368

CHIMIA 2021, 75, No. 5

CoLLoiDAL NANOCRYSTALS

doi:10.2533/chimia.2021.368

Chimia 75 (2021) 368-375 © K. M. @. Jensen

Characterization of Nanomaterials with
Total Scattering and Pair Distribution
Function Analysis: Examples from Metal
Oxide Nanochemistry
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Abstract: The development of new functional nanomaterials builds on an understanding of the intricate relation
between material structure and properties. Only by knowing the atomic arrangement can the mechanisms re-
sponsible for material properties be elucidated and new materials and technologies developed. Nanomaterials
challenge the crystallographic techniques often used for structure characterization, and the structure of many
nanomaterials are therefore often assumed to be ‘cut-outs’ of the corresponding bulk material. Here, | will dis-
cuss how Pair Distribution Function (PDF) analysis of total scattering data can aid nanochemists in obtaining a
structural understanding of nanoscale materials, focusing on examples from metal oxide chemistry.
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Introduction

Understanding the relation between material synthesis,
structure and properties is the very core of materials chemistry,
and discoveries of new materials and applications rely on be-
ing able to determine and characterize atomic structure. Over
the past century, crystallography has played an enormous role
in this work. The first question a chemist asks after a synthesis
is “what is it?”, and crystallography and diffraction techniques
are here indispensable. Powder diffraction especially is essen-
tial for material characterization, and PXRD experiments and
Rietveld refinement are core tools in a material chemists’ tool-
box.[!l However, the intense focus on nanoscience in all fields
of materials chemistry challenges the crystallographic methods
commonly used.[?! Bragg diffraction and crystallographic tech-
niques rely on the existence of long-range atomic order, and
when nanoparticles get small, this assumption breaks down.
This is illustrated in Fig. 1A, where calculated diffraction pat-
terns from iron oxide nanocrystals of different sizes are shown.
When the particles are smaller than 5 nm, the broadening of
Bragg peaks makes it difficult to extract detailed structural infor-
mation. Any nanosize-induced structural changes to the particle
structure will complicate this analysis much further, as the as-
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sumption of a small unit cell repeating over and over in 3D may
not be appropriate for materials with dimensions on this length
scale. This hinders mapping of the relation between structure
and properties in nanostructured materials and is a bottleneck in
nanomaterials development that many chemists face.

Pair Distribution Function (PDF) analysis of X-ray or neutron
total scattering data is an excellent method for characterizing such
nanoscale structures. A total scattering experiment is very similar
in nature to a conventional powder diffraction experiment, except
data are collected over a wider Q-range, as will be discussed be-
low. The PDF is the Fourier transformation of the total scattering
data, and represents a histogram of all interatomic distances in the
sample, regardless if the sample is crystalline, nanostructured, or
amorphous. The history of PDF analysis goes back to early works
of Debye in 1916131 and Prinz and Zernike in 1927,14 and the first
X-ray PDF experiments were done in the 1930s.5! For several de-
cades PDF was often used as a last resort for structural character-
ization of materials with limited order such as liquids and glasses,
as well as amorphous materials, as seen in Rosalind Franklin’s
work on disordered carbons.[®] Limitations in instrumentation,
as well as the need for cumbersome and computationally heavy
calculations held back the use of and interest in PDF. The field
changed significantly with the development of high energy neu-
tron sources and synchrotron beamlines with high energy X-ray
radiation, as well as with developments of detector technology al-
lowing efficient and fast detection of X-rays. The potential of PDF
for local structure analysis of crystalline materials was marked by
seminal work by Billinge and Egami in the early 1990s.[71 Since
then, the use of PDF for materials structure analysis has continued
to grow through the development of user-friendly software, dedi-
cated synchrotron beamlines and neutron instruments for PDF,
textbooks, reviews and tutorials, along with an increased inter-
est in short-range order of materials. PDF has thus over the last
decades developed from being an exotic, rarely used technique
to an important characterization method in physics, chemistry,
and beyond.[8! Today, PDF analysis plays an increasing role in
nanomaterial characterization. For ‘large’ nanoparticles, e.g. with
dimensions above 8—10 nm, a simple Q-space Rietveld refinement
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Fig. 1. Calculated (A) PXRD patterns and PDFs (B) from Fe,O, nanopar-
ticles of sizes 1 nm, 2 nm, 5 nm and 10 nm. The data are calculated as-
suming a perfect fcc structure.

is usually a good approach for structure characterization. Below
this range, the features in the scattering pattern become broad, and
structural rearrangements may happen, which results in diffuse
scattering. It is thus when particles get very small or disordered,
and when these size-dependent effects appear, that PDF comes
into its right as a very powerful technique for structure analysis.

In this short review, I will illustrate how the PDF technique
can be used by chemists working with nanomaterials for structural
characterization. The PDF literature is vast, and I will here only
discuss a few, selected examples that illustrate different aspects
of PDF analysis. I will focus on metal oxide nanostructures, as
metal oxide chemistry is becoming more and more important for
e.g. battery materials, catalysis and beyond. I will show examples
of both size-dependent atomic structure in nanoparticles, structure
analysis of amorphous oxides, and studies of nanoparticle forma-
tion and growth. A more extensive review of PDF for nanomateri-
als is given in e.g. ref. [8b], and other applications of PDF, as well
as PDF theory, have been described in detail in textbooks and
recent reviews. 280,101

The Pair Distribution Function

A PDF is obtained by Fourier transforming total scattering
intensities, most often obtained using X-rays or neutrons. The
Fourier transform is done over the structure function S(Q), as here
expressed for X-ray scattering:

L(Q)—=(f(@*)+{f (@)
S@= (£(Q)? (1)

6@ = (2) [ (s(@) - 1)sin(er) dQ @

S(Q) is obtained from I (Q), which is the experimentally de-
termined coherent scattering intensity. f(Q) is the atomic form
factor for the elements in the sample, and Q is the momentum
transfer, related to the scattering angle and the X-ray wavelength
through @ = 4zsin®  Over the last decades, several user-friendly
programs!!!] have been developed, which can be used to obtain
1.(Q), S(Q), and G(r) from experimental X-ray or neutron total
scattering data, making PDF analysis accessible to a broad range
of scientists.

The Q-range included in the Fourier transformation, i.e. the
Q,,, and Q__ values, determine the r-resolution in the resulting
PDF, and therefore the amount of information and detail that can
be extracted. In order to obtain atomic scale structural informa-
tion, a Qmax value of at least 15-20 A is needed, and often, an
even higher value is used. This means that radiation with a short
wavelength, i.e. high energy, is required. A high flux of X-rays
or neutrons is also essential, as good data statistics are needed
to minimize noise in the final PDF. In the case of X-rays, PDF
experiments are therefore often done at synchrotron sources with
dedicated beamlines for total scattering. In recent years, labora-
tory instruments with Ag or Mo X-ray tubes, suitable for PDF
analysis, have become increasingly common as the interest for
PDF analysis grows. Total scattering measurements can also be
performed using neutrons or electrons,[!2l and a PDF can thus be
obtained using a transmission electron microscope, available in
many material chemistry laboratories. This ‘ePDF’ method is ex-
pected to become more commonly applied in the coming years.[!3]

The PDF represents a histogram of interatomic distances in
the sample. The G(r) function, which is obtained directly from the
Fourier transform of S(Q), is the reduced par distribution func-
tion. G(r) is closely related to the R(r) function, the radial distribu-
tion function:

G(r) = ——4nrp, (3)
R() = 3, 8,58 8(r — 1) @

The R(r) is fairly intuitive: Two atoms, v and u, separated by a
distance r,, will give rise to a delta function in the R(r) function at
this r-value, and the scattering power of the two atoms determine
the intensity of the peak. The full R(r) is obtained by summing
over peaks from all atomic pairs in the sample. While the R(r)
function increases with increasing r, the G(r) function oscillates
around zero in the limit of large r values, and the intensity of G(r)
peaks represent the probability of finding a pair of atoms with a
separation of r, compared to the average atomic number density
in the sample.l'4l

Calculated PDFs (G(r) functions) from iron oxide nanopar-
ticles of different sizes are given in Fig. 1B. As can be seen, infor-
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mation on both atomic structure and crystallite size can be directly
extracted from the PDF. This intuitive nature of the PDF means
that much information can be obtained from a model-free analy-
sis. However, through PDF modelling, much more, and more reli-
able, information can be obtained. PDFs can easily be calculated
from atomic structure models, e.g. a crystal structure or a model of
a discrete object such as molecule-like clusters or nanoparticles.
These calculated PDFs can then be compared with experimental
data, and the parameters in the models can be refined to fit to the
data. Several strategies for PDF modelling exist, where more or
less complex models can be used to describe the data. The ‘real-
space Rietveld’ method,[!5] where the modelling is based on a
periodic crystal structure model is very commonly used, espe-
cially for nanomaterial analysis as discussed here. PDF modelling
based on discrete structure models can be done using the Debye
equation, and the PDF from amorphous and highly disordered
materials can be analyzed through e.g. ‘big-box’ modelling using
the Reverse Monte Carlo method.['% The most suitable method for
data analysis will be dependent on the problem at hand, as well as
the data obtained in the experiment.

Size-dependent Structure in Metal Oxide
Nanoparticles

The atomic structure of metal oxides is often described in
terms of [MO,] polyhedra, where M is a metal. By assembly
of e.g. [MQ,] octahedra and [MO,] tetrahedra through edge-,
corner, or face-sharing, a plethora of crystal structures appears,
and this vast structural space and possibility for crystal engineer-
ing means that the list of applications of metal oxides is almost
endless. However, nanosizing of metal oxides can provide even
more options, as it is well known that structural changes can take
place when going to the nanoscale. For example, size-induced
defects can appear, which can heavily influence material proper-
ties. To take advantage of metal oxide nanoparticles, it is there-
fore crucial that we can map the size/structure relations in metal
oxide nanomaterials.

PDF is an excellent technique for studies of these effects.
For example, we have used ‘real-space Rietveld’ analysis for
studies of the defect chemistry of molybdenum oxides;[!¢! an
important material for catalysis and a potential battery mate-
rial. MoO, normally crystallizes in a distorted rutile structure,
however, significant structural changes take place when going
to the nanoscale, which affect the material properties.[!”] We
studied these effects with PDF in MoO, nanoparticles of two
different sizes; 4 nm, and 40 nm, as well as in bulk MoO,.
PDF analysis of the three samples (Fig. 2A—C) showed that the
expected distorted rutile structure gave a good fit to the PDF
from the bulk MoO, sample (Fig. 2A). However, the model
only describes the average structure of the crystalline, 40 nm
MoQ, particles (i.e. the r-range above 5 A in the PDF, Fig. 2B).
The distorted rutile model failed to fit the PDF peak arising
from Mo-Mo distances in edge-sharing [MoO ] octahedra at
3.8 A. From the fit and the difference curve, it is clear that the
crystalline sample contains more edge-sharing octahedra than
accounted for in the rutile model, and further PDF analysis
showed that this misfit arose from uncorrelated point defects
in the rutile structure, where additional edge-sharing octahedra
appear.

For the 4 nm nanoparticles, a misfit is seen over the full
range of the PDF (Fig. 2C). By comparing the model and the
data, it is clear that even more edge-sharing [MoO,] motifs
appear than in the larger crystalline nanoparticles, and this af-
fects also the longer-range structure. By considering defects in
known rutile systems, we found that a structure model based
on the presence of crystallographic shear planes,!'8 could de-
scribe the observed PDF. A very simplified structure model
was constructed by building an interwoven rutile model, which

reflects the appearance of shear-planes. As illustrated in Fig.
3B, an ‘extra’ rutile structure was incorporated into the lattice
by adding a new Mo atom in an interstitial, partially occupied
site in the unit cell. The PDF analysis was complemented by
HR-TEM which agreed with the proposed model. As seen in
Fig. 3C, the TEM images showed that Mo atoms can indeed be
found in interstitial sites, as expected from the PDF analysis.
This study of molybdenum oxides show how defect chemis-
try known from bulk structures can completely dominate in
nanoparticles and thus affect material properties. The use of
PDF and simple ‘real-space’ Rietveld analysis allowed an intu-
itive identification of the defects, which led to the development
of new models. Defects and size-dependent structure have been
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Fig. 2. Fits to the PDFs of A) a bulk MoO, sample, B) crystalline
nanoparticles, ca. 40 nm and C) nanostructured samples, ca. 4 nm us-
ing the MoO, rutile model. The model gives a good description of the
PDF from the bulk sample, while it only fits the long-range order in the
40 nm nanoparticles. The model gives a poor fit of the entire PDF range
for the small (4 nm) nanoparticles. Reprinted with permission from T. L.
Christiansen, E. D. Bgjesen, M. Juelsholt, J. Etheridge, K. M. @. Jensen,
ACS Nano 2019, 13, 8725-8735. Copyright 2019 American Chemical
Society.
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Fig. 3. Fits to the PDF obtained from nanostructured MoO, using two
different models. (A) The bulk rutile structure and (B) a ‘double’ rutile
model representing disordered shear-planes. (C) High-resolution TEM
image from the sample. A rutile structure model is overlaid on the im-
age. Reprinted with permission from T. L. Christiansen, E. D. Bgjesen,
M. Juelsholt, J. Etheridge, K. M. @. Jensen, ACS Nano 2019, 13, 8725-
8735. Copyright 2019 American Chemical Society.

characterized in a range of different metal oxide systems, in-
cluding ALO,,l" TiO,,[?%! iron oxides,?!! and ferrihydrite.[2?!

Amorphous and Disordered Metal Oxides

PDF also gives the opportunity to study highly disordered
oxide materials, which have recently received much attention for
applications in electrocatalysis.[?3 For example, Du et al. used
PDF to establish the structure of an amorphous, or highly dis-
ordered, cobalt oxide for water splitting, giving rise to only dif-
fuse scattering in the scattering pattern.?4l From Extended X-ray
Absorption Fine Structure (XAFS) analysis of the material, a
cubane-type motif built up of edge-sharing [CoO,] octahedra
was expected.?51 However, EXAFS only provides structural in-
formation on the very local atomic range, and PDF was therefore
needed to characterize the longer range atomic structure, and to
understand the arrangement of [CoO,] octahedra. A range of dif-
ferent models of cobalt oxide models were built, where both the
domain size and atomic arrangements were varied. PDFs were
then calculated from the models using the Debye equation and
compared to the experimental PDFs. The best fitting model was

astructure with 13 [CoO,] motifs arranged with edge-sharing, as
cut directly from a LiCoO, crystal structure. The comparison be-
tween the simulated and experimental PDFs is shown in Fig. 4,
and the structure clearly describes the experimental PDF peaks
well. The model was improved through small refinements of the
atomic structure, thus allowing to map the material structure/
property relations in much more detail.

Many layered oxide materials show a large degree of inter-
and intralayer disorder, which can affect their properties for e.g.
intercalation reactions in electrochemical cells.l?¢! Such dis-
order has been extensively studied with PDF.[271 For example,
Batchellor et al.[?81 have used PDF to characterize the structure
of nanocrystalline layered nickel iron oxyhydroxides, consist-
ing of layers built up from edge-sharing [MO]. These materials
are highly active electrocatalysts, but disorder in the layering
have made it difficult to understand the relation between mate-
rial preparation, structure and properties, and many questions
remain unanswered. Using PDF, Batchellor et al. were able to
characterize both the local structure, the layer disorder, and the
domain size in the material, which was dependent on both syn-
thesis method and catalytic use.
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Fig. 4. Fit to an experimental X-ray PDF obtained from nanostructured
cobalt oxide. The mode shown in the insert was obtained by cutting out
a motif from the LiCoO, crystal structure. Reprinted with permission from
Du et al., J. Am. Chem. Soc. 2012, 134, 11096-11099. Copyright 2012
American Chemical Society

d-PDF: Structural Changes upon Adsorption

Using ‘differential PDF’ (d-PDF), it is possible to resolve
small structural changes in materials after e.g. a chemical reac-
tion. For example, Chupas et al. used d-PDF to determine the
nature of the catalytic surface sites in Al,O, nanoparticles by
adsorbing a basic probe molecule (monomethylamine, MMA),
and identifying its coordination to the nanoparticle surface.[2°]
Experimental PDFs from y-Al O, nanoparticles both with and
without adsorbed MMA were obtained and subtracted from each
other, giving the differential PDF plotted in Fig. 5, where clear
peaks relating to the interaction between the molecule and sur-
face could be identified. Analysis of the d-PDF showed that the
active sites are five-coordinate, as MMA coordinates directly to
an Al surface atom.

d-PDF studies are also widely used for studies of catalysts,
where nanoparticles are often dispersed on high-surface area
supports in order to save active material and prevent agglomera-
tion. Structural analysis of such materials can be using the d-PDF
method, 3% where data from the support both with and without
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Fig. 5. d-PDF obtained after subtraction of a PDF from ‘clean’ Al,O, from
a PDF obtained from MMA-covered Al,O,. Reprinted with permission
from Chupas et al., J. Am. Chem. Soc. 2011, 133, 8522-8524. Copyright
2011 American Chemical Society

nanoparticles are collected, and the first is subtracted from the
latter either in Q- or r-space. In this way, a PDF containing only
the signal from the supported nanoparticles (and possibly their
interaction with the support, as in the example above) is obtained.
Such d-PDF studies have been used extensively for e.g. analysis of
catalyst materials[8¢311 and metal sorption in materials.[32!

Automated Modelling of Metal Oxide Structures

As may be clear from the examples described so far, a bottle-
neck in PDF analysis is identifying a suitable structural model
that can be fitted to the experimental PDF. This is generally done
‘manually’, where a number of different models are built and
tested against data. This process can limit the number of models
that are tested, and can induce human bias in model selection.
Banerjee et al. have recently developed an automated ‘structure
mining’ approach for high-throughput modelling of the struc-
ture of metallic nanoparticles.[20e33] Here, thousands of structure
models were automatically built and tested against the data, in
order to identify which structures may be useful for further inves-
tigations. In the case of oxide materials, we recently developed a
similar approach for identifying structural motifs in amorphous
molybdenum oxide supported on Al,O, nanoparticles.3* Here, we
used known structures of polyoxometalates as starting point for
iteratively building thousands of possible structure models. Just
as many metal oxide crystal structures, polyoxometalate ions are
built from edge- and corner-sharing octahedra and tetrahedra. By
fitting different polyoxometalate fragments to an experimental
PDF, we were able to test which types of structures and motifs
gave the best fit to experimental data.[34l Such approaches to data
analysis are likely to become more important in the future, pos-
sibly also incorporating methods from data science and machine
learning.[33]

In situ Studies of Reactions in Materials Chemistry

The possibility to extract atomistic structural information from
PDF, regardless of long-range atomic order in the sample investi-
gated, means that in situ PDF studies can provide unprecedented
insight into atomic scale reaction mechanisms in materials. For
example, PDF has allowed understanding of the formation and
role of amorphous and nanostructured materials during battery
cycling,®dl and studies of catalytic reactions3¢ has made it pos-
sible to follow the subtle structural differences taking place during
several heterogenic catalytic reactions.3!2]

We have used PDF to gain understanding of how materials
form, focusing especially on nanoparticle formation during sol-
vothermal and hydrothermal synthesis. Solvothermal synthesis
has for a long time been a preferred method for the synthesis of
a range of different nanomaterials, as the method allows tuning
material characteristics by exploring a large synthesis parameter

space.l?7l However, the mechanisms for material formation dur-
ing solvothermal synthesis remain elusive, and we are lacking an
understanding of the chemical reactions driving material forma-
tion.38 With in situ PDF we can observe these structural changes
directly.[31 We have recently used this to study the synthesis of
hexagonal tungsten oxides.[*1 We were interested in the effect
of solvent in the formation of tungsten oxide nanoparticles, and
especially how the solvent (here water vs. oleylamine) may affect
the structure of the species involved in the material formation.
While it was clear from previous studies that the solvent change
affected crystallite size, the influence on the reaction mechanisms
itself was unknown. Fig. 6A—C show the time-resolved PDFs ob-
tained from a hydrothermal synthesis, i.e. using water as solvent
and ammonium metatungstate hydrate (NH,) H,W O, -xH, O) as
reactant. The PDF is obtained after subtraction of the signal from
the pure solvent from the data in Q-space, i.e. before the Fourier
transformation. When considering the PDF from the precursor
solution, we observe very clear PDF peaks, which can be fitted
with the well-known [W O, ] metatungstate (alpha-Keggin) clus-
ter (Fig. 6G), which is the building block of the crystalline starting
material. Upon heating, the PDF peak intensities change, and we
identified tungstate Y ions (Fig. 6G) before the formation of crys-
talline hexagonal tungsten oxide nanoparticles. Fig. 6D-F show
PDFs obtained from the solvothermal synthesis in oleylamine.
In the precursor solution (Fig. 6F, blue), we could again identify
isolated metatungstate ions, showing that even in this solvent, the
crystalline starting material dissolves. However, in oleylamine,
the formation of a crystalline phase from the metatungstate is
completely different than in water. With heating, the structure re-
arranges to form a paratungstate cluster (Fig. 6G), before an amor-
phous phase with local structure similar to metatungstate is seen.
The first crystalline phase that forms in oleylamine is the cubic
pyrochlore structure WO,-H,O, which with time transforms to the
hexagonal tungsten oxide. The different solvent thus completely
changes not only the growth of the particles, as often discussed in
literature, but also the formation mechanism itself, as it directs the
structural evolution of the precursor cluster. The formation of the
paratungstate cluster appears to be responsible for the formation
of the pyrochlore phase, and we are currently investigating this
process further under different synthesis conditions.

The study illustrates the vast possibilities PDF offers for in
situ studies. With PDF, we can distinguish molecular and ionic
structures in solution, ranging from large polyoxometalate ions,
to smaller complexes and clusters, as well as amorphous and crys-
talline intermediates. The ability to study local structure, aver-
age structure, and nanostructure within one experiment opens for
new possibilities for understanding chemical reactions in materi-
als chemistry and beyond. At this point, the synthesis of a range
of nanomaterials has been investigated by PDFE,“!l and reaction
mechanisms have been observed. The next step is to fully under-
stand how the precursor structure influences the final material in
order to be able to use this knowledge in synthesis design.

Outlook: What is Next for PDF Analysis?

Over the last decades, PDF analysis has clearly become an
important and established method for structure characterization
of nanomaterials. The technique and data analysis methods also
continue to evolve. For example, new methods in data science
and machine learning are bound to have a large influence on
PDF analysis (along with other data-heavy fields) in the near
future.2] Methods from machine learning have recently been
used to identify components in PDFsl*3] and determining crys-
tallographic space group.[*4l We are currently developing ma-
chine-learning approaches to identify structural models directly
from a PDFE.[33] This development will help maximize the in-
formation that can be extracted from PDFs. Automated model-
ling, as discussed above, is also likely to get much more widely
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Fig. 6. (A, B) PDFs obtained from time-resolved X-ray total scattering data, collected during tungsten oxide synthesis in water. (C) PDFs obtained
after 2 s, 4 and 13.8 min. (D, E) PDFs obtained from time-resolved X-ray total scattering data, collected during tungsten oxide synthesis in oleyl-
amine (F) PDFs obtained after 6 s, 4 min and 13.8 min. (G) The formation pathway found from the PDF analysis. Reprinted with permission from M.
Juelsholt, T. Lindahl Christiansen, K. M. &. Jensen, J. Phys. Chem. C 2019, 123, 5110-5119. Copyright 2019 American Chemical Society.

used,[33:34451 and new methods and user-friendly software as well
as tools for more advanced analysis continue to be developed
and made available.

While the information content in the PDF is high, it is impor-
tant to keep its limitations in mind: it is not always possible to
determine a unique structure model from a PDF, and the unique-
ness and validity of any model should always be considered.
Supporting PDF models with structural information from other
techniques is therefore important. In some cases, this can be
done through ‘complex modelling’, where one structural model
is refined against data from more than one technique.!*¢ Such an
analysis can sometimes provide more reliable models, e.g. in the
combination of PDF with SAXSH71 or EXAF.[48]

As discussed above, in situ and operando PDF experiments
are very useful for following chemical reactions and structural
rearrangements in real time. The possibility to do position re-
solved PDF experiments, as is done when combining computed
tomography with PDF (ctPDF)“9 can add a completely new di-
mension to the understanding of real materials in devices. For
example, ctPDF has been used to study position-dependent struc-
tural changes in catalysts*?] and batteries,5% and this technique
is likely to become much more widely applied in the future, e.g.
with the development of more high energy synchrotron beamlines
with microfocus beams.

Here, just a few examples of the use of PDF have been dis-
cussed, and many more can be found in the literature, where new
creative and groundbreaking studies using PDF continue to appear.
The immense interest in nanomaterials, and the increased focus on
the properties of highly disordered materials means that the use of
PDF will continue to grow, and there is no doubt that PDF is be-
coming a routine technique for material chemists. Just as Q-space
Rietveld refinement changed the way we characterize and under-
stand the structure of crystalline materials, PDF analysis is now
making that change for nanostructured and disordered materials.
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