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There's no place like real-space: elucidating size-
dependent atomic structure of nanomaterials using
pair distribution function analysis
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The development of new functional materials builds on an understanding of the intricate relationship
between material structure and properties, and structural characterization is a crucial part of materials
chemistry. However, elucidating the atomic structure of nanomaterials remains a challenge using
conventional diffraction techniques due to the lack of long-range atomic order. Over the past decade,
Pair Distribution Function (PDF) analysis of X-ray or neutron total scattering data has become a mature
and well-established method capable of giving insight into the atomic structure in nanomaterials. Here,
we review the use of PDF analysis and modelling in characterization of a range of different nanomaterials
that exhibit unique atomic structure compared to the corresponding bulk materials. A brief introduction
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Accepted 5th May 2020 to PDF analysis and modelling is given, followed by examples of how essential structural information can
be extracted from PDFs using both model-free and advanced modelling methods. We put an emphasis

DOI 10.1039/d0na00120a on how the intuitive nature of the PDF can be used for understanding important structural motifs, and
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Introduction

When looking back on the developments in materials chemistry
over the past decades, it is clear that the discovery and
advancement of new functional materials for advanced appli-
cations in e.g. energy technologies and many other fields has
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on the diversity of applications of PDF analysis to nanostructure problems.

paralleled the ability of scientists to characterize atomic struc-
ture in materials."” The very core of materials chemistry is
understanding the relation between atomic structure and
properties, and developments in materials chemistry heavily
relies on structural knowledge. The ability to determine the
atomic structure of materials began with the work of Max Von
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Laue and W. H. and W. L. Bragg in the 1910s.*”* Epochal
developments such as Rietveld refinement® and the advent of
large scale synchrotron and neutron facilities have allowed
materials scientists to tackle structures, materials and problems
of ever increasing complexity.”® The result is an explosion in the
diversity of the materials we use every day, which has caused
a fundamental change in our society and way of life.” Still ahead
lies challenges to develop cheaper, more sustainable and
greener materials with improved properties, tailormade for new
technologies. Nanomaterials have the potential to be part of this
development and have contributed solutions in a number of
important fields.**"

The size-dependent properties observed in many nano-
materials arise from effects including enhanced surface/volume
ratio, and for the smallest nanoparticles, quantum confinement
effects.”*™ In addition, the atomic arrangement in a material
may also change upon nanosizing, which will dramatically
influence the material properties. For example, a change of
atomic structure is seen in metallic nanoparticles when going
below 2-3 nm, leading to completely new properties.’>*®
Despite this, the atomic structure of most nanomaterials is
often assumed to be simple cut-outs of the structure of the
corresponding bulk materials. This lack of understanding of an
important nanoscale effect is most likely due to the difficulty in
characterizing atomic structure in nanoscale materials.'* While
the small domain size of the nanomaterials is the origin of
emerging properties,'” it also poses a problem as it challenges
the conventional crystallographic methods used for deter-
mining and refining the atomic structure of materials.’>** In
traditional powder X-ray diffraction (PXRD), the Bragg peaks
that arise from atomic periodicity in crystalline materials are
analyzed to obtain information on the atomic structure of the
sample, however this is not sufficient for nanostructured
materials, where the crystalline domain size is small and where
the structure is often disordered. Consider the standard Riet-
veld refinement approach:® Structural information is extracted
by minimizing the difference between experimental PXRD data
and Bragg peak intensities and positions calculated from
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a crystal structure model. Any deviation from perfect crystal-
linity is included by modelling the Bragg peak shape, which can
yield microstructural information such as crystallite size and
strain.** However, any diffuse scattering arising from disorder in
the material is normally considered background scattering and
conventional Rietveld refinement is often inadequate for
structural analysis of nanomaterials whose atomic structure is
far from that of bulk, crystalline materials.>

Because of the challenges in applying traditional diffraction
methods to nanostructured materials, many other techniques
have been applied in the quest to characterize their atomic
structure.*® For example, Extended X-ray Absorption Spectros-
copy (EXAFS) can be used to characterize the local atomic
structure in any material no matter its degree of atomic order,
including disordered nanostructured materials.>® However, the
structural information that can be obtained from EXAFS is
limited to the first few coordination shells around an atom,
making it difficult to fully characterize material structure.*
Transmission electron microscopy (TEM) is another widely used
technique for nanomaterials, and with sufficient resolution,
TEM can be applied in the characterization of the atomic
structure of nanoparticles.”>* However, highly disordered
materials can be difficult to characterize from microscopy
methods alone and a limited number of particles can be
analyzed at a time. Since the turn of the century, X-ray Total
Scattering (TS) and Pair Distribution Function (PDF) analysis
has been proven to be an extremely powerful technique for the
characterization of material structure and has evolved from
a method mainly used for characterization of liquids and
amorphous matter into a powerful tool for elucidating the
atomic structure of solid state materials.>****® In the early days
of PDF analysis of materials, in the late 1990s and early 2000s,
the method was an exotic technique applied mainly by solid
state physicists to study the local structure in bulk, crystalline
materials exhibiting e.g. superconductivity or ferroelec-
tricity.*®** PDF is still widely used for this type of materials, but
since then, the diversity of the applications of PDF has grown
tremendously, and PDF is now an important method for
structure characterization in chemistry,* energy materials,**~*’
geology,***° pharmaceuticals,*** and other fields.

A PDF is a Fourier transform of total scattering data and, as
described further below, represents the distribution of all
interatomic distances in a material.” When treating total scat-
tering data, one does not discriminate between diffuse scat-
tering and Bragg scattering, and the PDF thus includes
information on the atomic structure of any kind of material;
crystalline, nanostructured, disordered, or fully amorphous.?® A
barrier to wide adoption of the use of PDF in the past was the
challenges in measuring high quality scattering data to high
momentum transfers, Q, which is needed to obtain high reso-
lution in real-space.” Now, the increase in X-ray flux and X-ray
energy available at synchrotron sources have made the devel-
opment of dedicated PDF beamlines possible.?”** Combined
with developments in experimental methods, such as the rapid-
acquisition PDF (RA-PDF) method,* and user-friendly soft-
ware,”* PDF has become a widely accessible technique for
a large community of scientists.**
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PDF analysis can now be considered a mature technique
capable of characterizing a range of different nanostructures,
and its use in several fields has been reviewed in the past.’*3°>*
With this review, we focus on the application of PDF in studies
of the size-dependent atomic structure in nanomaterials and
aim to give an overview of some of the different approaches that
have been applied in studies of nanosize-induced structural
changes. We will review examples of PDF studies that use
a variety of strategies for data analysis. The PDF method and
PDF theory has already been thoroughly reviewed and described
in papers and textbooks,***>*® and we therefore only give a short
description of the anatomy of a PDF to aid in understanding
how structural information can be extracted from total scat-
tering data and PDF analysis before reviewing examples of its
use.

Obtaining and reading a PDF

A PDF is obtained by Fourier transforming total scattering data.
The Fourier transform is done over the structure function S(Q),
which represents the normalized, coherently scattered intensity
from the sample, as here expressed for X-rays:*>

1(0) = {f(0)) + (1)’
()

S(0) = &)

Omax
6= (7) [ " ews@ - nsntonae
here, I.(Q) represents the coherent scattering intensity, and f{Q)
the atomic form factors for the elements in the sample.
Several user-friendly programs, e.g. PDFgetX3,** PDFgetN,>”
PDFgetN3,>® GSAS-II,* GudrunX and GudrunN*® can be used to
obtain S(Q) and G(r) from experimental total scattering data
obtained from X-rays, neutrons or electrons. The extent of the Q-

47 sin(6)
range (Q =
mines the amount of information and detail that can be
extracted from the PDF, and generally, a Qnax value of at least

) used in the Fourier transform deter-

15-20 A~' is needed to extract atomic scale structural infor-
mation, although this value is highly dependent on the purpose
and aim of the study. The need for large Q-ranges means that
high energy X-rays or neutrons with a short wavelength should
be applied. High flux is furthermore required, as good statistics
in the S(Q) function even at the highest Q-values are needed in
order to minimize noise in the PDF. In the case of X-rays, total
scattering studies are therefore often done at high energy
synchrotron sources with dedicated PDF beamlines.?® However,
PDF analysis is also possible with laboratory instruments using
e.g. Ag or Mo X-ray tubes.* Total scattering measurements can
also be performed using neutrons® or electrons.®® We focus
here on X-rays which is most widely used for nanostructure
analysis, but the choice of radiation depends entirely on the
sample and scientific aim in question.

A PDF represents the distribution of all interatomic atomic
distances present in the structure of a sample. Due to the
intuitive nature of the PDF, significant structural insight is
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Fig.1 Gl(r) functions calculated for hypothetical 1D atomic structures.
A-E illustrate different aspects of the PDF and how they are inter-
preted in relation to atomic structure: (A) the impact of atomic coor-
dinates on peak position, (B) the impact of atomic vibration on peak
broadening, (C) the impact of crystallite size on the extent of the PDF,
(D) the impact of atomic identity (as seen when replacing Au with Na,
an element with lower scattering power) on the peak intensity and (E)
the effects of disorder on the PDF. The blue line is the simulated PDF
under consideration, while the dotted line is the PDF simulated in A.

This journal is © The Royal Society of Chemistry 2020
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available in the PDF from model-free analyses. We show this for
a series of very simple, discrete and isolated structures in Fig. 1.
In Fig. 1A, a simulated PDF for a hypothetical, one-dimensional
structure consisting of a chain of 21 atoms with a bond distance
of 3 A is shown. The first peak in the PDF, at 3 A, is at the
distance between two adjacent atoms; the second peak in the
PDF at 6 A is at the distance between the next pair of atoms, and
all subsequent peaks in the PDF follow this same pattern. If the
distance between the atoms increases, the peak positions will
change as is shown in the insert in Fig. 1A, where the inter-
atomic distance was changed in the simulations to 3.6 A. The
PDF peak width is determined by the distribution of atomic
distances for an atom-atom pair. Fig. 1B demonstrates this
effect on the PDF in terms of increased thermal vibrations,
which increases the PDF peak width. The size of the structure in
question also affects the PDF. In Fig. 1C, we show this effect in
the G(r) by comparing the PDF simulated from a chain of 6
atoms with that simulated from the chain of 21 equidistant
atoms. Lower intensity is observed in the PDF peaks originating
from the 6 atom chain compared to the 21 atom chain as fewer
atomic pairs are present in the short chain. Furthermore, the
intensity of the PDF peaks from the shorter chain diminish
quicker with r, and there are no PDF peaks at r values larger
than the size of the structure. In studies of nanoparticles, this
effect can be used to characterize the size of crystalline domains
or crystallite sizes. The PDF peak intensity is proportional to the
number of occurrences of an atomic pair; however, the peak
intensity is also influenced by the scattering power of the atoms
in the pair. Fig. 1D shows a hypothetical structure consisting of
two different atoms, Au (gold) and Na (purple). Na (Z = 11) has
much lower scattering power than Au (Z = 79), and peaks
originating from atomic pairs involving Na (i.e. Na-Na and Na-
Au) will therefore have a lower intensity than Au-Au peaks.

The properties of PDFs described above are summarized in
eqn (3) and (4), which shows how the PDF can be calculated
from a structural model. The Radial Distribution Function
(RDF), or R(r) is calculated as the sum of delta functions rep-
resenting all interatomic distances in the sample, where their
weight is given from their (X-ray) scattering power of the atoms
in the pair:

R)=Y S Hedlr=r) ()

A pair of atoms consisting of atoms v and u will give rise to
a delta function at r,,, which is the distance between the two
atoms. The peak intensity will be given from the scattering
power of the two atoms through their form factors f. By
summing over all atomic pairs in the sample, the full R(r) is
obtained. The R(r) is a member of a large family of pair distri-
bution functions, which all express the same information in
slightly different ways as discussed in detail by Keen.®* The
reduced pair distribution function, G(r) illustrated in Fig. 1, is
easily obtained from the R(r):

G(r)= @ —47rp, (4)

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

here, p, is the average atomic number density in the sample.
The G(r) function is often used in PDF analysis as this is the func-
tion that is directly obtained when Fourier transforming properly
corrected experimental total scattering data as seen in eqn (2).

The PDFs illustrated in Fig. 1A-D and discussed above
originate from very simple, well-ordered and hypothetical
systems. In Fig. 1E, we have tried to simulate effects of disorder
in a hypothetical atomic structure by multiplying all atomic
positions in the 21 atom 1D chain by a random number. Atomic
disorder can influence any and all of the aspects of the PDF
discussed above, and thus the PDF peaks in Fig. 1E appear both
broadened and shifted due to the disorder. Because all of these
simultaneous and inseparable changes affect the features of the
PDF, structural disorder is significantly more challenging to
model and characterize as will be clear throughout this review
when discussing PDFs from real nanomaterials.

Modelling of PDFs

As seen from Fig. 1 and as illustrated in examples below, much
structural insight can be obtained from model-free PDF anal-
ysis. However, often, modelling of PDFs allow a greater amount
and more reliable information to be extracted. Given an atomic
structure model, the corresponding PDF can easily be calcu-
lated either from a crystal structure or from discrete structural
objects such as molecule-like clusters or nanoparticles. The
calculated PDFs can then be fitted to experimental data to
obtain a refined model for the sample in question by varying the
structural parameters.

As we will see throughout the review, several strategies can
be applied in modelling PDFs from nanoscale materials of
varying complexity. A very widely used approach is the ‘real-
space Rietveld’ method, implemented e.g. in the programs
PDFgui,*” DiffPy-CMI®* and TOPAS.* As the name implies, real-
space Rietveld refinement is very similar to its namesake in
reciprocal space. The structural model is built from a crystallo-
graphic unit cell assuming translation symmetry. Variables
such as unit cell parameters, fractional atomic coordinates,
isotropic or anisotropic atomic displacement parameters
(ADPs), and site occupancies can be refined, and most often, the
space group symmetry is preserved in the refinements. Effects
of crystallite size are usually implemented through an envelope
function that dampens the PDF signal as r increases. The
envelope function corresponds to a particular particle shape
which is usually assumed to be spherical, but can be introduced
to reflect many shapes and size distributions.®*** While this
method is conceptually similar to Q-space Rietveld refinements,
modelling the real-space PDF allows analysis of the structure in
e.g. very small nanoparticles, where the peak broadening chal-
lenges conventional Rietveld refinements in Q-space. The local
structure and disorder in materials can also be analyzed by e.g.
fitting -dependent models that include a separate description
of the local structure and the average structure.®® As many of the
examples in the review will show, the applications of real-space
Rietveld analysis are incredibly diverse, and with structural
insight and creative model construction, this method can be
applied to tackle even complex nanostructure analyses.

Nanoscale Adv., 2020, 2, 2234-2254 | 2237
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The real-space Rietveld approach is mostly suited for mate-
rials where the atomic structure shows periodicity and is related
to the crystal structure of the corresponding bulk material or
other known crystalline structures. In many materials, con-
taining e.g. molecular units, large ionic clusters, or metallic
nanoclusters, this approach cannot be used to describe the
atomic structure. PDF modelling can then be done without
assuming translation symmetry and periodicity, i.e. by building
up a discrete structural object through its atomic coordinates.
This method, used for small nanoparticles, clusters and mole-
cules, takes advantage of the Debye equation® for calculation of
a scattering pattern and subsequently the PDF.®” In the case of
nanoparticles, an entire structural model can be built and fitted
to the data. Software packages such as DISCUS®*® and Diffpy-
CMI® facilitate modelling of PDFs of discrete structures. Anal-
ysis of scattering patterns using the Debye scattering equation
can also be done directly in Q-space, i.e. without Fourier
transforming the data,”® for example using the Debussy
program.” Unlike in Q-space or real-space Rietveld analysis,
where the space group symmetry can be applied to constrain the
parameters in the refinements, extra care has to be taken in
limiting the number of refinable parameters when fitting
discrete models. However, as examples below will show, this
approach can be extremely powerful for structural analysis of
small nanoparticles.

PDF analysis can also be done using ‘large-box modelling’,
e.g. through the use of Reverse Monte Carlo (RMC) methods,
where thousands of atoms in a structure are allowed to move to
better fit experimental PDFs.”*”* While widely applied for fully
amorphous and disordered crystalline materials, this approach
has been less used for nanomaterials, although recent examples
have shown its application to nanoparticles.”"°

Independent of the approach to modelling, the quality of a fit
to a PDF is often analyzed through the R,-factor, which is
a measure of the difference between the calculated (G.,) and
experimental PDF (G,ps) that is calculated as:*

\/z

It is difficult to establish exactly what the R, value for
a ‘good’ fit should be. PDF is often used to characterize very
different materials with varying degrees of structural order, and
the Ry-value that can be expected depends greatly on the
structure type investigated as well as the data quality. When
fitting high quality PDFs from highly ordered, crystalline
models, very good agreement between data and model can often
be obtained with Ry, values between 1-5%. This is rarely the case
for nanostructured and disordered materials, where satisfactory
fits are reported with R, values above 15%. Often, the
complexity of a disordered nanomaterial is too high for a rela-
tively simple model to fully describe e.g. heterogeneous size and
structure. The quest for a good fit is always a compromise
between extending the number of parameters in the model
(which may result in over-fitting and unphysical models) and
the development of simple models that describe important

obsn -

Z Gobs n

calc n) (5)
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structural features in the sample. A visual inspection of the fit is
key when evaluating the fit quality, as large features in the
difference curve are clear indications of an inadequate structure
model. Due to the intuitive nature of a PDF, features in the
difference curve can often be directly linked to a structure motif,
which can aid in developing better models, as discussed further
below.

Nanostructure from PDF analysis

In the following, we will review examples of the use of PDF for
analysis of atomic structure in nanomaterials. This is a large
and quickly developing field, spanning over a range of material
types, applications, experimental methods and approaches to
structure analysis. We do not aim to cover the whole field, but
we have chosen examples applying different analysis methods
to the structures that appear on the nanoscale; from model-free
analysis, to real-space Rietveld refinements, and discrete cluster
modelling of varying complexity. The examples range from early
applications of PDF for nanoparticle studies to recent examples
of its use. As will be seen from the diverse examples, the method
to be used for a specific study is highly dependent on the
problem that is under investigation, and what information is
sought. This means that PDF analysis of the atomic structure in
nanomaterials requires a great deal of creativity, structural
understanding and chemical intuition. We have divided the
examples into three material classes; metal chalcogenides,
metallic nanoparticles and oxides, and in this way, we try to
cover a broad range of materials as well as approaches for PDF
analysis.

Size-dependent structure of metal chalcogenide nanoparticles
from PDF analysis

Stacking faults and size-dependent structure in metal chal-
cogenide nanoparticles. Layered metal chalcogenides such as
LiMoS, (ref. 77) and WS, (ref. 78) provided early examples of the
PDF technique applied to crystallographically challenged nano-
structured materials,**** and since then, the structure of several
chalcogenide nanomaterials have been characterized with
PDF.”*"® Many metal chalcogenide nanoparticles are of partic-
ular interest because of their photoabsorptive properties, and
because of the extraordinary synthesis-control that can be
achieved over both size and structure.®® The band gap of metal
chalcogenides can be tuned both with nanosizing and by
changing the chemical composition of the material,* and it is
therefore crucial to elucidate the size- and composition-
dependent structure of these materials. For example, ZnS (one
of the first semiconductors ever discovered) has been reported
to have size-dependent electronic properties making it an
interesting material for structural studies. Furthermore, the
synthetic size control possible for e.g. CdSe**** made these types
of materials an early target for PDF studies of size-dependent
nanostructures. Bulk ZnS and CdSe crystallize in either the
wurtzite or zinc-blende (sphalerite) structure. The two struc-
tures have identical closed packed layers, but they differ in their
stacking sequence; hexagonal wurtzite shows ABABAB stacking,

This journal is © The Royal Society of Chemistry 2020
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and cubic zinc-blende ABCABC stacking as shown in Fig. 2.
Both structures are prone to stacking faults which affect the
material properties, and the presence of stacking faults is highly
dependent on the size of the particles.®®

In small particles of CdSe it has been difficult to distinguish
between the zinc-blende and wurtzite phases using conven-
tional diffraction and microscopy techniques.*”** Using PDF,
Masadeh et al.*® fitted structural models (using the real-space
Rietveld approach) of both phases to the PDF of bulk CdSe
and nanoparticles with approximate sizes of 3.5 nm (III), ca.
2.9 nm (II) and 2.0 nm (I). The fits revealed unphysically large
ADPs that increase with decreasing particle size. In the wurtzite
fit, anisotropic ADPs were applied, and they showed increased
values along the stacking direction in the unit cell i.e. along the
z-axis. The increased ADPs in the stacking direction were
interpreted to indicate the presence of stacking faults, and the
increase in ADPs with decreasing particle size could therefore
be interpreted as an increase in stacking fault density. To test
this hypotheses, the authors built CdSe nanoparticle models
with different stacking fault densities using the DISCUS®*
program, and PDFs of the different structures were simulated
applying fixed, isotropic ADP values. The simulated PDFs were
subsequently fit using a wurtzite model with anisotropic ADPs,
i.e. using the same approach as for the experimental data.
Again, the refined ADPs from the simulated data were unphys-
ically large in the stacking direction due to the stacking faults
introduced in the models. However, the refined ADP values
along the stacking direction could now be directly correlated to
the specific stacking fault density introduced in the constructed
models. Using this information, the stacking fault density in the
samples were determined to be ca. 35% in bulk CdSe and 50%
in the nanoparticles. The experimental PDFs were then fit with
structural models with the appropriate stacking fault density,
which yielded excellent fits with physically reasonable ADP
values.

In a later paper, Yang et al.*® applied the real-space Rietveld
approach to extract approximate stacking densities in similar
CdSe nanoparticles, using two-phase models. In Fig. 3, real-
space Rietveld refinements of a CdSe nanoparticle PDF are
shown using a zinc-blende model (top), a wurtzite model

O W >» O W >

Fig. 2 Illustration of the stacking sequence in the wurtzite structure
(A) and the zinc-blende structure (B). Cations are represented as
purple dots, and anions are represented as green dots. The tetrahe-
drally coordinated Cd cations are shown to emphasize the layering of
the structure.
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Fig. 3 Three real-space Rietveld refinements of a PDF from CdSe
nanoparticles (3.5 nm). The PDF is fit using a zinc-blende model (top),
a wurtzite model (middle) or a two-phase model using both structures
(bottom). The blue line is experimental data and the red line is
a simulated PDF. Reproduced from Yang et al., Phys. Chem. Chem.
Phys., 2013, 15, 8480-8486 (ref. 89) with permission from the PCCP
Owner Societies.

(middle) or a two-phase model using both structures (bottom).
Only the two-phase model is able to correctly describe all
positions and the intensity of the PDF peaks. The authors
recognized that the PDFs of wurtzite and zinc-blende would be
identical for the first two stacking layers (AB) but would differ in
the third layer (A or C). They defined a stacking fault density
with regards to wurtzite as P(C), which is the probability of a C-
layer occurring in third position of the stacking sequence. Thus,
for wurtzite P(C) = 0 (no C in third layer), while P(C) = 1 (C
always in third layer) corresponds to the zinc-blende structure.
A wurtzite structure with stacking faults would have a P(C)
between 0 and 1. In the study, P(C) was approximated by
refining the phase fraction between wurtzite and zinc-blende in
a limited r-range of the PDF that only includes the first three
layers (1-10 A). The mixed phase models showed an excellent
agreement with the data of the nanoparticles, except for the PDF
from ultra-small CdSe particles (ca. 1.3 nm), which appear to
have a different atomic structure to the other particles that was
not elucidated from the broad and dampened PDF peaks.
Consistent with the previous study, the stacking fault density is
seen to increase with decreasing particle size from ca. 8% in the
bulk sample to ca. 30% in the small nanoparticles. The correct
stacking sequence after the third layer of stacking is not
described in a two-phase real-space Rietveld model, however,
the advantage of this approach is the ease and computational
speed by which it can be applied to extract stacking fault
densities.

Both papers on the structure of CdSe nanoparticles (Masa-
deh et al.® and Yang et al.*) also demonstrate how model-free
analysis can allow information to be extracted from PDF. By
simply observing the changes in the width and position of the
first Cd-Se peak in the PDFs, it is possible to extract information
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on the strain in the particles. Homogeneous strain will cause
a shift in all bond-lengths, which causes the position of the peak
in the PDF to move, while inhomogeneous strain causes
broadening of the peak due to a non-uniform distribution of
bond-lengths. The width and position can be extracted by fitting
e.g. a Gaussian function to the peak, as seen in Fig. 4a. The
resultant changes in position and width is shown as a function
of particle size in Fig. 4b and c, respectively. From the figures it
is evident that both the homogenous (position) and inhomog-
enous (width) strain increase rapidly with decreasing particle
size, consistent with the increase in structural disorder and the
presence of stacking faults evident from the modelling.

While the intuitive nature of PDF can facilitate the descrip-
tion of defects and stacking faults, it should be noted that
stacking faults and other defects in metal chalcogenides are
also often studied in Q-space analysis of total scattering
data,’*** or in a combination of Q- and r-space refinements.?***
For example, Mosheni et al used the Debye equation in
a complex and highly advanced analysis of small and wide angle
X-ray scattering data to determine stacking faults and faceting
in CdSe nanoparticles.” Niederdraenk et al. used ensemble
modelling to determine distributions of stacking faults, sizes
and morphologies of small CdSe, ZnS and ZnO
nanoparticles.***”

Other chalchogenide nanoparticles crystallize in the rock
salt structure, where PDF and other scattering methods have
been applied to study structural distortions from the ideal
lattice in the bulk.”® Studies of nanoparticles using total scat-
tering methods have revealed size-dependent structural distor-
tions,” and PDF and a suite of nanoscale characterization
techniques have been applied to study nanoparticles in the
Pb,,Sb,,Te,, 3, system, where compositions that do not have
stable bulk counterparts can be synthesized as nanomaterials.*
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Fig. 4 (a) Gaussian fits to the first peak in experimental PDFs of CdSe
nanoparticles of various sizes. Data are represented as black dots, and
the fit as a red line. The green dotted line indicates the peak r value
from a bulk sample. (b) The relative percentage change in position as
obtained from the Gaussian fits, plotted as function of nanoparticle
size. (c) Changes in peak width obtained from the Gaussian fits, plotted
as function of nanoparticle size. The green dotted line indicates the
value of peak width from a bulk sample. Reproduced from Yang et al.,
Phys. Chem. Chem. Phys., 2013, 15, 8480-8486 (ref. 89) with
permission from the PCCP Owner Societies.
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Magic-sized metal chalcogenide nanoclusters. In recent
years, synthetic control in chalcogenide chemistry has allowed
not only the synthesis of highly size controlled nanoparticles,
but even of atomically monodisperse ‘magic-sized’ nano-
clusters.®*>'*® For magic-sized clusters it is often possible to
crystallize diffraction-quality single crystals and solve the
structure using single-crystal X-ray diffraction. For example, 3
different ‘magic-sized’ CdSe nanoclusters recently
synthesized by Beecher et al,'** containing 35, 56 and 84 Cd
atoms. Single crystal diffraction was applied to determine the
pyramidal tetrahedron structure of the smallest CdSe cluster.
However, two larger CdSe clusters did not form single crystals,
and instead PDF was used to characterize the cluster structures.
Using the Debye approach to PDF analysis, where discrete
structural objects are constructed, excellent fits of the PDF were
obtained by adding additional layers to the CdSe tetrahedrons
to fit the larger clusters. This model supports the suggested
“quantized” layer-by-layer growth. In a study by Stein et al.,'*>
PDF was used to investigate the structural transitions occurring
in Inz,P,, magic sized clusters upon cation exchange with Cd.
Using PDF, the existence of 3 structurally different magic sized
clusters were demonstrated, including a partially substituted
In-Cd-P cluster that is isostructural to the CdSe pyramidal
tetrahedron. The studies of magic-sized chalcogenide clusters
use discrete, non-periodic objects as models, where the Debye
equation is used to calculate the scattering intensity and PDF
from the structure. From these studies, it is clear that a good
starting model for structure is needed in the analysis, e.g. from
related single crystal experiments, theoretical predictions, or
other characterization methods.**

Characterization of strain and surface effects in metal
chalcogenide nanoparticles. Detailed studies on strain in chal-
cogenide nanoparticles using PDF was done by Gilbert et al.,***
who studied the structure of ZnS nanoparticles using PDF in
combination with high resolution transmission -electron
microscopy (HR-TEM), small angle X-ray scattering (SAXS) and
EXAFS in order to characterize the ‘stiffness’ of the nanoparticle
structure. In Fig. 5A, the experimental PDF of 3.4 nm ZnS
nanoparticles (size determined from TEM and SAXS) is
compared to a PDF calculated from a bulk zinc-blende (sphal-
erite) model and a PDF calculated from a truncated 3.4 nm zinc-
blende nanoparticle model. The peaks in the experimental PDF
are significantly broader and are shifted in r compared to the
bulk zinc-blende PDF. The experimental PDF also dampens
with r much faster than would be expected for the 3.4 nm size,
as seen in Fig. 5A when comparing the data to the calculated
PDF from the nanoparticle model. The broad peaks and the fast
damping are clear indications of disorder in the atomic struc-
ture of the zinc-blende nanoparticles. However, as illustrated in
Fig. 1B, broadening of PDF peaks is also caused by thermal
atomic vibrations, and the two contributions to broadening
must be distinguished in order to quantify disorder. To separate
the static disorder from thermal vibration, the thermal
parameters were refined for a PDF from data measured for
a bulk ZnS sample, and it was then assumed that the thermal
contribution in the bulk and nanostructured sample was

were
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Fig. 5 (A) Experimental PDF of ZnS nanoparticles (black line)

compared to a simulated PDF from a 3.4 nm ZnS particle with a zinc-
blende structure (grey line) and a simulated PDF from bulk zinc-blende
(dashed line). (B) Fit (grey line) to the experimental PDF of ZnS nano-
particles (black line), taking into account particle size and using atomic
displacement parameters (MSRD) from a bulk ZnS sample. The r
dependence of the additional mean square displacement parameter
and the short-range order parameter included in the model is shown
in the insert. Reproduced from Gilbert et al., Science, 2004, 305, 651—
654 .1°4 Reprinted with permission from AAAS.

identical. The refined bulk thermal parameters were included in
the model of the ZnS nanoparticles without further refinement.
Any additional broadening of the PDF peaks was then assigned
to disorder in the nanoparticles, and an excellent model of the
ZnS nanoparticle could be obtained by introducing two
different disorder parameters; a static, mean squared relative
displacement (MSRD) parameter, and a short-range order (SRO)
parameter. The r-dependence of the two parameters are shown
in the insert in Fig. 5B. The MSRD broadening to the PDF peaks
shows approximately the same r-dependence as the thermal
disorder, where increased broadening is seen with higher r due
to correlated motion of neighboring atoms. The short-range
order (SRO) parameter quenches the PDF intensity at high r
values due to an increased deviation from the crystallographi-
cally expected atomic position with r, which is the cause of the
more rapid termination of the ZnS nanoparticle PDF compared
to the calculated truncated model. The SRO-parameter is asso-
ciated with strain; however, the authors note that the strain
behavior cannot be described by any simple, known strain
model. The hypothesized cause of the strain is related to the
particle interface with the environment at the surface of the
particle. This is expected to force structural rearrangements of
the atoms close to the surface, which permeate through to the
core of the nanoparticle. As observed in the PDF, these rear-
rangements cause significant structural disorder in small
nanoparticles.'®*

PDF analysis has also been used to determine the structural
effects of changing the environment surrounding nano-
particles, e.g. the effect of ligands, solvent, or the atmo-
sphere.’®*'%%7  For example, Zhang et al studied the
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dependence of the atomic structure on hydration in 3 nm ZnS
particles.’® The particles were synthesized in anhydrous
methanol, and using PDF analysis, it was found that the as-
synthesized nanoparticles were highly disordered as reflected
by the less than 1 nm coherent scattering domain seen from the
PDF. However, when water was added to the particles, a stabi-
lization of the surface occurred, and the atomic structure of the
particles became much more ordered. The PDF clearly showed
an increase in the size of the coherently scattering domain as
could be deduced from peaks at higher r-positions in the PDF.
Here, disordered particle atomic models were constructed using
molecular dynamics simulations by relaxing various sizes of
ZnS particles with and without water on the surface. Models
were found that fit well with the experimental PDFs and the
simulations showed that the surface restructuring in the non-
passivated particles penetrated approximately 0.8 nm, leaving
only a very small crystalline particle core unperturbed.

Size-dependent structure in metallic nanoparticles

Metal nanoparticles have many important technological appli-
cations that often rely on properties unlocked at the nano-
scale.'*'*® For instance, gold is a noble metal in bulk form, but
when reduced to the nanoscale it exhibits size-dependent
tunable catalytic behavior.'™ The existence of a size-
dependent structural change from the fcc structure, seen in
bulk metals, to a non-fcc structure within small metallic
nanoparticles has long been known from studies using HR-TEM
and PXRD,">'*>'** where the presence of e.g. decahedral and
icosahedral structures were observed. Icosahedral and decahe-
dral structures are shown in Fig. 6C and D, along with an fcc (A)
and a tetrahedrally close packed (tcp) Frank-Casper phase
(B)**>*1¢ that will be discussed further below. The decahedral
and icosahedral structures contain multiple twinned fcc regions
that make up discrete particles that express different surfaces

>
>
w

Fig. 6 Different structures seen in metal nanoparticles. (A) The face-
centered cubic (fcc) structure; (B) the tetrahedrally close-packed (tcp)
Frank—Casper phase, (C) a 561-atom icosahedral cluster core, and (D)
an 811-atom decahedral cluster core. The structures in C and D are
generated using the ASE module.*??,
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and internal atomic structure.*”**° PDF is a useful technique to
characterize such structures®”™* and early studies helped to
demonstrate the ability of PDF analysis to elucidate nano-
structure before the technique was widely used in the materials
chemistry communities.

Non-fce structures in metallic nanoparticles. An early study
of non-fcc structures in metal nanoparticles was done by Petkov
et al,"”” who studied the structure of 30, 15 and 3 nm Au
particles, as well as bulk Au. The presence of significant struc-
tural disorder could be deduced from the PDF by considering
the width of the first Au-Au peak as well as the damping of the
PDFs. The width in the PDFs of the nanoparticles reflected
a much broader distribution of nearest neighbor distances than
in the bulk structure, which is interpreted as a local structure
defect. The PDFs of the nanoparticles were modelled using an
fce structure, and fairly good fits were obtained for the PDFs of
30 nm and 15 nm particles, while the PDF of the 3 nm particles
shows significant discrepancies between the data and the
model, and the structure of the 3 nm gold nanoparticles can no
longer be considered fcc. To model this nanostructure, the
authors found multiple lowest energy configurations of the
3 nm nanoparticles using Monte Carlo simulations of a 2000 Au
atom cluster decorated with 3000 H,O molecules as ligands,
and the most probable models were determined by comparison
with the experimental PDF. They found that the 3 nm particles
were characterized by extended structural defects and differ-
ently oriented domains of fcc within the nanoparticle.

Since then, several PDF and total scattering studies have
focused on the structures of non-fcc and hcp structures in
metallic nanoparticles."”**»'** Vargas et al. used PDF and TEM
to characterize the atomic structure in long and ultrathin Au
nanowires. In this study, many possible structural models in
2 nm by 12 nm nanowires were generated and energetically
optimized using Molecular Dynamics simulations. The models
tested included structural models that are adopted by bulk gold
(fcc and hcep structures), models previously observed in gold
nanowires (Boerdijk-Coxeter-Bernal helix, spirals and attached
gold nanoparticles) and models from other bulk metals («-Mn,
B-Mn and B-W). For the models that most closely resembled the
PDFs obtained from the synthesized nanowires, RMC refine-
ments were performed. It was found that o-Mn, which closely
resembles a tcp structure, provided the best fit to the data.”®'*
The nanowires are formed from particle assembly in solution
and it was suggested that they adapt the tcp-like structure in
order to maintain close atomic packing while avoiding the
strain introduced by the high surface area of the nanowires.

Recently, Banerjee et al.'*® did a comprehensive study of
a range of different metallic nanoparticles, including Pt, Pd, Au
and alloys such as CoPd and PtRu. The study puts a large
emphasis on scrutinizing the fit residual, and Fig. 7 shows the
fit residual obtained when fitting a range of different metal
nanoparticle PDFs with an fcc model using the real-space
Rietveld approach. The residual from the fit of a bulk Ni stan-
dard with an fec Ni model is seen at the bottom of the figure and
is essentially a flat line with small fluctuations mostly due to
noise in the data. In comparison, the fit residuals of all inves-
tigated nanoparticles show large distinct features. Features
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Fig. 7 Fit residuals from real-space Rietveld refinements using an fcc
model to several experimental PDFs of different metallic nanoparticles.
The difference curve has been scaled for easier visual comparison.
Reprinted with permission from Banerjee et al., J. Phys. Chem. C, 2018,
122, 29498-29506.%2¢ Copyright 2018 American Chemical Society.

exhibited in the fit residual is an indication that the applied fcc
model is insufficiently describing the structural information
available in the PDF, and the authors proceed to show that
a discrete decahedral nanoparticle model significantly reduces
the fit residual in comparison with the fcc model. Nanoparticle
models with similar particle shape, but without the presence of
twin domains were compared to decahedral models, and
generally resulted in poorer fits of the experimental PDFs. This
shows that the PDFs reflect an actual rearrangement at the
atomic level that can be described by twinned domains of an fcc
structure rather than an effect of the morphology of the nano-
particles. The decahedrally twinned cluster cores were observed
in a majority of nanoparticles used in the study, and the authors
point out that including this nanostructure in models of
metallic nanoparticles should take precedent over employing
complex surface rearrangements or ligand interactions.

In an innovative approach to structural characterization of
metallic nanoparticles, Banerjee et al. have moved on to show
that the identification of metallic cores can be done in an
automated manner.’” The configurations of the different
cluster cores such as icosahedral and decahedral structures are
well-known, and software packages such as ASE'™ can be
applied to build nanoparticles of different sizes, shapes and
geometries. The authors generated a large number of discrete
nanoparticles, ranging in size from tens of atoms to around
1500 atoms with different geometries and subsequently fit all of
them to an experimental PDF of Pd nanoparticles. Fig. 8 illus-
trates the fit quality (Ry) as a function of number of atoms for
a range of different structure types. The R,, value obtained in
a real-space Rietveld fit using an fcc structure is given as the
green circle with the letters AC (attenuated crystal). The cluster-
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Fig. 8 R, values obtained for a number of discrete non-twinned
nanoparticle models, fitted to the experimental PDF of Pd nano-
particles. The R,, values are plotted as a function of the number of
atoms in the structure. The teal circle labelled AC corresponds to the
R,y obtained from a real-space Rietveld refinement of the data using an
fcc model. Symbols for the discrete nanoparticle models with different
geometries can be seen in the bottom right of the figure. Figure from
Banerjee et al., Acta Crystallogr., Sect. A: Found. Adyv., 2020, 76, 24—
31.127

screening process reveals that several of the discrete nano-
particle models yield significantly lower R,, values when fit to
the experimental PDF. Initially, fcc-based structures without
twinning were tested, and the best model found from this initial
cluster-screening is a cuboctahedron with 225 atoms. However,
the difference curve in the insert of Fig. 8 reveals significant
features similar to those shown in Fig. 7, and therefore, the
cuboctahedron model is not fully describing the Pd nano-
particle structure, due to the lack of a twinned cluster core.
When also considering twinned cluster cores such as icosahe-
dral and decahedral models in the structure search the R,, value
are further improved, and the best model found is a 609 atom
decahedron. The decahedron is nearly twice as large as the
cuboctahedron model found in the initial search. The decahe-
dron nanoparticle model has a diameter of ca. 3.6 nm, which is
much closer to the TEM estimate of 3.0 & 0.3 nm than the
cuboctahedron model. The reason for this is that the size
initially extracted from the PDF reflects the size of the coher-
ently diffracting twinned fcc unit in the structure, and not the
physical size of the particles as seen in TEM. The size of the fcc
unit in a 3.6 nm decahedron particle is approximately 2 nm,
which explains the small size obtained when applying the non-
twinned fcc models. This further demonstrates the importance
of determining the correct cluster core when extracting struc-
tural information from PDF. In general, large discrepancies
between the physical size (TEM, SAXS) and the size of the
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coherently scattering domain (PDF, PXRD) can be used as an
indication of the presence of nanostructure which then must be
included in a structural model, as is also discussed for the ZnS
particles above.

The novel method of algorithmically generating clusters and
automatically screening them for their potential to fit experi-
mental PDFs is promising, as it greatly increases the number of
models that can be assessed, as well as reducing human
selection bias in the model. If the results from the structure-
screening are properly scrutinized, the method has the poten-
tial to greatly aid in the characterization of nanomaterials. For
instance, we have recently applied a similar method to disor-
dered MoO,, nanostructures supported on alumina and zeolite
particles. In this study, a large number of possible models were
algorithmically generated and used to extract information on
the average structural motifs from the best models
discovered."*®

An even more pronounced structural rearrangement from
the common fcc structure has been observed for NiPd alloy
nanoparticles in a study by Doan-Nguyen et al.**® Here, TEM was
used to demonstrate a very high uniformity of particle size in
the synthesized particles as shown in Fig. 9b. From the corre-
sponding PDFs in Fig. 9a, it is readily apparent that significant
changes in atomic structure occurs below 5 nm. The PDFs of the
particles larger than 5 nm display distinct peaks that can be
modelled reasonably well using an fcc model in the real-space
Rietveld approach. However, for the 5 nm particles, the much
broader PDF peaks signify a large degree of structural disorder.
The PDF could not be modelled using the same fcc model, and
in fact the signal in the experimental PDF is out-of-phase with
the fcc model due to a very different distribution of atoms in the
model and PDF. The PDFs could be modelled using an icosa-
hedral core model with very high ADPs to encompass the large
structural disorder, and the authors note that the PDF is very
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Fig. 9 Characterization of three NiPd samples using PDF and TEM. (a)
Fits of PDFs using an fcc structure. The experimental PDF is shown in
blue, the calculated PDF in red, and difference curve in grey. (b) TEM
images obtained for the three NiPd samples, scale bar is 20 nm.
Reprinted with permission from Doan-Nguyen et al., ACS Nano, 2014,
8, 6163-6170.1%° Copyright 2014 American Chemical Society.
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similar to that found from bulk-metallic glasses. The model
used to fit the data for the <5 nm particle provides a reasonable
fit of the PDF data; however, the interpretation of the model is
somewhat difficult, and the authors also show that the PDF
signal is close to a damped sinusoidal wave. This is a ubiquitous
challenge in PDF studies of highly disordered mate-
rials.®#1?%130131 1 the case of highly disordered materials,
atomic structure cannot be determined with the same speci-
ficity presented previously. Instead, as is discussed in the PDF
literature available on bulk metallic glasses'** or liquids,**
information about the degree of structural order/disorder and
the possible local structural motifs can be elucidated.

Magic-sized metallic clusters. Magic-sized clusters, as
introduced in the discussion of chalcogenide systems, can also
be synthesized for a range of metallic nanoclusters.'”****** Some
atomically precise magic number gold clusters can be crystal-
lized into large crystals and thereby be characterized by single
crystal X-ray diffraction,**® however, many other magic number
clusters have been predicted and synthesized’ that are too
large to be crystallized. For such systems, PDF has been used in
a suite of techniques to determine their structure.”*®'*° For
example, magic-sized thiol stabilized Au,44(SR)s, clusters were
studied using PDF, where it was demonstrated that the different
decahedral and icosahedral core-structures characteristic of
metallic nanoparticles can be resolved using PDF by Debye
equation based modelling of discrete structures.**’ The experi-
mental PDFs of the gold clusters stabilized using two different
ligands (Fig. 10a and b) were significantly different, revealing
distinct atomic structures. The PDFs were modelled from
discrete models using the Debye equation. The experimental
PDF from hexathiol (SC6) stabilized particles shown in Fig. 10a
could be fit using an icosahedral structural model previously
suggested.™* However, this icosahedral model provided a poor
description of the peaks beyond the nearest-neighbor Au-Au
peak in the PDF obtained from clusters stabilized with para-
mercaptobenzoic acid (p-MBA), as shown in Fig. 5B, and
evidently the particle core atomic packing must be different. A
two-phase model using fcc and hcp atomic gold structures
provided an improved fit as shown in Fig. 10c, which indicated
that stacking faults or twinning exists in the particles.** This 2-
phase model mimics stacking faults in metallic systems, but it
did not give a physical description of the Au,44(SR)so clusters. A
model containing a decahedrally twinned core decorated with
S-Au-S ‘staples’ was subsequently constructed by considering
information from previous studies of gold cluster structures
using techniques complimentary to PDF. The model provided
an excellent description of the data, including the small Au-S
peak at ca. 2.8 A as shown in Fig. 10e. Thus, both decahedral
and icosahedral cores were observed for Au nanoparticles using
different stabilizing ligands. Unexpectedly, with other thiol
ligands, the two cores were observed to coexist within the
sample, which showed that the two core arrangements must be
very close in energy.

Supported metal nanoclusters for catalysis: d-PDF studies.
In heterogeneous catalysis, catalytic metal nanoparticles are
often dispersed on high-surface area supports that save active
material, prevent their agglomeration, and potentially improve
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Fig. 10 Fits to experimental PDFs from Auj44(SR)eo Samples. (a) Fit of
an icosahedral structure model to data collected from Au144(SC)go. (b)
Fit of an icosahedral structure model, (c) of an fcc/hcp model, (d) a 114
atom decahedral model and (e) a decahedral model with ‘staples’ to
the PDF obtained from Aujss(p-MBA)go. From Jensen et al, Nat.
Commun., 2016, 7, 11859 .*4°

catalytic performance.**>*** Typically, the supports are loaded

with 1-15 wt% of metallic nanoparticles. When collecting total
scattering data from a supported sample, the signal is generally
dominated by the support material. One way to bypass this
problem is by calculating the so-called difference PDF (d-
PDF)"**!¢ by measuring a PDF of the support with and without
nanoparticles on the surface, and subtracting the first from the
latter. In this way, a PDF containing only the signal associated
with the supported nanoparticles is obtained. This method can
then be used to study e.g. the structure of the active catalysts
and structural changes occurring under catalysis, which is
critical for optimizing catalyst performance."*’"*** For example,
Lei et al. studied the structural changes occurring when sup-
ported platinum nanoparticles adsorbed different small mole-
cules during catalytic reactions.'* The PDF measurements were
performed in a gas flow cell, where atmosphere and tempera-
ture can be controlled. The platinum nanoparticle surface was
cleaned by heating in a H,/He mixture, and total scattering data
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were collected as the clean particles were exposed to He, H, and
CO in sequence. PDF analysis showed a clear structural
response to the exposure of different gases, especially in the
smallest 1 nm nanoparticles. For example, it was found that the
‘clean’ nanoparticles in He showed a Pt-Pt bond distance of
2.74 A, which is a 1.4% contraction from the bulk Pt-Pt distance
in 2.78 A, an effect which has been seen in several other studies
of platinum nanoparticles.”*>*** However, in H,/He and CO/He
atmospheres, where either H, or CO is adsorbed on the
surface of the nanoparticles, the Pt-Pt bond relaxed back to 2.77
A and 2.78 A, respectively. The structural disorder in the particle
was estimated based on the FWHM of the first Pt-Pt peak in the
d-PDFs. The FWHM decreased with the adsorption of CO and
H, revealing that the adsorption enhances the crystallinity of
the Pt particles. The bond contraction and poorer crystallinity in
clean Pt nanoparticles were suggested to be due to the under-
coordination of the Pt atoms on the surface of the particles. The
adsorbates increase the coordination of the surface Pt, thereby
relaxing the structure and increasing crystallinity.

Size-dependent structure in metal oxide nanoparticles

Metal oxides have a wide variety of applications including
energy production and storage™'** human health,”*® and
environmental remediation that rely on size-dependent
properties.®® Synthetic control of size and structure has been
harder to achieve in the synthesis of metal oxide nanoparticles
compared to metallic or metal chalcogenide nanoparticles,**®
and generally, the effects of nanosizing on atomic structure are
less clear compared to e.g. the simple metallic structures as
described above. A wealth of different metal oxide crystal
structures exists that are commonly composed of tetrahedrally
and octahedrally coordinated cations forming a range of
canonical metal oxide structures that include e.g. the rutile,
perovskite and spinel structures. The common structural units,
trends in crystal chemistry and known defect motifs from bulk
materials provide a valuable toolbox when characterizing size-
dependent structures of metal oxide nanomaterials.

Defects in oxide nanoparticles. An example of a material
where the atomic structure changes significantly when nano-
sized is molybdenum oxide."** MoO, normally crystallizes in
a distorted rutile structure, however, diffraction data showed
indications of a significant structural change on the nano-
scale.’® To gain further insight on the nanoscale structural
changes, crystalline nanoparticles (ca. 40 nm) and ‘nano-
structured’ (ca. 4 nm nanoparticles) MoO, were synthesized by
simply varying the solvent in a solvothermal synthesis. The
crystalline MoO, sample was characterized with PXRD and
Rietveld refinement, and the data could be fit reasonably well
with the known distorted rutile structure. However, the same
structural model could not be applied to fit the data from the
smaller nanostructured MoO, particles, which indicated
a fundamental change in the atomic structure. Furthermore,
PDFs from the samples showed that the distorted rutile model
could only describe the average structure of the crystalline
MoO, particles. The distorted rutile model failed to fit the PDF
peak originating from nearest neighbor Mo-Mo distances in
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edge-sharing octahedra, where the fit showed that edge-sharing
occurred more frequently in the crystalline sample than in the
rutile model. The PDF of the crystalline MoO, (40 nm) could be
modelled by applying a two-phase approach, where the excess
edge-sharing in the sample was accounted for by adding
a second phase to the fit, a hollandite model. Hollandite
contains more edge-sharing [MoOg] octahedra than rutile and is
related to the defect chemistry of rutile.*** The hollandite model
was restricted to the local region of the PDF by applying
a spherical envelope which dampened the contribution of the
hollandite phase in the high-r region, where the rutile model
described the data well. The fit showed that the samples contain
uncorrelated defects, where excess Mo cations occupy empty
octahedrally coordinated sites in the crystal structure leading to
more edge-sharing motifs. The defects do not affect the average
(distorted rutile) structure in the crystalline 40 nm particles.
However, this is not the case for 4 nm nanostructured particles,
where the rutile model can neither describe the local nor the
average structure. From analyzing the PDF of the 4 nm nano-
structured particles, it was found that edge-sharing [MoOg]
motifs were even more prominent than for the crystalline
samples. We therefore considered a Magnéli-type structure,'®>
previously reported in rutile systems, to find a model that
described the nanostructure of MoO,. An interwoven rutile
model was developed, where two rutile structures were super-
imposed in the same closed packed oxygen lattice by adding
a second Mo atom in the interstitial site of the unit cell shifted
(01 0) compared to the original Mo atom. This was done using
the real-space Rietveld approach. The occupancy of the Mo
atoms in the interwoven lattice could be refined to determine
the defect density, and from comparison of Fig. 11A and B, it
was evident that the interwoven model greatly improved the fit
of the nanostructured MoO, PDF. HR-TEM shown in Fig. 11C
provided strong visual support for the model, where a rutile
lattice was overlaid on a bright-field HR-TEM of the nano-
structured MoO, sample. The image showed that Mo atoms
were present in the interstitial sites in the rutile structure. This
study showed how defect structures known from bulk materials
can completely dominate in nanostructured materials, and
change not only the local structure, but also the longer-range
atomic order in the nanoparticles.

PDF has been used in a range of other defected oxide
systems, where the ability to characterize local structure has
allowed a description of the atomic arrangement.®*'**'%> For
example, ferrihydrite has been extensively studied with X-ray
and neutron PDF over the last decade.’**'*® In a 2007 paper,
Michel et al. suggested a ferrihydrite structure using X-ray PDF,
which resembles a Baker-Figgis 8-Keggin cluster structural
motif.'****® After some controversy regarding this model, the
structure of ferrihydrite was further analyzed by Harrington
et al. using neutron total scattering with PDF analysis. They
found that the single phase model containing a Keggin motif
best described the data compared to other 2-phase models
proposed in the literature.’®” As an important point, the authors
emphasized that the model is merely a representation of the
ensemble average structure: When characterizing highly
defective nanoscale materials, any simple model will be unlikely
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Fig. 11 Fits to PDFs from nanostructured molybdenum oxide using different structural models. (A) Fit of the data with a bulk rutile structure and
(B) with an ‘interwoven’ rutile model. (C) High-resolution annular dark field TEM image obtained from the sample, overlaid with the rutile
structure. The image shows intensity in the unoccupied sites in the rutile structure. Reprinted with permission from Lindahl Christiansen et al.,
ACS Nano, 2019, 13, 8725-8735.2** Copyright 2019 American Chemical Society.

to fully describe the structures in samples with e.g. a distribu-
tion of crystallite domain sizes and structures that are difficult
to parameterize. A model for such disordered systems should be
seen as describing the most important structural motifs and as
a starting point for further analysis. In order to better under-
stand ferrihydrite, recent work was done concerning the struc-
ture of an aluminum analog to ferrihydrite, akdalaite. The
structure of akdalaite was determined by single crystal X-ray
diffraction, neutron diffraction and NMR,** and it was shown
to contain a Keggin cluster motif. The calculated PDF of the
akdalaite structure was then compared to the experimental PDF
of 6-line ferrihydrite and it was found to describe the major
structural features, further suggesting that the structure of
ferrihydrite resembles that of Keggin clusters. Very recently,
Funnel et al. used a nanocomposite RMC methodology for
further analysis of X-ray PDFs from ferrihydrite. Here, it was
shown that the single phase model from Michel et al. gave the
best fit to the data without any unphysical structural
rearrangements."”®

Domain structures in disordered oxide structures. PDF has
been used to characterize domain structures in many highly
disordered or nanostructured oxide materials, giving new
information on e.g. the structural motifs important for catalytic
activity.”*7* Du et al. investigated the structure of a nano-
structured cobalt oxide water splitting catalyst.'”® Previous
structural studies of the material using X-ray absorption fine
structure (XAFS) had revealed a cubane-type motif consisting of
edge-sharing CoO, octahedra,"”® and the study aimed to
complement these results using PDF where the long range
atomic correlations are more accessible. Various cobalt oxide
models were built with different domain sizes, aspect ratios and
lattice structures, and PDFs were calculated from the models
using the Debye equation and compared to the experimental

2246 | Nanoscale Adv., 2020, 2, 2234-2254

PDFs. An appropriate model with 13 Co atoms could be cut
directly from a LiCoO, crystal structure, and the comparison to
the experimental PDF is shown in Fig. 12A. The model gives
a good description of the experimental PDF, and each peak
could be assigned to a particular atomic distance in the model.
A misfit is seen between model and data in peaks c and g that
originate from the Co-O correlations shown in the insert in
Fig. 12A. The misfit could be remedied by a small shift in the
atomic position of the terminal oxygens, which shortens some
of the distances associated with peaks ¢ and g by 0.2 A, now
labelled ¢’ and g'. With the small change, an excellent agree-
ment between data and model is obtained with an R-value of
0.19 as shown in Fig. 12B. A peak at 1.5 A was also not described
by the model, which is assigned to a P-O distance, and an
improved model was made by including phosphate groups in
the structure.

Particle faceting and morphology: combination of PDF with
other scattering methods. Several other oxide nanomaterials
have been studied with PDF. For example, TiO, is among the
most widely studied oxides due to its applications in e.g. pho-
tocatalysis,””'”® and it has also been the subject of several PDF
studies.'”*** One study focused on a combination of scattering
techniques for the analysis of TiO, (B) nanocrystal morphology
and faceting.*®® These particles are prone to aggregation which
made unambiguous morphology determinations by TEM diffi-
cult. Instead, the morphology was investigated using SAXS,
PXRD and PDF, and the combination of all these techniques
was demonstrated to be an excellent and necessary way to
extract morphological information. Initially, the SAXS data were
fit using three particle shapes that were likely based on TEM
results and previous studies: spherical, prolate (one expanded
axis) and oblate (one contracted axis). All three SAXS fits were of
similar quality and the crystallite shape could not be
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Fig.12 Fits to PDF from nanostructured cobalt oxide. (A) Fit of the PDF
from model 1 (red) to the experimental PDF (black). (B) Fit of the PDF
from model 2 (red) and model 3 (green), compared to the experi-
mental PDF in black. R, is 0.27 for structure 1 and 0.19 for structures 2
and 3. Adapted with permission from Du et al, J. Am. Chem. Soc.,
2012, 134, 11096-11099.7® Copyright 2012 American Chemical
Society.

distinguished from the SAXS data, however the fits yielded
approximate particle sizes. As mentioned, a spherical envelope
function is often assumed for crystallite size determination in
real-space Rietveld refinements. However, such fits yielded poor
agreement at high r, alluding to a different shape of the parti-
cles than spherical. The same conclusion was also drawn from
the PXRD patterns. To combine the information from the
various techniques, discrete particle models with spherical,
prolate and oblate shapes were constructed using the size and
aspect ratio determined from PDF and SAXS. Using the Debye
equation, these particle models could be tested against the PDF
and PXRD data, and the oblate shape with a contraction along
the crystallographic b axis was shown to best describe the data.

The combination of PDF with other scattering techniques
gives many possibilities for structural insight. Farrow et al.
showed that complex modelling of combined SAXS and PDF data
allowed a more robust characterization of CdS nanoparticle
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morphology'®” as can be applied in Diffpy-CMI.*> Many more
studies of this kind is likely to be seen in the literature in the
future.

Metal sorption on oxide nanoparticle surfaces: d-PDF
studies. As described above, the use of d-PDF gives many
options for studying supported materials and surface interac-
tions. d-PDF studies have also been widely used in studies of
oxide materials, e.g. for analysis of catalytically active sites,'®®
and for studies of heavy metal sorption in ferrihydrite.3*107,18%1%¢
For example, d-PDF was used in order to characterize the
binding geometry of AsO, on ferrihydrite.*® The d-PDFs showed
clear peaks arising from As-O and As-Fe correlations, which
were used to show that AsO, binds bidentate to the ferrihydrite
structure. In contrast to this, d-PDF showed that SbOs binds by
both a bidentate mononuclear structure (single edge sharing)
and a bidentate binuclear structure, although the binding
geometry of SbOg octahedra was anticipated to be the same as
AsO, tetrahedra.”* The increased sorption capacity of Sb on
ferrihydrite compared to As was determined to be due to the
similarity of the SbOg to the FeOg octahedra in terms of size and
shape, allowing SbO¢ to incorporate into the structure more
easily.

PDF analysis of disordered layered oxide materials. The high
flexibility and tunability in structure and chemical composition
of many layered metal oxide materials allow for extensive
intercalation of ions and molecules, opening for a wealth of
applications in e.g. battery electrodes,'>'* catalysis,'** envi-
ronmental remediation,* and in a range of other technologies
relying on ion exchange and storage.*® Many layered oxides
show a high degree of inter- and intralayer disorder, and several
structures have been extensively studied with PDF.77:197-202

The complex challenges involved in structural characteriza-
tion of disordered layered oxides are addressed in an extensive
study of the structure of 3-MnO, by Liu et al.*®® Layered metal
oxides are often small nanoparticles, contain turbostatic
stacking faults and exhibit in-plane cation disorder. Liu et al.
address all three aspects of the structural complexity in a study
of Cu-rich 3-MnO, (ref. 199) using X-ray total scattering and
PDF, supported by a range of techniques, including EXAFS and
neutron PDF. The local structure in the planes of the layered
oxide was first determined by fitting the 0.7-8 A range of the
PDF. Cu*" ions were localized in the structure by comparing
a model where Cu®" was placed in the Mn*" sites of the layer, or
a model where the Cu®** was placed between the layers of the
structure. It was found that the Cu®" ions sit in interplanar sites
above or below a vacant Mn*" site. Next, the in-plane vacancy
ordering was determined by comparing fits of different cation
vacancy ordering models applied only to the local range of the
PDF, where only intraplanar distances are represented. A chal-
cophanite structure model with 7.2% Mn vacancy was found to
most suitably describe the in-plane atomic arrangement, with
a good agreement factor of 8.2%. The local structure description
is further extended by locating the interlayer H,O using neutron
PDF, which is possible due to the greater sensitivity to H (or D)
when using neutrons instead of X-rays in a scattering experi-
ment. Finally, using the local atomic structure model already
developed, a model for the stacking disorder was built by
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creating a supercell containing 7 layers with the refined local
layer structure. Each layer was assigned three vectors (¢, t, t.),
one for each crystallographic axis, that allowed the atomic
structure in the layer to remain unchanged, while the layers can
move with respect to each other. Furthermore, a numerical
particle shape correction was applied that replaced the usual
spherical envelope function and improves the long-range fit of
the PDF for the non-spherical particles.® The final stacking
fault model provided a good description of scattering data in
both Q and r for both X-rays and neutrons. The refined values of
the in-plane layer vectors (¢, and t,), appeared largely random,
while the vectors in the stacking direction remained
unchanged, which was interpreted as the stacking faults being
associated with rotational disorder. This study showcases
a highly inventive way of extending the local structural infor-
mation available in the PDF to describe the full nanostructure of
a complex sample.

In situ and operando experiments: changes in nanoparticle
structure

Having established the strength of PDF analysis for nano-
material characterization, we here only briefly mention the
importance of in situ and operando PDF analysis in nano-
materials chemistry, as these fields have been reviewed in the
past.****% In situ X-ray or neutron powder diffraction, where
diffraction patterns are continuously collected during
a chemical reaction, has a long and successful history dating
back to the 1990s, and excels when investigating bulk crys-
talline phase transitions and crystallite growth kinetics.??3->°¢
In situ PDF studies, on the other hand, allow for identifica-
tion and characterization of disordered or amorphous
intermediate structures and species in solution, which are
important in nanomaterials. For example, in studies of
nanomaterial synthesis, in situ PDF analysis gives the possi-
bility for studying the atomic structure of the species present
before, during and after crystallization of
particles,'®*?°”21® which is essential for gaining a deeper
understanding of material nucleation processes, where
atomic scale mechanistic information generally is scarce.
Knowledge of the relation between chemical synthesis and
the resulting atomic structure of the material is crucial in the
advancement of nanoscience.””® In studies of battery mate-
rials, operando experiments allow following the changes in
electrode structure during operation, and the use of PDF has
revealed complex reactions, where disordered nanomaterials
play a large role in the cycling processes.**'">*°

nano-

Summary and future perspectives

We have reviewed a number of studies where atomic structure
on the nanoscale has been characterized using PDF. Structural
studies of metals, chalcogenides and oxides were described,
covering a range of different approaches to PDF analysis,
including model-free analysis, real-space Rietveld refinement,
d-PDF analysis, and modelling using discrete structures with
the Debye scattering equation. The PDF technique is growing in
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importance, and many other emerging nanomaterials such as
perovskites,*¢230-232 nanoparticles,’****
sulfides,***?%¢ nitrides and carbides are now being inves-
tigated with PDF. The diversity of the studies demonstrates an
important point: there is no one-fits-all approach to PDF
modelling of the structure of nanoparticles, and the method to
be used is dependent on the problem that is under investiga-
tion, and what information is sought. This means that con-
structing a good structural model for a nanostructure from PDF
analysis requires a great deal of creativity, structural under-
standing and chemical intuition, however the simplicity and
intuitive nature of the PDF can be helpful in achieving a good
starting point.

While PDF analysis can be extremely useful for analysis of
atomic structure, one always has to be aware of its limitations:
the PDF will not always contain enough information to deter-
mine a unique model for atomic structure. This problem is only
amplified by the disordered and polydisperse nature of most
nanomaterials, and careful consideration should be given to the
uniqueness and validity of any model constructed. It is para-
mount that PDF models are supported by structural informa-
tion from other techniques. One perspective on tackling this
issue is the complex modelling approach, where one structural
model is refined against multiple datasets from different tech-
niques.®»”*>** This makes the models and refined parameters
more reliable, as they have been constrained by structural
information obtained from techniques with different strengths
and weaknesses, such as when combining PDF or total scat-
tering with SAXS®>'#7*%* or EXAFS data.”***

The interest and development of advanced computational
techniques such as database mining and machine learning are
very likely to impact PDF analysis as well as many other data-
heavy fields in the coming years.>® For example, machine
learning methods have already been applied to PDF in regards
to component analysis*****7**° and in identifying symmetry and
extracting distance lists.*»*** This development is likely to aid
in maximizing the information that can be extracted from the
PDF of complicated nanostructures. Automated modelling,
where large numbers of structures (mined from databases or
algorithmically generated) are fitted to experimental PDFs, can
improve the structural characterization workflow and the
discovery of new and improved models.'*”'**?** However, pres-
ently, the more advanced tools for modelling and constructing
new hanostructures are somewhat un-accessible to the broad
scientific community, and the development of user-friendly
software and tools for more advanced analysis should be
a high priority within the PDF community.

While these new advanced developments are hugely
important, we stress that significant information can be
extracted from PDF analysis using relatively simple methods,
such as real-space Rietveld refinement or model-free analysis
of individual peaks, and PDF will prove useful in the toolbox
of any scientist wishing to characterize nanostructures. With
this review, we hope to have provided an entry into PDF
analysis, and we invite everyone to join the journey down the
yellow brick road towards better understanding of structure
on the nanoscale.

upconverting
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