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In the development of high-performance energy conversion
and storage systems, understanding the atomic structure of
nanomaterials is of increasing relevance.[1] In the case of
chemical energy storage, conversion chemistries promise
capacities many times those of existing insertion-based Li
ion batteries—a consequence of the multiple, rather than
single, electron reaction at each metal atom.[2] In the
conversion process, metal compounds (e.g., oxides, fluorides,
etc.) react with Li to produce metal and Li salts (e.g., Li2O,
LiF), undergoing extensive chemical and structural rear-
rangement.[3, 4] In such reactions, nanomaterials are not only
associated with enhanced reversibility (i.e. cyclability), but
the electrode particles often reduce further in size during
discharge (electrochemical grinding).[1, 4] Conventional crys-
tallographic probes offer limited insight into these nano-
materials and reactions,[5] and thus, with a tremendous gain in
capacity comes increased challenges, in both understanding
and optimizing this process. Typically, reaction products and
intermediates are only identified tentatively, by matching
poorly defined features in the diffraction data to known
structures. The most in depth understanding of the conversion
process to date, has been gained by combining insights from
many different characterization tools, including diffraction,
X-ray absorption spectroscopies, NMR spectroscopy, and
TEM imaging.[6]

Here we show that systematic application of pair distri-
bution function (PDF) analysis alone, can yield comprehen-
sive insight into conversion processes, including key mecha-
nistic and structural details. This is demonstrated for nano-
scale a-Fe2O3, a prototypical example of a conversion mate-
rial.[7–9] The PDF method has emerged as a valuable probe of

nanomaterial structure, providing insights from the immedi-
ate coordination environment extending to several nm,
towards the length scale of a nanoparticle.[10] Accordingly,
the method allows reliable identification of phases, detailed
structural insights, evaluation of changes in particle dimen-
sions, and quantitative determination of phase fractions
throughout a reaction.[11] For nanoscale a-Fe2O3, we identify
significant deviations of the reaction products from bulk
crystalline analogues, including local distortions, defects, and
non-stoichiometries. The structure of a key reaction inter-
mediate is clearly elucidated for the first time. The metal
nanoparticles produced by the reaction are found to be not
simply small particles of a-Fe, as previously presumed, but are
rich in defects and, contrary to expectation, do not grow or
agglomerate. These characteristics—a proposed defect-inhib-
ited particle growth—may hold the key to the reversibility of
the conversion reaction in this system.

a-Fe2O3 (hematite) is part of a broad family of promising
high capacity, conversion-based electrode materials, with the
added advantage of iron being amongst the most abundant
terrestrial elements, with minimal health or environmental
impacts.[3,6–9, 12] Efforts to develop nanostructured a-Fe2O3

have produced amongst the highest reversible capacities for
iron-based electrodes.[9] Nanoscale a-Fe2O3 (60–200 � dia-
meter) was prepared by the forced acid hydrolysis of iron
nitrate in water at 100 8C.[8] A composite electrode film of a-
Fe2O3 and carbon was cycled against Li metal in a coin cell.
The potential decreases steeply up to 2 Li, flattening slightly
between 2 and 1.5 V, then plateaus at 0.8 V between 2 and 6
Li—a capacity of 1002 mAh g�1 for 6 Li (Figure 1).[13] The
reaction proceeded beyond 6 Li per 2 Fe3+, up to 8 Li, with
this excess capacity ascribed to electrolyte decomposition.[8]

Total scattering data were collected for electrodes recov-
ered from intermediate states of discharge corresponding to
0–8 Li per Fe2O3. The high-energy X-rays (l = 0.2128 �)
available at beamline 11-ID-B at the Advanced Photon
Source at Argonne National Laboratory were used to collect
data to high values of momentum transfer (Qmax = 24 ��1).[14]

The PDFs, G(r), contain peaks corresponding to the atom–
atom distances within the sample weighted by the scattering
power of the atoms involved.

The PDFs indicate that the discharge reaction proceeds
through two distinct transitions each accompanied by a reduc-
tion in particle size (Figure 1a). Models were fit to the data
within PDFgui,[15] using a “real space Rietveld” approach, to
assess the atomic structure and phase distribution. The initial
hexagonal a-Fe2O3 electrode (R�3c, a = 5.0267(5) �, c =

13.7301(2) �) forms a cubic rock salt phase (Fm�3m, a =

4.2035 �, 50–60 � diameter) near 2 Li; this transforms to
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Fe nanoparticles with a body-centered cubic-like structure
(bcc, a = 2.9 �, 18 � diameter) by 6 Li.

This phase analysis is ostensibly consistent with the phases
reported in earlier crystallographic studies,[7,8] however, the
present PDF analysis yields new insights, of unprecedented
detail, into how the atomic structure of the reaction products
deviate from the crystallographic models. This includes non-
stoichiometries, local distortions, and defects of the inter-
mediate “rock salt” phase and final metal nanoparticles.

Although the intermediate that exists near 2 Li classifies
as a rock salt phase, with an alternating cubic lattice of cations
(Fe) and anions (O2�), this structure type encompasses
several proposed Li–Fe–O phases with distinct stoichiome-
tries, Li distributions and defects.[8,16] A rock salt model
provided an excellent fit to the PDF data beyond 4 �
(Figure 2), with local distortions evident as deviations in the
positions of first three peaks (dFe-O, dFe···Fe , dFe···O). Similar
structural parameters and local distortions were obtained for
a rock salt phase produced by chemical lithiation of a-Fe2O3

(see Supporting Information). Fits of Gaussian functions to
these peaks indicate that the Fe�O bond length is contracted
to 2.062 � (cf. 2.102 � = a=2), and the Fe···Fe and Fe···O
distances are expanded to 3.002 � and 3.683 �, respectively
(cf. 2.973 � = a� ffiffiffi

2
p and 3.641 � = a

ffiffiffi
3
p �

2), relative to the
crystallographic model where atoms are constrained to
special positions.

While the data are poorly sensitive to the position and
occupancy of Li within the structure, refinement of Fe and O
occupancies indicates a depletion of oxygen compared to the
initial material. The refined Fe:O ratio was in the range 0.8–
0.95:1 with the value depending on the r-range used in the fit.
There are two important implications of this Fe:O stoichi-
ometry. Firstly, that a second oxide (e.g., Li2O) forms during
the transition to this intermediate, although this extra phase is
not apparent in the X-ray PDF data which is dominated by
strongly scattering Fe phases. Secondly, that the implied Fe
oxidation state is greater than 2 (2.1–2.5), although this
estimate does not reflect any lithium that may be within the
lattice or any under-coordination of Fe ions at the particle
surface.[17] The Fe�O bondlength is consistent with an
intermediate average Fe oxidation state, being between
those typical of Fe2+�O and Fe3+�O, and with an oxidation
state of 2.45 indicated from a bond valence sum calculation.

The Fe:O ratio matches that of w�stites—Fe1�xO for x up
to 0.15. W�stite is a mixed valence (Fe2+/Fe3+) rock salt phase
with complex defect structures involving correlated octa-
hedral cation vacancies (Fe2+) and interstitial cations (Fe3+) in
tetrahedral sites.[18] The local structure distortions present in
w�stite are precisely consistent with those observed in the
rock salt intermediate (see Supporting Information). While
formation of w�stite in this reaction was dismissed in previous
crystallographic studies[7, 8] based on its slightly larger lattice
parameter (4.3 �), incorporation of Li in a w�stite structure,
for example through substitution of these smaller cations at
the tetrahedral interstices, could reduce the lattice dimen-
sions. Accordingly, we propose that the atomic structure of
the rock salt intermediate is related to that of w�stite, possibly
including octahedral Fe vacancies, mixed valency, and Li
cations in the tetrahedral interstices. The rich chemistries of
w�stite-type phases (including redox-buffer phenomena and
solid solution behavior)[18] could play an important role in the
electrochemical properties of this system.

The PDFs corresponding to the Fe nanoparticles were
isolated from the multi-phase data by subtracting the scaled
rock salt contribution (Figure 3). While the nanoparticles that
form as the reaction progresses are of consistent diameter (ca.
18 �, ca. 250 atoms), their atomic structure is dynamic and
evolves continuously with lithiation. The PDFs of the nano-
particles deviate from the ideal bcc a-Fe structure: peak
splitting at high r suggests distortion from cubic symmetry;
the intensity of peaks at 4 and 4.8 � are under- and
overestimated, respectively; the feature at 2.8 � that reflects

Figure 1. a) The PDFs, G(r), obtained during the electrochemical
reaction of a-Fe2O3 with Li. The pure phases formed near 0, 2, and 6 Li
are in bold. b) The distribution of Fe from quantitative fits to the PDF
data. The corresponding galvanostatic curve is overlaid.

Figure 2. a) A fit of a rock salt model to the PDF at 2 Li
(R4-25�=15.1%), highlighting b) the distortions of the local structure.
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the second Fe···Fe distance, is contracted with greater
intensity than expected based on the 8:6 ratio of first to
second coordination shells in body-centered packing. The
nanoparticle structure refines, becoming more bcc-like with
increased lithiation—although not perfectly so. Features in
the PDF sharpen and split peaks coalesce. The average lattice
dimensions contract, from unexpectedly larger than bulk Fe
to less than bulk Fe as is typical of nanoparticles.[19] The
nearest Fe�Fe distance (2.5 �) contracts commensurate with
the lattice parameter, and increases intensity proportionately
with the total nanoparticle signal. In contrast, the second
Fe···Fe distance is relatively invariant (expands slightly), and
its relative intensity decreases such that the ratio of peak
intensities approaches 8:6. These changes in nanoparticle
structure occur continuously, including in the region beyond 6
Li where no extra Fe is generated. A weak non-bcc feature
evident in the data, at ca. 1.88 �, initially grows then
decreases in intensity (a continuous decrease relative to the
total nanoparticle signal). This feature may correspond to Fe�
O correlations in four-coordinate Fe3+ species, O···O corre-
lations in CO3

2� anions within the solid-electrolyte interface
or coordinated at the particle surface, or trapped interstitial
species.

The atomic distances and coordination numbers available
from the position and intensity of peaks in the PDF provide
direct insight into the nature of defects within the nano-
particles and how they deviate from the ideal bcc model. The
first Fe�Fe peak, at 2.5 �, mirrors the global changes to the
nanoparticle. By contrast, the second Fe�Fe feature evolves

differently, with consistently shorter average distance and
with intensity only approaching expected values (8:6 ratio)
upon completion of the lithiation reaction. Residual intensity
in fits of the a-Fe model, at 2.66 �, close to the atom–atom
distance for close-packed first-row transition metals, suggests
that the excess intensity may be associated with close-packed
defects, either within the nanoparticle or at the particle
surface. Such defects may contribute to the distortions of the
nanoparticle, and the greater lattice dimensions relative to
bulk a-Fe. A decreasing concentration of these defects with
increasing lithiation, may underlie the increasing bcc charac-
ter of the structure and the contraction of lattice dimensions.

For a-Fe2O3, the initially nanoscale electrode particles are
further reduced in size with each phase transition during
electrochemical lithiation. Not only can this evolution in
particle dimensions be quantified in the PDFs analysis, but
the direct insight into the atomic structures illuminates
several key mechanistic points.

1) The Fe nanoparticles formed are of constant size,
without significant growth throughout the discharge process.
High atom mobility is typical of such small metal particles
and, accordingly, particle growth and coarsening is often
observed. In the present system, particle growth is likely
inhibited through surface passivation or through strain-
inhibited or defect frustrated growth. The reversibility of
conversion reactions relies on being able to recombine
multiple discharge products to recover the original phase.
The nanoscale characteristic of the discharge product, over-
comes limitations associated with atom diffusion and recom-
bination, thus, aiding reversibility.

2) The structure of the “rock salt” intermediate, including
its stoichiometry and local defects, have been quantified for
the first time. This phase shares characteristics of w�stite,[20]

with an Fe:O ratio approaching 1:1. It is deficient in oxygen
compared to the initial material as well as the previously
suggested intermediate formulas (Li2Fe2O3 or a-LiFeO2 cubic
“rock salt” phases) tentatively identified based on only
a handful of Bragg peaks.[7,8] The defect structure of this
rock salt intermediate may be key to forming the defective Fe
nanoparticles and similar intermediates are likely in related
conversion materials.

In summary, we demonstrate that PDF analysis can
provide a comprehensive understanding of the complex
reactions characteristic of electrochemical conversion. This
level of insight could only be otherwise obtained by combin-
ing many different characterization tools and, as such, the
PDF methodology has a promising role in the rational
development of nanomaterials for energy conversion and
storage.[1, 21] The frustrated nanoparticle growth observed here
is not only relevant to reversible electrochemical energy
storage but is of fundamental interest in catalysis, where
activity is strongly linked to particle size and defect concen-
tration. We anticipate that by targeting defective metal
particles, for example, through chemical doping, it will be
possible to induce strain and inhibit particle growth in the
discharged materials and, hence, improve cyclability—a crit-
ical performance limitation in higher capacity conversion
electrodes.

Figure 3. a) The evolving PDFs of the Fe nanoparticles. A representa-
tive fit of a a-Fe (bcc) model to the data is inset. b) The evolution of
the Fe�Fe distances. c) Fe�Fe peak intensities.
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