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Line broadening in the PXRD patterns of layered hydroxides.
Therelative effects of crystallite size and structural disorder
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Abstract. Layered hydroxides crystallize in a hexagonal structure and incorporate a number of different
types of structural disorders as an exigency of anisotropic bonding. Structural disorder contributes to the
non-uniform broadening of lines in the powder X-ray diffraction pattern. Common among the disorders
are stacking faults, which broaden the h0(/Ok( reflections. Interstratification selectively broadens the 000
reflections and turbostratic disorder broadens the Okl reflections. The line broadening caused by struc-
tural disorder has to be discounted before estimates of particle size are made by applying the Scherrer

formula
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1. Introduction

Powder X-ray diffraction (PXRD) is the most widely
used technique to characterize a crystalline solid.
The diffraction pattern comprises a number of sharp
Bragg reflections corresponding to the different d-
spacings of the solid. The broadening of peaksin the
PXRD pattern beyond what is expected from instru-
mental factorsis generally attributed to crystallite size
effects. Small crystallites are responsible for the
Scherrer broadening of lines! Any non-uniform
broadening of lines is attributed to anisotropic crys-
tallites.*® The use of Scherrer broadening to estimate
crystallite size has become very widespread in view
of the contemporary interest in nanoparticulate mate-
rials.

However, this interpretation is fraught with many
difficulties.

(1) When the material under investigation is dis-
ordered, structural disorder causes the broadening of
Bragg reflections, which can be mistakenly attributed
to crystallite size effects. This is especially true of
layered materials, which incorporate a variety of
structural disorders as an exigency of anisotropic
bonding. Some of the commonly found disorders are
stacking faults, turbostraticity and interstratification.

(2) Direct experimental measurement of crystal-
lite size by electron microscopy is difficult when the
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crystallites are not monodispersed or appear as ag-
gregates. In such instances, crystallite size estimates
obtained from PXRD remain experimentally unveri-
fied.

(3) When the material under investigation is a
large band-gap insulator, there are no useful size-
dependent properties that can be measured to verify
the effect of crystallite size. In such instances, the
likelihood of structural disorder contributing to line
width in the PXRD pattern has to be discounted be-
fore Scherrer broadening can be applied to estimate
crystallite size.

As part of our growing concern over these issues,
we examined in earlier papers the effect of various
kinds of disorder on the line width of Bragg reflections
in the PXRD patterns of Mg(OH)," and Ni(OH),.?
We compared the effect of disorder with that of
crystallite size to show that most preparations of di-
valent hydroxides are replete with structural disorder,
and that the excessive and non-uniform broadening
of lines in the PXRD patterns is on account of struc-
tural disorder rather than due to crystallite size effects.

We now extend these studies to another class of
layered compounds, the layered double hydroxides
(LDHs).° The LDHs are obtained from Mg(OH), by
the isomorphous substitution of a fraction x, of the
Mg?* ions by trivalent ions such as Al*". This gener-
ates positively charged layers of the composition
[Mg1,AlL(OH),]*. These layers incorporate anions,
A™ (A™=CI", CO%, SOi and others) and water
molecules in between the layers for charge neutrality
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and stability. A number of divalent ions such as Ca,
Co, Ni, Cu and Zn and trivalent ions such as Cr and
Fe can take the places of Mg®* and AI** respectively
to yield alarge number of LDHs.” The general formula
of an LDH may be represented as [M(I1)_,M'(111)4
(OH),J(AM)yyH,0. The molecular formula of a
carbonate containing LDH with x=0%5 is MgM',
(OH)16COx4H,0. In this paper we designate the
LDHsas M—M'-A.

Most preparations of LDHs exhibit PXRD pat-
terns with excessive and non-uniform broadening of
lines which cannot readily be used for structure elu-
cidation. As an illustration we study the Mg—Fe-
CO3 LDH, the mineral form of which is known as
pyroaurite. In this work, we examine the effect of
different kinds of disorder on the PXRD pattern of
the LDH by the use of DIFFaX simulations. DIFFaX
is a fortran code that enables the simulation of the
PXRD pattern of any given solid.® Within the DIF-
FaxX formalism® a crystalline solid is treated as a
stacking of sheets of atoms interconnected by stack-
ing vectors—an approach that is ideally suited for
layered materials. By using more than one stacking
vector, different kinds of structural disorders can be
engineered into the crystal and the resulting changes
in the PXRD pattern can be simulated. Crystallite
size effects can also be simulated for an ordered cry-
stal. A comparison of the observed with the simu-
lated patterns enables us to find possible causes for
the non-uniform broadening of reflections in the ob-
served patterns. Other authors have studied the nature
of disorder in synthetic hydrotalcite and the Mg—Ga
LDH.” We also study the origin of non-uniform
broadening of lines in the PXRD patterns of synthetic
SO; containing Mg—Fe LDHs to examine the effect
of anions in producing structural disorder.

2. Experimental

All preparations were carried out using a Metrohm
Model 718 STAT titrino operating in the pH stat
mode. The Mg-Fe-CO3™ LDH corresponding to the
composition [MgossFenes(OH)2(COs) o425 H20 was
prepared by adding a mixed metal (Mg®* + Fe**) ni-
trate solution (50 ml) containing 0051 mol Mg*
and 0017 mol Fe** to 100 ml Na,COs solution con-
taining three times the stoichiometric requirement of
COZ ions under stirring conditions. Simultaneously
a 1’6 M NaOH solution was dispensed to maintain
the pH at 10. The slurry was aged at 90°C for 18 h,
washed free of OH™ ions and dried at 65°C.
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Mg—Fe-SO;F” LDH corresponding to the formula
[MQoxsFenes(OH)2] (SO4) 0125 H-O was prepared by
the procedure described by Khaldi et al.™* A mixed
metal nitrate solution containing Mg** and Fe* in
the required stoichiometric amount was added to a
Na,SO, solution at 65°C containing seven times the
stoichiometric requirement of SO3 ions Simultane-
ously, 1 N NaOH solution was dispensed to maintain
the pH at 10. All solutions were prepared using de-
carbonated water. The slurry was aged at 65°C for 3
days under conditions of constant stirring and purg-
ing with nitrogen gas. The precipitate was washed
with copious amounts of hot water rinsed with ace-
tone and dried at 65°C overnight.

PXRD patterns were recorded on a Philips X’ pert
powder diffractometer equipped with afilter to cut off
fluorescence radiation (Cu Ka source, | = 15641 A)
at a continuous scan rate of 2° 2q min™ and the data
was rebinned into steps of 0%5°. The instrumental
broadening of the Bragg peaks is estimated to be
045-0%° 2q in the range 77-28° 2q for the Si stan-
dard.

To confirm the presence of intercalated anions, IR
spectra of all the samples were recorded (Nicolet
model Impact 400D FTIR spectrometer, 4000—
400 cm™; resolution 4 cm™, KBr pellet).

3. DIFFaX simulations

The details of the DIFFaX simulations of LDHs are
described in detail elsewhere™ and briefly summa-
rized here.

The LDH layer comprises a brucite-like hydroxide
sheet and an interlayer of anions and water mole-
cules. The composition of the hydroxide sheet is
[MO,] and that of the interlayer C,;,0, or S,;,0, de-
pending on the anion (x = trivalent ion content). In
the case of CO3™ anions, the oxygen atoms of the
carbonate ions and water molecules occupy a single
set of sites,® so that, of the z O atoms, 3x/2 belong
to the carbonate ions and (z—3x/2) correspond to the
water content of the interlayer. Similarly the basal
oxygen atoms of the SO3~ ion share a common set of
sites with the O atoms of the interlayer water, while
the apical oxygen occupies another set of sites,
hence of the z O atoms, 4x/2 belong to the sulphate
ions and (z4x/2) correspond to the interlayer water
content. By varying z, the water content in the LDH
can be varied.

The Mg-Fe-CO3z™ LDH layer was defined using
the single crystal data obtained from the Internatio-
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nal Crystal Structure Database (ICSD No. 6295).
Since no ICSD data exist for the Mg—Fe-SO3™ LDH,
the ICSD data of related LDHs were used to create
the input files. For the 1H polytype, the ICSD No.
91860 (Zn-Al-S03), 2H, polytype ICSD No. 75542
(Zn—Cr-S0%) and the 3R, polytype 1CSD No.
91859 (Zn-Al-S0z) was used. Where no comparison
with experimental patterns is required, the calculated
Bragg reflections were broadened by using a Lor-
entzian line shape (FWHM 0%2° 2q) to simulate the
effect of instrumental broadening. Where a compari-
son with an experimental pattern is intended, the
calculated peaks were broadened using a Lorentzian
having the same FWHM as that of the 110 reflection
in the observed pattern. Broadening of the 110 re-
flection in excess of the instrumental factors is ascri-
bed to crystallite size effects as this reflection is
largely unaffected by structural disorder.™ The stacking
vector (0, 0, 1) generates the 1H polytype while
(2/3, 1/3, 1/3) generates the 3R; polytype. The 2H;
polytype is generated by defining two different lay-
ers AC and CA and then stacking them one atop an-
other using the stacking vector (0, 0, 1/2).

Disorder is built into the lattice by using more
than one stacking vector with different probabilities.
A stacking vector (X, Y, Co) (X, y are random numbers)
generates turbostratic disorder. (0, 0,r) (r =clcy)
simulates the interstratification of alayer with thick-
ness c into a crystal with periodicity c,. Stacking faults
are incorporated in the crystal by the simultaneous
use of vectors (0, 0, ¢,) with (1/3, 2/3, ¢,) and (2/3,
1/3, c,) with different probabilities. The probabili-
ties of the stacking vectors are varied by hand until a
good visual match between the simulated and ex-
perimental patterns is obtained. The goodness of the
visual match is based on obtaining an approximate
match of (1) the peak positions (+ 0%4° in 2q), (2)
FWHM values (x 04° in 2q) and (3) intensities
(x5%) of the simulated peaks with those in the ob-
served pattern. To facilitate this comparison, the ex-
perimental and simulated patterns are overlaid.

Crystallite size is defined in the a—b plane as ‘disc
diameter’ and along the c-crystallographic axis as
‘thickness'.

4. Resultsand discussion

The observed PXRD patterns of the Mg—-Fe-A (A =
CO3, SO7) LDHs are given in figure 1. In figure 2
are given the DIFFaX simulated patterns obtained
from model single crystal structures reported for the
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carbonate and sulphate containing LDHs. The ob-
served and expected peak positions together with the
FWHM vaues arelisted in table 1. The expected Bragg
reflections chiefly belong to the following types:

(1) The basal reflections indexed as 00(. These re-
flections appear in the low (<20° 2q) angle region
and depend on the size of the intercalated anion.

(2) The hOu/Okt family of reflections appear in the
mid-2g (30-50°) region. Asis evident from figure 2,
the different model LDH structures can be distin-
guished from each other by these reflections.

(b)

Intensity (arb.units)

(a)
i A~ b WMMIMJ
T T T T T T
10 20 30 40 50 60
20 (degrees)

Figure 1. PXRD patterns of the as-prepared LDHSs. (a)
Mg-Fe-CO3%™ (b) Mg—Fe-S07%.
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Figure 2. DIFFaX simulated PXRD patterns of model
structures of (@) triple-layered CO3™ containing LDH, (b)
single-layered and (c) double-layered SO3  containing
LDH. A triple-layered SO3 containing LDH has a similar
pattern to (a).
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Table 1. A comparison of the Bragg angles expected for different model structures with

the observed pattern.

LDH-CO% LDH-SO;"

hkl 3R, Exp* hkl 1H 2H, Exp*
003 114 114 (0%6) 001 114
006 2295 229 (0%6) 002 223 112 112 (1>4)
012 342 342 (0%65) 004 228 228 (2%)
015 3865 3860 (12) 011 358 339 339 (vb)'
018 45%95 45%0 (1:8) 012 405

013 482

014 406

016 482
110 596 596 (0>85) 110 59% 595 595 (vb)
113 608 608 (0>85) 111 609

112 609

*Values in parantheses correspond to the FWHM in ° 2q; very broad

Intensity (arb.units)

T T T T T T
10 20 30 40 50 60

26 (degrees)

Figure 3. Crystalite size effects on the PXRD pattern
of the Mg—Fe—CO3™ LDH. (a) Layer thickness, 15 nm (20
layers). (b) Disc diameter, 30 nm.

(3) The hk0 and hki reflections appear in the high
(55-65° 2q) angle region. These reflections largely
remain invariant in different LDHSs.

It is evident that there are significant differences be-
tween the observed and simulated patterns. The sul-
phate-containing LDH in particular shows only four
excessively broadened reflections. Such patterns
have been reported by numerous authors (see refs.
[15, 16] as representative illustrations). To account
for these differences, we examine below the effect
of different phenomena that can in principle lead to
the broadening of PXRD patterns of LDHs. The dis-

cussion is chiefly carried out with respect to the car-
bonate containing LDH.

4.1 Crystallite size effects

In layered solids, the intralayer bonding is typically
iono-covalent in nature while the interlayer bonding
is weaker. Crystal growth takes place preferentially
in the a—b plane resulting in anisotropic particles.
Within the DIFFaX formalism, anisotropic particles
are described by specifying a ‘disc diameter’ and
‘thickness'. In figure 3 is shown the effect of particle
size on the PXRD pattern of the Mg—Fe-CO3™ LDH.
Restricting the disc diameter affects the 110 reflection
the most. At 150 nm the 110 reflection is broadened
to a FWHM value of 0:85° 2q, which is the experi-
mentally observed value. At lower disc diameters,
al the reflections are broadened, the least affected
being the 00L. The latter however acquire an asym-
metry, a feature not observed experimentally. As
expected, a small thickness affects 000 and Ok( fami-
lies of reflections. Among these, the 012 reflection
is broadened the least given its low (-weightage. In
figure 4 are plotted the FWHM values of different
reflections as a function of the crystallite thickness.
The 110 reflection is unaffected. Restricting the
thickness to 15 nm (20 layers) causes a broadening
of the 003 reflection to a FWHM value of 0%6° 2q.
When the thickness is reduced below this value ad-
ditional low angle reflections (seen as weak oscilla-
tionsin figure 3) are generated, probably dueto ‘end
to end’ diffraction from the crystallites. Since such
low angle reflections are not observed, the effect of
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particle size is confined to a broadening of the basal
reflections up to a value of 0°6° 2q and the Ok( re-
flections up to 0°8-06° 2q, corresponding to a parti-
cle thickness of 15nm. Any broadening of these
reflections beyond this value is for other reasons.

4.2 Interstratification

The solubility product of Mg(OH), (5%~ 10™) is
much higher than that of ‘Fe(OH);' (38~ 107%).Y
Consequently, there is always the possibility of the
serial precipitation of the two unitary hydroxides
during the preparation of the LDH. The unitary hy-

1.1
003
1.0 4

0.9+

084 98«

0.7+

] T

024 Mo——
T T L T T
10 20 30 40 50

Number of layers

FWHM (degrees 26)

Figure 4. A plot of the FWHM as a function of layer
thickness for the different Bragg reflections.

[
o

Intensity (arb. units)

10%

BN

T T T

T T T T T T T
10 20 30 40 50 60

20 (degrees)

Figure 5. Simulated PXRD patterns of the Mg—Fe—-CO3
LDH interstratified with different percentages of
Mg(OH)..
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droxides have an interlayer distance of 4% A. Inter-
stratification of the unitary hydroxide within the ma-
trix of the LDH leads to a non-integral repeat
distance along the stacking direction. In figure 5, we
show the effects of incorporating progressively in-
creasing amounts of interstratification. Even a small
proportion of interstratification broadens the basal
reflections. A 20% interstratification broadens the
003 reflection to an FWHM value of 2° 2qg. Under-
standably the 110 reflection is unaffected. Surpris-
ingly the 015 reflection is affected the least among
the non-hkO reflections.

4.3 Sacking disorder

A consequence of the layered nature of the LDHs is
that the metal hydroxide sheets can be stacked in
various ways to obtain a large number of polytypes.
Naturally occurring LDHs are known to crystallize
in either a triple layer cell with rhombohedral sym-
metry designated as 3R (see figure 2a for the corres-
ponding PXRD pattern) or a double layer cell with
hexagonal symmetry designated as 2H (figure
2¢).° For example MgsFe;(OH)16CO5%4H,0 exists
in its mineral form as pyroaurite (3R;) or sjogrenite
(2H,) respectively.® Bookin and coworkers'™*® have
derived the complete list of polytypes among the
LDHSs by both experiment and theory. Using symbols
A, B and C to represent hydroxyl ion positions and
symbols a, b and ¢ to represent cation positions, a
typical metal hydroxide sheet can be represented as
AbC or AC. The stacking sequences of the most
common LDH polytypes are listed below.

1H ACAC -

3R, ACCBBA AC-----

2H; ACCA AC-----
The carbonate ions occupy the interlayer sites. In the
1H polytype the interlayer sites are octahedral, while
in the other two the interlayer sites are prismatic.
Carbonates are known to prefer prismatic sites' and
this explains the preponderance of the 3R; and 2H;
polytypes among naturally occurring and synthetic
LDHs. There are some instances of sulphate-con-
taining LDHSs crystallizing in the 1H polytype (fig-
ure 2b).*

Interlayer distance depends upon the van der
Waal’s radius of the intercalated anion and remains
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unchanged in different polytypes containing the
same anion. The metal hydroxide sheet also remains
unchanged in different LDH systems. Consequently,
the 000 and the hkO reflections remain invariant in
different polytypes. The different polytypes can be
distinguished from one another by the positions and
intensities of the h0(/Ok? family of Bragg reflections
appearing in the mid-2q (30-55°, Cu Ka) region of
the PXRD pattern.'®* When stacking disorders arise
due to the intergrowth of two or more polytypes, the
hO(/Oki reflections are affected the most. As anillus-
tration in figure 6 is shown the effect of incorporating

25%

Intensity (arb. units)

T T T T
30 40 60

50
26 (degrees)

Figure 6. Simulated PXRD patterns of the 3R; polytype
of the Mg-Fe-CO3™ LDH with different proportions of the
2H,; motif. For reasons of clarity, the low angle region is
not shown.

006

40%

30%

10%

B

Intensity (arb. units)
7 f 110
z E 113

30 40 50 60
20 (degrees)

Figure 7. Simulated PXRD patterns of the Mg—Fe—-CO3"
LDH with varying proportions of turbostraticity. For rea
sons of clarity the low angle region is not shown.
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different proportions of 2H; stacking motifs within
the 3R, polytype.

4.4 Turbostraticity

Turbostratic disorder arises out of the random orien-
tation of successive layers about the stacking direc-
tion, leading to aloss in registry between successive
hydroxide layers. Introduction of even small per-
centages of turbostratic disorder (10%) drastically
broadens the Ok reflections while it does not affect
the 000 and 110 reflections (figure 7). While these
effects are some what similar to those arising out of
stacking faults, turbostraticity additionally affects
the 113 reflection.

4.5 Smulation of the experimental patterns

With this understanding we then examined the ob-
served PXRD patterns of the Mg-Fe LDHs. The
PXRD pattern of the carbonate containing LDH
could be simulated by incorporating stacking disor-
ders. Inclusion of 20% 2H; motifs in the 3R; matrix
yielded a good match with the experimental pattern.
The PXRD pattern of the sulphate containing LDH
was generated by the inclusion of 40% turbostratic
disorder within the 2H,; matrix. A comparison of the
experimental and simulated patterns is shown in fig-
ure 8. No attempt was made to fit the relative inten-
sity of the 003 reflection in the sulphate containing
LDH asthisis known to be sensitive to the interlayer

—— exp
—— simulated

-
;z;m

=

Intensity (arb. units)

(b)

i
ORI

10 20 30 40 50 60
20 (degrees)

Figure 8. Results of the simulations of the experimental
patterns of (a) the as-prepared Mg-Fe-CO3™ and (b) the
as-prepared Mg—Fe-SO5 LDH.
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content.® Even a small increase in the intercalated References

water content can change the relative intensities of
the basal reflections.

5. Conclusions

In conclusion, while particle size effects contribute
to the broadening of the Bragg reflections in LDHs,
the type of excessive and non-uniform broadening
seen in the observed patterns is most likely on ac-
count of structural disorder. DIFFaX simulations enable
the classification and quantification of structural
disorders. Asin any simulation technigue, there could
be multiple solutions and hence the simulations re-
ported here are illustrative rather than being defini-
tively quantitative in character. Nevertheless, the
pattern of non-uniform broadening is diagnostic of
specific types of structural disorder. There are evi-
dences that the physical and chemical properties of
layered hydroxides are correlated to the nature and
extent of structural disorder.?>** There are signifi-
cant challenges in synthesizing materials with spe-
cific kinds of disorder for different applications. The
need for engineering disorder into materials for spe-
cific applications was first pointed out by Ovshinsky,
Fetchenko and Ross albeit in a different class of
materials. Correlation of structural disorder with
materials properties would be of interest in many
more classes of materials.
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