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S
ince the pioneering work of Padhi
et al.1 in 1997, many investigations on
LixFePO4 (with 0 e x e 1) have been

performed. The material has a theoretical
capacity of 170 mAh/g and undergoes at
room temperature a first-order transition at
3.45 V vs Liþ/Li between a Li-rich phase and
a Li-poor phase2 called in this paper LFP and
FP, respectively. To overcome a relative low
capacity, the electrodes need to be highly
loaded in active material by using thick
electrodes (>100 μm), leading to a capacity
loss during cycling that becomes an impor-
tant issue.3 The understanding of the fading
mechanisms in thick electrodes is then es-
sential for improving the performances of
the batteries using LFP as cathode material.
The aim of this paper is to give a wider view
on the lithiation mechanisms occurring in
thin and thick LFP/FP electrodes at different
scales. The term “nanoscale” refers to phe-
nomena at the particle scale, and the term
“mesoscale” refers to the cluster scale

relative to assemblies of tens to hundreds
of particles. Larger scales correspond to the
whole electrode thickness.
So far, at the nanoscale, several two-phase

reaction models have been proposed: the
shrinking core�shellmodel,1,4 the spinodal-
decomposition model,5 the radial core�
shellmodel,6 andthedomino-cascademodel.7,8

They were generally deduced from transmis-
sion electron microscopy (TEM) investiga-
tions6�11 and related techniques such as
electron energy loss spectroscopy (EELS),6

energy filtered transmission electron micro-
scopy (EFTEM),11 and precession electron dif-
fraction (PED).8 The domino-cascade model
stipulates that the small particles are found
either fully lithiated (LFP) or fully delithiated
(FP) during the charge/discharge of the bat-
tery due to a very rapid lithiation/delithiation
front. The domino-cascademodel was experi-
mentally confirmed in the equilibrium state
after partial delithiation.8 Theoretical studies
also played a significant role for a better
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ABSTRACT LiFePO4 and FePO4 phase distributions of entire cross-sectioned

electrodes with various Li content are investigated from nanoscale to mesoscale, by

transmission electron microscopy and by the new electron forward scattering

diffraction technique. The distributions of the fully delithiated (FePO4) or lithiated

particles (LiFePO4) are mapped on large fields of view (>100 � 100 μm2).

Heterogeneities in thin and thick electrodes are highlighted at different scales. At

the nanoscale, the statistical analysis of 64 000 particles unambiguously shows

that the small particles delithiate first. At the mesoscale, the phase maps reveal a

core�shell mechanism at the scale of the agglomerates with a preferential

pathway along the electrode porosities. At larger scale, lithiation occurs in thick electrodes “stratum by stratum” from the surface in contact with

electrolyte toward the current collector.
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understanding of the mechanisms. For example, ab
initio calculations have shown that the easy diffusion
paths of lithium ions are tunnels parallel to the direc-
tion b.12,13 Ceder's group14 calculated the shape of the
free energy curve of a single particle and showed that a
solid-solution could exist in nonequilibrium conditions,
leading to either fully lithiated or delithiated particles
after relaxation when the particles are small. Indeed,
the final relaxed state of the particles depends on the
particle size, as described by Wagemaker et al.15 The
many-particle model of Dreyer et al.16 proposes that
the particles reach the fully lithiated or fully delithiated
equilibrium state during the relaxation by interchange
of lithium thought interparticle pathways. Sasaki
et al.17 recently evidenced a memory effect in LiFePO4

electrodes andused themany-particlemodel to explain it.
At the mesoscale, in the case of the small particles,

Delmas et al.7 suggested in their discussion that
(de)lithiation could occur, particle by particle, at the
surface of dense agglomerates. This core�shell me-
chanism would occur at the agglomerate scale, which
seems in agreement with the PED and EFTEM images
obtained in our previous work,8 but the number of
analyzed particles was not sufficient at that time for an
unambiguous experimental confirmation. Despite
these works, a “mosaic” model describing a homoge-
neous mixture of particles, either LFP particles or FP
particles, in the entire electrode is generally
assumed.16,18 Very recently, a scanning transmission
X-ray microscopy (STXM)19 analysis of 450 particles
with a spatial resolution of 40 nm was shown to be
consistent with this homogeneous phase distribution
through the thickness of an LFP-based electrode.
At larger scales, typically some hundreds of micro-

meters, other characterization techniques such as nu-
clear magnetic resonance (NMR),20 X-ray, or neutron
diffraction2,7,21,22 and X-ray photoelectron spectrosco-
py (XPS)23,24 give average information on the nature
and ratios of phases in the electrodes. X-ray micro-
diffraction25 was employed for phase mapping with a
resolution of several micrometers. Recently, Ouvrard
et al.26 highlighted some heterogeneities and delay in
the lithiation process by using in operando X-ray
absorption spectroscopy (XAS). However, the design
of the special electrochemical cell, particularly the low
electrical contact in the region of analysis, could ex-
plain these phenomena.
Despite all these investigations and progresses in

the understanding of the lithiation mechanisms, some
questions still remain. Is the (de)lithiation homoge-
neous or heterogeneous for a large amount of particles
along the electrode thickness? Two scenarios of phase
distribution seem compatiblewith themodels detailed
in the previous section and with the electrochemical
studies.27,28 Let us give an example with an 80%
lithiated electrode, as presented in Figure 1. In the first
scenario, the intercalation would begin particle by

particle globally everywhere over the whole thickness
of the electrode (no preferential pathway), creating an
unstable new phase, LixFePO4 (with x ≈ 0.6).29 The
relaxation of the battery would yield a random dis-
tribution along the thickness. In the second scenario,
the intercalation would occur “stratum by stratum”

from the surface in contact with the electrolyte to the
current collector following a fast phase reaction front
between the coming Li ions and the particles. After
relaxation, the electrode would form a phase gradient
along the thickness with much more lithiated particles
at the surface side compared to the collector side. This
work presents maps of FP and LFP phases that give a
global view of the intercalation/deintercalation mech-
anism in LFP-cathodes at different scales and deter-
mine the final phase distribution at the thermody-
namic equilibrium. The distributions of the FP and
LFP phases inside thin and thick electrodes of different
types of lithium batteries are studied.

Figure 1. Two possible scenarios of the intercalation
mechanism across the electrode thickness at different steps
of lithiation. (a) Dynamically at 10% lithiation (before
relaxation). Scenario 1: The intercalation forms a solid
solution in the electrode. Scenario 2: The intercalation
begins at the top of the electrode. (b) During the battery
relaxation at 50% lithiation. Scenario 1: The solid solution
particles in an unstable state becomeeither fully lithiated or
fully delithiated by local lithium interchange in a random
way. Scenario 2: The particles are in a stable state. (c) At 80%
of lithiation. Scenario 1: The LFP/FP phase distribution is
random in the whole electrode. Scenario 2: Only the top of
the electrode is lithiated “stratum by stratum” from the
surface to the current collector.

A
RTIC

LE



ROBERT ET AL . VOL. 7 ’ NO. 12 ’ 10887–10894 ’ 2013

www.acsnano.org

10889

RESULTS AND DISCUSSION

Since 2011, we have improved the PED and EFTEM
techniques in terms of resolution and sensitivity; the
quality of the PED and EFTEM phase maps shown in
Figure S1 now allows us to confirm the fully lithiated
and delithiated state of the particles in lithiation,
completing the work done in delithiation.8 Neverthe-
less, these TEM techniques provide only nanoscale
mapping due to a field of view limited to a few μm2,
typically 5 μm � 5 μm. To complete them, a very new
technique called electron forward scattering diffrac-
tion (EFSD) working in a scanning electron microscope
(SEM) is employed on cycled electrodes in order to get
phase maps on much larger fields of view (>100 μm�
100 μm), i.e., more than the entire electrode thickness,
while maintaining a nanometric resolution. Like PED,
EFSD is also based on diffraction. The TEM thin lamella
prepared by ultramicrotomy is mounted into the SEM
close to the pole piece, a standard electron backscatter
diffraction (EBSD) camera is inserted below the sample,
and the Kikuchi patterns are acquired and treated
almost as in an EBSD experiment. Since the EFSD
technique is very new, its name is not yet definitively
chosen in the scientific community; other names such
as t-EBSD (t for transmission) or transmission Kikuchi
diffraction (TKD) are also given.30�32 Despite the small
difference of lattice parameters of the FP and LFP
phases (<5%), EFSD, like PED, is able to discriminate
between the two phases, as proved by our tests on
pure powders: Figure S2 shows experimental results
obtained on the pristine LFP electrode, on the chemi-
cally delithiated powder (Figures S3 and S4), andon the
electrochemically delithiated FP electrode (Figure S5),
with indexation rates higher than 85%.

Thin Electrodes after Partial Delithiation. For the investi-
gations across the thickness of thin electrodes in cycled
coin cells, the cycling was stopped after six and a half
charges (50% of theoretical delithiation), as shown in
Figure S6. An ultramicrotomy-prepared cross section
was extracted from the center of the electrode. Three
PED phase maps (1 � 1 μm) at a distance of approxi-
mately 2, 7, and 12 μm from the electrode surface are
shown in Figure 2. The spatial resolution of these maps
is 10 nm (step between two diffraction patterns). It is
shown that the particles after the partial charge are
either fully lithiated (in red) or fully delithiated (in
green), in agreement with our previous work.8 The FP
ratios are 26.7%, 15.1%, and 23.6% for maps 1, 2, and 3,
respectively. The average FP content is 22%, which is
lower than the expected 50%: the FP phase is under-
represented in the center of the electrode. Moreover,
no gradient along the thickness of the electrode could
be evidenced, indicating that the diffusion of electro-
lyte and electron transport are not the limiting factors.
However, the limited field of view can hide some larger
scale phenomena. In order to increase the field of view

while maintaining a high spatial resolution, EFSD char-
acterizations have been performed on the same area.
The SEM image and the EFSD phase map obtained on
the entire electrode are shown in Figure 3a and b,
respectively. Both LFP and FP phases are present. The
particles are monocrystalline and monophasic, and no
LFP/FP gradient along the thickness is observed. The
areamarked 1 reveals a global heterogeneousmixwith
a composition of 33% FP phase, confirming the under-
representation of the FP phase. Moreover, other areas
on the map exhibit large lithiated or delithiated zones,
revealing heterogeneities at larger scale. The quantifi-
cation of the circled areas marked 2 to 5 in the EFSD
phase map of Figure 3b shows agglomerates mainly
composed of single phase particles (LFP or FP), with
LFP/FP ratios presented in Figure 3e. These agglomer-
ates are distributed over the whole thickness with sizes
ranging between 2 and 10 μm2. This could explain the
differences of phase ratios measured on the small
localized area imaged by PED in Figure 2.

Other ultramicrotomy-prepared cross sections were
extracted from the edge of the same electrode and
investigated by EFSD. A typical map is presented in
Figure 3d, andmore maps acquired on the same cross-
section sample are reported in Figure S7. They show
that the FP phase (84% in average) is now over-
represented at the edge of the electrode. Moreover,
the FP agglomerates now spread over several hundred

Figure 2. (a) Schematic view of a cross-section of the LFP-
based electrode after a cycling of seven and a half charges
and analysis along its ∼80 nm thickness. (b) PED phase
maps at 2, 7, and 12 μm from the surface. The green and red
phases represent FP and LFP phases, respectively.
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micrometers to probably a few millimeters. The XRD
analysis shows a global composition (center and edge)
of 64% of FP phase, as shown in Figure S8, which is
indeed between the 33% FP found in the center and
the 84% FP found at the edge. These results are con-
sistent with in situ XRD33,34 and with the recent
in operando XAS study of Ouvrard et al.,26 who ob-
served that some parts of the electrode are delayed
and others are advanced with regard to the mean
charge state of the electrode. EFSD clearly reveals that
the lithiation/delithiation mechanism taking place
across the electrode is heterogeneous and leads to
micrometric FP or LFP phase-rich agglomerates with
larger agglomerates at the edge of the electrode.

Thick Electrodes after Partial Delithiation. The thick elec-
trode (130 μm) was stopped during the first charge at
20% theoretical delithiation in a Li//LiFePO4 coin cell.
Some EFSD phase maps obtained with a step size of
40 nm are presented in Figure 4. The large map of

Figure 4c was sliced into 10 parts from the surface
toward the current collector, and the evolution of the
FP/LFP phase ratio through each slice is presented in
Figure 4d. A phase gradient along the electrode thick-
ness is visible. Slice no. 1 close to the surface contains
28% FP phase, whereas on the other side close to the
collector slice no. 10 contains 16% FP phase. The XRD
quantification performed on both sides of the electro-
des confirms the phase contents, as presented in
Figures S9 and S10.

An EFSD map was acquired close to the surface at
higher magnification (Figure 4b). The blue frontiers
delimit the remaining LFP dense agglomerates sur-
rounded by FP particles. Thewhite arrows highlight the
lithium pathway during the delithiation. Figure S11
confirms in detail the phase map for the extreme slices
1 and 10 and emphasizes the phenomenon. It can be
noticed that dense agglomerates of LFP particles
(in red) are surrounded by FP particles (in green).

Figure 3. (a) SEM image of the cross section of a thin electrode after seven and a half charges (stopped at 50% of theoretical
delithiation) extracted from the center of the electrode. (b) Corresponding EFSD phase map. Agglomerates of LFP or FP
particles are clearly visible: some are marked by ellipses. (c) SEM image and (d) EFSD phase map of another sample extracted
from the edge of the same electrode. (e) Global LFP/FP quantification of the two samples extracted from the center and edge,
and local quantification of the phase map (b). (f) Global schematic view of the electrode indicating the localization of the two
regions. The diameter of the electrode is 14 mm.
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A careful examination shows that delithiation seems to
begin from the continuous paths of porosity. A core�
shell mechanism at agglomerate scale seems to take
place; the delithiation would begin near the surface in
contact with the electrolyte and propagates across the
thickness of the electrode by continuous pathways of
higher porosity, leaving agglomerates of lithitated
particles (in red) surrounded by shells of delithiated
particles (in green), like isolated islands surrounded by
rivers. A core�shell deintercalation mechanism at the
agglomerate scale is consistent with Srinivasan et al.'s
simulations35 and Delmas's supposition.7

More than 64 000 particles are indexed in the map
of Figure 4a; their diameters were calculated using the
square root of the particle area, and the size distribu-
tion is given in Figure 5a. The FP/LFP ratios as functions
of the sizes are presented in Figure 5b. The hatched
part marks the FP over-represented (above the line) or
under-represented (under the line) compared to the
expected average 20% value. The particles under
50 nm could not be statistically counted due to the
step size used for the map acquisition (40 nm). Con-
trary to what we thought from our previous work,8 this
histogram clearly highlights that the smaller particles
were the first to delithiate. These results are consistent
with Delmas et al.'s expectations.7

Thick Electrodes after Lithiation. The lithium ion cell was
cycled 45 times at C/3 rate (1 mol of lithium per 3 h)

after a C/20 rate formation cycling. An EFSD phasemap
on the fullydischargedelectrode is presented inFigure6a.
The map should be totally red (fully LFP); however an
important presence of FP particles localized close to
the current collector is clearly visible. The local quanti-
fication (Figure 6b) shows that the three slices close to

Figure 4. (a) SEM image of the thick electrode (130 μm)
stopped at 20% theoretical delithiation during the first
charge. (b) EFSD phase map on the same area. The blue
frontiers delimitate LFP dense agglomerates surrounded by
FP particles. The white arrows highlight the lithium path-
way. (c) EFSD phase map on the whole electrode thickness.
The map is segmented into 10 parts. (d) Phase quantifica-
tion of the different parts from the surface in contact with
the electrolyte (no. 1) to the current collector (no. 10). An FP
gradient is visible. The orange ellipses show voids created
during the sample preparation by ultramicrotomy.

Figure 5. (a) Particle size distribution for the phase map of
Figure 4a corresponding to 20% of the first delithiation in
the thick electrode (130 μm). (b) FP/LFP ratio function of the
particle sizes. The ratio was calculated for a number of
particles higher than 100 (which explains that there is nobar
for particles larger than 340 nm). The line at 20% represents
the average ratio between FP/LFP if the delithiation was
equiprobable. The hatched part shows the deviation from
this value (over- or under-representation of the FP phase).

Figure 6. (a) EFSD phase map of a thick electrode (55 μm)
extracted from the Li ion cell stopped after 45 cycles and
fully discharged. The electrode is expected to be completely
LFP, but in (b) the map shows clearly the presence of the FP
region close to the collector. LFP and FP particles are
represented in red and green color, respectively.
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the current collector contain more than 40% FP phase,
whereas on the other side the other slices close to the
surface contain only 8% FP phase on average. This
macroscopic heterogeneity was confirmed by global
XRD analyses acquired on the surface side (2% FP) and
on the current collector side (48% FP), as shown in
Figures S12 and S13. The analysis depth according to
the LFP density and electrode porosity (around 40%) is
estimated by the Absorb DR software at 4 and 26 μm
for 2ϑ = 10� and 80�, respectively. The presence of the
retained FP phase close to the collector can be ex-
plained by the loss of lithium due to its trapping in the
solid electrolyte interface36 essentially on the graphite
anode,37�40 in agreement with the 14% capacity loss
after the first cycle and the 8% added after 45 cycles
measured on the electrochemical curve reported in
Figure S14. The ESFD map shows that the lithiation
starts from the particles at the surface in direct contact
with the electrolyte and propagates “stratum by
stratum”. A nonuniform phase distribution during the
lithiation at high current density (18 C) was already
observed by Liu et al.25 using synchrotron microdif-
fraction for an LFP-based electrode with a thickness of
∼50 μm. However they found a uniform distribution
for a low rate (C/9), whereas a strong gradient phase
distribution is observed in our electrode. These results
are also consistent with the XPS surface analysis per-
formed by Castro et al.24 revealing a higher Fe2þ/Fe3þ

ratio between the surface side and the collector side.
This phase map highlights that the electronic diffusion
is not the limiting factor, but the reaction is controlled
by Liþ ion diffusion across the thick electrode. Fongy
et al.41 discussed this point by varying the porosity and
thickness parameters in the calculations. An investiga-
tion of the negative electrode could clarify the aging
mechanisms of the graphite//LiFePO4 batteries.

All the characterizations were performed ex situ and
do not contain any kinetic information. So the present
experimental results cannot be used to unambigu-
ously determine whether there is a metastable solid
solution phase formed dynamically or a fast complete
reaction at the scale of the particle, as proposed in the
domino-cascade model. However, these results seem
in fair agreement with scenario 2 of Figure 1. At least,
the large heterogeneities prove that if an intermediate
fleeting solid solution phase was formed in all the
particles during the lithiation, the relaxation into fully
lithiated and delithiated phases could not occur be-
tween neighboring particles as proposed in the litera-
ture, but should occur by agglomerates.

Effects of Defects on Lithiation/Delithiation Reaction. All
the PED and ESFD maps confirm that the majority of
particles are either fully lithiated or fully delithiated.
However, some mixed particles can be observed occa-
sionally (1%). One case was studied in a half-charged
LFP-based electrode by PED and EFTEM (Figure 7a
and c). The particle marked by an orange square

contains the two LFP/FP phases. The orientation map in
Figure 7c shows that the twoparts of thebiphasic particle
have nearly the same orientation. The experimental and
simulated diffraction patterns extracted from areas 1 and
2 are presented in Figure 7d and e. The interphase
boundary marked 3 appears with black pixels because
of the low reliability indexes (Figure 7f). No solid-solution
could be revealed at the interphase, in good agreement
with Laffont's study.6 The contrast in the TEM image of
the interphase (Figure 7g) is typical of a subgrain bound-
ary (<5�). According to the domino-cascademodel, if the
elastic wave propagating in the a direction meets some
defects during the intercalation/deintercalation reaction,
the reaction front is interrupted,7 ingoodagreementwith
our observation. This highlights that some rare biphasic
particles containing defects can be detected, and this
does not contradict the domino-cascade model.

CONCLUSION

In summary, a combination of several techniques
has been used to perform FP/LFP phase mapping on

Figure 7. Phase maps on an electrode stopped at half-
charge. (a) PED phase map. (b) EFTEM phase map obtained
by a ratio of two filtered images centered at 5 and 25 eV on
the same region. (c) Orientation map deduced from map a.
The inverse pole figure color coding is given next to the
map. (d, e, and f) Experimental PED patterns extracted from
the rose, green, and blue squares on phase map a (at the
left) and the LFP and FP theoretical templates, in red and
green, respectively (at the right). (g) TEM image of a particle
(marked in c by the orange square) presenting a subgrain
boundary that stopped the delithiation process. The diffrac-
tion in f acquired at this subgrain boundary results from the
superposition of the FP and LFP phases. The scale bar in a, b,
and c is 100 nm.
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thin (13 μm) and thick (55 and 130 μm) LFP-based
electrodes, at the nanoscale by PED and EFTEM, and for
the first time at the mesoscale by EFSD. EFSD is a
powerful technique with a spatial resolution better
than 10 nm and field of view larger than 100 μm �
100 μm, which perfectly fills the requirements for
FP/LFP mapping of semi-industrial thick electrodes.
At the nanoscale, the fully lithiated and delithiated
state of the particles in equilibrium state, previously
confirmed for delithiation, is now experimentally con-
firmed for lithiation. The rare biphasic particles (<1%)
could be attributed to subgrain boundaries in the
pristine particles. In thin electrodes the average lithium
content does not vary across the thickness, but some
rich FP or LFP agglomerates of particles have been
observed. In thick electrodes, the EFSDmaps show two
types of phase gradient across the electrode thickness:
at the mesoscale, (de)lithiation was shown to occur by
an “agglomerate core�shell”mechanism and, at larger

scale, by a “stratum by stratum” mechanism. These
heterogeneities can probably be explained by the local
equilibrium of lithium in the electrolyte. Close to the
electrode surface, there is nearly no lithium saturation
in the electrolyte and the lithium exchange with
particles is not limited. The particles that (de)lithiate
first are those at the surface in direct contact with the
electrolyte. Far from the surface, the lithium concen-
tration is probably saturated in the porosities. Lithium
follows preferential pathways along the percolations of
large porosities, leaving isolated agglomerates. The
ionic diffusion is the main limiting factor at the origin
of the two heterogeneities. After cycling and capacity
fading, some lithium is lost probably in the graphite
anode, and the particles of the LFP electrode close to
the current collector become “inactive”. Finally, EFSD
opens new perspectives for the multiscale studies of
the lithiation mechanisms in LFP/FP and other Li-ion
crystalline materials.

METHODS
Electrode Processing. Thin electrodes (13 μm) were prepared

from a 500 mg mixture of 80 wt % LiFePO4 active material with
10 wt % Super P carbon black (Timcal) and 10 wt % poly-
(vinylidene difluoride) binder (Solef 1015, Solvay) in N-methyl-
pyrrolidone. This mixture was then cast onto an aluminum foil
by doctor blade and dried overnight at 55 �C. The electrodes
were weighed with 5 mg of active material. Thick electrodes
(130 μm) were coated on a Coatema machine with a loading of
4.5 mAh/cm2 from a mixture with a close composition of thin
electrodes. Discs 14 mm in diameter were finally punched for
the thin and thick electrodes, pressed at 6.5 T/cm2, and dried for
48 h at 80 �C under vacuum. 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 LiPF6
as salt (1 mol 3 L

�1) were placed between the two electrodes.
These lithium metal cells were assembled in a drybox under
argon. A stable capacity was obtained after two cycles. The
electrochemical cell was cycled with a C/20 rate. The lithium ion
cell (17 Ah) consists of a LFP-based electrode (thickness of
55 μm) and graphite as counter electrode. The porosity and the
loading of the LFP-based electrode were evaluated at 40% and
3 mAh, respectively. The polypropylene separator is soaked in
the liquid electrolyte composed of a mixture of carbonate
containing some additives and LiPF6 as salt (1 mol 3 L

�1). The
formation of the cell was performed at C/20 for the first cycle,
and then it cycled at C/3. After relaxation (12 h), the electrodes
were disassembled in the glovebox, washed in dimethyl carbo-
nate, and dried under argon.

Materials Characterization. The electrodes were mechanically
cross-sectioned by ultramicrotomy to obtain samples thin en-
ough for the TEM and EFSD analyses (∼80 nm) and avoid
overlapping of particles. The size of the LFP particles used in
this study ranges between 50 and 300 nm. PED maps were
acquired on a Jeol 2010 FEF working at 200 kV with the ASTAR
system. An external “fast optical” CCD camera (AVT Stingray)
was used for the acquisition of the PED patterns. They were
recorded as 256 � 256 pixel images with an 8-bit dynamical
range. The external position of the camera introduces some
distortions in the diffraction patterns, which are corrected
during the data treatment. The camera length and the distor-
tions are calculated using a silicon sample oriented along the
[110] direction as the reference sample. These parameters were
kept constant for the treatment of maps acquired during the

same session (typically for a day). The PED patterns were
obtained with a 10 μm 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�. EFTEM
was performed at 200 kV on the same microscope equipped
with a Tridiem Gatan imaging filter. A series of EFTEM images
with an energy selecting slit of 1 eV were acquired to fill the so-
called data cube (x,y,ΔE),ΔE 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”. EFSD maps
were all acquired on a Zeiss Supra 55 VP SEM working in high
current mode with an acceleration voltage of 30 kV and an
aperture of 60 μm. The Oxford Instruments Nordlys S EBSD
detector coupled with an AZtec system was employed for EFSD
analyses.
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