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Bulk degradation processes are examined in the LiNiO, cathode
using high resolution solid-state NMR, combined with
magnetometry and X-ray diffraction. Capacity decay is correlated
with bulk heterogeneity, whereby multiple structural domains
coexist in the charged state, and the Li content and electrochemical
activity of these domains is unraveled for the first time.

The densified phase that forms at the surface of Ni-rich NCMs
(e.g., LiNip.8C00.1Mng 103) during cycling has been proposed to
limit the amount of Li that can be extracted from the core of the
particles at high states of charge due to lattice mismatch
between the surface and bulk layered phases.! The inability to
fully delithiate the bulk phase is referred to as structural fatigue.
For “LiNiO,” or Liy.yNiisyO2 (LNO), the formation of densified
surface layers has been correlated with capacity loss and
reduced electrochemical activity in the bulk?->, which implies
the formation of fatigued domains although their exact nature
has yet to be determined. In fact, while powder X-ray diffraction
(XRD) is widely used to track long-range structural changes in
the cathode active material during electrochemical cycling, it is
unable to provide information on the overall Li content and on
the distribution of Li atoms amongst available crystallographic
sites due to lithium’s weak scattering factor. In contrast, “Li
solid-state nuclear magnetic resonance (NMR) spectroscopy
provides quantitative insights into the evolution of the Li local
environments. Our prior NMR work has identified the presence
of twin boundaries in as-synthesized LNO, creating strained and
kinetically-hindered Li sites that, once delithiated, are difficult
to relithiate under normal operating conditions and contribute
to the first cycle irreversible capacity.® Here, we build upon this
work and investigate long-term degradation processes in LNO
using high resolution paramagnetic NMR, leveraging a custom
low field (2.35T) spectrometer equipped with an ultrafast magic
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Fig. 1 Electrochemical data for LiNiO2/Li half cells cycled at a rate of C/10 (C=200mAg™).
Voltage profiles for selected cycles are shown for the (a) 4.3 V and (b) 4.1 V upper cut-
off voltage. (c) differential capacity, dQ/dV (mAh g™* V), plot for a cell cycled to 4.3 V.
(d) The average discharge capacity of three cells cycled up 4.3 V or 4.1V over 50 cycles.
angle spinning probe (MAS). Our results allow us to determine
for the first time the structure and Li content of the fatigued
domains, as well as the nature of the defects, arising in LNO
particles during extended cycling.

Polycrystalline  Lii.yNi1+yO> synthesized via
calcination as outlined in previous studies®’. The Ni off-
stoichiometry (y) was determined to be 0.01466(6) based on
Rietveld refinements of high resolution synchrotron powder X-

was Cco-

ray diffraction (sXRD) data reported in our recent work on the
same batch.® LNO composite electrodes were fabricated and
tested in half cells (vs. Li metal). The main features in the voltage
and differential capacity (dQ/dV) curves shown in Fig. 1a-c are
related to sequential phase transitions occurring during
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electrochemical cycling (i.e., HL > M - H2 > H3 on charge,
where H stands for hexagonal (R-3m) and M stands for
monoclinic (C2/m))282°, as detailed in Fig. S1. The discharge
capacities averaged over three cells for upper cut-off voltages
of 4.1V and 4.3V are plotted in Fig. 1d. Cells cycled up to 4.3 V
have a high initial discharge capacity of 220 mAh g1, which
rapidly decays to 80 mAh g1 after 50 cycles. When the H2—H3
transition is prevented by reducing the upper voltage cut-off to
4.1V, the capacity retention is significantly improved (Fig. 1d),
albeit at the cost of a reduced initial discharge capacity. The
capacity fade observed here is slightly more severe than in some
prior reports,210.11 possibly due to the slower (C/10) (dis)charge
rate employed in the present work, which increases the extent
of the H2—H3 phase transition and time spent at high potentials,
or diffusion limitations and a higher impedance at the
electrodes as a result of using relatively thick free-standing
cathode films (=11-15 mg cm2) for ex situ characterization.
The loss of capacity is largely due to impedance build-up as
revealed by the gradual increase in the hysteresis and Ohmic
drop in the voltage profiles from the 1st to the 50t cycle (Fig.
1a). The differential capacity (dQ/dV) curves collected upon
long-term cycling of LNO up to 4.3 V evolve significantly (Fig.
1c), which is suggestive of major bulk structural rearrangements
over the first 50 cycles, as discussed in more detail in ESI Note
1. In contrast, the dQ/dV curves obtained for LNO cycled up to
4.1 Vremain mostly unchanged over the first 50 cycles (Fig. S2).
To investigate the structural degradation processes in LNO,
ex situ cathode samples were extracted after 1, 10, and 50
cycles in the charged (4.3 V or 4.1 V) and discharged (3.0 V)
states. Samples are labelled “C” or “D” when extracted on
charge or discharge, respectively; this letter is followed by the
upper cut-off voltage and cycle number in our nomenclature
system. Le Bail fits of the sXRD patterns collected on the
samples of interest (Fig. 2 and Table S1) were carried out to
identify the presence of H1, M, H2, or H3 crystalline phases. The
broad evolution of the Li content in these phases with cycling
was inferred from their refined lattice parameters, as discussed
in more detail in ESI Note 2. Overall, we find that the discharged
samples all contain a major H1 phase with a decreasing Li
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Fig. 2 Selected regions from the synchrotron XRD patterns collected on ex situ samples
in the (a,c) discharged and (b,d) charged states for cells cycled up to (a,b) 4.1V and (c,d)
4.3V. Crystallographic parameters derived from the refinements are tabulated in Table
S1 and full synchrotron XRD patterns are provided in Fig. $3-6.
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content upon cycling, while a secondary M phase grows with
aging, especially for the D4.3V series. Both observations reveal
a loss of Li inventory during the first 50 cycles. More substantial
differences are observed between the samples stopped at the
top of charge. Li extraction becomes less effective with cycling,
consistent with previous work,31%and a gradual phase evolution
from entirely H2 to entirely M is observed for the C4.1V
samples, while the C4.3V samples evolve from entirely H3, to
H3 and H2, to entirely M.

While electrochemically-induced transition metal migration
is a common degradation mode for layered oxide cathodes!.12-
16, there are few reports on Ni migration in LNO, especially upon
extended cycling. One study has suggested 4% Ni migration to
the Li layer after the first cycle based on sXRD Rietveld
refinements?’, and a recent work reported that 8% of the sites
in the Ni layer become vacant upon initial charge above 4.1 V
based on sXRD Rietveld refinements.'® Beyond the first cycle,
the structural characterization of ex situ LNO samples has been
limited to bulk phase identification without refinement of Niy
occupancies,®1° save for one report claiming that 7% of the Ni
species occupy tetrahedral sites in the Li layers after 20 cycles,
although no additional evidence from spectroscopic tools was
provided20.

Our combined sXRD, magnetometry, and ’Li solid-state
NMR results indicate only a small amount of Ni migration during
cycling even with a 4.3 V cut-off. The sXRD patterns obtained on
ex situ cycled sample were initially refined using the Rietveld
method and various structural models, including one where Ni
was allowed to occupy tetrahedral sites in the Lilayer. The latter
model led to a slight reduction in Rw, of 0.5 and large Nirg
occupancies (>10%) after the first cycle, which was inconsistent
with our SQUID magnetometry and NMR data indicating only a
smallamount of Ni migration at later stages of cycling (see later)
and therefore dismissed. Refinement of the Niycontent in the
minor M phase of D4.3V-10, D4.3V-50, and D4.1V-50 again led
to large occupancy values (> 10%), but those refinements are
unreliable due to the extensive overlap of (most of) the
reflections from the coexisting H1 and M phases. Refinements
were more straightforward for the data collected on the
charged samples since these are either single phase or
comprised of two phases with no overlapping reflections. This
analysis revealed similar Ni; occupancies (Fig. S7) in the C4.3V-
1 (1.51(7)%), C4.1V-1 (1.60(7)%) and C4.1V-10 (1.53(6)%)
samples as compared to the initial cathode (1.46(6)%). The Niy;
occupancy was found to slightly increase for the H2 (1.69(8)%)
and H3 (1.73(8)%) phases present in C4.3V-10, and for the single
M (1.73(6)%) phase in C-4.1V-50, and more significantly to
3.17(7)% for the single M phase in C4.3V-50. SQUID
magnetometry was then used to further assess Ni migration in
the multi-phasic discharged samples that proved challenging to
characterize with sXRD. While a paramagnet at room
temperature, LNO is ferrimagnetic below a certain magnetic
transition temperature that increases with the Ni
overstoichiometry (y) and fraction of Ni;; defects, as has been
shown in previous work.”21.22 Since the overall Ni content in the
cathode does not vary during cycling, the magnetic transition

This journal is © The Royal Society of Chemistry 2024

Page 2 of 4



Page 3 of 4

410
(b) 480)c4.3v-50

1500 750 O

1500 750 0
&(’Li) / ppm &(’Li) / ppm
710 480 410
@ )220 (d C4.1V-50
D4.1V-50 30

D4.1V-10

1500 750 0 1500 750 0
&(’Li) / ppm 6(’Li) / ppm

Fig. 3 7Li solid-state NMR spectra collected on ex situ samples in the (a,c) discharged and
(b,d) charged states for cells cycled to (a,b) 4.3 V and (c,d) 4.1 V. All spectra were
acquired at 2.35 T and 60 kHz MAS and are normalized to the most intense signal.
temperatures obtained from the inverse magnetic susceptibility
(x'Y) (and derivative dx1/dT) vs. temperature data in Fig. S8a-b
for the D4.3V and D4.1V samples, respectively, can be used to
track the evolution of the Ni,; defects formed during cycling. The
effective magnetic moments (Uesr) and Curie-Weiss constants
(Bcw) obtained from fits of the magnetic susceptibility data in
the paramagnetic (Curie-Weiss) regime are listed in Table S2
and discussed in ESI Note 3. As expected, x! varies linearly with
temperature in the paramagnetic regime, resulting in a constant
(dx1/dT) curve at high temperatures for all samples. x1 is no
longer linear with temperature in the magnetically coupled
regime. For the D4.3V-10 and D4.3V-50 samples, a sharp
magnetic transition manifests as a peak in the dx1/dT profile at
129 K and 152 K, respectively, in contrast to the uncycled
cathode, D4.3V-1, and all of the D4.1V samples, which do not
exhibit any magnetic transition. Those results indicate a larger
amount of Niy; defects in LNO samples cycled over a larger
voltage window, and this amount gradually increases with cycle
number. Interestingly, the magnetic susceptibility curves
obtained on the charged C-4.1V and C-4.3 V samples (x'* and dx
1/dT plotted in Fig. S8c-d) exhibit no clear magnetic transition,
which suggests that the magnetic clusters that lead to the
magnetic transition in D4.3V-10 and D4.3V-50 are at least
partially oxidized on charge and thus are part of the redox-
active LNO phase rather than of an inactive magnetic phase.
The effects of extended electrochemical cycling on the local
structure of LNO was investigated using ’Li solid-state NMR. In
LNO, the 7Li chemical shift is dominated by the hyperfine shift
resulting from strong interactions between the Li nuclear spin
and unpaired electron spins from nearby Ni species, as
explained in more detail in our recent work.6 The 7Li spectrum
obtained on pristine LNO exhibits three resonances at 700 ppm,
450 ppm, and near 0 ppm, which we have attributed to Li
species in the interlayer space, near twin boundary defects, and
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in diamagnetic phases (e.g., Li,CO3, Li;0O) present at the surface
of the particles, respectively.6 As noted in our previous study,
the 450 ppm resonance disappears after the initial charge
process due to sluggish Li reinsertion into the twin boundary
environments, while the intensity of the diamagnetic (0 ppm) Li
signal varies non-monotonically due to differences in
electrolyte degradation and sample washing. Spectra acquired
on the D4.3V and D4.1V series are shown in Fig. 3a and 3c and
comprise two resonances at =700 and 520 ppm, attributed to
Li in a pristine LNO environment, and Li near mostly Ni3* and
some Ni** species, respectively.®23 These results indicate
incomplete relithiation of the discharged samples, resulting in
Li-rich and Li-poor domains. In D4.3V-50, an additional
resonance is observed at 1100 ppm, which is assigned to Li in
NiZ*-rich environments,® e.g., near multiple Ni,; defects. The
presence of such Li environments is consistent with the sXRD
and SQUID magnetometry results presented earlier.

Significant differences are observed between the 7Li NMR
spectra obtained on the C4.3V series (Fig. 3b), while minimal
changes are observed for the C4.1V series (Fig. 3d). This is
consistent with the improved structural stability of LNO when
cycled over a smaller voltage window. Focusing on the 4.3V
series, LNO is nearly completely delithiated on initial charge
(C4.3V-1), as indicated by the presence of a unique, low
intensity signal at 50 ppm. The small hyperfine shift is consistent
with residual Li in the interlayer space with mostly Ni4
neighbours. The spectrum obtained after 10 cycles (C4.3V-10)
exhibits two new signals at 410 ppm and 480 ppm, besides the
50 ppm signal (Fig. S10). These additional, highly shifted
resonances indicate the presence of Li surrounded by both Ni**
and paramagnetic Ni3* species in the charged cathode,
indicating some loss of electrochemical activity over the first 10
cycles upon cycling LNO up to 4.3 V. While the 410, 480, and 50
ppm signals are still present in the C4.3V-50 spectrum, two
additional signals are observed at 700 ppm and 1100 ppm (Fig.
S11). The 700 ppm signal is attributed to Li species in fully
lithiated LNO,
presumably resulting from particle cracking and contact loss.2*

and therefore electrochemically inactive
The 1100 ppm resonance previously attributed to Li near
multiple Niy defects in LNO, is present on both charge and
discharge after 50 cycles, which suggests that these Li species
are trapped in the interlayer space. Overall, these results

@ ~cazvo  ®
“ = (H2/H3)o.46

= C4.3V-50
= Moz + Mo3q

1500 1000 500 0 -500 1500 1000 500 0

6(’Li) / ppm 6(’Li) / ppm

Fig. 4 (a) Comparison of the ’Li NMR spectrum collected on C4.3V-10 and the first cycle

spectrum for (H2/H3)o.16. (b) Comparison of the “Li NMR spectrum collected on C4.3V-50

with the sum of spectra acquired on Mo.a3 and Moa. The spectra collected on the Mo.as
and Mo.3s were scaled Mo.a3:Mo34 = 1:3.8.
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suggest the presence of electrochemically active (close to fully
delithiated) and fatigued (partially delithiated) particles or sub-
particle domains at high states of charge after 10 and 50 cycles.
These findings are reminiscent of bulk degradation in NCM811
cathodes, whereby phase separation occurs particle by particle,
and the electrochemical activity of each particle is determined
by the thickness of its densified surface layer.?

In a final step, the Li content within the structural domains
that emerge upon cycling in the C-4.3V sample series was
determined. C4.3V-1 comprises a single H3 phase, and its Li
content was found to be 0.03 based on its initial charge capacity
and after correcting for the spurious capacity from high voltage
side reactions (determined from the difference in first cycle
irreversible capacity obtained when charging up to 4.1 V and
4.3 V). In contrast, the overall Li content in samples collected
after multiple charge-discharge cycles cannot be quantified
from the observed capacity alone, and we instead compared
the 7Li NMR spectra collected on C4.3V-10 and C4.3V-50 with
spectra obtained on ex situ samples stopped at different points
during the first charge process (Fig. S9), as described in ESI Note
4. Our sXRD results indicated that C4.3V-10 comprises an H2
and an H3 phase, and its 7Li NMR spectrum matches perfectly
that collected on a sample initially charged up to 4.15 V, with a
total Li content of 0.16 and similarly comprising an H2 and an
H3 phase (labelled (H2/H3)0.16), as shown in Fig. 4a and Fig. S10.
These findings indicate that the Li content in C4.3V-10 is 0.16.
The 7Li NMR spectrum for C4.3V-50 is more complex, with
resonances at 700 and 1100 ppm arising from electrochemically
inactive domains, as well as resonances attributed to fatigued
domains. The latter set of resonances can be emulated using a
linear combination of spectra acquired on two samples stopped
during the first charge process, each containing a single M
phase with 0.43 and 0.34 Li, respectively, referred to as M3
and Mo 34 (see Fig. 4b and Fig. S11). Hence, C4.3V-50 comprises
aminor H1 phase (0.03% molar phase fraction, not detected by
sXRD) and two M phases with Li contents of 0.43 (Mo.43, 21%
molar phase fraction) and 0.34 (Mg3s, 79% molar phase
fraction). The total Li content in this sample is therefore 0.36.

In summary, this work furthers our understanding of bulk
degradation modes in LNO cathodes. high
resolution paramagnetic ’Li NMR enabled the determination of
the Li content in the fatigued domains that emerge upon
extended cycling up to 4.3 V. We find that up to 0.16 and 0.43
interlayer Li is left in these domains after 10 and 50 cycles,
respectively, while fully electrochemically inactive domains are
also present at cycle 50. Further work is needed to determine
whether these compositional heterogeneities occur particle by
particle or at the sub-particle level.
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