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ABSTRACT: Lanthanide (Eu and Nd)-doped hydrocalumite has been 0.9
prepared by a coprecipitation method. All samples, with Eu®* and Nd**

contents up to 4% (molar ratio), show a single crystallographic phase, s —
without segregation of secondary lanthanide-containing phases. Calci- g 7 @ CEu2Nd2
nation affords lime and mayenite, with lanthanide cations embedded in A CEONM

the structure. The photoluminescence spectra of the noncalcined 0.6
samples consist of Eu®" (in the visible region) and Nd*>" (in the NIR)
intra-4f transitions and a broad band ascribed to Al-related defects. The |
Eu®™°D, lifetime values and quantum efliciency of the EdT /NI T4
codoped hydrocalumite decrease ca. 10%, relative to the single doped 1
material, suggesting that the Nd>" incorporation activates nonradiative 0.3
channels for the "Dy depopulation. High-temperature stable ceramic 2:
pigments, prepared from Eu’" and Nd** doped hydrocalumite pre- y
cursors, afford multiwavelength luminescent materials emitting inalarge 0.1 4
vis/NIR spectral region, with potential applications as barcodes and in 1 470
broadband amplifiers. The emission spectra of thg calcined samples give O‘OO_O 01 02 03 0'4)( 05 06 07 08
unequivocal evidence for the presence of two Eu T local environments,

attributed to Eu®" sites in CaO and mayenite. Upon calcination, the absolute emission quantum yield of the Eu*"-doped sample
increases from less than 0.01 to 0.06.
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B INTRODUCTION

Layered double hydroxides (LDHs) have deserved much attention
in the last two decades. These natural and synthetic solids exhibit a
layered structure similar to that of brucite, Mg( OH),, but with a partial
Mg™"/M*" substitution (M>* = AP in natural hydrotalcite), the
positive charge in excess being balanced by intercalated hydrated
anions. Their chemical composition can be varied in a broad range,
concerning both the nature of the brucite-like layers (usually M** and
M>", although compounds containing cations with other formal
charges are also known) and interlayer anions. Their properties have
been reviewed by different authors' ~ and have been applied in a broad
range of fields, namely, catalyst precursors and catalyst supports,"'* >
antacids and drugs support for controlled delivery,"* ™" anion scaven-
gers for water purification,""® composites,’ > especially upon dela-
mination of the layers,”> and so forth. Because calcination of LDHs
produces homogeneously dispersed mixed oxides, they have also been
tested as a precursor for ceramic pigments.> >

Several papers have dealt with LDHs containing lanthanides,
mainly looking for an improvement in their color or luminescent
properties. Although in most cases the lanthanide has been incorpo-
rated as an anionic coordination compound in the interlayer space of
the LDH,*®° a few reports are available on the incorporation of the
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lanthanide cation in the brucite-like layers.*" —>* The ionic radii of the
trivalent lanthanide cations, however, are usually too large to be
hosted in the octahedral holes of the brucite-like layers and, as a result,
strong structural distortions occur. In fact, when the lanthanide ions
have been incorporated in the brucite-like layers only a partial A"/
Ln*" substitution was attained, and pure Mg”" /Ln*" compounds
never formed. Other lanthanide-containing layered systems have been
also s3t'6udied,3’4’35 and the subject has been recently reviewed by Carlos
etal

The size of the octahedra in the brucite-like layers is, to a certain
extent, controlled by the size of the divalent cation. For stability
reasons, the molar M**/M>" ratio should be always larger than one
and ideally larger than two. Consequently, an alternative way to
incorporate large lanthanide cations in the brucite-like layers is to
substitute Ca®" (ionic radius in octahedral cordination 1.14 A) for
Mg™" (0.86 A). Because the ionic radii of Ln>* cations in octahedral
coordination range between 1.17 A (La*") and 1.00 A (La®"),
structurally stable solids would then be formed.
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Hydrocalumite, or Friedel’s salt, is a layered material with the
chemical formula Ca,Al(OH)4Cl-2H,0 and Ca®*" and A"
cations hepta- and hexa-coordinated, respectively. Substitution
of larger cations (e.g, Sc*) for AP gives rise to an increase in
the lattice parameter a and a decrease in the parameter ¢.>’

Calcination of hydrocalumite gives rise to a mixture of mayenite,
Ca;Al14O33,  phase commonly found in concrete, and CaO (as
mentioned above, the molar Ca®*/AI*" ratio in hydrocalumite is
equal to 2 and, thus, pure mayenite cannot be formed upon
calcination). In the cubic structure, AI’" ions are tetrahedrally
coordinated by oxide anions while the Ca*" cations are hepta-
coordinated.®® Mayenite also has been recently used as a base
catalyst for metanolysis of sunflower oil,* and it has received much
attention as a room-temperature-stable electrode.***"

The main interest for incorporating lanthanide cations into a
LDH phase is that the properties of LDHs can be tuned by
varying the host and/or guest composition and the interaction
between the two. Some of the papers cited above are good
examples of the optical properties of these layered materials
containing lanthanide cations.*®

Our approach is slightly different as we aim to study not the
parent LDH materials but the solids calcined at high temperatures,
as they would be in the case of ceramic pigments. This study consists
of the preparation of pristine hydrocalumite (containing exclusively
Ca>" and AP") doped with different amounts of Eu®>* and Nd**.
Luminescent materials doped with Eu®" usually exhibit intense
emission bands due to electronic transitions from the *D, first
excited state to the fundamental “F_, manifold.

Our aim is the preparation of high-temperature stable ceramic
pigments, starting from LDH-type materials. Our choice has
been hydrocalumite, where the presence of voluminous Ca*"
cations permits incorporation of rather large lanthanide cations
without developing strong stresses in the crystal. The LDH
structure has proved to be adequate to yield structural pigments
without the use of mineralizers and not requiring very high
calcination temperatures.z‘k27 For the first time, to the best of
our knowledge, codoping of LDHs with Eu®>" and Nd** ions
affords luminescent materials emitting in a large spectral region
covering almost the entire visible (vis) and a significant part of
the NIR regions. Multiwavelength luminescent materials in the
vis/NIR ranges may have potential applications as barcodes*
and broadband amplifiers for the development of ultrabroadband
wavelength-division-multiplexing (WDM) network.*

B EXPERIMENTAL SECTION

Samples Preparation. For preparing the starting compound we
used Ca’" and AP" chlorides from Panreac, Nd*" chloride from
Aldrich, and Eu®" oxide from BDH Chemicals; gases were from L'Air
Liquide (Spain). The samples were prepared by coprecipitation at room
temperature and constant pH. To avoid precipitation of CaCOj3, water
to prepare the solutions and to wash the precipitates had been previously
boiled and cooled while flowing nitrogen. Solution A was prepared by
dissolving 18.6 mg of NaOH in 150 mL of water; solution B (for pH
control) was prepared by dissolving 80 g of NaOH in 1 L of water, and
solution C was prepared by dissolving the required amounts of
CaCl,+2H,0 and AICl; - 6H,0 in 75 mL of water, to obtain solids with
the required Ca/Al/Eu/Nd molar ratios. Eu,O3 was dissolved with a few
drops of concentrated HCl acid. The method was as follows:

Solution A was placed in a three-necked, 1 L, round-bottom flask; solution
C was added from a compensated pressure funnel; and solution B was used to
maintain a constant pH (11.5 & 0.1) with a Dosimat Metrohm instrument

coupled to a Metrohm pHmeter; the pH electrode and the funnel for addition
of the basic solution were connected through two necks of the round-bottom
flask, and the remaining neck was used to flow continuously nitrogen to avoid
contamination by atmospheric CO,. The liquid and the suspension formed
were stirred magnetically (AgimaticN P from Selecta). Solution C was
dropwise added onto solution A, giving rise to a milky suspension; once
addition was complete, the suspension was aged at room temperature under
N, flow and magnetic stirring for 48 h. The suspension was filtered with a
water pump in a Buichner funnel, and the solid was washed four times with
S0 mL portions of decarbonated water. The powder was then stored in a
desiccator for 24 h and finally dried in an oven at open air at 60 °C. The pH of
the mother liquor was in the 11.2—11.9 range and that for the washing liquids
in the 11.1—11.8 range. Approximately 12 g of solid was obtained in each
case, resulting a yield close to 100%. Actually, only <70 ppm Al and <1000
ppm Ca were detected in the mother liquor.

While keeping a Ca/trivalent cation molar ratio close to 2, the Eu
content was varied to values representing 0, 1, and 2% with respect to Al,
and the Eu/Nd ratio was varied from 1/1 to 1/4, giving rise to a total of
seven samples, six of them containing lanthanide ions. Ca2Al1 stands for
the lanthanide-free sample, while EuX will stand for a given sample
where X% of AI’" have been substituted by Eu®>" and EuXNdY for a
sample containing, in addition, Nd*>" cations, for which the molar
percentage, with respect to AI*", corresponds to Y.

The samples were calcined up to 1300 °C at a heating rate of S °C/
min with a retention time of S h, to prepare oxides with the mayenite
structure. The calcined samples are named as C-YYY, where YYY stands
for the symbol of the uncalcined sample.

Characterization. Element Chemical Analysis. Ca, Al, Eu, and Nd
contents were determined at Servicio General de Analisis Quimico
Aplicado (Universidad de Salamanca, Spain) in a plasma emission
spectrometer ICP-PES from Jobin Yvon, model Ultima II, after digestion
of the samples in nitric acid in a Ethos Sel microwave oven from
Milestone. Chlorine was determined by the Volhard method.

Powder X-ray Diffraction. The powder X-ray diffraction (PXRD)
diagrams were recorded on a Siemens D-500 instrument equipped with
a Difract-AT and DACO-MP microprocessor with Cu Kot radiation (4 =
1.54 A) with a current of 30 mA and an acceleration voltage of 40 kV; the
5—70° (26) range was scanned at a speed of 2°/min and set time of 1.5 s.
The crystalline phases were identified by comparing the diffraction
diagrams with standards (JCPDS) and literature data. Lattice parameters
were obtained by refinement using the AFFMA least-squares program.**

Thermal Analyses. Thermogravimetric analysis and differential ther-
mal analysis were carried out simultaneously on the same portion of
sample on SDT Q600 TGA-DTA equipment from TA Universal
Analysis. The instrument also permits the derivative thermogravimetric
curve (DTG) to be plotted. Analysis of evolved gases (EGA) was carried
out by connecting the exit of the thermal equipment to Pfeiffer Vacuum
ThermoStar TG-MS equipment. The analyses were carried out under
dynamic oxygen or helium, at a heating rate of 10 °C/min, up to 1300 °C.

Fourier Transform Infrared Spectroscopy. The FT-IR spectra of the
samples were recorded by the KBr pellet technique in a Perkin-Elmer
FT-IR 1600 instrument. One hundred spectra were recorded with a
nominal resolution of 4 cm ™, to improve the signal-to-noise ratio.

Specific Surface Area and Porosity. The specific surface area and
porosity of the samples were determined from the adsorption—desorp-
tion nitrogen isotherms at —196 °C with an automatic volumetric
instrument ASAP 2000 from Micromeritics. About 200 mg of sample
was used, which was degassed at room temperature for 20 h and then at
110 °C for S h to remove weakly adsorbed species. The BET equation
was used to determine the specific surface area, and porosity was
determined using the Cranston and Inkley method; the thickness of
the adsorbed layer was determined by using the Halsey equation, and the
presence of microporosity and the external surface area were determined
from the t-plots.
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Scanning Electron Microscopy. The SEM micrographs were ob-
tained in a JEOL 6300 instrument at 25 kV by deposition of a drop of
sample suspension on a Cu sample holder and covered with Au layer by
sputtering in a Baltec SCDO00S apparatus.

Color Coordinates. Body color of the samples was quantified by using
a Konica Minolta colorimeter (Chroma Meter CR 400 model),
equipped with a pulsed xenon lamp. The data were collected by a
personal computer through a RS-232 interface and were analyzed with
Color Data CM-100W Spectra Magic NX software. We used the L*a*b*
system (also known as CIELAB) as the color space, where L* stands for
lightness (ranging from L* = 0 for black to L* = 100 for white), and a*
and b* are chromaticity coordinates, where negative values for a* indicate
green and positive values indicate red, while negative values for b*
indicate blue and positive values indicate yellow. Three measurements
(with three twinkles each) on three different spots were taken for each
sample, averaging the results. Samples were placed between flat colorless
glasses on a black sample holder. The instrument had been previously
calibrated with Minolta white reference CR-A43 (XYZ parameters
0.3133, 93.80, and 0.3194, respectively).

Photoluminescence. The photoluminescence spectra in the near-infra-
red (NIR) and in the ultraviolet/visible (UV/vis) spectral ranges were
recorded at 10 K and room temperature with a modular double grating
excitation spectrofluorometer with a TRIAX 320 emission monochromator
(Fluorolog-3, Horiba Scientific) coupled to a H9170-75 Hamamatsu photo-
multiplier and to a R928 Hamamatsu photomultiplier, respectively. The
spectra were acquired using the front face mode and were corrected for
detection and optical spectral response. Emission was corrected for the
spectral response of the monochromators and the detector using the typical
correction spectrum provided by the manufacturer, and the excitation spectra
were corrected for the spectral distribution of the lamp intensity using a
photodiode reference detector. The time-resolved emission features and
lifetime measurements in the 10 *—10"> s time range were acquired at 10 K
and room temperature with the setup described for the UV/vis photolumi-
nescence spectra using a pulsed Xe—Hg lamp (6 us pulse at half width and
20—30 us tail). The room temperature emission decay curves in the 10~ s
time scale were recorded on a spectrofluorometer (Fluorolog TCSPC,
Horiba Scientific) coupled to a TBX-04 photomultiplier tube module (950
V), 200 ns time-to-amplitude converter. The exciting source was a Horiba-
Jobin-Yvon pulsed diode (NanoLED-390, peak at 330 nm, 1.2 ns pulse
duration, 1 MHz repetition rate, and 150 ns synchronization delay). The
experimental excitation pulse was measured using a LUDOX scattering
solution in water. The emission color coordinates for the calcined samples
were calculated accordingly to the Commission Internationale d’Eclairage
(CIE) method described for the 2° standard observer.

Absolute Emission Quantum Yields. The absolute emission quantum
yields were measured at room temperature using a quantum yield
measurement system C9920-02 from Hamamatsu with a 150 W xenon
lamp coupled to a monochromator for wavelength discrimination, an
integrating sphere as sample chamber, and a multi-channel analyzer for
signal detection. Three measurements were made for each sample so
that the average value is reported. The method is accurate to within 10%.

B RESULTS AND DISCUSSION

Characterization. Element chemical analysis results are sum-
marized in Table 1. In all cases we aimed to prepare samples with
a M*>"/M>" molar ratio of 2.0, and the values reported here are
close to this value. The expected Ca/Cl molar ratio for hydro-
calumite is 2.0, and the experimental values are roughly co-
incident, although somewhat lower in all cases.

All samples were white, with luminosity (AL¥) values of 26 +
1, while chromatic coordinates Aa* and Ab* were close to zero
(always in the +1/—1 range). A slight decrease in coordinate
Ab* was observed as the Nd content was increased. The color

Table 1. Element Chemical Analysis and Some Molar Ratios
for the Samples Prepared”

sample Ca® A" Eu® Nd® I’ Ca/M>'C Eu/AI° Nd/Eu® Ca/CI

Ca2All 28.62 9.57 13.09  2.01 1.93
Eul 28.68 9.44 0.71 15.53  2.02 0.013 1.63
EulNd2 28.30 929 0.58 1.10 13.99  1.98 0.011  2.00 179
EulNd4 26.38 896 0.60 2.09 13.11  1.88 0.012  3.67 1.81
Eu2 29.03 9.22 0.90 13.53  2.07 0.017 1.90
Eu2Nd2 29.07 9.08 1.07 0.97 1438 1.96 0.021 095 179
Eu2Nd4 27.84 9.09 0.90 1.85 13.19  2.08 0.018 211 1.87

“Values have been rounded. * Mass percentage. “Molar ratio.
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Figure 1. Powder X-ray diffraction (PXRD) diagrams of the samples
prepared.

difference AE* was always in the 25—28 range. Calcination at
1300 °C led to a slight darkening of the samples, AL* now being
in the 14—21 range. For the calcined samples, incorporation of
Eu gives rise to a minor increase in chromatic parameter Aa*
(red), which is enhanced when Nd** is simultaneously added;
parameter Ab* decreases. Color differences for the calcined
samples are much more important than for the uncalcined ones,
AE* ranging from 27 for sample Ca2All to 25 for sample
EulNd4 and 21 for sample Eu2Nd4.

The PXRD patterns of all seven samples (Figure 1) are very
similar, although small differences in the relative intensities of the
reflections are observed. No secondary phases ascribed to other Ca-,
Al, Eu-, and Nd-containing compounds are detected, suggesting
that the Ln>" cations are located within the hydrocalumite structure,
isomorphically substituting the cations in original hydrocalumite.
The patterns correspond to that of hydrocalumite in the JCPDS files
(file 35-0105). The lattice parameters ¢ and a (46.95 and 5.74 A,
respectively, for hydrocalumite, JCPDS file 35-0105) have been
determined using literature equations,45 and the crystallite size, D,
has been determined using the Scherrer’s formula.***” We have
used in both cases the most intense diffraction peak, due to planes
(006), recorded close to 260 = 11°. The values determined are
summarized in Table 2. Experimental broadening (0.2321°) was
experimentally determined using LaBg as the reference. Within
experimental error, no variation is observed in the lattice parameters.
The crystallite sizes are in the 340—570 A range, with no systematic

1995 dx.doi.org/10.1021/cm200408x |Chem. Mater. 2011, 23, 1993-2004



Chemistry of Materials

Table 2. Lattice Parameters (c and 4, in A) and Crystallite
Size (D, in A) of the Samples Prepared along with Standard
Deviation (SD)

sample c SD a SD D
Ca2All 46.95 0.02 5.742 0.002 440
Eul 46.85 0.02 5.734 0.002 380
EulNd2 46.73 0.03 5.727 0.002 570
EulNd4 46.83 0.02 5.734 0.002 380
Eu2 4691 0.08 5.746 0.005 430
Eu2Nd2 47.05 0.04 S.75 0.02 360
Eu2Nd4 47.00 0.03 S.75 0.02 340
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Figure 2. Powder X-ray diffraction diagrams of the calcined solids.

change with the lanthanide content. The ionic radius of A** is 0.53
A (tetrahedral coordination) or 0.68 A (octahedral coordination),™
while for Ca*" it ranges from 1.14 to 1.32 A on passing from hexa- to
nona-coordination, and similar values have been reported47 for
Eu®" and Nd*>" cations. It is then obvious that AI*™/Ln®"
isomorghjcal substitution would give rise to larger distortions than
the Ca”"/AI*" substitution; unfortunately, the experimental tech-
niques available to us did not permit us to fix this point. On the other
hand, no segregation of new crystalline phases containing Eu or Nd
is observed, presumably because the lanthanide cations isomorphi-
cally substitute the cations in the parent hydrocalumite structure. In
a previous study’* on Mg, Al, and Y hydrotalcites it has been
reported that structural distortions, giving rise to broader diffraction
maxima, were observed only when the yttrium content reached
values much larger than those reported here for the lanthanide
cations. Distortions were not observed, however, in Mg, Al, Cr, and
Y hydrotalcites with Y content of the same order as those of Eu and
Nd here existing.®

The PXRD patterns of the calcined solids are included in
Figure 2. The peaks recorded correspond exclusively to crystal-
line phases of mayenite and calcium oxide (JCPDS files 48-1882
and 37-1497, respectively). The Ca/Al ratio in the original
hydrocalumite sample was roughly equal to 2, while such a ratio
is 12/14 in mayenite, and consequently segregation of CaO
takes place.

The relative intensities of the diffraction maxima somewhat
change in some cases with respect to the values for the reference

Table 3. Lattice Parameter (g, in A) and Crystallite Size
(D, in A) of the Calcined Samples along with Standard
Deviation (SD)

Mayenite CaO
Sample a SD D a SD D
C-Ca2All 12.019 0.005 380 4.813 0.002 430
C-Eul 12.019 0.005 420 4.815 0.001 430

C-EulNd2 12.035 0.003 460 4.816 0.002 370
C-EulNd4 12.032 0.003 390 4.814 0.002 370
C-Eu2 12.023 0.002 420 4.814 0.001 380
C-Eu2Nd2 12.029 0.002 410 4.815 0.001 380
C-Eu2Nd4 12.039 0.002 410 4.814 0.002 390

compound. In this case, the lattice parameter for both phases
(mayenite and calcium oxide) has been calculated using the
equation for cubic structures.*’

The lattice parameter and crystallite size values for all
calcined solids are summarized in Table 3. The lattice para-
meter for the CaO phase is always the same, in the presence or
absence of lanthanide cations. However, some variations are
observed in the values of the lattice parameter of the mayenite
phase. The parameter increases slightly upon incorporation of
Eu’" or Nd**, keeping always a value larger than for the
lanthanide-free sample. The crystallite sizes change randomly,
with no evident relationship with the chemical composition of
the precursor.

The intensities of the diffraction maxima corresponding to
mayenite change from phase to phase, and minor shifts are
observed. In contrast, the maxima due to CaO are recorded
always in the expected positions, and in addition, their relative
intensities coincide with those reported in the JCPDS file for this
compound. As no separate phases corresponding to Eu or Nd
oxides are identified, we conclude that these cations are incor-
porated exclusively in the mayenite phase.

Thermal analysis curves recorded in flowing He or oxygen are
also similar for all compounds prepared. The TG-DTG curves for
the original Ca2All sample are included in Figure 3. Gases
evolved during thermal decomposition have been analyzed by
mass spectrometry (MS), following the intensities of the signals
due to m/z = 35 and 36 (for chlorine or HCI) and 17 and 18 (for
water vapor). Total mass loss was in the range 39—42% for all
samples. Decomposition takes place in four steps. According to
the MS results, the first two steps (with maximum mass loss rates
at ca. 120 and 310 °C, corresponding respectively to mass losses
of 13 and 16%) correspond to the removal of water vapor, and
the last mass loss (8%) above 1000 °C corresponds to the
removal of HClL. The precise nature of the vapors or gases
evolved around 700 °C, amounting to ca. 3% of the initial sample
mass, could not be determined: it did not correspond to water
and could be due to some chlorine-containing species. In other
words, chlorine is evolved in two consecutive steps at medium
and high temperatures.

PXRD analysis of the residues of the calcination at different
temperatures was also carried out. At 500 °C (i.e., after the
second mass loss and before the weak third one) only an
amorphous phase was identified. The residue of the calcination
at 900 °C showed diffraction maxima due to mayenite and CaO
and also some minor maxima due to Ca(OH)CL The diagrams
are included in Figure 4.
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Figure 3. Thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses curves of the original Ca2All sample. The inset shows the

differential thermal analysis (DTA) curve of sample Eu2Nd4.
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Figure 4. Powder X-ray diffraction diagrams of sample Ca2All and the
residues obtained after its calcination at 500 (500-Ca2Al1), 900 (900-
Ca2Al1), and 1300 °C (1300-Ca2Al1).
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Figure S. FT-IR spectra of (a) original sample Ca2All and (b) after
calcination at 1300 °C.

On these grounds, decomposition can take place through the
following steps (numbers on the right stand for the calculated
mass losses associated to the reactions shown):

14 Ca,Al(OH)sCl- 2H,0 — 14 Ca,Al(OH)6C1 + 28 H,O 12.83
14 Ca,Al(OH)Cl — 7[2Ca(OH)CI + 2Ca0 + AL O3] + 35 H,O 16.03
7 [2Ca(OH)Cl + 2Ca0 + — CapAl40s33 + 16 CaO + 14 HCI 13.00
AlOs]

14 [Ca,Al(OH)sCl- 2H,0] — CajpAl14033 + 16 CaO + 14 HCl + 63 H,O 41.86

The calculated values and those experimentally measured are the
same, within experimental error, assuming the third and fourth steps as a
single one, because the amorphous nature of the solid formed at 500 °C
makes it impossible to determine the precise nature of the species formed.

The curves are essentially identical for all samples, as the low
percentage of lanthanide cations gives rise to differences in mass
loss that can be even within the experimental error.

All DTA curves were very similar (see data for sample Eu2Nd4 in
Figure 3, inset) and consist of two strong endothermic effects, coinciding

1997

with the main mass losses due to evolution of water vapor, and two
much weaker exothermic effects which roughly coincide with the third
and fourth mass losses. Except for combustion processes (releasing
energy and with a mass decrease), other mass loss processes usually take
place with absorption of energy (endothermic DTA signals). Conse-
quently, we should conclude that the third and fourth thermal effects are
the result of the superposition of an endothermic effect (due to mass
loss, as seen from the TG curves) and an exothermic one ( crystallization
of new phases). The exothermic effect is recorded as a single signal for
sample Ca2All. However, upon incorporation of the lanthanide ions,
the maximum shifts toward lower temperatures by ca. 50 °C, splitting
simultaneously into two signals. These results confirm that the exother-
mic process corresponds to the collapse of the layered structure. The
probably weak structural distortions arising from incorporation of the
lanthanide cations in some sort of way assist decomposition of the
layered structure at lower temperatures.

The FT-IR spectrum of sample Ca2All is included in Figure Sa.
The broad band centered around 3650 cm™ " is due to the stretching

dx.doi.org/10.1021/cm200408x [Chem. Mater. 2011, 23, 1993-2004
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mode of hydroxyl groups, both from the layers and of interlayer
water molecules,*>” broadening arising from hydrogen bonding
existing between these species. In addition, there is a sharp shoulder
at 3646 cm ' with a much weaker shoulder at 3592 cm™ " ascribed
to the stretching mode of OH groups bonded to Ca>" cations. The
bands due to metal—=OH bonds are recorded in the low wave-
numbers region, 787, 577, and 529 cm™ . The doublet close to
2350 cm ™ ' is due to a miscancellation of the CO, bands because of a
different concentration of CO, in the atmosphere when recording
the background and the spectrum of the sample.

It should be noticed that, in addition, several bands are
recorded in the medium range of the spectrum. The band at
1618 cm ' is due to the deformation mode of water mole-
cules,*”>° and the other weak bands are due to surface carbonate
or hydrogen carbonate species formed by adsorption of atmo-
spheric CO, on the external surface of the crystallites during
handling to record the spectrum. It should be recalled that,
according to elemental chemical analysis, carbonate was absent in
the sample, as cautions were taken during synthesis to avoid any
contact of the solutions with atmospheric CO,. Moreover, if such
cautions are not taken, precipitation of CaCOj is hardly avoided,
and no evidence of CaCO; was concluded from PXRD analysis.
Consequently, the carbonate species should be merely adsorbed
on the surface of the crystallites and not in the interlayer space of
the solid, thus also accounting for the relative weakness of
these bands.

On calcination at 1300 °C the spectrum shows some impor-
tant changes, Figure Sb. Again a broad but less intense band is
recorded around 3500 cm™ ', due to the stretching mode of the
hydroxyl groups probably adsorbed on the external surface of the
crystallites, as the PXRD pattern for the calcined solid corre-
sponded exclusively to non-hydroxylated mayenite and CaO.
The sharp shoulders in the high wavenumbers region are due to
the stretching mode of OH groups linked to Ca>" cations in the
two crystallographic phases identified. The central section of the
spectrum again shows bands due to the deformation mode of
water molecules and some weak sharp bands originated by
carbonate and/or hydrogencarbonate species, although these
species should be different from those existing in hydrocalumite,
as concluded from the different relative intensities of the bands in
this region. The main differences are found in the low wave-
numbers region, where lattice vibrations are recorded, due to the
major changes originated by the phase transformations: the
spectrum is dominated by a strong band at 841 cm ™, absent
in the spectrum of hydrocalumite, and a sharp band at 570 cm ™.
These are due to metal—oxygen bonds.

The spectra for the lanthanide-containing samples are very
similar to that of sample Ca2All, the main differences being the
change in the relative intensities of the carbonate-related bands,
probably because of minor changes in the surface acidity of the
samples upon incorporation of Eu’" and Nd>*.

The BET specific surface area of the samples, as determined by
the method, the external surface area and the surface area
equivalent to adsorption in micropores (both determined by
the t-plot method*"*?), and the micropore volume for all
samples, are given in Table 4. Incorporation of lanthanide cations
gives rise to the development of microporosity, especially for the
samples with a larger Eu content, and the specific surface area also
increases. For a given Eu content, when the amount of Nd
increases, an important surface area development is observed.
Microporosity cannot be related to adsorption of nitrogen
molecules in the interlayer space, as, because of their dynamic

Table 4. Surface Texture Properties of the Samples

sample SeET" S S Vi
Ca2All 12 14

Eul 11 2 1.1
EulNd2 11 3 1.5
EulNd4 26 23 3 1.6
Eu2 18 13 S 2.5
Eu2Nd2 19 14 S 22
Eu2Nd4 27 22 S 2.3

@ mz/g. b mL/g.

Figure 6. Scanning electron micrographs of some representative sam-
ples. Al and A2, sample Ca2All; B, sample C-Ca2All; C, sample Eul; D,
sample Eu2Nd2; E, sample C-Eu2Nd4. Scale: bar corresponds to 10 zm.

diameter and the height of the interlayer space, they cannot
access the interlayer zone of the crystals. If we assume, however,
that the lanthanide cations isomorphically substitute some
cations in the hydrocalumite lattice, development of micro-
porosity can be only related to changes in the formation or
aggregation of the crystals during the preparation process,
probably because of the different acidity due to the presence of
the lanthanide cations. Calcination at 1300 °C gives rise to
extremely compact solids for which the specific surface areas
measured are below the detection limit of the equipment used.

Scanning electron micrographs of representative samples are
shown in Figure 6. Primary lamellar particles are formed, with a
large aspect ratio value, for hydrocalumite (Figure 6A1,A2). The
average size of the particles is about 10 u#m, and their widths
around 2 um, as easily concluded from observation of some
particles oriented perpendicular to the sample holder. Upon
calcination (C-Ca2All, Figure 6B) the particles are much more
compact, probably because of water release and crystallographic
phase transformation. This compaction would also account for
the extremely low specific surface areas measured for the calcined
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Figure 7. (A) Emission and (B) excitation spectra excited at (1) 270,
(2) 360, and (3) 39S nm and monitored at 614 nm, respectively, for Eu2
(black line), Eu2Nd2 (red line), and Eu2Nd4 (blue line). (*) and (**)
denote the intra-4f° 419 2 K, s/v 2Gg /2,72 self-absorptions. The inset
shows the excitation spectra monitored at (4) 440, (S) 480, and (6)
510 nm for Eu2.

solids. The average particle sizes of the secondary particles and
uncalcined samples are roughly the same, but the lamellar aspect
disappears upon calcination.

Incorporation of Eu has an important impact on the morphology
of the particles. Although primary lamellar particles are still identi-
fied, sample Eul in Figure 6C, now they are not stacked forming a
layered structure, as for sample Ca2All, but appear forming sand-
rose agglomerates, thus exposing a larger surface and probably
accounting for the specific surface area development observed for
this sample if compared to Ca2All (see Table 4). This process is
even more evident when Nd is added, sample Eu2Nd2, Figure 6D.
In this case, the apparent size of the secondary particles is somewhat
larger than in the former case, but also exposing a larger area.
Calcination of the lanthanide-containing samples leads to stacking
of the primary lamellar particles, losing the sand-rose aspect, sample
C-Eu2Nd2, Figure GE.

Photoluminescence. Figure 7A shows the emission features of
the Eu®'- and Eu3+/Nd3+—c0ntaining materials, prior to the
thermal treatment, for different excitation wavelengths. The emis-
sion is formed by a series of lines ascribed to the Eu Dy — 7F074
transitions superimposed on a broad band, whose maximum
intensity shifts toward the red as the excitation wavelength increases.
The relative intensity of the intra-4f® lines and the broad band
depend both on the excitation wavelength and on the amount of
Ln*" incorporated. The broad band emission dominates the spectra
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Figure 8. Time resolved emission spectra (10 K) excited at 330 nm
acquired with SD values of (1) 0.05 ms and (2) 10.00 ms and an
integration window of 20.00 ms. The insets show the emission decay
curves plotted in a semilogarithmic y-axis scale monitored at 470 nm,
excited at 330 nm, and acquired at (left) 10 K and (right) 300 K. The red
line in the latter inset represents the data best fit using a single
exponential function I(t) = I, exp(— (¢ — t,)/7), where I, is the intensity
at t = ty = 18.40 ns (reduced-y*> = 1.97 x 10~ ).

in the excitation wavelength range 270—395 nm, whereas at higher
excitation wavelengths the relative intensity of the *Dy — "Fo_4
transitions increases. For the single Eu3+-doped material (Eu2), the
intra-4f° lines dominate the spectra in the entire excitation interval,
and the relative intensity of the broad band increases for an
excitation wavelength of ca. 360 nm. This dependence on the
Ln*" concentration and excitation wavelength indicates energy
transfer processes involving the states associated with the broad
band and the intra-4f levels. In order to gain some insight into the
origin of such a broad band, time-resolved emission spectroscopy
was performed for a selected sample (Eu2Nd2) at 10 K and room
temperature, for distinct starting delay (SD) values under the
excitation interval 330—390 nm. The emission spectrum excited
at 10 K, for SD = 0.05 ms, reveals the presence of a broad band
(380—650 nm) superimposed on the intra-4f° lines (Figure 8).
Increasing the SD value to 10.00 ms, only the long-lived broad band
could be detected. In order to estimate the respective lifetime value,
the emission decay curve was monitored at 470 nm and excited at
330 nm. The emission decay reveals a non-single exponential
behavior (left inset in Figure 8), so that an average lifetime value
({t)) was estimated, considering (z) = ( f tot‘I(t) tde)/( f tot‘I(t) de),
where t, = 0 and ¢, is the time interval where the luminescence
intensity (I(t)) reaches the background, yielding approximately 1.88
+ 0.05 ms. Such a time scale range (ms) ruled out the presence of
Eu”" related emission as it typically occurs with a faster decay rate
(~1 us).53 At room-temperature, the emission decay curves occur
in a much faster time scale, with a lifetime value of 4.10 & 0.03 ns.
Moreover, a similar broad band emission (excited within almost the
same energy range) was already reported for pure Co—Al-LDHs.>*
Although the nature of this emission remains unclear, we speculate
that the band is due to Al-related defects.>>*

The emission spectra of the Eu®"/Nd** codoped LDHs display
intra-4f> self-absorptions (most evident for the material with higher
Nd*" content, Eu2Nd4) assigned to the 419/2—’2K15/2, 2G7/2
transitions. Such self-absorptions indicate the presence of radiative
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Figure 9. (A) High-resolution emission spectra, excited at 395 nm, for
Eu2 (black line), Eu2Nd2 (red line), and Eu2Nd4 (blue line). (B), (C),
and (D) show a magnification of the Dy — "Fo_, transitions,
respectively. The *Dy — "F, emission for Eu2Nd2 and Eu2Nd4 was
measured with 100 accumulation scans. (E) High-resolution emission
spectra (10 K) excited at 39S nm for Eu2Nd4.

energy transfer, namely, part of the emitted visible light is absorbed
by the Nd** cations, and subsequently converted into NIR emission,
as discussed below. The radiative energy transfer has been previously
observed and named the “inner filter” effect.””

The excitation spectra (Figure 7B) of Eu2, Eu2Nd2, and
Eu2Nd4 monitored within the D, — F, transition display
intra-4f° lines, attributed to the "F, — "F,_s,°D4_y, Gy and
*L¢and "F,—D, transitions, and a faint broad emission centered
at 280 nm, more evident after calcination (see below). The
spectrum (inset in Figure 7B) monitored at 440 nm (within
the broad emission band) exhibits a broad band with a main
component at 355 nm and a low-intensity one at 290 nm and is
similar to that reported for pure Co—Al-LDHs.>* Increasing the
monitoring wavelength to 510 nm, the former band broadens
and shifts toward the red, whereas the energy of the low-
wavelength components remains unaltered.

The Eu®*-local structure was studied in detail by monitoring
the Dy — “Fo_, transitions at higher resolution. Figure 9A
shows the emission spectra for all the samples prior to the
thermal treatment under the excitation wavelength that max-
imizes the Eu®" emission intensity (395 nm, Figure 7B). All the
spectra display the *Dy — "F line and 3 and 4 Stark components

of the D, — 7F1,2 transitions, respectively (Figures 9B—D).
Moreover, for the Eu2Nd4 the emission spectrum measured at
10 K (Figure 9E) exhibits the same general profile with the
"Dy — "Fy line and the 3 and 4 components for the Dy — F,_,
transitions, recorded without the need of any accumulation
scans. The single Dy — "Fy line (whose energy is given in
Table 5) and the J-degeneracy splitting of the "F , levels into 3
and 4 Stark components, respectively, indicate that Eu®* resides
in a low-symmetry site. This low-symmetry site does not have an
inversion center because the D, — ’F, lines are more intense
that the Dy, — ’F, lines.>®

Moreover, the emission features are independent of the excitation
wavelength (not shown), supporting the presence of a single
average local environment in the materials. Comparing the spectra
of the Eu’*-doped material with the spectra of the Eu’"/Nd*>"
doped samples, one finds that while the energy and fwhm of the
Eu’" Stark components remain essentially constant (in particular
for Dy — F,, Table 5), changes are apparent in their relative
intensity (most evident for the SDy—"F, transition), indicating that
the incogporation of Nd*" changes the Eu®" neighborhood.

The "D, emission decay curves were monitored within the
Do — ’F, transition under direct intra-4f® excitation (5L6, 395
nm). The emission decay curves of the samples prior to the thermal
treatment are well described by a single exponential function yielding
the lifetime values in Table 6. The presence of a single exponential
behavior for the emission decay curves is in accord with the presence
of a single Eu®" local environment. The decrease in the *Dy, lifetime
value for the codoped samples (ca. 7%, Table 6) agrees with the
changes reported above for the emission spectrum and indicates
nonradiative deactivation channels, not present in the single doped
Eu2. The °Dj lifetime value dependence on the incorporation of the
Nd** ions can be further rationalized in terms of the *D, quantum
efficiency (17), 7 = k./ (k. + k), where k. and k., are the radiative and
nonradiative transition probabilities, respectively, using a procedure
based on the integrated areas of the *Dy — "Fo—, emission lines and
Dy lifetime value, both recorded at room temperature.36 As shown in
Table 6, the quantum efficiency decreases from 0.045 to 0.039 after
the Nd*" incorporation, due to a slight decrease (ca. 5%) of the
radiative transition probability and mainly due to an increase (ca.
10%) of the nonradiative transition probability. The fact that
CEu2Nd2 and CEu2Nd4 have approximately the same 7, k,, and
k., values indicates that in this Nd®t concentration range the Dy
emission features are essentially the same.

In order to evaluate the potential of the Eu’*- and Eu®"/
Nd**-doped LDHs to be used as photoluminescent ceramic
pigments, a detailed study of the calcined samples was per-
formed. Calcination has an impact on the local lanthanide
environments of the samples and, therefore, changes are ex-
pected in the photoluminescent features. In particular, CaO
contains a single Ca>" crystallographic site and, thus, if Eu®"
substitutes for Ca®" a single site is also expected. Mayenite
contains two similar Ca®" sites, but one of them has occupancy of
ca. 90%. Hence, Eu®>" for Ca*" substitution will generate, mainly,
a single site. The emission spectra will reflect the presence of two
Eu3+—average local environments (attributed to Eu®" sites in
CaO and mayenite) in the calcined materials, as detailed below.

The CEu2, CEu2Nd2, and CEu2Nd4 are multiwavelength
emitters in the UV/vis/NIR spectral regions. For excitation
wavelengths between 270 and 360 nm, the UV/vis emission
spectra (Figure 10A) consist of a large broad band shifted to the
red (ca. 2550 cm™ '), by comparison with that observed prior to
the thermal treatment (Figure 9A). For higher excitation

2000 dx.doi.org/10.1021/cm200408x |Chem. Mater. 2011, 23, 1993-2004



Chemistry of Materials

Table S. Energy (Eqo, cm ') and fwhm (fwhmgg, cm™ ') of the D, — “F, Transition Estimated for All the Materials

Eu2 CEu2 Eu2Nd2 CEu2Nd2 Eu2Nd4 CEu2Nd4

Eyo 173772+£0.3 17320.0 £0.8 17377.0£0.8 17317.3.6 £ 1.6 1737700 £ 1.2 17316.0 £ 1.8
fwhmgg 50407 367+14 462+08 55.0+3.1 50.0%2.1 55.0£3.0
Eoo 17375.0£0.7 17373.5£09 173727 £ 1.0
fwhmoo 382404 342415 343417

Table 6. 3D, Lifetime (7, ms), Quantum Efﬁcienc?r (n), and

Radiative (k,, ms_ ') and Non-Radiative (k,,, ms™ ')

Transition Probability Values for the Non-Calcined Materials ¥ CEuw

Excited at 394 nm

Eu2 Eu2Nd2 Eu2Nd4
T 0.190 + 0.001 0.175 &£ 0.003 0.173 =+ 0.004
k. 0.236 0.224 0.229
ke 5.027 5.490 5.551
n 0.045 0.039 0.039
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Figure 10. (A) UV/vis emission spectra for CEu2 (black line),
CEu2Nd2 (red line), and CEu2Nd4 (blue line) excited at 270 nm
and (B) NIR emission spectra of CEu2Nd2 (red line) and CEu2Nd4
(blue line) excited at (1) 287 and (2) 524 nm.

wavelengths (360—395 nm), only the intra-4f° lines are detected,
with no sign of the broad band (not shown). Figure 10B shows
the NIR emission spectra ascribed to the intra-4f> transitions. We
note that for the nontreated materials (Eu2Nd2 and Eu2Nd4),
no room temperature NIR emission could be detected, indicating
that the thermal treatment contributed to decrease the nonra-
diative paths for the Nd>" excited levels (OH oscillators are

@® CEu2Nd2
A CEu2Nd4

470
00 T T T T T T T 1
0.0 0.1 0.2 0.3 0.45( 05 06 07 0.8

Figure 11. CIE chromaticity diagram showing the (x,y) emission color
coordinates of the calcined materials at different excitation wavelengths:
(1) 280 nm, (2) 360 nm, (3) 394 nm, (4) 465 nm, and (5) 532 nm.

absent from the Nd®'-local environments of the CaO and
mayenite phases).

The photoluminescence features of the calcined LDH mate-
rials were quantified through the estimation of the absolute
emission quantum yields. The maximum value, 0.06, was ob-
tained for the CEu2 sample under excitation at 270 nm. For the
remaining samples (both the noncalcined and the codoped
ones), the absolute quantum yield values lie below the detection
limits of our equipment (0.01). Those results point out that the
(i) thermal treatment has an important role in the enhancement
of the photoluminescence features and (ii) codoping favors the
appearance of nonradiative mechanisms both for the broad band
component and the Eu*" emission.

The potential of the calcined materials to be used as ceramic
pigments is further evidenced by the estimation of the emission color
coordinates as function of the excitation wavelength and N&**
concentration (Figure 11). The emission color coordinates of the
pure Eu’"-calcined material can be tuned within the reddish-orange
spectral region, from (0.61,035) to (0.64,0.34) by varying the
excitation wavelength from 280 to 394 nm. For the material with
lower Nd*"-content (CEu2Nd2) the emission color varies from
orange-pink (0.53,0.36) to reddish-orange (0.63,0.34) crossing the
pink region (0.61,0.33) in the same excitation interval. A wider
emission color variation is observed with CEu2Nd4 material, varying
from the white central part of the diagram (0.43,0.39) to the orange-
pink (0.49,0.35) and reddish-orange (0.575,0.356) regions excited at
280, 360, and 394 nm, respectively. Under selective intra-4f° excita-
tion at 465 and 532 nm all the calcined materials exhibit pure red color
emission (0.66,0.34). For simplicity, those color coordinates are only
shown in the diagram of Figure 11 for the CEu2.

The contribution to the emission spectrum of the calcined
samples of the Eu’ " local environments of the CaO and mayenite
was ascertained via high-resolution emission and selective ex-
citation spectra. Figure 12 shows the high-resolution emission
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Figure 13. Excitation spectrum of the CEu2 monitored at 577.6 nm.
The inset shows the excitation spectrum monitored at 573.3 nm.

spectra for all the calcined samples at two excitation wavelengths.
The presence of two lines for the *Dy, — ’F, transition, the
J-degeneracy splitting of the “F , levels in more than 3 and 5
Stark components, respectively, indicates that the Eu’" ions are
present in, at least, two distinct local environments. Moreover,
the emission features strongly depend on the excitation wave-
length, in §ood agreement with the presence of, at least, two
distinct Eu’ " local environments. The energy and fwhm of the
two lines ascribed to the Dy, — ’F, transition were calculated
assuming a sum of two Gaussian functions (Table S). The
excitation spectra were selectively monitored within the two
Dy — "F, transitions at 573.3 and $77.6 nm, Figure 13. The
former excitation spectrum monitored at high energy (573.3 nm)
consists of a band at 425 nm and a series of low-relative-intensity
intra-4f° lines. The spectrum monitored at low-energy
(577.6 nm) reveals the presence of a main broad band at
280 nm superimposed on a series of intra-4f® lines. The former
resembles the band observed in Eu’*-doped CaO which has
been ascribed to a ligand-to-metal charge transfer (LMCT)
state.>® Therefore, we tentatively ascribe the low-energy Dy —
’F, transition (17320.0 & 0.8 cm™ !, Table S) to the Eu®"
substituting for Ca®" in the CaO phase and the high-ener,
*Dy — "F, transition (17375.0 & 0.7 cm™ !, Table 5) to Eu’ "
replacing the high-occupancy Ca®" site in mayenite.

Table 7. °D,, Lifetime Values (7, ms) for the Calcined
Materials Excited at 394 nm

CEu2 CEu2Nd2 CEu2Nd4
T 0.119£0.004 0.115 £ 0.005 0.012 £ 0.001
0.736 £0.041 0.760 £ 0.018 0.284 £ 0.010

The emission decay curves of the calcined samples reveal a
biexponential behavior, consistent with the presence of two
different Eu®"-containing phases, yielding the lifetimes collected
in Table 7. Moreover, the °D, lifetime value of the Eu**-CaO
local environment is larger than the one assigned to the Eu’**-
mayenite local site and similar to the values reported for the low-
symmetry local environments of Eu** centers in Ca0.>

We note that Nd>* may also be present in the CaO and mayenite
phases. Nevertheless, the electronic structure of the intra-4£* levels (in
particular the absence of a transition between nondegenerated states)
renders the determination of selective emission and excitation spectra
difficult. Therefore, the excitation spectra monitored on the *Fy ) —
*111/» transition for CEu2Nd2 and CEu2Nd4 (inset of Figure 10B)
display a series of intra-4f> lines and a broad band at ca. 287 nm,
ascribed to Al-related defects, shifted to the red relative to the band
measured in the excitation spectra of Eu2 (Figure 7B). The higher
intensity of the intra-4f> lines relative to the broad band indicates that
the Nd*" ions are mainly populated via direct intra-4f excitation.

B CONCLUSIONS

Lanthanide (Eu and Nd)-doped hydrocalumite has been
prepared by a coprecipitation method. All samples, with Eu
and Nd contents up to 4% (molar ratio), show a single crystalline
phase, with segregation of no secondary lanthanide-containing
phases, and suggesting isomorphical substitution in the lattice of
hydrocalumite. Upon calcination, mayenite and lime are formed;
while for lime the lattice parameters coincide with those reported
in the literature, small differences are observed for the mayenite
phase. However, layered crystals are formed, which collapse to
compact crystals upon calcination.

The photoluminescence spectra of the noncalcined samples
consist of intra-4f transitions and a broad band ascribed to Al-related
defects. Energy transfer from these defect states to the Eu’" and
Nd** ions was clearly discerned. The codoped Eu®*/Nd>* materials
are the first example of vis/NIR multiwavelength emitter LDHs
covering almost the entire visible range and part of the NIR spectral
region. In all the samples, the Eu’" ions occupy a single, low
symmetry site without an inversion center. The *Dj, lifetime values
and quantum efficiency of the codoped LDHs decrease ca. 10%
relatively to those of the single-Ln doped material, suggesting that
incorporation of Nd®* activates nonradiative channels for the *D,
depopulation. The as-prepared samples were calcined to evaluate the
potential of the Eu®*- and Eu®" /Nd**-doped LDHs to be used as
photoluminescent ceramic gigments. Under excitation at 270 nm, the
sample doped only with Eu>" exhibits an absolute emission quantum
yield of 0.06. The emission color coordinates of the pure Eu’*-
calcined material can be tuned within the reddish-orange spectral
region, by varying the excitation wavelength from 280 to 394 nm. For
the codoped materials, and the same excitation range, the emission
color varies from the white central part of the diagram to the orange-
pink and reddish-orange, depending on the Nd** concentration. The
emission spectra of the calcined samples provide evidence for two
Eu®" local environments, attributed to Eu®' sites in CaO and
mayenite. The Eu®*-CaO phase is essentially excited through a
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LMCT band (at ca. 280 nm) and is characterized by a low-energy
*Do— "F, line and a larger 5D, lifetime value, relatively to the energy
of the same transition and to the lifetime value in Eu®*-mayenite. The
apparent discrepancy between the PXRD (lattice parameter of the
Ca0 identical to the value reported in the literature, suggesting that
this phase results undoped) and luminescence (two environments for
Eu’’, in mayenite and in CaO) results may arise from a larger
sensitivity of luminescence properties of Eu®" in different environ-
ments, than that of PXRD to minor modifications in the chemical
composition of CaO by Eu®" doping.

In summary, high-temperature stable ceramic pigments, pre-
pared from Eu®" and Nd** doped LDH precursors, afford
multiwavelength luminescent materials emitting in a large vis/
NIR spectral region, with potential applications as barcodes and
in broadband amplifiers.
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