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bstract

Co-hydrotalcite-like compounds (Co-HTlcs) were synthesized by coprecipitation technique from Mg(NO3)2·6H2O, Al(NO3)3·9H2O and
o(NO3)2·6H2O, with a constant molar ratio Mg/Al of 1.6 and a variable molar ratio Co/Mg from 0.01 to 0.1 (controlling the pH around
0). X-ray diffraction was used to evaluate structural (lattice parameters) and microstructural (crystallite size and microstrain) parameters of the
amples. Lattice parameters were calculated from (0 0 3), (0 0 6), (1 1 0) and (1 1 3) reflections by the least squares method, changes on a and c
attice parameters are discussed and related to Co/Mg ratio. The microstructural parameters were analyzed using two approaches: (a) analytical
ethods with the Voigt method and the two stages approach and (b) graphical methods using a modified Williamson–Hall plot with Lorentzian,

aussian and Lorentzian–Gaussian variants. It was found that increasing the Co content, the morphology of crystallites tends to be plate-like and

t was observed that the crystallite size increases, while the microstrain values decrease. This behavior is related to an improvement of crystal
erfection, due to addition of cobalt.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrotalcite-like compounds (HTlcs) have received consid-
rable attention in recent decades due their applications related
o heterogeneous catalysis, these materials exhibiting proper-
ies of high surface area and reactivity [1–4]. It is well known
hat microstructural defects influence many electrical, optical,
hemical and catalytic properties [5]; an important application
f X-ray powder diffraction is the use of profile broadening
o evaluate microstructural features such as the crystallite size
nd microstrain [6]. Characterization of solids in terms of their
icrostructure is required in several fields of materials science

uch as reactivity of solids, catalysis, solid-state reactions. The
icrostructural characterization by means of X-ray diffraction
f HTlcs has been commonly performed for crystallite size
4,7–9] with no instrumental correction, but the microstrain con-
ribution usually is neglected. The aim of the present work is to
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how the application of a methodology in order to character-
ze the size and strain of HTlcs being replaced with Co in an
ncreasing ratio.

. Experimental

.1. Synthesis

Co-hydrotalcite-like compounds (Co-HTlcs) were synthesized by copre-
ipitation of an aqueous solution of Mg(NO3)2·6H2O, Al(NO3)3·9H2O and
o(NO3)2·6H2O at room temperature and continuous stirring, with a constant
olar ratio Mg/Al of 1.6 and a variable molar ratio Co/Mg from 0.01 to 0.1.
he pH was controlled around 10 using NaOH and Na2CO3 as the precipitant
gent. After the addition process, the slurry was continuously stirred for 1 h
ith the purpose of maintaining the homogeneity of the sample. The suspension
as aged about 16–18 h at room temperature, washed, filtered and finally dried
uring 10 h at 120 ◦C. Table 1 shows the Co-HTlcs samples prepared and their
omposition.

.2. Characterization by X-ray diffraction
The samples were analyzed using an X-ray powder diffractometer, Siemens
500 with Co K� radiation (1.7889 Å) and diffracted beam graphite monochro-
ator, as follows: samples of Co-HTlcs were measured from 5◦ to 90◦ in 2θ,

tep size of 0.02◦ and counting time of 5 s step−1. Annealed ZnO strain-free with
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Table 1
Samples nomenclature and compositions

Sample Co content (mol%) Co/Mg ratio

MHS-9 0.9 0.010
MHS-10 1.7 0.019
MHS-12 5.2 0.058
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Table 2
Lattice parameters results

MHS-9 MHS-10 MHS-12 MHS-13 MHS-14

a (nm) 0.3020 0.3042 0.3036 0.305 0.306
c (nm) 2.253 2.256 2.268 2.307 2.301
Volume (nm3) 0.179 0.181 0.1816 0.186 0.187

Table 3
Parameters for both instrumental broadening and profile shape

U 0.027279
V −0.054322
W 0.05057
η

X

a
s
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v
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3
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f
a
C

HS-13 6.9 0.077
HS-14 8.6 0.096

rystallite size up 5 �m, was measured in order to obtain data for instrumental
ontribution to broadening, from 30◦ to 140◦ in 2θ, with step size 0.01◦ and
ounting time 5 s step−1.

These data were used for phase identification, structural (lattice parame-
ers calculations) with a general least squares method [10], and microstructural
arameters characterization (crystallite size and microstrain).

Microstructural features were studied by—(a) analytical methods: the Voigt
ethod and the two stages approach [5,6,11,12]; (b) graphical approaches:
illiamson–Hall type plots in Lorentzian, Gaussian and Lorentzian–Gaussian

ariants [13].
For analytical methods, calculations used to obtain instrumental broadening

ere based on whole pattern procedure with Fullprof software [14]. Sample
roadening and other profile measurements as angular position, and also profile
hape parameters were obtained with pattern decomposition subroutine using

inplotr software [15]. In both cases, a pseudo-Voigt function was considered
o perform the profile fitting.

In the case of graphical methods, a worksheet was developed in order to
etermine the maximum of intensity angular position and integral breadth which
as calculated by numerical integration with no assumption of a specific profile

unction.

. Results and discussion

.1. X-ray diffraction

Diffractograms of the Co-HTlcs are shown in Fig. 1. All sam-
les crystallized only in a pure hydrotalcite-type phase (JCPDS
4-191).
.2. Lattice parameters

Estimation of a and c lattice parameters were calculated from
least squares method taking reflections (0 0 3), (0 0 6), (1 1 0)

Fig. 1. X-ray diffractograms for synthesized Co-HTlcs.
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nd (1 1 3), and the cell volume was calculated, they are pre-
ented in Table 2 as function of Co content.

There is a small increase on the a lattice as Co/Mg ratio
ncreases, which can be negligible; however, it is observed a
otable change related to c lattice. In general, the cell size
ncreased with addition of Co, this can be observed in changes of
olume cell. It was expected that a parameter varies mainly with
ation nature and c with anion and interlayer; however, in this
tudy a lattice parameter did not exhibit considerable changes,
nd hence it, can be inferred that distortion ought to be observed
n basal planes and higher strain should occur along c axis.

.3. Size and strain

.3.1. Analytical methods
Instrumental profile. Data obtained from whole pattern fitting

or ZnO are shown in Table 3. The parameters U, V and W
re related to the full width at half maximum (FWHM) in the
aglioti’s formula [12]:

WHM =
√

U tan2 θ + V tan θ + W (θ in rad) (1)

0 and X model the trend of the pseudo-Voigt mixing parameter
, used in the profile fitting [11,12]:

= η0 + X2θ (2θ in ◦) (2)
Voigt method. Results of calculations are shown in Tables 4
nd 5 as crystallite size and strain dependence as function of
obalt content. In general, the size increased with cobalt con-
ent, showing an anisotropic behavior. Size related to (0 0 3)

able 4
esults from analytical methods for crystallite size dependence (nm)

ample Voigt method Two stages approach

(0 0 l) (h h 0) (0 0 l) (h h 0)

HS-9 5.10 11.90 5.61 12.79
HS-10 4.49 8.36 4.46 8.36
HS-12 7.69 14.45 7.62 14.38
HS-13 9.32 20.72 9.23 20.63
HS-14 9.55 17.06 9.47 16.99
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Table 5
Results from analytical methods for microstrain dependence

Sample Voigt method Two stages approach

(0 0 l) (h h 0) (0 0 l) (h h 0)

MHS-9 0.0099 0.0034 0.0089 0.0026
MHS-10 0.0289 0.0026 0.0289 0.0026
MHS-12 0.0146 0.0024 0.0147 0.0029
M
M
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Table 6
Results from graphical methods for crystallite size dependence

Sample Lorentzian (Cauchy) Gaussian Gaussian–Lorentzian

(0 0 l) (h h 0) (0 0 l) (h h 0) (0 0 l) (h h 0)

MHS-9 6.92 – 5.12 – – 112.5
MHS-10 7.51 – 5.25 – – 2.11
MHS-12 8.97 – 7.13 – – 3.64
MHS-13 10.19 – 7.84 – – 3.72
M
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HS-13 0.0148 0.0020 0.0148 0.0020
HS-14 0.0143 0.0019 0.0143 0.0020

nd (0 0 6) reflections named as (0 0 l) is always smaller than
or (1 1 0), named (h h 0), and the difference increases with
obalt content, which indicates that the geometry of the par-
icle changes its shapes, becoming flattened at higher amounts
f cobalt. Strain dependence is shown in Table 5, it is observed
hat microstrain decreases with molar cobalt content and the
alue is lower for (h h 0) than for (0 0 l) reflections.

Two stages approach. Results are in close agreement with
hose for the Voigt method, the crystallite size increases and
he strain decreases as the cobalt content is increased, and it is
bserved an anisotropic behavior on crystallite size and micros-
rain with the greater values are related to (h h 0) and (0 0 l)
eflections, respectively.

This behavior in microstructural parameters means that, by
ncreasing the cobalt content in the sample, the crystal perfection
s also improved by increasing crystallite size and decreasing

icrostrain.

.3.2. Graphical methods
Plots for Lorentzian and Gaussian approaches for (0 0 l)

eflections are shown in Fig. 2. They show the presence of small
rystallite size and microstrain, numerical values obtained from
he plots (Lorentzian–Gaussian is not shown) being given in
able 6 for crystallite size dependence and in Table 7 for micros-

rain dependence on cobalt content.

Lorentzian plot. In the (0 0 l) family of reflections increases

ize but the microstrain values can be considered as constant, for
h h 0) reflections the results are associated to an infinite size and
he microstrain decreases. Commonly the Cauchy (Lorentzian)

c
b
d

Fig. 2. Lorentzian (a) and Gaussian (b) William
HS-14 18.71 – 9.46 – – 4.06

rofile is associated to crystallite size effect, and it is expected
hat the results from this plot will be in agreement with analytical
esults, which it is not the case.

Gaussian plot. Results for crystallite size in (h h 0) reflec-
ions can be considered as infinite, and for (0 0 l) increase with
obalt content. The microstrain decreases with as cobalt content
ncreases for (0 0 l) reflections, while it can be assumed constant
or (h h 0) reflections, this behavior being in agreement with the
esults obtained with analytical methods; in consequence, the
stimation of size and strain by a Gaussian plot is more reliable
han using a Lorentzian plot for the studied samples.

Lorentzian–Gaussian plot. Results for crystallite size related
o (0 0 l) reflections can be considered of infinite size while for
h h 0) reflections decrease as the cobalt content increases. The
hape of the crystallite is almost the same as obtained with ana-
ytical and the other graphical methods, however the direction
f growth is the opposite, this result is very critical, because
he catalytical properties are dependent on crystal directions.

icrostrains are absent on (h h 0) reflections and for (0 0 l) reflec-
ions there is no clear trend associated to cobalt content. In
eneral, the microstructural features evaluated show an irreg-
lar behavior to that obtained with the analytical and the other
raphical methods. The results obtained from this plot are incon-
istent.

In the case of HTlcs, the main feature observed is the small

rystallite size rather than the microstrain effect, which could
e the reason that Lorentzian–Gaussian plot showed a critical
eviation from the other methods.

son–Hall plots type for (0 0 l) reflections.
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Table 7
Results from graphical methods for microstrain dependence

Sample Lorentzian (Cauchy) Gaussian Gaussian–Lorentzian

(0 0 l) (h h 0) (0 0 l) (h h 0) (0 0 l) (h h 0)

MHS-9 0.0042 0.0182 0.0076 0.0030 0.0333 –
MHS-10 0.0053 0.0207 0.0068 0.0036 0.1121 –
M .0050
M .0041
M .0041
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HS-12 0.0009 0.0169 0
HS-13 0.0011 0.0117 0
HS-14 0.0052 0.0139 0

. Conclusions

Pure Co-HTlc nanocrystalline phase was obtained. Addition
f cobalt increases the crystal perfection due to increasing crys-
allite size and decreasing microstrain.

A distortion in the cell can be detected at lower amounts
f cobalt as a high value of microstrain along [0 0 l], and at
igher values as increase of c lattice parameter. The presence
f microstrain should not be discarded in the microstructural
tudies for HTlcs.

Analytical methods had more reliability than graphical
pproaches, however, the use of Gaussian plot can give a
lose approximation in the case of Co-HTLcs. For evaluating
icrostructural parameters the Lorentzian–Gaussian plot is not

uitable.
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