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ABSTRACT: The crystal structure of the Li,CoPOF high-
voltage cathode for Li ion rechargeable batteries has been com-
pletely solved from precession electron diffraction (PED) data,
including the location of the Li atoms. The crystal structure
consists of infinite chains of CoO4F, octahedra sharing common
edges and linked into a 3D framework by PO, tetrahedra. The
chains and phosphate anions together delimit tunnels filled with
the Li atoms. This investigation demonstrates that PED can be
successfully applied for obtaining structural information on a
variety of Li-containing electrode materials even from single

micrometer-sized crystallites.
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B INTRODUCTION

Li-containing transition-metal compounds with polyanions
(X0,)™ (X =D, S, Si, B) in their structures are considered as a
promising replacement of conventional oxide cathode materials
for lithium ion rechargeable batteries.' * Mixed phosphates,
such as LiFePO,, demonstrate a high electrochemical and
thermal stability, mainly ascribed to the 3D framework structure,
where the metal—oxygen polyhedra are linked to each other by
the polyanion units.” Further advances in the polyanion Li-based
cathodes are related to combining (XO,,)”” and F~ in the anion
sublattice.”” Tt is supposed that the higher electronegativity of
fluorine and the higher ionicity of the transition metal to fluorine
bonds would allow enhancement of the operating potential,
making these materials suitable for a high-voltage cathodes.
Li,CoPO,F is one promising candidate for high-voltage cathode
material working in the 3.0—5.5 V potential range.” " Recent
investigation of Li,CoPO4F revealed an irreversible structural
rearrangement, appearing during cycling between 3 and 5.1 V vs
Li*/Li, with an increase of cell parameters which can enhance
lithium conductivity.” Therefore, knowledge on the structural beha-
vior of this material at different stages of the charge/discharge
cycle can be the key to understanding its performance.

However, even the crystal structure of pristine Li,CoPO,F is
not known in detail. It crystallizes in an orthorhombic unit cell
with Pnma space symmetry. Okada et al. suggest a tentative
distribution of the atom species over the crystallographic posi-
tions of the Pnma space group, but do not provide information
on the exact location of the Li atoms or on their coordination
environment.® It was assumed that Li,CoPOF is isostructural to
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Li;NiPO4F on the basis of the similarity of their powder X-ray
diffraction patterns.”"

We propose to use precession electron diffraction (PED) for
a complete determination of the Li,CoPO,F structure. The
development of PED has made it feasible to determine atomic
coordinates for inorganic compounds from electron diffraction
experiments, significantly diminishin% the dynamical diffraction
effects inherent to electron diffraction.”* '® In a PED experiment,
the electron beam is precessed on a cone with a frequency of
~100 Hz, with its vertex fixed on the crystallite to be investigated.
The recorded pattern is the result of the integration over the
different slightly out-of-orientation patterns obtained during the
precession movement. In each of these patterns, only a limited
amount of reflections, lying along an arc on the Ewald sphere, are
excited. This reduces the dynamical effects, making the inten-
sities of the integrated reflections quasi-kinematic and useful for
structure solution and refinement.'” Crystal structures with a
combination of heavy and light scatterers (for example, Pb cations
and oxygen anions) present essential difficulties for PED because
the high scattering density increases the probability of multiple
interactions between the electron beam and crystal; hence, the
dynamical effects become quite substantial."®*° However, modern
Li-based battery materials seem to be free of these disadvantages.
The requirement of high energy density, low cost, and low toxicity
restricts the chemical composition mainly to 3d transition-metal
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Figure 1. ELNES of the Co L, 3 edge of Li,CoPO4F. Reference L, 3
edges for Co>* (CoO) and Co™*®* (Co30,) are also displayed.

cations and light anions (0>, F~, and (XO,)"™ (X =P, S, Si, B)).
Thus, one can expect that dynamical scattering will not be a main
obstacle for the structure investigation of Li-based cathode
materials with PED. A first successful attempt to resolve the
structure of a mixed Li and transition-metal oxide with PED was
performed on the Li TigNi3O,; compound, where Li and the
transition-metal cations jointly occupy the crystallographic positions,
with alowest scatterin% power approximately twice as high as that
for the pure Li cation.

In this paper, we demonstrate that PED can be successfully
applied for the solution of the crystal structure of Li-based battery
materials. We provide a complete structural characterization of
Li,CoPO,F, including the location of all Li atoms and the
determination of their coordination environment. This achieve-
ment opens wide opportunities in understanding the Li inter-
calation/deintercalation processes in a variety of materials, which
are often used in a nanoparticle form in electrochemical experi-
ments, present in polyphasic mixtures or available only in small
quantities from electrochemical cells. These circumstances can
hamper conventional powder X-ray or neutron diffraction stud-
ies, but they are no obstacle for PED since electron diffraction
data can be obtained from a single crystallite of the material.

B EXPERIMENTAL SECTION

Li,CoPO,F has been prepared as described in ref 9. Samples for
transmission electron microscopy were made by crushing the powder in
ethanol and depositing a drop of this solution on a copper grid covered
with a holey carbon film.

PED patterns were obtained with a Philips CM20 equipped with a
Spinning Star precession instrument. All PED patterns were obtained
using a precession angle of 2.5°. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and high-resolu-
tion transmission electron microscopy (HRTEM) images were obtained
with an FEI Titan 80-300 “cubed” microscope equipped with image and
probe aberration correctors operated at 300 kV. Electron energy loss
spectra were acquired on a JEOL 3000F (300 kV) microscope equipped

Figure 2. PED patterns of Li,CoPO,F.

with a GIF2000 spectrometer. For Li,CoPO,F, the microscope was
operated in diffraction mode, using a convergence semiangle o of 1 mrad
and an acceptance semiangle 3 of 2 mrad at an energy resolution of ~1 eV.
The reference spectra for CoO and Co30, were acquired in STEM—
electron energy loss spectroscopy (EELS) mode using a convergence
semiangle ot of 10 mrad and an acceptance semiangle /3 of 28 mrad at an
energy resolution of ~1.3 eV. All spectra were background subtracted,
aligned to their Co L; maximum at 782 eV, and normalized to their maxima.

The PED patterns were treated using the Calidris software (ELD,
TRIPLE).>* Calculated PED patterns and HRTEM images were ob-
tained using JEMS.** Structure determination with direct methods was
performed using SIR2008,** and the refinement of the structure was
done using JANA 2006.>

B RESULTS

The Co oxidation state was verified using EELS by inspecting
the energy loss near-edge structure (ELNES) signature of the Co
L,,; edge. The ELNES fine structure of the Co L, 3 edge at 779 eV
has been reported to be a fingerprint for the Co valence state.
Indeed, the Co L, ; edge is sensitive to the valence state of cobalt
via the so-called white line ratio (WLR), i.e., the ratio between
the areas under the L; and L, edges.”® The background-sub-
tracted Co L,; edge for Li,CoPO,F is displayed in Figure 1,
together with the Co L, ed§e spectra of reference materials
CoO (Co®*) and Co30, (Co”%®*). The spectra clearly suggest
that Co in Li,CoPO,F is in a divalent state, in agreement with the
bulk chemical composition.

PED patterns were obtained for 13 different zones ([100], [010],
[110], [120], [130], [160], [211], [221], [241], [251], [452],
[230], and [041]). The PED patterns along the [100] and [010]
zone axes are shown in Figure 2. All PED patterns can be indexed
with an orthorhombic unit cell with the cell parameters as refined
from X-ray powder diffraction data: a = 10452(2) A, b =
6.3911(8) A, c = 10.874(2) A.? The reflection conditions derived
from the PED patterns are hkl (no conditions), Okl (k + I = 2n),
and hkO (h = 2n), consistent with the Pnma space group.

The PED patterns were checked for possible overlap of
zeroth-order Laue zone reflections with reflections from higher
order Laue zones using calculated PED patterns for an angle of
2.5° (JEMS); none of the PED patterns demonstrate such
overlap, so the whole range of zeroth-order Laue zone reflections
can be used for solution and refinement. Each of the PED
patterns produced a separate list of reflections (extraction with
ELD). The intensities of the symmetrically equivalent reflections
in the 2D data sets were averaged according to the Pnma space group
(using TRIPLE). The R, factors that express the agreement of
each pattern with the imposed Pnma symmetry and the number
of unique reflections in each pattern can be found in the Supporting
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Figure 3. 2D sections of 3D difference Fourier maps with the maxima
corresponding to the Li atoms. Spurious maxima from neighboring
atoms are labeled in quotes.

Information, Table S1. All intensities were then multiplied with
the geometrical correction factor C(g,R) = g(1 — (g/ 2R)?)'/?
(g is the reciprocal vector, and R is the radius of the Laue
circle).”” Using TRIPLE, the 2D data sets were merged into a 3D
data set by using the common reflections between the patterns to
calculate scaling factors for each pattern. The order of merging,
number of common reflections, and Rp,erge factors expressing the
agreement between the relative intensities for the common
reflections can be found in Table S2 of the Supporting Information.
The intensities of the symmetry-equivalent reflections in the 3D
data set were again averaged according to the Pnma symmetry.
This provided a data set with 237 symmetrically unique reflec-
tions, with d values ranging from 7.54 to 0.88 A, with 100%
completeness in the range of d = 8—5 A, 74% completeness for
d=3—2A, and 41% completeness for d = 2—1 A.

The PED data were used as input for direct methods, together
with the cell parameters and the chemical composition. The

Table 1. Selected Crystallographic Parameters for
Li2COP04F

molecular formula Li,CoPO,F
space group Pnma

a, A 10.452(2)
b A 6.3911(8)
oA 10.874(2)
VA 8

cell volume, A’ 726.4
calculated density, g/ cm?® 3415
radiation electrons, A = 0.025 A
no. of reflns 326

no. of params refined 28

Rp 0.24

measured intensities were taken to be proportional to |F|%. A
solution was found by direct methods with a final R value of 0.31.
In this solution, the Co and P atoms are at positions similar to
those in the Li,NiPO,F structure.'” Inspection of the interatomic
distances of other maxima on the map with normalized structure
factors allows them to be assigned to other atomic species, such
as O/F and Li. The atomic coordinates in this solution are given
in Table S3 of the Supporting Information. The O/F anions form
octahedra around the cobalt atoms and tetrahedra around the P
atoms. The remaining peaks can be either Li or ghost atoms; therefore,
difference Fourier maps were calculated using the obtained
model including Co, P, F, and O only to find the positions of the
Li atoms.

The difference Fourier maps were calculated using the same
diffraction data as used for the direct methods. The positive peaks
of the scattering density corresponding to the positions of the
Li(1) atoms can be clearly discriminated from the noise and
artifacts on the 2D section of the 3D difference Fourier maps
(Figure 3). The maxima corresponding to the Li(2) and Li(3)
positions are also visible, but less clear due to the presence of
residual peaks from heavier atoms in the structure (mostly P and
anions). However, calculating the distances from these maxima
to other atoms in the model allows us to assign them to the Li
atoms undubiously.

For the final refinement of the completed model, the separate
2D sets of structure factors (326 reflections) were used instead of
the merged 3D data set. Each 2D set was treated with a separate
refineable scale factor. This approach allows us to avoid cumu-
lative errors arising from a subsequent merging of a large number
of 2D sets into a single 3D set. The number of reflections used in
the refinement is higher than the number of symmetrically
independent reflections because the symmetry averaging was
performed only within the 2D data sets, but not between the 2D
data sets. Due to the relatively low number of reflections, the
amount of refineable parameters should be reasonably restricted.
Because the phosphate group, POy, is a structural unit with a
quite rigid geometry, the rigid-body approximation was applied
to it. The PO, groups were described as perfect tetrahedra with
d(P—0) = 1.53 A. Because the phosphorus atoms of the PO,
groups are located at the m;,, mirror planes, the position and
orientation of the tetrahedra can be described using only three
parameters: the x and z coordinates of the P atom and the
rotation angle around the b axis. Thus, the 18 variable atomic
coordinates of the two symmetrically independent PO, groups
are effectively reduced to only 6 parameters. An ordered
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Table 2. Positional and Atomic Displacement Parameters for
Li2COP04F

atom  position x/a y/b z/c U,, A
Li(1) 8d 0.724(13)  0.963(11)  0.665(5) 0.014(2)
Li(2) 4c 0.936(14) 3/4 0.729(9) 0.014(2)
Li(3) 4c 0.244(19) 1/4 0.581(7) 0.014(2)
Co(1) 4a 0 0 0 0.014(2)
Co(2) 4b 0 0 1/2 0.014(2)
P(1) 4c 0.739(3) 3/4 0.9278(12)  0.014(2)
P(2) 4c 0.008(3) 1/4 0.7470(13)  0.014(2)
o(1) 8d 0.800(3)  0.945° 0.9833(12)  0.014(2)
o) 4c 0.596(3)  3/4 0.9562(12)  0.014(2)
0(3) 4c 0.759(3) 3/4 0.7885(12)  0.014(2)
0(4) 8d —0.041(3)  0.445° 0.6808(13)  0.014(2)
o(s) 4c 0.154(3) 1/4 0.7466(12)  0.014(2)
0(6) 4c —0.041(3) 1/4 0.8798(13)  0.014(2)
F(1) 4c 0.047(6)  3/4 0.877(4) 0.014(2)
F(2) 4c 0.872(5) 3/4 0.545(5) 0.014(2)

“The coordinate is fixed by the rigid-body geometry.

Table 3. Selected Interatomic Distances for Li, CoPO4F

Li(1)—0(1) 2.08(6) x 1 Co(1)—0(1) 2.12(3) x 2
Li(1)—0(3) 1.95(6) x 1 Co(1)—0(6) 2.108(10) x 2
Li(1)—0(4) 2.52(13) x 1 Co(1)—F(1) 2.14(3) x 2
Li(1)—0O(5) 220(7) x 1 BVS = 1.81(4)
Li(1)—F(1) 2.35(12) x 1
Li(1)—F(2) 2.44(10) x 1 Co(2)—0(2) 1.944(14) x 2
BVS = 0.78(7) Co(2)—0(4) 2.043(14) x 2
Co(2)—F(2) 2.14(3) x 2
Li(2)—0(2) 2.61(12) x 1 BVS =2.31(5)
Li(2)—0(3) 1.97(14) x 1
Li(2)—0(4) 2.03(3) x 2 P(1)—0(1) 1.53 x 2
Li(2)—FE(1) 1.99(12) x 1 P(1)-0(2) 1.53 x 1
Li(2)—E(2) 2.11(11) x 1 P(1)-0(3) 1.53 x 1
BVS = 1.06(13)
P(2)—0(4) 1.53 x 2
Li(3)—0(1) 2.15(6) x 2 P(2)—0(5) 1.53 x 1
Li(3)—0(5) 2.03(12) x 1 P(2)—0(6) 1.53 x 1
Li(3)—0(6) 2.29(19) x 1
Li(3)—F(2) 1.83(15) x 1

BVS = 0.92(15)

arrangement of the O and F atoms was assumed taking into
account that the F atoms cannot mix with the O atoms of the rigid
PO, units. The refinement was performed with an overall atomic
displacement parameter. The resulting reliability factor was R =
0.24, which is reasonable for pseudokinematical electron diffrac-
tion data. The crystallographic parameters, atomic coordinates,
and main interatomic distances are listed in Tables 1—3,
respectively.

The structure solution was supported by direct space TEM
observations. It should be noted that Li, CoPO,F is very sensitive
to the electron beam in both the TEM and STEM modes at
300 kV as well as at 80 kV acceleration voltage. This prevents any
continuous observations, which, for example, would be required
for acquiring a through-focus series of HRTEM images for exit

Figure 4. [010] HAADF-STEM image of Li,CoPO,F. The structure
projection is overlaid with marked positions of the Co columns (large
white circles) and P columns (small gray circles).

Figure 5. [010] HRTEM image of Li,CoPO,F. The calculated image
(f= —51 nm, t= 2.6 nm) is shown as an inset (to be compared with the
experimental contrast on the right side of the picture).

wave reconstruction. Acquiring HAADF-STEM images can be
performed only with a short acquisition time, which results in
noisy images requiring subsequent Fourier filtering. Nevertheless,
the high-pass-filtered [010] HAADF-STEM image in Figure4 of
Li,CoPO,F clearly demonstrates the positions of the Co and P
atomic columns. The brighter dots correspond to the projection
of the Co columns (Z = 27). Each brighter dot is surrounded by
four less bright dots forming an elongated rectangle, which
corresponds to the positions of the P columns (Z = 15). The
arrangement of these dots on the [010] HAADF-STEM image
perfectly reproduces the positions of the Co and P atomic
columns in the refined structure along this projection. The
contrast on the [010] HRTEM image is formed by
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Figure 6. Crystal structure of Li,CoPO,F in three different projections. The CoO4F, octahedra are blue, and the PO, tetrahedra are orange. The O, F,
and Li atoms are shown as small brown, small gray, and larger violet spheres, respectively.

parallelograms of the brighter dots arranged into layers along the
caxis and having a staggered arrangement along the a axis (visible
at the thinnest area of the crystallite at the right side of Figure 5).
The simulated HRTEM image (focus f = —S1 nm, thickness
t = 2.6 nm) is in good agreement with the experimental one.
Under these imaging conditions, the brighter dots correspond to
low projected potentials (tunnels) in the structure. Each paralle-
logram of four bright dots is centered with a column of Co atoms.

l DISCUSSION

The crystal structure of Li,CoPO,F is shown in Figure 6. The
crystal structure consists of infinite chains of the CoO,F,
octahedra sharing common edges. The chains run along the b
axis and are linked into a 3D framework by PO, tetrahedra. The
chains and polyanions together delimit tunnels along the b axis,
where the Li atoms are located. This structural organization is
similar to that of Li,NiPO,F" and Li; »sNig ;sFeq ,sPO4F."° The
CoO,F, octahedra are slightly distorted with nearly equal Co—O
and Co—F interatomic distances. The Li atoms are located at
irregular S- and 6-fold-coordinated polyhedra. The bond valence
sum (BVS) for the Li(2) and Li(3) cations is equal to the
nominal valence +1 in the range of the standard deviation. The
BVS for the Li(1) cation (84 position) is noticeably lower,
indicating that this cation is underbonded in the structure. This
suggests that the Li(1) position is responsible for the Li extrac-
tion upon chemical or electrochemical oxidation of Li,CoPO,F.
This conclusion is corroborated by the fact that, upon chemical
delithiation of the isostructural Li,Nij;sFeq,sPO4F compound
to the Li; 75Nig7sFeg,sPO4F composition, only the occupancy
of the Li(1) position was found to decrease to ~0.75, whereas the
occupancies of the Li(2) and Li(3) positions do not noticeably
change.’

The complete solution of the Li,CoPO4F structure demon-
strates that PED can be successfully applied for the crystal-
lographic characterization of Li-based battery materials. In fact,
the target functional properties (high energy density, high
electrochemical stability, high mobility of Li) make the Li-
containing transition-metal polyanion structures optimal objects
for investigation with PED: the high energy density requires the
absence of heavy metal cations. This results in a combination of
elements with relatively small atomic numbers, reducing the
dynamical electron scattering. The increasing electrochemical
stability is related to the presence of polyanions, which are rigid

structural units with a well-defined geometry. This allows using
the rigid body approximation, resulting in a drastic decrease of
the number of structural variables. This is important because of
the limited amount of diffraction data obtained by PED. The high
mobility of Li in such materials is responsible for the instability
under an intense electron beam. Decreasing the energy of the
incident electron beam does not improve the stability of such
materials. The displacement scattering cross section for Li
reaches its maximum at nearly 60 kV, making the damage at
low accelerating voltage even more severe than at 200—300 kV
conventionally used for TEM imaging.*® In contrast to the direct
space imaging techniques, a PED investigation requires parallel
illumination with a spread electron beam, keeping the overall
irradiation dose at a minimum and leaving the material intact.

PED data can be collected from very small crystals tens or
hundreds of nanometers in size and detect various superstruc-
tures (even rather weak) appearing at different stages of Li
deintercalation processes from electrode materials. Such fine
structure changes are not always evident from in situ X-ray
diffraction experiments.

The preliminary electron diffraction investigation of chemi-
cally delithiated Li, CoPO4F revealed formation of a weak super-
structure, which can be attributed to ordering of the Li atoms and
vacancies. The detailed analysis of the crystal structure of the chemically
delithiated phase is now in progress.
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© Supporting Information.  Tables with details on the PED
patterns used and unrefined atomic coordinates as obtained
straight from direct methods (PDF) and CIF file. This material
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