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Thermal analyses and X-ray diffraction (XRD) were com-
bined with refinement and simulation of the XRD patterns in
order to elucidate the evolution of the atom distribution in the
interlayer domain of the [Zn—Al-Cl] layered double hydroxide
during heating. Rietveld refinement indicates that the structure is
composed of [Zn,_ Al (OH),]*** layers separated by water
molecules and chloride ions. Zn and Al are randomly distributed
among the octahedral positions. The OH layer sequence is
—BC—CA—-AB-BC-. Oxygen of water molecules and chloride
ions, also randomly distributed, prefer positions at about 0.76 A
of the threefold axis. The simulation of the XRD patterns shows
that these positions were imposed by geometric constraints of
water molecules connecting two OH groups of adjacent brucite-
like layers. © 2000 Academic Press
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I. INTRODUCTION

Layered double hydroxides (LDHs) of the general for-
mula (1)

M} M (OH), 1" [X%), -nH,O*~
symbolized by [M"-M"-X]

are characterized by M(OH), layers formed by an associ-
ation of edge-sharing coplanar octahedra. The presence of
a trivalent metal implies a positive charge for the layers,
which is counterbalanced by the presence of hydrated an-
ions between these layers. LDHs exist as minerals but are
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also synthesized by various methods based mainly on the
controlled coprecipitation of metallic salts (2).

The only structural studies on single crystals for these
compounds were performed on minerals (3-6). The impossi-
bility of obtaining suitable synthetic single crystals renders
their structural analysis by XRD very delicate. However, the
Rietveld method (7,8) makes it possible to solve some cry-
stalline structures of LDHs from powder XRD data (9-12).

In these compounds, if the structure of the hydroxylated
M(OH), brucite-like layers is well known, the organization
of matter in the interlayer domain is, in contrast, less well
defined. The work described in this paper was undertaken in
order to locate the interlayer atoms in a [Zn-Al-Cl] LDH
phase, by combining thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) with XRD to the refine-
ment and simulation of the powder XRD patterns. The
selection of the [Zn-Al-CI] system among other LDHs was
related to the better crystalline organization that could be
obtained. The studied compound has a trivalent metal ratio
x =1/3.

II. MATERIALS AND METHODS

The starting material, [Zn—-Al-Cl], was prepared follow-
ing the standard coprecipitation method described by
Miyata (2). Aqueous solution containing ZnCl, and
AIC1;.6H,O (Zn"/AI™ = 2) was slowly introduced under
stirring in a reactor containing freshly deionized water. The
pH was maintained constant at 8.5 by the simultaneous
addition of NaOH. The resulting slurry was then left under
stirring for 24 h. The precipitate was filtered, and washed
several times with water. It was then dried in air at ambient
temperature. For the prepared compound, chemical analy-
sis and TGA are in agreement with the following formula:

Zn2/3A11/3(OH)2C11/3 : % Hzo
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Simultaneous DTA and TGA experiments were per-
formed on a Setaram TGA 92 instrument. Curves were
recorded from ambient temperature up to 1030°C at a rate
of 5°C/min under a 17% relative humidity air flow and
using 20 mg of the sample, which was initially in equilibrium
with this air flow.

The XRD equipment used was a Siemens D 501 diffrac-
tometer. Samples were rotated while being exposed to Cu
Ko radiation. All samples were passed though a 100-pm
sieve before the filling of the sample holder by using
McMurdie’s method (13) in order to avoid preferential ori-
entation. During data collection, the sample holder was
rotating at the speed of 30 revolutions per minute.

Powder XRD patterns were recorded at room temper-
ature from original precipitate and later from samples
heated at 100, 130, 150, 180 and 240°C for 24 h, upon
cooling. Measurement conditions were 20 range, 2-76°; step
size, 0.08° 20; step counting time, 4 s. For powder XRD
patterns from original precipitate, used for structural refine-
ment, the analysis conditions were 20 range, 5-105°; step
size, 0.04° 20; step counting time, 20 s.

Software based on the formalism of Debye (14) was ap-
plied for the XRD pattern simulation. The position of every
atom in the unit cell is drawn directly from structure refine-
ment data obtained by the method of Rietveld. A volume of
50 unit cells along a and b and 5 unit cells along ¢ was
sufficient to get a good definition of the XRD lines (9).

III. RESULTS AND DISCUSSION
1. Structural Evolution

The thermal decomposition of the synthetic [Zn-Al-Cl]
compounds was investigated by TGA-DTA and XRD.
TGA-DTA diagrams (Fig. 1) are quite similar to those
obtained and reported in previous works (15,16); i.e., two
steps of weight loss were observed, the first attributed to the
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FIG. 2. XRD patterns for [Zn-Al-Cl] at different temperatures.

loss of interlayer water, which is complete at about 200°C,
and the second to dehydroxylation (collapse of the lamellar
structure at 240°C) leading to the formation of zinc oxide
(ZnO) and a spinel phase (ZnAl,0,) at higher temperatures.

XRD patterns of heated phases are shown in Fig. 2. The
study was limited to samples heated up to 180°C, since
complete thermal decomposition occured at 240°C. The
XRD patterns corresponding to the rhombohedral sym-
metry (space group, R-3m), were indexed in an hexagonal
lattice. The a and c lattice parameters were estimated using
(110) and (003) reflections, respectively. In the studied tem-
perature domain, the evolution of chemical composition is
described by n, the number of interlamellar water molecules.
It is obtained from the TGA data. Another suitable para-
meter is the basal spacing of the layers d = ¢/3. These
parameters and the cell parameters are listed in Table 1 for

0 . .
\ 9% DTA each stage of thermal treatment. 'The‘mterlayer distance
S mW d decreases when the temperature is raised to 130°C. After
2 -10 - ex0. this temperature, an inverse evolution was noted at 150°C
< 16.9 %
2
20 TABLE 1
. 520 °C Y Cell Parameters and Composition of the Phases
at Different Temperatures
-30 142 %
T (°C nm - (nm d (nm
1355 Q) a (nm) ¢ (nm) n (nm)
40 266 °C
A T T T T . T T | T Ambient 0.3091 2.354 0.66 0.783
100 200 300 400 500 600 700 800 900 100 0.3089 2314 0.57 0.771
Temperature (°C) 130 0.3087 2.302 0.44 0.767
150 0.3086 2.331 0.31 0.777
180 0.3079 2314 0.13 0.771

FIG. 1. DTA and TGA curves for [Zn-Al-CI].
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followed by another decrease at 180°C. A similar evolution
was observed in previous work (17) and a phase transition
was suggested. The a parameter decreases weakly but
steadily.

2. Structure Refinement and Discussion

The Rietveld-Le Bail profile refinement method (18,19)
was used to obtain a structural model for the studied com-
pound before thermal treatment. The structure of the
studied phase was refined as isotypic of the rhombohedral
pyroaurite (4). The structure is built up of brucite-like
[(Zn§ ¢6AlG'53)(OH),1%33 " layers with a -BC-CA-AB-
BC- sequence for the successive OH layers, with a dis-
ordered distribution of metallic cations. These main layers
are separated by disordered interlayer domains
[1/3CI + 2/3H,0]%33", where C1~ anions and H,O mol-
ecules are also statistically distributed. The site occupancies
have been fixed according to the nominal composition.

The structure refinement was initiated by building oc-
tahedral coordination for metallic cations. The metals are
distributed on the 3(a) (0,0,0) position of the R-3m space
group. The hydroxyl groups are located on particular posi-
tion 6(c) (0,0,0.37) (9,20,21). The interlayer domain species
were first placed at 3(b) (0,0,1/2). This position led to a high
thermal vibration perpendicular to the [001] direction; the
anisotropic temperature factors were B;; = 34.6 A? and
By = 3.3 A% The final reliability factors were R; = 6.2%
and Ryp = 15.32%. In order to reduce these temperature
factors and get a better refinement, attempts were made by
distributing the interlayer domain species over higher multi-
plicity sites corresponding to six positions around the
C; axis of the space group. The positions 18(g) (x,0,1/2), with
refined x =0.248, and 18(h) (x, — x,z), with refined
x = 0.129, z = 1/2, were checked. For both hypothesis the
parameters of (Zn,Al) and OH did not significantly change
in this refinement, but for (Cl, H,0)B, ; became 17.3 A% and
18.2 A2 for 18(g) and 18(h) positions, respectively. The relia-
bility factors were also improved and very similar for the
two cases. The refinement results for the three structural
hypothesis are reported in Table 2. The experimental, cal-
culated with 18(g) position, and difference patterns are
shown in Fig. 3.

Scattering factors for AI**, Zn?>", and Cl~ were taken
from International Tables for X-Ray Crystallography (22).
The H,O molecules and OH™ ions were considered as
O?~ ions which scattering factors taken from Suzuki (23).

3. Simulation of XRD Patterns

The position of each atom in the unit cell was taken from
the data resulting from structural refinement. The simula-
tions of the XRD patterns considering the 18(g) and 3(b)
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TABLE 2
Structural Parameters for [ Zn—Al-Cl] at Ambient Temperature
for Three Positions

Interlayer atoms Interlayer atoms Interlayer atoms

at 3(b) at 18(g) at 18(h)
(Zn,Al) at position  3(a): (0,0,0) 3(a): (0,0,0) 3(a): (0,0,0)
By (A% 29(2) 23(2) 2.5(1)
Bss (A?) 4.5(3) 55(2) 4.803)
OH at position 6(c): (0,0,2) 6(c): (0,0,2) 6(c): (0,0,2)
z =0.3772(3) z =0.3775(1) z=0.3775(2)
By, (A?) 2.6(5) 2.6(2) 3.1(4)
Bs; (A?) 5.4(5) 4.3(3) 5.1(4)
(CLH,O0) at position 3(b): (0,0,1/2) 18(g): (x,0,1/2) 18(h): (x, — x,2)
x = 0.243(5) x = 0.129(2),
z=1/2
By, (A% 34.6(2) 17.3(10) 18.2(11)
B3 (A% 3.34) 2.5(4) 2.7(5)
Cell parameters
a (A) 3.085(3) 3.083(1) 3.084(2)
c (A) 23.48(5) 23.47(5) 23.47(6)
Reliability factors
R; (%) 6.20 495 5.15
Ryp (%) 15.32 13.25 13.52

Note. By; = B,, = 2By,.

positions for atoms of interlayer domain compared with
experimental XRD pattern are shown in Fig. 4. It was
noticed that the simulation considering the position 18(g)
gave the best results; nevertheless, the intensity of the (110)
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FIG.3. Experimental, calculated, and difference powder XRD patterns
at ambient temperature.



RAPID COMMUNICATION

Intensity ( A.U.)

il

T T T T T T T
10 20 30 40 50 60 70
20 (Cu Ka )

FIG. 4. Simulated XRD patterns with interlayer atoms in position 3(b)
(c) 18(g) (b) compared to those of experimental (a).

line of the simulated pattern stays relatively low with respect
to the experimental pattern. In addition, it was noticed that
the (110) line intensity is very sensitive to the 3(b) position.
This study allows to propose the main following hypothesis:

Encumbrance of interlayer domains can be related to
water molecules. In fact, the structure description shows
that the 3(b) positions are located exactly between two
hydroxyl groups belonging to two neighboring brucitic
layers. In order to ensure hydrogen bonding with these
hydroxyl groups, water molecules, which should normally
occupy the most symmetrical position 3(b), occupy the ad-
joining space of this position while respecting distances and
angles for hydrogen bonding. The chloride anion, which
does not present any particular geometric constraints, has
a tendency to occupy the 3(b) position, but it is unsettled due
the encumbrance of water molecules. This leads probably to
very strong oscillations of the anion around the equilibrium
position of 3(b). This hypothesis is illustrated by Fig. 5.

The simulation of XRD patterns for heated samples was
limited to temperatures between the ambient and 150°C.
Due to strong thermal degradation, the sample heated at
180°C appeared not suitable for such comparisons. The
construction of models for the solids to be simulated was
undertaken as follows:

— The structure of hydroxylated layers was described
from atomic positions previously obtained by Rietvelt anal-
ysis.

— The interlayer domains were modelled by taking into
account the atomic positions for C1~ and H,O species and
their occupancies in agreement with TGA.
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FIG. 5. Hypothesis for atom distribution in the interlayer domain.

The simulated diffraction patterns show that the intensity
of the (110) line increases with the ratio of the 3(b) site
occupancy, while the 18(g) and 18(h) positions do not influ-
ence such intensity. Analysis of XRD patterns of heated
products (Fig. 2) indicates that the intensity of the (110) line
increases with temperature. This is in agreement with our
hypothesis of progressive location of chlorides on the 3(b)
position related to the loss of water molecules.

Let us consider the Zn,;3Al;,3(OH),Cl,;3.0.66H,0O start-
ing formula with all interlayer species in 18(g) (0.248,0,1/2)
and the corresponding hypothetical fully dehydrated com-
pound Zn, 3Al,,3(OH),Cl,,; with interlayer chloride in 3(b)
(0,0,1/2). An elementary hypothesis considers a linear com-
bination of these two extreme interlayer occupancies in
order to simulate the heated compounds characterized by
their actual hydration ratio 0.66 > n > 0.31. In fact, the
simulated patterns obtained in this way (Fig. 6) display a
clear evolution of the relative intensities of (110) and (113)
lines. A very similar evolution is observed on the experi-
mental patterns of the thermally treated samples (Fig. 2).

IV. CONCLUSION

Simulation of XRD patterns applied to [Zn-Al-Cl]
phases, having undergone thermal treatment, has shown an
evolution of the atom distribution in the interlayer domain.

In the course of dehydration, matter is progressively
brought together around the threefold axis and stands be-
tween the hydroxyl groups of neighboring layers. This
evolution can be attributed to the progressive disappear-
ance of geometric constraints imposed by the presence of
water molecules, which establish hydrogen bonding with the
hydroxylated layers.
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FIG. 6. Simulated XRD patterns at different temperatures.

For other systems such as [Zn-Cr—Cl], the evolution of
the basal spacing on heated samples display similar features
which could also be related to structural modifications in
the interlayer domain (16). Therefore, we are looking for
other LDH systems with this behavior. The choice of inter-
layer anions heavier than chloride would increase the sensi-
tivity of the method for further studies.
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