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The influence of the initial Li/Co stoichiometry in LiCoO, (LCO) (1.00 < Li/Co < 1.05) on the
phase transition mechanisms occurring at high voltage during lithium de-intercalation
(V >4.5vs. Li*/Li) was investigated by in situ X-ray diffraction. Even if the excess Li* in
Li1.024C00.97601.976 doesn’t hinder the formation of the H1-3 and O1 phases, the latter are obtained
at higher voltages and exhibit larger ¢ parameters compared to their analogues formed from
Li1.00C002. We also showed that for the stoichiometric Li1.00C002, the de-intercalation process is
more complex than already reported, with the formation of an intermediate structure between H1-3

and O1.
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Layered LiCoO; (LCO) crystallizing in the R-3m space group has been extensively studied
for years as positive electrode material for Li-ion batteries (LiBs) since its discovery by
Goodenough?. Still today, it is one of the most common materials in commercial LiBs used in
portable electronics, thanks to its great ability to reversibly de-intercalate and re-intercalate lithium
over thousands of cycles up to 4.3 V vs. Li*/Li (equivalent to 4.2 V vs. graphite). Up to this voltage,
approximately x = 0.62 Li can be extracted corresponding to a charge capacity of about 174 mAh/g

vs. Li*/Li.

Li* ions removal is accompanied by an insulator — metal transition? occurring at 3.95 V
leading to a biphasic domain followed by a reversible structural change from a rhombohedral to a
monoclinic phase (O3 — O’3) observed at x = 0.5 due to Li*/vacancy ordering®*. Both phenomena
can be clearly identified on the LiCoO2//Li electrochemical cycling curve and have contributed to
make it a very typical signature of the stoichiometric LiCoO- (noted st-LCO in the following). In
fact, as shown by Levasseur, st-LCO is the end member of a Li1[LitC01-]O2-t solid solution where
extra lithium ions occupy the cobalt site; the electrical neutrality being insured by oxygen
vacancies®. The material prepared with Li/Co > 1.00 will be called overlithiated LiCoO, (noted
overl-LCO in the following) (Supporting information-S1). Even if the solid solution range is very
narrow t < 0.04, the effect on the electrochemical behavior is significant vs. st-LCO; as a result of
the Li-excess defects and entropy increase, the two-phase domain and the monoclinic distortion
disappear while cycling at room temperature. The presence of oxygen vacancies leads to the
formation of intermediate spin Co®" which are indirectly detected by ‘Li NMR, making this

technique the best way to characterize Li-overstoichiometry®®.

Increasing the charge voltage higher than 4.3 V vs. Li*/Li would enable the extraction of

more Li* ions and reach charge capacities higher than 174 mAh/g. In this state of charge range, a



dramatic degradation of cycling performance prevents industrial applications. In particular,
structural transitions and electronic evolutions at such high voltages are believed to be root causes
of material degradation and cell failure (electrolyte oxidation and oxygen loss on the particle
surface, cobalt dissolution resulting in destabilization of anode SEI, particle fracturing and loss of
electrical contact...). In the last years, many strategies have been explored to overcome these
issues, by either: i) slightly tuning the initial chemical composition of LCO with the substitution of
some Co®" ions with many different dopants such as Mg, Ti or Al’-%, or ii) changing the surface
composition of the LCO particles, coating metal oxides*?, fluorides'®>'4, phosphates'® and
carbonates?®, In the meantime, least attention has been given to a more fundamental knowledge
about the mechanisms of structural changes in the LCO system. Even if a few articles!’~2° have
identified two major topotactic phase transitions from O3 — H1-3 — OL1 structures occurring
above 4.4V vs. Li*/Li, the possible influence of the initial Li/Co stoichiometry on those
mechanisms has not been investigated yet. In this paper, we aim to better evidence the structural
transitions occurring at high voltage depending on the Li/Co stoichiometry of the pristine LCO
phase and particle size. ‘Li magic angle spinning nuclear magnetic resonance spectroscopy
("Li MAS NMR) was used to properly assess the Li/Co stoichiometry of the samples. In situ
operando X-ray diffraction was used to characterize the structural transitions occurring at high

voltage (up to 5 V).

In a preliminary study we demonstrated that the particle size of the LCO materials in the um
range (2 - 4 um vs 10 - 30 um) did not affect the phase transition mechanisms occurring at high
voltage (Supporting information S2). We will thus focus the discussion here on the impact of the
initial  lithium content xo (correlated to the initial Li/Co stoichiometry, as

Li/Co = (1+t)/(1-t) = xo/ (1-t)). We selected two samples: (i) a stoichiometric LiCoO> (denoted as



“st-LCO”) with Li/Co = 0.99 and Dso = 34 um, (ii) an overlithiated Li1.024C00.97601.976 (denoted as
“overl-LCO”) with Li/Co = 1.05 and Dsp = 15 pum. General characterization of the two samples is
provided in Supporting Information (Figure S3). The layered structure of st-LCO and overl-LCO
is confirmed by the XRD patterns (both indexed in the R-3m space group). Additionally, traces of
Co0304 are detected for st-LCO, as expected for a sample prepared with an initial Li/Co ratio of
0.99. No clear change of cell parameters can be observed depending on the initial Li/Co
stoichiometry of the two samples. Substantial differences between st-LCO and overl-LCO can only
be found in their 'Li MAS NMR spectra. Indeed, the ‘Li MAS NMR spectrum for st-LCO shows
a single diamagnetic signal centered at -0.4 ppm, while several more signals are detected for
overl-LCO. This is a clear confirmation that st-LCO is, indeed, stoichiometric, as its only signal
arises from the presence of a low spin state diamagnetic (LS) Co®*" environment. The additional
signals observed for overl-LCO — whose exact assignation is still unknown — are though confirming
the presence of paramagnetic intermediate spin 1S-Co3* cobalt ions formed due to the presence of
Li in the Co site associated with an O vacancy®®. As these differences have already proven to
significantly change the electrochemical behavior of LCO samples, the corresponding
electrochemical cycling curves obtained using the two LCO samples vs. Li in coin cells cycled in
the 3.0 - 4.7 V and 3.0 - 5.0 V voltage ranges are provided in Figure 1. As already reported, the
two samples exhibit different shape in the low voltage domain (no plateau at 3.95 V and no phase
transition at x = 0.5 for overl-LCQO). In the high voltage domain up to 4.7 V the profiles differ: i)
upon charge, a small plateau can be observed at 4.53 V for st-LCO, well evidenced by the narrow
and intense peak on the dx/dV curve, whereas a broader contribution is observed for such potential
for overl-LCO; ii) upon discharge from 4.7 V, st-LCO sample does clearly exhibit two successive
plateaus at 4.52 V and 4.48 V, whereas overl-LCO exhibits only one plateau at 4.45 V. A larger

irreversible capacity loss is systematically observed for overl-LCO independently of the applied
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cut off voltage. Last and for both samples, a large polarization is observed when the batteries are

cycledupto5V.
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Figure 1. 1% cycle for st-LCO (xo = 1.00) and overl-LCO (xo = 1.024) at C/30 as positive electrode in

Li//LCO cells at two cutoff voltages (4.7 V and 5.0 V) (a). Associated dx/dV curves for the high voltage

window 4.3 - 5.0 V (b).

In order to better understand those phenomena, we recorded in situ operando XRD patterns

in the high voltage range for both LCO samples. In Figure 2, we plotted the patterns collected for



the most intense (0 0 f) diffraction line upon charge in two relevant voltage domains for more

clarity: 4.20 - 4.60 V (a, b) and 4.55 - 5.0 V (c,d), respectively corresponding to the successive
03 -H1-3 and H1-3 - O1 phase transitions already reported in the literature for supposedly
Li-stoichiometric samples only?°2%, For a better understanding of the mechanisms, we also plotted

the evolution of the d(o 0 interslab spacing as a function of the voltage in Figure 3. At~ 4.20 V vs

Li*/Li, the two compounds exhibit a single sharp intense diffraction line, corresponding to the
(0 0 3) diffraction peak of a O3-type LixCoO- structure with a similar interslab distance for the two
materials (doos) =4.81A), higher than the one of the pristine materials (dpo3) =4.68 A).
At 4.20 V vs Li*/Li, approximately 0.4 Li* ions are remaining in both LCO compounds. A
schematic representation of the O3 structure is given in Figure 3. As we slowly further
de-intercalate Li* ions up to 4.55 V, the interlayer distance d o 3) decreases as revealed by the shift
of peak position on Fig. 2a and 2b. This signal also undergoes a clear broadening assigned to the
competition between nucleation and growth of O1-type stacking faults into the O3-type matrix. No
other significant change is observed for this (0 0 3)os peak before the appearance of a new peak at
4.53 V and at 4.57 V for st-LCO and overl-LCO, respectively. This peak corresponds to the (0 0 6)
diffraction line of the H1-3-type structure (depicted in Figure 3). For st-LCO, the associated
average interlayer distance dpos) is 4.51 A, meaning that the corresponding Chex. parameter is
approximately 27.06 A, in good agreement with the value reported by Dahn’s group?® (27.07 A).
Despite the presence of defects in the pristine overl-LCO, the H1-3 phase is formed during Li* de-
intercalation but appears at slightly higher voltage and does exhibit a higher interlayer distance
(dooe) = 4.55 A). The slab distance range observed for the intermediate H1-3 phase is also different
for the two compounds: very narrow for st-LCO (d varies between 4.51 A and 4.46 A) and larger

for overl-LCO (d varies between 4.55 to 4.45 A).
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Figure 2. [2 columns] Cumulated XRD patterns recorded in situ operando during the charge of st-LCO and

overl-LCO, plotted as a function of doy spacing in the 4.20 — 4.55V (or 4.60 V) vs. Li*/Li voltage range (a,



b) and in the 4.55 (or 4.60 V) - 5.00 V (c, d) range, respectively corresponding to the successive O3 — H1-
3 and H1-3 — O1 phase transitions. The black arrows show the evolution of the patterns towards the charge.
Figure (e) is dedicated to a comparison of patterns obtained at the very end of the charge, as we maintained

a constant potential reaching E = 5.0 V. The peak identified with (*) is a line from the cell.

Upon further charge up to 5 V, the mechanism observed for the two materials are clearly
different (Figure 2c and d). For st-LCO, whereas a single transition from H1-3 to O1 structural
type is expected from literature'®2%21 we first observe a gradual broadening and asymmetry of the
(0 0 6)H1-3 diffraction line towards the lower d values, then the appearance of two new “diffraction
lines” corresponding to d = 4.36 A and 4.23 A, both still very broad. The line at 4.23 A can be
assigned to the (0 0 1) diffraction line of the O1 structure type already reported in the 1990’s by
Amatucci et. al'®, but the line located at 4.36 A was not reported so far and might result from
intergrowth between H1-3 and O1 structures. The appearance of the new peak at 4.36 A is better
seen on the XRD pattern, after we applied a potentiostatic step at E = 5.0 V for several hours
following the charge of the compound and recorded a few more patterns (Figure 2e). Since it is
located for intermediate d-values between H1-3 and O1 phases, we propose that the intergrowth
between these structures is not completely random, thus forming an intermediate stacking. Its
formation could be a way to minimize the internal constraints due to the strong d-interslab space
diminution from H1-3 to O1 for the system. Note that even after a long floating at 5V, the
diffraction lines for the three phases (H1-3, intermediate and O1) are still observed (Fig. 2e). In
any case, from their peak broadening, those structures may contain a high number of stacking faults
resulting in overall structural disorder. For overl-LCO, the mechanism is different, no intermediate
peak is observed: the H1-3 structure gradually transform into an O1 structure with the formation

of several intermediate stacking faulted structures, with a continuous process.



In addition, it can be noticed that the final O1 structures obtained from both st-LiCoO- and
overl-LiCoO: show significant differences regarding their respective interslab spacing. Indeed, a
lower value for st-LCO (doox = 4.23 A) sample is obtained, as compared to overl-LCO

(doo1 = 4.31 A) sample. This could be related to the presence of vacancies in the Co1-tO2-t slabs.
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Figure 3. [2 columns] Plot of the average interlayer distance d(0 0 £) for each phase formed during the
charge of st-LCO and overl-LCO as function of E vs. Li*/Li. The values for d(0 0 {) are reported for each

XRD pattern shown in Figure 2. For better understanding, structures for all phases are schematically
depicted in small boxes, on the right of the figure. The blue octahedra are CoOg units, while the yellow ones

are possible LiOg. Letters in red represent the oxygen stacking, each letter corresponding to an oxygen

position as followed: A (00 za); B (% % zg); C (% ' zc).

Following the conclusions on the effect of the initial Li/Co stoichiometry on Li*

de-intercalation process at low voltage (below 4.4 V) for LCO materials, we showed that the initial
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Li/Co stoichiometry also affect the mechanisms involved at high voltage. The successive structural
transitions from O3 to H1-3 and O1 phase are observed for both samples, but these phases appear
at higher voltage and does exhibit different cell parameters for an overlithiated compound. Note
that less volume changes are obtained for the overlithiated compound despite a higher irreversible
capacity, that may therefore be due to some structural reorganization, stronger electrolyte oxidation
and cobalt dissolution. We also showed that for the stoichiometric LCO, the de-intercalation
process occurring at high voltage is more complex than already reported, with the formation of an
intermediate phase between H1-3 and O1. Further investigation using synchrotron XRD will be

required to better understand those phenomena.
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Experimental methods

Different LCO samples were provided by Umicore with various Li/Co stoichiometries and

particle sizes.

Powder X-ray diffraction (XRD) patterns were collected on a PANalitycal X'pert PRO
MPD diffractometer in Bragg-Brentano 0-6 geometry equipped with a Fe filter, a spinner and
X'Celerator multi-strip detector. Each measurement was made within an angular range of 26 =
10 - 120° and lasted for 15 hours with 0.016° intervals. The Co-Ka radiation was generated at 35

kV and 30 mA (MKa1) = 1.789 A; MKe2) = 1.793 A).

"Li MAS NMR spectra were recorded on a Bruker 300 Avance spectrometer at 116 MHz (7.05 T
magnet), with a standard 2.5 mm Bruker MAS probe. A Hahn echo sequence [tw2-tl-tz-72]
synchronized with one period of rotor rotation was used for a 30 kHz spinning frequency. The 90°
pulse duration was equal to tr> = 2.0 us was determined using a LiCl 1 M solution. A recycle time
of Do = 40 s was used for st-LCO, whereas a shorter Do = 2s was enough for the overl-LCO sample,
to avoid T1 saturation effects.

Scanning electron micrographs (SEM) were taken using a Hitachi Model S-4500

microscope after metallizing the powders with gold.

For BET (Brunauer, Emmett et Teller) measurements, we used Micromeritics, TriStar 1l
3020 equipment. A nitrogen gas was applied for sample flushing at 300°C for 1 h and helium gas

for measurement at 25°C.

Inductively Coupled Plasma (ICP) measurements were carried out on Agilent ICP-720ES
equipment after sample digestion using hotplate heating in concentrated HCI solution. A "4-point"

method was used.
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LCO:C:PVDF electrodes (90:5:5 %w:) with the two above-mentioned LCO active materials
were prepared from a slurry using N-methyl-pyrrolidone (NMP) as solvent casted onto 6.5um-
thick-aluminum circles for the in situ XRD experiments. Typical active material loading and
diameter for an electrode used during in situ XRD experiments were respectively 15 mg/cm?2 and
20 mm; 10mg/cm? and 15mm for tests in coin cells. The electrodes were dried overnight under
vacuum at T =120 °C and stored in an argon-filled glovebox, the homemade in situ cells were
assembled using pure lithium as counter-electrode and 1 M LiPFs in EC:DEC:DMC as electrolyte.
Coin cells for preliminary tests were assembled the same way.

For the in situ XRD experiments, electrodes were pre-charged at C/30 up to 4.2 V without
collecting any XRD pattern, since the goal of this experiment was the investigation of the phase
transitions occurring at higher voltage. After reaching E = 4.2 V vs. Li*/Li, the charge proceeded
at a lower C rate C/100 up to 5.0 V. XRD patterns were collected in operando on a PANalytical
X’Pert PRO MPD diffractometer, using the Cu Koy radiation. Special attention was given to the

(0 0 ) diffraction peak evolution, that allows to directly follow the changes in the interslab distance

which is characteristic of the metal and lithium layer stacking modifications. Therefore, XRD
acquisition was recorded every hour between 18 and 21.6°. Due to large exposure time at high
voltages leading to substantial electrolyte degradation, we chose to discuss the data versus the cell
voltage in the following and not versus state of charge expressed by the lithium amount (x). As a
composition guide line, the formula of the ideal H1-3 phase is Lio.167C002 while the O1 phase is

expected for the CoO, composition.
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