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Abstract: The structure of nanoparticles has been difficult to determine accurately because the
traditional structure methods rely on large monocrystals. Here, we discuss the structure of
nanoparticles based on real-space modeling of the pair distribution function obtained by a Fourier
transformation of the high-energy X-ray scattering structure factor. In particular, we consider X-ray
scattering data taken from colloidal manganese oxide nanoparticles used in Lithium-ion batteries,
air-purification, and biomedical systems, which are known to exist in various nanometer-sized
polymorphs. Insight is thus obtained into characterizing the structural relaxation of the MnO6
octahedra, which are the key building blocks of oxide nanoparticles, important in many technologies.
Keywords: nanoparticles; high energy X-ray diffraction (HE-XRD); electrodes; Li-ion batteries; air
purification; contrast agent; pair distribution function (PDF) analysis

1. Introduction
Among the metal oxides, manganese oxide plays a vital role in technological applications.
Manganese oxide microstructures and nanostructures are used, for example, in waste-water treatment,
catalysis, biomedicine, air-purification sensors, super-capacitors, and rechargeable batteries [1–8].
Transition metal oxides, especially MnO and MnO2 , are good candidates for anodes in batteries as they
provide high capacity and low cost and are also environmentally friendly [9–11].
X-ray scattering techniques are useful for characterizing the sizes of crystals and particles as
well as their crystallographic phases, which taken together control their physical properties. These
techniques are generally non-destructive and measure properties averaged over an ensemble of many
particles. Most crystal structures have been determined via X-ray diffraction (XRD) experiments.
The scattering pattern from a crystal typically consists of several tens or even hundreds of Bragg
reflections from various atomic planes in the lattice. Crystal structures can be specified in terms of just
a few variables, such as the unit cell parameters and the positions of the symmetry-independent atoms.
Direct imaging techniques such as electron microscopy also provide unique opportunities
for structure analysis at a more local scale and thus complement diffraction techniques [12,13].
A transmission electron microscope (TEM), for example, can provide multidimensional analysis
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capabilities for characterizing nanoparticles and can be used to image nanoscale features with
atomic resolution. Electron microscopy normally measures a two-dimensional (2D) projection
of the three-dimensional (3D) structure, although the 3D structure can be obtained via electron
tomography [14–16]. The increasing complexity of nanomaterials has driven the development of even
more advanced characterization techniques combined with tomography. Energy-dispersive X-ray
(EDS) spectroscopy [17,18] and electron energy loss spectroscopy (EELS) [19] are examples of such
advances, which have enabled the investigation of the morphologies, compositions, and oxidation
states of nanomaterials.
X-ray scattering of nanoparticles is much weaker than that of bulk materials due to their small
volume and limited coherence. In order to increase the signal, samples must be measured either over
long times or with high-flux sources. For nanostructures, diffraction patterns often show only a few
Bragg reflections, which makes conventional crystallography challenging. Moreover, the assumptions
underlying the analysis neglect information on structural disorder due to high frustrated surface
contributions. The key is to recognize that a large amount of information here is stored in diffuse
scattering, which is normally not taken into account in conventional X-ray analysis. It is clear that
other methods are needed for a complete understanding of the structure of nanoparticles.
High-energy XRD (HE-XRD) measurements combined with a Pair Distribution Function (PDF)
analysis can yield valuable information on the short-range atomic ordering of nanocrystalline materials
with some degree of structural coherence and periodicity. A large body of literature [20–37] details
how the PDF analysis can enable a complete structural investigation of a nanostructured material.
Application to nanomaterials, however, has become practical only recently, with the advent of high-flux
and high-energy synchrotron radiation sources. Our study is motivated by the growing interest in
applying high-energy X-ray scattering techniques to investigate nanostructures.
We emphasize that the PDF method analyzes all the scattered intensity and it can therefore
probe deviations from perfect crystallinity. This is important because nanomaterials can be ordered
and possess periodic atomic arrangements like ordinary crystals, but they can also be disordered
and/or have nonperiodic atomic arrangements like glasses. In the former case, as we have already
noted, the crystal structure may be described in terms of a relatively small number of parameters that
can be conveniently computed and predicted. In the latter case, however, the critical information is
stored in the diffuse scattering pattern. The three-dimensional structure now needs to be described
by a sufficiently large (statistically representative) number of atomic configurations and the related
coordinates and chemical types of the various involved atoms. It has become possible to address
this challenging problem in recent years, as greatly increased computational power has become
available [25]. Our study addresses the characterization of nanostructures, which have not been
investigated as extensively as the crystalline structures, despite their crucial role in current, emerging,
and future technologies.
2. Experimental Details
MnO nanoparticles were obtained by adapting the protocol of Gallo et al. [38] as follows. First, a
manganese (II) oleate complex was produced via an exchange chemical reaction between manganese
(II) chloride and sodium oleate. A quantity of 1.24 gm of the resulting manganese (II) oleate and
10 gm of 1-hexadecene were then combined in a 50 mL round-bottom flask attached to a Schlenk line.
The mixture was degassed at 80 ◦ C for 90 min, and then the vacuum was switched to Ar atmosphere.
Next, the flask was heated to 280 ◦ C and held at this temperature for 30 min, followed by cooling
to room temperature. Nanoparticles were precipitated by adding 10 mL of acetone, collected by
centrifugation at 9000 rpm for 10 min, re-dispersed in hexane, washed again with acetone and collected
by centrifugation. Finally, the nanoparticles were re-dispersed in toluene to obtain a 10 mg·mL−1 stock
of colloidal MnO nanoparticles.
Thin Si wafer substrates measuring 1 cm × 1 cm were first cleaned using ultrasonication in acetone,
ethanol, and isopropanol, and then dried by flashing compressed air. The stock dispersion of the
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X-ray diffraction peaks where the peak width is inversely proportional to crystallite size, effects of
other factors that contribute to the peak width such as instrumental resolution, temperature and
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