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ABSTRACT: Europium-doped lanthanum oxide (5 mol %
Eu’":La,O;) was prepared by calcining europium-doped
lanthanum hydroxide (5 mol % Eu**:La(OH);) previously
synthesized by a simple hydrothermal method. Interestingly,
we observed different emission Eu®* signatures depending on
the phase of the host (lanthanum oxide or hydroxide) by
cathodoluminescence. Taking into account that lanthanum
oxide easily rehydroxylates in air, for the first time, we report
the use of cathodoluminiscence as a novel characterization
technique to follow the lanthanum oxide rehydroxylation
reaction versus time according to different annealing
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procedures. Additionally, differential thermal-thermogravimetric analysis, infrared spectroscopy, and X-ray diffraction techniques
were used to identify the phases formed from the Eu**:La(OH), depending on temperature and to study the evolution of La,0,
to La(OH); versus time. The results showed that the higher the temperature and the longer the annealing time, the higher the

resistance to rehydroxylation of the Eu**:La,0; sample.

1. INTRODUCTION

Lanthanum oxide is becoming of increasing interest in recent
years, due to the wide number of applications of this material
together with the possibility of reducing production costs, since
in comparison with other rare-earth host materials (Y,O;,
Gd,0;, etc.), inorganic compounds containing lanthanum are
relatively low-cost host materials." Lanthanum oxide is used in
high-potential oxide ceramics,” to stabilize the monoclinic
phase of zirconia.” The hexagonal phase of La,O;, isostructural
with y-Al,O3, has been employed as a component of three-way
as the catalytic active phase for the
as the catalytic
support of metal catalysts for syngas production from dry CO,
re-forming of CH,,® and for hydrogen production by steam re-
'% among

automotive catalysts,*”¢
vapor-phase degradation of 1,4-butanediol,”

forming and oxidative steam re-forming of ethanol,”
others. Additionally, this oxide is an important component in
* and high-
temperature superconductors due to its magnetic properties.1
More recently, La,O; doped with Eu®* has been used as a

phosphor or as a downconverter material of UV light to
16-18

1 11 . 12-1
some specialized glasses, ~ advanced ceramics,

increase the efficiency of polymers in solar cells.
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However, lanthanum oxide powders have to be handled
carefully because of the activity of the oxide to carbonation and
hydroxylation.'” Lanthanum oxide can react relatively quickly
with carbon dioxide/water in the atmosphere to form new
stable carbonated and hydroxyl phases through the formation
of surface carbonates or hydroxycarbonates. This reaction in air
can be completed after 24 h and can drive to mechanical
weakness of monolithic pieces.”’ >* Recently, a complete study
on the reaction kinetics of the hydroxylation reaction of La,0,
has been published,23 indicating that the bulk reaction of
powders with water vapor proceeds extremely quickly.
However, no information about the mechanism involved in
this rehydroxylation process has been reported.

The aim of this work is to study the mechanism of
rehydroxylation of La,O; species, in a Eu**-doped La,O4
sample, after exposition to air at room temperature, and
analyze, for the first time, how thermal annealing of the samples
affects the kinetics of the rehydroxylation reaction. Cathodo-
luminescence (CL) has been used as a novel characterization
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technique to follow the lanthanum oxide rehydroxylation versus
time according to the different annealing procedures, since Eu’t
showed different luminescent spectra (different spectroscopic
transitions and different peak ratio intensity) depending on the
host containing the active ion (La,O; or La(OH);). Addition-
ally, the formation of europium-doped lanthanum oxide from
europium-doped lanthanum hydroxide has been also widely
characterized.

2. EXPERIMENTAL SECTION

Synthesis of La,0; Nanocrystals. La,O; nanocrystals doped
with § mol % Eu®* were synthesized by a hydrothermal process.”* A
0.94 g portion of La(NO;);-6H,0 (Fluka, >99.9%) and 0.0492 g of
Eu(NO,);-SH,O (Sigma-Aldrich, >99.9%) were dissolved in 120 mL
of deionized water with stirring for 10 min. Then, 4 g of KOH (Sigma-
Aldrich, >85%) was added, leading to a white solution, which was then
transferred into a Teflon autoclave and heated to 393 K for 24 h. The
resultant white solid product was cleaned with distilled water and
ethanol and dried in an air atmosphere at 350 K for 12 h (sample
Eu**:La(OH),). Finally, the dried precipitate was calcined at 1273 K
for 2 h to obtain the oxide phase (sample Eu**:La,0,).

Thermal Characterization. Eu*":La(OH); was characterized by
differential thermal analysis (DTA) and thermogravimetry (TG) to
analyze its thermal evolution using a TA Instruments SDT 2960
simultaneous differential techniques instrument. The experiments were
carried out in Pt crucibles using calcined Al,O; as reference material
(provided by TA Instruments). Eu**:La(OH); was heated at 10 K/
min in the 300—1273 K range. Synthetic air was used as the purge gas
at a flow rate of 90 cm?/min. The storage rate of data was 0.5 s per
data point.

X-ray Diffraction. X-ray diffraction (XRD) measurements were
carried out using a Siemens D5000 diffractometer and Ni-filtered Cu
Ka radiation (30 mA, 40 kV) with a Braun position sensitive detector
(PSD). XRD allowed us to follow the evolution of the crystalline
phases from the dried precipitate (Eu**:La(OH);) by applying a
heating rate of 10 K min™" and the later rehydroxylation reaction
versus time of the Eu**:La,O; nanocrystals just calcined at 1273 K for
2 h. For thermal evolution studies, the 26 diffraction range was from
10 to 70°, and the measuring time was 10 s per degree in the heating
and cooling cycles. Patterns were registered at room temperature and
then every SO K in the interval from 523 to 1073 K under a static air
atmosphere, and a delay of 200 s was introduced before each
measurement to ensure complete transformation of the sample. At the
end of the process, and after the sample was cooled to room
temperature, we recorded an additional pattern. For rehydroxylation
studies, diffraction patterns were recorded at room temperature in the
20 range from 25 to 35° at different reaction times up to 40 h.

IR Spectroscopy. The characterization of the evolution of the
Eu’":La(OH); phase with temperature was also studied by infrared
(IR) spectroscopy. The spectra were recorded in the range of 400—
3750 cm™" using a Bruker Equinox-5S Fourier transformed infrared
spectrophotometer equipped with a DTGS detector, working in
transmission mode. The frequency was set between 50 and 60 Hz, and
the current intensity at 0.8 A. The resolution of the measurements was
0.5 cm™.

Cathodoluminescence. Cathodoluminescence (CL) was re-
corded at room and low (6 K) temperatures in a field emission
scanning electron microscope (LEO Supra SSVP) using a Gatan Mono
CL 2 system. The spectra were acquired using a Hamamatsu
photomultiplier tube (R2228) at 3—10 keV and using a probe current
of 4—7 nA over a scanned area of 10* ym?. For this characterization,
Eu**:La,0; and Eu*":La(OH), samples were dispersed in an ethanol
solution, and several drops of these solutions were deposited on Si
substrates, with ethanol allowed to evaporate. By this technique we
were able to observe different CL signatures generated by trivalent
europium in lanthanum oxide and hydroxide matrices, respectively.

Thermal Annealing. Different thermal annealing treatments were
applied to the Eu**:La,0; nanocrystals prior to their exposure to air
atmosphere to investigate the influence of these thermal treatments on
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the kinetics of the rehydroxylation reaction. The conventional thermal
annealing treatment we used was to heat the sample at 1273 K for 2 h
at a heating rate of 10 K min~". Then, four different rapid thermal
annealing procedures were investigated: (i) at 973 K for 1 min (sample
A), (ii) at 1073 K for 1 min (sample B), (iii) at 1173 K for 1 min
(sample C), and (iv) at 1173 K for 2 min (sample D). After the
thermal annealing process we followed the rehydroxylation of the
Eu**:La,0; phase toward the La(OH), phase by exposing it to an air
atmosphere and recording X-ray diffraction patterns or CL spectra at
different times. From the data recorded in these diffraction patterns or
CL spectra we developed kinetic curves, defining as the 0 h time the
data taken from the patterns or spectra recorded just after the thermal
annealing process at room temperature.

3. RESULTS AND DISCUSSION

3.1. Synthesis of La,0; Nanoparticles from La(OH);
Precursors. 3.1.1. Thermal Characterization. With regard to
the DTA-TG curve of the Eu**-doped La(OH) sample (Figure
1), we identified three different regions, marked as I-III in the

Weight (%)
Temperature Difference (K)

Temperature (K)

Figure 1. DTA-TG curve of a Eu**:La(OH); sample.

figure. Region I, which occurred between 300 and 480 K with a
5% weight loss, can be associated with the evaporation of water.
The second and third regions, denoted II and III, respectively,
showed endothermic peaks at 624 and 938 K with weight losses
of 8.5% and 7.2%, respectively. These two regions can be
related to different structural changes of the sample, associated
with chemical composition changes. In the literature, these two
endothermic peaks have been attributed to the decomposition
of La(OH), in two steps: first, the formation of lanthanum
hydroxide oxide (LaOOH) or different carbonated phases, as
intermediate phases, and then at higher temperature the
formation of lanthanum oxide (La,0,).*™°

3.1.2. Structural Characterization. In order to identify the
chemical phase transformations corresponding to regions II and
III observed in the DTA-TG curve, the thermal evolution of the
dried Eu**-doped La(OH), sample was followed by XRD and
IR spectroscopy, taking different measurements at different
annealing temperatures.

Four different crystalline phases were observed in Figure 2a.
The crystalline peaks of the precipitated gel at room
temperature were identified as La(OH); according to JCPDS
file 36-1481.”7 LaOOH phase was not observed at any
temperature. In fact, the temperature of the endothermic
peak in region II of the DTA thermogram (624 K) (Figure 1)
corresponds to an amorphous phase, as observed in the XRD
patterns recorded between 623 and 673 K. This amorphous
phase evolved with temperature to the carbonated crystalline
phase La,0,C0;,>* 7 due to the absorption of atmospheric
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Figure 2. X-ray diffraction patterns of (a) the transition from
Eu’*:La(OH); at room temperature to the europium-doped
lanthanum oxide phase at 1073 K and (b) the phase obtained at
873 K.

CO,, since the sample was heated in an air atmosphere. No
endothermic or exothermic peaks in the DTA thermogram
were observed for the formation of this phase, which was stable
at 723 K and from 1023 to 1073 K. Then, this phase
disappeared completely to form a new crystalline structure
associated with the endothermic peak observed in region III of
the thermogram (Figure 1). Turcotte et al. reported the
appearance of three different polymorphic forms of La,0,CO;
during its decomposition process.”’ According to them, the
tetragonal 1-La,0,CO; phase (JCPDS file 23-0320),”® which
can be derived from the tetragonal C form of lanthana
sesquioxides, formed first. Then, it transformed into an
intermediate monoclinic Ia-La,0,CO; phase (JCPDS file 48-
1113),” and finally, the hexagonal II-La,0,CO; was formed
(JCPDS file 37-0804),>° the structure of which is related to
hexagonal La,0; (JCPDS file 74-2430).> In our case, we
obtained a mixture of tetragonal and monoclinic phases of
La,0,CO; (see Figure 2b). We did not detect the hexagonal
phase of La,0,CO; but directly determined the formation of
La,O;. The La,O; phase began to appear at 973 K, coexisting
with the La,0,CO; phase, but at 1073 K, La,O; was the only
crystalline phase observed in the diffraction pattern. The
formation of this phase matched up with the endothermic peak
observed at 938 K in the thermogram (Figure 1). After the
sample was cooled to room temperature, the same crystalline
phase was observed, La,0Os.
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From these results, we can conclude that the calcination of
the europium-doped lanthanum hydroxide sample takes place
in two steps:

T =723K
2La(OH); + CO, —— La,0,CO; + 3H,0 (1)

T =938 K

La,0,CO, — La,0, + CO, @)

Figure 3 shows the thermal evolution of the Eu*":La(OH),
phase followed by infrared (IR) spectroscopy. The absorption
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Figure 3. Thermal evolution of the infrared spectra of Eu**:La(OH),
studied from room temperature to 1123 K.

peaks at 3614 and 3439 cm™" were attributed to the stretching
vibration mode of the O—H bond and the bending vibration of
H—O-H, respectively. Thus, the peak at 3614 cm™' was
indicative of the presence of La(OH),, whereas the wide band
at 3493 cm™' can be associated with water formed during the
handling of samples to record the spectra. In the same way, the
absorption of carbon dioxide from the atmosphere was
confirmed by the appearance of several peaks corresponding
to the v5 and v, v,, and v, modes of the CO;* (1636—652
cm™). This corroborates the presence of La,0,CO;, detected
by XRD. At higher annealing temperature, the peaks
corresponding to La,0,CO; decreased in intensity, whereas
the intensity of the broad absorption peaks observed at low
wavenumbers (434, 498 cm™') increased, as expected, due to
the formation of the La,O; phase, in agreement with XRD
results.

Figure 4 shows the electronic microscopy images of
Eu®":La(OH); and Eu**:La,O; nanocrystals. The precipitated
powders are formed by agglomerated nanocrystals of Eu*":La-
(OH), (Figure 4a), the shapes of which were small nanorods
with dimensions around of 30 X 10 nm, as observed by TEM
(Figure 4b). After calcination at 1273 K for 2 h, the Eu®":La, O,
nanocrystals showed particles with higher sizes and with less
shape definition (Figure 4c) in comparison to those of
Eu®":La(OH), (Figure 4b). Therefore, there was a clear effect
of the calcination temperature that resulted in a sintering of the
nanoparticles, affecting their size and shape.*®

3.1.3. Spectroscopic Characterization. Figure S shows the
cathodoluminescence (CL) spectra of (a) Eu**-doped La(OH),
and (b) Eu*"-doped La,O; in the 450—750 nm region at room
temperature. We ensured that we have only one crystalline
phase in the sample, either La(OH); or La,0O;, so that the
luminescence peaks appearing in each spectrum could be
assigned unequivocally to Eu™ in that crystalline phase. The
intensity of the peaks in the region 450—575 nm was increased

dx.doi.org/10.1021/ic300108f | Inorg. Chem. 2012, 51, 6139—6146
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Figure 4. (a) SEM image of Eu**:La(OH); and TEM images of (b)
Eu**:La(OH); and (c) Eu*":La,0;.

by a factor of X100 in Eu**:La(OH); and X50 in Eu**:La,0,,
since the peaks of this region showed much less intensity than
the peaks ranging from 575 to 750 nm.

The different peaks, corresponding to transitions from
different °D; (J = 0—2) states to 'F (J' = 0—4) fundamental
states, were identified for both structures. The D, — 7F] (J=
0—4) and the °D, — 7F] (J = 1, 2) transitions were observed for
Eu’* in La(OH);. Note in Figure Sa the lower intensity of the
bands corresponding to the *D;, — "F; (J = 1, 2) transitions
compared to those corresponding to the *Dy — "F; (J = 0—4)
transitions. For Eu*" in La,O5, bands corresponding to the *D,
— 'F; (J=0-4),°D, = "F;(J=1,2),and °D, - 'F; (J = 0-3)
transitions could be observed. The °D, — 'F; (] = 0—4)
transitions showed higher intensity than the *D, — "F; (J = 1,
2) transitions, while the D, — F; (J = 0—3) transitions
exhibited the lowest intensity (Figure Sb). The most intense
emission peak was centered at 615 nm in the Eu**:La(OH),
spectrum and at 626 nm in the Eu’":La,O; spectrum,
corresponding to the D, — ’F, transition in both cases.
Since this peak was the most intense for both structures, this
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indicates that Eu®* was located in a structural site without an
inversion center,”* such as the crystallographic site occupied by
La®* in these structures, S, in La(OH); and C,, in La,0;>**
The observation of the D, — ’F, transition in these two
structures is also an indication that Eu®* was located in these
crystallographic sites, since this transition should be completely
forbidden at first order but might be partially allowed in the
presence of a linear crystal field term.

The 2] + 1 degeneracy of the free ion may be broken by the
crystal field at its location. The levels with J = 0 are
nondegenerate; therefore, if only one structural position for
Eu® in the crystalline structure exists, the Dy, — "F, transition
should have only one peak, while the D, — ’F, transition
should exhibit three peaks and the D, — "F, transition should
show five peaks. In the spectra presented in Figure Sa,b, the °D,
— ’F, transition seems to show only one peak for both
structures, while the D, — F, and the D, — ’F, transitions
show more than one peak in the case of Eu**:La,05 and several
shoulders in the case of Eu**:La(OH);. To verify this aspect, we
recorded CL spectra of the Eu*:La(OH); and Eu**:La,0,
samples at 6 K (see Figure Sc,d, respectively). Both spectra
show only one peak for the Dy, — ’F, transition, confirming
that only one structural position for Eu®* exists in the crystalline
structure of these two compounds. However, the fine structure
of the D, — ’F, and the D, — ’F, transitions was still not
well resolved, since the system does not allow a recording
resolution for the spectra of higher than 0.5 nm. This effect is
more pronounced for the Eu**:La(OH); sample than for the
Eu*":La,O; sample.

The intensity of the electric dipolar D, — ’F, transition
(hypersensitive) is very sensitive to the crystal field generated
by the ligands. Although the *D, — F, transition is a magnetic
dipole transition, and its intensity is independent of the local
environment of Eu, it can be taken as a reference for different
materials. Furthermore, the ratio between the intensities of the
Dy, — ’F, and the D, — ’F, transitions, known as the I, ratio
or asymmetry ratio, provides an approximation of the distortion
degree of the coordination polyhedron of the Eu®* ion in a
particular matrix. The intensity ratios I, were 1.3 and 7.2 for
Eu®":La(OH); and Eu**:La,0s, respectively. On one hand, in
comparison with other ratios reported in the literature,>***”
the value obtained for the La,O; matrix is within the maximum
values reported. A high value of this ratio indicates that the
electric dipole interaction is enhanced, associated with a
stronger crystal field in the short range, which can be related
to an increase of the covalence of the structure or to a
distortion of the bonds surrounding the active ion. On the
other hand, the value obtained for the La(OH); matrix is within
the minimum values. Thus, by comparing these two structures,
we should expect that, although in both cases Eu** was located
in a low-symmetry site, the oxygen atoms surrounding Eu®"
formed a more regular polyhedron in La(OH), than in La,O;.
In fact, the coordination polyhedron of La*" in La(OH), is
formed by nine oxygen atoms, three of which are located at a
distance of 2.551 A, and six additional oxygen atoms at a
distance of 2.588 A.*® In contrast, for La,O,, La’* is surrounded
by seven oxygen atoms located at distances ranging from 2.356
to 2.743 A. The distortion of the polyhedron is defined as Ad =
(1/) X,-1-4[d(La—0), — (d(La=0))]/(d(La~0))}’, where ¢
is the number of surrounding oxygen atoms around La and
(d(La—0)) is the mean La—O distance. Thus, the polyhedron
distortions were 4.6 X 107> and 5.2 X 1072 for La(OH), and
La,O; structures, respectively. It is easy to note that the value of
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Figure 5. Cathodoluminescence spectra recorded at room temperature for (a) Eu**:La(OH), and (b) Eu**:La,0; and at low temperature for (c)

Eu**:La(OH); and (d) Eu*":La,0;.

La,O; was 2 orders of magnitude higher than the value
obtained for the La(OH); structure.*

3.2. Rehydroxylation of the La,0; Nanocrystals.
3.2.1. Structural Characterization. We monitored the
evolution of the rehydroxylation reaction of Eu®*:La,O,
nanoparticles with time by XRD. Rehydroxylation is due to
the absorption of water moisture from the atmosphere, which
has been reported to be responsible for the fast transformation
of La,0; into La(OH);.>* To study this transformation, we
previously calcined Eu’*:La(OH); at 1273 K for 2 h to
guarantee only the presence of the oxide phase. Figure 6 shows
the dynamics of the rehydroxylation reaction of Eu**:La,O,
monitored by XRD. The range of measurement has been
restricted in this case from 25 to 35°. We marked with a star the
three most intense peaks of La,O; to make the observation of
the chemical conversion easier for the reader. These peaks
correspond to the (100), (002), and (101) reflections.>>
Regarding Figure 6, we could note that the La,O; phase was
stable up to 30 h. The evolution of the three diffraction peaks
on which we focused our attention to follow the chemical
conversion is marked with a blue line in Figure 6. We also
observed that the La,O; phase started to disappear at the same
time that the La(OH), phase began to appear at about 25 h.
Thus, in the range between 25 and 30 h, both phases were
present.

Another interesting point is that during rehydroxylation no
intermediate phases were observed, neither crystalline nor
amorphous, and the conversion evolved directly from the oxide
to the hydroxide phase. We evaluated the kinetic curve of the
rehydroxylation reaction by relating the intensity of the (101)
diffraction peak of La(OH); to its concentration in the sample.
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Figure 6. Evolution of the X-ray powder diffraction pattern of
Eu**":La,0; versus time after exposure to air atmosphere at room
temperature.

The result is presented in Figure 7. More than 22 h was needed
to convert 50% of La,O; to La(OH);, and after 35 h, La,0; was
completely rehydroxylated.

3.2.2. Spectroscopic Characterization after Different
Annealing Procedures. CL measurements confirmed the
kinetic transformation. Table 1 gives the wavelengths of the
different emission bands observed for electronic transitions at
room temperature in Eu’*:La(OH); and Eu’*:La,O; (see
Figure Sab). After following the evolution of the sample
annealed at 1273 K for 2 h by applying a heating rate of 10 K

dx.doi.org/10.1021/ic300108f | Inorg. Chem. 2012, 51, 6139—6146
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Figure 7. Kinetic curve of the rehydroxylation process after calcining
Eu’*:La(OH); at 1273 K for 2 h at a heating rate of 10 K min™' and
evaluating by XRD.

Table 1. Wavelength Values of the Cathodoluminescence
Peaks of Eu**:La(OH); and Eu**:La,0,

transition La(OH), peak position (nm)  La,O; peak position (nm)

D, — F, 468

D, - 'F, 472, 475, 479, 489
D, - 'F, 497

D, — 'F, 512

D, - F, 524, 534 533, 540
D, - F, 585 554

Dy = "Fy 577 581

D, = 'F, 591 588, 596
Dy — F, 613 614, 626
Dy — 'F4 648 653

Dy = 'F, 688, 694 708

min~" and later studying its corresponding kinetic curve (Figure
7), we analyzed what happened if we applied rapid thermal
annealing conditions: 973 K for 1 min (sample A), 1073 K for 1
min (sample B), 1173 K for 1 min (sample C), and 1173 K for
2 min (sample D).

Just after samples A—D were annealed at different
experimental conditions, the CL spectra showed the typical
bands of Eu** in La,0,, as expected. However, we observed
that the relative intensity between the two peaks corresponding
to the D, — ’F, transition, located at 613 and 626 nm, called
the intensity ratio I;, changed significantly with time, with a
reduction of the intensity of the peak located at 626 nm. At
longer time, the rehydroxylation progressed and I, further
decreased. Finally, the 613 nm band, corresponding to the °D,
— F, transition in La(OH),, dominated the spectra. At the
same time, the emission band located at 707 nm, corresponding
to the D, — ’F, transition in Eu**:La,O;, lost intensity,
whereas the emission band located at 695 nm, corresponding to
the same transition than the band located at 707 nm, was more
and more intense. Parts a—d of Figure 8 show the CL spectra of
samples A—D. The cathodoluminescence spectra were
recorded at different times after the annealing process (0, 24,
28, 33, 35, 38, 44, and 100 h). From these spectra, we observed
that the La(OH); phase appeared after 24 h of annealing, but
the sample was not completely transformed to La,O; until 35—
38 h, since the cathodoluminescence spectra of the sample no
longer changed. However, the kinetics of the rehydroxylation
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reactions progressed differently, depending on the annealing
procedure (time and temperature).

The kinetic curves obtained from the cathodoluminescence
spectra of samples A—D are also shown in order to observe the
differences with respect to the annealing procedure in more
detail. Figure 9 shows the kinetic curves depending on
temperature (Figure 9a, 973, 1073, and 1173 K) and depending
on time (Figure 9b, 1 and 2 min). Time 0 h corresponds to the
measurements taken just after the annealing procedure. After
that, the samples were exposed to air at room temperature. We
observed that when the annealing temperature was higher, the
rehydroxylation process evolved more slowly (Figure 9a). On
one hand, sample A, which was annealed at 973 K, showed
100% of conversion after 38 h of annealing, whereas the
samples B and C (annealed at 1073 and 1173 K, respectively)
showed about 88% and 82% of conversion, respectively. On the
other hand, the shape of the curve of the rehydroxylation was
also significant. For instance, we observed that by increasing the
temperature from 973 to 1073 K, after 30 h of the annealing
process, sample A lost 75% of the oxide to hydroxide phase
while sample B just lost 12% of the oxide phase. Figure 9b
shows the kinetic curve after annealing the sample at 1173 K for
1 min (sample C) and 2 min (sample D). After 40 h, only
~50% of sample D was converted to Eu**:La(OH);, while
almost 85% of sample C was already converted to Eu®':La-
(OH);. Thus, at the same annealing temperature, the
rehydroxylation process evolved more slowly when we
increased the time of annealing. However, the full conversion
of the material was achieved at the same time, indicating that
the reaction evolved more slowly at the beginning for sample D
but more quickly at the end. These results could be compared
with the kinetic curves depending on the temperature because
the most significant difference between samples A—C and
samples C and D was the resistance time of the Eu*":La,O; to
be rehydroxylated. Thus, everything indicated that after a
certain degree of conversion achieved, the reaction evolved
more quickly. When comparing these results with those
obtained previously by conventional annealing techniques
(1273 K for 2 h), we could see that rapid thermal annealing
increased the stability of La,O;, which constituted a benefit of
manipulating this compound under a noncontrolled atmos-

phere.

4. CONCLUSIONS

We successfully synthesized 5 mol % Eu®*":La,O, by a simple
and clean hydrothermal method followed by calcination.
During the transformation of Eu’*:La(OH); to Eu’*:La,0,,
an intermediate and amorphous phase, identified as La,0,CO;,
was detected by XRD. This phase had two components:
tetragonal (I-La,0,CO;) and monoclinic (Ia-La,0,CO;). The
sample Eu**:La,0; was completely rehydroxylated after 40 h of
exposure to moisture.

We characterized carefully the emission spectroscopy of both
samples, S mol % Eu**:La,05 and S mol % Eu®":La(OH),, by
cathodoluminiscence. Interestingly, by resolving the emission
peaks of both phases, we were able to study the transition from
one phase to the other and the effect of the annealing
conditions on the kinetics of the rehydroxylation reaction. The
results showed that the annealing process used in the
calcination of the samples plays a major role in the kinetics
of the rehydroxylation reaction. We observed that the higher
the temperature and the longer the annealing time, the more
the resistance to rehydroxylation of the Eu’*:La,O; formed.
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Figure 9. Kinetic curves of the rehydroxylation process depending on (a) temperature and (b) time.

However, when a lower heating rate was also used (10 K
min~'), the Eu**:La,0; nanocrystals converted more quickly

toward Eu®**:La(OH);.
These results give new data on the stability of Eu®":La,O;

exposed to the atmosphere and show how, by applying rapid
thermal annealing processes at high temperatures and for long
periods of time, we can increase the stability of this compound
and slow down the kinetics of the rehydroxylation reaction.
These results are important, especially for those applications
that require a manipulation of these compounds in non-
controlled environments, since we can minimize the

rehydroxylated portion of Eu**:La,0;.
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