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The evolution of MgAl layered double hydroxides (LDHs), prepared by the sol—gel method, throughout the
synthesis—crystallization—calcination—reconstruction process is thoroughly studied and compared to a
coprecipitated analogue. X-ray diffraction and transmission electron microscopy provide useful information
about crystallinity and morphology of the samples. It was found that crystal sizes do not necessarily decrease
after calcination—reconstruction. Furthermore, aluminum coordination is studied by 2?A1 MAS nuclear magnetic
resonance and by X-ray photoelectron spectroscopy (XPS), revealing significant differences in the relative
populations of tetrahedral aluminum in the surface and the bulk of the calcined sol—gel LDHs. Magnesium
and oxygen structural environments are also studied by XPS. A possible correlation between crystal sizes of
calcined LDHs and the amount of O*~ surface species is discussed. Differences in the structural environment
of magnesium in the as-synthesized and the reconstructed LDH are presented and analyzed.

1. Introduction

Layered double hydroxides (LDHs), also known as hydro-
talcite-like compounds by reference to the naturally occurring
hydrotalcite mineral, are a family of anionic clays that have
received much attention in the past decades, for they have found
numerous applications in many different fields.'~> For instance,
LDHs have been used as antacids, PVC additives, flame
retardants, and hybrid composites.! Also, considerable research
has been conducted with the aim of intercalating drugs,
biological species, and organic compounds, to use LDHs for
controlled drug-delivery, as sensing devices, etc.® Furthermore,
because of their basic properties, they have been extensively
studied in heterogeneous catalysis, particularly in the synthesis
of fine chemicals.>*

The structure of an LDH is based on M*"(OH), octahedra
that share edges to build M(OH), brucite-like layers. An LDH
is created by isomorphically substituting some M?>" for M>*
cations with similar ionic radius, rendering a positively charged
layer. This charge is compensated by anionic species lo-
cated in the interlayer region, along with hydration water
molecules. LDHs are represented by the general formula:
[M(1—o> "M (OH), 't A"~ *mH,0, where the divalent and
trivalent cations may be Mg?*, Zn**, Co?*, Cu?*, Ni**, AI*T,
Fe’*, Ga’*, Cr’*, etc., A" may be nearly any organic or
inorganic anion, and x is the trivalent cation substitution degree
and takes values in the range 0.2 < x < 0.33. Also, combinations
of three or four cations have been reported. Therefore, a large
number of materials with LDH structure and different physi-
cochemical properties may be prepared.'-
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Usually, LDHs are synthesized by the coprecipitation of
metallic salts with an alkaline solution.'>> However, alternative
routes have been recently explored,’!* with the aim of a better
control over the structural and textural properties, which are
also related to the catalytic and anion exchange properties of
LDHs. This has been achieved by means of various postsyn-
thesis treatments, for instance, through microwave irradiation®®
or ultrasonic treatment.® Also, alternative synthesis procedures
have been proposed, such as urea hydrolysis”® and the sol—gel
method.” 2

When an LDH is calcined, it progressively loses physisorbed
water, then interlamellar water molecules, and finally water from
the dehydroxylation of the layers, along with the charge-
compensating anions, leading to the collapse of the layered
structure. The temperatures at which these phenomena occur
depend on the chemical composition; however, above 400 °C,
a mixed oxide is formed.*!* In the case of Mg—Al LDHs,
which are perhaps the most widely studied of this family,
calcination produces an MgO phase, where the Al cations are
presumed to be evenly distributed throughout the structure,
creating a solid solution.'* These Mg(Al)O mixed oxides have
relatively high surface area (>200 m? g~!) and strong basic
Lewis sites, O?~ atoms; hence, they have been successfully
employed in many organic reactions catalyzed by bases.!

The oxides obtained by thermal decomposition of an LDH
have the remarkable capacity of reconstituting the original
layered structure upon adsorption of anions and water. This
property is known as memory effect,' and it has been exploited
for several applications of LDHs, such as adsorption of anionic
contaminants from aqueous solutions'® and SO, removal.!”
Furthermore, if the calcined LDH is exposed only to water or
water vapor for a certain time, the layered structure is
reconstructed, admitting OH™ groups as charge-compensating
anions. The Mg—Al—OH LDH is commonly known as meix-
nerite or meixnerite-like. The hydroxyls act as Bronsted basic
sites in catalytic reactions. '8!
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Given its numerous applications, much attention has been
devoted to studying the calcination and reconstruction of
LDHs.?>** However, further study is still required to understand
the processes taking place. It has been observed that, during
calcination, a significant amount of aluminum (~20%) changes
to tetrahedral coordination. Therefore, there must be a small
amount of an amorphous phase of spinel-based aluminas, such
as y-Al, O3, that cannot be detected by XRD.?? As a result, the
reconstruction of LDH from the MgO phase is not totally
reversible. Hibino et al. found that the carbonate content (%
weight), acting as charge-compensating anion, continuously
decreases in subsequent calcination—rehydration cycles.?? Fur-
thermore, they found that spinel MgAl,O, is formed from
Mg—Al—CO; LDHs when calcination at 400 °C and subsequent
reconstruction are repeated several times; spinel formation from
a pure LDH requires calcination at temperatures above 800 °C.??
These results indicate that some of the aluminum atoms are
segregated and do not return to the LDH structure during
reconstruction.

Magnesium, on the other hand, remains octahedrally coor-
dinated through every step of the process; changes in the
structural environment of magnesium are not easily detected
and have been scarcely studied. Bokhoven et al. studied the
coordination of the Mg centers by XAFS spectroscopy and
determined that Mg has an identical, distorted octahedral
coordination in the as-synthesized and the rehydrated LDH; they
determined that, within the length-scale of XAFS, the recon-
structed structure is identical to the as-synthesized materials.?
However, there must be subtle changes in the structural
environment of magnesium; some magnesium atoms must be
interacting with the extracted aluminum, otherwise an alumina,
not a MgAl,O4 spinel phase, would appear after several
calcination and rehydration cycles.

Unobserved modifications to the environment of magnesium
as well as that of aluminum after calcination—rehydration might
also explain differences in the observed catalytic activity of
meixnerite-like compounds, which have been hitherto attributed
to changes in the rehydration procedure, the crystal size of the
as-synthesized LDH, calcination time and temperature, etc. A
number of studies have focused on studying the effect of crystal
and particle size of the as-synthesized precursor on the catalytic
activity of the meixnerite derivate.>* Variations in crystal sizes
are generally achieved by varying temperature and time of
postsynthesis (e.g., hydrothermal) treatments. However, the
extent to which crystallinity can be controlled by this method
is limited; therefore, it is not yet clear to what extent crystallinity,
morphology, and particle sizes are modified during calcination
and rehydration.

The authors have previously reported the synthesis of pure
MgAl LDHs by sol—gel method.!" This method enables an
accurate control over crystallinity and particle sizes, which can
be fine-tuned over a very wide range.'> Also, LDHs prepared
following this methodology revealed peculiar nanocapsular
morphology, in contrast to the classic platelet-like morphology
of LDHs.!"!? Therefore, these sol—gel LDHs provide a unique
opportunity to study the calcination—reconstruction process.
Changes in morphology, particle size, and crystallinity are
analyzed, as well as the modifications of the structural environ-
ment of aluminum and magnesium, by X-ray diffraction,
transmission electron microscopy, 2’Al MAS nuclear magnetic
resonance, and X-ray photoelectron spectroscopy.

2. Experimental Methods

2.1. Synthesis Procedure. The synthesis procedure has been
reported previously.'? Briefly, LDHs were prepared by dissolv-

Valente et al.

ing aluminum tri-sec-butoxide (ATB) in ethanol at 70 °C under
constant stirring for 1 h. Nitric acid (3 M) was then added
dropwise. After 1 h, the system was taken to room temperature,
and acetic acid (AA) was added to complex the aluminum
alkoxide. One hour later, the temperature was lowered to 0 °C,
and magnesium methoxide was added dropwise. The system
was stirred for 24 h at room temperature, and finally deionized
water was added. The molar ratios of reactants were ATB:EtOH
= 1:60, ATB:HNO;3; = 1:0.03, ATB:AA = 1:1, M*"M** =
3:1, and ATB:H,O = 1:1. After the synthesis procedure was
completed, the sols thus obtained were placed in a sealed
digestion bomb and kept at 120 °C under autogenous solvent
vapor pressure for 1—10 days. The samples were then dried at
100 °C.

MgAI-E corresponds to the sample with no postsynthesis
treatment. The sample named MgAIl-TH10 received a 10 day
hydrothermal treatment. Another sample, labeled MgAI-THIW,
received a 24 h hydrothermal treatment; the sol was set in the
presence of 50% vol. bidistilled water. As a comparison, sample
MgAI-CP was prepared following the coprecipitation at low
supersaturation method,’ maintaining the pH constant at 9 and
using nitrate salts as precursors.

Dried samples were calcined at two different temperatures
for their analysis, 250 °C for 2 h and 550 °C for 4 h, with a
heating rate of 2 °C/min. Reconstruction of the layered structure
was performed by placing the calcined samples in a sealed
container with 100% relative humidity for 10 days.

2.2. Characterization Techniques. X-ray Diffraction. The
X-ray diffraction pattern of the samples was measured in a
theta—theta Bruker D-8 Advance diffractometer with Cu Ka
radiation, a graphite secondary-beam monochromator, and a
scintillation detector. Diffraction intensity was measured be-
tween 4° and 80°, with a 26 step of 0.02° and a counting time
of 9 s per point.

Chemical Analysis. The chemical composition of solids was
determined in a Perkin-Elmer model Optima 3200 Dual Vision
by inductively coupled plasma atomic emission spectrometry
(ICP-AES).

Electron Microscopy (TEM). Sample powders were charac-
terized by high-resolution transmission electron microscopy
(HRTEM) JEOL JEM-2200FS with Schotkky-type field emis-
sion electron gun operating at 200 kV. HRTEM digital images
were obtained using a charged coupled device camera (CCD).
The powdered samples were directly dry-sprayed onto com-
mercially available amorphous holey film carbon-coated copper
grid.

Solid-State Nuclear Magnetic Resonance. The single pulse
solid-state >?’A1 MAS NMR spectra were acquired under MAS
conditions on a Bruker Avance 300 spectrometer, at a resonance
frequency of 78.15 MHz. The samples were spun at 10 kHz.
Short single pulses (;7/12) with a repetition time of 0.5 s were
used. Chemical shifts were referenced to an aqueous 1 N AICl;
solution.

Cross-polarization magic angle spinning solid-state '*C NMR
spectra were recorded at 75.422 MHz using a 4 mm cross-
polarization (CP) MAS probe spinning at a rate of 5 kHz.
Typical *C CP MAS NMR conditions for "H—"3C polarization
experiment used a contact time of 4 ms and repetition time of
12 s for accumulation of 3000—5000 scans. Chemical shifts
were referenced to the peak of solid adamantane at 38.2 ppm
relative to TMS.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectra (XPS) were recorded on a THERMO-VG SCALAB 250
spectrometer equipped with Al Ko X-ray source (1486.6 eV)
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Figure 1. X-ray diffraction patterns of as-synthesized samples.

and a hemispherical analyzer. The base pressure during the
analysis was 1.37 x 1078 Pa. The XPS analyses were performed
in a static system on the fresh, calcined, and rehydrated samples.
The experimental peaks were decomposed into components
using mixed Gaussian—Lorentzian functions, nonlinear squares
fitting algorithm, and Shirley-type background subtraction by
using XPS peak fit software. The C; line at 284.6 eV was used
as an internal standard for the correction of binding energies
(BE). Changes in the Al (2p) + Mg (2p) signal shape on the
fresh, calcined, and rehydrated samples were analyzed by a
curve-fitting procedure with peaks endowed using variable
position, full width at half-maximum (fwhm), and intensities.
Surface elemental composition was determined by fitting and
integrating the Aly,, Mgy, Ci,, and Oy, bands and converting
these values to atomic ratios using theoretical sensitivity factors
provided by the manufacturer of the XPS apparatus.®> All XPS
curves are shown with the differential fitting curve (lowest curve
in each spectrum) after adjusting to theoretical curves. The
calcination procedure was done in a Linkam cell, under flowing
oxidizing atmosphere (air) in a dynamic thermal process, heating
from 25 to 550 °C at a rate of 2 °C/min. Because of the memory
effect, LDHs are easily reconstructed after calcination; thus,
special care was taken. All manipulation of calcined samples
was done under inert conditions using a glovebox and a special
box vessel, attached to the XPS equipment, to introduce calcined
samples into the ultra high vacuum chamber of the spectrometer.

3. Results

3.1. X-ray Diffraction. X-ray diffraction patterns of as-
synthesized samples have been discussed previously.'? For the
sake of clarity, they are displayed in Figure 1. All samples have
pure LDH structure. The characteristic peaks of the LDH phase,
along with the corresponding Miller indices, are indicated for
the MgAI-CP pattern. Significant differences are observed
between this pattern and those of sol—gel samples. In MgAI-E,
the 003 peak is shifted to a lower 26 angle, indicating that the
interlayer region is expanded by the intercalation of a large
anion, which is most likely acetate (vide infra). Also, the wide
peaks of the MgAI-E pattern indicate very small crystal sizes.
For sample MgAIl-TH10, the 003 peak’s position is similar to
that for MgAI-E; the peaks appear sharper as a consequence of
crystal growth occurred during hydrothermal treatment. How-
ever, it is worth noting that crystal growth is indeed minor, for
such a prolonged treatment. In contrast, MgAl-THIW has an
interlayer distance close to that of MgAI-CP, indicating that
ethoxy groups have been displaced by carbonate anions trapped
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from the ambient. Furthermore, the peaks’ sharpness is proof
of a highly crystalline material. On the basis of these results, it
is concluded that water is crucial for LDH crystal growth. Cell
parameters ¢ and a, which reflect the interlayer and cation—cation
distances, were calculated from the 003 and 110 peak positions,
assuming 3R stacking.! These are reported in Table 1, along
with crystal sizes calculated using the Scherrer equation, by the
fwhm of the 003 reflection.

It is a well-known fact that, by calcination of a MgAl LDH
to temperatures above 400 °C, a mixed oxide is formed,
commonly denoted as Mg(ADO.! XRD of this mixed oxide
presents the pattern of rock-salt like MgO, with the characteristic
reflections slightly shifted because of the substitution of some
Mg atoms with smaller Al atoms. In agreement with this, XRD
of all calcined (at 550 °C) samples shows pure MgO phase,
Figure 2. Crystal sizes were calculated by the fwhm of the 200
reflection. It is worth noting that, although crystal sizes still
have the same tendency as in the as-synthesized samples, MgAl-
THIW > MgAI-CP > MgAl-TH10 > MgAI-E, the differences
in crystallinity are less notorious.

After the calcined LDHs were kept in a moist environment,
they recovered the original layered structure, as expected by
the memory effect of these materials,! Figure 3. The recon-
structed LDHs incorporate both OH™ groups and COs>~ from
the ambient as charge-compensating anions. The interlayer
distances (Table 1) are very similar among samples, indicating
that they all have the same charge-balancing anions. Interlayer
distances of carbonate and hydroxyl-intercalated LDHs are very
similar,' so these anions are undistinguishable by XRD.

On the other hand, the a parameter, indicative of the
cation—cation distance, is a function of the Mg/Al ratio and
obeys Vegard’s law.'3° As the Mg/Al ratio decreases, a
decreases, because the radius of AI*" is smaller than that of
Mg?t. As-synthesized samples had an Mg/Al molar ratio of ca.
2.5 (Table 1). The a value of all rehydrated samples agrees well
with that reported for this composition,*® within experimental
error, indicating that there is no significant change in the Mg/
Al molar ratio in the LDH phase during the calcination—
rehydration process. The only exception is sample MgAl-TH10,
whose bigger a value is indicative of magnesium enrichment
in the LDH phase.

3.2. Transmission Electron Microscopy. Figure 4 shows
transmission electron micrographs of three as-synthesized
samples, MgAI-E, MgAI-THIW, and MgAl-CP. MgAI-E pre-
sents the nanocapsular morphology that has been observed and
discussed previously.'! It has also been reported that after
hydrothermal treatment with the mother liquor, that is, MgAl-
TH10, the morphology does not change, but the nanocapsules
grow and coalesce (not shown).!? This morphology is restricted
to nonaqueous systems; when the sol—gel LDH is submitted to
a hydrothermal treatment under excess water (MgAl-THIW),
the morphology is drastically different, as it evolves into the
platelet-like morphology that is characteristic of LDHs.!?
Furthermore, sample MgAl-CP prepared by conventional co-
precipitation method has the same platelet morphology, as
expected. High-resolution electron microscopy (insets in Figure
4a—b) revealed that both nanocapsular and the platelet mor-
phologies exhibit a layered structure; interlayer distances are
larger for MgAI-E than for MgAIl-TH1W and for MgAI-CP, in
agreement with the results obtained by XRD.

With treatment at 250 °C, the morphology of the samples
presented modifications, as shown by the transmission electron
micrographs of samples MgAl-E, MgAI-THIW, and MgAI-CP
presented in Figure 4d—f. In the case of the MgAl-E sample,
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TABLE 1: Cell Parameters and Crystal Sizes for As-Synthesized, Calcined (550 °C), and Calcined—Rehydrated Samples

unit cell parameters (10\)

crystal sizes (10\)“

as-synthesized rehydrated as-synthesized calcined rehydrated
sample a c a C L003 L] 10 L200 L4)03 L1 10 Mg/Al molar ratio”
MgAI-E 3.089 28.110 3.048 23.129 18 56 34 48 90 2.53
MgAIl-TH10 3.067 28.297 3.057 23.406 24 107 41 90 215 2.57
MgAl-THIW 3.055 23.011 3.048 23.424 139 422 60 74 116 2.59
MgAl-CP 3.056 23.192 3.050 23.453 91 271 39 67 117 2.93

@ Calculated applying the Scherrer equation to the indicated reflections. ” Determined by inductively coupled plasma atomic emission

spectrometry (ICP-AES) on the as-synthesized samples.
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Figure 2. X-ray diffraction patterns of samples calcined at 550 °C.
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Figure 3. X-ray diffraction patterns of calcined (550 °C) and
rehydrated samples.

the morphology is still nanocapsular, but the size of the capsules
increased. For samples MgAl-THIW and MgAI-CP, the platelet
morphology has practically disappeared, and in certain regions
we can observe the formation of microcrystalline domains.

After calcination at 550 °C, Figure 5, the formation of a
polycrystalline material is clear in all samples. Calcined MgAl-E
shows an agglomerate of small, globular particles. A similar
morphology was observed on calcined MgAI-TH10 (not shown).
Samples MgAI-TH1IW and MgAI-CP, on the other hand, reveal
a “house-of-cards” structure,’” formed by collapse of the
platelets, characteristic of calcined LDHs. In all cases, an MgO
phase was observed by HRTEM, in agreement with XRD results
and with previous reports (Figure 5b). However, in sample
MgAI-E, a small number of nanocrystalline domains of y-Al,0O5
were also detected (Figure 5c).

S 4.

Figure 4. TEM micrographs of as-synthesized samples, (a) MgAI-E,
(b) MgAI-TH1W, and (c) MgAI-CP, and samples thermally treated at
250 °C, (d) MgAI-E, (e) MgAI-THIW, and (f) MgAI-CP.

When the calcined samples undergo a rehydration process,
the morphology of the materials suffers a new modification,
Figure 6. The nanocapsular morphology observed in the as-
synthesized MgAI-E is not preserved; however, the morphology
still bears differences from sample MgAI-CP. Even though both
samples show an irregular stacking of platelets, MgAI-E presents
some semispherical voids that remind us of its original morphol-
ogy. Comparisons between direct measurements taken from the
high-resolution micrographs, displayed as insets in Figure 6,
and the interlayer spacing values reported in the X-ray powder
data file (XRPDF 89-0460) reveal that both materials, rehydrated
MgAI-E and MgAIl-CP, present a not well-oriented layered
structure.

3.3. Nuclear Magnetic Resonance. Figure 7 compares the
ZTAl MAS NMR spectra of as-synthesized samples. Spectra were
composed by an intense NMR signal close to 0 ppm, indicating
the octahedral coordination of aluminum in the brucite-like
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Figure 5. TEM micrographs of samples calcined at 550 °C: (a) MgAl-
E, (b) HRTEM of MgAl-E, showing Mg(Al)O phase, (c) HRTEM of
MgAI-E, showing nanocrystalline y-Al,Os, (d) MgAI-THIW, and (e)
MgAl-CP.

sheets. The broadness of the peak varied significantly for the
various samples, Table 2. The narrowest peak was found for
the sample MgAl-THIW, and the broadest one was for the
sample MgAl-E. Besides, the spectrum of sample MgAl-TH10
was the only one that presented a low intensity peak at 71 ppm,
which is assigned to tetrahedral aluminum.

After treatment at 250 °C, 2’Al MAS NMR spectra (Figure
8) were mainly composed by the resonance of octahedral
aluminum (AIYY), but the signal due to tetrahedral aluminum
(A1) is also evident in all cases. At this temperature, MgAI-E
presented the most intense signal of Al'Y,

Thermal treatment at 550 °C induces modifications in the
environment of aluminum ions. Spectra in Figure 9 show a
decreasing intensity of the octahedral resonance, due to the
apparition of an intense resonance of Al'V. All of the calcined
samples exhibited similar >’ A1 NMR spectra; qualitatively, they
all have the same relative amounts of AIV! and AI'"Y.

When the samples recover the layered structure by rehydra-
tion, the local environment of aluminum is not exactly the same
as in the fresh samples, as shown by the 2’ Al NMR spectra in
Figure 10. For instance, in samples MgAI-E and MgAl-THIW,
a residual amount of tetrahedral aluminum produced upon
calcination has not recuperated its octahedral coordination. On
the contrary, as-synthesized sample MgAl-TH10 exhibited
tetrahedral aluminum, but after calcination—rehydration only
octahedral aluminum is detected. Furthermore, the resonance
peak of octahedral aluminum is significantly narrower after the
calcination—rehydration cycle, Table 2.

13C CP MAS NMR spectra of fresh samples MgAI-E and
MgAI-TH10, Figure 11, revealed that acetate groups (signals
at 24.5 and 179.6 ppm assigned to methyl and carbonyl,
respectively) are present as charge-compensating anions. The
signal at 51.9 ppm is due to —CH—O from alkoxide species
also intercalated between the brucite-like layers. The bands due
to acetate are significantly more intense for MgAI-E than for
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Figure 6. TEM micrographs of calcined (550 °C) and rehydrated
samples: (a) MgAI-E and (b) MgAI-CP.

MgAI-TH10; conversely, the alkoxide peak is more intense in
MgAI-TH10. Therefore, acetates were replaced by ethoxy anions
during hydrothermal treatment. Last, the signal at 169 ppm
corresponds to carbonate anions. With calcination at temperature
as high as 550 °C, these organic species were removed.
However, when rehydrated samples recover the layered struc-
ture, they incorporate carbonate species to compensate the
positive charge of brucite-like-layers, Figure 11c.

3.4. X-ray Photoelectron Spectroscopy. Al 2p XPS spectra
of all fresh samples showed a single peak with binding energy
(BE) centered at 74.0 £ 0.1 eV corresponding to octahedral
AT in an LDH structure. The Mg 2p spectra showed also a
single peak occurring at 49.6 + 0.1 eV, characteristic of Mg?*
in an LDH phase. For sample MgAIl-TH10, both BE values
shifted slightly; see Table 3. Concerning O 1s XPS spectra, it
presented two peaks with main positions at 531.0—531.6 and
528.0—529.0 eV. The first one, with very high intensity, is
attributed to the oxygen species in LDH structure, whereas the
low intensity second peak corresponds to oxygen bonded to
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Figure 7. >’Al MAS NMR spectra of as-synthesized samples: (a)
MgALE, (b) MgAL-THI0, (c) MgAI-THIW, and (d) MgAI-CP.

TABLE 2: Line Width (Hz) of ?’A1 NMR Signal at 5 ppm
(Octahedral Aluminum)

sample  as-synthesized treated at 250 °C calcined—rehydrated
MgAI-E 1036 1052 763
MgAI-TH10 1006 913 407
MgAI-THIW 459 1021 814
MgAI-CP 528 1090 549

@
r©
N
(@
Z(I}O 1 (I)O (I) -1 I00 -ZIOO
Chemical shift (ppm)

Figure 8. ?’Al MAS NMR spectra of samples after thermal treatment
at 250 °C: (a) MgAI-E, (b) MgAI-TH10, (c) MgAI-THIW, and (d)
MgAI-CP. “*” indicates spinning side bands (spinning rate of 10 kHz).

carbon species in the interlayer position of LDH structure
(results not shown).

On all of the calcined samples (550 °C), the Al 2p signal
was adjusted by using two components, both with the same
fwhm (Figure 12). The first one, occurring around 74.5 eV, is
assigned to octahedrally coordinated Al**, whereas the second
one, occurring around 73.5 eV, must be assigned to tetrahedrally
coordinated AI**.3 Only in the sample MgAI-E was a less
intense third peak observed at lower binding energy. This peak
could be attributed to strongly deformed Al species that were
created by the curved structure of the particular nanocapsular
morphology shown by the as-synthesized sample.

Samples hydrothermally treated in alcohol or alcohol/water
mixture, MgAI-TH10 and MgAI-THIW, respectively, showed
a more intense tetrahedral Al peak than the sample obtained by
coprecipitation. The AI'V/(AIV! + AIY") atomic ratios are shown

Valente et al.

T T T 1
200 100 0 -100 -200
Chemical shift (ppm)

Figure 9. ?’Al MAS NMR spectra of samples calcined at 550 °C: (a)
MgAI-E, (b) MgAIl-TH10, (c) MgAI-TH1W, and (d) MgAI-CP. “*”
indicates spinning side bands (spinning rate of 10 kHz).
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Figure 10. ?’Al MAS NMR spectra of calcined (550 °C) and
rehydrated samples: (a) MgAI-E, (b) MgAI-TH10, (c) MgAIl-THIW,
and (d) MgAI-CP. “*” indicates spinning side bands (10 kHz).
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Figure 11. '3C CP MAS NMR spectra of samples: (a) as-synthesized

MgAI-E, (b) as-synthesized MgAIl-TH10, and (c) calcined (550 °C)

and rehydrated MgAI-TH10. “*” indicates spinning side bands (10 kHz).

in Table 4. Samples that were subjected to hydrothermal
treatment expose higher amounts of Al'"Y on its surface after
calcination. In fact, around 35% of Al atoms exposed at the
surface present tetrahedral coordination, whereas in samples not
hydrothermally treated, MgAIl-E and MgAI-CP, there is only
~20% of Al at the surface.

Figure 13 shows the Mg 2p XP spectra of calcined samples,
which were also adjusted by two components. The first one,
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TABLE 3: XPS Binding Energy Values and Assignment for As-Synthesized, Calcined (550 °C), and Rehydrated Samples*

sample treatment binding energy Al 2p (eV) assignment binding energy Mg 2p (eV) assignment
MgAI-E as-synthesized 74.1 AIV'in LDH 49.7 Mg in LDH
74.7 A" in MO 50.3 Mg in MO
calcined (550 °C) 72.2 AlY in MO 48.5 Mg in MgO
69.6 Al defect
calcined and rehydrated 75.6 A" in MO 51.2 Mg in MO
74.1 AIY'in LDH 49.6 Mg in LDH
MgAI-TH10 as-synthesized 73.6 AIV'in LDH 49.3 Mg in LDH
calcined (550 °C) 75.0 AV in MO 50.9 Mg in MO
73.1 AIY in MO 48.9 Mg in MgO
calcined and rehydrated 74.3 A" in MO 50.9 Mg in MO
73.7 AIV'in LDH 49.5 Mg in LDH
MgAI-THIW as-synthesized 74.0 A" in LDH 49.6 Mg in LDH
calcined (550 °C) 74.8 AV in MO 50.5 Mg in MO
73.3 AlY in MO 49.1 Mg in MgO
calcined and rehydrated 74.8 A" in MO 50.5 Mg in MO
73.8 AI"'in LDH 49.4 Mg in LDH
MgAI-CP as-synthesized 73.9 AIV'in LDH 49.6 Mg in LDH
calcined (550 °C) 74.2 AV in MO 50.1 Mg in MO
72.6 AlY in MO 48.7 Mg in MgO
calcined and rehydrated 74.9 A" in MO 51.0 Mg in MO
74.0 AI"'in LDH 49.6 Mg in LDH

2 MO = mixed oxide, Al'"Y = tetrahedral aluminum, AlI¥' = octahedral aluminum.
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Figure 12. XPS spectra of the Al 2p region for quasi in situ calcined
(550 °C) samples: (a) MgAI-E, (b) MgAI-TH10, (c) MgAl-THIW, and
(d) MgAI-CP.

denoted as Mg, is located around 48.8 eV and must be assigned
to Mg?" in periclase MgO structure.*® The second one, marked
as Mg in Figure 13, centered on 50.4 eV corresponds to Mg?*

TABLE 4: Atomic Ratios Determined from XPS Parameters

Figure 13. XPS spectra of the Mg 2p region for quasi in situ calcined
(550 °C) samples: (a) MgAI-E, (b) MgAI-TH10, (c) MgAIl-THIW, and
(d) MgAI-CP.

in strong interaction with Al atoms, in Mg—O—AlI bonds. It is
interesting to remark that the evolution of Mg*" in MgO
periclase structure closely corresponds to the amount of AI**

atomic ratios”

sample treatment Mg/Al - AIV/(ATY + ATV Mgl/Mg' + Mg Al pg" (AT 1oy + AV o) Mgrow/(Mgipn + Mgwo)
MgAI-E as-synthesized 2.5 1.0 1.0
calcined 2.5 0.19 0.18
rehydrated 3.5 0.86 0.87
MgAI-TH10  as-synthesized 32 1.0 1.0
calcined 32 0.32 0.33
rehydrated 34 0.58 0.93
MgAI-THIW  as-synthesized 3.5 1.0 1.0
calcined 3.1 0.35 0.36
rehydrated 3.5 0.55 0.57
MgAI-CP as-synthesized 32 1.0 1.0
calcined 3.7 0.21 0.32
rehydrated 24 0.84 0.90

2 MO = mixed oxide, Al'Y = tetrahedral aluminum, AIY' = octahedral aluminum.
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Figure 14. XPS spectra of the O Is region for quasi in situ calcined
(550 °C) samples: (a) MgAI-E, (b) MgAI-TH10, (c) MgAl-THIW, and
(d) MgAI-CP.

in tetrahedral coordination (Table 4). Only in the sample MgAl-
CP, obtained by conventional coprecipitation, does the amount
of APP' in tetrahedral coordination differ from the surface
amount of Mg?>" segregated as MgO; however, the results
indicate a similar trend.

XPS O 1s spectra of calcined samples are presented in Figure
14. The O 1s spectra were deconvoluted by using two oxygen
components, except for the MgAIl-E sample, in which a low
intensity third peak at 528.0 eV was necessary for a correct fit
of the spectrum. This O 1s peak can be attributed to oxygen
atoms carrying a higher negative charge, very likely surface
atoms with a low coordination number that may be found in
surface crystalline defects. For the other O 1s signals, the first
one occurred at 531.2—531.8 eV, and its intensity increased as
the LDH precursor crystallite size decreased. The second O 1s
peak occurred at 530.1—530.7 eV; in this case, its intensity
decreased with the crystallite size. According to the literature,
a single component for the O 1s XPS spectrum at 530.9 eV has
been reported for pure alumina attributed to the hydroxylated
oxygen species at the alumina surface,*® whereas for the pure
MgO periclase phase two O 1s components have been found at
530.9 and 529.3 eV, the first one attributed to the parent state
of Me—O—Me oxygen species, and the second one at lower
BE is characteristic of basic 0%~ surface species.*! When Mg
is incorporated in an LDH structure, a shift of the O 1s BE
position is expected; then, the peak observed at 530.1—530.7
eV must correspond to the basic O?~ species, whereas that
occurring at higher BE, around 531.2—531.8 eV, can be
attributed to strongly bonded oxygen species in Mg—O—Al
surface bonds.

The XPS Al 2p signals for the rehydrated samples are shown
in Figure 15. As it can be seen in all samples, the Al 2p spectra
were fitted by using two components at BE values of 73.7—74.0
and 74.3—74.9 eV. The first one occurs nearly at the same BE
value of the as-synthesized LDH and must correspond to AI**
in octahedral coordination that returned to the LDH structure,
whereas the second one, at higher BE value, must correspond
to AI** atoms also in octahedral coordination but with a different
electronic environment. As compared to the calcined samples,
these Al atoms correspond to those octahedrally coordinated in
the alumina phase or those in strong interaction with Mg atoms
forming Mg—O—Al bonds. The AI"Y atoms observed after
calcination at BE values lower than 73.3 eV disappeared
completely after rehydration. MgAIl-CP sample showed a similar
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Figure 15. XPS spectra of the Al 2p region for calcined (550 °C) and
rehydrated samples: (a) MgAI-E, (b) MgAI-TH10, (c) MgAI-THIW,
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Figure 16. XPS spectra of the Mg 2p region for calcined (550 °C)
and rehydrated samples: (a) MgAIl-E, (b) MgAIl-TH10, (c) MgAl-
TH1W, and (d) MgAI-CP.

behavior, as not all of the surface Al atoms were restored to
the LDH structure, although a higher fraction of the Al atoms
get back to the BE value of the as-synthesized LDH. The
proportion of surface Al atoms restoring to the LDH structure
was estimated by the AIVY pp/(AlVyo + Al py) atomic ratio
presented in Table 4. In samples MgAl-TH10 and MgAl-THIW,
subjected to hydrothermal treatment, only 55—58% of Al atoms
restore the LDH structure, whereas in samples MgAI-E and
MgAl-CP, 84—86% of Al atoms restore the LDH phase.

The Mg 2p spectra of rehydrated samples are shown in Figure
16. All spectra were deconvoluted with two components. The
first one occurs at the same BE value of LDH phase, around
49.6 eV, and corresponds to Mg?* atoms in LDH structure. The
second one, occurring at higher BE, around 50.7 eV, must
correspond to Mg atoms in strong interaction with Al atoms in
the mixed oxide producing Mg—O—Al bonds. The peak at
around 48.6 eV, characteristic of Mg?" in the periclase MgO
phase, completely disappeared, suggesting that all Mg>" rein-
corporates to the LDH phase. As for the Al 2p signal, the
proportion of Mg atoms restoring the LDH structure was
estimated by the Mg, pu/(Mg; py + Mgyo) atomic ratio presented
in Table 4. Similarly to the Al 2p signal, in MgAI-THIW a
larger amount of Mg atoms did not restore the LDH structure.
In fact, the proportion of Mg that restored to the LDH phase
nearly corresponds to that of Al atoms in this sample, supporting
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the hypothesis that these Mg atoms remain in strong interaction
with Al atoms, and that these surface Mg—O—Al bonds are
responsible for the low restoring capacity of MgAI-TH10 and
MgAI-THIW, suggesting that stronger Mg—O—AlI bonds are
obtained when sol—gel LDHs precursors are submitted to
hydrothermal treatment.

After rehydration, the XPS O 1s signal showed a single peak
with a position at 531.5 eV characteristic of the hydroxylated
oxygen species,” nearly at the same position of O Is of as-
synthesized LDH samples, suggesting that all surface oxygen
atoms were rehydrated (data not shown).

4. Discussion

Previous studies on these materials revealed that the peculiar
nanocapsular morphology of sol—gel samples is restricted to
nonaqueous media; it was proposed that the curvature of LDH
layers and the formation of the nanocapsules are driven by the
hydrophobicity of the alcohol’s organic tail.!> During hydro-
thermal treatment in the mother liquor (ethanol), the capsules
have been observed to coalesce; crystallinity also increases
during this treatment.'?> This crystallization process is related
to the reactions that take place during a sol—gel synthetic
process, mainly hydrolysis, condensation, and polymerization.*?
Acetic acid is introduced during synthesis to hinder hydrolysis
and condensation of the aluminum alkoxide; this enables the
equalization of reaction rates between magnesium and alumi-
num, and thus the formation of a pure LDH phase.!! Acetate
groups are very likely acting as a bidentate chelating ligand,
based on the separation (A) between the antisymmetric and
symmetric stretching vibrations of the carboxyl groups observed
by FTIR (data not shown).*** These groups are less reactive
than alkoxides,* so they remain in the LDH structure as the
main charge-compensating anions, as observed by the *C NMR
of as-synthesized MgAI-E (Figure 11). During hydrothermal
treatment with ethanol as solvent, condensation reactions are
accelerated by temperature, and acetate groups are replaced by
alkoxides in sample MgAI-TH10. This is confirmed both by
13C NMR spectra (Figure 10) and by the increased crystallinity
observed by XRD (Figure 1 and Table 1). Also in support of
this hypothesis are the interlayer distances of MgAI-E and
MgAI-TH10, which are very similar among them, as acetate
and ethoxy molecules have very similar sizes, and much larger
than those of MgAl-THIW and MgAIl-CP (Figure 1 and
Table 1).

In MgAI-E, acetate acting as a bidentate chelating ligand
occupies two coordination spaces of the aluminum center,*
leading to octahedral species with a strong electric field gradient,
which broadens the resonance peak (see Figure 7 and Table 2).
When acetate is replaced by a monodentate molecule such as
alkoxide, the coordination is lowered, and tetrahedral aluminum
appears in the NMR spectra of as-synthesized MgAl-TH10.
These Al'"Y species are metastable; in fact, they are unable to
reach their natural octahedral coordination because of the
substoichiometric amount of water that was introduced.!" It is
worth noting that the Al 2p XPS spectra of as-synthesized
MgAI-TH10 did not present a peak at lower binding energy
that could be ascribed to tetrahedral aluminum. Therefore, these
AI"Y species are not at the surface of the material; they must be
located in the layers that are nearer to the core of the
nanocapsule. Very likely, surface aluminum atoms are the first
to react and thus are able to achieve octahedral coordination.

The large amounts of acetate in MgAI-E also explain why
this sample presents more tetrahedral aluminum at 250 °C. A
small fraction of octahedral Al in an LDH are expected to
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migrate and adopt tetrahedral coordination when temperature
is increased above 200 °C.? In agreement with this, some Al'Y
was observed on the ?Al NMR spectra of samples heated at
250 °C (Figure 8). In sample MgAIl-E, additional tetrahedral
aluminum appears because of the removal of acetate by thermal
decomposition. To a lesser extent, this also occurs in MgAl-
TH10, which still had some residual acetate. Therefore, the
amount of tetrahedral aluminum at 250 °C is MgAl-E > MgAl-
THI10 > MgAI-THIW ~ MgAI-CP.

In sample MgAI-THI1W, two factors intervene that explain
why it is more like a coprecipitated sample, even though its
synthesis procedure is the same as in MgAl-E and MgAI-TH10.
First, the addition of excess (50% vol.) water during hydro-
thermal treatment neutralizes the strong hydrophobic interactions
between R groups and favors the formation of platelets.
Furthermore, water significantly accelerates hydrolysis reactions;
hydrolyzed species in turn condense more rapidly.** Therefore,
a highly crystalline LDH is obtained; the tetrahedral aluminum
species created when acetate is removed continue to react until
they reach octahedral coordination. The second factor is that
no special precautions were taken to avoid carbonate contamina-
tion (for example, decarbonated water, inert atmosphere, etc.).
Acetate and alkoxy groups are replaced by carbonate, given the
well-known affinity of LDHs for this molecule.'? Thus, MgAl-
THIW and MgAI-CP have nearly the same interlayer distance
(Figure 1 and Table 1).

Comparing the Mg/Al molar ratios of the as-synthesized
samples obtained by ICP (Table 1) with the Mg/Al atomic ratios
determined by XPS (Table 4), it appears that the surface is
deficient in aluminum. In sample MgAI-E, there apparently is
no difference between surface (XPS) and bulk (ICP) composi-
tions, but this is due to the very small nanocapsules of this
sample, which range from 10 to 40 nm. The depth analyzed by
XPS, 10—50 A, is actually all of the capsule’s shell, that is, all
of the layers that compose the particle.

When samples are treated at temperatures as high as 550 °C,
the alkoxy and acetate anions are completely removed, the
layered structure collapses, and the periclase-like structure is
formed in all samples. Crystal sizes of the Mg(Al)O mixed oxide
obtained by calcination are affected by the crystallinity of the
as-synthesized sample (Table 1). The tendency of crystal sizes,
MgAI-THIW > MgAIl-CP > MgAITH10 > MgAI-E, is main-
tained, although the differences are not as significant in the
calcined as in the as-synthesized samples. Morphology after
calcination is closely related to the morphology of the as-
synthesized samples. Nanocapsules become an agglomeration
of globular nanoparticles, while platelets create a disordered
house-of-cards structure. Previously, these calcined samples
were analyzed by N, physisorption;'? the differences in hys-
teresis loops correspond to the different morphologies observed
by TEM.

Tetrahedral aluminum in the bulk of the calcined samples,
measured by 2’Al MAS NMR (Figure 9), shows that there is a
similar proportion of Al' in all samples, despite the fact that
at 250 °C there was clearly more AI"Y in MgAI-E and MgAl-
THI10. It appears that there is a maximum amount of aluminum
that can migrate to tetrahedral positions, without affecting the
formation of the mixed oxide. Therefore, AI'Y population may
be an inherent property of calcined LDHs, dependent only on
calcination conditions and not on anions, morphology, or crystal
size of the as-synthesized LDH.

However, the location of these AI'" species varies consider-
ably with the synthesis procedure. For sample MgAl-E, XPS
detected ~20% Al'. Here, again, the depth analyzed by XPS
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is indeed the whole particle, so no significant differences are
appreciated between surface and bulk compositions. However,
comparisons between samples of large crystal sizes, samples
MgAl-THIW and MgAl-CP, show a significant difference in
surface tetrahedral aluminum, 35% and 21%, respectively (Table
4). MgAI-TH10 also has ~30% of surface AIY. Thus, the
sol—gel synthesis procedure apparently favors the migration of
AIY species to the surface. It is possible that the sol—gel method,
because of its soft synthesis conditions, enhances the creation
of defects in the crystal lattice, which facilitates the mi-
gration of cations. In fact, in MgAl-TH1W, there occurs an
enrichment of aluminum at the surface, evidenced by the
decrease in Mg/Al atomic ratio measured by XPS, from 3.5 to
3.1 (Table 4). On the contrary, MgAIl-CP presents a surface
enrichment of Mg, as seen by the increase from 3.2 to 3.7 of
the Mg/Al atomic ratio.

Another important difference between the sol—gel and the
coprecipitated samples appears in the O 1s XP spectra of the
calcined samples, Figure 14. Coluccia and Tench proposed a
model for the generation of basic sites in a MgO crystal, which
states that there are a number of Mg—O pairs with different
coordination number.**8 Ton pairs of low coordination exist at
crystal defects such as corners and edges. As crystals become
smaller, there is a higher amount of crystal defects, and
consequently higher amounts of O>~ species. This hypothesis
is supported by the intensity of the peak at lower binding energy
(~530 eV) in the O 1s spectra of calcined samples. This peak,
corresponding to O~ species, is more intense in sol—gel than
in coprecipitated calcined LDHs, particularly in MgAl-E. This
sample has also a third peak at lower binding energy (528 eV),
which may be ascribed to oxygen atoms with very low
coordination and high negative charge.

During rehydration, several processes take place. First, all
samples presented a disordered stacking of platelets, creating a
house-of-cards structure, independently of the initial morphology
(Figure 6). This is probably due to the fact that the nanocapsular
morphology of the as-synthesized MgAI-E and MgAl-TH10 is
metastable. Slow reconstruction under ambient moisture leads
to the formation of the traditional, more stable, platelet
morphology. However, a few semispherical voids were observed
by TEM, remnant of the initial nanocapsules.

Crystal sizes of the rehydrated samples (Table 1) present a
tendency drastically different from that of the as-synthesized
samples. Samples MgAl-THIW and MgAI-CP, which originally
had the largest crystals, show a decrease in crystallinity. This
is consistent with previous reports, which state that during the
calcination—reconstruction process there is a loss of crystallinity.
However, in samples MgAIl-E and MgAIl-TH10, crystal sizes
increased, contradicting previous reports. Given these data, it
may be concluded that crystallinity in the reconstructed LDH
depends on the reconstruction procedure, time, temperature, etc.,
but not on the crystal sizes of the original LDH, as is commonly
thought.?> This phenomenon is only observed clearly when
LDHs with very small crystals are used. Samples with such
reduced crystallinity would be very hard to synthesize by
procedures other than the sol—gel method; this explains why it
has remained hitherto unseen.

Sol—gel samples present a surface enrichment of magnesium,
based on the increase in Mg/Al atomic ratio measured by XPS
(Table 4). This migration of aluminum cations from the surface
to the bulk of the materials is more significant for samples
MgAI-E and MgAI-THIW. These two samples also presented
some residual Al'Y species that were only detected by NMR
(Figure 10). Probably, migration of Al'Y to the bulk causes the
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restoring process to be slower in these samples, so that after 10
days they have not attained their full coordination. It is important
to bear in mind that rehydration was performed by placing the
samples in a moist environment. There was no direct contact
with an aqueous solution, nor was there a flow of water-saturated
nitrogen going through the samples, as rehydration is usually
done. Therefore, reconstruction of the layered structure is
expected to be slower. Furthermore, the samples were not
filtered or washed after reconstruction, as this could alter the
samples’ composition.

It is reported that all aluminum atoms recover their octahedral
coordination if sufficient time is given.?* The amount of time
that will be sufficient depends on several factors, such as
calcination temperature, rehydration procedure, and original
interlayer anions.

Sample MgAI-TH10 does not have any AI" after rehydration,
and migration of aluminum is less significant (Mg/Al ratio
changed from 3.2 to 3.4). However, it is interesting that, in this
case, the fraction of aluminum that does not return to the LDH
structure is very significant, while 93% of magnesium recovers
LDH phase. This tendency is probably maintained in the bulk;
this causes the increase in the a unit cell parameter observed
by XRD, which indicates that the rehydrated LDH phase
contains less aluminum than the as-synthesized sample
(Table 1).

Sample MgAI-CP has an entirely different behavior; it shows
the most important variation in Mg/Al surface atomic ratio, from
3.7 (calcined) to 2.4 (rehydrated), in contrast to the behavior
shown by MgAI-E sample, in which the Mg/Al surface atomic
ratio increased from 2.5 to 3.5 for calcined and rehydrated
samples respectively. These results can be explained by the
opposite behavior of crystallite size of fresh and rehydrated
conditions in both samples. Even though aluminum migration
occurs in every case, in smaller crystals it should be easier for
these cations to reach the surface.

5. Conclusions

The evolution of crystallinity and morphology in LDHs with
different synthesis procedures (sol—gel and coprecipitation) and
different postsynthesis treatments was studied throughout the
calcination—reconstruction process by XRD and TEM. It was
observed that, regardless of initial morphology, all samples
reconstruct into the more stable platelet-like morphology that
is traditional of LDHs. Also, it was found that, contrary to what
is believed, crystal sizes do not necessarily decrease from the
as-synthesized to the reconstructed LDH. In fact, crystallinity
depends mostly on the reconstruction conditions. Furthermore,
the migration of aluminum from octahedral to tetrahedral
coordination was monitored by *?Al MAS NMR and by XPS;
the structural environment of surface magnesium and oxygen
species was also analyzed by XPS. Tetrahedral aluminum was
detected in an as-synthesized, sol—gel LDH; this unusual
formation of Al'Y was explained in terms of the basic sol—gel
reactions that take place during synthesis and crystallization.
Formation of AI'Y was initially faster in sol—gel samples, but
after calcination at 550 °C its population is essentially the same,
regardless of the preparation procedure. It can be concluded
that there is a maximum amount of Al'Y species that can be
created without altering the formation of the Mg(AI)O phase
characteristic of calcined LDHs, and that the population of AI'Y
depends mostly on the calcination temperature. However, the
population of AI'V at the surface is higher in sol—gel samples,
indicating an increased migration of these cations, probably
because of the formation of more structural defects during
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sol—gel synthesis. Additionally, XPS detected magnesium in
two different structural environments. Calcined LDHs had Mg
interacting with aluminum forming a Mg(Al)O mixed oxide,
plus Mg in, apparently, pure MgO periclase-like structure. The
relative population of these Mg species is closely correlated to
the percentage of Al'Y. After reconstruction, most magnesium
returns to the LDH phase, but a small fraction remains in strong
interaction with aluminum, forming a nonstoichiometric
magnesium—aluminum oxide.
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