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Visualization of the Delithiation Mechanisms in High Voltage Bat-
tery Material LiCoPO,

Laura Wheatcroft* *, Trung Dung Tran®, Dogan Ozkayab, James Cookson®, Beverley J. Inkson®

2 Department of Materials Science and Engineering, University of Sheffield, Mappin Street, Sheffield, S1 3JD, UK
® Johnson Matthey Technology Centre, Blounts Ct. Rd., Sonning Common, Reading, RG4 9NH, UK

ABSTRACT: LiCoPO; is a high voltage Li-ion battery material, seen as a potential candidate for electric vehicles due to its high
energy density. However, LiCoPOj4 cathodes suffer from severe degradation on cycling. To date most LiCoPQOy, studies have involved
bulk characterization techniques which do not allow the phases formed to be spatially resolved, thus information on which phases
contribute to the severity of degradation, and reasons why, are lost. Here, the delithiation mechanisms of LiCoPQy are visualized by
mapping changes in the valence state of Co across the electrode using ex-situ electron energy loss spectroscopy (EELS). To under-
stand the effect of Co-O hybridization on LiCoPO, cyclability, changes in the O K-edge across the electrode during the first cycle,
and later cycles were also mapped. Co-valence state EELS mapping showed lithium poor phases initially form on the outer edge of
particles, corroborating a shrinking-core de-lithiation mechanism which was previously proposed from in-situ XRD. At higher po-
tentials, the presence of Li-poor CoPOy correlates with Co-O bond hybridization, thus the instability of CoPO, leads to attack from
the electrolyte and degradation at the electrode/ electrolyte interface. The instability of the de-lithiated phase results in Li re-incorpo-
ration at the surface at high potentials, shown by Co valence state EELS by Co(II)-rich regions forming on the surface of particles at
high potentials. By the 10" cycle, CoPO4 no longer forms, and capacity loss is caused by Li retention in the LiCoPOy lattice. The Co
valence state EELS study reveals that strategies to improve the cyclability of LiCoPO4 should focus on improving the stability of
CoPOy, or on methods to shield CoPO, from electrolyte degradation.

GRAPHICAL ABSTRACT
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Despite the potential advantages LiCoPO, offers for electric

Introduction vehicles, to date LiCoPO4 has not been successfully commer-

High voltage Li-ion battery cathodes, with operating poten-
tials greater than 4.5 V vs. Li/ Li*, are being developed as a so-
lution for electric vehicle batteries due to their potential for a
high specific energy density "> LiCoPOs is a high voltage cath-
ode developed in 2000 by Amine et al. *. LiCoPOy has a theo-
retical capacity of 167 mAh g!, coupled with a high nominal
operating potential (4.8 V vs. Li/ Li*) 3. Despite the high cost of
Co, the high operating potential, and theoretical capacity result
in an overall cost per energy of the cell lower than other cathode
materials ¢, leading to significant interest in the development
and optimization of LiCoPO; for electric vehicles.

cialized due to poor cyclability *. Poor cyclability results from
structural instability in the electrode during cycling 3%, and
electrolyte induced degradation at the particle surface !,

Understanding electrode de/lithiation mechanisms can aid
understanding of degradation processes. Previous studies have
focused on the phase transitions occurring in LiCoPOs4 7.
LiCoPO, undergoes two phase transitions during delithiation:
LiCoPO, — Liy3CoPOs — CoPO, 3213, The delithiated phase,
CoPOy, is known to be unstable due to octahedrally co-ordi-
nated Co(III) being in a high spin state (t2,)*(e,)? which is ener-
getically less favorable than the low spin state (t2)® >'*. X-ray



absorption spectroscopy (XAS) studies of the electronic struc-
ture of LiCoPOj have found that the instability of CoPOy leads
to mixed Co(Il), and Co(III) oxidation states in delithiated
LiCoPOs. Hybridization of the Co-O bond due to O 2p hybrid-
izing with transition metal 3d metal states has also been found
at the delithiated LiCoPOy electrode surface 8. The result of Co-
O hybridization is potential O loss at the surface with progres-
sive cycling.

The majority of LiCoPO, delithiation studies have involved
non-spatially resolved techniques, such as X-ray diffraction
(XRD) 3612714 'or XAS ®. Although XRD studies have indicated
delithiation mechanisms involving coherent phase boundaries
between the 3 phases within a single LiCoPOy particle based on
peak asymmetry in XRD peaks of the nucleating phase with re-
spect to the bulk phase'!*, to date no study has spatially re-
solved the phases to identify the full delithiation mechanism.
Understanding the spatial distribution of the stable and unstable
phases could provide insight on methods to improve the cycle
life of LiCoPOs,.

Mapping delithiation mechanisms is challenging due to diffi-
culties detecting elemental lithium. Electron energy loss spec-
troscopy (EELS), a chemical characterization technique used in
scanning transmission electron microscopy (STEM), has previ-
ously been used to map changes in the valence state of Fe in
LiFePO, to map lithiation across LiFePOy particles '°. During
delithiation of LiCoPO, the valence state of Co changes from
Co(II) — 2/3Co(II), 1/3Co(III) — Co(III) >!3, so LiCoPOy is a
candidate material for valence state mapping characterization.

In this study we use STEM-EELS Co valence state mapping
(using the Co L-edge) to spatially resolve the phases forming
during delithiation of LiCoPOQy, in order to understand the deli-
thiation mechanisms. Evolution of the EELS O K-edge is also
studied to understand the relative distribution of Co-O hybridi-
zation with respect to the phases formed during delithiation. Ex-
amination of the EELS Co L-edge, and O K-edge in electrodes
after extended cycling is used to understand cathode micro-
structural changes resulting from increased cycle number.

Experimental

Cell Manufacture and Testing

LiCoPO; particles used here were coated in a 3-8 nm amor-
phous carbon coating (Johnson Matthey). Electrodes with a
composition of 90 wt. % C-LiCoPOs, 5 wt. % polyvinylidene
fluoride (PVDF) binder (MTI), and 5 wt. % Super C65 carbon
black conductive additive (C.Nergy TIMCAL) were manufac-
tured using a tape casting method. A high active material load-
ing (90 wt. %) was chosen to ensure a high concentration of
active material for subsequent microstructural analysis. The
solid material was mixed into a slurry using N-methyl-2-Pyrrol-
idone (Sigma Aldrich) as the solvent, and spread into a film of
200 pm thickness using a doctor blade. The film was dried at
80 °C, and the electrode calendared so the electrode density was
between 1.8 and 2 g cm™ to minimize inter-particle contact re-
sistance.

The electrodes were assembled into 2016 stainless steel coin
cells (MTI) using a 0.5 mm thick stainless steel spacer. Li metal
(Sigma Aldrich) was used as the anode, with both a Whatman
GF/ F fiber glass separator and a Celgard 2325 polypropylene-
polyethylene-polypropylene separator. The Celgard separator
was in contact with the electrode. 160 uL of LiPF¢ in a 50/50

volume ratio of ethylene carbonate (EC), and dimethyl car-
bonate (DMC) was used as the electrolyte.

The coin cells were galvanostatically cycled using a Maccor
galvanostat at 0.1C after a 12-hour rest. The current density ap-
plied at 0.1C was calculated from the theoretical capacity of
LiCoPO; (167 mAh g'! 35) and the active mass in the electrode.

For all the first cycle tests, the cells were galvanostatically
cycled at 0.1C to different potentials up to 5.1 V vs. Li/ Li*. At
each stopping potential, the cells were held at the stopping po-
tential for 30 mins to ensure equilibrium had been reached and
reduce error incurred by post-mortem Li diffusion, whilst min-
imizing damage from adverse electrolyte reactions. The stop-
ping potentials were chosen based on the position of peaks in
the differential capacity curve.

For later cycle tests, the cells were cycled at 0.1C between
2.5 Vvs. Li/ Li* and 5.1 V vs. Li/ Li*. The cells were held at
5.1 V vs. Li/ Li* for 30 mins after each charge. The cells were
rested for 1 hour after each discharge. Cycling was performed
for 5 cycles, and 10 cycles, at which point significant capacity
loss was observed. EELS characterization was performed on
electrodes extracted from cells cycled to 5.1 V vs. Li/ Li* on the
10" cycle. XRD was performed on cells cycled to 5.1 V vs. Li/
Li* on the 5%, and 10" cycles, and cells which had completed 5
and 10 cycles.

S/TEM Sample Preparation

To prepare the electrodes for ex-situ TEM and STEM-EELS
characterization, the coin cells were de-crimped in an Ar filled
glove box, and the electrodes washed in dimethyl carbonate.
Slices of the electrode (~2 mm x 5 mm) were embedded into
resin and cured at 65 °C for 3 days. The resin was prepared us-
ing 5 ml dodecenyl succinic anhydride (DDSA) (TAAB), 5 ml
of araldite resin (CY212) (TAAB), and 5 drops of benzyldime-
thyl amine (BDMA) (TAAB). The electrodes were sectioned to
80 nm thickness into water using a Reichert-Jung Ultracut E ul-
tramicrotome and a diamond blade and mounted onto Cu lacey
carbon grids (EMR). Microtome sectioning was performed in
order to (1) observe the cross-section of the LiCoPOy particles
to better understand the phase distribution, and (2) reduce, and
increase the homogeneity of, the sample thickness to reduce
plural scattering effects during EELS collection '°.

After sectioning, the electrode samples were dried under vac-
uum for 24 hours, and stored in an Ar filled glove box until
transport to the microscope to prevent further air exposure. The
sections were sealed in Al-coated, Mylar bags under Ar for
transportation. In total the electrodes were exposed to air for 30
s whilst mounting into resin, and 2 mins on transfer from the
bags into the microscope. The effects of water exposure during
microtoming and air exposure on the Co L-edge measurements
are reported in the supplementary information.

STEM-EELS Oxidation State Characterization

STEM-EELS Oxidation State Data Collection

STEM-EELS characterization was performed at 200 kV with
aJEOL JEM ARM?200F. EELS spectrum images were collected
using a Gatan Model 965 GIF Quantum ER spectrometer. High
and low energy loss EELS spectra were collected simultane-
ously using Gatan’s DualEELS capability to allow energy drift
to be corrected by aligning spectrum images to the zero loss
peak (ZLP). The total measurement time was between 5 and 10



mins for each spectrum image depending on the measurement
area.

EELS Co L-edge spectrum images were measured by max-
imizing the energy resolution of the Co L, 3-edge spectra. Spec-
tra were obtained between 765 and 811 eV with an energy dis-
persion of 0.025 eV/ch achieving a ZLP full width half maxi-
mum (FWHM) of 0.475+0.025eV and a collection semi-angle,
B, 55.5 mrad. The beam current, pixel sizes and dwell time were
selected for low beam doses appropriate to avoid beam damage
(based on our study of damage causing doses on uncycled
LiCoPOy). O K-edge spectrum images were collected using a
0.025eV/ch,or 0.1 eV/ch (ZLP’s FWHM =0.7+0.1eV) energy
dispersion.

STEM-EELS Oxidation State Data Processing

EELS results were processed using Gatan Microscopy Suite
3 (GMS3 Digital Micrograph). Prior to creating the Co valence
state maps, the spectrum images were aligned to correct for en-
ergy drift so at each pixel, the zero loss peak occurred at 0 eV.
The background was removed, and the signal was extracted us-
ing the power law background model.

Co valence state maps were created by fitting the Co L-edge
spectra at each spectrum image pixel to Co(Il), and Co(III)-rich
L-edge standards using multiple linear least squares (MLLS)
fitting. The ideal standards for MLLS fitting would be Co L-
edges from fully discharged, and fully charged compounds-
Co(Il) from LiCoPO,, and Co(Ill) from CoPOs4. The Co(II)
standard was collected from uncycled LiCoPOy4. Pure CoPO,
could not be synthesized by chemical delithiation, so the
Co(II)-rich standard was collected from a LiCoPOy electrode
charged to 5.1 V vs. Li/ Li*, where selected area electron dif-
fraction (SAED) and X-ray diffraction (XRD) confirmed the
presence of CoPO4in 5.1 V vs. Li/ Li* charged electrodes.

The charged standard cannot be confirmed to be purely
Co(IIT) as Li occupancy was not refined from the XRD, or
SAED patterns. Therefore, the initial MLLS fitting was per-
formed using a mixed Co oxidation state, and the Co(III) stand-
ard is referred to as Co(Ill)-rich. Details on the standards used
in the MLLS fitting process are presented in the supplementary
information.

Structural Characterization

Selected Area Electron Diffraction (SAED)

Ex-situ TEM imaging and SAED of the electrodes were per-
formed using a JEOL JEM F200 at 200 kV with a Gatan One-
View CCD.

X-ray Diffraction (XRD)

XRD patterns were collected using a Panalytical Empyrean
diffractometer with a GalliPIX3D X-ray detector using Ag ka
radiation to minimize fluorescence from the Co in LiCoPOs.
XRD patterns were collected in transmission mode using glass
0.5 mm diameter glass capillaries.

The samples were prepared for ex-sitzu XRD by washing the
electrodes in dimethyl carbonate in an Ar filled glove box. The
electrode material was scraped from the current collector,
ground with a mortar and pestle and loaded in the glass capil-
laries in the glove box. The capillaries were sealed with wax to
prevent air from contacting the electrode during pattern collec-
tion.

The XRD patterns were refined using Highscore software
(Panalytical).

Results and Discussion

First Cycle: Electrochemical Characterization

In order to select appropriate potentials for ex-situ character-
ization of electrode phase changes, the electrochemical charac-
teristics of LiCoPOy galvanostatically charged on the first cycle
were analyzed (Figure 7).

Figure I(a) is a representative galvanostatic charge curve at
0.1C of a LiCoPOq electrode. The specific capacity was calcu-
lated as the integral under the measured current against charg-
ing time curve, divided by the active mass of the electrode. Fig-
ure /(b) is the differential of capacity with respect to voltage of
the galvanostatic charge curve in Figure /(a).

The first cycle total charging capacity is 223 mAh g™!, which
is larger than the theoretical capacity of LiCoPO4 (167 mAh g!
31217y guggesting a contribution from electrolyte degradation
%12 The charging capacity typically only exceeds the theoretical
capacity on the first charge.

3 plateaus are evident on the galvanostatic charge curve in
Figure /(a) at 4.7, 4.8, and 4.9 V vs. Li/ Li*, which correspond
to peaks in the differential capacity curve in Figure /(b). The
presence of plateaus at 4.8, and 4.9 V vs. Li/ Li* are consistent
with other reported literature on LiCoPQ, 3121417,

The specific capacities associated with the peaks in the dif-
ferential capacity curve in Figure /(b) can be calculated by in-
tegrating under the peak and dividing by the active mass. The
specific capacities associated with the peaks at 4.7, 4.8, and 4.9
V vs. Li/ Li* are 10, 55, and 86 mAh g*! respectively.

The total capacity of the 2 larger peaks at 4.8, and 4.9 V vs.
Li/ Li* is 151 mAh g'!, less than the theoretical capacity (167
mAh g, thus re-dox processes are responsible for the presence
of peaks in the differential capacity curve in Figure /(b). Elec-
trode microstructural characterization was performed after the
completion of the charging plateaus at the points labelled on
Figure /(a, and b) as these were the potentials where re-dox pro-
cesses occur as per literature >4,

Due to differences in impedance between different elec-
trodes, the voltage required to overcome the re-dox peaks in
Figure 1 (b) differed slightly between electrodes. The overall
aim of each ex-situ experiment was to stop charging after the
completion of each peak on the differential capacity curve.
Thus, XRD was performed on electrodes charged to 4.91 V vs.
Li/ Li* as a complement to EELS results on an electrode
charged to 4.89 V vs. Li/ Li*. The second differential capacity
peak had completed for both the 4.89 V vs. Li/ Li*, and 4.91 V
vs. Li/ Li* electrodes analyzed.
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Figure 1: (a) Representative 0.1C galvanostatic charge curve of a
LiCoPOs electrode on the first cycle. The 3 charging plateaus are
labelled. (b) Representative differential capacity against voltage
curve of the cell cycled in (a). The orange diamond, purple triangle,
light blue square, and dark blue circle on the curves in (a) and (b)
are the potentials at which STEM-EELS analyses of the electrodes
were performed /4.

First Cycle: Bulk Structural Characterization

XRD

Ex-situ XRD was performed to confirm the phases present in
the electrodes at the different charging potentials 4.91 V vs. Li/
Li*, 498 V vs. Li/ Li*, and 5.1 V vs. Li/ Li* , occurring after
the peaks in the differential capacity curve in Figure /(b). The
XRD patterns in Figure 2 have been normalized by the (111)
peak intensity (labelled).

Figure 2 shows that 3 phases form during delithiation (charg-
ing) of LiCoPOy electrodes, LiCoPOs, Li»3CoPO4, and CoPO4
consistent with literature >'*!7. To identify and refine the
phases, powder diffraction file (PDF) cards 01-089-6192, 04-
014-7340, and 04-014-7341 from the ICDD were used for
LiCoPOs, Liz3CoPOs, and CoPO, respectively. Li occupancy
was not refined '8,

The XRD patterns in Figure 2 show that on delithiation of
LiCoPOQys, the electrode remains in the LiCoPO4 phase until 4.98
V vs. Li/ Li* (after the second differential capacity peak in Fig-
ure (b)), after which the 2 phases Li»3CoPO4 and CoPO4 form

and are detected at 4.98 V vs. Li/ Li*. The lack of Li»3CoPO; at
491 V vs. Li/ Li* found here by ex-situ XRD is in contrast to
in-situ XRD experiments by Palmer et al. '* and Strobridge et
al. 2 who found that reflections associated with the mid-phase
Li»3CoPO; occur after the plateau at 4.8 V vs. Li/ Li* on the first
cycle. This may imply Li»3CoPOs requires larger overpotentials
to stabilize for ex-sifu experiments.

Higher potentials at 5.10 V vs. Li/ Li* resulted in the for-
mation of more CoPOs, compared to 4.98V %, However,
Li»3CoPO, was still present at 5.1 V vs. Li/ Li*, indicating total
delithiation of the electrode did not occur.

A peak at 4.7 V vs. Li/ Li* is present on the differential ca-
pacity curves in Figure /. No phase changes were observed at
potentials lower than 4.98 V vs. Li/ Li* by XRD (Figure 2), in-
dicating the peak at 4.7 V vs. Li/ Li* did not result from a phase
change '8, Previous studies have suggested the first plateau re-
sults from a slight delithiation of the LiCoPOj lattice with no
accompanying phase change, or electrolyte reactions.

All 3 phases present during charging of LiCoPO4 maintain
Pnma space group symmetry throughout delithiation. The
phases differ by Li content, and unit cell dimensions. Full re-
finements of the uncycled electrode, and electrode charged to
5.1 V vs. Li/ Li* were performed on XRD patterns measured
with a 1300 s dwell time, and are presented in the supplemen-
tary information. The refined unit cell dimensions of uncharged
LiCoPO, were a= 10.203 A, b= 5.920 A, and c= 4.698 A. The
unit cell volume shrunk by 2.27 % during the phase change
from LiCoPOj to Liy3CoPOs, by compression in the a and b
directions to a= 10.073 A, and b= 5.853 A, and expansion in the
¢ direction to 4.704 A. The largest shift in unit cell volume oc-
curred when the phase changed from Li»3CoPO4 to CoPOs, with
a further unit cell volume reduction of 5.08 %, coupled with
further compression in the a and b direction (a=9.570 A, and
b=5.779 A in CoPOy,), and a slight expansion in the c direction
to 4.760 A.

XRD patterns collected after charging LiCoPQu4 to differ-
ent potentials on the first cycle
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Figure 2: Ex-situ Ag Ko XRD patterns of an uncycled LiCoPO4
electrode (orange), and electrodes galvanostatically charged at 0.1
Ct04.91V (purple), 4.98 V (light blue), and 5.1 V (dark blue) vs.
Li/ Li* on the first cycle. The XRD pattern intensities have been
normalized by the (111) peak (labelled). High intensity reflections
have been identified as originating from (!) CoPOu, (*) Li23CoPOs4,
and (+) LiCoPO4 /¢,



First Cycle: S/TEM Characterization

Co L-edge Oxidation State Mapping

The phases present during charging of LiCoPO4 found by
XRD in Figure 2 indicate that the oxidation state of Co shifts
from Co(II) to Co(IIl) on delithiation. EELS spectra of the Co
L-edge were taken from an uncycled electrode, and an electrode
charged on the first cycle to 5.1 V vs. Li/ Li* to confirm a Co
oxidation state shift, and to determine standards for oxidation
state mapping.

The Co L-edge spectra taken from the 5.1 V vs. Li/ Li*
charged electrode were taken from Co(IIl)-rich regions found
by MLLS fitting using CoO, and Co304 standards (see supple-
mentary information) '®. The ideal standards would have been
the 3 phases present in LiCoPO, electrodes during charge
(LiCoPQy, Liz3CoPO4, and CoPO,). Unfortunately, CoPOy is
thermodynamically unstable so this standard could not be ac-
quired directly.

Co in Co30y is in a mixed (Co(II), Co(IIl)) oxidation state.
As shown in the supplementary information, the Co L-edge of
an oxide has very different characteristics compared with a
phosphate. Therefore, mapping with Co-oxides as standards
does not provide an accurate fitting to the data. However, the
edge onset of the mixed oxide Cos(II, IIT)Oy is shifted to higher
energy losses compared with Co(II)O, thus mapping with
Co(I)O, and Cos(I1, IIT)O4 provided an indication of which re-
gion of sample had the most extreme shift in Co L-edge onset.

Similar to LiFePO,, the L3 edge onset shifts to higher energy
losses at higher oxidation states '*. Only CoPOs, and Lio3CoPO4
were identified in the XRD pattern of the 5.1 V vs. Li/ Li* elec-
trode (Figure 2). Therefore, the Co L-edge shifted to the highest
energy loss extracted in an electrode charged to 5.1 V vs. Li/
Li* is likely to represent the more de-lithiated Co(IIl)-rich re-
gions, and was used as the Co(IIl) standard (see Figure 3). As
the Li content was not refined during XRD, the Co(III) standard
in Figure 3 is defined as Co(III)-rich in the rest of this article.

The Co(II) edge in Figure 3 was a close fit to the Co L-edge
of Co3(POs)2, a Co(Il) phosphate (see supplementary infor-
mation) '8. Therefore, the L-edge extracted from the uncharged
electrode is confirmed as a Co(II) standard.

The EELS spectra in Figure 3 show that as LiCoPOj delithi-
ates, the Co Lz edge peak shifts to a higher energy loss (780.9
eV on the uncycled electrode compared to 781.8 eV on the 5.1
V vs. Li/ Li* electrode), and the Co L3 edge onset also shifts to
higher energy losses on charging to 5.1 V vs. Li/ Li* (778.8 to
779 eV). Multiplets present on the Co L, and Co Ls-edges dis-
appear on delithiation.

The changes in peak profile, the disappearance of the multi-
plets and shift in peak energy to higher energy loss values, are
consistent with an increase in Co oxidation state, and are con-
sistent with the XRD phase changes in Figure 2. Previous XAS
work by Lapping et al. ® on LiCoPO, found that the presence of
multiplets on LiCoPO, Co L-edges suggest a Co(I) oxidation
state. Here, the lack of multiplets on the 5.1 V vs. Li/ Li*
charged electrode Co EELS edge is consistent with it being
Co(IIl)-rich. The characteristics of the Fe L-edge in LiFePO,
are similar, with multiplets disappearing in the Fe(IIl) L-edge,
and the Fe-L; peak shift shifting to higher energy losses 5.
Therefore, regions with EELS spectra which fit better to the

Co(IIT)-rich standard represent the most de-lithiated phase
found in the samples.

Co L-edge EELS spectra used as standards for MLLS fit-
ting

Cofll) Onset + Peak shifi ——— Co(ll)
—— Co(lll)-rich

Intensity
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Figure 3: EELS spectra of the Co(II) (red) and Co(III)-rich (green)
Co L-edge standards used for MLLS fitting taken at a 0.025 eV/ ch
dispersion. The Co(Il) standard was collected from an uncycled
electrode. The Co(IlI)-rich standard was collected from a LiCoPO4
electrode galvanostatically charged at 0.1C to 5.1 V vs. Li/ Li*. The
Co Ls- and Co L»-edges are labelled. The position of the Co(II)
multiplets are labelled on the Co(II) standard. The Co(III)-rich peak
and edge-onsets shift to higher energy losses. The EELS spectra
have been rescaled so the maxima on the Co L3 edge have the same
intensity /5.

A unique feature of studying the electronic structure of
LiCoPO, using STEM-EELS, rather than bulk techniques such
as XAS, is the ability to locally measure the electronic density
of states within individual particles.

Using MLLS fitting and the Co(II), and Co(IIl)-rich stand-
ards in Figure 3, the local distribution of Co(II), and Co(III)-
rich regions could be imaged across particles charged to differ-
ent voltages (Figure 4) '3. As the oxidation state shifts from
Co(Il) to Co(Il)-rich during delithiation, the maps in Figure 4
are analogous to lithiation maps across the electrode.

The Co L-edges in Figure 3 were used as standards for MLLS
fitting to map changes in Co oxidation state on spectrum images
of an uncycled electrode, and electrodes charged to 4.8 V, 4.89
V, 498 V, and 5.1 V vs. Li/ Li* on the first cycle (Figure 4).
Co(III)-rich areas (de-lithiated regions) are green on Figure 4,
and Co(II) areas (lithiated regions) are red on Figure 4. The in-
tensity of each pixel indicates how well the EELS spectrum at
each pixel matched to the Co(Ill)-rich or Co(Il) Co L-edge
standards.

Cobalt oxidation state mapping was only done for Co(II) and
Co(IIl)-rich regions as the mixed oxidation state Li»3CoPO4
could not be reliably mapped because the Co L-edge was too
similar to the Co(IT) Co L-edge. As Li,3CoPOQ; is Co(II)-rich,
areas rich in Li»3CoPOs appear red in the maps.

As expected by XRD (Figure 2) and electrochemistry (Figure
1), the uncycled and 4.8 V charged oxidation state maps are



mostly red Co(IT)-rich (Figure 4(b), and (d)), consistent with the
particles being composed of LiCoPOs.

Co(III)-rich (green regions) are present on the uncycled and
4.8 V vs. Li/ Li* maps, but these occur where the sample is
thicker, seen as the brighter regions on the HAADF images in
Figure 4(a), and (c). In thick regions poor MLLS fitting occurs
due to the change of background associated with multiple scat-
tering. To reduce thickness-related errors, cycled samples were
prepared for STEM-EELS analysis by microtoming'®

Co(III)-rich regions (green) start to form at 4.89 V vs. Li/
Li* on the edges of the particles (Figure 4(f)), consistent with Li
being extracted from the edges of particles. The Co(II)-rich re-
gions of the 4.89 V vs. Li/ Li* particles also have a mixed oxi-
dation state, consistent with partial delithiation, and potential
presence of Liy3CoPOs.

The presence of Co(IIl)-rich layers on the surface of 4.89 V
vs. Li/ Li* particles was not consistent across every particle. It
is likely that local differences in charge concentration due to the
distribution of carbon black, or the local pore distribution, may
have affected the homogeneity of the Co(IIl)-rich surface layer.
The EELS mapping results found that particles closer to the cur-
rent collector were more likely to remain Co(II) than those fur-
ther away.

The presence of mixed Co(II) and Co(III)-rich regions at 4.89
V vs. Li/ Li* is consistent with the 4.8 V vs. Li/ Li* differential
capacity peak in Figure /(b) being the LiCoPOj4 to Liy3CoPO4

Co L-edge oxidation state maps on the first cycle

HAADF Images

phase transition >*!>14, However, XRD in Figure 2 did not iden-
tify Li»3CoPOy being present at 4.89 V vs. Li/ Li*. Ex-situ EELS
and XRD were not performed on the exact same electrode. The
results in Figure 4(f) suggest Li»3CoPO4 was present at levels
undetectable by ex-situ XRD (a bulk-averaging technique) after
passing the second peak on the differential capacity peak in Fig-
ure /(b).

The EELS mapping shows that at 4.98 V vs. Li/ Li* (Figure
4(h)) the green Co(IlI)-rich regions extend further into the par-
ticles, leaving a Co(II) core. The presence of green Co(III), and
red Co(Il) oxidation states at 4.98 V vs. Li/ Li* is consistent
with presence of CoPOs, and Li»3CoPOys in the XRD patterns in
Figure 2. A red Co(Il)-rich layer is also present at the surface of
the particles (at the electrode/ electrolyte interface) (Figure 4(h
and j)). Thus EELS results are consistent with the 4.9 V vs. Li/
Li* differential capacity peak being the Li»3CoPOs — CoPO4
phase transition, corresponding to previous work> 2141719,

By 5.1 V vs. Li/ Li* (Figure 4(j)) the Co in the charged elec-
trode is mostly Co(IIl)-rich, consistent with the presence of
CoPO; identified by XRD in Figure 2. The red Co(II)-rich re-
gion observed at 4.98 V vs. Li/ Li* on the surface of the charged
particles is also present.

Increasing Potential

4.8 Vvs. Li/Li*

Uncycled
()"

Am

Oxidation State Maps @ Co(ll)-rich

489V vs. Li/l Li*

498V vs. Li/ Li* 5.1 Vyvs. LI/ Li*
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Figure 4: (a, c, e, g, and i) HAADF images, and (b, d, f, h, and j) the associated EELS Co L-edge oxidation state maps, of (a and b) an
uncycled electrode, and electrodes charged at 0.1C on the first cycle to (c and d) 4.8 V vs. Li/ Li*, (e and f) 4.89 V vs. Li/ Li*, (g and h)
498 V vs. Li/ Li*, and (i and j) 5.1 V vs. Li/ Li*. Green regions in the Co oxidation state maps are Co(IlI)-rich oxidation state, and red

regions are Co(II)-rich oxidation state /¢

The ex-situ post-mortem nature of the EELS mapping exper-
iments performed here means the results presented in Figure 4
provide snapshots of the events occurring in the cell. There is
also a possibility of ion distributions relaxing in the electrode
after the application of voltage ceased, thus any meta-stable
phases could relax to a more thermodynamically stable state.

Despite this, the ex-sifu EELS transition metal valence mapping
technique has been previously performed on LiFePO, to iden-
tify lithiation mechanisms ex-situ >, The initial formation of
Co(III)-rich regions on the edges of particles at 4.89 V vs. Li/
Li* (Figure 4 (f)) implies that de-lithiated regions of material
initially form on the edge of particles. Eventually Co(II)-rich



cores form in particles at higher concentrations (see Figure 4
(h)), suggesting Li has been extracted from the outside of the
particles, leaving a Li-rich center. It should be noted that the
appearance of the Co(IIl)-rich regions on the outside of parti-
cles at 4.89 V vs. Li/ Li* in Figure 4 (f) is not consistent across
every particle. The inconsistency is likely due to localized dif-
ferences in impedance across the electrode meaning de-lithia-
tion varies between particles.

Although the exact de-lithiation mechanism cannot be con-
clusively confirmed due to the postmortem ‘snap-shot’ nature
of the ex-situ experiments, the formation of lithium poor regions
on the outer surface of particles, and eventual formation of a Li-
rich core (demonstrated in Figure 4 (f), and (h)) corroborates a
shrinking-core de-lithiation mechanisms initially proposed by
Palmer et al. for LiCoPOj, using in-situ XRD 4. A schematic of
a potential shrinking-core mechanism is shown in Figure 5.

At high potentials (4.98, and 5.1 V vs. Li/ Li*), a Co(II)-rich
layer is observed to form on the edge of delithiated particles
(Figure 4 (h) and (j)). A Co(Il)-rich outer surface layer has pre-
viously been observed by Lapping et al. using XAS 3, and is
consistent with Li re-incorporation at the surface due to an un-
stable cathode electrolyte interphase (CEI)-type . 4.98 and 5.1
V vs. Li/ Li* are both above the breakdown potential of the LP-
30 electrolyte, and CEI layers have been previously reported on
LiCoPO; electrodes at these potentials 2!. Manzi et al. previ-
ously reported a spontaneous re-incorporation of Li at high po-
tentials due to Co(III) in CoPOy spontaneously reacting with al-
kyl carbonates in F-containing electrolytes which would result
in a reduction of Co(III) to Co (II) at the surface .

The Co(II)-rich surface feature is not consistent across all
particles in Figure 4(h) and (j). Our previous work imaging CEI
layers on LiCoPO, with helium ion microscopy demonstrated
that CEI layers on LiCoPO,4 form with inhomogeneous thick-
ness variations, and are unstable 2!. The inconsistency in the
Co(I)-rich layer could have arisen due to an inhomogeneous
CEI However, it was not possible to verify the CEI inhomoge-
neity here due to the microtome sample preparation destroying
any CEL

Overall, the results here corroborate a shrinking-core mech-
anism proposed previously by Palmer et al. '*. The added spatial
sensitivity of the EELS valence technique suggests Li re-incor-
poration at higher potentials as a result of electrolyte attack. The
EELS technique also shows the spatial distribution of the
Co(III)-rich and Co(II) rich regions and effect of inhomogenei-
ties within the electrode on electrochemical activity.

Schematic of a potential LiCoPQ4delithiation mechanism
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Figure 5: Schematic of the proposed shrinking-core delithiation
mechanism experienced by LiCoPOs at increasing potentials, V vs.
Li/ Li*. Red= Co(II)-rich, and green-striped= Co(III)-rich.
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O K-edge

To check if O was also redox active, EELS spectra of the O
K-edge were also taken (Figure 6). The EELS mapping tech-
nique enabled the changes in the O K-edge to be spatially cor-
related with changes in the Co L-edge. The O K-edges in Figure
6 were extracted from Co(Il)-rich areas on an uncycled elec-

trode (red), and Co(IIl)-rich areas on an electrode charged to 5.1
V vs. Li/ Li* (green).

The O K-edges extracted from the Co(Il), and Co(IlI)-rich
regions have a similar shape. The O K-edge spectra in Figure 6
were deconvolved using the Fourier-ratio method as the pres-
ence of C in the electrode caused the effects of plural scattering
to be worse at the O K-edge due to the proximity of the O K-
edge to the C-K edge.

A pre-edge feature occurs at 533.3 eV on the Co(III)-rich re-
gion extracted O K-edge in Figure 6. The pre-edge is consistent
with O-2p hybridization with empty Co 3d states when Co is in
the 3+ oxidation state 5. O K-edge XAS measurements of
LiCoPO, have previously measured Co-O hybridization of the
O 2p states with the Co 3d states ®.

O K-edge EELS spectra collected on the first cycle
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Figure 6: EELS spectra of the O K-edge taken at a 0.025 eV/ ch
dispersion extracted from Co(II)-rich regions (red) of an uncycled
LiCoPOs electrode, and Co(III)-rich regions (green) of a 5.1 V vs.
Li/ Li* electrode. The O K-edge, and Co-O hybridization pre-edge
feature are labelled. The EELS spectra have been rescaled so the
maxima on the O K-edge edge have the same intensity /¢



To confirm that the presence of the hybridization pre-edge
was directly correlated with the presence of Co(III)-rich regions
across the charged electrode, O K-edge maps (Figure 7(c)) were
created with the O K-edge standards in Figure 6, and compared
with Co L-edge oxidation state maps (Figure 7(b)) in an elec-
trode charged to 5.1 V vs. Li/ Li* (Figure 7) '8. In the sample
examined, Co(II)-rich regions were still present at the center of
the particles surrounded by Co(IlI)-rich regions on the outside
of particles, similar to the 4.98 V vs. Li/ Li* charged electrode
shown in Figure 4(h).

Comparing the distribution of Co(II)/Co(IIl) oxidation states
within two different electrodes charged to 5.1 V vs. Li/ Li* on
the first cycle, the proportion of Co(I)-rich regions remaining
is higher in the particles mapped in Figure 7(b) compared with
sample Figure 4(j). Provisional mapping of electrodes cross-
sectioned by microtome suggested that particles positioned
closer to the current collector (further from the anode) were
more likely to be Co(II)-rich in electrodes charged to 5.1 V vs.
Li/ Li*.

Correlating the distribution of the Co oxidation states and the
oxygen hybridization using comparative EELS maps in Figure
7, the O K-edge pre-edge feature distribution broadly matches
the Co(III)-rich distribution, showing that the EELS hybridiza-
tion pre-edge is a feature of Co(Ill)-rich regions of delithiated
LiCoPOy particles. This is likely due to extra density of states
available in the Co(IIl) configuration for hybridization (O-2p-
Co-3d), as explored using DFT modelling by Lapping et al. &.
Hence the EELS analysis shows that O is also redox active in
LiCoPOy at high potentials (above 4.9 V vs. Li/ Li").

It should be noted that the O K-edge spectrum image in Fig-
ure 7(c) is noisier than the Co L-edge. Due to the comparatively
low intensity nature of the O K-edge pre-edge (see Figure 71),
the pre-edge signal in the EELS spectra at each individual pixel
was noisier than the Co L-edge features, resulting in a poorer O
K-edge fit than for the Co L-edge.

EELS spectrum images of delithiated LiCoPO4 particles
showing Co(III)-rich regions match regions which have a
Co0-0 hybridization pre-edge on the O K-edge.

HAADF Image
(a) (b)

Co L-edge

O K-edge
(c)

@ coi)-rich @ No pre-edge
@ coi-rich @) Pre-edge

Figure 7: (a) HAADF image, and the associated EELS (b) Co L-
edge oxidation state map, and (c) O K-edge map, of an LiCoPO4
electrode charged to 5.1 V vs. Li/ Li* on the first cycle. Green re-
gions on the Co L-edge map in (b) are Co(IlI)-rich, and red regions
are Co(II)-rich. Green regions on the O K-edge map (c) have been
fit to the O K-edge standard with the Co-O hybridization pre-edge
in Figure 6, and red regions have been fit to the O K-edge standard
with no pre-edge feature (Figure 6) /%,

First Cycle: Structural Imaging and SAED

To investigate if the observed changes in Co oxidation state
correlated with structural change in the charged LiCoPOs elec-
trode particles, high resolution TEM (HRTEM) imaging %, and
SAED were performed on microtomed samples (Figure 8). The
amorphous carbon coating is visible on the TEM image of the
edge of a 4.89 V vs. Li/ Li* charged particle in Figure 8(a).
EELS C K-edge mapping of the carbon layer on a pristine
LiCoPOy particle is shown in the supplementary information.

HRTEM imaging of LiCoPOy electrode particles charged to
4.89 V vs. Li/ Li* shows a 3 nm surface layer underneath the
amorphous carbon coating with different contrast to the bulk of
the particle. SAED of the inner cores of particles charged to
4.89 V vs. Li/ Li* confirmed the presence of LiCoPOs, con-
sistent with XRD in Figure 2. The presence of an outer layer on
the surface correlates with the location of an observed Co(III)-
rich region on the surface of 4.89 V vs. Li/ Li* charged particles
in Figure 4(f). This is likely due to preferential delithiation from
the edges of the particles, consistent with the shrinking-core
delithiation mechanism outlined in Figure 5.

Figure 8(b) shows a 5.1V vs. Li/ Li* charged particle imaged
by HRTEM down a [1 -2 3] zone axis. The particle was identi-
fied from SAED as Li»3CoPOs, and other regions indexed on
the same electrode sample were found to be CoPO, (see supple-
mentary information). The exact position of the particle relative
to the current collector is unknown, so the particle may have
been located further from the anode (in a more lithiated region)
than the particles measured using EELS (Figure 4 (j)).

Using HRTEM imaging it is difficult to distinguish phase
transitions and the location of the interfaces between LiCoPOy,
Li»3CoPOs, and CoPOy, by changes in lattice spacing as the dif-
ferences in unit cell sizes, and hence lattice fringe spacings, are
small. The potential growth of a surface layer of Li»3CoPO4 on
the particle in Figure 8(a) would only result in a 2.27 % unit
cell volume shrinkage from LiCoPOy to Li»3CoPOs4 (from XRD
in Figure 2), and measureable changes in fringe spacing are not
apparent (Figure 8 (a)). A surface layer is also not apparent on
the 5.1 V vs. Li/ Li* particle (Figure 8 (b)) for similar reasons.

For the particles imaged by HRTEM (Figure 8), the lattice
contrast is maintained between the bulk and the surface layers
on both Figure 8(a) and (b), consistent with all 3 phases present
during charging maintaining Pnma crystal symmetry. The con-
tinuation of the atomic layers, also indicates that the interfaces
between phases present in the particles in Figure 8§ are predom-
inantly coherent, consistent with XRD analysis by Strobridge et
al.>.



(a) Surface layer formation at 4.89 V vs. Li/ Li*
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Figure 8: TEM images of (a) edge of a LiCoPOs particle charged
to 4.89 V vs. Li/ Li* showing a surface layer beneath the carbon
coating, and (b) the edge of a particle charged to 5.1 V vs. Li/ Li*
and the associated Li23CoPOs [1-23]za SAED pattern /.

Later Cycles: Electrochemical Characterization

The LiCoPOj; cells cycled here suffered severe capacity loss
after 10 cycles (128 mAh g''- 14 mAh g™"). To examine the evo-
Iution of electrochemical behavior with cycle number, the
charging differential capacity curves of cycle 1, 5, and 10 are
compared (Figure 9) '8,

The first cycle differential capacity curve in Figure 9 is from
the same sample as in Figure /(b) with 3 peaks at 4.7, 4.8, and
4.9 V vs. Li/ Li*. Comparison of the differential capacity curves
in Figure 9 shows that after 5 cycles, 2 peaks at 4.8 V vs. Li/
Li*, and 4.95 V vs. Li/ Li* are present, but with lower gravimet-
ric capacities than the peaks on the first cycle (28 mAh g'!, and
38 mAh g! respectively). Assuming these two peaks represent
the capacity gained by delithiation of LiCoPQs, the relative con-
tribution of the 4.8 V vs. Li/ Li* peak to the delithiation of re-
maining active LiCoPO, (LiCoPOs — Li»3CoPOy) is similar,
being 39% 1* cycle and 38% 5" cycle. The relative contribu-
tions 39%, and 38 % were calculated by the peak specific ca-
pacity divided by the sum of the specific capacities of the two
peaks.

For the fifth cycle differential capacity curve (Figure 9), it is
unclear why the highest voltage capacity peak occurs at a higher
potential on the 5" cycle (4.95 V vs. Li/ Li* ) compared to the
I*cycle (4.9 V vs. Li/ Li* ) in Figure 9, but the discrepancy may

be due to differences in impedance between different elec-
trodes.

After 10 cycles, peaks in the differential capacity curve in
Figure 9 are no longer evident.

Differential capacity curves at different cycle numbers
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Figure 9: Differential capacity against voltage curves for LiCoPO4
electrodes charged to 5.1 V vs. Li/ Li* at 0.1C on the 1% cycle
(blue), 5™ cycle (pink), and 10t cycle (green). The specific capaci-
ties calculated from the area under the large differential capacity
peaks for the 1% and 5" cycles are shown on the graph /%,

Later Cycles: Bulk Structural Characterization

XRD

Ex-situ XRD patterns were taken of electrodes charged to 5.1
V vs. Li/ Li* after 1, 5, and 10 cycles, and compared to an
uncycled electrode (Figure /0) to confirm which phases are pre-
sent. Figure 710 shows that CoPOs, and Li,3CoPO; are present
after charging to 5.1 V vs. Li/ Li* on the 1* and 5" cycles. Under
these conditions, the presence of CoPOy, (Figure 10) indicates
that the electrodes were redox active at the 1* and 5™ cycles.

Phase proportions were calculated from the XRD patterns in
Figure 10. The relative proportion of CoPO4 found in electrodes
charged to 5.1 V vs. Li/ Li* decreased from 58.1 % at the 1*
cycle to 15. 6 % by the 5" cycle. Less CoPOq at 5.1 V vs. Li/
Li* on the 5" cycle is consistent with the loss in capacity by the
5t cycle.

By the 10" cycle no CoPOy, or LiysCoPO, were detected in
the charged electrode samples by XRD, only residual LiCoPO4
(see Figure 10). The lack of measureable CoPO4 and Li>3CoPOs
is consistent with the lack of peaks in the differential capacity
curve in Figure 9 by the 10™ cycle indicating severe curtailment
of the desirable delithiation phase transformations. An issue
with ex-situ methods is self-discharge can occur between cy-
cling and decrimping'!, which may account for the lack of
measured CoPO, and Liy3CoPO4 despite a small observable
discharge capacity (14 mAh g™). It is likely the proportion of
CoPO,, and Li»3CoPOy4 was simply too small to be observed by
XRD by the 10" cycle.



XRD patterns collected at different cycles
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Figure 10: Ag ka XRD patterns of an uncycled LiCoPOs4 electrode
(orange), and LiCoPOu4 electrodes charged to 5.1 V vs. Li/ Li* on
the 1% cycle (blue), 5™ cycle (pink), and 10™ cycle (green). High
intensity reflections have been identified as originating from (!)
CoPOy4, (*) Li23CoPOs4, and (+) LiCoPO4 /8.

Later Cycles: S/TEM-EELS Characterization

EELS Co L-edge Oxidation State Mapping

To confirm if a loss in capacity in charged LiCoPO, elec-
trodes correlated to changes in the Co oxidation states and
EELS Co L-edge shape, Co L-edges were extracted from the
most Co(IlI)-rich regions of electrodes charged to 5.1 V vs. Li/
Li* after multiple cycles '®. To find the most Co(IIl)-rich re-
gions, oxidation state maps were generated using the standards
in Figure 3, and the EELS edges extracted from the areas MLLS
fitting attributed to the Co(IIl)-rich standard.

The uncycled, and 1* cycle spectra are the same spectra as in
Figure 3. The Co L3 peak shifted from 781 to 782 eV on charg-
ing to 5.1 V vs. Li/ Li* on the first cycle, and the Co(Il) multi-
plets disappeared on the Co L3 and Co L,-edges after charging
to 5.1 V vs. Li/ Li* on the first cycle.

After 5 and 10 cycles Co L-edge spectra from electrodes
charged to 5.1 V vs. Li/ Li* contain both Co(II)-rich and Co(II)-
rich characteristics. Co(II) multiplets are observable on both the
Co L3, and Co L,-edge of both the 5, and 10 cycle Co L-edges
(Figure 11). The Co L-edge onset also occurs at the same energy
loss as the uncycled Co(II)-rich standard for both the 5" and 10®
cycle electrodes (779 eV). Despite these Co(Il)-rich character-
istics, the Co Ls-edge peak occurs at the same energy loss as the
Co(III)-rich standard for both the 5" and 10* cycle electrode
(782 ¢eV).

The existence of mixed Co(II) and Co(III) characteristics for
the EELS spectra from the charged 5" cycle electrodes corre-
lates with a higher proportion of Li»3CoPO4 measured by XRD,
compared with the 1% cycle electrode (84.4 % and 41.9 %
Li>3CoPOy after charging to 5.1 V vs. Li/Li* on the 1* and 5%
cycles respectively).

The examined 10" cycle electrode had less Co(Il) character-
istics in the EELS Co L-edge (taken from the most Co(III)-rich
regions) than the 5 cycle electrode (Figure /1), which is unex-
pected. The results were consistent across 3 different areas of
the samples. The differential capacity curves in Figure 9 show
a lower capacity for the LiCoPOy after 10 cycles compared to 5
cycles, and the XRD patterns (Figure /0) did not detect any

Co(III) containing Li»3CoPQO4 or CoPOy after 10 cycles (which
were detected in the 5 cycle XRD analysis).

This result suggests that after 10 cycles the Co(III) detected
by EELS analysis is locally concentrated in delithiated com-
pounds which are not overall detectable by XRD, due to low
overall concentration or potentially lack of long range order >,
and which do not provide significant capacity contribution.

Co L-edge EELS spectra collected at different cycles
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Figure 11: EELS Co L-edge spectra taken at a 0.025 eV/ ch energy
dispersion of an uncycled LiCoPOs electrode (orange) and
LiCoPOs electrodes charged to 5.1 V vs. Li/ Li* on the 1% cycle
(blue), 5™ cycle (pink), and 10 cycle (green). Co(II) multiplets oc-
curred on the uncycled, 5, and 10 cycle EELS spectra. The edge
onset and peak of the Co Ls-edge EELS spectra with more Co(I1I)
elements shift to higher energy losses. The EELS spectra have been

rescaled so the maxima on the Co L3 edge have the same intensity
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EELS O K-edge

A consequence of the shrinking core mechanism, with CoPO4
forming initially on the particle outer surface and with associ-
ated Co-O hybridization, is that it is likely there will be O loss
from CoPOy, particularly as it forms near the particle/electrolyte
interface. The presence of Co(Il) on the surface of the particles
at4.98 V, and 5.1 V vs. Li/ Li* (above the breakdown potential
of the electrolyte) in Figure 4 (h) and (j) is a further indicator of
electrolyte induced damage.

To examine if the level of Co-O hybridization was affected
on the 5" and 10" cycles by the increase in Co(Il) characteristics
within the Co(IIl)-rich regions of electrodes charged to 5.1 V
vs. Li/ Li*, O K-edges were compared (Figure /2(a)). The O K-
edges in Figure 72(a) were taken with a 0.1 eV/ ch energy dis-
persion and are averages across the entire spectrum image (con-
taining both Co(II) and Co(IIl)-rich regions). The O K-edge
spectra were deconvolved to remove contributions from plural
scattering.

Figure 712(a) shows that for an uncycled electrode, no Co-O
hybridization peak occurs, whereas for an electrode charged to
5.1 V vs. Li/ Li* on the 1* cycle, a Co-O hybridization peak
occurs at 531 eV. The 1* cycle Co-O hybridization peak pre-
sented in Figure 72 has less relative intensity to the O K-edge
than the hybridization peak of a similarly charged electrode in



Figure 6 because the O K-edge in Figure /2 also includes con-
tributions from Co(Il)-rich regions of sample, whereas the O K-
edge in Figure 6 was extracted from Co(III)-rich regions only.

After cycling to 5.1 V vs. Li/ Li* on the 5* and 10" cycles,
the O K-edge pre-edge peak is no longer present. The O K-edge
shape of the charged 5" and 10" cycle electrodes is also identi-
cal to the uncycled electrode. The O K-edge was also examined
for regions which mapped to Co(III)-rich by MLLS fitting (pro-
ducing the Co L-edges in Figure /7) on the 5" and 10" cycle
(although not presented). No O K-edge pre-edge features were
observed on any measured areas on the 5" and 10" cycle
charged electrodes (sample maps are shown in Figure 72(b).

The lack of O K pre-edge indicates no Co-O O-2p-Co-3d ?
bond hybridization at the 5™ and 10" charge cycles. Reduced
Co-O bond hybridization at later cycles occurs in conjunction
with the Co L-edge containing more Co(II) characteristics at the
5% and 10™ cycles (Figure /1), consistent with the pre-edge be-
ing an indicator of Co(III)-rich regions (similar to the O K-edge
in Fe(IIHPO, ).

Maps showing how the presence of the O K-edge pre-edge
compares with Co(Il), and Co(IIl)-rich regions are also shown
in Figure 72(b-g). Similar to the maps in Figure 7, the presence
of the pre-edge peak on the O K-edge spectra correlates with
the location of Co(IlI)-rich sample. The maps confirm the pres-
ence of the O K-edge pre-edge peak is consistent with the pres-
ence of Co(Ill), in a similar manner to LiFePO, . The first cy-
cle charged map shows that the particle surface, identified as
Co(II)-rich, also lacks a pre-edge O K-edge feature, further con-
firming the surface of the particle is Co(II)-rich at high poten-
tials.

It is likely no O-2p-Co-3d hybridization was observed at later
cycles because the delithiation process is inhibited during later
electrode cycles, resulting in significantly reduced Co(III) dis-
tribution. This is confirmed by the lack of CoPOy in the XRD
patterns after 10 cycles in Figure /0. Therefore, at later cycles,
degradation resulted in an inability for LiCoPOj to delithiate.

Considering cathode degradation mechanisms, analysis of
cycled LiCoPO4 by Helium Ion Microscopy (HIM) and SIMS
2l indicates that the electrode particles undergo significant
thickening of CEI layers with cycling, which can inhibit deli-
thiation processes. Li-rich regions have also been found on the
surface of charged LiCoPOy particles by SIMS 2!, consistent
with loss of capacity due to Li trapping in the CEI or reincorpo-
ration of Li into the structure !!. Degradation may also be related
to anti-site defect formation during prolonged cycling, de-
scribed by Ikuhara et al. 7. Anti-site defects cause blockages in
the Li channels, preventing delithiation of LiCoPOy at later cy-
cles, which may contribute to the reduction of Co(IlI)-rich re-
gions at later cycles. Li K-edge mapping would be required to
identify which mechanism has a greater effect on the degrada-
tion of LiCoPOs.

For the shrinking core delithiation mechanism observed here
(Figure 5), given that CoPO4 (Co(Ill)) forms on the edge of
LiCoPOy particles where it is more susceptible to electrolyte
damage, and that the tendency for Co in CoPOy to hybridize
with O indicates structural instability, efforts to improve the cy-
clability of LiCoPO, should focus on stabilizing the CoPOy
phase.

O K-edge EELS spectra collected at different cycles
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Figure 12: (a) EELS spectra of the O K-edge at a 0.1 eV/ ch energy
dispersion of an uncycled LiCoPOs electrode (orange-dash-dot)
and LiCoPOs electrodes charged to 5.1 V vs. Li/ Li* on the 1% cycle
(blue-solid), 5" cycle (pink-dotted), and 10 cycle (green-dashed).
The Co-O hybridization pre-peak and O K-edge are labelled. The
EELS spectra have been re-scaled so the O K-edge peak has the
same intensity. (b), (d), (f) Co L-edge and (c), (e), (g) O K-edge
maps of particles charged to the 5.1 V vs. Li/ Li* on the (b), (c) 1%,
(d), (e) 5™ and (f), (g) 10% cycles labelled as 1C, 5C, and 10C re-
spectively. Red regions on the Co L-edge maps represent Co(Il)-
rich regions, and green regions represent Co(IIl)-rich regions.
Green regions on the O K-edge maps represent regions with a pre-
edge, whilst red regions do not have an O K-edge pre-edge %.

Conclusion

Co valence state EELS mapping has been used here to visu-
alize the delithiation mechanisms of high voltage battery mate-
rial, LiCoPQj. The ability to spatially correlate the phases pre-
sent during delithiation mapped by EELS with concurrent elec-
trochemical behavior has found that Co(IIl)-rich regions, con-
sistent with lithium poor regions, initially form on the surface
of LiCoPOy particles. De-lithiation from the surface corrobo-
rates a shrinking-core mechanism previously identified through



in-situ XRD '*, Eventually, the unstable Co(III)-rich, CoPOy
phase forms on the surface of particles during delithiation. Co-
O bonds hybridize via O-2p-Co-3d as a result of CoPO; for-
mation. At higher potentials, a Co(II)-rich layer forms on the
surface of the LiCoPOjs particles. The presence of unstable
CoPOy, and associated O-2p-Co-3d hybridization on the surface
of particles, leaves the Co(III)-rich phase formed open to attack
from the electrolyte at high potentials, resulting in lithium re-
incorporation at the surface, a Co(Il)-rich surface and further
capacity loss. Further cycling results in reduced Co-O hybridi-
zation and a more Co(Il)-rich electronic structure, suggesting
capacity is lost due to retained Li within the electrode structure.
The results suggest strategies stabilizing the CoPO4 phase, or
shielding CoPO, from electrolyte attack and the associated con-
sequences of Co-O hybridization could improve the cyclability
of LiCoPOs.
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