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A good knowledge of the size, shape, and internal atomic
ordering (i.e., atomic positions) of polycrystals is a crucial
prerequisite to understanding, predicting, and practically exploiting
many of their chemical and physical properties. For micrometer-
scale polycrystals, this structural information has traditionally been
obtained from the analysis of the positions, intensities, and shapes
of the Bragg peaks in their powder X-ray diffraction (XRD)
patterns.’ Recently, a wealth of synthetic success has led to the
availability of a broad variety of elaborate nanometer-scale crystals,
the in-depth compositional-properties elucidation of which requires

Figure 1. TEM images of y-Fe,O3; NCs: TPs (a) and SPs (b).

precise structural knowledge. However, in the case of nanocrystal
(NCs) effects arising from the inherently very small crystallite sizes,
the large surface-to-volume ratio, near-surface relaxation, and local
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lattice distortions smear out the Bragg reflections in the XRD
patterns, ultimately rendering their interpretation very difficult, or
even impossible. The problem has been addressed by applying the
so-called Debye Function Analysis (DFA).? It involves a simulation
of a part of the raw XRD pattern of NCs using distributions of
interatomic distances from finite-size structure models of NCs.
Recently, another nontraditional approach involving high-energy
powder XRD coupled to atomic pair distribution function (PDF)
analysis has shown to be particularly well suited for determining
the internal atomic ordering of NCs.? The great performance of
the approach stems from the fact that it takes into account both the
Bragg-like and the diffuse components of the XRD data over an
extended range of scattering vectors and not just a part of that range.
The extended XRD data are then normalized to electron units,
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Figure 2. Synchrotron XRD patterns for micrometer-sized polycrystalline
y-Fe,0; standard (top), spherically (middle), and tetrapod-shaped (bottom)
y-Fe,O3 NCs. Bragg peaks are indexed in the cubic-type (S.G. Fd3m)
structure of y-Fe,O; spinel.

subjected to a Fourier transformation, and analyzed in real space.’
In this way, ambiguities arising from experimental artifacts, such
as background scattering,2 are eliminated. Also, model distributions
of interatomic distances can be compared directly to well resolved
experimental distributions of such distances and not to a smeared
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Figure 3. (a) Experimental atomic PDFs for polycrystalline y-Fe,O; (black
symbols), spherically (blue symbols), and tetrapod-shaped (red symbols)
y-Fe;03 NCs. Best fits (solid lines) based on a continuous spinel-type (S.G.
Fd3m) lattice model, as explained in the text, are also shown. (b) Low-r
part of model atomic PDFs for polycrystalline y-Fe,Os (black line), SPs
(blue line), and TPs (red line). The model PDFs are computed from the
finite-size atomic configurations shown in Figure 4. (c) Low-r part of the
experimental PDFs. The PDF peaks whose relative intensities are correlated
with the NC shape are outlined with broken lines.

derivative of them, unlike what is done in DFA. The potential of
the PDF approach to reveal the size and, especially, shape of NCs,
however, has not been so far proven to be viable and, therefore,
remains largely unutilized.

Here, we show that the atomic PDF approach is indeed sensitive
to the geometry of NCs and, therefore, can be used to not only
determine their internal atomic ordering but also assess their size
and shape. As a proof-of-concept here we report results from a
PDF study of cubic, inverse spinel y-Fe,O; (maghemite) NCs
shaped as spheres (SPs) and tetrapods (TPs). The samples were
synthesized by reacting Fe(CO)s at 240—300 °C in octadecene-
diluted mixtures of oleic acid, oleylamine, and hexadecan-1,2-diol
as reactivity moderators and shape-controlling agents* (see Sup-
porting Information (SI)). These NCs are important representatives
of the technologically valuable class of nanosized transition-metal
ferrites that are widely studied for catalysis, high-density recording
media, and biomedical applications.’ In addition, for the purposes
of the present study, cubic-phase NCs were selected because of
their highly symmetric internal atomic ordering, i.e., because they
lack any inherent structural anisotropy. This allowed the impact of
the NC shape anisotropy alone on the PDF data to be studied and
clearly demonstrated.

Figure 1 presents low-magnification transmission electron mi-
croscopy (TEM) images of y-Fe,O3 NCs studied here. TPs (Figure
la) appear as branched objects made of four arms with a length
and diameter of 10.7 & 1.2 and 3.2 £ 0.5 nm, respectively. The
arms depart at tetrahedral angles (~109°) out of a common
branching point, as verified by electron holography studies.* The
fourth TP arm points upward almost parallel to the electron beam

and produces a darker TEM contrast at the projected TP center.
Phase-contrast high-resolution TEM studies indicated that the
individual TPs are single-crystalline, and their arms are oriented
along four out of the eight equivalent [111]-type directions of the
cubic spinel lattice.* SPs (Figure 1b) are rather monodisperse with
an average diameter of 13.6 £ 1.2 nm (see SI).

Figure 2 shows the experimental powder XRD patterns for
y-Fe,O3 SPs, TPs, and a polycrystalline y-Fe,O5 standard. Thanks
to the use of high-energy synchrotron X-rays (see SI) the XRD
patterns are measured over an extended region of scattering vectors,
Q. This is essential for the success of PDF data analysis.® The XRD
pattern for the standard (Figure 2, top trace) shows several sharp
Bragg peaks reflecting the isotropic shape and um size of its
unstrained crystallites. The peaks can be indexed in the cubic lattice
(S.G. Fd3m) of the well-known spinel-type structure of y-Fe,Os.
In this structure Fe atoms occupy sites with tetrahedral and
octahedral oxygen coordination in a ratio of 1 to 2, respectively,
with some of the sites being vacant.* When the vacancies are
ordered, the symmetry of the spinel structure reduces to P4,2,2.°
The XRD patterns for y-Fe,O3; NCs (Figure 2, middle and bottom
traces) are rather diffuse and show only a few broad Bragg-like
peaks that overlap considerably for the SPs and are almost
unresolved in the case of TPs. The diffuse features of XRD patterns
for SPs and TPs were previously considered as a signature of NC
shape anisotropy but, however, could not be interpreted unambigu-
ously even with the help of atomistic simulations.* The corre-
sponding atomic PDFs shown in Figure 3, however, exhibit a series
of sharp peaks which, as demonstrated below, can be conveniently
exploited for both assessing the geometry and determining the
internal atomic ordering of NCs.

First, the atomic PDF for polycrystalline y-Fe,O3; shows a series
of sharp peaks, each reflecting a particular atomic coordination
sphere, to high interatomic distances, as it should be with a material
possessing a long-range (~um scale) atomic order. The PDFs for
y-Fe,O3 NCs also show several sharp peaks. Those peaks, however,
decay to zero much faster (see Figure 3a) reflecting the limited
length (~nm scale) of structural coherence (LSC) in the NCs. A
precise estimate of that length in NC SPs and TPs, including taking
into account the XRD instrumental resolution, can be done
following the procedure of Ergun et al.” The procedure assumes
that the LSC in NCs causes an exponential decay of the PDF data
of the type exp(—ar), where r is the radial distance and 2/o is the
average LSC. Other somewhat more sophisticated but similar
procedures have also been suggested.® The application of Ergun’s
procedure, as described in Gateshki et al.,” shows that the LSC,
also known as the size of crystallite domains that scatter X-rays
coherently, is ~3 nm for the TPs and ~4 nm for the SPs. Note the
diameter of TP arms is ~3 nm, suggesting that the arm diameter
imposes a limit to the “crystallite domain size” in TPs. As it can
be expected, the “crystallite domain size” is larger (~4 nm) in the
larger SPs, yet it is smaller than their TEM-estimated size (~13.6
nm). The presence of lattice stain is most likely what limits the
LSC in the SPs.? Clearly, atomic PDFs, in particular the way they
decay to zero, reflect the LSC in NCs and, hence, can be used to
estimate it. Note, just like in polycrystals, the LSC in NCs can be
set by the (nano)crystallite size and/or lattice defects/strain.

Second, thanks to the special properties of Fourier transformation,
the rather smeared XRD patterns of NCs appear as well resolved
distributions of interatomic distances with distinctive profiles. This
allows an unambiguous identification of NC shape. In particular,
the profiles of the PDFs for SPs and TPs differ in the relative
intensities of several corresponding peaks. The differences are
exactly of the type predicted by structure models of real-size SP
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Figure 4. Fragment from the continuous spinel lattice of polycrystalline y-Fe,O; standard (a), nanosized y-Fe,O5 SP (b), and TP (c). Fe—Og octahedra are
in light gray, Fe—O, tetrahedra are in dark gray, while O atoms are shown as blue dots. The TP arms are oriented along the [111]-type of the spinel lattice

(S.G. Fd3m) as suggested by high-resolution TEM.*

and TP y-Fe,0; NCs shown in Figure 4b and 4c, respectively. The
models are built of Fe-based octahedral and tetrahedral units
arranged according the symmetry of the cubic (S.G. Fd3m) spinel-
type lattice. Hence, the surface of model SPs and TPs is terminated
with O atoms from these structural units, just like that of the real SPs
and TPs studied here.'® Since the polycrystalline -Fe,0s, nanosized
SPs and TPs are characterized by markedly different surface to volume
ratios, the relative O to Fe contents in the three materials are very
different. As a result, the number of O involving correlations (Fe—O
and O—O) that contribute to the different coordination spheres (e.g.,
PDF peaks) of the three samples appears different, although they all
share the same type of internal atomic ordering (see below). As
expected, the more anisotropic the NC shape (cf. TP vs SP), the
stronger the deviation of the profile of the respective PDF from that
of the polycrystalline standard. If NCs are made of a material with
intrinsic structural anisotropy (i.e., low crystallographic symmetry),
the differences in the PDF profiles may be enhanced further.® The
result shows that the shape of NCs and the profile of their PDFs are
correlated, even in the case of materials with highly symmetric internal
atomic ordering. Therefore, PDFs can be used to assess the shape of
NCs, for example, by comparing model PDFs for real-size NCs with
those determined experimentally.

Third, various crystal phases including pure Fe;O, (magnetite),
a-Fe,O5 (hematite), and y-Fe,03, as well as combinations of them,
were tested and refined against the experimental PDF data. This
was done by using structure models featuring continuous lattices
of the respective structure types. The finite NC size was modeled
by multiplying the model PDFs with a decaying exponent-type
function, as implemented in the currently widely used software
PDFFIT"" for refinement of the internal atomic ordering of NCs.
The finite-size models for NCs, shown in Figure 4, were not used
to avoid mixing up of geometrical (size and shape) and atomic
ordering type (e.g., unit cell constants, atomic positions) parameters.
This approach guaranteed that the structure type parameters for
polycrystalline and y-Fe,O; NCs were kept the same and, therefore,
their refined values could be compared in a straightforward manner.
The PDF data for all three samples studied here were best
approximated with a model based on the cubic (S.G. Fd3m) spinel-
type structure of y-Fe,O; (see Figure 3a) indicating that, within
the limits of experimental accuracy, they all are single-phase
NCs. The refined structure type parameters of polycrystalline,
SP and TP y-Fe,O3 NCs are given in the SI. Their analysis shows
that a larger than usual fraction of both octahedral and tetrahedral
Fe-occupied sites in the NCs is vacant. As discussed in the
literature® this is due to the increased surface to volume ratio in NCs.
This result could explain why the mass-normalized saturation mag-
netization of SPs and TPs is remarkably reduced when compared to
that of polycrystalline y-Fe,0s.* The result again demonstrates the

14266 J. AM. CHEM. SOC. = VOL. 131, NO. 40, 2009

fact that atomic PDFs can be used to determine internal atomic
ordering of NCs in the usual crystallographic terms of Bravais
lattices, unit cells, atomic positions, and occupancies.

In summary, we have demonstrated that atomic PDFs can be
used not only to determine the internal atomic ordering but also to
assess the geometry of NCs. In particular, they provide very detailed
structural information for y-Fe,O; spherical and tetrapod-shaped
NCs, which can be used to explain their growth mechanism*'® as
well as their magnetic properties. The approach can be very useful
because it (i) employs a single experimental technique; (ii) is very
flexible with respect to the NC state (e.g., solid, polymeric etc)
and environment (e.g., low/high temperatures and pressures, solu-
tion, etc.);® and (iii) can be performed either with laboratory
equipment or at the state-of-the-art synchrotrons.? Thus it has all
the potential to become a standard “tool” for structural characteriza-
tion in the rapidly developing field of nanoscience and technology.
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free of charge via the Internet at http://pubs.acs.org.
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