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The hydrotalcite-like layered double hydroxide (LDH) of Mg with Al shows dramatic changes in the peaks
arising from the I¢0l)/(0kl) family of reflections in its powder X-ray diffraction pattern during thermal treatment.
DIFFaX simulations show that these changes arise due to the transformation of the disordepetytyBe

into the 1H polytype on dehydration. The 1H polytype is an essential precursor to the decomposition reaction,
which results in the formation of an oxide residue with the rock salt structure. In contrast, the LDH of Zn
with Al does not undergo any such transformation, retaining the structure of thep@Rtype until
decomposition into the oxide residue. Given the poor octahedral site preference of’thenthe 1H
polytype is neither structurally stable nor is it topochemically necessary for the thermal decomposition of the
Zn—Al LDH, the end product of the decomposition reaction being an oxide with the wurtzite structure.

Introduction among the LDHs. Some of the common polytypes are the
Many divalent hydroxides M(OH)(M = Mg, Fe, Co, Ni, following:

Cd) crystallize in the structure of mineral brucite, Mg(QH) ACCBBAAC... 3R

Brucite comprises a hexagonal close packing of hydroxyl ions

with cations occupying alternate layers of octahedral sites. This ACBACBAC... 3R

results in a stacking of charge-neutral layers having the

composition [Mg(OH}]. If upper case symbols A, B, and C ACCAACCA.. 2H,

represent the hydroxyl ion positions, and lower case symbols

a, b, and ¢ represent the cation positions, then the stacking ACABCBAC... 3H,

sequence in brucite is AbC AbC ... Such a stacking sequence

periodicity and H standing for the hexagonal strucfiresuch ~ are not specified, being self-evident. Naturally occurring:€o

a structure, if a fraction of the divalent metal ions is replaced ~ containing LDHs are known to crystallize in the 3&nd 2H

by a trivalent ion M(IIl) [M '(lll) = Al, Cr, Fe, Ga], the brucite  Polytypes. The mineral forms of the 3@nd 2H polytypes of
slabs, AbC, acquire a positive charge which is compensated bythe Mg—Al LDH, MgeAl2(OH)6COs4H,0, are known as
anions accommodated within the interlayer. The resultant hydrotalcite and manasseite, respective0;?-containing
compound is called a layered double hydroxide (LDH) and can LDHs exhibit greater polytype diversity and crystalhze in the
be represented by the general formula [MM’ (111) ((OH),]- 3Ry, 3Ry, 3H,, and 1H polytypes.A schematic polyhedral
(A" )unyH20 (A = COs2-, NOs~, CI").3 The layer stacking representation |IIusFrat|ng the.sta(':kmg sequences of the 1, 2H
sequence in LDHs can be represented as AbCX AbCX ... where@Nd 3R polytypes is shown in Figure 1. The structures of the
X represents the anion position. In this illustrative sequence, X Other polytypes can be similarly visualized.

corresponds to the octahedral B sites. If, however, the anion in ASide from their anion exchange propertfetie LDHs are
question has a preference for other sites, it would mediate theVidely used as precursors for the low-temperature synthesis of
stacking of the metal hydroxide sheets into other sequences,ox'de cataIysS.C_onsequentIy, thze_ thermal decompos_ltlon of
giving rise to new polytypes. Carbonates are known to prefer 1€ hydrotalcite-like Mg-Al=CO;*~ LDH has been widely

trigonal prismatic sites, whereas the sulfates are found to occupys'[ucl.'Fdt byhngmer0l$hauthpr5| udsmg q'ﬁslre:‘t n S'tut as well gs
both trigonal prismatic and octahedral site#\ prismatic ex situ techniques. These Include variable-temperature powder

i i 7,8 i i 10
interlayer site is generated when the lower hydroxyls of a diffraction,”* TGA a_nd isothermal he_atl_nbl,\/IAS NMR, and_
brucite-like slab occupy the same sites as the upper hydroxylsevowed gas analy5|s (EGA).Thgse citations are representative
of the slab below. Bookin and Drisave examined by both rather than being comprehensive, and a more complete review

: .._of the thermal behavior of the LDHs can be found elsewfere.
experiment and theory the complete range of polytypes IDOSSIbIeFrom these studies, there is a general understanding that HT

undergoes a two-step mass loss on heating. The low-temperature
* To whom correspondence should be addressed. E-mail: vishnukamathB@(loo_zsooC) step corresponds to the loss of interlayer water
hotmail.com (P.V.K.), skannan@csmcri.org (S.K.). . . . o
t Bangalore University. (dehydration) while the high-temperature-450 °C) step
* Central Salt and Marine Chemicals Research Institute. corresponds to decomposition. Decomposition involves the
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C in the ratio 2:1 to a solution containing the stoichiometric
W requirement of OH ions and three times the stoichiometric
A requirement of CE#~ taken as NgCOs. The precipitation was

carried out at 25C. The resultant precipitate was aged in the

mother liquor at 9CC for 24 h before being filtered, washed,

C and dried to constant weight. The ZAl—CO32~ LDH was
W C m prepared by the addition of a mixed-metal Znr- Al3*) nitrate
A

solution (100 mL) containing the stoichiometric ratio of the two
A metal ions to 100 mL of a N&Os solution containing three
times the stoichiometric requirement of carbonate ions. The pH
(a) of the mixture was maintained at 10 by the simultaneous
addition of 1.0 M NaOH solution using a Metrohm model 718
EE? A Stat Titrino. The precipitation was carried out at 80, and
. B then the precipitate was aged in the mother liquor at@@or

72 h before being filtered, washed, and dried to constant weight.

C In situ variable-temperature powder X-ray diffraction (VT-
X PXRD) was carried out on a Philips X'pert MPD system
connected to an Anton-Paar high-temperature XRK assembly
B using Cu Ko radiation. The sample was mounted in a high-
‘ZW temperature cell and heated afG min~! in steps of 25°C
and stabilized for 10 min before measurements. The operating
voltage and current were 40 kV and 4 mA, respectively. The

M A step size was 0.05with step time of 1 s.
C Thermogravimetric studies were carried out in a Mettler

Toledo TGA/SDTA 85%, Staf 7.01 system from 30 to 75TC
m C (heating rate 3C min2, flowing air).
A DIFFaX Simulations. The PXRD patterns of the LDHs were
simulated using the Fortran-based code DIFE&aWithin the
C (C) DIFFaX formalism!® a crystalline solid is treated as a stacking
m of layers of atoms interconnected by stacking vectors: an
A approach that is ideally suited for layered materials. Details of
the DIFFaX simulations of the PXRD patterns of LDHs are
(b) given elsewher@2%and summarized here.
Figure 1. Schematic polyhedral representation of the structures ofthe  The metal hydroxide layer, AC, was defined using the atomic

(@) 1H, (b) 2H, and (c) 3R polytypes showing the corresponding  position coordinates of HT taken from the literature (ICSD no.
stacking sequences. Interlayer anions are not shown for purpose 0f6296) For the ZrAl—CO2~ LDH, the position coordinates

larity. . . . )
cany were obtained by doing a Rietveld refinement of the structure
simultaneous deanation (loss of intercalatecs&Pand dehy- using the profile recorded at ambient temperature (space group

Within the HT structure, the oxygen atoms of intercalated ~ The Bragg reflections of different polytypes were computed
COs>~ as well as HO occupy a single set of crystallographic by stacking the layers one above another with different stacking
sites!? It was our surmise that, during the topotactic dehydration vectors. To facilitate comparison with experimental data, the
of the LDH, the decrease in the occupancy of interlayer sites calculated Bragg peaks were broadened using a Lorentzian line
ought to profoundly affect the stacking of metal hydroxide slabs. shape. The fwhm of the 110 peak was selected for the Lorentzian
This could arise not only from the forces of friction and drag line-width as this reflection is relatively unaffected by stacking
involved in the removal of water molecules from the confined disorders. The width of the 110 peak for the ambient temperature
spaces in the interlayer region of the LDH but also from packing PXRD patterns of both LDH systems was found to be’ @3
considerations as octahedral interlayer sites provide a more20. As DIFFaX is not a profile refinement program, the use of
efficient packing compared to prismatic interlayer sites. The a Lorentzian profile function is found to be adequate to simulate
latter facilitate hydrogen bonding between the hydroxyl ions the line broadening and has been successfully used in earlier
of the slabs and the intercalated species, and when hydrogemapers-®=2° The instrumental line width determined for the Si
bonding depletes on account of dehydration, prismatic sites arestandard over 7728 20 was found to be 0:20.15 in 20.
expected to lose thermodynamic stability. Structural changes  Tq simulate a pure 3Rbolytype, we define an AC layer and
observed during LDH calcination have been studied by several yse the stacking vecto?/4, s, /3). The use of the stacking
authors with a focus on (1) the bonding and symmetry of the yector (0, 0, 1) on the other hand yields the 1H polytype. To
COs* aniont and (2) the evolution of oxide phastsin this  simulate the 2H polytype we define two layers AC and CA
work, we examine how different polytypes evolve on calcination 5,4 stack them using the vector (0,1Q). If we use more than
of the CQ?" containing Mg-Al and Zn—Al LDHs. one stacking vector, with different probabilities, the random
intergrowth of more than one polytype is simulated. Other
stacking vectors simulate structural disorder. For instance,

Hydrotalcite was synthesized by the method of Reiby turbostraticity can be simulated using the stacking vectoy, (
the slow addition of a mixed metal (Mg + AI®") nitrate 1) wherex andy are random. On the introduction of structural
solution (total concentration 1.2 M) containing Rtgand AR disorder, the peaks in the PXRD pattern are nonuniformly

Experimental Methods
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Figure 2. In situ variable-temperature PXRD patterns of the-Mgd g & &
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IR the Mg—Al LDH obtained at (c) ambient temperature and (d) 2Q0

T 1T T T T T T 1 with the corresponding DIFFaX simulations is also shown.
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26 (degrees) the reflections appearing in the mid-Pegion!®23Turbostratic
Figure 3. In situ variable-temperature PXRD patterns of the-2 disorder as well as random intergrowths of different polytypes
LDH calcined in air at different temperaturé<): (a) 50, (b) 100, (c) affect this regior??
150, (d) 175, (e) 225, (f) 275, (g) 350, (h) 400, (i) 450, (j) 500, (k) Among the carbonate containing LDHSs, the polytypes of
550, (1) 600. interest are the 3Rand 2H as both offer trigonal prismatic

__ interlayer sites. Figure 4a,b shows the DIFFaX simulated
broadened and the DIFFaX code computes the resultant d'f'patterns of model structures belonging to the; 3Rd 2H

fraction profile. The prqbabilities qf the use of different stacking polytypes, respectively. In Figure 4c is shown the observed
vectors are varled_unul a good fit between the qa_lculated gnd attern of the Mg-Al LDH. The peak positions in the midé2
observed patterns is obtalned_. _The goodness-of-fit is determu_ne egion match with those expected for the;3Rlytype, but the
by thoe matching of peak positions and fwhm values to within 5 hiform broadening of lines was simulated by the random
+0.1 in .29 and the relative intensities Wlthlﬁ:S%. The intergrowth of the 3Rand 2H polytypes in equal proportions,
probab|I|t|e_s then correspond to the percentage incidence of the;, agreement with previous resuis?
corrgspondmg polytype/dlsord(_ar. Cr_ystalllte size effects canalso 4 heating, the following changes are observed in the PXRD
be simulated by varying the disc dlameter_ measured along thepatterns of Mg-Al LDH: (1) There is a progressive decrease
ab-plane and the thickness of the crystallites measured alongjn, the relative intensity of the (@) reflection with respect to
the crystallographic-axis. the (00) up to 200°C. (2) In the temperature range 25800
°C, the (00) reflection shifts to a higher@value (13.8 26,
6.5 A). Together with this, there are changes in the number
Figures 2 and 3 show the in situ VTPXRD patterns of the and line shapes of the reflections appearing in the Micegion.
CO42~ containing Mg-Al and Zn—Al LDHs, respectively. The (3) Above 375°C, features corresponding to the oxide residue
PXRD patterns recorded at the ambient temperature agree withbegin to emerge. Similar observations have been made by
those reported earlier for these systéd®@.The PXRD pattern ~ Vaysse and co-workersin the Ni—Fe and Ni-Co LDHs.
of an LDH has the following three distinct regions: (1) There As explained elsewhefé the atoms in the interlayer diffract
is the low angle region (525° 20) containing the basal  out of phase with the metal hydroxide slabs. Consequently, the
reflections (00). This is characteristic of the size of the interlayer relative intensities of the (0Pand (OQI) reflections depend
anion. For carbonate-containing LDHs, these appear at 11.6 on the electron density in the interlayer region. During dehydra-
26 (7.6 A) and 23.3 20 (3.8 A), respectively. (2) Also, there  tion (100-250 °C), this decreases rapidly resulting in a sharp
is the high angle region (5665 °26) containing the I{k0) and increase in the intensity of the (QOrelative to the (0Ql)
(hkl) reflections. These are characteristic of the metal hydroxide reflection. The PXRD pattern in Figure 2c was simulated by
layer. Since the metal hydroxide layer remains invariant, the decreasing the interlayer O from 1.25 to 0.9 (see Figure 4d).
high angle regions remain the same for all polytypes. (3) The The relative intensity of the (@) reflection observed in Figure
mid-20 region (36-50°26) contains the{0l)/(0kl) reflections. 2d could be simulated using a fully dehydrated LDH corre-
Different polytypes can be distinguished from one another by sponding to 0.5 O in the interlayer. The latter corresponds only

Results and Discussion
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TABLE 1: Summary of the DIFFaX Simulations

Mdo.67Al 0.3 OH)2(COs)xyH-0, 0.4 Lorentzian
crystallite size (A)

T(°C) polytype mix interlayer wateryj disc diameter (A) layer thickness (A) GOcontent §)
50 50% 3R + 50% 2H 0.75 0 00 0.166
200 40% 3R+ 60% 2H 0.39 ) 0 0.166
250 40% turbostratic 1H 0 00 00 0.125
300 50% turbostratic 1H 0 00 65.2 0.120

Zno.67Al0.3(OH)2(CO3)0.165YH20
crystallite size (A)

T(°C) polytype interlayer water disk diameter (A) layer thickness (A) Lorentzian
50 3R 1.0 0 [ 0.3
150 3R 0.82 ) 378 0.3
175 80% turbostratic3R 0.5 1000 303 0.2
0.35
—— simulated 100
experimental
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Figure 5. (a) DIFFaX simulated PXRD pattern of the 1H polytype.
(b) Part a with 40% turbostratic disorder compared with the experi-
mental pattern of MgAl LDH obtained at 250°C. (c) DIFFaX
simulated PXRD pattern of the disordered 1H polytype including
crystallite size effects compared with the experimental pattern of Mg
Al LDH obtained at 300°C.

% weight loss
dw/dt

to the carbonate content. The complete loss of water under-
standably results in a decrease in the interlayer spacing fom .,  , ., ., |
7.6t0 6.5 A 100 200 300 400 500 600 700
The PXRD pattern in Figure 2d shows other changes in the Temperature ('C)
mid-26 region indicating a possible change in the polytype upon Figure 6. TGA and DTG data of the as-prepared (a) ¥4l and (b)
dehydration. Figure 5a shows the DIFFaX simulated PXRD Zn—Al LDHs.
pattern expected of the 1H polytype. Though the mid-2
reflections in the observed pattern at Figure 2d are very broad, TG data, Figure 6) of the solid mass as volatile matter is
their peak positions match well with those calculated for the expected to cause the break up of the crystallites of the original
1H polytype. The line broadening points to the incidence of hydroxide leading to the formation of a nanoparticulate residue.
structural disorder. The final DIFFaX solution was obtained by DIFFaX simulations indicate a particle size of 6.5 nm corre-
introducing 40% of turbostratic disorder into the 1H polytype sponding to a stacking of 10 layers.
(Figure 5b). These simulations indicate the transformation of Bellotto et al?® have published the PXRD pattern of a
the disordered 3Rpolytype to the 1H variety on dehydration. dehydrated Mg Al LDH which matches with what we report
During this transformation, the width of the low-angle reflection in Figure 2f. They attribute the decrease in the basal spacing
(00l) remains unchanged. This is to be expected as stackingupon heating to the migration of &l ions from octahedral sites
faults and turbostratic disorder do not affect the line shape of within the metal hydroxide slabs to tetrahedral sites in the
the basal reflection® interlayer. However, the DIFFaX simulation based on this
The PXRD pattern of the LDH at 30T (Figure 2f) shows structure model not only fails to generate the 006 reflection but
a broadening of the basal reflections as well. This was simulatedalso does not predict the peak positions of the reflections
by introducing particle size effects into the solution shown in appearing in the mid€region (see Figure 11 of ref 28). The
Figure 5b (see Figure 5c). The reduction in particle size is simulations reported here in Figure 5 based on a turbostratically
expected in the context of the loss of interlayer matter upon disordered 1H structure are superior.
dehydration. Indeed, the loss of nearly 18% (computed from Table 1 summarizes the results of the simulations.
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Figure 7. Rietveld refinement of the structure of the defect periclase
using the PXRD profile of the oxide residue obtained from the-Mg
Al LDH at 600 °C.
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Above 375°C, the oxide residue gradually evolves and
transforms to a poorly ordered oxide phase (Figure 2h,i). We
show by Rietveld refinement (Figure 7) that the oxide residue
at 600°C is a defect rock salt phase with 33% Al replacing Mg
in the MgO structure resulting in the composition Meg-
Alo.28470.1490. Periclase MgO (ICSD no. 95468) was used as
the starting model, and a 12 coefficient polynomial was used
to fit the background. A total of 20 parameters were refined to
fit the pattern. Though the goodness-of-fit paramet&s=
39.6, Rup = 21.7, Raragg = 4.2, R = 5.9) are not within the
acceptable range, considering the poor crystallinity of the

residue, the fit can be regarded as satisfactory. The formation
of an oxide with the defect rock salt structure has been suggeste

earlier?® Indeed, the poor stability of the defect rock salt oxide

is responsible for the reversible thermal behavior of H¥P:27
The changes in the PXRD pattern of the @l LDH can

also be related to its TGA data (see Figure 6a)-M¢LDH

J. Phys. Chem. B, Vol. 110, No. 25, 20062369
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Figure 8. DIFFaX simulated PXRD patterns of the ZAl LDH
compared with the patterns observed at (a) ambient temperature and
(b) 175°C.

to the decomposition reaction (observed mass #s30.0%;
expected mass loss 36.6%):

Mg 6Al 0. 3dOH),(CO5)g 163
M0j.6/Al 030140163 T HO + 0.163CQ

The Zn—Al LDH crystallizes in the structure of an ordered
3Ry polytype (Figure 8a). The positions of the peaks in the mid-
260 region of the PXRD pattern of the Z”Al LDH remains
unchanged up to 178C, showing that there is no change in
the polytype during heat treatment (Figure 3). The major change
is the gradual reduction in the relative intensity of the (006)
reflection relative to the (003), for reasons already explained
above. Figure 8b shows the experimental and simulated PXRD
patterns of the zZnAl LDH at 175 °C. The asymmetric
broadening of lines in the midg2region is indicative of stacking

Cfisorder while the decrease in the intensities of thé 00

eflections suggests patrticle size effettShe final solution
was obtained by the introduction of turbostratic disorder (80%)
in the 3R polytype. Broadening of the basal reflection was
simulated by including particle size effects (thickness30.3
nm, 40 layers). The intensity of the 006 reflection relative to

shows a two step mass loss, while the DTG shows three pointspo3 was simulated by decreasing the intercalated water content

of inflection. The highest temperature feature (40 in the
DTG corresponds to the high-temperature tail (5@60 °C)
in the TGA which is due to the slow release of gas from the
micropores of the oxide residue on sinterfgAs sintering
continues to temperatures well above 10@) the tail in the

to 0.5H0O (see Table 1). Above this temperature, there is a
collapse of the layered structure as evidenced by the complete
extinction of the basal reflections (Figure 3e). Features corre-
sponding to the oxide residue appear at 25 We show by
means of a Rietveld refinement (Figure 9) that this oxide residue

TG extends to high temperatures. This feature is universally js a defect wurtzite ZnO wherein 33% of the Znsites are

present in all LDHs including the ZrAl LDH (Figure 6b)
where it starts at-325 °C itself.

The Mg—Al LDH progressively loses mass @at> 100 °C,
and at 275°C the dehydration is complete according to the
following reaction (observed mass lossl7.8%; expected mass
loss= 16.4%):

Mgg 6Al 5 3dOH)(COy)g 1650.75H0 —
Mg 6Al 9 3dOH)A(COs5)g 163

occupied by the A" ions. The structural model used for the
refinement was wurtzite ZnO (ICSD no. 44058)6 coefficient
polynomial was used to fit the background and a Pearson VI
function to fit the line shape. A total of 20 parameters were
refined. The following goodness of fit parameters were ob-
tained: Ry = 38.5, Ryp = 24.5, Rgragg = 8.5, R= = 5.7. The
absence of a polytype transformation prior to decomposition is
supported by TGA data (see Figure 6b) which shows a single
step mass loss at 25C. At this temperature, the LDH structure
has completely broken down (see Figure 3e).

The thermodynamic and structural factors governing the

The phase obtained at this temperature is characterized bystability of polytypes among LDHs have been described

the PXRD pattern at Figure 2d corresponding to the 1H
polytype. The second point of inflection appears at 422 At

elsewheré® As the metal hydroxide slab and the interlayer
remain invariant across different polytypes, hydrogen bonding

this temperature, the PXRD pattern (Figure 2i) shows featuresis the chief determinant of polytype selectivity. Extensive
due to the oxide residue. The following reaction corresponds hydrogen bonding exists between Olibns of the slabs and
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Figure 9. Rietveld refinement of the structure of defect wurtzite using

the PXRD profile of the oxide residue obtained from the-Zi LDH
at 600°C.

the intercalated species. For the £0anion inDz, Symmetry,

hydrogen bonding with the metal hydroxide slab is maximized
in prismatic sites. This explains why the naturally occurring

Mg—Al—COs2~ LDH crystallizes only in the 3Rand 2H

polytypes. Synthetic MgAl LDH such as the one used here is

disordered and contains a random mix of both polytypes.
In the Mg—AI LDH system all the interlayer KD molecules

Thomas et al.

rock salt oxide phase. In the Zi\l system, the oxide residue
has the wurtzite structure, the formation of which does not
require the 1H precursor. Accordingly, the LDH retains the
structure of the 3Rpolytype, right up to the decomposition
temperature. The lower decomposition temperature of the Zn
Al LDH is due to the strong tetrahedral site preference of the
Zn?* jon. Consequently, there are no hexagonal hydroxides of
Zn. The most stable polymorphic modification of Zn(QHY
€-Zn(OH),, which is isostructural with cubic crystobalite.
Brucite-like Zn(OH} in which Zr#* ions occupy octahedral sites
is a high-pressure phase. All these factors suppress the-3R
1H transformation in the ZnAl system.

Conclusions.In conclusion, we show that the MeAl LDH
on thermal treatment transforms from the;3R 1H polytype
facilitating the topotactic decomposition to an oxide having the
rock salt structure. Such a transformation is neither energetically
feasible nor topochemically necessary in the—2&h system
where the oxide residue has the wurtzite structure. Whereas the
octahedral coordination of Mg is preserved in the former case
by virtue of this transformation, the coordination of Zn
changes from octahedral symmetry in the LDH to tetrahedral
symmetry in the oxide.
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