First Principles Study of the Structure and Chemistry of Mg-Based Hydrotalcite-Like
Anionic Clays

Andrea Trave,*"* Annabella Sellonij Annick Goursot,$ Didier Tichit, 8 and Jacques Webet

Department of Physical Chemistry, Uersity of Genea, CH-1211 Genea, Switzerland,
Department of Chemistry, Princeton Wersity, Princeton, New Jersey 08544, and
Ecole de Chimie, UMR 5618 CNRS, F-34296 Montpellier, Cedex5, France

Receied: June 19, 2002; In Final Form: September 19, 2002

We use variable-cell first principles molecular dynamics as an optimization tool to investigate the structural
and electronic properties of Mg-based anhydrous hydrotalcite-like compounds. The formation energy as a
function of the ratioR between di- and trivalent cations shows a minimurRat 3, in good agreement with
experimental stability ranges for these materials. At the same Ralu8, a maximum is found in the calculated
interlayer distance, suggesting a correlation between energetic stability and structure. The energies and character
of the electronic states of hydrotalcites containing different interlayer anions and trivalent cations have been
compared. The nature of the anions is found to have a major influence on the electronic properties. In particular,
OH™ anions, rather than, e.g., Clead to a significantly smaller HOMELUMO gap, with a LUMO spatially

more localized in the interlayer region. These features are related to the observed differences in the catalytic
properties of hydrotalcites containing Okts CI~ anions.

I. Introduction applied to a large variety of oxide materials, but no work on
HTlcs is available yet, except for a recent study of the related
Mg(OH), system? In this paper, we shall use constant-voldme
and variable-cell~13 ab initio MD as an optimization tool to
istudy the correlations between chemical composition, micro-
scopic atomic structure, and electronic properties in a series of
anhydrous HTlcs with different compositions. After brief
reviews of some experimental facts (section Il) and of the
theoretical approach (section Ill), in section IV we study the
structural parameters and the formation energy of HTlcs based
) ) ) on Mg and Al, with Cl anions, as functions of the Al/Mg ratio
where M' is a divalent metal (Mg, Ni, Zn, Cu, ..), Ma R. Finally, in section V, the dependence of structural and
trivalent metal (Al, Ga, Cr, Fe,...), and"Aann-valent anion  gjectronic properties on chemical composition is examined by
(CO#7, OH-, CI7, SO, ..). The M/MU ratio studying three different HTlcs all having the same valu®pf
R=(1— x)/x IS. L_JSUS.”y Ifjl the range 15 R < 42 i.e., [MgzAl(OH)g]-Cl, [MgsAl(OH)g]-OH, and [MgGa(OH)]-
HTlcs are gaining considerable interest in several technolog- oy | particular, we compare [M&I(OH)]-Cl and [MgsAl-
ical fields, particularly for base-catalyzed reactions. Their (OH)g]-OH, which correspond to the same substrate but contain
properties and applications have been the subject of detailednions with different basicity, on one hand, and J@g(OH)]-

reviews}® and many publications have provided examples of o ang [MgsAI(OH)g]-OH, which have identical anions but
their practical uses. However, many aspects of their behavior yifrerent substrates. on the other.

which depend on the chemical composition still require clari-

fication, for example, changes of the basic activity. Indeed, a || Structure and Properties of Hydrotalcite-Like

larger basicity is found when Ga is used instead of-Agnd/ Compounds: A Summary

or when OH, rather than Cl, is used as a countefibAs these . _ _

findings have a potentially strong impact on industrial applica- ~ HTIcs are structurally similar to brucite Mg(Okf)layers of

tions, an understanding of the connection between HTIc’s €dge-sharing octahedral units, formed by a divalent cation

chemical activity and composition is highly desirable. (partially substituted by a trivalent one) coordinated to six
Molecular dynamics simulations based on first principles ydroxyl groups, are stacked one on top of the other, and

interatomic potentiafs® have proven to be a powerful tool for ~ intercalated by interlayer regions containing water molecules

obtaining microscopic insight into the atomic and electronic and charge-balancing anions. Because of their characteristic

properties of materials, and their evolution with respect to structure, this class of materials goes also under the name of

chemical changes. This approach has already been extensively2yéred double hydroxided DH). The structures of several
Tlcs have been first investigated by Allmdf#®and further

* Corresponding author. Current address: Department of Physics, Characterized in more recent works?®
University of California, Berkeley, CA 94720-7300. E-mail: atrave@ HTlcs can be characterized in terms of various parameters

Hydrotalcite is, in its natural form, a hydroxycarbonate of
magnesium and aluminum, belonging to the class of anionic
clays, with the formula [MgAl(OH),¢]2"+-COs2~+4H,0, and a
layered structure. Its name designates a whole class of natural
or synthetichydrotalcite-like compound#iTics), with generic
formula

M M" (OH), I - [A" ] s mH,0 1)

Civfb?]?\;';ifi’ty%?‘geneva related to their chemical composition and microscopic structure.
1 prmcetoﬁ,’ University. We already mentioned the important' 81" ratio R, which is
8 UMR 5618 CNRS. directly connected to the stability of the material. Depending
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on the chemical composition, HTlcs can be found in nature or TABLE 1: Calculated Geometrical Parameters for Brucite
synthesized within a certain range of values Ryrwhereas ~ Mg(OH)., Compared to the Experimental Value$*

outside these limits there is segregation of putedviM' metal simulation experimeft
hydroxide aggregates. Pure [Mg,Al]-HTIc was theoretically molar vol (cn#/mol) 22 605 24524
predicted to exist only in the range2 R < 3.51° but these a(A) 3.110 3.124
limits have been successfully pushed dowrRte- 1.3?° and c(A) 4.476 4.766
up toR ~ 521 [Mg,Ga]-HTlc has a larger range of stability 1.8 MgO (A) 2.067 2.102

< R < 12.9, due to the smaller difference of the ionic radii for layer thickness (A) 2.043 2112

the Mg—Ga pair with respect to MgAl.22

The number of anions depends Bnas it exactly counter- . ) . ) o .
balances the layer charge introduced by the trivalent atoms. Inchanges but also anisotropic shape distortions. This is done via
the same way, the concentration of water in the formula is @ Lagrangian for an extended system, including the atomic
directly related to the number of anions, and consequently to degrees of freedom and the matrix formed by the three primitive

R, as water molecules usually fill the interlayer space left Bravais vectors defining the cell.

unoccupied among the aniofisHowever, the hydration can The first successful application of a constant-pressure simula-
be strongly reduced by acting on the synthesis conditfams tion method with a first principles approach was made by Focher
with a subsequent calcinatién. et al.}213 and since then this approach has proven extremely

Another defining characteristic of HTIcs is the stacking USeful for the study of phase transformations and material
sequence of the brucite-like layers. Looking at a single layer Properties under pressut&With respect to refs 12 and 13, the
from the top, cations and oxygen atoms are hexagonally |mplemen_tat|on used in this work includes new featl_Jres, such
distributed, occupying respectively sites indicated as A (cation), @S the efficient treatment of ultrasoft pseudopoteriiatero-

B (oxygen above the midlayer plane), and C (oxygen under it), duced inref 31. In th|§ yvorl§, however, we use the varlable-(?ell
whereas the ©H bonds of the hydroxyl groups are vertically FPMD only as an optimization too_l for a complex structure with
oriented and aligned with the OH groups of the other layers. A Many atoms per unit cell. We simultaneously relax both the
class of HTIcs, represented by natural hydrotalcite, has a 3R atomic coordinates and Fhe three unit ce!l vectors until they reach
rhombohedral unit cell of parametess (characterizing the thelr' zero-pressure optimum value. Friction forces have l?een
distances within a layer) and = 3¢’ (wherec is the basal ~ @pplied to all degrees of freedom to allow for a dynamical
distance between two layers), consisting of three layers with Minimization of the total energy. A run would typically be
the OH groups aligned in the sequence-BCA—AB—BC— contlnued until the total kinetic energy associated with the
... A second form of HTIcs, represented by manasseite, has aatomic and cell degrees of freedom would be less thar? 10
2H hexagonal cell of parametessandc = 2¢', containing two au.

layers stacked as BECB—BC—...24 In nature, the two forms As in standard FPMD, we expand the electronic wave
can be often found intergrown. Brucite is yet different, with a functions in plane waves. The approach of Bernasconi €t al.
1H single-layer stacking, BEBC—..., and a different disposi- ~ was followed to maintain a constant energy cutoff in variable
tion of the hydroxy] groups across the inter]ayer space, where cell simulations. We describe electreion interactions in terms
each OH is surrounded by three OH groups in the facing layer. Of pseudopotentials. In particular, norm-conservngseudo-
This stacking sequence has been reported also for some HiTlcs. Potentials have been used for all atomic species but oxygen,

Anionic clays are much less frequent in nature than cationic for which an ultrasof’ potential was employed.
ones. While for a long time their interest was just mineralogical,  Unless otherwise specified, we use the generalized gradient
in recent years the possibility of technological applications of approximation (GGAY for the exchange-correlation energy and
HTlcs, as such or as precursors to other active materials, hagPotential, and an energy cutoff of 25 Ry for the plane wave
become apparent. The presence of highly mobile anions andexpansion. In most calculations, the simulation cell contains 16
the Brinstedt basicity of the layer surfaces have great importance formula units, with two layers of 8 octahedra each, and a total
for direct catalysis or catalyst support, and other uses include number of 83-86 atoms. This choice does not allow the
ion exchange, anion adsorption, and molecular stabilization. The Simulation of structures with a 3-fold 3R stacking, the most
easy control on the composition of synthetic HTIcs and the common in hydrotalcite-like materials, which would require very
possibility to increase the active surface area and the interlayerlarge and cumbersome calculations. However, because the local
volume with appropriate choices of the intercalated anions allow structure of the layers should not be significantly affected by
to finely tune the properties of the material to meet the desired this choice, the comparison of our results with the experimental

requirements. data is justified.
As a preliminary test, we applied the variable cell FPMD to
1. Theoretical/Computational Approach calculate the equilibrium structure of brucite Mg(QHand

. i o . compared it to experimental détdsee Table 1). The agreement
The variable-cell first-principles molecular dynamics (FPMD) i good for what concerns the intralayer geometries, whereas
combines the standard (constant-volume) FPMD apprd&eh,  {he calculated interlayer distance is underestimated-B¢b.
where interatomic forces are explicitly calculated from the This may be related to the fact that the weak interlayer forces
electronic ground state obtained from density functional theory ¢ prucite are not well described in DET. This problem should

(DFT)?" with the method introduced by Parrinello and Rah- pe |ess serious in HTIcs where rather strong electrostatic
mart! to perform classical simulations with constant pressure interlayer interactions are present.

conditions. In standard FPMD the shape and size of the
simulation cell is fixed at the start and cannot be changed during V. R . .

- ) . . Results: Structural Properties of [Mg,Al][CI]-HTlcs
the calculations (fixed-cell MD). Parrinello and Rahnian, P Mg.ATlICl
extending a method originally proposed by Andef8eior In the following we study anhydrous hydrotalcite-like samples,
constant-pressure simulations, introduced a scheme, in whichcontaining Mg and Al as the divalent and trivalent cations
the simulation cell could follow not only isotropic volume respectively, and Cl as the counterion. In subsection IVA the
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Figure 1. Schematic top view of the layers in the HTlc samples of
the first simulation series. Empty and solid circles are respectively Mg
and Al atoms. The contour of the simulation cell is indicated.

arrangement of Al cations is optimized at fixed stoichiometry.
The dependence on the Mg/Al ratio R is analyzed in subsection
IVB.

A. Ordering of Trivalent Cations. We examined the effect
of variable cation ordering in a sample of fixed compositidn
= 3, i.e., [MgAI(OH)g]-Cl. To expedite the calculations, the
volume of the simulation cell was kept fixed, and the experi-
mental cell parameters were used= 3.046 A; ¢ = 7.591
A18). The local density approximation (LD2)was used and
the energy cutoff in the plane wave expansion was 16 Ry. The
simulation cell contained 24 formula units, with two layers of
12 octahedra each, stacked in a 2H sequence-(B&-BC—
...), and a total number of 126 atoms.

In Figure 1 the studied configurations are sketched. In
configuration (a), the distribution of trivalent Al cations is such
that their distances are maximized and no pairs of adjacent Al's
are found. Moreover, the Al cations are vertically aligned in
the two layers. In configuration (b), each layer of the simulation
cell has a pair of adjacent Al atoms, whereas in configuration
(c) the Al's form small clusters of nearest neighbor atoms. After
relaxation, we find that the total energies of configurations (b)
and (c) are 7.3x 1072 and 12.2x 102 eV/Al higher than
configuration (a), respectively. Finally, we examined a fourth
configuration, (d), with the same intralayer Al ordering than
(a), but with a relative horizontal shift of the layers that
eliminates the vertical alignment of the Al's. In this way, the
Al's are stacked in a rombohedral sequence, instead of
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Figure 2. Energetic and geometrical parameters for hydrotalcite with
variable Mg/Al ratio and stacking 2H (solid line) and 1H (dashed
line): (a) formation heat per Al atom; (b) volume per formula unit; (c)
intralayer cell parametes; (d) layer basal distance.

in samples with M and M" cations of similar radius and ratio

R ~ 218 Vertical ordering has an effect on the energetics of
the material, too, but whereas our results indicate that a
hexagonal stacking is favored, experiments find that stackings
with a high degree of disorder are preferf€d° This discrep-
ancy can be probably explained in terms of the small calculated
energy differences between the samples, and the entropic effect
on the thermodynamics of the systems at finite temperature.

As for the anions, we find that the Cl atoms preferentially
occupy sites in the interlayer region that are vertically aligned
with the trivalent cations.

B. Dependence on RatidR. To study how the energetics
and the structural parameters of hydrotalcite depenR,dwo
different series of calculations have been performed, one with
a brucite-like 1H stacking (BEBC—...) and another with a
manasseite-like 2H stacking (B€CB—BC-...). In all calcula-
tions, the trivalent cations have been distributed so as to
maximize their distances, in accordance with the findings of
subsection IVA. The results are summarized in Figure 2, and
Table 2 provides detailed parameters for the investigated
configurations.

Figure 2a shows the formation he@t (per Al atom) as a
function of R. This is calculated as

QIN = (Etot - Ebrucite)/N + (auMg —HUa T /’LCI) 2

whereux is the chemical potential for atom X in the gas phase.
We can see that the dependenc&adn R is strongly nonlinear,

hexagonal. The calculated energy difference with respect to (a)with a minimum (implying greater stability) & = 3 for both

is still positive, 5.2x 1072 eV/Al.

stacking orders. It is also interesting to notice that the 2H

These results show that a homogeneous ordering of trivalentstacking is energetically favored, i.e., is more stable, Up o

cations, minimizing catiofication repulsive interactions, is

4.33, where the 1H and 2H stackings become energetically

energetically favored with respect to configurations with equivalent. HigheR values correspond to samples more similar
adjacent Al atoms, in agreement with the cation avoidancetule. to brucite, and these results suggest that the brucite-like 1H
This behavior has been experimentally observed, particularly stacking becomes increasingly favored in energy. On the other
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TABLE 2: Geometrical Parameters for [Mg,Al][CI]-HTlIc, TABLE 3: Calculated Volume and Cell Parameters for
with 1H and 2H Stackings, at Different R& HTlcs of Different Composition
Q a ¢ Mgo AO layer composition Q (A3 a(d) )
stackng R~ (A% (&) (A (A (A thickness () [Mg,Al] -Cl 38.07 3.026 7.193
1H  1.67 36.85 3.012 7.023 2.056 1.915 1.973 [Mg,All -OH 35.66 3.071 6.547
1H 22 37.79 3.016 7.189 2.058 1.899 1.978018 [Mg,Ga]-OH 36.49 3111 6.532
1H 3 38.20 3.026 7.219 2.058 1.904 1.981
i: 4.33 ;585); 5-1014(? 47-417262 22-(?6671 1.904 22(-)3%9061 shifts with respect to the other, so that the cations are not
© - : - : : vertically aligned anymore.
2H 1.67 37.57 3.006 7.195 2.057 1.908 1.979 yalg y
2H 2.2 3780 3.017 7.185 2.058 1.908 1.977019 . . . .
2H 3 38.07 3.026 7.193 2.058 1.905 2.017 V. Results: Comparing HTIcs with Different M!"' Cations
2H 433 36.40 3.036 6.833 2.061 1.905 2.6Q4057 and Counterions
2H o 25.06 3.091 4.542 2.067 2.044

] ) A. Structural Properties. To analyze the influence of the
_2Two values of the layer thickness are provided when the two layers chemjcal species in HTIcs, we have compared the properties of
in the simulation cell are not equivalent (odd number of Al atoms). [Mg,AN[CI], [Mg,AIlJ[OH], and [Mg,Ga][OH], while the ratio
R (=3) and, consequently, the number of anions were kept
side, forR < 2, the presence of adjacent Al octahedra leads to constant. The natural form of [Mg,AIDH is called meixnerite
increased electrostatic repulsions, and thus to a larger formationand is isomorphous with hydrotalcite. We chose the configu-
heatQ. ration that we found to be the most stable in the previous section,
The dependences of the intralayer cell parametard basal i.e., a 2H stacking wittR = 3.
spacingc’ on R are shown in Figure 2c,d, respectively. The The structural parameters of the three HTIcs are reported in
intralayer geometry is weakly affected by the chemical com- Table 3. We observe that the introduction of O&hions yields
position. A higher number of Al atoms slightly reducesas a a large shrinking of the' parameter, and a slight increase of
consequence of the smaller atomic radius of ] & 0.50 A) the intralayer parametex The first effect can be attributed to
with respect to Mgr(yg = 0.65 A), and the behavior is almost  both the smaller size of the hydroxyl anion with respect to Cl
linear in both series. This correlation has been reported in and the stronger interactions between the anions and the layers.
various experimental workg:18.20 A similar effect ona can be seen by substituting Al with larger
In contrast,c’ shows a strongly nonmonotonic dependence Ga atoms: the intralayer parameter increases, and the interlayer
on R with a maximum afR = 3, and this nonlinearity affects = parameterc’ does not change remarkably.
also the volume of the unit cell, as shown in Figure 2b. The Interestingly, the preferred sites for the OHanions are
decrease irt’ and in volume at larg® is not experimentally different from those for Cl: whereas in the latter case the
observed. This discrepancy may be related to the smallness ofanions are vertically aligned with the trivalent cations, the O
our simulation cell, which does not allow us to well describe atom of the hydroxyl anion lies at the center of a square formed
diluted Al configurations. Moreover, in the experimental samples by two pairs of H atoms facing each other across the interlayer
the presence of water molecules prevents any collapse of theregion. OH" is orthogonal to this square, and oriented along
interlayer distance. one of the hexagonally symmetrical directions of the brucite-
On the other side, a small value Rfcorresponds to a higher  like layer. The different configuration for Cland OH" suggests
electrostatic polarization of both intra- and interlayer regions: that also the interaction between the layers and the anions is
the stronger interactions reduce the distance between the layersgifferent. In the case of C| electrostatic interactions dominate,
at the expense of the potential energy. This behavior has beeras indicated by the fact that their preferential site is found to
both reported and predictéd!® However, comparison of our  correspond to the minimum of the electrostatic potential of the
results with experimef#®2037is not immediate because the HTIc layers, calculated in the absence of counterbalancing
available data refer to systems where interlayer water moleculesanions. For the hydroxyl anions, instead, the 4-fold coordination
and different anions are usually present. The calculated of their preferential binding site suggests an interaction with
typically underestimated with respect to the experiment becausethe layer OH groups stronger than the underlying electrostatic
of the reduced size of the interlayer region. At the same time, potential of the layers. These considerations are consistent with
the layer octahedra in our simulations are less compressed alonghe shorter distance between the layers, and may provide an
the vertical than in real samples, leading to a slight overestima- explanation for the increase of the intralayer parameter in the
tion of the layer thickness (defined as the distance between thepresence of hydroxyl anions in terms of the deformation due to
two planes where intralayer oxygens are situated) and anthe stronger interaction between layers and compensating anions.
underestimation oé. B. Electronic Properties. The study of the electronic
The results in Figure 2 suggest a direct connection betweenproperties is an indispensable step for the understanding of the
the behavior of the total energy and the volume of the samples.chemical behavior of the HTIcs. Several experiments have
The most energetically favored configuration corresponds also reported the large difference of activity of [OH]- and [CI]-HTIcs
to that of maximum volume. As previously noticed, in the limit for base-catalyzed reactions. In particular, this difference has
R — oo, a brucite-like stacking becomes energetically favored, been observed in the catalytic conversion of 2-methyl-3-butyn-
with simultaneously a smallec’ and volume. The smaller  2-ol (MBOH).38 This substrate is indeed sensitive to the acid
volume at lowR for the brucite-like stacking could be an effect or basic character of the solid surface, and its conversion has
of stronger polarization and better packing of more highly been proposé as a test reaction to determine the nature of
concentrated anions and hydroxyl groups, which in this case the active sites. Noteworthy, when the samples are in the
are not facing each other across the interlayer space but aréhydrated state, i.e., with a high amount of interlayer water, [OH]-
rotated 60 around a vertical axis passing through the anion. In HTIc is by far the most reactive for the base-catalyzed reaction.
the pure-Mg sample the 2H stacking is actually found to be This behavior is consistent with the high reactivity (similar to
unstable: our calculations show that upon relaxation one layer NaOH) of the meixnerite-like [Mg,Al][OH]-HTIc, able to
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Figure 3. Electronic density of states of HTlcs and brucite. The centers
of mass of the lowest bands have been aligned. The gap width is
indicated in electronvolts.

Figure 4. Spatial distribution of the two lowest conduction states for
perform, in liquid phase and at low temperature, the self- [M3.Al[CI]-HTlc. LUMO and LUMO +1 are indicated respectively
condensation of acetorféthe condensation of benzaldehyde Py @ yellow and lilac surface. Mg, Al, Cl, O, and H atoms are
and acetorf® or that of citral and acetorf@.In contrast to [OH]- respectively turquoise, violet, green, red, and white.

HTlc, [CI]-HTlc is poorly active for the catalytic conversion of
MBOH.38 Interestingly, for our study, this lower activity also
prevails when both samples are compared in the dehydrated

form; therefore when anionic species only are present in the o~ _

interlayer space, which corresponds exactly to our model. — O .
A first theoretical analysis can be done by comparing the ‘:E)

electronic densities of states (EDOS) in the various cases studied.

These densities are obtained by considering the valence electrons I e 7Y

with the addition of the unoccupied conduction states. Figure 3
shows the EDOS of the investigated samples, together with that
of brucite (to be used as a reference). To align the energy bands,
we assumed that the centers of mass of the innermost bands
(which can be attributed to O(2s) atomic states) are unaffected
by chemical and geometric differences in the samples and are
thus coincident. We can see that the introduction of trivalent
cations and anions in the HTlcs reduces the gap between valence
and conduction states with respect to brucite. In particular, the
OH~ anions reduce the gap by a much larger amount than Cl
whereas no major difference occurs between samples with Ga
or Al atoms. In addition, Figure 3 suggests that the shrinking
of the gap is caused mostly by the decrease in energy of the
LUMOs (lowest unoccupied molecular orbitals) rather than a
higher energy of the HOMOs (highest occupied molecular
orbl_tals). Th|§ feature, ho_wever, is determined by our somewhat [Mg,Gal[OH]-HTlc. LUMO and LUMO-1 are indicated respectively
arb'”a“( choice of Fhe ahgneme_nt of the bands a”?' should thus by a yellow and lilac surface. Mg, Ga, O, and H atoms are respectively
be considered cautiously. If, for instance, the chemical potentials yrquoise, violet, red, and white.

(~midgap energies) were aligned, the gap shrinkage would be

more evenly distributed between increased HOMO and de- that, for the former, the empty states are quite disperse

Figure 5. Spatial distribution of the two lowest conduction states for

creased LUMO energies. throughout the interlayer region, whereas for the latter there
Because the cation type, Al or Ga, does not make any are well-defined regions of localization in the interlayer region.
substantial difference, in contrast with the aniorm Gt OH-, Experimentally, the larger basicity of [OH]-HTlcs with respect

we examined the spatial densities of the near-gap states for [Mg,-t0 [Cll-HTlcs should govern the first step of the aldol formation.
Ga][OH]- and [Mg,Al][CI]-HTIcs, to highlight their differences. ~ FOr example, in the case of acetone:

We found that whereas the HOMOs are mainly intralayer O(2p)
states, the LUMOs have more variable spatial distributions, [OH]-HTIc + CH,COCH; —

mostly confined in the interlayer region, and not directly CH,COCH, +H,O+ HTIc*
centered on the anions. By comparing the LUMOSs of [Mg,Al]-

[CI]- and [Mg,Ga][OH]-HTlcs (see Figures 4-5), we can remark The interaction of [OH]-HTIc with acetone leads to the
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