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Powder X-ray diffraction has become a cornerstone technique for deriving crystallite size in
nanoscience due to speed and 'simplicity’. Unfortunately, this apparently simple technique
commonly has unexpected problems. Anisotropic peak broadening related to crystallite shape,
defects, and microstrain occur frequently in nanomaterials and can significantly complicate
analyses. In some instances usage of the conventional single peak approach would give erroneous
results, and in others this type of analysis is not even possible. =~ A number of different
nanocrystalline oxides have been examined to determine their crystallite sizes by different
techniques. They differ in terms of crystal symmetry, crystallinity, density, and present different
challenges with regard to size analysis.

Keywords: X-ray diffraction; oxides.

1. Introduction

Powder diffraction techniques have a wide variety of applications in compositional,
structural, microstructural and many other areas. The ease in data collection makes its
application to the microstructure of nanomaterials an obvious choice. In the study of
nanomaterials the crystallite size is usually the sole factor of interest. The broadening of
reflections in a powder diffraction pattern contains much information, such as crystallite
strain, shape and stacking faults, which are often not considered. Nanomaterials even
have their own unique problems, such as multiply twinned particle phenomena in metal
nanoparticles. The extensive peak broadening and possible overlap exhibited by
nanomaterials can even make determining phase purity a non-trivial process, and mis-
identification of a two-phase system as being single-phase could lead to some very
misleading results. Visual inspection is often insufficient where closely related phases
can co-exist, e.g. in solid solution series. Full-pattern profile fitting techniques such as
Rietveld analysis can assist greatly in gauging sample purity.
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The first description of size broadening was given by Scherrer in 1918," although the first
rigorous theory of line broadening was formulated in 1944.> Williamson-Hall size-strain
analysis® was developed in 1953 as a method to separate size and strain effects by their
angular dependence. Since then, most studies have been carried out using either Fourier
peak shape-based Warren-Averbach,® or simplified integral breadth methods. These
methods give statistical measures of 'column lengths', L, usually volume-weighted (figure
1) rather than crystallite dimensions. Column lengths must be corrected to give real
dimensions. Direct imaging techniques such as TEM provide number weighted results
(see figure 1). Conversion of column length to crystallite dimension(s) requires
information on crystallite shape. Where there is no anisotropic line broadening it is
relatively safe to assume a spherical shape, in which case:

<D>vol:%<L>vol (1)

where <L>, is the volume weighted average column length, and <D>,,, is the volume
weighted average crystallite diameter.
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Figure 1. Schematic representation of a column height distribution with the important statistical points
indicated. Ly, = most probable value, L, = median value, Lx,m = number weighted mean, L., = area weighted
mean, and Ly, = volume weighted mean. Reproduced with permission from Topas 2.1 manual.’

Integral-breadth methods currently dominate routine size/strain analysis. These often
assume that crystallite size broadening is Lorentzian and strain broadening Gaussian,
referred to in this paper as the LG approach, although the choice is rather arbitrary and
has been demonstrated to be unreliable. Recently, it has been shown that size and strain
broadening are each more accurately modelled by Voigt functions.’ Size and strain
contributions are still separated by the 1/cos(8) and tan(8) dependence of the individual
functions. The double-Voigt approach performed well in a Round-Robin organised to
compare size results from various techniques for analysing powder diffraction data ’.

A novel technique particularly suited to nanoparticulate materials is the use of Debye
scattering analysis to yield radial distribution functions.® In this context, crystallite
diameters are assumed to be the maximum interaction distance on a next-nearest
neighbour basis. For the purpose of determining crystallite size, conventional wide-angle
X-ray techniques can be used satisfactorily,” even with the truncation problems and
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limited range. This technique does not rely on any underlying order, so is suited to
poorly crystalline and amorphous materials.

2. Experimental

A number of different nanocrystalline powders were analysed for size characteristics
using a number of different techniques. They were commercial CeO, (Nanoscale
Materials Inc.) and laboratory synthesised LiMn,0O,4 and alumina materials. Ceria is used
in Solid Oxide Fuel cells (SOFCs), and LiMn,0, is an established cathode material for
lithium batteries. The spinel and alumina were produced using a variation on the sucrose
method for producing nanocrystalline oxides."

Diffraction data for this paper were collected from a parallel-beam CuKa Bruker D8, and
a Scintag XDS2000 CuKa Bragg-Brentano diffractometer. Instrument and emission
source profiles were modelled using NIST LaBg 660 and 660a profile standards.

The software used to analyse the data using the 'double-Voigt' approach was a beta
version of Bruker's Topas 2.1 software.” Fourier radial distribution function analysis was
carried out using the program RAD.'"" Selected samples were also examined using a
Hitachi S4800 FEG-SEM.

3. Results and Discussion

The diffraction data for all the samples are shown in figure 2. The alumina shows very
poor crystallinity, and it is not possible to identify its polymorph. Ceria is frequently
used as a standard material for the study of nanomaterials and is expected to show
isotropic broadening behaviour. Structural refinements using both the LG and double-
Voigt approaches were carried out. The double-Voigt fitting achieved a better fit to the
data than the LG approach as seen in figure 3, with an Ry, of 7.1% as opposed to 7.8%
for the LG approach. In general terms, the smaller the value of pr,lz the better the fit,
although noise and high backgrounds can impact Ry, values. Assuming a spherical
shape, a crystallite diameter <D>,, of 8.0(1)nm was derived. This value compares
favourably with the manufacturers' claim of <7nm.

The Williamson-Hall plot for data collected from the LiMn,O, spinel are shown in figure
4. In Williamson-Hall plots, <L>,, is extracted from the intercept, and strain from the
slope in a semi-quantitative manner. It is apparent from the plot that there are some /kl-
dependent differences in the apparent size and strain, i.e. the apparent size for the 00/
reflections is smaller than those for the (hhh) reflections), e.g. the (222). This suggests
that the spinel crystallites have a distinct shape. Cubic materials usually form crystal
shapes somewhere in a continuum between a cube and an octahedron. The mathematical
description of shape-dependent ikl broadening is complex in many instances, although
papers describing the Akl dependence in terms of apparent size for a number of simple
shapes do appear in the literature.”® Fortunately, cubic materials form simple shapes, and
<111> faceting of an octahedral crystallite would be expected to give rise to a larger
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apparent size in the [111] direction than the [001]. Therefore the diffraction data
suggests that the crystallites are octahedral in shape, with apparent dimensions of
approximately 85nm in the [111] direction. Such a conclusion is consistent with
observations of the sample by FEG-SEM as seen in figure 5.
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Fig. 2. X-ray diffraction patterns of the various samples. The intensities have been rescaled to afford better
comparison of the weaker patterns.
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Fig. 3. Difference plot yielded by (a) LG, and (b) double-Voigt Rietveld refinement of the ceria structure.

The alumina could not be analyzed using conventional techniques, so a Debye scattering-
based radial distribution function was calculated for this phase. Trials with other
nanocrystalline samples indicated that comparable values are obtained to other diffraction
methods. Size is indicated by the point at which G(r), or electron density, reaches zero.
The Fourier transform introduces background noise, introducing an error in the point at
which the function reaches zero. The graph in figure 6 indicates a crystallite size of
approximately 40A or 4nm. This technique does not produce column lengths and is a
direct measure of crystallite dimension.
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Fig. 4. Williamson-Hall plot for the LiMn,O4. The (hhh) and (00/) reflections are plotted separately. B was
extracted from FWHM values of Pearson VII fitting to the sample and the LaB, standard.
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Fig. 5. Micrograph of the nanocrystalline LiMn,O, material.

4. Conclusions

It has been shown a variety of techniques can be employed to extract size and sometimes
strain data from diffraction data. The choice of technique depends largely on any
complicating factors. One may have to resort to exotic methods based on Debye
scattering where crystallinity is poor and crystal symmetry uncertain. Crystallite shape
effects must also be considered, even in cubic materials. Williamson-Hall plots can be
useful in determining Akl-dependent broadening, and even suggest shapes for crystallites.
The double-Voigt model for peak size/strain broadening can be employed successfully in
full-pattern peak fitting methods.
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Fig. 6. Reduced radial distribution function calculated from the diffraction data of the nanocrystalline alumina.
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