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ABSTRACT: Nanosized Layered Double Hydroxides (LDH)
were prepared in confined environment through the micro-
emulsion method in the presence of different lanthanide
cations (Ln(III) = Eu(III), Yb(III), Tb(III), and Nd(III)). To
investigate the effects of lanthanide insertion in the sheets of
LDH materials, several samples were prepared upon
progressively increasing the content of Ln ions and properly
reducing the Al(III) amount; the samples were characterized
in terms of metal content, structure, morphology, thermal
behavior, and spectroscopic properties. The data revealed that
Ln(III) content in the LDH samples depends on the ionic
radius of the lanthanide cations and on its concentration in the
starting microemulsion. X-ray powder diffraction (XRPD)
indicated that Eu(III) can be inserted into the LDH structure in average atomic percentages lower than 2.7%, leading to the
formation of a low symmetry phase, as confirmed by steady state luminescence spectra; while Yb(III) can be incorporated into
the layer structure up to about 10% forming a pure layered phase containing the lanthanide in the sheet. The incorporation of
Yb(III) and Eu(III) into the LDH sheets is also supported by FT-IR measurements. Coupled thermogravimetrical (TG) and
differential scanning calorimetric (DSC) studies indicated that water molecules are essential in the coordination sphere of
incorporated Ln cations; this observation accounts for the lower thermal stability of Ln-doped LDH compared to the undoped
ones. Furthermore, Eu-luminescence measurements indicates that the lanthanide inclusion does not compromise its
luminescence although the spectral position and brightness can be tuned by the loading.

■ INTRODUCTION

The synthesis of inorganic layered compounds possessing good
intercalation properties to be used for the design of new host−
guest systems is a research topic of wide interest. These
compounds can find application in many fields involving the
development of new functional materials ranging from
materials for energy conversion and storage to biomedical
compounds. A recent and promising feature concerns the
attainment of layered hydroxides containing lanthanide ions to
combine the optical, magnetic, and catalytic properties of
lanthanides with the flexibility of layered hosts.
A family of well established layered materials are the Layered

Double Hydroxides (LDH)1 represented by the general
formula [M(II)1−xM(III)x(OH)2][Ax/n]·mH2O, where M(III)
cations are typically Al, Cr, Fe, Ga, M(II) are Mg, Zn, Ni, Co,
Cu, and An− is a charge balancing anion with n as ionic valence;
x represents the M(III) molar fraction referred to metals, and it
is generally found between 0.20 and 0.40. These materials are
also known as Hydrotalcite-like compounds (HTlc) for their
structural analogies with the mineral Hydrotalcite, containing
Mg(II) and Al(III) in a 3/1 molar ratio. Moreover, the
inorganic hydroxide layer of a LDH is also called “brucitic

sheet” because it is related to the layered mineral “brucite” of
formula Mg(OH)2. These layered compounds show excellent
properties in terms of intercalation versatility toward a high
number of inorganic and organic anions, good stability, easy
and cheap synthetic preparation and low toxicity,1−5 and they
can be tested for different applications such as fillers for
nanocomposites, drug-carriers, catalysts precursors, ordered
thin film components and sensors, as suggested by the recent
literature.6−14 Several studies describe the intercalation and the
luminescence properties of lanthanide anionic complexes into
the LDH,12,13 but their presence may hinder the accessibility of
the interlayer region to other guest species. In this respect, the
possibility to incorporate lanthanide cations (Ln(III)) directly
into LDH sheets to obtain luminescent materials without filling
the interlayer region is challenging for biomedical applications
or for the development of new optoelectronic materials. One
possible strategy to reach Ln(III) inclusion is to replace the
M(III) cations present in the brucitic sheet, at least partially, by
Ln(III) cations.
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Lanthanide ions (Ln(III)) have ionic radii in the range from
0.85 to 1.04 Å and a coordination number ranging from 7 to 10
which is very different in comparison with that for the Al(III)
ion (0.53 Å for a coordination number of 6); thus, an
isomorphic substitution of Al(III) with Ln(III) could not
generally be favorable without inducing detectable changes to
the brucitic layer structure, having an octahedral coordination.
These reasons allow to suppose that the rare-earth ions can be
incorporated in the hydroxide brucitic layer only in small
amounts, very likely by introducing distortions of the lattice as
point defects.
Many attempts to directly synthesize LDHs containing

lanthanide ions have been carried out in the recent past.
However, clear experimental evidence on the coordination
number of the lanthanide ions incorporated into LDH are still
lacking. Stumpf et al.15 reported that, in the Eu(III) doped
MgAl-Cl-LDH, the Eu(III) ions are for the most part
incorporated into the brucitic structure, whereas a minor part
of them are inner-sphere adsorbed onto the LDH surface.
Other authors suggested that Tb(III) and Eu(III) ions can be
homogeneously incorporated in the lattice of LDHs with
octahedral coordination.16−23 Recently, Zhao et al.24 synthe-
sized MgAlEu-LDHs and, for the first time, reported that the
Eu(III) ions can be incorporated into the LDH layer with a
high coordination number (probably 8-coordinate). The
europium incorporation led to a basal spacing increase,
microstrain formation, and crystalline morphology imperfec-
tions. The existence of microstrain in the MgAlEu-LDHs
structure generates broad diffraction peaks, and this is caused
by vacancies or site disorder, plastic deformations in the LDH
layers as a result of Eu(III) entering into the layers. To clarify
some crucial aspects like the location and the environment of
Ln(III) in a LDH, further detailed and methodical inves-
tigations must be performed. In a recent paper we have
reported the synthesis and characterization of new nanosized
LDHs containing Zn(II) and Al(III) as bivalent and trivalent
metals respectively (hereafter called ZnAl LDH) and doped
with Eu(III).25 These materials have been obtained as
nanoparticles through the synthetic method of the two
microemulsions.26,27 We have demonstrated that Ln ions can
be incorporated in the LDH structures only when the materials
are prepared as nanoparticles in a confined environment. In this
connection a systematic approach to obtain new insights on the
lanthanides incorporation on LDH has been here developed.
The aim of the present work is to investigate how the

inclusions of Ln(III) ions with different ionic radius into
nanosized ZnAl LDH affects the structure, the morphology,
and the stability of the LDH. For this purpose, ZnAl LDH
nanocrystals, doped with Ln(III), were prepared progressively
substituting the Al(III) cation with increasing percentages of
Ln(III). The structural changes of the LDH induced by
different Ln(III) types and content have been studied by
combining structural and spectroscopic techniques.

■ EXPERIMENTAL SECTION
Chemicals. Cetyltrimethylammonium bromide (CTABr), Eu-

(NO3)3·5H2O, Yb(NO3)3·5H2O, Nd(NO3)3·5H2O, and Tb-
(NO3)3·5H2O were supplied by Aldrich. All other reagents were C.
Erba RP-ACS products.
Synthesis of Ln-ZnAl LDH Nanoparticles in Microemulsion.

Cetyltrimethylammonium bromide as surfactant, n-butanol as
cosurfactant, and isooctane as the oil phase were used to prepare
the microemulsions. Two microemulsions, designated A and B, with
identical composition (in terms of CTABr, n-butanol, isooctane, and

water), were prepared by dissolving different reagents in their aqueous
phase. The aqueous phase of A was constituted of a 0.525 M salts
solution (the amount of the used salts is shown in Supporting
Information, Table SI-1), while the aqueous phase of B was a 1.25 M
NH3 solution. Microemulsions A and B were prepared by dispersing
6.25 g of CTABr and 7.75 mL of n-butanol in 18 mL of isooctane and
then adding to each of these mixtures 6.75 mL of aqueous phase. The
double-microemulsion processing route was then carried out by
mixing equal volumes of the two initial microemulsions A and B to
obtain the precipitation of LDH in the reverse micelles. The resulting
system was stirred at room temperature for 15 min. After this time the
system containing Eu, Nd, and Tb became cloudy whereas the one
containing Yb became milk-like suggesting the formation of a
precipitate. The systems were aged at 75 °C for 15 h. After aging,
the particles were recovered by centrifuging (12000 rpm for 10 min),
and a solid was obtained. The solid was washed with water (2 × 30
mL), and with a methanol-chloroform mixture (1:1) (2 × 30 mL) and
then dispersed in water or dried at 60 °C under oil pump vacuum to
give a fine powder. For the reader's convenience the samples Ln-ZnAl
LDH, with Ln = Eu, Yb, Nd, Tb, will be labeled 1a−e, 2a−d, 3, and 4
respectively (as indicated in the Supporting Information, Table SI-1).

Instrumental Procedures. The samples were characterized by
chemical analysis, X-ray powder diffraction (XRPD), and thermal
analysis. XRPD patterns were taken with a Philips X’PERT PRO MPD
diffractometer operating at 40 kV and 40 mA, with a step size 0.0170
2θ degree, and step scan 20 s, using Cu Kα radiation and an
X’Celerator detector.

Thermogravimetric (TG) analyses were performed with a Netzsch
STA 449C apparatus, in air flow and with a heating rate of 10 °C/min.
Differential scanning calorimetric (DSC) analyses were performed
with a DSC 1 STAR System Mettler Toledo in air flow and with a
heating rate of 10 °C/min.

Metal analyses were performed with Varian 700-ES series
inductively coupled plasma-optical emission spectrometers (ICP-
OES) using solutions prepared by dissolving the samples in
concentrated HNO3 and properly diluted. The carbon and hydrogen
content was determined by elemental analysis using EA 1108 CHN
FISONS instruments. To determine the Br− counterion content, a
given amount of sample (≈ 10 mg) was equilibrated in a Na2CO3

solution (10 mL, 0.5 M) for 12 h. The solution was then analyzed for
the Br− content with a Dionex 2000 Ion chromatograph equipped with
an ionic conductivity detector.

The morphology of the samples was investigated with a Philips 208
transmission electron microscope (TEM) and with a FEG LEO 1525,
scanning electron microscope. Energy dispersive spectroscopic
analyses (EDS) and selected-area electron diffraction pattern
(SAED) have been recorded using a Jeol 2010 operating at 200 kV
and having a theoretical point-to-point resolution of 1.9 Å. The EDS
spectrometer was equipped with an ultrathin window, capable of
detecting elements heavier than boron. For the TEM images a small
drop of the aqueous dispersion was deposited on a copper grid
precoated with a Formvar film and then evaporated in air at room
temperature.

The elemental mapping of metals in LDH samples was conducted
by using energy dispersive X-ray spectroscopy (EDS) supported by a
field emission scanning electron microscope (FE-SEM) (FEG LEO
1525). FE-SEM micrographs were collected after depositing the
samples on a stub and sputter coating with chromium for 20 s.

A fluorimeter (Spex Fluorolog) equipped with a phosphorimeter
(1934D) was used to record corrected luminescence spectra of the
samples using the front face configuration between the excitation and
the emission light for the powder samples.

Fourier-transform infrared spectra (FTIR) of different samples,
dispersed in KBr pellets, were recorded using a Bruker Tensor 27
spectrometer. Typically each spectrum was obtained averaging over 50
scans at a resolution of 2 cm−1.
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■ RESULTS AND DISCUSSION

Sample Preparation and XRPD Measurement. Several
samples of Ln-ZnAl LDH, with Ln = Eu (1), Yb (2), Nd (3),
and Tb (4), have been prepared by the two microemulsions
method25 using different atomic percentages of the cations in
the aqueous phase (phase A, see Experimental Section). The
percentages of Zn(II), Al(III), and Ln(III), related to the total
amount of metal ions, in the mother solution and in the
obtained LDH-solid are reported in Table 1. The data show
that the Ln(III) content in the solid can be changed by
adjusting the amount of Ln(III) in the mother solutions.

When the composition of the solutions with those of the
corresponding solids are compared, a general trend can be
observed: in the solid the aluminum molar percentage increases
in spite of that of zinc and Ln(III). Note that the Ln(III)
content in the solids, obtained from solutions having Ln(III)
atomic percentage of 2 (samples 1b, 2a, 3, 4), decreases with
the increase of the ionic radius. In addition, the europium
amount in the samples 1a−1c ranges from 45% to 67% of the
content in the starting solution while the uptake of the smaller
Yb ranges from 65% to 83% in the samples 2a−2d; only the
samples without phase segregation as europium hydroxides or
zinc oxides have been considered (see discussion about XRPD
measurement reported below). This finding suggests that there
is a correlation between the Ln dimension and their uptake in
the brucitic sheets, in particular the content of incorporated
Ln(III) seems to decrease as the Ln(III) ionic radius increased.
Figure 1 shows XRPD patterns of 1b, 2a, 3, and 4 samples in

comparison with those of undoped ZnAl LDH sample. As
observed in a previous paper,25 in all the investigated samples
the Ln doping of the brucitic sheet has the effect of generating
small additional reflections in the XRPD patterns, indicated
with and asterisk (*), that have been attributed to the
formation of a low-symmetry phase, with monoclinic
structure.25 These reflections indicate the inclusion of Ln(III)
in the LDH layer.
To investigate the maximum loading of Ln(III) ions included

in the brucitic sheets, solid samples with increasing amount of

Eu and Yb, selected as representative of Ln ions with large and
small ion radius respectively, have been prepared (Table 1). In
Figures 2(A) and (B) the XRPD patterns of the 1a−1e and
2a−2e samples are compared. In samples 1, the intensities of
the additional reflections increase proportionally with the Eu
amount (see samples 1a, 1b, and 1c containing 0.5, 0.9, and
2.7% of Eu, respectively) and a small but progressive shift of the
first basal reflections toward higher d-spacing values (from 7.9
to 8.1) is observed. Further increase of the Eu content leads to
the appearance of sharp reflections in the 25−40° 2θ region
that can be attributed to the formation of Eu(III) hydroxide
(patterns d and e), at the same time the basal reflection shifts
back to 7.9 Å, that is, the value of the undoped ZnAl LDH. In
the diffraction patterns of the samples 2b, 2c, and 2d some of
the additional reflections increase in intensity whereas others
disappear. Differently to 1, the Yb amount included in the LDH
solid can reach the 10% content, above which the formation of
ZnO is observed (sample 2e, Yb content 17%). In the sample
2d, containing 9.6 atomic percentage of Yb, the reflections
assigned to the undoped ZnAl LDH phase seem to disappear
although the broadening of the reflections do not allow them to
be successfully separated. Very likely, sample 2d corresponds to
a single phase containing Yb in the sheet. The cell parameters
for the latter phase have been deduced by fitting the diffraction
pattern with the LeBail method28 (see Supporting Information,
Figure SI-1) and, on the basis of our previous work on Eu-
doped LDH,25 a monoclinic cell with the following parameters
has been found: a = 3.1155(8) Å, b = 5.474(1) Å, c = 16.83(2)
Å, β = 94.8(8)°. This cell is very similar to that containing Eu,
and the high values of the standard deviation of the cell
parameters are due to the very large peak broadening. However,
the similarities among them suggest that both Yb and Eu give
similar structures and that the amount of the incorporated Ln
ions into the sheet is due mainly to their size.
Despite the experimental evidence for a symmetry reduction

(from hexagonal to monoclinic) due to the lanthanide
insertion, a reliable structural model has not been found yet
because the size of the particles and therefore the low quality of
the diffraction patterns preclude any structure solution attempt.
However, it is important to note that the first basal reflection of
materials consistent with Ln(III) inclusion, tends to shift
toward higher d-spacing values. Samples 2a−d show an increase
of d spacing from 7.9 to 8.7 Å with the Yb content. As a matter
of fact a correlation between the increase of Yb atomic
percentage and of the d-spacing value of the (002) reflection
can be observed (Figure 3). As the bromide and the water

Table 1. Molar Composition Percentages of the Metals in
the Mother Solutions and in the Obtained Solidsa

solution (molar
composition %) (±0.2%)

solid (molar composition
%) (±0.3%)

sample Zn Al Ln Zn Al Ln d (Å)

1a 76.2 22.8 1 71.8 27.7 0.5 7.9
1b 76.2 21.8 2 73.1 26.0 0.9 8.0
1c 76.2 19.8 4 73.6 23.7 2.7 8.1
1d 76.2 18.8 5 72.9 23.0 4.1 7.9
1e 76.2 17.8 6 73.5 21.1 5.4 7.9

2a 76.2 21.8 2 73.8 24.7 1.4 7.9
2b 76.2 17.8 6 74.0 21.0 5 8.1
2c 76.2 13.8 10 76.4 16.1 7.4 8.6
2d 76.2 8.8 15 79.5 10.9 9.6 8.7
2e 76.2 3.8 20 81.4 1.6 17.0 9.7

3 76.2 21.8 2 75.4 24.1 0.5 7.9

4 76.2 21.8 2 72.6 27.4 1.2 7.9
aThe interlayer distance (d) of the samples is also reported.

Figure 1. XRPD patterns of 1b, 2a, 3, and 4 samples compared with
undoped ZnAl LDH. (*) Reflections due to the monoclinic structure.
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content are almost the same for all the samples (see sample
compositions reported in Supporting Information, Table SI-2),
the displacement of the basal reflections toward higher d-
spacing values could be seen as a thickening of the sheets due
to the insertion of Ln ions, and it could be also interpreted as a
clue of the Ln incorporation into the sheet.
Morphological Characterization. A first attempt to study

the morphology of the Ln-ZnAl LDH samples was performed
by FE-SEM; however, due the nanometric crystal dimensions
and their tendency to form aggregates, it was not possible to
individuate single particles. Nevertheless, an important
information was drawn from elemental mappings of Zn, Al,
and Eu in 1a sample, obtained by a FE-SEM-EDS technique
(Supporting Information, Figure SI-2). The local relative
concentration of each element present in the sample is
indicated by the relative brightness and the intensity of the
color. The metals are uniformly distributed throughout the
particles of the sample under examination suggesting that the
distribution of the Eu(III) ions in the LDH is homogeneous.
More detailed information were obtained by TEM images of
Ln-ZnAl LDH shown in Figure 4, because of the higher spatial
resolution of this technique. Samples containing Europium are
constituted by two populations of well formed nanocrystals
with quasi-hexagonal shape and different average size (200 and
50 nm) (Figure 4a and 4b). TEM-EDS microanalysis
(Supporting Information, Figure SI-3) reveals that the first
population is constituted of small crystals of pure ZnAl LDH
and the second is constituted of larger crystals of Eu-doped
ZnAl LDH, which show higher contrast in TEM imaging

because of the presence of Eu ions having larger cross sections.
These findings suggest that the two nanocrystal populations
undergo independent growth processes and the larger
dimensions observed for Eu-doped crystals could be due to
the necessity to reduce the surface energy (which is determined
by the number of unsatisfied bonds).29 Samples 3 and 4,
containing Nd and Tb respectively, are constituted mainly of a
population of platelet with average diameter of 40 nm (Figure

Figure 2. XRPD patterns of Eu-ZnAl LDH (1a−1e) (A) and of Yb-ZnAl LDH (2a−2e) (B) compared with undoped ZnAl LDH. (*) Reflections
due to the monoclinic structure. Eu(OH)3 (⧫) and ZnO phases (●).

Figure 3. d-Spacing values of samples 2a−d as a function of Yb atomic
percentage.

Figure 4. TEM images of samples: 1a (a) and (b); 3 (c) and (d); 4
(e) and (f) at different magnification and of samples 2a (g) and 2d
(h).
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4c, d and Figure 4e, f), although it is possible to observe
particles with higher average diameter (about 130 nm). Figures
4g and 4h show the TEM images of sample 2a and 2d
containing 1.4% and 9.6% in Yb, respectively. Two aspects may
be highlighted: the samples consist of a single population of
particles, with irregular shape (compared to sample 1a), and the
particle size increases with the Yb content from 150 to 400 nm.
Moreover, the lamellae of 2d (Figure 4h) look like “scrolled” at
the edge of each crystal. It should be noted that similar scrolled
structures have been widely reported for Nb and Ta layered
oxides30,31 and observed with nanosized LDHs referred to as
“LDH nanoscrolls”.32 A clearer image of the 2d sample
morphology has been obtained by FE-SEM; in addition FE-
SEM images of the 1a, 3, 4, and 2a samples have been reported
(Supporting Information, Figure SI-4).
Thermal Stability. The thermal stability of the Ln-ZnAl

LDH samples has been studied by Temperature-dependent X-
ray powder diffraction (HT-XRPD), thermogravimetrical (TG)
and differential scanning calorimetric (DSC) analyses. Figure 5

shows the HT-XRPD results related to the sample 1a. By
annealing the sample at temperatures up to 100 °C, the
reflections due to the Eu-containing phase are still detectable,
suggesting that the structure is maintained. Differently, the
treatment at higher temperatures (120 °C) results in the
disappearance of reflections due to Eu-containing LDH
whereas the overall LDH structure is still retained. The lower
thermal stability of Ln-doped nanocrystals compared to the

undoped LDH structures suggest an important role of water
molecules in the growth of the layer structure. At higher
temperatures (300 °C) also the LDH structure is lost and the
formation of ZnO occurs. Remarkably, the 1a sample, imaged
after thermal treatment at 120 °C (see Supporting Information,
Figure SI-5), shows a morphological change: the undoped small
crystals of ZnAl LDH maintain their hexagonal structure
(SAED reported in the inset of Supporting Information, Figure
SI-5), whereas the larger crystals Eu-ZnAl LDH modify into a
rod-shaped amorphous material. Thus, the larger crystals
containing Eu are more unstable than the undoped ones
because they completely decompose at temperatures higher
than 100 °C (see Figures 5 and Supporting Information, Figure
SI-5) with the formation of Eu-containing rod-like structures.
These data indicate that some structural weakness elements are
introduced into the brucitic sheet upon incorporation of
Eu(III) ions.
In Figure 6A and 6B the HT-XRPD of 2a and 2d samples are

reported. Sample 2a shows the same behavior of the Eu-
containing sample 1a; indeed the reflections due to the low
symmetry are detectable till increasing the temperature at 100
°C and disappear for higher temperature treatments, while the
LDH peaks are observed up to 200 °C. The samples 3 and 4
showed similar modification of the XRPD pattern upon heating
(data not shown). On the other hand, sample 2d preserves its
structure up to 120 °C; over this temperature only the pattern
of ZnO is detectable, confirming the presence of a single low-
symmetry phase in sample 2d. To deeply investigate the role of
water molecules in Ln(III) doped structures, coupled
thermogravimetrical (TG) and differential scanning calorimet-
ric (DSC) studies were performed. Figure 7 shows TG and
DSC curves of samples 1c, 2b, and 2d compared with those of
ZnAl LDH, and in Table 2 are reported the moles of water lost
per mole of sample and the peak temperature at each step.
Samples with Ln(III) content lower than 2% showed TG and
DSC curves very close to undoped LDH (data not shown); the
low lanthanide content did not generate remarkable changes in
the weight loss steps. For all the samples in the temperature
range 30−300 °C, three different weight losses occur and they
are attributable to water molecules differently bonded to the
LDH structure.33 Note that all the thermal processes occurred
at lower temperatures with respect of those of ZnAl LDH with
high crystallinity very likely due the low crystallinity of the
studied samples.1 In particular, the first weight loss is associated
with weakly bound physisorbed water. The following step,

Figure 5. HT-XRPD of sample 1a at the indicated temperatures.
Reflections due to the monoclinic structure (*) and to the ZnO phase
(●).

Figure 6. HT-XRPD of 2a (A) and of 2d (B) samples at the indicated temperatures. Reflections due to the low symmetry structure (*) and to the
ZnO phase (●).
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attributed to the loss of interlamellar water and to a partial
dehydroxylation of the layer, is strongly affected by the
lanthanide content. Indeed, the amount of water lost increases
while the peak temperature decreases with the lanthanide
loading. It has to be noted that in a conventional LDH, the
interlayer water molecules interact directly with interlayer
anions and with metal cations through hydrogen bond with OH
groups of the brucitic sheets; thus the dehydration process is
mainly determined by the nature of both the interlayer anions
and the layer cations.1 All the materials under investigation

contain bromide as counterion that can interact with the water
molecules via ion-dipole interaction. Consequently, the differ-
ence observed in the thermal behavior of the samples (Table 2)
are due to the lanthanide ions that can coordinate water
molecules to fill their coordination vacancies. The loss of the
coordinated water,34 occurring at temperatures lower than
those of interlayer hydrogen bonded water (210 °C), results
into Ln ions with unsaturated coordination spheres. To recover
the coordination sphere of the Ln ions the brucite sheet could
be forced to close onto itself to form the scrolled materials.
Moreover, the scrolled morphology induces an early dehydrox-
ylation of the sheets that causes the destruction of the Ln-
containing LDH structure, as shown by HT-XRPD (Figure 5
and 6). Finally, the third weight loss at about 270 °C is
associated to the complete dehydroxylation of the layers. This
peak temperature seems to be independent of the metal nature.
Assuming that the water lost in the second and third step is the
sum of the interlayer and constitution water (1 mol of
constitution water per mole of LDH) it is possible to determine
the interlayer water. This value is higher in the presence of
Ln(III) in the structure thus confirming the role of water
molecules to full-fill the coordination sphere of the Ln cations
and accounting for the lower stability of the materials. At this
stage the effect of Ln(III) content on the amount of interlayer
water cannot be drawn although DSC data show that the molar
ratio between the interlayer water and the lanthanide ion is
close to a value of two (Table 2). For the sample 2d, for which
the data suggest it to be constituted by a pure phase, the
following minimal formula: [Zn0.795Al0.109Yb0.096(OH)2]-
Br0.2050.66 H2O has been determined by means of ion
chromatography, ICP, elemental analysis, and TG data. On
the basis of previous discussion the 0.66 mols of water include
both physisorbed and coordinated water.

Spectroscopic Characterization. To gain more insights
into the structural properties of Ln containing samples infrared
spectroscopy has been employed. Infrared spectra measured in
the 400−1100 cm−1 frequency range of 2b, 2d, and 2e samples
(5.0, 9.6, 17.0% of Yb, respectively) are shown in Figure 8A
together with the spectrum of pure ZnAl LDH. The overall
spectral profile obtained for the undoped ZnAl LDH reminds
one of that reported for other LDH and is commonly
associated to lattice vibrations of OHs groups.35−40 Specifically,
the broad signal at around 605 cm−1 and the band at about 430
cm−1 can be generically related to metal−OHs vibration
modes.35,37−39 In a recent study a very similar spectrum has
been reported for a MgAl LDH sample and a more specific
assignment of the components proposed.38 In particular, the

Figure 7. TG and DSC curves of ZnAl LDH (blue), 1c (green), 2b
(red), and 2d (black). Operative conditions: air flux, heating rate 10
°C/min.

Table 2. Amount of Water Lost in the Temperature Range
30−300°C of the Indicated Samplesa

H2O (mol/mol LDH) (±0.15%) [peak
temperature (°C)]

sample 1st loss 2nd loss 3rd loss
2rd

+3rd
H2O/Ln molar

ratiob

ZnAl
LDH

0.64 [93] 0.38
[210]

0.45
[272]

0.95

1c 0.56
[122]

0.52
[190]

0.53
[271]

1.05 1.85

2b 0.52 [93] 0.45
[165]

0.66
[274]

1.11 2.2

2d 0.49 [94] 0.74
[171]

0.43
[270]

1.17 1.8

aMolar ratio H2O/Ln is also reported. bH2O/Ln molar ratio = mol
H2O(2 rd +3rd)-1(constitution water)/mol Ln.

Figure 8. Infrared spectra of pure ZnAl LDH and of Yb doped samples 2b, 2d, and 2e (A) and of Eu-doped samples 1a−e (B).
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broad distribution around 605 cm−1 has been attributed to OH
rotations (MOH bending) while the band at about 450 cm−1 to
OH translations (MOM bending/stretching); this latter signal
is considered indicative of lattice ordering.40 As it can be seen in
Figure 8A, the increase of the Yb content from 0 to 9.6% only
leads to minor spectral variations suggesting that the
incorporation of the lanthanide is not accompanied by a strong
reorganization of the brucitic sheet. Nevertheless, the system-
atic upshift of the 605 cm−1 component and the broadening of
the ∼430 cm−1 band observed at higher Yb concentrations
seem consistent with the progressive structural variation
resulting from XRPD data. These findings may also reflect
the occurrence of Ln-induced small modulations of metal−
OHs interactions. On the other hand, increasing the Yb fraction
to 17.6% (sample 2e) corresponds to more evident spectral
variations, in line with the occurrence of the ZnO segregation
detected by diffraction data. Infrared spectra of Eu-ZnAl LDH
samples are reported in Figure 8B. In this case the main spectral
features are maintained at all concentrations and only small and
unsystematic frequency shifts of the 605 cm−1 component are
observed. This is probably not surprising considering the non-
specific character of the signals in the depicted spectral region
and the relatively small fractions of Eu incorporated in these
samples. The presence of the intense peak at 430 cm−1 points
out the preservation of lattice ordering at all lanthanide
fractions considered.40

It is well established that the luminescence properties of
Ln(III) are strongly dependent on the environment. In the
present work luminescent measurements were carried out to
investigate whether the inclusion in the LDH layer structure
affects the electronic properties of lanthanide ions. Lumines-
cence measurements were concentrated on Eu(III) and Tb(III)
samples, because of the spectral sensitivity of the instrument at
disposal. The luminescence properties of Eu- and Tb-ZnAl
LDH samples were investigated by steady-state techniques
upon direct excitation of Ln(III) in the solid samples. As
previously reported18,20,25 the photoluminescence spectra could
be easily detected at room temperature upon excitation into the
7F0-

5L6 transition of Eu(III) at 393 nm and into the 7F6-
5G6

transition of Tb(III) at 375 nm, and they are shown in Figure 9
for the samples 1a, b, d and 4. The emission spectra (Figure 9)
can be assigned to the typical 5D0-

7FJ (J = 1, 2, 3, 4) transitions
of Eu(III) ion and 5D4-

7FJ (J = 1, 2, 3) transitions of Tb(III). In
Figure 9 the photoluminescence excitation spectra are also
reported which consist in a series of bands ascribed to intra-4f6

transitions of the Ln ions; the band broadening clearly observed
in all samples and particularly evident for sample 1a can
account for the effect of LDH matrix in energy level positions.
In general the emission spectra are dominated by the electric-
dipole transitions indicating that the Ln(III) ions experience a
low symmetry crystal field in the materials, supporting the
hypothesis that the lanthanide ions have been included in the
LDH lamellae. However, at different Eu(III) loadings, the
intensity ratios between the peak at 595 (5D0-

7F1) and 615
(5D0-

7F2) nm change; this behavior can be related to
modification of the crystal field upon increasing the Eu(III)
loading since the 5D0-

7F1, which is a magnetic-dipole transition,
is thus not influenced by the chemical environment of the ions,
while the 5D0-

7F2 transition is strongly affected by the field
symmetry. The continuous decrease of the 615 nm intensity
with the increase of Eu loading is likely due to a structural
modification of the materials in agreement with XRPD results.
This hypothesis is further confirmed by the peak ratio

determined for the sample 1a after thermal treatment. These
data indicate that the inclusion of Ln(III) ions in a brucitic layer
does not alter their electronic configurations; however, the
symmetry of the inclusion site can modulate the spectral
brightness of the prepared materials.

■ CONCLUSIONS
The incorporation of Ln(III) cations having different ionic
radius into the LDH lamellae has been achieved by preparing
the crystals in a confined environment. Differently from the
conventional synthetic methods, the water pools of the inverse
micellae acted as a microreactor where materials with
unexpected characteristics and properties were obtained. The
effects of lanthanide loading on the structure, morphology, and
thermal behavior of the layered nanocrystals were investigated.
The different techniques and methods used in the present work
indicate that the Ln(III)-doping is a complex process involving
several factors. Structural information were obtained by XRPD
which showed, upon Ln(III) inclusion into the brucitic sheets,
the formation of a low symmetry phase with monoclinic
structure. The amount of the lanthanide ions included into the
brucitic sheet is affected by the Ln(III) ionic radius: the large
Eu(III) can be inserted into the LDH structure in average
atomic percentages lower than 2.7%, in which the lanthanide
occupies sites not having inversion center, as established by
steady state luminescence measurements; the small Yb(III) can
be incorporated into the layer structure up to about 10%,
leading to progressive phase transformation of the pristine
LDH structure to pure monoclinic phase. The nature and the
amount of Ln(III) in the LDH determine the morphology of
the nanoparticles that exhibit dimension ranging from 50 to
400 nm. Moreover, thermogravimetrical (TG) and differential
scanning calorimetric (DSC) studies indicate that Ln-doped
LDH possess a lower thermal stability compared to the
undoped ones suggesting the crucial role of water molecules
that are essential to satisfy coordination sphere of incorporated

Figure 9. Emission and excitation spectra of samples 1a (black line),
1b (green line), 1d (blue line), 1a after thermal treatment (circles),
and 4 (black line, lower panel). Excitation at 393 and 375 nm for
Eu(III) and Tb(III) samples, respectively.
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Ln cations. IR spectra on Yb- and Eu-doped samples support
the incorporation of Ln(III) into the LDH lamellae. Spectral
variations observed at increasing Yb concentrations are broadly
consistent with structural changes resulting from XRPD
measurements. The obtained materials deserve a further
characterization especially as regards the intercalation and ion
exchange properties compared to those of undoped LDH and
the matrix effects on the luminescence properties.
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