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Understanding the High Voltage Behavior of LiNiO, Through
the Electrochemical Properties of the Surface Layer

Edgar Bautista Quisbert,* Frangois Fauth,* Artem M. Abakumov,* Maxime Blangero,*

Marie Guignard,* and Claude Delmas*

Nickel-rich layered oxides are adopted as electrode materials for EV’s. They
suffer from a capacity loss when the cells are charged above 4.15 V versus Li/Li".
Doping and coating can lead to significant improvement in cycling. However,
the mechanisms involved at high voltage are not clear. This work is focused on
LiNiO, to overcome the effect of M cations. Galvanostatic intermittent titration
technique (GITT) and in situ X-ray diffraction (XRD) experiments are performed
at very low rates in various voltage ranges (3.8-4.3 V,). On the “4.2-4.3 V"
plateau the R2 phase is transformed simultaneously in R3, R3 with H4 stacking
faults and H4. As the charge proceeds above 4.17 V cell polarization increases,
hindering Li deintercalation. In discharge, such polarization decreases imme-
diately. Upon cycling, the polarization increases at each charge above 4.17 V. In
discharge, the capacity and dQ/dV features below 4.1 V remain constant and
unaffected, suggesting that the bulk of the material do not undergo significant
structural defect. This study shows that the change in polarization results from
the electrochemical behavior of the grain surface having very low conductivity
above 4.17 V and high conductivity below this threshold. This new approach can

explain the behavior observed with dopants like tungsten.

1. Introduction

The electrochemical behavior of LiNiO,, discovered by Dahn
in 1990,0-3 led to intensive researches on this material*12l
and on lithium-nickel-based layered oxides Li(Ni,M)O,
(M = Co, Mn, Al, Fe, Mg).3-29 LiNiO, is very interesting from
the electrochemical point of view, but its low thermal stability
in the highly deintercalated state led to unsafe batteries.ll

the thermal stability of this material in the
charged state.?2l Ukyo and Ikuhara made
a systematic study of the Li(Ni,Co,Al)
O, system and proposed NCA composi-
tion, 12324 which is now currently used in
electric vehicles. By high-resolution trans-
mission electron microscopy, they showed
the irreversible formation of a rocksalt
layer on the particle surface at high voltage
due to a reaction with the electrolyte.[?’]

In 1999, Ohzuku showed the very inter-
esting behavior of the Li(Ni;;3sMn;;3Coy;3)
O, phase, which also presents an improved
thermal = stability and good electro-
chemical performance.?! This opened
the way to the NMC family, which is now
the most commercially applied positive
electrode material for electric vehicles.[?’-32]
For all layered positive electrode materials,
a large anisotropic unit cell contraction
was observed as the charge proceeded
beyond 70% of de-intercalated lithium
ions. Such local strains and resulting
stress lead to the formation of cracks and fractures of second-
aries and even primary particles, which lead to an increase
of the cell resistance and reactions with the liquid electrolyte
yielding to metal dissolution and ultimately rocksalt surface
collapse.33 Various coating, doping, and NMC-concentration
gradient technologies were developed to limit the reactivity
with the electrolyte at high voltage and ultimately to avoid the
formation of the rocksalt-type structure at the surface of the
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Further capacity increase in the NMC ternary diagram
while keeping the application voltage in a moderate range like
4.2-4.3 V per graphite was best achieved by increasing the nickel
content, reaching up to 90% in recent years. Positive electrode
materials with such large Ni content present two main chal-
lenges. First, a significant part of the capacity is lost at the first
cycle,* which is larger than that required to balance the capacity
of the negative electrode. Second, when the cell is cycled at
increasingly higher voltages above 4.2 — 4.3 V (vs Li*/Li), the
cell capacity retention rapidly degraded.*>! Among the various
hypothesis that were proposed, the formation of rocksalt layer
on the particle surface is well accepted. Moreover, even if some
doping (with Zr, Nb, W) leads to significant improvements in the
cycling properties the real mechanism is not really understood.

LiNiO, was adopted as a simpler model system to further
investigate the structural phenomenon, kinetic limitations, and
thermodynamic phase diagrams occurring at high voltage. Many
studies of the electrochemical behavior of LiNiO, were reported
in the literature.’*>% Upon lithium deintercalation from LiNiO,
(designed by RO: R-3m) several phases are successively formed:
M1 (Monoclinic C2/m), R2 (R-3m), R3 (R-3m) and H4 (Hexagonal
P-3m1). The RO, M1, R2, and R3 phases have the O3 type oxygen
packing, their structures differ only by the lithium-vacancy
ordering in the interslab space. Therefore, the phase transitions
do not require much energy. The formation of the H4 (fully dein-
tercalated NiO, phase O1 type packing) requires slab glidings
and a larger activation energy. Nevertheless, as the NiO, slabs are
preserved the reaction is fully reversible.'061 Several galvano-
static intermittent titration technique (GITT) experiments have
been reported to determine the overall structural evolution upon
cycling and its reversibility. Nevertheless, no very detailed electro-
chemical study has been performed in the high voltage range.

In this work, our goal was to investigate the effect of cycling
above 4.15 V on the overall cell capacity when cycling over
several voltage ranges. First, we synthesize a large batch of
LiNiO, to perform all our experiments. The cells were cycled at
low rate, in potentiostatic mode or in GITT mode with a long
relaxation time to follow the capacity loss and the changes in

(@) (b)
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cell polarization. In situ powder X-ray diffraction (XRD) experi-
ments in GITT conditions were also performed on the 4.2-4.3 V
plateau. This plateau has long been attributed to the biphasic
domain between the R2 and R3 phases.?? High-resolution
transmission electron microscopy was also performed to follow
the structural changes at the local scale. These experiments
show that: i) the behavior on the high voltage plateau is more
complicated than previously reported, ii) the irreversible overall
capacity loss only occurs on this plateau due to the continuous
polarization build-up at each charge above 4.15 V. At the very
beginning of the discharge, the instantaneous decrease of the
cell polarization shows that the electrochemical behavior of the
rocksalt type thin layer plays a major role.

2. Results

2.1. High Voltage Cycling

LiNiO, was characterized by XRD to check the stoichiometry
and the nickel distribution. Rietveld refinement using the Li
atomic isotropic displacement parameter (B;so) method, that
we proposed more than 25 years ago,!!l leads to the following
cationic distribution Lij¢g5NigsNiO, (Figure S1), (Table S1,
Supporting Information).

A Li//Li,NiO, battery was charged at the C/20 rate until
4.15 V and then the voltage was maintained until the current
was close to zero in order to have a very homogenous state.
In a second step, the charge was continued in GITT mode at
very low C/100 rate corresponding to an increment of Ax = 0.01,
followed by a fixed 10 h relaxation time on the 4.15-4.3 V
range. In a third step, the cell was discharged in similar GITT
conditions until 4.15 V. In a final step, the cell was discharged
galvanostatically at C/20 to 3.0 V. The general shape of the
cycling curve corresponds to the classical one, with an irre-
versible capacity loss of =14% of the first charge capacity. The
GITT experiment shows that the cell voltage of the high voltage
plateau above 4.15 V increases slightly, then rapidly (Figure 1).
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Figure 1. a) E versus x curve for a Li//Li,NiO, cell charged galvanostatically at C/20 up to 4.15 V. At this voltage, the cell was floated until the current
reached zero to ensure homogeneity. Afterward, the cell was charged/discharged between 4.15V and 4.3 V in GITT mode at C/100. Finally, the cell was
discharged, at C/20, to 3.0 V. b) Enlargement of the GITT part shown in the black rectangle in (a). The same part of this cycle versus time c) shows

that the equilibrium is never reached.
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Figure 2. E versus time curve for the charge-discharge of Li//Li,NiO; in
an in situ cell for XRD at C/20. (1) charge up to 4.15 V in galvanostatic
mode, (2) potentiostatic at 4.15 V for 5 hours, (3) charge in GITT mode
(Ax = 0.05 + 10-hour relaxation), (4) discharge in GITT mode (Ax = 0.03
+ 15-hour relaxation). The red inset a) shows the negligible Li deinterca-
lation in the end of charge and the blue inset b) shows the continuous
variation of the cell voltage after each charge/discharge pulse.

Enlargements of the curves versus the lithium content (x) and
the time (Figure 1b,c) show that there is a continuous voltage
change after each relaxation, which is not expected for a
two-phase domain. Moreover, even after 10 h relaxation (after
charge or discharge) at C/100 the equilibrium is never reached
that indicates a slow intercalation-deintercalation kinetic (zoom
Figure 1b).

These results show that the battery was in fact far from the
equilibrium after each GITT step. Above E = 4.17 V, at each
charge step, there is an increase in the polarization. Once
the cell voltage reaches 4.3 V, the experiment continues in
discharge with a very similar behavior. This shows that there is
the formation of an insulating phase above 4.17 V. During the
Li reintercalation, there is a rapid decrease of the cell resistance
which suggests a reversible mechanism. Nevertheless, there is
a shift in the x values, which might result from a reaction with
the electrolyte because the cell was maintained at high voltage
during a very long time. In summary, this experiment shows

(a)
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that the transition from R2 to R3 is not a classical two-phase
domain. Moreover, one has to notice that the increase in polari-
zation observed during the charge on the pseudo-plateau is
reversible in discharge. This point will be discussed in the last
part of this publication.

2.2. In Situ XRD - GIIT Characterization

In this section, we combined galvanostatic charge in GITT
mode and in situ XRD measurements in a home-made electro-
chemical cell. As shown in the cycling experiment reported in
Figure 2, the electrochemical study starts by a galvanostatic
charge until 4.15 V (domain 1). Then, the cell was kept in poten-
tiostatic mode for 5 h (domain 2). In the next step, the cell
was charged in GITT mode (Ax = 0.05, 10 h relaxation) up to
4.5 V. All charges were performed at C/20. XRD patterns were
collected at the very end of each relaxation in the 17-22° (26.,)
range, where the diffraction peaks related to the interslab
distance are expected. As shown in domain 3, the cell voltage
increases very rapidly to reach 4.5 V. The zoom (a) shows that
only a very small amount of Li ions is deintercalated when the
cell voltage increases rapidly to 4.5 V. This indicates that the
deintercalation process is very difficult as already shown in
Figure 1. In the second part of the study, in domain 4, the cell
was discharged to 3.95 V.

As the R2 — R3 transition is considered as a biphasic one, a
voltage plateau was expected at =4.15 V. This experiment shows
clearly that the equilibrium was never reached during the relaxa-
tion after the charge above 4.15 V (insert (b)). The strong increase
in voltage during the charge step shows that the cell resistance
increases at the phase transition. Moreover, there is a small
increase in the relaxed voltage at each charge step and a small
decrease in the discharge one. As previously mentioned, this new
experiment suggests that another mechanism more complicated
than a classical two-phase domain is involved. One has also to
notice that the cell polarization decreases at the charge/discharge
transition (insert b). This point will be further discussed.

The changes in the XRD patterns confirm this behavior.
Upon charge (Figure 3a), the R2 phase disappears without any
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Figure 3. a) XRD patterns were recorded during the charge between 4.15 and 4.5 V and b) discharge between 4.18 V and 3.95 V, in GITT mode. The
cell voltages E(V) at the end of the relaxation are reported. The dashed red line shows the position of the 003 reflection of the R2 phase, with a fixed
d-spacing. For the “R3” phase, marked with the blue and green dashed lines, the d-spacing changes during charge (a) and during discharge (b). The

discharge shows that the “R3” phase is as a combination of two phases.
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Figure 4. E versus x curves for Li//Li,NiO, cells. In black, it is shown
one of four curves for the galvanostatic charge to 4.3 V followed by a
potentiostatic step at this voltage for 6 days, then the discharge to 3.0 V
followed by a potentiostatic step till the current was close to 0 mA. The
electrode material of two cells were recovered in charge (red point) and
two others at the end of discharge (green point). The curve (blue) for
the galvanostatic classical charge and discharge between 3.0 and 4.3 V is
given for comparison.

change in the peak position, as expected, while the position of
the “R3” peak is continuously shifted to higher 26 values. More-
over, this diffraction line is considerably broadened versus the
R2 one. This suggests the existence of a distribution of inter-
slab distances. The ideal NiO, phase (H4) exhibits an O1 oxygen
packing and a smaller interslab distance (a = 2.814(6) A and
¢ = 4.346(2) A).[! It was shown in the literature the occurrence
of stacking faults at the end of the lithium deintercalation from
LiNiO, that leads to a broadening of the diffraction lines asso-
ciated to their displacement.’”] The presence of an increasing
number of O1 slabs, with a smaller interslab distance, leads to
displacement of the diffraction line to larger 26 values.

After observing the changes in the XRD patterns during
charge, the discharge process was performed in GITT mode.
The XRD patterns, shown in Figure 3b, reveal that the shift
of the “R3” peak is due to the apparition of another peak. The
difference in the XRD patterns recorded during charge and
discharge reveals that the “R3” diffraction line is a combination
of two peaks that may correspond to R3 domains (O3) (larger
interslab distance, i.e., lower 26-values) and stacking faulted
“R“3” domains (03-0O1) (shorter interslab distance, i.e., larger
26-values) that can be distinguished due to different kinetics
during the Li reintercalation. One can assume that the Li rein-
tercalation is more difficult in the O1 interslab space, which is
shorter than in the O3 type one. Moreover and according to
lattice invariant shear symmetry constraints, this O1 to O3
transition needed to transform back to the R2 phase, requires
a slab gliding which increases the activation energy. This may
explain why the diffraction peak associated to “R”3” domains at
higher 26-values disappears last.

The change in polarization at the transition between charge
to discharge suggests the formation of a material with a very
low conductivity (electronic or ionic) at each charge above
4.15 V and the formation of a conductive material as soon
as lithium is reintercalated in the material. This agrees with
the results observed during the GITT discharge shown in
Figure 1c.
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2.3. Structural Characterization

To gain more information about the material obtained at 4.3V,
Li//Li,NiO, cells were charged (one charge or one cycle) to
obtain materials for structural characterization. Four cells were
galvanostatically charged (C/20) to 4.3 V in a first step, then
potentiostatically at 4.3 V until the current became close to
0 mA (144 h). Besides, two of them were discharged to 3.0 V.
Figure 4 gives the cell voltage variation versus the lithium
amount (black curve) in comparison to that of a cell without
the potentiostatic step at 4.3 V (blue curve). The difference in
capacity at high voltage shows that the polarization (blue curve)
prevents for a full electrochemical deintercalation. In discharge,
the capacity on the high voltage plateau of the overcharged cell
(black curve) is higher than that of the other battery. This com-
parison shows that the cell polarization above 4.2 V limits the
charge in normal cycling conditions. Only 0.044 Li, per formula
unit, was deintercalated during the 144 h potentiostatic charge
at 4.3 V. In Figure S2, Supporting Information, this experi-
ment is given as a function of time to show the current changes
during the potentiostatic steps. At the very beginning of the
potentiostatic step at 4.3 V, the current dropped instantane-
ously, then slowly decreased until the end of the step. Even after
the very long potentiostatic charge the equilibrium was never
obtained (zoom in Figure S2, Supporting Information). One
can assume that the lithium deintercalation continued to occur
with the formation of the H4 phase. A continuous reaction with
the electrolyte must also be considered as shown by the very
low, but never equal to 0 mA, constant current.

All cells were dismantled at the end of the charge (or
discharge) to characterize the recovered active material by
synchrotron XRD and high resolution TEM. The Synchrotron-
XRD (S-XRD) patterns (Figure 5a) of pristine LiNiO, (blue
curve) and of the material recovered after one cycle (black
curve), which are indexed in the R-3m space group, show the
complete reversibility of the intercalation reaction. As shown in
the panels (5b) to (e), the diffraction lines, of both materials,
are very similar. Moreover, there is a slight broadening of the
diffraction peaks that shows that there is no structural defects
neither major change in the coherent grain size after a full cycle
of charge and discharge. Rietveld refinement of the S-XRD
pattern recovered after the full discharge is given in Figure S3,
Supporting Information. The cell parameters (Table 1) and the
amount of Ni in the lithium site (Table S2, Supporting Informa-
tion) are very similar to those of the pristine material (Table S1,
Supporting Information). The very small increase in the ¢y,
parameter results from the difference in Li content (0.940 mole
of Li in the Li,NiO, phase obtained at the end of the discharge
compare to 0.985 mole of Li in the pristine phase). These
results show that the structure is maintained and there is no
nickel migration from the NiO, slab to the interslab space. The
large Crystal Field Stabilization Energy CFSE) of Ni*" (t),° LS)
in octahedral site and the very low one in tetrahedral site
(€% t,%) makes difficult the nickel migration to the tetrahedral sites
in the bulk of the O3 type phase. This behavior would be very
different from the formation of rocksalt type phase at the
surface of the particles which is due to the reaction with
the electrolyte and leads to an oxygen loss. In a recent paper, the
migration of nickel to the tetrahedral sites was assumed on

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. S-XRD patterns (converted to Cu wavelength) for different Li,NiO, phases: pristine (in blue, R-3m, a = 2.875 A, ¢ = 14.187 A), recovered at
4.3 V after potentiostatic for 144 hours (in red, R-3m, a = 2.812 A, ¢ = 13.340 A) and recovered at 3.0 V after one-cycle (in black, R-3m, a = 2.876 A,
¢=14.199 A) (Panel (a)). Panels (b) through (e) are enlargements in selected 26 ranges to show the peak broadening in the sample recovered at 4.3 V.
The pattern in red displays some stars for peaks characteristic of the H4 phase present at 4.3 V.

the R2-R3 plateau.l® In this study, there is no evidence of this
migration which will be discussed in a following paper.

For the material recovered at 4.3 V, there is an important
shift of the diffraction lines due to the change in cell para-
meters. Most of the diffraction peaks (blue line) can be indexed
in the R-3m space group (O3 oxygen packing). The cell para-
meters (a = 2.812A, ¢ = 13.340 A) are in agreement with the
literature for the R3 phase.l®¥l (Figure 6a). The remaining
diffraction peaks (green lines), with very weak intensity, can be
indexed in the P-3m1 space group, characteristic of the H4 type
phase (O1 oxygen packing) (Figure 6b). Table 1 gives a sum-
mary of the lattice parameters of all the involved phases.

The O3 type phase exhibits an AB CA BC AB oxygen packing
along the c direction of the hexagonal lattice while the O1 one
exhibits an AB AB one. When a slab gliding occurs in the
lattice, there is formation of a stacking fault. Inside the O3
packing, there is local AB AB domains which leads to a diffrac-
tion line broadenning. Therefore, there is a significant broad-

Table 1. Summary of structural data corresponding for the pristine
material and for the materials recovered after the charge/discharge of
Li//Li,NiO, batteries at different conditions.

Name Composition  Space group Ahex [A] Chex [A]
Pristine Lig ogsNir 01502 R-3m 2.875 14,187
Recovered at 3.0 V Lig.940Niy.01502 R-3m 2.876 14.199
after 1 cycleto 4.3V

Recovered after 1 Lig.076Ni7.01502 R-3m 2.812 13.340
charge to 43V

O3 indexation (R3)

Recovered after Lig.076Ni7.01502 P-3m1 2.812 4.365

1chargeto 43V
O1 indexation (H4)
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ening of some diffraction lines which shows the occurrence of
stacking faults in the R3 phase formed after the potentiostatic
charge to 4.3 V. As usual in layered oxides, the line broadening
is very sensitive to the hkl values. The d-spacing of the 003
diffraction line (R3) is strongly enlarged due to the smaller inter-
slab distance in O1 (Cpey = 4.365 A) versus O3 (Cpex /3 = 4.447 A)
(Figure 5a). The same tendency is illustrated by comparing the
018 lines broadening of the pristine and that of the material
recovered at 4.3 V (Figure 5d,e). On the opposite, the 110 one
is less affected (Figure 5d) as there is almost no change in the
Onex. parameters of R3 and H4 phases.

In conclusion of this part, the S-XRD study of the pristine
and the material recovered after one cycle, which are indexed
in the R-3m space group, shows the complete reversibility of
the reaction. Moreover, there is no broadening of the diffraction
lines showing that the stacking faults have disappeared during
the Li reintercalation. These results also show that there is no
nickel migration from the NiO, slab to the interslab space.

2.4. High-Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy was
performed on the sample recovered from the battery charged
to 4.3 V. Several images (HAADF-STEM) are shown in Figure 7
where the nickel ion layers are clearly visible. In the [010] zone
axis, the nickel ion packing is clearly seen Figure 7a). Studying
how two successive nickel layers are stacked allows determining
the oxygen packing type (O3 or O1l). In the O3-type oxygen
packing, nickel layers are shifted from each other in the (ab)
plane, while for the O1 type packing, nickel layers are stacked
on top of each other with no shift. Figure S4a, Supporting
Information, represents the Ni ions packing (blue line) in an
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Figure 6. S-XRD pattern (converted to Cu wavelength) for an electrode
recovered at 4.3 V. a) Peak indexation done for the R3 phase (blue lines),
b) peak indexation done for the H4 phase (green lines). The red stars
show the peaks characteristic of the H4 phase and the black arrows show
peaks from an unknown phase.
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ideal O3 type structure (continuous shift) and in a material with
an O1 stacking fault (no shift of the Ni layer) in the O3 struc-
ture (Figure S4b, Supporting Information). In the HAADEF-
STEM image (Figure 7), Ol-type stacking faults (indicated by
the arrows) appear within the O3-type matrix which remains
largely predominant. The driving force of the O3 to O1 transi-
tion results from the competition between the stabilization of
the O3 type structure due to the presence of lithium ions in
octahedral sites between the NiO, slabs and the oxygen-oxygen
repulsion, when almost all lithium ions are removed, which
destabilizes the O3 type structure. At the end of the Li dein-
tercalation, there is tendency to form locally Ol-type domains
by slab gliding which decreases the oxygen orbital overlapping
(see the scheme in Figure S5, Supporting Information).

[110] HAADF-STEM image in Figure 7b shows the presence
of nickel in the lithium layer on the extreme surface of the
particle. This confirms that at 4.3 V there is a minor oxygen
loss leading to the formation of a rocksalt like material due to
the reaction with the liquid electrolyte. The rocksalt type layer
is very thin (2 nm) compared to the size of the pristine LiNiO,
particle (200 — 300 nm).

In conclusion, these results confirm the S-XRD ones:
stacking faults occur in the Li,NiO, phase when the battery is
charged to high voltage and appearance of O1 type structure
domain which represent traces of the H4 phase. The presence
of only a small amount of O1 packing after a very long poten-
tiostatic charge (144 h) gives evidence that the kinetics of the
deintercalation is very low. This effect can result: i) from the
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(a) (b) (c)

Figure 7. [010] and [110] HAADF-STEM images of the Li,NiO, phase
recovered from the battery charged to 4.3 V. a) The stacking sequence
of the (NiO,) slabs is traced with the white line in the [010] image. O3
type packing is indicated by the slightly sloping line, while the Ol-type
interslabs space are marked with arrowheads. b,c) show the presence of
nickel in the lithium layer at the extreme surface of the particle (marked
with arrows in (c)).

difficulty for slab glidings in the O3 structure to happen and
ii) from the low conductivity of the rocksalt layer formed at the
particle surface, which limits the Li deintercalation.

2.5. Relation Between the Polarization at
High Voltage and the Capacity Loss

In the previous part, we have shown that there is the formation
of H4 domains and a strong increase of the polarization of the
cell when the batteries Li//Li,NiO, are charged above 4.15 V.
The XRD study shows that the reaction is fully reversible from the
structural point of view. To better understand the origin of
the increase in polarization at high voltage, new experiments
were realized to compare the cycling behavior with an upper
voltage limitation of 4.3 V, 42 V and 4.1 V. Figure 8 shows
the galvanostatic cycling in the 3.04.3 V range. As shown in
the zoom of Figure 8a, the polarization in charge increases
rapidly upon cycling leading to a capacity decrease on the high
voltage plateau while the capacity remains almost constant in
the first part of the charge. This behavior appears clearly in
the voltage versus capacity curves (Figure 8b). To compare the
capacity changes above and below 4.15 V, the voltage versus
capacity curves were shifted to superpose all the curves, on the
first discharge one, at 3.7 V (zoom in Figure 8b and Figure S6,
Supporting Information). Upon cycling, the capacity below
4.15 V is almost constant while that above 4.15 V decreases very
rapidly. As shown in the zoom, the voltage decreases rapidly
at the beginning of the discharge, then increases again. This
shows that the polarization observed during successive charges
decreases at each discharge, but increases continuously at each
charge to 4.3 V. A similar behavior, attributed to bulk fatigue
induced by surface reconstruction was recently reported.’> The
superposition of the curves shows that the capacity is fully main-
tained below 4.0 V. The same behavior is observed when the
voltage is limited to 4.2 V (Figure S7, Supporting Information)
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Figure 8. E versus x and E versus Q curves for the galvanostatic charge/discharge for a Li//Li,NiO, cell between: a,b) 3.0 and 4.3 V and c,d) 3.0 and
4.5 V at C/20. The insets in (a) and (c) zoom at the end of the charge and the beginning of the discharge and the inset in (b) shows the discharge

capacity shifted to superpose the discharge curves at 3.7 V.

with a smaller high voltage polarization either in charge and in
discharge.

For comparison, batteries were cycled at the same rate C/20
up to 4.1 V. As shown in Figure 8c,d there is no increase of the
polarization at the end of charge. There is only a small capacity
shift at high voltage and a larger one at the end of the discharge.
In Figure 8d, the curves show that the capacity is maintained in
the 3.6 — 4.1 V range. The problem concerning the capacity loss
observed at low voltage (below 3.5 V) is not yet understood. It is
the purpose of an ongoing research.

To study in more details the polarization change at high
voltage, cells were cycled 10 times in the 3.8 — 4.3 V range
followed by a discharge down to 3.0 V as shown in Figure 9.
The capacity on the high voltage pseudo-plateau decreased
continuously upon cycling while it is maintained in the 3.8-
4.1 V range (Figure 9a). There is an increase, at each cycle, of
the polarization in charge above 4.17 V and in the first part of
the discharge (Figure 9b). The polarization is strongly reduced
when the cell voltage is less than E = 4.12 V. The zoom of
the curve during the charge shows the rapid increase of the
cell voltage above 4.15 V. When 4.3 V is reached, the cell is
discharged. In the first 30 s (the duration between two data
recording) the voltage goes down to 4.12 V (Figure 9c¢). During
this period, 0.0004 lithium ions per Li,NiO, formula are
reintercalated. Then the voltage increases slightly during few
minutes and then drops. Such a small reintercalation amount,
which induces a 0.18 V drop, cannot result from a normal rein-
tercalation process. The voltage increase during a discharge,
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forbidden from the thermodynamic point of view, shows that
there is a change in the kinetics responsible for the shape of
the curve. This very small amount of reintercalated lithium
during the voltage drop cannot induce a significant change
in the kinetics properties of the bulk of the Li,NiO, particles.
Therefore, one can assume that it is the surface layer which
is involved. Therefore, the “rocksalt layer” and/or the cathode-
electrolyte interphase layer must be considered in this peculiar
process. In our knowledge such behavior was never reported
in the literature even at very high voltage. Between these two
possibilities, we make the hypothesis that it is the rocksalt
layer, which is involved. The re-intercalation of 0.0004 lithium
(per Li,NiO,) would lead to a large change in composition
of the thin rocksalt layer and a change in the kinetics of the
lithium transfer. New experiments will be done, in our future
research, to try to confirm this hypothesis.

A similar experiment was realized in the 3.8 — 4.15 V range
for 10 cycles followed by a discharge to 3.0 V. In this voltage
range, there is no change in the cell polarization and no capacity
loss (Figures S8 and S9, Supporting Information).The irrevers-
ible capacity after a full cycle (=17%) is equal to the classic one
at the first cycle. These results show that high polarization
occurring on the 4.2-4.3 V pseudo plateau is disconnected from
the behavior below the plateau (no polarization).

In a new experiments the upper voltage limit was alternated:
4.3V then 4.15 V then 4.3 V (Figure 10). In the first step (black
curve), there is a continuous increase of the polarization above
4.15 V. Then no change in the second step (red curve) where the
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Figure 9. a) Potential (E) versus Li content (x), versus time (t) for the cycling between 3.8 V and 4.3 V for Li//LixNiO2 cell at C/20. The zoom of cycles
3-5 in Figure b) emphasizes the increasing polarization in charge at each cycle, which decreases upon discharge on the 4.12-4.15 V pseudo plateau.

c) The 5% cycle has been zoomed and the x-axis changed to minutes.

voltage was limited to 4.15 V. The third step (blue curve) is the
continuation of that of the 5™ cycle (Figure 10a). On Figure 10b
the 3th, 4%, and 5t cycling curves of the battery cycled to 4.3 V is
superimposed to the 6, 7%, and 8t cycle where the charge was
limited to 4.15 V. The comparison shows that the capacity and
the shape of the curves are identical below 4.15 V.

An experiment made to 4.2 V then 4.15 V then 4.2 V range
(Figure S10, Supporting Information) shows the same tendency
with a reduced polarization due to the lower voltage limit.
These results confirms that 4.15 V is a critical value for the
reversibility in the cycling of the LiyNiO, positive electrode.

2.6. General Discussion

All these results point to 4.15 V/Li as the voltage limit to
prevent polarization build-up at high voltage. As previously
mentioned we make the hypothesis, not yet confirmed, that it is
the rocksalt surface layer, which is involved in this mechanism
and not the cathode-electrolyte interphase layer. This pheno-
menon is mainly due to the formation of the rocksalt type
layer, on the surface of the primary particles, related to oxygen
evolution (reaction with the electrolyte). In a recent publica-
tion it was proposed that the capacity loss results from the high
interfacial lattice strain between the reconstructed surface and
the bulk layered structure.> The reversibility of the polarization
suggests that there is a dramatic change in the conductivity
(ionic and/or electronic) of the rocksalt type layer linked to the
cell voltage.

The transformation of Li,NiO, (x = 0.15) into rocksalt type
phase at the particle surface is well-known, but its effect on
the intercalation kinetic versus the cell voltage has never been
considered. The general formula of the rocksalt type phase
is “Li,Ni,0” with z + t < 1. The oxidation state of nickel is
(2 - 2)/t. At each cycle, the lithium content of the rocksalt layer
is continuously modified. Moreover, at each charge above 4.15 'V,
the amount of Ni in this phase slightly increases due to the reac-
tion with the electrolyte. One has to consider the rocksalt phase
as an active material, which exhibits its own electrochemical
curve. The Li intercalation /deintercalation from Li,Ni,O rock-
salt leads to a strong change in its conductivity. Below 4.15 V,
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the conductivity of the rocksalt thin layer is high, there is no
significant effect on the cycling of the Li,NiO, phase within
the bulk of the particle. Above 4.15 V, its low conductivity lead
to a high polarization, which makes difficult the lithium dein-
tercalation from the Li,NiO, phase. (Figure 11). Moreover, at
each charge above 4.15 V the reaction with the electrolyte leads:
i) to an increase of the Ni/O ratio in the rocksalt type layer,
ii) and to an increase in its thickness. Both effects lead to an
increase of the cell polarization at high voltage, which limits
the capacity obtained for the 4.2-4.3 V pseudo plateau. Other
parameters have also to be considered: the strong decrease in
the interslab distance due to the transitions from the R2 to the
R3 phase and to H4 phase lead to cracks in the particles and to
an increase of the active surface area leading to the formation
of more rocksalt type phase.

4.4+ (@)
e |
240 /1\ AA N /\
o VYV
36+
105 (38-430V] 61010([38-4.15V] 11t015[3.8-4.30V]
34 T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500 55
time (h)
) ——Upto 4.3V
- ——Upto4.15V (b)
4.3
42
2 4.1
%40
3.9
3.8
37

time
Figure 10. Charge/discharge at C/50 of a Li//LiNiO, cell charged up to

4.3 and 4.15 V; a) E versus time curve b) superposition of cycles 3, 4, and
5 (charge to 4.3 V) and cycles 6, 7, and 8 (charge to 4.15 V),
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coin cell between 3.0 and 4.3 V at C/20. A particle surrounded by a thin
surface layer is represented. Depending on the cell voltage, this thin layer
is conductive or highly resistive.

3. Conclusion

This study shows that several phenomena occur simultane-
ously in the “4.2—4.3 V” voltage plateau: i) lithium deintercala-
tion leading to the R2-R3 structural phase transition (O3 type is
maintained) with change in the cell parameters; ii) simultaneous
formation of H4 phase domains (O1 type packing) within the R3
structure (stacking faults), iii) irreversible formation of a rock-salt
type phase (even at 4.2 V) leading to a strong polarization which
disappears in discharge below 4.15 V. This change in the electro-
chemical behavior can result either from the rocksalt phase sur-
face layer or from the cathode- electrolyte interphase. We made
the hypothesis that the rocksalt phase surface layer is concerned.
Nevertheless, this hypothesis must be experimentally confirmed.

Many researches attempted to stabilize the capacity at
high voltage of Ni-rich layer oxides and NMC derivatives. An
interesting approach was performed to monitor the chemistry
(concentration gradient) and the structural orientation inside the
primary particles. Most of the researches concern cationic sub-
stitution, to increase the capacity performances, and coating to
try to prevent from the reaction with electrolyte. Some of them
have led to promising results as it was shown recently by tung-
sten doping .’ In these studies, significant improvements were
obtained, but the effects of the electrochemical behavior of the
rocksalt type layer have never been considered. One can assume
that the change in composition at the surface of the particles, due
to doping, monitors the electrochemical behavior of the rocksalt
thin layer. The change in the structural parameters of the rocksalt
layer at the voltage transition must be studied to see the influence
of the lattice strains.”® The results presented in this paper open
a new approach to monitor the electrochemical behavior of the
rocksalt type shell and manage its electrochemical properties, at
high voltage, by cationic doping of the surface layer.

4. Experimental Section

LiNiO, was synthesized by direct solid-state synthesis from NiO and
Li,O. Several experiments were realized to optimize the Li/Ni ratio of the
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precursor and the temperature profile of the thermal treatment in order
to have the lowest amount of nickel in the lithium sites. The best results
were obtained with a 6% Li excess versus the nominal composition. Two
thermal treatments (24 h at 665 °C and 24 h at 700 °C of the oxides
mixture, with intermediate grinding) under oxygen flow lead to a material
very close to the ideal stoichiometry. This material was characterized by
powder XRD diffraction.

Powder XRD was performed using a PANalytical diffractometer and
Cuy, radiation (4 = 1.5418 A). Phase identification was performed using
XPert HighScore software, and structural refinement using the Rietveld
method on TOPAS software. Data were collected with long acquisition in
the 10-120° (26) range for Rietveld refinements.

Synchrotron-XRD (S-XRD) powder patterns have been registered on
the BLO4-MSPD beamline [*] of the ALBA synchrotron at either =20 keV
or =30 keV (exact wavelength determined by measuring selected peaks
of silicon SRM640d NIST standard). Data were collected in Debye
Scherrer mode using the position-sensitive detector MYTHEN.[64

Samples for transmission electron microscopy (TEM) were prepared
by dispersing the powders in dry dimethyl carbonate in an agate mortar
and depositing drops of suspension onto a carbon film supported by
a copper grid. TEM samples were prepared in an Ar-filled glovebox.
The samples were transferred to the microscope column with a Gatan
vacuum transfer holder completely excluding contact with air and
moisture. High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images were collected with a probe
aberration-corrected Titan Themis Z electron microscope operated at
200 kV.

The electrochemical study was done either in coin cells or Swagelok-
type cells, when a large amount of material is required for the structural
characterization. Lithium is the negative electrode. Viledon and
Celgard sheet are used as separators. The electrolyte is a 1 M solution
of LiPF6 in a PC-EC mixture. In coin cells, the positive electrode is a
mixture of LiNiO, (90%), carbon black (5%) and PVDF binder (5%).
In Swagelok cells PTFE is used as a binder [(LiNiO, (88%), Carbon
black (10%), PTFE (2%)]. In situ XRD-battery cycling experiments were
done in a homemade cell with a beryllium window on one side, using
an Empyrean (Panalytical) diffractometer in reflection mode (Bragg—
Brentano geometry), linked to a Biologic Battery cycler. In all cells, the
positive electrode was calendered.
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