in the wavenumber region 1000-1800 cm™! (inset
of Figure 2). Characteristic carbon peaks were observed at
1327 and 1600 cm™! in the spectrum of La,O,S, and at 1330
and 1593 cm™! in the spectrum for the La,0,Se particles,
which indicates the presence of carbon in the prepared sam-
ples. The band at around 1350 cm™! is assigned to disor-
dered carbon (D), which corroborates the occurrence of de-
fects in the hexagonal graphitic layers. Similarly, the band
at around 1590 cm™! represents graphitic carbon (G), and
corresponds to an £, mode of graphite, which is due to the
sp>-bonded carbon atoms in a two-dimensional hexagonal
graphitic layer.*®! The intensity ratios (Ip/lg) of the gra-
phitic D and G bands are 1.205 and 1.197 for La,O-S and
La,0,Se, respectively, which indicates that the materials
contain disordered amorphous carbon with a high content
of lattice defects.’”) The percentage of carbon, according to
the C,H,N analyses, in the prepared samples is 4.066, 5.067,
4.276 and 1.256 for Lazozs, Lazozs:Eu3+, Lazozse and
La,O,Se:Eu’*, respectively.
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Morphological Properties

In order to analyze the morphological features of the ma-
terials, FESEM analyses were carried out for all samples.
Figure 3 shows the FESEM image of hierarchically struc-
tured La,O,S (a, b) and La,0,S:Eu®* (¢, d) at two different
magnifications. At low magnification, the image of La,0,S
reveals the formation of a rose-like hierarchical structure of
12-14 pm in size. The magnified image shows that the rose-
like morphology is constructed from small plate-like par-
ticles with an average size of 2-3 pum, and some spherical
particles. However, the plate-like structure is not clear in the
low magnification images. On the other hand, La,O,S:Eu**
[Figure 3(c),(d)] demonstrates an entirely different mor-
phology. This compound is built of nest-like structures in
addition to various rose-like microstructures. A close ex-
amination of the La,0,S:Eu®* images provides an explana-
tion for the formation of the hierarchical structure that is
assembled from several 2D sheets through an oriented self-
assembly arrangement. It can also be seen that the individ-
ual sheets are closely packed in order to maintain their in-
tegrity, and as such they form the hierarchical structure.
The thickness of the plates is nearly 10 nm, and the dia-
meter of the plates is in the micrometer range. Energy dis-
persive spectroscopy (EDAX) [Supporting Information,
Figure S1(a),(b)] results demonstrate the presence of the
constituent elements, such as La, O and S, of La,0,S, as
well as La, O, S and Eu in the La,O,S:Eu’* sample. Quanti-
tative analysis results (Table 1) show that the atomic ratio
of La/S is about 2.23 for La,0,S, which indicates that this
compound is S-deficient. This may be due to the volatile
nature of sulfur compounds at high temperatures. However,
XRD data and Raman spectra confirm the phase of the

Figure 3. FESEM images of La,O-S (a, b) and La,O,S:Eu’* (c, d);
[scale bar: 5 um (a), 1 pm (b), 50 pm (c) and 10 pm (d)].
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La,O,S structure. Figure 4 shows the selected area of the
elemental X-ray dot mapping of La,O,S:Eu**, which dis-
plays the distribution of the La, Eu, S, O and C elements
in the sample. The images show that all the elements are
uniformly distributed over the scanned area. There is no
distinct area of the sample that gives rise to the Eu signals,
which indirectly reveals the single-phase formation of the
Eu’*-doped La,0,S. Similar observations were made for
the FESEM images of La,0,Se and La,O,Se:Eu’*, which
are illustrated in Figure 5. The magnified image of La,O,Se
[Figure 5(a)] reveals that the prepared material exhibits
hierarchical rose-like structures that have an average size of
around 40 pum. Close examination of a single rose shows
that plate-like particles are arranged by self-assembly to
form the individual roses. The corresponding EDAX [Sup-
porting Information, Figure S2(a)] pattern is attributed to
the elements that are presented in the sample. The calcu-
lated atomic ratio of La/Se is 1.93, which is very close to
the stoichiometric ratio in the compound formula, La,O,Se.
The FESEM image of Eu**-doped La,O-Se is given in Fig-
ure 5(b). The image is similar to those of the doped sulfide,
but with microstructures of different sizes. At close observa-
tion, the image shows the hierarchical rose-like morphology
of the sample. The EDAX pattern confirms the presence of
La, Eu, O and Se elements [Supporting Information, Fig-
ure S2(b)]. Figure 6 shows the selected area for elemental
electron dot mapping of La,0,Se:Eu’*. It can be seen that
C is present over the whole surface of the individual roses,
and the La, Eu, Se and O pattern suggests a uniform distri-
bution of these elements in the sample. No separate signals
are observed for any of the individual elements.
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Figure 4. X-ray elemental electron mapping images of La,O,S:Eu®*
(scale bar: 10 um for all images).

Figure 5. FESEM images of La,0,Se (a) and La,O,S:Eu’* (b)
[scale bar: 10 pm (a) and 50 pm (b)].
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Figure 6. Electron mapping images of La,O,Se:Eu** (scale bar:
2 um for all images).

The TEM images and SAED patterns of pristine- and
Eu’*-substituted La,0,S and La,0,Se are given in Fig-
ure 7. At high magnification, triangle-shaped plate-like
structures are observed instead of rose- or nest-like hierar-
chical structures. This may be due to the ultrasonication
treatment of the final products; the flowers are aggregates
of individual nanoparticles.”® Individual particles of
La»0,S [Figure 7(a)] and La,O,S:Eu’* [Figure 7(b)] appear
as flakes/plates that are 2-5 um in size. A ring pattern is
observed in the SAED data, which indicates the polycrys-
talline nature of the materials [Figure 7(c)].

5.00 1/Gm
————— 50

Figure 7. TEM images of La,O,S (a), La,0-S:Eu** (b) La,O,Se
(c), and La,0,Se:Eu’* (d). SAED patterns of La,O,S:Eu** (e) and
La,O,Se:Eu* (f).

The TEM images of La,0,Se and La,O,Se:Eu’* [Fig-
ure 7(d),(e)] show the individual particles that are more
than 10 um in size and are triangular in shape. The corre-

Eur. J. Inorg. Chem. 2010, 5685-5690
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sponding SAED patterns [Figure 7(f)] show dot patterns
that indicate the single-crystalline nature of the materials.
In order to further confirm the crystallinity and phase for-
mation, the materials were subjected to HRTEM analysis.
The HRTEM images of La,O,S and La,O,Se are given in
Figure 8. At high magnification, both the samples show
well-defined lattice fringes, which is attributed to the high
crystallinity of the end products. The measured inter-plane
spacings, “d”, are 3.1419 and 3.5478 A for the (101) and
(100) planes of La,O,S and La,O,Se, respectively. These
results further confirm the single-phase formation of the
La,0,S and La,0,Se microstructures. The measured “d”
values are in good agreement with those reported in the
corresponding PDFs (PDF No. 27 0263 for La,0,S and 74
0346 for La,0,Se). Moreover, the HRTEM image (Sup-
porting Information, Figure S3) shows that the flowers
comprise small nanoparticles that are 100-200 nm in size.

e

3.1419A°

LIS cPii

Figure 8. HRTEM images of La,O,S (a) and La,0,Se (b).

Optical Properties

UV/Vis diffused reflectance spectroscopy (DRS) mea-
surements were carried out to calculate the optical band-
gap values (Eg) (Table 1) for the synthesized materials, and
the spectra are depicted in Figure S4 (Supporting Infor-
mation). The spectra reflect the structural variation of the
products that is also manifest in the band-gap values, which

Eur. J. Inorg. Chem. 2010, 5685-5690
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are calculated from the relation Eg = 1240/4, where A is the
wavelength of the fundamental absorption edge in nanome-
ters. The absorption edge was defined as the wavelength at
the intersection obtained by extrapolating the horizontal
and sharply rising portions of the UV/Vis absorption curve.
The calculated band-gap values are 4.12, 4.14, 4.14 and
4.17eV  for La,0,S, La,0,S:Eu**, La,0O,Se and
La,0,Se:Eu’*, respectively. Unfortunately, Eu** doping of
the parent structures has no significant influence on the
band-gap values. Similar band-gap values were calculated
for Sm,0,S (4.2¢V) and Eu,0,S (4.4eV) nanostruc-
tures.[>)

Reaction Mechanism

A few control experiments have been performed to opti-
mize the single-phase formation of La,O,M (M = S, Se).
For the synthesis of La,0,Se, we used the exact stoichiome-
try [0.003 mol of La(CH;COO); and 0.0015 mol of Se] of
starting compounds. XRD analysis confirmed that the
product contained an La,O; impurity, which highlighted
the Se deficiency of the product. Hence, we repeated the
reaction with different concentrations of excess Se (0.0015,
0.0045, 0.0075, 0.0105 and 0.015 mol). Based on the XRD
analysis, the appropriate excess for the synthesis of single-
phase La,O,Se is 0.0075 mol. Furthermore, to optimize the
operating temperature, the experiments (with a fivefold ex-
cess of Se) were carried out at different temperatures of 800,
850, 900 and 950 °C for 10 h. Finally, at 950 °C we obtained
single-phase La,0,Se microstructures. The suggested reac-

tion mechanism for the synthesis of La,O,Se is as fol-
lows:[18:30-32]

2 La(CH5COO0);-xH,0 — 2 La(CH3COO); + x H,O

2 La(CH53COO); — La,0O(COs), + 3 CH;COCH; + CO,
La,0(CO;3), — La,0; + 2 CO,

CH;COCH; — CO + C,Hg

2 CO — C + CO, (Boudouard reaction)

2 La,O; + 2 Se — 2 La,0,Se + O,

Conclusions

We have reported on the facile single-step synthesis of
hierarchically structured La,O,M:Eu** (M = S, Se) com-
pounds from easily available starting precursors by the RA-
PET method. The XRD data and Raman spectra con-
firmed the single-phase formation of the end products. The
Raman spectra also confirm the presence of carbon in the
products, which comes from the decomposition of the acet-
ate precursors. The formation of hierarchical structures
with rose- and nest-like morphologies was apparent from
the FESEM images of the materials. The selected area elec-
tron mapping images and EDAX patterns confirm the uni-
form distribution of Eu in the doped La,O,M (M = S, Se)
compounds. The high crystallinity of the materials was con-
firmed by HRTEM analysis.
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Experimental Section

La(CH;COO);:xH,»0, Eu(CH3COO);3:xH,0, and elemental S or Se
(Aldrich) were starting compounds. The reaction was carried out
in a SmL stainless steel Swagelok closed cell. A 1/2"" union part
was plugged on both sides by standard caps, as described else-
where.['8231 For the typical synthesis of La,0O,Se, anhydrous
La(CH5COO); (0.003mol, 0.9482g) and an excess of Se
(0.0075 mol, 0.5918 g) were introduced into the cell at room temp.
under nitrogen. The amount of Eu doping was 0.0003 mol. The
filled cell was tightly closed with another plug, and then placed
inside an iron pipe in the middle of a furnace. The temperature was
raised to 950 °C at a heating rate of 10 °C/min and maintained at
950 °C for 10 h. The reaction proceeded under the autogenic pres-
sure of the precursors. The Swagelok cell was then gradually cooled
to room temp. (over 5h), opened with the release of a little
pressure, and the resultant final product collected without any
further processing. The yield of the final products was 58, 62, 55
and 60% for La,0,S@C, La,O,S@C:Eu**, La,0,Se@C and
La,0,Se@C:Eu’*, respectively. A similar procedure was adopted
for the synthesis of the rest of the compounds reported herein. The
X-ray diffraction patterns of the products were measured with a
Bruker AXS D* Advance Powder X-ray diffractometer (Cu-K,: 4
= 1.5418 A). The particle morphology and structures were studied
by TEM (JEOL-JEM 100 SX TEM microscope) with an accelerat-
ing voltage of 80 kV, and a JEOL-2010 HRTEM with an accelerat-
ing voltage of 200 kV. HRSEM measurements of the products were
carried out with a JEOL-JSM 840 operating at 10 kV. Raman spec-
tra for the materials were recorded with a Jobin Yvon Horiba Ra-
man System. The 632.8 nm line of a He-Ne laser was the excitation
source (40% power) focused to a 1-2 um spot size. The UV/Vis
DRS data were recorded with a Perkin—Elmer UV/Vis spectropho-
tometer. Before measuring the optical properties, the samples were
calcined at 600 °C in air atmosphere for 3 h to remove the carbon.

Supporting Information (see footnote on the first page of this arti-
cle): EDX patterns of La,0,S, La,O,S:Eu**, La,O,Se and
La,0,Se:Eu**, HRTEM image of La,O,S and La,O,Se micro-
structures and UV/Vis spectra of La,O,M:Eu** (M = S and Se)
compounds.
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