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Chemical energy storage using batteries will become increasingly
important for future environmentally friendly (‘green’)
societies. The lithium-ion battery is the most advanced
energy storage system, but its application has been limited to
portable electronics devices owing to cost and safety issues'.
State-of-the-art LiFePO, technology as a new cathode material
with surprisingly high charge-discharge rate capability has
opened the door for large-scale application of lithium-ion
batteries such as in plug-in hybrid vehicles®>. The scientific
community has raised the important question of why a
facile redox reaction is possible in the insulating material®%.
Geometric information on lithium diffusion is essential to
understand the facile electrode reaction of Li,FePO, (0 <x < 1),
but previous approaches have been limited to computational
predictions’'s. Here, we provide long-awaited experimental
evidence for a curved one-dimensional chain for lithium motion.
By combining high-temperature powder neutron diffraction and
the maximum entropy method, lithium distribution along the
[010] direction was clearly visualized.

The present lithium-ion battery technology is based on the
reversible intercalation reaction discovered in the early 1980s for
both the cathode (Li,C0oO,: 0 < x < 1) (ref. 17) and the anode
(Li,Cy: 0 < x < 1) (ref. 18). This technology is widely used for
portable electronic devices because its energy density is much
higher than that of any other conventional rechargeable battery
system. Since the first commercialization by Sony Corporation in
1991 (ref. 19), the combination of these materials has remained
basically unchanged. The specific energy density is now twice
as large as that of the first product, which is principally due
to technical efforts towards efficient packing of components
inside a cell rather than due to material innovations. However,
such a development strategy has gradually sacrificed the safety
margin and increased the risk of explosive accidents initiated by
abrupt oxygen extraction from the charged cathode at elevated
temperatures. Reduction in cost has also been restricted by
the requirement of a large amount of cobalt in the cathode
material. Safety and cost are critical issues and have prevented
lithium-ion batteries from being used for large-scale applications'.
Thus, nickel metal hydride batteries are currently used in
hybrid vehicles.
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Lithium iron phosphate, Li,FePO, (0 < x < 1), proposed
by Padhi et al. as a new class of cathode materials in 1997
(ref. 2), has the potential to enable the production of large-scale
lithium batteries, which is rapidly becoming a reality. Problems
related to cost and safety can be solved with minimum expense
to energy density by using abundant iron as a full Fe**/Fe**
one-electron redox centre and fixing all oxygen atoms within the
olivine framework through strong P-O covalent bonds’. Early in
the development of LiFePO,, a limit for current durability was
considered an intrinsic limitation because of its insulating nature,
but now very high rate operation is possible through the efficient
formation of small particles and/or a conductive carbon network®>.
In turn, this has raised considerable technical interest in why
such a facile electrochemical reaction is possible by small polarons
strongly localized on the iron sites in phase-separated LiFePO, and
FePO, (ref. 2) during electrochemical reaction.

Previous studies have established (1) the existence of solid
solution in Li,FePO, over the entire compositional domain
(0 < x < 1) at temperatures above 520 K (ref. 6); (2) an incomplete
size-dependent miscibility gap at room temperature including a
small solid-solution compositional domain at 0 < x < o and
1— B <x <1 (refs 7-9); (3) coupled motion of lithium ions and
electrons with a large activation barrier of about 600-800 meV
(refs 10,11); (4) a rate-limiting nucleation and facile growth
mechanism with cooperative phase boundary movement along
the [100] direction'>" with a small activation energy of about
130 meV (ref. 14); and (5) computational derivation of the smallest
lithium migration energy along the [010] one-dimensional tunnel
with the continuous chain of edge-shearing LiO¢ octahedra'>'®.
Among them, anisotropic atomic-scale lithium diffusion is an
essential property because it governs the kinetics and geometry
of subsequent phase boundary formation in much larger scale
(particle-size scale) on two-phase separation between Li,FePO,
and Li,_gFePO,.

Intuitive expectations based on the polyhedral network in
the structure provide two possible continuous lithium pathways
as shown in Fig. 1, case 1, a chain of octahedral lithium
on 4a sites—face-shared vacant tetrahedral sites—face-shared
nearest-neighbour octahedral 4a sites along the [010] direction
(Fig. la,c); and case 2, a chain of octahedral lithium
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Figure 1 Crystal structure of LiFePO, and possible lithium pathways. a,b, The
crystal structure of LiFePO, projected along the [010] (a) and [001] (b) directions.
¢,d, Possible Li diffusion pathways are parallel to these directions. The structures
are drawn with the structural parameters obtained through this work and
summarized in Supplementary Information, Table S1. The structure can be
described as a distorted hexagonal close-packed oxygen sub-array, in which Li, Fe
and P atoms occupy interstitial sites to form (1) corner-sharing FeO, octahedra that
are nearly coplanar to form a distorted two-dimensional square lattice perpendicular
to the a axis, (2) edge-sharing LiOs octahedra aligned in parallel chains along the

b axis and (3) tetrahedral PO, groups connecting neighbouring planes or arrays. The
green, brown, purple and red ellipsoids indicate Li, Fe, P and O atoms, respectively.
Intuition leads to two possible lithium migration paths: ¢, along the [010] direction
through face-shared vacant tetrahedral sites; and d, along the [001] direction
through face-shared octahedral sites. One-dimensional diffusion along the [010]
direction (c) was predicted by the computational method'>6.

on 4a sites—face-shared vacant octahedral sites—face-shared
second-nearest-neighbour octahedral 4a sites along the [001]
direction (Fig. 1b,d). The ab initio study of Morgan ef al. using the
nudged elastic band method indicated that although Li* mobility
is high in the tunnels along the [010] direction (case 1, Fig. 1c),
Lit hopping between tunnels (case 2, Fig. 1d) is very unlikely”.
Similar conclusions were reached by Islam et al. using empirical
potential models'®. However, no experimental evidence based
on direct observation of lithium motion in the atomic scale has
been reported.

Neutron diffraction profiles include useful information on
lithium, because the scattering ability of the lithium nucleus
(amplitude of coherent scattering length) is relatively large and
independent of scattering vector Q = 4msinf/A. This nature is
amenable for detailed analysis of the thermal motion of the
lithium nucleus, in contrast to the negligible X-ray scattering
ability of lithium or lithium ions with only two or three electrons.
To enhance this advantage, 'LiFePO, was prepared using ’Li-
enriched Li,CO; as the raw material. This greatly improved data
quality because the natural existence of 7.5% °Li causes: (1) about
1.5 x 10* larger absorption; (2) about 15% decrease of coherent
scattering length; and (3) larger incoherent scattering. The quality
of the sample itself was also confirmed by the high-resolution
synchrotron X-ray diffraction profile, and subsequent analysis
by the maximum entropy method (MEM). No impurity phase
or amorphous hallow was observed and the fit was satisfactory
(see Supplementary Information, Fig. S1A). The electron density
distribution of LiFePO, by the MEM is almost identical to that
obtained by ab initio calculation as shown in Supplementary
Information, Fig. S1B.
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Figure 2 Neutron diffraction patterns measured at two specific points in the
FeP0,-LiFeP0, binary phase diagram. a,b, Rietveld refinement patterns for the
time-of-flight neutron diffraction profile measured for LiFePO, at room temperature
(a) and the angle-dispersive neutron diffraction profile measured for Liy ¢FePO, at
620K (b). Two different neutron diffractometers were used for different target
information for each measurement as explained in the Methods section. The data
points are plotted using the common scale Q= 4wsing /A and the common

@ range for VEGA and HERMES for comparison. Specific points of measured
composition and temperature are given in the inset phase diagram reported by
Delacourt et al.® and Dodd et al.%°. Observed intensity Y, and calculated intensity
Y.ac are represented by red plus signs and the green solid line, respectively. The
blue curve at the bottom represents the residual difference, Yy — Yeac. The refined
parameters are summarized in Supplementary Information, Tables $1,S2. No
impurity phase was identified, and the crystal structure was successfully refined
with the space group Pnma.

Figure 2a shows the Rietveld refinement pattern for
time-of-flight neutron diffraction data measured at room
temperature for “LiFePO,. Fitting was satisfactory (R, = 2.66%,
Ry =0.46%, S = 1.34) with accurately refined atomic positions
as well as anisotropic atomic displacement parameters for all
atoms under the classical harmonic oscillation model. Successful
measurement and analysis were also carried out for isostructural
FePO,. The thermal ellipsoids for Fe, P and O atoms were
almost identical for ’LiFePO, and FePO, (Supplementary
Information, Fig. S2).

Important information is included in the anisotropic atomic
displacement parameters for lithium, which determine the overall
anisotropy of the thermal vibration by the shape of the ellipsoid.
Green ellipsoids shown in Figs 1 and 3 represent the refined lithium
vibration. The preferable direction of thermal displacement is
towards the face-shared vacant tetrahedra. The expected curved
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Figure 3 Anisotropic harmonic lithium vibration in LiFePO, shown as green
thermal ellipsoids and the expected diffusion path. The ellipsoids were refined
with 95% probability by Rietveld analysis for room-temperature neutron diffraction
data. Expected curved one-dimensional continuous chains of lithium motion are
drawn as dashed lines to show how the motions of Li atoms evolve from vibrations
to diffusion.

one-dimensional continuous chain of lithium atoms is shown
in Fig. 3, and is consistent with the computational prediction
by Morgan et al.'® and Islam et al.'. Such anisotropic thermal
vibrations of lithium were further supported by the Fourier
synthesis of the model-independent nuclear distribution of lithium
(see Supplementary Information, Fig. S3).

The subsequent experimental direction was significant
enhancement of lithium motion by introducing a large number
of lithium defects at elevated temperatures to show how the
motions of Li atoms evolve from vibrations to diffusion. This
was possible with respect to the phase diagram of Li,FePO,
reported in the literature, which is shown in the insets in Fig. 2.
Delacourt et al.’ and Dodd et al.” confirmed the small miscibility
at low temperatures™®, but also reported an unusual eutectoid
point at about 500K where the solid-solution phase emerges
at approximately x = 0.6. At temperatures higher than 570K,
solid solution dominates all compositions. Rapid hopping and
delocalization of lithium ions coupled with small polarons were
confirmed by motional narrowing of Méssbauer spectra in the
solid-solution phases formed at elevated temperatures''.

On the basis of the above binary phase diagram and
corresponding lithium dynamics, the composition and temperature
of choice for further neutron diffraction study were x = 0.6
and T = 620K, as shown in Fig.2b. A solid-solution phase
of "Li;¢FePO, was formed simply by mixing the endmembers,
"LiFePO, and FePO,, in a 6:4 ratio and heating to 620 K in vacuum.
A significant difference of the neutron diffraction pattern with that
measured at room temperature (0.6LiFePO, + 0.4FePQ,) is shown
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in Supplementary Information, Fig. S4. Temperature-dependent
X-ray diffraction profiles were measured in a helium-sealed
cell before the neutron diffraction experiment, and confirm the
formation of a single phase of compositionally homogeneous
Li, cFePO, solid solution in the very narrow temperature range of
600-630K, as shown in Supplementary Information, Fig. S5.

The first analysis carried out for the Li, (FePO, solid-solution
phase at 620K was the Rietveld refinement for the neutron
diffraction profile and the resultant pattern is summarized in
Fig. 2b. The anisotropic displacement parameters were applied
for Fe, P and O, but not for Li, because no reliable solution
for harmonic vibration of lithium could be found under the
localized atom model (see Supplementary Information, Table S2).
To evaluate the dynamic disorder of lithium, the MEM was applied
to estimate the neutron scattering length density distribution,
which corresponds to the nuclear density distribution. The MEM
is a model-free method used to calculate precise nuclear densities
in solids, including some disorder and/or anharmonic vibrations
using experimentally obtained structure factors as an initial input.
The MEM is primarily an information-theory-based technique
that was first developed by Gull and Daniel” in the field of
radioastronomy to enhance the information from noisy data.
Afterwards, Collins® applied its methodology to crystallography
for electron density enhancement from X-ray diffraction. In the
theory of this methodology, information entropy, which deals with
the most probable distribution of numerical quantities over the
ensemble of pixels, is considered. Successful MEM enhancement
makes it possible to evaluate not only the missing and heavily
overlapped reflections but also any type of complicated electron
or nuclear distribution, which is hard to describe with the
classical structure model. By applying this method, possible bias
imposed by the empirical static structural model is reduced,
allowing any type of complicated nuclear distribution as long as
it satisfies the symmetry requirements. The validity of such a
methodology has been well established for plastic crystal* and
various ionic conductors®’.

A three-dimensional contour surface (0.15fmA~%) of the
nuclear distribution of lithium atoms is shown in Fig. 4. The
probability density of lithium nuclei strictly distributes into
the continuous curved one-dimensional chain along the [010]
direction, which is consistent with the computational predictions
by Morgan et al.® and Islam et al.'®. Other atoms, Fe, P and O,
remained at their initial positions even after the MEM analysis.
Given the two possible diffusion paths in Fig. 1, the microscopic
reason for the diffusion anisotropy could be the difference in
the electrostatic repulsion, which should be pronounced if there
are face-shared polyhedra. Along the [010] direction, whatever
the site occupied by the lithium ion during the diffusion process
(octahedral 4a site—intermediate tetrahedral vacant site—octahedral
4a site), there is no face sharing with other occupied polyhedra.
On the contrary, when the diffusion occurs along the [001]
direction, the intermediate octahedral site shares two faces with
PO, tetrahedra; therefore, the presence of lithium in this octahedral
site is very unlikely, leading to a high activation energy. Recall that
lithium ions are localized on the initial 4a sites in stoichiometric
LiFePO, at room temperature, but they possess small thermal
vibrations along the continuous one-dimensional distribution as
shown in Fig. 3. In Li; (FePO, at temperatures as high as 620K, a
large number of lithium defects are thermodynamically stabilized,
and enough kinetic motional energy is given to each lithium ion to
overcome the hopping barrier of the excitonic Lit—e™ pair'’.

In summary, we applied the MEM to neutron diffraction
data for LijcFePO, at 620K, and successfully visualized the
one-dimensional curved lithium diffusion path in Li,FePO,.
This provides the long-awaited experimental evidence for such
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Figure 4 Nuclear distribution of lithium calculated by the MEM using neutron powder diffraction data measured for Li, ;FePO, at 620 K. The classical static atom
models with harmonic vibration were no longer appropriate to describe the dynamic disorder of lithium in Li sFePO, at 620 K; the MEM nuclear density distribution provided
much information on the time and spatially averaged complicated dynamic disorder on lithium diffusion. a, Three-dimensional Li nuclear density data shown as blue contours
(equi-value 0.15 fm A= of the negative portion of the coherent nuclear scattering density distribution). The brown octahedra represent FeOs and the purple tetrahedra
represent PO, units. b, Two-dimensional contour map sliced on the (001) plane at z= 0.5; lithium delocalizes along the curved one-dimensional chain along the [010]
direction, whereas Fe, P and O remain near their original positions. ¢, Two-dimensional contour map sliced on the (010) plane at y = 0; all atoms remain near their

original positions.

strong dimensional restriction of lithium motion in Li FePO,.
Beyond LiFePO,, this is, to our knowledge, the first visual
demonstration of the ion diffusion path in a battery electrode.
Delocalization of mobile ions at elevated temperatures is a
universal phenomena occurring in any intercalation electrode
material, and can be used to shed light on the ion dynamics. In
particular, such temperature-driven motional enhancement should
be more significant in the electron/hole localized system, which
has recently been recognized to form an important emerging
materials group that may yield new electrode materials. Therefore,
high-temperature neutron diffraction coupled with the MEM is a
powerful tool for future battery electrode research.

METHODS

SAMPLE PREPARATION
Fine powder of LiFePO4 was prepared by the conventional solid-state reaction
method. Lithium carbonate (Wako >99%), iron(11) oxalate dehydrates
FeC,04-2H,0 (Aldrich >99%) and diammonium hydrogen phosphate
(NH4),HPO, were stoichiometrically weighed and thoroughly mixed by
high-energy ball milling for 6 h with acetone. This mixture was heated at 700 °C
for 6 h under an engineering-grade argon gas flow. For ’LiFePOy, ”Li-enriched
Li,CO; (Toyama Kogyo >99.9%) was used in place of the natural Li, CO;.
FePO, was prepared by chemical oxidation of LiFePO, using nitronium
tetrafluoroborate NO,BF, (Aldrich > 95%) as an oxidizing agent. A twofold
excess of NO,BF, was dissolved in acetonitrile before adding the LiFePO,
powder, and stirred for 24 h with purified Ar gas bubbling. The reaction is
proposed as follows:

LiFePO, +NO,BF, — FePO, + LiBF, +NO,.

The mixture was filtered and washed several times with acetonitrile before
drying the oxidized powder under vacuum.

NEUTRON DIFFRACTION

Two different neutron diffractometers were used with different target
information for each measurement: (1) time-of-flight-type VEGA at the
High-Energy Accelerator Research Organization (KEK) in Tsukuba Japan, and
(2) angle-dispersive-type HERMES, of the Institute for Materials Research
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(IMR), Tohoku University, installed in the JRR-3M reactor at the Japan Atomic
Energy Agency (JAEA), Tokai, Japan.

For stoichiometric LiFePOy4 at room temperature with negligible lithium
vacancy and static lithium around the original crystallographic site, the target
information was the refined tensor elements §;; of the small thermal harmonic
vibration. Data with a large number of separated diffraction peaks measured
over the wide range of scattering vector Q (= 4msinf/A) are convenient to refine
the large number of parameters including ;. VEGA provides a much wider Q
range with higher resolution than HERMES but without data in the very small
Q region suitable for MEM analysis (see Supplementary Information, Fig. S6).
Time-of-flight neutron powder diffraction data for ’LiFePO, and FePO, were
collected at room temperature using the backscattering bank of VEGA. The
collected data were analysed using the Rietveld method with the RIETAN-2001T
computer program modified for VEGA. The Q-dependent incident neutron
intensity was considered. The number of reflections included in the range was
4,776 for "LiFePO, and 2,245 for FePO,. Peak shape was modelled by a specially
designed function for VEGA consisting of the Cole-Windsor function and the
pseudo-Voigt function.

For Li ¢FePOy solid solution stabilized at an elevated temperature of
620K, lithium is in a dynamic state through a large number of its vacancy
sites. Much of the information for this widespread lithium ion is in the
diffraction peak observed in the region of smaller scattering vector Q, to
which HERMES can approach but VEGA cannot. The diffraction peak at the
lowest Q for Li,FePOy is included in this region. Temperature-dependent
(room-temperature to 620 K) angle-dispersive neutron powder diffraction
data for "Lip sFePO, were collected at HERMES. Neutrons with a wavelength
of 1.82646(6) A were obtained by 331 reflection of the Ge monochromator.
The fine-powder sample was sealed in a vanadium cylinder, 10 mm in
diameter and 70 mm tall, and mounted in the high-temperature chamber.
The chamber was evacuated using a turbo pump to avoid sample oxidation.
The diffracted beam was detected by a 150 *He detector system with Cd
blades and slits in the 26 range 5-155° at intervals of 0.1°. The collected
data were analysed by the Rietveld method and MEM-based pattern fitting
with the computer program RIETAN-2000 and PRIMA (ref. 28). Peak shape
was approximated by the split pseudo-Voigt function, and the background
profile was approximated with an 8-parameter Legendre polynomial. The unit
cell, zero point, background, profile shape and crystal structure parameters
were simultaneously refined. The coherent scattering length adopted for
Rietveld refinement was —2.22 fm for ’Li, 9.45 fm for Fe, 5.13 fm for P and
5.803 fm for O. The 63 and 214 reflections were used for MEM calculations and
Rietveld refinement, respectively. The crystal structure and scattering length
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density distribution were analysed and visualized using the computer program
VESTA (ref. 29).
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