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ABSTRACT: A recent transmission electron microscopy (TEM) method using precession electron
diffraction (PED) was used to obtain LiFePO, and FePO, phase mapping at the nanometer-scale level
on a large number of particles of sizes between 50 and 300 nm in a partially charged cathode. Despite the
similarity of the two phases (the difference of lattice parameters is <5%), the method gives clear results
that have been confirmed using high-resolution transmission electron microscopy (HRTEM) and
energy-filtered transmission electron microscopy/electron energy loss spectroscopy (EFTEM/EELS)
experiments. The PED maps show that the particles are either fully lithiated or fully delithiated and,

therefore, bring a strong support to the domino-cascade model at the nanoscale level (scale of a particle).  [efy
—

A core—shell model or spinodal decomposition at mesoscale (scale of agglomerates of particles) is
possible. Size effects on the transformation are also discussed.

EEEILiFePO, [N FePO,
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1. INTRODUCTION

Lithium iron phosphate (LiFePO,) is a promising material for
positive electrodes of lithium-ion batteries of the new generation
of electric vehicles. It combines low cost, excellent cycle life, and
safety. The number of scientific papers about LiFePO, has followed
an exponential increase since the pioneering work of Padhi et al.,'
and, as of the beginning of the year 2011, more than 1600 papers
on the subject have been published. LiFePO, material has a
theoretical capacity of 170 mAh/g and a reasonably high potential
of ~3.4 V versus Li*/Li. The main drawback of this material is its
low intrinsic electrical conductivity; however, this problem was
solved during th 7past decade using nanoparticles,”* carbon
coating,‘*’5 doping,”” and/or by controlling off-stoichiometric Li/Fe
compositions® or Fe/P/O compositions.”'® Some of these
technical solutions are generally combined to prepare LiFe-
PO,/C nanocomposite with reversible capacity very close to
the theoretical one with cyclability on more than 20 000 cycles,''
and/or also with very high charging and discharging rate.”” "'
LiFePO, and FePO, crystals have an olivine structure (Pnma)
with lattice parameters a = 10.33 A, b = 6.01 A, and ¢ = 4.69 A for
LiFePO,anda=9.81 A, b=5.79 A, and c = 4.78 A for FePO,.""'
The projections of these structures along different axes have been
reported in many papers (see refs 1 and 6—8 for examples). The
FePO, lattice is an assembly of FeOg octahedra sharing corners
and forming Fe—O atomic ac planes. The tetrahedral PO, units
link these planes together, which forms the skeleton of the lattice.
Lithium is bounded to the oxygen atoms and diffuses along the b-
oriented channels between the FeOg and PO, blocks, as predicted
by atomistic calculations,”"* and observed by transmission electron
microscopy (TEM) by Chen et al.'* It is possible to elaborate
platelet-like shape particles with large ac facet and thin part along
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the b-axis."*"> Such morphologies are favorable for Li diffusion at
high current rates."

Despite its scientific importance, the mechanism of Li inser-
tion in FePO, or extraction of LiFePO, is not yet fully under-
stood. It was proven since the work of Padhi et al." that the
insertion/extraction of lithium does not proceed via the forma-
tion of a continuous solid solution Li,_,FePO, with x € [0,1]
during the insertion, but actually proceeds via a discontinuous
two-phase mechanism:

FePO, + «Li" + xe” — «xLiFePO, + (1 —x)FePO,

The two-phase mechanism was confirmed later in many works
(see ref 16, for example). Yamada and co-workers then discov-
ered, by refinement of X-ray diffraction (XRD) data, that the two
end-members of the reaction are not the pure compounds LiFePO,
and FePO, but actually Li,FePO, and Li,_gFePO, with a =
0.032 and 3=0.038."” Larger values (¢ = 0.05 and 3 = 0.11) were
deduced by neutron diffraction.'® It was shown that the domain
of solid solution of the two end-members actually depends on the
size of the nanoparticles."” " In parallel, using XRD, Delacourt
and co-workers could establish the complete phase diagram of
Li,FePO,, as a function of the lithium content (x) and the
temperature (T), and they have shown that Li,FePO, is a solid
solution for any x € [0,1] for T > 450 °C.*> Some metastable

phases—Li sFePO,, LigsFePOy and Liy,sFePO,—are also
reported by cooling the solid solution Li,FePO,.'****?
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Figure 1. Schematic representations of the LiFePOy, (in red) and FePO, (in green) phases in the four models proposed in the literature for the Li
insertion/extraction mechanisms in FePO,/LiFePO, materials: (a) bulk core—shell model,"** (b) radial core—shell model,** (c) domino-cascade
model,*” and (d) a fourth model that we have called the spinodal decomposition model freely schematized from ref 29. In all of the models, except the
domino-cascade model, the particles are mixed and composed of the two phases.

The controversy among scientists concerns the exact insertion/
extraction mechanisms at the microscopic/nanoscopic scale. At
least four models (co)exist. The first one, the core—shell model
(also called shrinking core model), was deduced by Padhi et al.!
from their discovery of the two-phase and diffusion-limited
character of the Li insertion/extraction process (see Figure la).
This model was reinforced by Srinivasan and Newman.”* By
electrochemical experiments, they demonstrated an asymmetric
behavior between charge and discharge, which was later sup-
ported by in situ XRD.>® They qualitatively explained all of their
electrochemical results using the core—shell model, although
they already noticed that these are “significantly smaller than
those predicted from the model” and that the “shrinking-core
model may not be a complete picture of the behavior of the
LiFePQ, electrode and some additional features would also need
to be considered”.** Less than one year later, Laffont and co-workers,
using electron energy loss spectroscopy (EELS) in TEM show that
the Li,FePO, nanoparticles always consist of a FePO, core and a
LiFePO, shell, regardless of the cycling history of the material,*®
which was in contradiction with the classical core—shell model.
They proposed a variant model that we will call the “radial core-
shell model”. It is an anisotropic version of the core—shell model
that takes into account the fact that Li diffuses along the b-
direction, which is normal to the platelet shape of the particle. In
that model, during lithiation, the Li ions start to insert in the
FePO, structure by the edges of the particles, and during delithia-
tion, they start to extract from the middle (see Figure 1b). In
2008, Delmas and co-workers created a surprise by proposing a
completely different model for Li extraction that they called the
domino-cascade model.>” This one results from X-ray diffractions
confirming the two-phase transformation, and more interestingly
from high-resolution transmission electron microscopy (HRTEM)
images, showing that the nanoparticles are either fully lithiated or
fully delithiated. In their model, the deintercalation process proceeds
via a transversal elastic wave moving through the entire crystal in
the a-direction while Li ions migrate along the b-direction (see
Figure 1c). The importance of the elastic deformation during the
transformation was already noticed by Padhi et al." and is considered
as a primary factor by Meethong et al.”** The domino-cascade

model is a nanoscale model (i.e., at the scale of nanoparticles) and
very interestingly, Delmas et al. remarked that “at the agglomerate
scale, a core—shell scheme is likely to occur”.*” The relaxation
elastic wave associated to delithiation (charge) accelerates the
displacement of the LiFePO,/FePO, boundaries and by con-
sequence the phase transformation. Therefore, as the two pre-
vious models, the domino-cascade model qualitatively explains
the asymmetric behavior of the electrode and the fact that charging
(delithiation) is easier than discharging (lithiation).**** Another
model, which we will call the spinodal model (see Figure 1d), was
recently proposed by Ramana et al.** This model seems to be
based on the analogy made by Yamada et al. between the
existence of the Li,FePO, and Li; _gFePOy, solid-solution end-
members and a spinodal decomposition.'” The spinodal model
results from experimental HRTEM images, Raman spectroscopy
and thermodynamic calculations.

All four models were developed to propose mechanisms at the
microscopic/nanoscopic scale. All agree on the two-phase trans-
formation and, therefore, cannot be distinguished by conventional
XRD, because of the lack of spatial resolution. In his excellent recent
review paper, Zhang stressed that “it is of scientific and engineering
importance to understand the Li insertion/extraction mechan-
isms”, and for future research, he proposed the use of “advanced
in situ characterization tools”.** However, in situ experiments
used to follow the behavior of a particle seem very tricky. Another
way would be to study ex situ, at the nanometer scale, a large
number of particles in a partially charged cell in order to obtain
statistical information. Conventional electron diffraction or HRTEM
techniques are not perfectly appropriate for that purpose, because
they require a time-consuming manual tilting of the particles in
order to orientate them correctly along a low-index zone axis, and
laborious indexation work of the diffraction patterns or power
spectra of the HRTEM images. Local differentiation of the phase
can be obtained by EELS by considering either the exact position
of the Fe L,; peaks or the existence or absence of a prepeak
located few eV before the O—K peak,26 or the existence/absence
of a peak in the 4—7 eV range of the valence spectrum characteristic
of FePO,.>' However, EELS experiments for mapping are time-
consuming and are often restricted to small particles to avoid
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Table 1. Lattice Parameters of the LiFePO, and FePO,
Phases, and Position of Unique Atoms Given in Terms of
Fractional Coordinates (x, y, z), Corresponding to xa + yb + zc

a b c a By

[om] [nm] [nm] [deg] element position ref

LiFePO, 1.033 0.601 0469 90 L (0.00,0.00,000) 1
Fe  (028,025,097)
P (0.09, 0.25, 0.42)
0,  (0.16,0.05,0.28)
0, (045,025,021)
0;  (0.09,025,0.74)
FePO, 0981 0579 0478 90 Fe  (0.27,025,095) 12
P (0.09, 0.25, 0.40)
0,  (0.17,0.04,025)
0,  (0.44,025,0.15)
0;  (0.12,025,0.71)

thickness effects. This paper introduces a recent TEM technique
based on precession electron diffraction (PED) and clearly shows
that this one allows distinguishing the LiFePO, and FePO,
phases, despite their very close lattice parameters. Phase maps of
LiFePO, and FePO, at the nanometer scale on a large number of
particles are automatically produced. The results are supported
by HRTEM and EELS experiments. Statistical information
extracted from the PED automatic phase mapping will allow us
to discriminate the four models that have been proposed in the
literature.

B EXPERIMENTAL SECTION

Materials. This study was carried out on three samples: two single-
phase samples and a partially electrochemically delithiated LiFePO,
sample. The structure of the LiFePO, and FePO, phases is described in
the Pnma space group with crystallographic data summarized in Table 1.
The difference between the lattice parameters of both phases is 5.0% for
lattice parameter a, 3.7% for lattice parameter b, and —1.9% for lattice
parameter c. Because of this weak difference, the interplanar distances
are very close (see Table 2) and the diffraction patterns look quite
similar. However, as it will be shown, the differentiation between the
phases can be done through the positions and intensities of the diffraction,
using the precession technique.

The single-phase samples have been prepared according to the following
process. A LiFePO,—C composite was synthesized via a preliminary
mechano-chemical activation of the precursors and then via a thermal
treatment of this mixture. The reactants—iron phosphate (Fe3(PO,),+
6.5H,0) and lithium phosphate (Li;PO,)—were mixed with 10 wt %
cellulose in order to create a carbon coating. This precursor mixture was
ball-milled four times for 1 h each time in a planetary mill, using tungsten
carbide vessels and 10-mm-diameter agate balls. The resulting mixture
was thermally treated in a tube under an argon flow, which was
introduced in a tubular furnace already at 600 °C for 15 min. LiFePO,
was used as a raw material for the preparation of FePO, via chemical
oxidation. LiFePO, (520 mg) was reacted with an excess of nitronium
tetrafluoroborate (NO,BF,) in acetonitrile to form 500 mg of FePO,.
The reaction was realized under an argon gas flow for 60 h, and then this
mixture was filtering and dried under vacuum at 60 °C. This product was
controlled using XRD (not shown here), and no impurity could be
detected.

The partially charged samples were prepared by electrochemical
oxidation of LiFePOy, yielding Li, FePO, (x = 0.5 theoretically). Electrodes
were prepared from a 500-mg mixture of 80 wt % of C—LiFePO, active

Table 2. List of the Interplanar Distances (dy;) in LiFePO,
and FePO,

Interplanar Distance, dj (A)

hkl® LiFePO, FePO,
100* 10.33 9.81
010* 6.01 5.79
110* S5.19 4.98
200 5.16 4.90
001* 4.69 4.78
101 4.27 4.30
210 3.92 3.74
011 3.70 3.68
111 3.48 3.45
201 347 3.42
300" 3.44 3.27
211 3.00 2.94
020 3.00 2.89
310* 2.99 2.85
120* 2.88 2.77

“The asterisk symbol (*) means that the diffraction spots should be
extinguished by the structure factor but can be visible in the diffraction
patterns or power spectra due to dynamical effects (double diffraction).
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Figure 2. Charge/discharge galvanostatic profile of composite Li,Fe-
PO,—C obtained under normal cycling conditions (20 °C, C/20 rate).
x=0.5 for theoretical lithiation. The first charge and discharge are shown
in red, and the second charge (interrupted) is shown in green. One may
notice a slight difference of capacity between the charge and discharge,
which comes from a slight oxidation of the LiFePO, powders (thus
partially transformed into FePO,) during their elaboration (drying in
bad vacuum). The capacity completely recovered at the end of the first
discharge.

material with 10 wt % Super P carbon black (Timcal) and 10 wt % poly-
vinylidene difluoride (PVdF) binder (Solef 1015, Solvay) in N-methyl-
pyrrolidone (NMP). This mixture was then cast onto an aluminum foil
and dried overnight at 55 °C. Discs 14 mm in diameter were finally
punched, pressed at 6.5 T cm™ 2 and dried for 48 h at 80 °C under
vacuum. These electrodes were weighed with 5 mg of active material.
The negative electrode is a disk of lithium metal foil. Two separators in
polypropylene wetted by the liquid electrolyte in a mixture of propylene
carbonate/ethylene carbonate/dimethyl carbonate (1:1:3) containing
LiPFg as salt (1 mol L") were placed between the two electrodes.
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Figure 3. X-ray diffraction (XRD) diagram of the powder in the partially charged cell. The theoretical lines of LiFePO, are shown in red, and the
theoretical lines of FePO, are shown in green. The Al lines are shown in blue.

Figure 4. Scanning transmission electron microscopy (STEM) image
in dark-field mode of the particles repartition in the mixed sample.

These lithium cells were assembled in a drybox under argon. Lithium
extraction/insertion was monitored with Arbin Model BT /HSP-2043
automatic cycling data recording system (Arbin, College Station, TX, USA),
operating in galvanostatic mode, at C/20 rate. Results at the first
discharge are in agreement with the literature (150 mAh g_1 at C/20),
showing that all particles were involved in the electrochemical process
(only a slight oxidation of the initial powders has been impeded to
reach this capacity at the first charge). The second charge stopped to
849 mAh g !, corresponding to an expected FePO,/LiFePO, ratio
of 50%. The charge/discharge galvanostatic profile of composite Li,Fe-
PO,—C is given in Figure 2. After cycling, the cell was relaxed for 24 h at
open circuit voltage. The lithium cells were disassembled in a drybox
under argon. Positive electrodes were washed with dimethyl carbonate and
dried under argon gas. The XRD diagram of the powder in the partially
charged cell is reported in Figure 3. The actual FePO,/LiFePO, ratio
calculated by Rietveld refinements of the X-ray diagram with Fullprof
software is 61% FePO,4 and 39% LiFePO,. The powders were also
dispersed on copper grid with carbon membrane for their analysis via
TEM. The repartition of the particles is represented in Figure 4. The size
of the particles comprising the powder is 50—300 nm. Since Li,FePO,
are sensitive to air moisture,>> the powders were stored in a box connected
to a primary vacuum pump to avoid as much contact with air as possible.

4518
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Figure 5. Schematic representation of the precession electron diffrac-
tion (PED) technique.

Techniques. An automated phase mapping tool for TEM is used in
the present study. The technique was initially developed for orientation
mapping®>* and recently extended to promote automatic phase mapping
with a TEM system.>® The full hardware and software attachment is
currently commercialized under the name ASTAR by the NanoME-
GAS company.” This tool makes use of two complementary techniques:
(i) precession electron diffraction (PED)>® and (ii) template matching.*®

For PED, the incident electron beam is focused, tilted, and rotated in
a conical fashion at the sample surface. The diffraction pattern is averaged as
the beam rocks about the optic axis. To compensate for the movement of
the diffraction pattern, the diffracted beams are tilted in a complementary
way, so that the diffraction pattern appears as a stationary spot pattern, as
shown in Figure 5. The rotation angle is called the precession angle. The
intensity within diffraction discs are integrated over a range of angles
that includes the Bragg angle, and thus are very close to kinematical
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Figure 6. Diffraction patterns of the same FePO, particle acquire
(a) without precession and (b) with a precession angle of 0.96°.

intensities,*® even if double diffraction and “forbidden” spots can appear
for thick TEM foil and/or heavy material. The PED patterns are collected
with a charge-coupled device (CCD) camera while the area of interest is
scanned by the electron beam. The precession unit is operated at 100 Hz,
so that up to 100 PED patterns may be acquired per second and stored in
the computer memory.

The template matching process is essentially an image correlation
technique: local crystallographic orientation and/or phase are identified
through an algorithm that compares the recorded PED patterns with
precalculated (simulated) templates for all possible orientations and
phases. The orientation and phase identification is currently performed
off-line with a limited number of templates: exploring the orientation
space of one phase with an angular resolution of 1° generates <2000
simulated templates (for cubic crystals), which is generally sufficient to
identify an orientation. The degree of matching between experimental
patterns and simulated templates is given by a correlation index. The
highest value corresponds to the adequate orientation/phase. More
details are given in ref 36.

For this study, we have used an ASTAR system installed on JEOL
Model 2010-FEF TEM system operating at 200 kV. The precession
module is a recent version called DigiSTAR.*>” An external “fast optical”
CCD camera AVT Stingray was used for the acquisition of the PED
patterns. They were recorded as 144 X 144 pixel images with 8-bit
dynamical range. The external position of the camera introduces
some distortions in the diffraction patterns that are corrected during
the data treatment. The camera length and the distortions are
calculated using a silicon sample oriented along the [110] direction
as the reference sample. These parameters are kept constant for the
treatment of maps acquired during the same session (typically for a
day). The noise in the PED patterns is reduced by the application of
different filters. In our study, the PED patterns have been obtained
with a 10-um condenser aperture, a convergence angle of 0.6 mrad, a
camera length of 60 cm, and a spot size (diameter) of 2.6 nm (full
width at half-maximum) without precession and 2.7 nm with a
precession angle of 0.96°. This angle was chosen because it offers
enough intensity for the diffraction spot and also enough information
in the reciprocal space. An example of the diffraction pattern with and
without precession is shown in Figure 6. Several maps of PED
patterns have been acquired using a step size of S nm for a region
of interest of 500 nm X 500 nm, which allows the study of a large
number of particles. Each PED pattern is acquired within <0.2 s, and
the acquisition of a map lasts ~33 min. The maps presented in this
study have been recorded during different working sessions but with
the same experimental conditions.

For each map, the experimental PED patterns are compared to the
theoretical templates and indexed with a submodule of ASTAR called
Index. In order to distinguish the LiFePO, and FePO, phases, the
databank should contain as much simulated PED templates as possible.
However, a very high number drastically increases the calculation time.

Different tests have been performed, and a good compromise was
obtained for template banks containing S151 patterns, which corre-
sponds to an angular step of ~0.3° between each simulated pattern. For
each experimental pattern, the correlation index (Q) is calculated as
follows:

Y, P(x;,3)Ti(x;,%)
j—1

i P2(x;%) il T (%,%)

j—1 j—

Q =

where P(x,y) and T;(«,y) are the intensity functions of the experimental
and simulated patterns, respectively. The highest Q value corresponds to
the most probable solution to index the experimental pattern. After
comparing the experimental pattern with all the simulated ones, a phase
reliability index (R) is determined between the two highest optimum
solutions (one per phase, Q ; = Q and Q ,) using the formula

R—100(1-2)
Q

The parameters Q and R are important for estimating the confidence of
the phase identification. The parameter Q is used as a threshold to
remove pixels in the phase map coming from poor-quality diffraction
patterns due to overlapping of several diffraction patterns when particles
overlap. The reliability index (R) is used to remove the patterns where
the indexation between both phases is too close. The phase maps presented
in this work were all filtered with the same parameters Q and R: only
pixels in the maps with a correlation index of Q > 200 and a reliability
index of R > § are considered, and the other pixels are assumed to contain
no information and are not taken into account. The post-treatment of
each map lasts 3 h.

This treatment allows us to transform a series of PED patterns into
either an orientation map, a phase map, a correlation index map, a
reliability index map, or some superimpositions of them.

The PED phase mapping brings a lot of statistical information on a
high number of nanoparticles. Since this technique is recent, we have
checked its validity by HRTEM and EELS on a more-limited number of
nanoparticles observed in the same TEM samples. The HRTEM obser-
vations have been performed on a FEI image Cs-corrected Titan Cube
TEM system operating at 200 kV. Energy-filtered transmission electron
microscopy (EFTEM) has been performed at 200 kV on the same
microscope equipped with a Tridiem Gatan Imaging Filter. Series of
EFTEM images with an energy selecting slit of 1 eV have been acquired
to fill the so-called data cube (x,y,AE), AE being the electron energy loss
and x and y denoting the position in the image. The EELS spectra were
reconstructed from these stacks of EFTEM images using Digital Micrograph
module “Spectrum Imaging”. The XRD diagrams have been obtained with a
Bruker D8 diffractometer, 0 —26 geometry, back monochromator, using
Cu Ka radiation (4 = 1.54056 A).

B RESULTS

Validation of the PED Technique on Pure Powders. The
validation of the PED method for phase identification was achieved
by the mapping of single-phase LiFePO, and FePO, powder
samples. Both samples were studied during different working
sessions, according to the same experimental conditions defined
previously. Four different maps were acquired: two for LiFePO,
and two for FePO,. Each map was indexed by considering the
templates of LiFePO, and of FePO, phases, without giving any
preference to the software. In this way, the method can be checked
and an error bar associated to this method can be determined. An
example for the phase identification of the single-phase FePO,
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Figure 7. (a) Experimental PED pattern acquired on a single-phase
FePO, sample for a precession angle of 0.96° and its indexation
according to (b) the LiFePO, template (correlation index Q = 554)
and (c) FePO, templates (correlation index Q = 658). The circles in
colors correspond to the fitted orientation (red for LiFePO, and green
for FePO,). Clearly more spots are well positioned in panel (c) than in

panel (b).

I LiFePO, [@mm FePO,

Figure 8. Examples of phase identification for (a) the LiFePO, sample
and (b) the FePO, sample. Top images show index correlation maps;
bottom images show the corresponding phase maps.

sample is given in Figure 7. The PED pattern of one particle is
presented in Figure 7a; its best fit with the FePO, templates gives
Q = 658, whereas its best fit with the LiFePO, templates gives
Q = 554, which allows us to conclude that the particle is FePO,, as
expected, and, moreover, with a comfortable reliability (R & 15).
Both positions and intensities of the PED spots were taken into
account for the fit, which explains the success of the PED phase
identification, despite the similarities of the LiFePO, and FePO,
phases. This analysis is automatically performed by the software
for all pixels of the map: the pixels with Q < 200 and R < § are
plotted in black (no sufficient information), and for the other ones,
the pixels are plotted in red (if Q(LiFePO,) > Q(FePO,)) or
green (if Q(FePO,) > Q(LiFePO,)). Examples of phase maps
obtained for the pure LiFePO, and for FePO, powder samples are
presented in Figures 8a and 8b, respectively. More than 93% of the
pixels above the R and Q thresholds are identified to the expected
phase, i.e. LiFePO, for the LiFePO, sample and FePO, for the
FePO, sample. The exact values for four maps are reported
in Table 3. This analysis shows that the PED technique allows
FePO, for the FePO, phase mapping within a mean error bar
of ~6%.

PED Phase Identification on a LiFePO,/FePO, Mixed
Sample. The phase identification by PED was applied on a
mixed sample coming from the partially charged lithium cell

Table 3. Quantification of the Phase Identification by PED
Phase Mapping for Single-Phase Samples

indexation of

indexation of

sample LiFePO, [%] FePO, [%]
pure LiFePO, map 1 94.3 5.6
map 2 95.6 4.3
pure FePO, map 3 6.7 93.2
map 4 5.9 94.0

200 Q 741 100 nm
B

I LiFePO, [ FePO,

Figure 9. Six PED phase maps acquired within the partially charged
lithium cell sample; the proportion of FePO, is (a) 89%, (b) 80%,
() 56%, (d) 75%, (e) 44%, and (f) 87%. Top images show correlation maps;
bottom images show the corresponding phase maps with the (Q >200,R > 5)
filter. The particles are fully lithiated or fully delithiated. Only a few
particles appear mixed in panel (d).

described in the Experimental Section. The crucial question we
want to answer is this: Are the particles composed of a mixture of
both phases or are they completely lithiated or delithiated? To
carry out the study, six regions of interest were mapped (500 nm
X 500 nm, step size = S nm) during the same working session and
for the same experimental conditions (spot size of 2.7 nm and
precession angle of 0.96°). The same camera length, distortions,
and image treatment and filter (Q > 200, R > S) have been
applied to the PED patterns. The six phase maps are reported
in Figure 9. Each map contains more than 30 particles. Some
maps are mainly composed of FePO, particles, and others are
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Figure 10. (a) PED phase map (panel d in Figure 9) and (b) the cor-

responding orientation map. Color coding is given below each image.

more balanced. By averaging the proportions of phases on the six
maps, it was found that the powders are composed of 71% FePO,
and 29% LiFePO,. The PED images show that most of the
particles are either fully LiFePO, or fully FePO, and are not
mixed. Also note that most of the big particles are FePO,. The
few mixed particles (two in Figure 9d and one in Figure 9e) are
among the smallest ones; they are composed of two LiFePO,/
FePO, parts separated by a straight boundary and do not exhibit
a core—shell structure. An orientation map corresponding to
Figure 9d is also reported in Figure 10b. Careful examination at
the mixed particles in this figure show that they are monocrystalline,
with a coherent interface boundary between the LiFePO, and
FePO, parts, which means that these mixed particles were
monocrystalline before delithiation.

We have also tested the robustness of the PED method by
adding a hypothetical intermediate phase in the treatment of the
six phase maps while keeping the same threshold parameters Q
and R. A hypothetical Li, sFePO, phase was created (solid solution
with lattice parameters obtained by averaging those of LiFePO,
and FePO, phases, and a Li occupancy of 0.5). This phase has
been added to the FePO,, LiFePO, phases in the databank. Here,
it is just used for the test and has no real significance, since it was
not detected by XRD. The results (not shown here) are very
similar to those of Figure 9 with only a larger black area in some
particles, due to a lower R value (~20% increase of the black
area) and very limited parts of few particles (wrongly) identified
as being the artificial Liy sFePO, phase (representing <3% of the
other phases). This test reinforces the validity of the PED phase
mapping method, even for similar phases with a difference in
lattice parameters of <5%.

Confirmation by HRTEM. The same sample has been studied
by HRTEM. Five particles could be orientated along a low-index
zone axis. Only such low-index HRTEM images can be used to
discriminate between the LiFePO, or FePO, phases. All the
images show a homogeneous structure; neither core—shell, nor
amorphous interface between two LiFePO, and FePO, domains
(Figure 4 of ref 14), nor spinodal region (Figure 6 of ref 29)
could be observed. Only continuous variations of the contrast
appear, because of the thickness gradients of the particles. For
each particle, some HRTEM images were acquired at the center
and on the edges. All exhibit exactly similar power spectra (i..,
the modulus part of their fast Fourier transform (FFT)), with
peaks at exactly the same positions (or a slight rotation without
distortion, if a subgrain boundary exists in the particle). Only the
HRTEM images acquired on the edge of the particles are
reported here in Figure 11. These five HRTEM could be indexed
by considering the spots at high frequencies (corresponding to a
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5.97A : (010)* LFP.

. 3.50A:(201) LFP

[102] LFP

4.33A: (101) FP )
= 5.74A" (010) FP
%

[101] FP

4.97A: (200) FP

481A: (001)* FP

[010] FP.

2.77A: (120)* FP

i 4.77A:(001)* FP

[270] FP

Figure 11. HRTEM images of particles in the partially charged sample
acquired on the image Cs-corrected Titan TEM system at 200 kV (with
enlargements of a part of the surface in the insets of the top right
corners), and the corresponding power spectra. (a,)b) Particles identified
as pure LiFePO, and (c—e) particles identified as pure FePO,. The
asterisk symbol (*) means that the spot should be extinguished due to
the structure factor but is actually visible by dynamical effect. LFP =
LiFePO, and FP = FePO,. The interplanar distances are measured in
Angstroms. The discrepancies between the measured and theoretical
distances are (a) 0.5% and (b) 0.8% with the LFP phase, and (c) 0.9%,
(d) 1.0%, and (e) 0.1% with the FP phase. They would have been far
worse with the bad indexation (FP <> LFP): (a) 2.2%, (b) 2.7% with the
FP phase, and (c) 3.5%, (d) 3.1%, and (e) 2.9% with the LFP phase.
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a)

Figure 12. EFTEM and EELS results on three particles in the partially charged sample agglomerated in the vacuum at the edge of the support carbon
film of the TEM grid. (a) Elastic image (filtered on the zero-loss peak), (b) reconstructed EELS spectrum of a FePO, particle, and (c) reconstructed
EELS spectrum of a LiFePO, particles. The continuous red line corresponds to the spectrum obtained after removal of the continuous background of the
zero-loss peak. The inset in panel (d) shows the EFTEM image obtained for a slit centered at S eV. The white particles correspond to the FePO, phase,
and the black particle correspond to the LiFePO, phase. The carbon film and the carbon coating around the particles also appear white, because of the

higher background in the EELS spectra.

resolution of better than 1 A). The distinction between pure LiFePO,,
and pure FePO, phases is unambiguous. Manual indexations
with an error bar of <1% (on average) are obtained by choosing
the good phases and above 3% in average by choosing the wrong
phases. The five power spectra have been also indexed auto-
matically with ASTAR, leading to the same phase identification
with quality index Q > 450 for all the FFT (except the FFT of
Figure 11c, for which Q = 117) and reliability index R > 8. These
HRTEM images confirm the PED results: the particles are either
fully lithiated or fully delithiated. Moreover, other details can be
noticed. As shown in Figures 11a—c, the amorphous layer at the
surface of the particles is very thin (<2 nm). Thicker layers
(5—10nm) are visible in some HRTEM images (Figures 11d and
11e), but they are systematically associated to carbon ions, which
suggests that theses thick layers are the carbon coating and not
amorphous LiFePO, or FePO,. Very few dislocations or sub-
grain boundaries could be observed; one is shown in Figure 11c.

Confirmation by EELS. The same samples have also been
studied by EFTEM and EELS. Different zones have been chosen
where the particles were not overagglomerated. Forty five (45)
EFTEM images between —5 and 40 eV with a 1 eV slit have been
acquired and stacked. The EELS spectra are reconstructed from
these stacks by measuring the mean intensity in an area of interest
in the images (typically a square with dimensions of 30 nm X
30 nm). The areas of interest were chosen in different particles, at
the center or at the edge, etc. Some images and examples of
reconstructed EELS spectra are presented in Figure 12. Clearly,
some particles exhibit a peak close to 5 eV and other particles do
not exhibit this peak, whatever the location of the area of interest
(center or edged). This observation is confirmed by the good
homogeneity of the contrast inside the particles in the EFTEM
images obtained at 5 eV. Moreau et al.> have already noticed that

point and they showed by simulations that the presence/absence
of that 5 eV peak corresponds to the FePO,/LiFePO, phases,
respectively. Our observations confirm Moreau et al. results, and
again, reinforced the experimental evidence for fully lithiated or

fully delithiated states of the particles.

l DISCUSSION

This study shows that the PED phase mapping brings reliable
and statistical information at the nanometer scale on the spatial
distribution of the LiFePO, and FePO, phases. PED showed that
the powders are composed of 71% FePO, and 29% LiFePO,,
which is in agreement with the macroscopic proportion of 61%
FePO, and 39% LiFePO, obtained via XRD. However, the
proportion of delithiated particles is higher than expected by
electrochemistry (50%). It is possible that the diffraction proper-
ties (coherence length) of the big FePO, crystals might favor
their proportions in the XRD results over the smaller FePO,.
A nonlinear behavior of phase transformation has already been
observed by Leriche et al.” via XRD in operando studies, but this
was observed at high charging rates and their results (a delay in
the FePO, formation) were opposite to ours.

More than 150 particles have been mapped, and it appears
that >95% of them are either fully lithiated or either fully
delithiated. This statistical result was confirmed by HRTEM and
EFTEM/EELS characterizations on a more-limited number of
particles. We conclude that the domino-cascade model is con-
firmed experimentally, or at least its foundation, ie., the fully
lithiated or delithiated state of the particles after partial delithiation.
This is an important experimental result, because the domino-
cascade model was established by Delmas and co-workers, based
on a very limited number of HRTEM images.”” Now, a new

4522 dx.doi.org/10.1021/cm201783z |Chem. Mater. 2011, 23, 4515-4524



Chemistry of Materials

question is raised: How does one consider the experimental results
of Srinivasan and Newman,** which show the importance of the
cycling history on the electrochemical behavior of LiFePO,
electrodes, which led them to adopt the core—shell model? Actually,
as reported by Delmas et al.*” and Moreau et al.,>" we think that
the domino-cascade model explains the mechanism at the particle
scale, but the bulk core—shell or spinodal decomposition model
are likely to occur at an agglomerate scale (mesoscale). The
tendency to form agglomerates of fully lithiated particles and
agglomerates of fully delithiated particles during charging cycles
appears on some images, as observed in Figure e, but it is just a
statistical tendency, not a strict rule, as shown in the other panels
of Figure 9.

The PED phase maps allow us to bring further information.
Indeed, it has been noticed in the partially charged cell that the
largest particles are almost systematically delithitated. This means
that, during charging, the large particles start delithiating before
the small ones. This result is consistent with the observation by
Lee et al,* that, with a system composed of heterogeneous
particle size distribution, at low current density, “larger particles
will be delithiated first” (XRD shows that bulk LiFePO, mixed
with nano-FePO, spontaneously delithiate via ionic transports to
transform nano-FePO, into nano-LiFePO,). The Lee et al.*’
results are consistent with those from previous works by Meethong
et al,'?® showing a slight increase of the plateau voltage with
decreasing particles size. Lee et al. interpreted their results using a
size effect on the electrochemical potential, with reference to a
paper by Jamnik and Maier.*' However, a “simple” size effect
would lead to the opposite effect. Indeed, reducing the size of the
particle would lead to an increase of the free energr,41 and, thus,
to a negative change of the equilibrium potential,

.

with Ae being the difference in electrochemical potential be-
tween nano and bulk particles, r is the particle size, 7 is the sur-
face energy, v,, is the molar volume of the particle, 7 is the number
of moles of electrons transferred during the reaction, and F is the
Faraday constant. Actually, eq 1 can be applied to ion/metal
couples and not directly to solid/solid electrochemical couples.
The size effect on the chemical potential is more complex and
one should take into account the difference in surface energy of the
LiFePO, and FePO, phases, the size effect on Li solubility,"” '
the environment (electrolyte and surface coating), and, more
importantly, the coherency strain energy. A complete theoretical
study including the strain energy on the electrochemical potential
(with comparisons with experimental data) does not yet exist,
even if interesting works have begun to clarify some points.”>*
The strain effect can be imagined as follow: the smaller the
particle, the easier the strain relaxation of the elastic interface by
the surface. Moreover, it has been reported by XRD and by
galvanostatic tests that small particles (<100 nm) have a larger
miscibility gap than larger ones.'”~>' If one imagines a two-phase
mixed particle, the elastic misfit barrier associated to the interface
between the two end-member Li FePO, and Li;_ FePO, do-
mains inside the particle is smaller for small particles than for
large ones, because the difference of lithium content between the
two domains (1 — 2x) is smaller. These arguments make us think
that small LiFePO,/FePO, mixed particles are thermodynamically
more stable than large ones if we make the hypothesis that the free
energy is dominated by the interfacial strain energy. This point is

supported by the PED phase maps showing that the few mixed
particles are smaller than the monophase particles. The impor-
tance of the strain energy at the LiFePO,/PO, interface is at the
heart of the domino-cascade, but, contrary to Delmas et al,”” we
do not think that “the smaller the particle size, the faster the
boundary displacement”.27 The strain effect should, in fact, be
more pronounced with large particles than small ones.

Regarding the rate capacities of the batteries, the use of small
particles seems to lead to two opposite effects. On one hand,
according to Meethong et al,”® nanoparticles have a positive
effect: the expansion of solid solution domains around the end-
members Li,FePO, and Li; _,FePO, increases the coexistence of
Fe’" and Fe®" and the changes in lattice parameters should be
expected to increase the electronic conductivity and possibly
influence the ionic conductivity, and, more importantly, it is
possible to retain coherent interface, which provides “facile” (i.e.,
high rate) transformation. Larger particles should contain in-
coherent interface with strain accommodating dislocations that
limit the rate capacity of the particles. In other words, it is
suggested that relief of the misfit strain using nanoparticles
facilitates high rate capability.”® On the other hand, elastic energy
between the Li,FePO, and Li; ,FePO, domains inside a particle
is the driving force of the fast transformation in the domino-
cascade model. Actually, one of the two opposite effects probably
dominates the other one, depending on the cathode material.
From our observations and the literature, it seems that the domino-
cascade mechanism is the predominant effect in LiFePO,
materials, whereas it is the size effect (yielding stress relaxation)
in LiMnPO,, materials.*’ The difference between the two mate-
rials can probably be explained by the larger lattice misfit in
LiMnPOy,, which also changes the nature of the transformation
by modifying the crystallinity of the particles. An amorphization
of LiMnPO, nanoparticles during the phase Li lithiation/
delithiation transformation was reported by Meethong et al.
from X-ray experiments.”® They have also calculated that the
critical size below which the amorphization occurs is 34 nm in
LiFePO,4 and 78 nm in LiMnPO,. In our particles, the particles
are larger than 50 nm, which explains why no amorphous phase
could be observed and that domino-cascade mechanisms seems
to dominate the transformation.

In the future, it could be interesting to study a possible size
effect in a system of partially discharged cells composed of
heterogeneous particles to check if smaller oparticles lithiate first
during discharge, as supposed by Lee et al.** Moreover, we think
to extract the powders at the surface of an electrode by replica
techniques and transfer them onto a TEM grid and analyze the
entire surface of the grid with the automatic PED phase identification
technique. Such observations could help discriminate between
the bulk—core shell and the spinodal decomposition mesos-
cale models. We also think to use this technique to study a
possible gradient of the LiFePO,/FePO, proportion along
the cell normal, from the electrolyte to the aluminum con-
nector. A possible evolution of the tendency to form LiFePO,
agglomerates and FePO, agglomerates during cycling will also

be studied.

B CONCLUSION

An automatic precession electron diffraction (PED) phase
identification tool installed on a JEOL Model 2010-FEF TEM
system operating at 200 kV has been used to obtain LiFePO,4 and
FePO, phase maps at nanometer scale on a large number of
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particles S50—300 nm in size in a partially charged cell. They clearly
show that the particles are either fully lithiated or fully delithiated.
The proportion of LiFePO, and FePO, phases, identified with
the help of PED, is in good agreement with XRD measurements.
The PED phase identification statistical results have been con-
firmed on a more-limited number of particles by careful “manual”
TEM observations on an image Cs-corrected Titan Cube
TEM system operating at 200 kV. The power spectra of
HRTEM images of particles oriented along low-order zone axes
have been indexed and the positions of the peaks have been used
to discriminate the phases. Stacks of EFTEM images between —$
eV and 40 eV with a slit of 1 eV have been acquired and used to
reconstruct the EELS spectra of different particles at their center
and edges. All these experimental results confirm the validity of
the domino-cascade model at the nanoscale level (the scale of the
particles). Moreover, PED phase maps show that the larger
particles are preferentially FePO,, which suggest a size effect:
larger particles are transformed by delithiation before the smaller
ones. Such an effect could be explained by the importance of the
elastic energy of the interface in large particles, which would
accentuate the domino effect. A core—shell model or spinodal
decomposition at mesoscale (scale of agglomerates of particles)
is possible and will be studied in a future work. More generally,
this study shows the importance of the PED phase mapping
TEM attachment as a new technique to distinguish phases with
very close lattice parameters and bring statistical information by
phase mapping. We believe that the PED phase mapping
technique will be used a standard tool in the future for battery
applications and, more broadly, for applications involving multi-
phase nanomaterials.
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