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The room-temperature reaction of lithium hydroxide with aluminum hydroxide (bayerite) in
the ratio of 1:2 produces lithium dialuminate, LiAl,(OH)--2H;0. Rietveld refinement of X-ray
and neutron powder diffraction patterns indicate that the structure is composed of [LiAl,-
(OH)gl* layers separated by water molecules and hydroxide ions. Disorder in the stacking
sequence leads to indexing the diffraction pattern on a hexagonal cell (a = 5.0972(3) &, ¢ =
7.5524(9) A X 3n layers); however, the structure is better described by a C-centered monoclinic
cell with the constraints the b = av/3 and cos 8 = -a/3¢ (a = 5.097 A, b = 8.829 4, ¢ = 7.741
A,and 8 =103.0°). The diffraction patterns were refined using a model of up to 54 layers (~400
A). The layer stacking vector, which defines the angle between layers, is less than expected
based on the position of the diffraction peaks. The structural complexities present in lithium
dialuminate have their origins in the conditions of synthesis and the layered nature of the

material.

Introduction

Mixed metal hydroxides with layer structures form a
class of compounds related to clays.-* These materials
consist of positively charged metal hydroxide sheets
between which anions and water molecules are located.
The natural carbonate-hydroxide of magnesium and
aluminum occurs in two different structures, rhombohedral
hydrotalcite and hexagonal manasseite. While both phases
are commonly intergrown, manasseite generally forms the
core and hydrotalcite the outer part of the grain. Hy-
drotalcite appears to form later than the coexisting
manasseite phase and, presumably, at lower temperatures.
Artificially synthesized hydrotalcite-like compounds have
been studied extensively.5® The principle areas of interest
are catalyst supports, anion exchange materials, fire
retardant materials, and as a catalyst precursor for high
surface area a-LiAlQ,.9:10

The mineral hydrotalcite, [Mgs;Al(OH)z)2(CO3)-2H-0,
can be thought of as composed of Mg(OH). (brucite) layers,
in which each Mg?* cation is surrounded by six hydroxyl
groups in an octahedral arrangement. These octahedra
share edges to form sheets. When an Al%* cation replaces
a Mg?* cation, each layer gains a positive charge which is
balanced by interlayer anions. The interlayer species can
beeasilyion exchanged. Related hydrotalcite-like phases
can be expressed by [(M2+);_,(M3*),(OH),]**-
(A"™);/mnH30, where M2+ = Mg, Ni, Fe; M3* = Al, Cr;
Am- = OH-, CI-, CO3%-, and x ranges between 0.20 and
0.33.
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The general formula of hydrotalcite can be extended if
M2+ is replaced by M*. Serna et al. first obtained the
hydrotalcite-like compound using monovalent lithium
cation with the composition [LiAl2(OH)gl2(CO3)-nHo0.11
As in natural hydrotalcite, this Li-Al hydroxycarbonate
comprises AI(OH); layers, in which the empty octahedral
sites left by Al3* cations are occupied by the Li* cations,
resulting in a positively charged layer that requires an
interlayer anion for charge balance. To date, thestructure
and ion-exchange behavior of these materials remain
relatively unexplored.’? In this paper we report the
detailed structural characterization of [LiAlo(OH)gl*-
OH~2H,0 prepared by the room-temperature reaction of
Al(OH); with LiOH-H>0 (salt imbibition).

Experimental Section

Previous work!? involved the preparation of chemically mod-
ified solid precursors by a salt imbibition technique.!* Anions
other than carbonate were considered. Lithium hydroxide and
lithium nitrate were imbibed into layered AI(OH); at room
temperature. The synthesis is easy to carry out and is an
improvement over the conventional solution process because the
problem of incomplete reaction can be overcome by the direct
reaction of the lithium salt with polycrystalline AI(OH); in the
solid state. These solids readily react when placed together and
exposed to water vapor.? For example, 0.5 g (6.4 X 10-2 mol) of
dried bayerite and 0.1348 g (3.2 X 10~ mol) of LiOH-H;0 were
mixed by grinding in an alumina mortar. The mixture was placed
in a glass tube under flowing water-saturated nitrogen gas at
room temperature for several days. Other hydrotalcite-like
phases can be prepared by an analogous method. The reaction
does not occur if the carrier gas is dry air or dry nitrogen. The
final composition has one hydroxyl anion and two water molecules
incorporated into the structure, as determined by thermogravi-
metric analysis. Excess water was initially found on the solid
but can be removed by vacuum drying at room temperature.
Presumbly, water molecules reside on the surface and inside pores
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and assist the salt imbibition by interparticle diffusion of lithium
hydroxide.

The powder X-ray diffraction pattern of LiAl,(OH)--2H,0 was
collected using Cu Ka radiation filtered with nickel foil on a
Rigaku diffractometer which employs a Bragg-Brentano geo-
metry. Datawere collected at room temperature by step scanning
over the range 9° < 20 < 80° in increments of 0.02°. Multiple
data collections were required. Initial analysis of the data
indicated a serious problem with the intensity ratio of the (003)
and (006) peaks when the dispersion slit was too wide such that
some of the incident beam missed the sample at low angle. The
relative intensity of the (003) reflection in previously published
work!? is ~30% too low. To determine peak intensities, small
portions of the pattern were fit using a nonlinear least squares
program (a Marquet method after Bevington!®) to pseudo-Voigt
shaped peaks according to eq 1. ox is the peak width of the Kth
reflection. Simulated intensities where generated by Lazy-
Pulverix!® and plotted with pseudo-Voigt shaped peaks that had
a width of 0.15° 26 and 75 of 0.5.

2 (26, - 26,)° ]
P,.K-%[1/(1+4 . +

Ok

8(n 2)Y2 i 1n 226.2602/5
(1-m)- (,.-1/2;,<  in 2O (1)

P, =0 for (26~ 20)* > (Ciyyy05)°

A time-of-flight neutron data set was collected at room
temperature at the intense pulse neutron source (IPNS) facility
at Argonne National Laboratory. The sample used to acquire
the neutron pattern was prepared by hydrothermal exchange of
LiAl,(OH)+2H,0 with D,O. The deuerium to hydrogen ratio is
approximately 3:1. A smallamount of alithium-rich second phase
(Li/Al ~6) was detected in the X-ray powder pattern. It hasnot
yet been isolated as a single phase. The four most intense peaks
are at 21.3° (100%), 30.6° (70%), 31.8° (95%), and 34.1° (40%).
Only the two most intense peaks are weakly visible in the
diffraction patterns, and the phase is neglected in the refinements.

Results and Discussion

Basic Structure. The bayerite structure is mono-
clinic,!617 but the distortion from hexagonal symmetry is
relatively slight and can be approximated with a pseudo-
hexagonal cell in which @ ~ 5.1 A and ¢ ~ 4.7 A3 In
Al(OH); the aluminum cations occupy two-thirds of the
octahedral sites between sheets of close-packed hydroxyl
anions. After salt imbibition, the lithium cations pre-
sumably fill the remaining octahedral sites and the unit
cell expands in the direction perpendicular to the bayerite
plane to accommodate the two water molecules and one
hydroxide ion per formula unit. The amount of expansion,
2.8 A per layer, is the appropriate size for a layer of imbibed
hydroxide ions and water molecules. A hexagonal unit
cell was used to index the X-ray and neutron powder
diffraction patterns with parameters a = 5.103(1) A and
¢ =22.674(8) A (Figure 1).13 The intralayer cell parameters
a and v associated with the intralayer dimensions are
unaffected by the reaction so it is reasonable to assume
that any distortions areslight. It has been proposed, based
on the ion-exchange chemistry, that the lithium occupies
the vacant octahedral sites in the bayerite framework.1?
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Figure 1. Neutron (above) and X-ray (below) diffraction patterns
of LiAl,(OH);-2H,0 with some important reflections labeled.

(OH)CL-:2H,0 (right). The size of atoms reflects crystal radius
rather than thermal vibrations.

The lithium atom position will not have a strong impact
on the diffraction intensities since the difference between'®
a vacancy and lithium atom (3 e-) is small compared with
two aluminum atoms (26 e-) and the number of electrons
per [LiAl,(OH)s]*OH-2H,0 unit (112 e7). The tripling
of the c axis has been examined carefully!® against two
major peaks at 26 = 40.5° and 26 = 48.0° that cannot be
indexed unless a triple layer unit cell is employed. The
Bragg reflections with L = 3n also indicte a tripled c axis
is the repeat unit.

Relationship to [Ca;A1(OH)¢]*C1-2H,0. To derive
a structure based solely on powder diffraction data is a
difficult undertaking. As much as possible, the known
chemistry should be consistent with the proposed struc-
ture. A search of hydrotalcite stoichiometries with struc-
tural data produced one possibly related compound,
CaAl(OH)eCl-2H0. It has the same charge density and
number of intercalated species and the anions are ap-
proximately close packed. The structure of this compound
was reported by Burzlaff et al.2%2! and is compared with
that of bayerite in Figure 2. A comparison of the simulated
powder patterns of this and other close-packed models
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Figure 3. Simulated X-ray diffraction pattern of one LiAl;Og layer per unit cell. ® and ® represent lithium and aluminum atoms.
® and @ represent oxygen atoms above and below the metal atom plane.

did not reveal any obvious similarity. There are some
structural elements present in the calcium structure that
cannot be present in the dialuminate. The larger calcium
cation expands the ab plane to 5.2 A on an edge relative
to 5.1 A in the dialuminate. The calcium ion is seven-
coordinate including the intercalated water molecule. This
type of bonding cannot be present in the dialuminate
because the plane does not expand and the aluminum and
lithium have considerably smaller ionic radii. This further
explains the stability of the calcium compound where
crystals form under hydrothermal conditions at 200 °C.
The dialuminate decomposes at much lower temperatures.

Structural Models. The hexagonal indexing'® ac-
counts for the observed reflections, but the number of
unobserved reflections is cause for concern with less than
two dozen observable reflections while there are 69 atoms
perunitcell. Therefore, many of the atoms must be located
onsymmetric or nearly symmetricsites. Onemightexpect
that the distortion from a single layer cell would be small
and the (HKL) reflections with L # 3n should have near
zerointensity. Models based on close packed oxygen atoms
all produce strong reflections for L = 3n. In contrast, the
observed pattern is quite different. The third and fourth
most intense peaks are indexable as the (118) and (115),
respectively, while the (113), (116), and (119) (those with
L = 3n) are extremely weak. The (115) and (118) are
strong reflections, so strong that the LiAl;04 layers must
constructively contribute since they account for approx-
imately 75% of the total electron density.

To begin to develop a structural model, the theoretical
X-ray powder pattern of a single layer of LiAl;O¢ in the
unit cell was calculated (Figure 3). The scattering owing
to different HK reflection sets, shown as dashed ines, was
modeled with a single LiAl;O¢ layer in an arbitrarily large
(>1004) cell. Asexpected, the scattering is strong for the
(11L) reflections and it is the (11L) reflections that are
responsible. Therefore a structure composed of these

LiAl;Og units will result in destructive interference of the
single layer diffraction pattern.

Atomic Positions. The relative positions of the two
remaining LiAl;Og layers must be chosen so that they
constructively interfere for the (115) and (118) and are
located at roughly !/; and 2/5 along the z axis. Figure 3
shows the projection of the first LiAl;O¢ layer, centered
at z = 0 where each circle represents a column of atoms.
Also marked are the (115) and (118) Bragg planes and the
z = /3 and ?/; levels. This viewing direction is useful
because the Bragg planes of interest appear as lines and
their intersection occurs at 1/3 + /5 (n is an integer) the
distance across the 110 direction for z =!/3. The condition
is then that AX +AY =2%/3+ n. To completely determine
AX and AY, a second family of reflections must be
considered. The (300) and (303) reflections are strong
and the same argument as for the (11L) applies. The
projection also shows the (300) and (303) Bragg planes.
They intersect at AX (or AY) equal to */s. Combining
these criteria, there appear to be three possibilities for the
vector between successive layers [1/3,1/3,1/5], [0,%/3,1/3], and
[2/3,0,1/3]. These are equivalent and correspond to 120°
rotations of the unit cell axes. Figure 4 shows the
calculated X-ray powder pattern for this model. The
desired peaks are present and strong if not at the correct
relative intensities.

The positions of the three interlayer oxygens (from the
hydroxide and water molecules) were determined in the
same manner as the LiAl,Og units. The (111), (112), and
(1110) were underestimated relative to the (115) and
(1111) reflections by the model in Figure 4. We take the
same approach as with the layers to determine the positions
of the intercalated atoms. But there is an additional
complication, thatis the (11L), (21L), and (12L) reflections
are not equivalent as they would be if the structure was
truly hexagonal. The solid lines represent the reflections



300 Chem. Mater., Vol. 5, No. 3, 1993

20 30 40 50

Thiel et al.

70 80 90 100

— 20 (CuK,) —
Figure 4. Simulated X-ray diffraction pattern of three LiAl;Og layers per unit cell.
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Figure 5. Simulated X-ray diffraction pattern including interlayer oxygen species.

that are stronger in the observed pattern than in the
calculated, while the dashed represent those that are
weaker. From this we estimate the interlayer oxygens to
be located at (1/6!1/6’1/5)) (l/2i5/6’1/6): and (51"5;1/'2;1/6) and at
the same relative positions between the other layers,
+(1/3,Y/3,'/3) and +(2/3,%/3,2/3). The calculated pattern is
shown in Figure 5. The error in the relative intensities is
now reversed, and the (115) is too small relative to the
(118) and (112). Nonetheless the pattern is quite similar
to the observed pattern. Another iteration of this pro-
cedure suggests displacing the intercalated atoms slightly,
AX,AY =~-0.03. At this point locations for all the atoms,

except hydrogens, have been chosen, and, because rela-
tively small displacements are being considered, the model
is sufficiently determined that it can be analyzed using
the Rietveld method. The Rietveld method requires a
space group as well as atom positions and a unit cell. The
choice of space group can be avoided by using P1 and
determining the approximate symmetry by coupling the
shifts of the atomic positions. This brings up the question
of the correct unit cell.

Unit Cell Size. The staggering of the layers means
that the structure is not hexagonal despite the observation
that all the observed reflections can be indexed on such
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Figure 6. Rietveld refinement of LiAl;(OH)7-2H,0 in C2/m.

acell. Asmaller C-centered monoclinic cell can be formed
from the triple layer cell by the matrix:

BRI

mono

We will continue to describe the cell in terms of our original
model since it is easier to visualize in much the same way
that an fcc lattice is easier to picture as a cube than the
primitive rhombohedron. The smaller cell will be used
for Rietveld refinement. This is done for C2/m,the highest
possible symmetry in the monoclinic setting. The result
is shown in Figure 6.

The region of the powder pattern with the largest
deviation relative to the calculated pattern is from 19° to
32°, The calculared peaks in this region are (10L)
reflections in addition to the (006). There is asharp onset
just below 20° 26 and then a gradual and uniform decrease
in intensity which doesn’t reach the initial background
until at least 26°. This is intrinsic to the material, not an
instrumental effect, and reproducible in every preparation.
The (10L) reflections are crucial to answering the question
of the lithium site. The intensities calculated for the (10L)
reflections result from the difference in scattering of
lithium versus that of aluminum and the expansion of the
coordination sphere around the larger lithium ion. The
(10L) lines would be systematically extinct for a random
occupation of the three metal sites in the LiAl,O; layer.
With the current unit cell, there are only a few reflections
in this region and no amount of line broadening can
generate the observed peak’s asymmetric shape. This is
further reflected in the atomic parameters of C2/m
refinement and a less constrained refinement in P1 listed
in Table I. The thermal parameters are not physically
meaningful because the effect of site occupancy and
thermal parameters is to produce a large difference at low
angle and little difference in scattering at higher angles
to follow the asymmetric region as well as possible.

The model cannot account for all the diffraction
intensity in the region between 20° and 26°. A small
contribution is made by the lithium-rich impurity (the
peaks at 21 and 29°) but not the majority of the intensity.
A more complex ordering of the lithium positions from
one layer to the next would generate a supercell and
intermediate reflections in the region. The rest of the

ol = =
COlt =t =
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Table I. Refined Unit Cell and Atomic Parameters in P1

and C2/m

atom site X Y zZ B

Li le,1 0 0 0 ~ 986
Al 2i,1 0.337 0.690 0.000 7.7
(815 2,1 0.312 0.951 0.149 4.7
0(2) 2i,1 0.953 0.229 0.125 14
0(3) 2i,1 0.625 0.604 0.136 4.8
0«) 1h,1 LYy g g 8.7
0(5) 2,1 0.209 0.875 0.506 12.5

a=5095A4,b=5.0934,c=177576 A, « = 83.17°,
B = 83.73° v = 119.93°

Li 2a, 2/m 0 0 0 -19
Al 4g,2 0 0.335 0 2.3
o) 8j,1 0.866 0.181 0.134 - 1.8
0(2) 4i,m 0.397 0 0.142 1.9
0@3) 2d, 2/m 0 /s 1, 11
0(4) 4h, 2 0 0.155 1/, 7.1

a=5.097A,b=88284,c="77184,8=102.7°

pattern would be largely unaffected by any ordering of
metal atoms. For the (00L), (11L), (30L), and (22L)
reflections, the metal sites in the LiAl,O¢ layers project
onto each other so that only the average electron density
is important. The size of a supercell must be relatively
large, a minimum number appears to be approximately
8-10layers. Thislarge cell generates sufficient overlapping
reflections that can not be observed discreetly. Extended
ordering does not seem reasonable in a material with poor
crystallinity as evidenced by the breadth of the observed
peaks. The peak widthis a measure of the effective particle
size. According to the Scherrer formula: ¢ = 0.6\/B cos
fp where t is the thickness, 0 is the angle of the reflection
and B is the degree of broadening in radians relative to
a highly crystalline standard. The width of the (006)
reflection indicates an effective thickness of ~150 A or 20
layers, or in other words the “unit cell” is the effective
length of the crystallite. Therefore the stackingis random
and does not distinguish between lithium and aluminum
positions and, as noted before, there are three equivalent
positions when choosing the position of the next layer.
The relative position of one lithium to those above and
below is random with (AX,AY) either (1/3,1/3), (%/3,0) or
(0,%/3). The imbibition reaction does not maintain the
long-range ordering of the layers as the lithium cations,
hydroxide anions, and water molecules diffuse in from the
crystallite edge separating the layers. The effectissimilar
to stacking faults in close packed structures. Owing to
crystal growth conditions,?? martensitic phase transitions,?
or plastic deformations,?¢ some layered systems are known
to transform to partially ordered systems alternating
between hep and cep type stacking.

The scattering owing to disordered stacking of layered
materials was addressed many years ago by Teller?® among
others.?627 The scattering is described by equation 3. L
is the particle length and 6, is the location of the peak for

1+ cos (20) =

1) = o exp{-[x% - (2V/7L/\)(sin 6 -

sin® 8 cos 0
sin 6)1% dx (8)
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Figure 7. Schematic drawing of a 12-layer model. Only lithium
atoms are shown to indicate the shifts.

anordered material (the 100 Bragg reflection in the lithium
dialuminate case). The diffraction for LiAl,(OH)»-2H50
is more complicated because multiple atoms contribute to
the scattering from each [LiAla(OH)g]™ layer. The ex-
pansion of the oxygen atoms around the lithium cation
strongly affects the diffuse intensity owing to plane
scattering, as well as the Bragg peaks; therefore, it is not
possible to decouple the two. A random stacking sequence
does explain the original hexagonal unit cell parameters,
when the staggering of the layers would be expected to
produce a monoclinic system (b = aVv/3 and cos 8 = —a/3c).
The pseudohexagonal symmetry results when small de-
viations are averaged out by the random stacking of the
layers.

Twelve-Layer Model. With no way to readily account
for the interference between the oxygen and metal ions in
the diffuse scattering, modelling the random stacking poses
a problem. A thorough approach would be to generate a
large number of different stacking sequences, calculate
the intensity in reciprocal space, convolute the Fourier
transform of an appropriate shape function for each
particle, determine how reciprocal space will map to the
observed intensity for our diffractometer, and finally add
all the components together. All of which is far too
computationally involved. Available programs are de-
signed to calculate the ideal structure and then use a
smoothly varying peak shape function to account for the
shape function and diffractometer. A reasonable approx-
imation could be made by using a model so large in the
¢ axis that the oscillations associated with the model are
the same magnitude as the noise associated with the
observed pattern (counting statistics). As a compromise
between damping the oscillations and computing time, a
12-layer model (Figure 7) was used. A stacking sequence

was selected in which L10L + 01L + 11L + 10L + 01L +
11L changed as little as possible as a function of L. A

Thiel et al.
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Figure 8. Rietveld refinement of a 12-layer model.

multiple of three layers was used so that the cell can be
constrained to hexagonal dimensions (@ = b, « = 8 = 90°,
and v = 120°). The atomic parameters in different layers
were coupled by the coding of the variables.

The next question is the symmetry relationships of the
atoms. The atoms within the [LiAl.(OH)g]™ layer were
initially restricted to D3y symmetry so that only uniform
expansion about the lithium cation was allowed. The
intralayer bonds are not likely to distort significantly
because they are strong compared with hydrogen bonding
to the intercalated layer. The atom positions in the
intercalated layer were correlated with the [LiAlo(OH)gl™*
layer immediately above and below. (The shift from one
[LiAl;(OH)gl* layer to the next can be in the -X, -Y, or
X + Y direction.) Hydrogen atoms of the [LiAlo(OH)gl*
layer were located at a normal crystallographic distance
of 0.95 A above the oxygens but were restricted in X and
Y to fractions of !/4 affecting only the intensity of Bragg
reflections where H2 + HK + K2 = 3n and L = 3n. The
hydrogen atoms associated with the intercalated water
molecules and hydroxide anion were not included in the
model.

The refinement of the 12 layer model shown in Figure
8 is significantly better compared to the refinement of the
monoclinic model shown in Figure 6. In the difference
profile exhibits some peak shape discrepancies (see Figure
8), noticeable, for example, in the (115) and (118) Bragg
peaks that are calculated to be too narrow and the (300)
and (303) calculated to be too wide. Adjustment of atom
positions or other refinement variables can reduce the R,
slightly but will not address the discrepancy in peak shape.

Peak Shape. At this point, it is useful to turn to the
refinement of the neutron diffraction data. The programs
are more versatile and the resolution of the instrument is
better. The diffuse scattering owing to disorder which
was an important component of the X-ray diffraction
pattern is only weakly observed for the (20L) region
between the (117) and (118) peaks and can be ignored.
Initial refinement of the cell and peak widths were
unstable. Small portions of the pattern were analyzed
using a Marquet method to fit peak positions, intensities,
and widths after the functional form of the TOF refinement
programs. Theresults arelisted in TableIIl. The observed
pattern of widths, v/ o2y, increases then decreases with
decreasing time-of-flight in contrast to the expected
pattern of decreasing widths for a normal material.
Anisotropic particle shape or strain can result in a variation
of widths. In this partially disordered layered material
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Table II. Neutron Powder Data for LiAl,(OD)+-2D.0

HKL time (us) o2ukL Ik /1)
111 26381.2(2) 1703 2946
009 26110.5(3) 2003 1524
112 25908.7(6) 1921 735
114 24181.0(5) 2934 976
115 23124.2(4) 2901 1179
117 20794.4(39) 1708 51
118 19695.1(6) 2446 635

0012 19559.0(30) 830 64
1110 17572.7(12) 2327 142
1111 16637.6(64) 1314 17
0015 15645.6(3) 351 166
300 15308.5(1) 182 659
303 15023.2(3) 237 230
1113 14927.8(53) 1652 31
306 14248.9(25) 418 27
1114 14165.7(26) 503 28

the anisotropic direction is along the c axis. The anisotropy
is present to a small degree (compare the (112) and (111)
to the (009)); however, the peaks appear broadest along
the (115) or (118) where such anisotropy does not seem
physically reasonable.

The variation in peak shape and width cannot be
accounted for by the present model including anisotropy.
The variations are due to disorder of the material which
was described earlier. However, the simplifying assump-
tion that the shift was exactly a/3 based on the position
of the Bragg reflection is not correct. That is, the layers
are not shifted by exactly a/3 form one layer to the next.
The shift value differs from a/3 but not by a great deal or
the refinement would not have progressed as it did.

This can be shown by modelling a very large cell and
introducing a slightly increased or decreased staggering.
Theresult is a set of strong peaks spaced by the difference
from /3 of the shift in fractional coordinates from layer
to layer. The separation of these peaks is constant in
reciprocal space and so will produce an observed increase
in width, Ad, according to eq 4. The fractional shift is

9Lx + %%
(Y d i) + (L + x)*

Adyy;, = dpyy )

roughly 0.018 (0.1 A) so that the shift from one layer to
the next is not a/3 but a/3 + 6 or a/3 — 6, 6 = 0.018. The
effect is symmetric for the peaks being considered, but
not for the line diffraction as demonstrated in Figure 9.
Analysis of the (10L) indicates that the shift is less than
3.

The magnitude of the horizonal shift from layer to layer
also determines the size of the model that must be used.
That is the number of layers must equal 1/6 ~ 54 layers.
The deviation in the shift from 1/3 is the origin of the
peak shape problem observed in the X-ray refinement.
After allowing for the shift between layers into the X-ray
model, it is apparent that the broadening effect is larger
than for the neutron data because of the hydrothermal
treatment of the latter. For samples not subjected to
hydrothermal condition, the average deviation of the shift
from /3 was approximately 0.048. The Rietveld refine-
ment for this model is shown in Figure 10 and the
refinement parameters are listed in Table III. Incorpo-
rating the fractional shift, §, the monoclinic parameters
are

a=a, b=aV3, c= (¢, + a2y + 5DV,
cos § = —(a;/3cy) — (day/cy)
where a = 5.0972(3) A, b = 8.8286(5) A, ¢ = 7.6911(60)
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Figure 9. Calculated X-ray diffraction pattern of LiAl,-
(OH)+-2H,0 for three values of the shift between the layers.
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Figure 10. Rietveld refinement of a 54-layer model.

A, 8 = 101.103(118)° where the large uncertainties in c
and 3 are caused by the error in § = -0.048(3). The same
model can be rewritten in C2/m as if the stacking disorder
was not present (see Table IV).

Conclusions

Despite the complexities in the analysis there are two
central features of the structure that are important and
unambiguous. The cations within each [LiAl;(OH)el™
layer are ordered and the disorder in the structure is simply
that although the cations in each layer are ordered their
relative positions in successive layers are random. The
diffuse scattering is not caused by disorder in packing of
the layers or in water/OH- layer as might have been
expected.
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Table III. Refined X-ray Rietveld Parameters for a 54-Layer Model

atom X Y Z B N
Li 0 0 0 B, 1
Al i/ 2/5 0 B; 1
Al 2/ /3 0 B, 1
0(1) Ys+ 0 8/n B, 1
0(2) 0 st Bin B, 1
0®) 3-a Y3-a B/n B, 1
04) Y3-a 0 -B/n By 1
0(5) 0 3—a -B/n B, 1
0(6) Ys+ a s+ a -B/n B, 1
HD 1Ys 0 B+~/n 2 1
H(2) 0 Y3 B+~/n 2 1
H(3) 2/3 23 B+~v/n 2 1
H4) %g 0 ~B+v)/n 2 1
H(5) 0 23 =B+ v)/n 2 1
H(6) Y3 Y3 -B+7v)/n 2
o7 Yo+ 8 Yo+ Ya B3 g
o) g8 Y9-8 Yo B Yo
H() Yate o= Yo 2 Yq
H™) p—e€ Yote Y 2 g
0(8) Yo+ ¢+ S+ ¢+ s B, 1Yy
0(8) Ye+ -1 S+ -7 s B, g
H(8a) g+ ¢ +q+6 S+ {+n+6; Ya 2 g
H(8b) g+ $+n+b; St ¢+n+6; g 2 g
H(8a) Ye+—n+6: 56+ {-n+6; g 2 Yo
H(8b) Y+ §—n+06; S+ ¢-n+6; /g 2 P
09 S6-¢+n Ye=(¢+n g By Yo
0(9) 56--n Ye—¢—n Yo B, g
H(%a) S=¢+n+6; Y=+ n-06; Ya 2 Yq
H(9b) S6=—F+n+6; Ye=—f+n-6 g 2 Yy
H(%a) S=¢-n+6, Ye—{—-n—-0 g 2 Ya
H(9b) 56=¢-n+6; Yeg=§-n-0 s 2 g

hydrogen parameters set at v = 0.95 A, 6; = 0.08086, 8, = 0.2136, ¢ = 0.1

a = 0.0291 (7), 8= 0.129, 6 = 0.166 (3), { = 0.011 (4), » = 0.086 (4)
B, =0.7(1), By, = -0.3(1), B3 = 4(1), By = -2.2(2)

a =5.0972(3) A, ¢ = 7.5524(9)-54, slide = 1/3 - 0.048(3), n = 54
54-layer stacking sequence:
11210000111120211122011001200022020221102120212010222
R, = 10.85, Ry, = 13.58

Table IV. The 54-Layer Model Transformed into C2/m If
No Stacking Disorder Were Present

atom site X Y V4 B N
Li 2a,2/m 0 0 0 07 1
Al 4g,2 0 s 0 07 1
o) 8j,1 0.2820 0.3188 0.129 03 1
0(2) 4i,m 0.2675 0 0.129 03 1
H() 8j,1 0.26066 /g 0.255 2 1
H©2) 4i,m 0.26066 0 0.255 2 1
o 4i,m 0.334 0 /9 4 /s
H() 4h, 2 Yy 0.1 /o 2 Yo
0(8) 8j,1 0.339 0.414 s -22 1,
H(8a) 8,1 0.405 0.561 1y 2 P
H(8b) 8,1 0.405 0.267 /s 2 g

a=5.0972(3) A, b = 8.8286(5) A, ¢ = 7.6911(60) A, 8 = 101.103(118)°

This structural behavior has implications for the use of
this material and other layered double hydroxides.?®
Catalytic properties are primarily the result of local
environments, and while long range disorder complicates
the analysis it does not present a serious problem for the

(28) Wang, J.; Tian, Y.; Wang, R.-C.; Clearfield, A. Chem. Mater.
1992, 4, 1276.

application of these materials. Disorder can have a direct
affect on other properties and applications. For example,
Dutta et al.2? have reported the onset of nonlinear optical
behavior in an intercalated lithium dialuminate. Second-
order harmonic generation depends on the degree of
alignment in a noncentric environment and disorder is
generally detrimental. Long-range ordering of the layers
and associated intercalated species is required for efficient
nonlinear optical properties and an effective synthesis will
have to address ways of achieving this effect.
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