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ABSTRACT: The electrochemical activity of LiNiO2 at the initial cycle and factors affecting
its activity were understood. Even though LiNiO2 can achieve almost theoretical charge
capacity, it cannot deliver the theoretical discharge capacity that would result in low 1°
Coulombic efficiency (CE). For different upper cut-off voltages at 4.3 and 4.1 V, the 1st CE
barely increases. Given that the H2—H3 phase transition occurs at ~4.2 V, the low 1st CE is
not caused by this phase transition but is a result of the additional 3.5 V discharge reaction,
which is kinetically limited and thereby not activated even at a reasonable current density. We
found out that the several phase transitions during charge/discharge in LiNiO2 barely affect
the 3.5 V reaction. Under galvanostatic intermittent titration technique (GITT) conditions,
LiNiO2 can achieve ~250 mAh/g of discharge capacity and 100% CE even with the 4.3 V
cut-off voltage by fully activating the 3.5 V reaction. Using neutron diffraction and 6Ll
nuclear magnetic resonance (NMR) measurements, the sluggish kinetics of the 3.5 V reaction
can be ascribed to difficult insertion of Li at the end of the discharge because this reaction can
be accompanied by the rearrangement of cations or local structure change in the structure. To
achieve high discharge capacity in LiNiO2 with the 4.3 V cut-off voltage, this 3.5 V sluggish
reaction should be improved. The finding and understanding underlying the mechanism of the
electrochemical activity will stimulate further research on high-capacity Ni-rich layered
materials for high-performance Li-ion batteries.
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by activating sluggish ~3.5V discharge reaction

ST__GITT — /50 —Ci10 —_C/s -
_ 32 100- .
— 2
4- S B
Hre— g - .
.
:
8 80
£
‘ o
3
2! o 70

0 50 100 150 200 250 300
Capacity(mAh/g)

cio Ci50 GITT

KEYWORDS: high Ni-rich materials, LiNiO2, Coulombic efficiency, discharge reaction at
~3.5 V, cation rearrangement

1. INTRODUCTION
Many attempts to increase the energy density and reduce the production cost of the Li-ion
battery (LIB) have been performed in both business and academic fields since LIB is



commercialized. Using LiCoO2 (LCO) as a cathode material and graphite as an anode
material, the early LIB has been applied mostly in portable devices. But a strong demand for
high energy density in LIB has been increased for deploying extended-range electric vehicles
(EVs) as the electric vehicle (EV) market grows. As the demand for high energy density LIB
increases, the conventional LCO material, with a lower practical capacity, has been replaced
due to its structure instability after >50% delithiation and the substantial increase of the price
of Co.1 Li-rich layered oxide and Ni-rich layered oxide were considered as candidates for
replacing LCO because of their higher energy density2,3 and already Ni-rich layered oxide is
used in the EV system. Ni-based layered materials such as LiNil —x—yMnxCoyO2 (NMC)
and Li- Ni0.8C00.15A10.0502 (NCA) have been of great interest because they can achieve
high reversible capacity by only substituting Co with Ni. To further increase the energy
density in Ni-based layered materials, the amount of Ni in the materials gets increased by
reducing other transition metals such as Co and Mn because the Ni redox reaction determines
the achievable capacity of the electrode materials.4 As the Ni content increases in NMC and
NCA materials, their electrochemical properties and structural changes via phase
transformation behaviors during charge/discharge are increasingly similar to LiNiO2, an end
member of Ni-rich electrode materials.5 For example, as the Ni amount increases, multiple
phase transitions, including the H2—H3 phase transition at the end of charge, which can cause
severe structural changes, are observed during charge/discharge and the thermal stability of
the fully delithiated phase gets worse with the oxygen release.6,7 Also, the Ni-rich layered
materials (Ni > 80%) exhibit low Coulombic efficiencies at the 1st cycle that are less than
90%.8—11 This indicates that the discharge capacity does not increase along with the charge
capacity even though the Ni content increases. To achieve the increase in the discharge
capacity in Ni-rich layered materials, the electrochemical properties of Ni-rich layered
materials at the 1st cycle should be understood. Therefore, the understanding of the
electrochemical activity of LiNiO2 can greatly help solving these problems of Ni-rich layered
materials.
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Figure 1. (a) Synchrotron high-resolution XRD pattern and refinement. (b) SEM image of the
synthesized LiNiO2 sample.

In this study, we understood the factors affecting the electrochemical activity of LiNiO2,
especially during the 1% cycle to determine whether the theoretical capacity of LiNiO2 can be
achieved or not. Considering that there are multiple phase transformations (H1-M—-H2-H3)
during charge/ discharge, we investigate the effects of these structural changes on the
electrochemical activity by controlling the upper cut-off voltages of LiNiO2. Especially, we
focus on understanding the low Coulombic efficiency of LiNiO2. We found out that the low



CE in the 1% cycle in LiNiO2 is ascribed to the low discharge capacity that is caused by a
sluggish additional discharge reaction at ~3.5 V rather than detrimental phase transitions such
as H2—H3 at ~4.2 V, which leads to a severe volume change. The activation in this discharge
reaction strongly depends on the kinetics. At low current density, the 3.5 V discharge reaction
can be activated and thereby the achievable discharge capacity is increased, leading to high
CE. However, this 3.5 V discharge reaction at high current density is not activated. This
indicates that the kinetics of the 3.5 V discharge reaction is very slow. In the galvanostatic
intermittent titration technique (GITT) measurement, the sluggish 3.5 V discharge reaction is
almost fully activated, and thereby the LNO can achieve 100% CE with the 4.3 V cut-off
voltage, leading to ~250 mAh/g of discharge capacity. Furthermore, the GITT data clearly
shows that the LiNiO2 has an additional electrochemical reaction at ~3.6 V for the charge
and at ~3.5 V for the discharge. However, these additional reactions for the charge and
discharge are kinetically

asymmetric; the additional discharge reaction at ~3.5 V shows much higher polarization than
the additional charge reaction at ~3.6 V. This further confirms that the 3.5 V discharge
reaction has very poor limited kinetics. Through nuclear magnetic resonance (NMR) and
neutron diffraction data, we found out that the insertion of Li into the bulk at the end of the
discharge at 3.5 V is not easy and can be accompanied by the rearrangement of cations such
as Li and Ni or local structural changes resulting in poor kinetics. These understandings and
findings will give alternative strategies for improving the electrochemical performance of Ni-
rich layered materials as the Ni content increases and LiNiO2 for high energy density LIB.

2. EXPERIMENTAL SECTION

2.1. Preparation of Materials. LiNiO2 was prepared by mixing LINO3 and Ni(OH)2 with
acetone (high-performance liquid

chromatography (HPLC) grade) in a molar ratio of 1.01:1 by ballmilling for 12 h. After
mixing these precursors, the mix was ball-milled using a planetary ball-milling machine for 5
h and then calcined at 750 °C for 12 h under oxygen.

2.2. Material Characterization. Synchrotron X-ray diffraction (XRD) measurement was
performed on beamline 9B-HRPD at Pohang Accelerator Laboratory, Pohang, Korea. The
incident X-rays were vertically collimated by a mirror and monochromated to the wavelength
of 1.4970 A using a double-crystal Si(111) monochromator. The datasets were collected in the
range of 10° < 260 < 130° with a step size of 0.02° (26 range). The lattice parameters of the
samples and the quantity of impurities were determined using FullProf software.3 The neutron
diffraction measurements were performed at the Australian Center for Neutron Scattering.
The wavelength was 1.5340 A, and the scan range was 10—150° in increments of 0.05. The
lattice parameters of the samples and the degree of Ni/Li disordering were determined using
FullProf software. The morphology of the particles was observed using a field-emission
scanning electron microscope (FE-SEM, Philips electron optics B.V XL30S FEG).

2.3. Nuclear Magnetic Resonance (NMR) Measurements. 6Li NMR measurements were
performed at RT using a Bruker Avance- 200 spectrometer (BO = 4.7 T, Larmor frequency vO
= 29.28 MHz). Magic angle spinning (MAS) spectra were obtained using a Bruker MAS
probe with a cylindrical 2.5 mm (0.d.) zirconia rotor. Spectra were acquired at a spinning
frequency of 34 kHz. 6Li-MAS-NMR spectra were acquired using an echo (n/2—t—n—r) pulse
sequence with a /2 pulse of 4.1 us. The recycle time was typically 0.5 s. The isotropic shifts,
reported in parts per million (ppm), are relative to an external liquid 1 M solution of LiCl set
at 0 ppm. 6Li integrated intensities were determined using spectral simulation (Dmfit
software).



2.4. Electrochemical Measurements. For the galvanostatic electrochemical test, the lithium
metal half-cells were assembled using a Swagelok-type cell in a glovebox. The composite
electrode with the ratio of active material 80 wt %/super-P (carbon black, Timcal) 15 wt
%/binder 5 wt % (poly(tetrafluoroethylene) (PTFE)) was prepared by rolling into a thin sheet
with uniform thickness and size. The active material loading was 2—4 mg/cm2. The active
composite cathode and a lithium metal anode were separated by a porous polypropylene film
(Celgard 2400). The electrolyte used was 1 M LiPF6 dissolved in ethylene carbonate/diethyl
carbonate (EC/DEC) (1:1 by volume, PANAX ETEC Co. Ltd.) solution. All cells were
operated at room temperature.
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Figure 2. (a) Voltage profile of the LNO electrode at C/10 charge and C/10 discharge rates
with the 4.3 V upper cut-off voltage, and (b) its differential capacity plot (dQ/dV) as a
function of voltage, (c) voltage profiles of the 1st cycle of the LNO electrodes with various
upper cut-off voltages (4.1, 4.3, 4.6, and 4.8 V) at C/10 charge and C/10 discharge rates and
(d) their Coulombic efficiencies at the 1st cycle.

3. RESULTS

LiNiO2 (LNO) was prepared via a simple solid-state reaction under oxygen. Synchrotron
XRD data in Figure 1la shows that the LNO sample has a typical rhombohedral (R) phase
without any impurity phases. The lattice parameters of the synthesized LNO sample obtained
from the Rietveld refinement were a = 2.87646 (1) A and ¢ = 14.19798 (13) A (Table S1),
which are similar to the reported values12 and the amount of Ni in the Li layer (the degree of
the cation disordering) was ~1.2% (Table S2), indicating that the sample has a negligible



degree of the cation disordering.12 The SEM image in Figure 1b clearly shows that the LNO
sample has ~0.1-2 pum in size with a broad range of the size distribution and has irregular
faceted morphology of particles. To understand the electrochemical activity of the LiNiO2
(LNO) sample during the 1st cycle, electrochemical tests were carried out with various upper
cut-off voltages because the multiple phase transitions in a charge process occur and strongly
depend on the upper cut-off voltages. In Figure 2a, the LNO sample cycled with a 4.3 V cut-
off voltage shows charge/ discharge voltage curves and capacities (250 mAh/g in charge, and
225 mANh/g in discharge) that are quite similar to the previously reported results in the
literature.13 Also, the differential capacity plot, dQ/dV, in Figure 2b displays the multiple
phase transitions undergone by the LNO sample during charge/discharge. This is consistent
with the wellknown phase transition behaviors referred to as the H1-M— H2-H3 phase
transition.14 The original hexagonal structure in LiNiO2 is denoted by H1, and this H1
structure transforms into M, H2, and H3 phases during the charge. The H1 phase transforms
into the M phase at ~3.65 V in charge, and then this M phase transforms into another
hexagonal phase (H2) at ~4.05 V. At the voltage plateau at ~4.2 V during the charge, the H2
phase gets transformed into the H3 phase via phase separation. Since the H3 phase has a much
smaller c lattice parameter compared to the H2 phase, the H2—H3 phase transition can induce
a substantial volume change that can easily lead to the formation of cracks on the surface of
the particle. These multiple phase transitions have clear peaks in the differential capacity plot
(dQ/dV) of LiNiO2 in Figure 2b.15 By decreasing the cut-off voltage from 4.3 to 4.1 V, both
charge and discharge capacities were decreased and the H2— H3 phase transition, which is
indicated by the plateau at ~4.2 V, disappeared, as shown in Figure 2c. However, when the
cutoff voltage increases from 4.3 to 4.6 V, the charge capacity increased to 262 from 250
mAh/g, but the discharge capacity barely increased and was similar to the obtained discharge
capacity for the 4.3 V cut-off voltage in Figure 2c. The increase in the cut-off voltage from
4.3 to 4.6 V for achieving high discharge capacity is unambiguously not effective. Further
increase in the cut-off voltage from 4.3 to 4.8 V also increases the charge capacity, which is
similar to the theoretical capacity of LNO, but it does not increase achievable discharge
capacity. After the charge ending with the 4.8 V cut-off voltage, the discharge voltage profile
shows a sloping shape with large voltage polarization in Figure 2c¢, which is slightly different
from the discharge voltage curve of the 4.3 or 4.6 V cut-off voltage. This can be caused by the
bulk structural changes due to the complete phase transformation into the H3 phase when
reaching 4.8 V or side reactions on the surface with the electrolyte during the charge process
at high voltage.16 Also, in Figure 2c, the Coulombic efficiency of the LNO electrode at the
4.8 V cut-off voltage was lower than that at the 4.3 V cutoff voltage, indicating that its
electrochemical irreversibility is increased by charging up to 4.8 V and discharging. Figure 2d
shows that the 1st Coulombic efficiencies of the LNO sample with various upper cut-off
voltages are not 100% but are close to 90%, irrespective of cut-off voltages. Surprisingly, the
cell with the 4.1 V cut-off voltage still shows the low Coulombic efficiency at the 1st cycle
even though the LNO sample does not undergo the H2—H3 phase transition at ~4.2 V, which
is known to induce severe structural changes, and even though side reactions with the
electrolyte barely occur at 4.1 V. This indicates that the low 1% Coulombic efficiencies of the
LNO sample are not ascribed to the structural changes caused by the H2—H3 phase transition
or to the reaction on the surface with the electrolyte during charging and discharging. The
charge capacity almost linearly increases with respect to the increase in the upper cut-off
voltages, whereas the discharge capacity does not. This

indicates that the low 1st Coulombic efficiency behavior can be caused by a limited discharge
capacity that can be caused by a limited discharge reaction rather than the multiple phase
transitions such as H2—H3 occurs at 4.3 V. To further increase the discharge capacity of
LiNiO2, the reason why the discharge reaction is not fully activated even at low upper cut-off



voltage needs to be understood. It should be noted that the LNO sample shows a typical
capacity retention behavior at the C/ 3—C/3 rate, which is a continuous capacity decay with a
continuous decrease of the degree of the H2—H3 phase transition during cycles (Figure S1).
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Figure 3. (a) Voltage profiles of the LNO electrodes with different charge and discharge rates
(C/10, C/50). (b) Differential capacity (dQ/dV) plots of the LNO electrodes at different
charge/discharge rates. (c) 1st Coulombic efficiencies at various charge and discharge rates
(C/10, C/50).

To understand the limited discharge reaction in LNO materials, electrochemical tests at
different discharge rates were carried out. For a discharge at the C/50 rate with the charge at
the C/10 rate, the LNO sample in Figure 3a shows a distinct increase in the discharge capacity
even with the same 4.3 V upper cut-off voltage. This is quite different from the discharge
behavior observed for the C/10 discharge rate subsequent to the C/10 charge rate. The
discharge capacity of the LNO electrode at the C/50 discharge rate increases to 236 from 225
mANh/g at the C/10 discharge rate, leading to an increase in the Coulombic efficiency. Given
that the charge capacity at both C/10 and C/50 discharge rates is almost the same, this
indicates that the discharge reaction in the LNO sample can be susceptible to the current
density or the kinetics. The increase in the discharge capacity can be ascribed to the additional
voltage plateau at ~3.5 V that is only observed in the discharge at the C/50 rate, not at the
C/10 rate in Figure 3a,b. This indicates that the LNO sample has a kinetically limited



discharge reaction at ~3.5 V. When the cell was charged at the C/50 rate, as shown in Figure
3a, the polarization of the charge reaction at ~3.6 V, which can be the corresponding reaction
to the discharge reaction at ~3.5 V, decreases compared to that of the charge reaction at the
C/10 rate. Even though the polarization of the charge reaction at ~3.6 V is lowered at the
C/50 charge rate, the charge capacity in the charge at the C/50 rate barely increases compared
to that at the C/10 charge rate. This indicates that the charge reaction at ~3.6 V seems to be
activated even at the C/10 charge rate even with a slight increase in the polarization unlike the
3.5 V discharge reaction, which is barely activated at the C/10 discharge rate. Figure 3b
shows the differential capacity (dQ/dV) plots of the LNO sample at different charge/discharge
rates. The differential capacity plots clearly show that a peak at ~3.5 V in the discharge
reaction is observed only at the C/50 discharge rate. This indicates that the additional
discharge reaction at ~3.5 V is kinetically very slow and its activation at very low current
density can increase the discharge capacity. The cell with the C/50 charge—C/50 discharge
rate clearly shows a peak at ~3.6 V in the charge and the corresponding peak at ~3.5 V in the
discharge. This indicates that the LNO sample has an additional electrochemical reaction at
~3.6 V for the charge and ~3.5 V for the discharge. As a result, the Coulombic efficiency of
the cells with C/50 discharge rates can increase to 95 from 90% at the C/10 discharge rate.
Given that the H1 phase is related to both the additional discharge reaction at ~3.5 V and the
charge reaction at ~3.6 V, the insertion of Li into the H1 phase at the end of the discharge is
kinetically much harder than the extraction of Li from the H1 phase at the beginning of the
charge. This asymmetric reaction of the H1 phase during the charge and discharge behavior is
similar to the reported result in high Ni NMC materials.17 In LNO materials, the sluggish
discharge reaction at ~3.5 V can cause a limited achievable discharge capacity, whereas the
corresponding charge reaction at ~3.6 V is not kinetically limited, leading to low Coulombic
efficiency at the 1st cycle. Also, it was confirmed that the 3.5 V discharge reaction observed
at the C/ 50 discharge rate at the 1st cycle is still active in the 2nd cycle when the discharge
rate was C/50 (Figure S2). In Figure S2a, it is clear that the activation of the 3.5 V discharge
reaction at the C/50 discharge rate can increase not only the 1st discharge capacity but also
the 2nd discharge capacity compared to that at the C/10 charge—C/10 discharge for 2 cycles,
as shown in Figure S2b. To further increase the achievable discharge capacity even with low
cut-off voltage, the sluggish 3.5 V discharge reaction should be understood and fully
activated.
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Figure 4. Voltage profiles of the LNO electrodes at the C/10 discharge rate and the C/50
discharge rate with (a) 4.1 V cut-off voltage, (b) 3.9 V cut-off voltage, and (c) 1st Coulombic
efficiencies at various upper cut-off voltages with different current rates. The charge rate was
C/10 for all electrodes.

To understand the effect of the phase transition behaviors, which induce structural changes,
on the achievable discharge capacity, especially on the 3.5 V discharge reaction,
electrochemical tests at different discharge rates with different upper cut-off voltages, as
shown in Figure 3b, were carried out. The charge rate for cell tests was fixed at the C/10 rate
because the achievable charge capacity barely depends on the current density. The upper cut-
off voltages were decreased from 4.3 to 4.1 and to 3.9 V. It should be noted that the upper cut-
off voltages were chosen by the phase transition behavior as shown in Figure 3b. The
discharge capacities at the C/50 discharge rate increase irrespective of the cut-off voltages
compared to those at the C/10 discharge rate because the 3.5 V discharge reaction is always
activated at the C/50 discharge rate. This indicates that the activation of the 3.5 V discharge
reaction strongly depends on the current density rather than the phase transformation
behaviors. Moreover, as seen in Figure 4a, the discharge capacity also increased for a C/50
discharge rate with the 4.1 V cut-off voltage, without undergoing the H2—H3 phase transition
during the previouscharge. This indicates that the increase in the discharge capacity is barely
affected by the H2—H3 phase transition at ~4.2 V. In the case of a 3.9 V cut-off voltage,
where the M—H2 phase transition does not occur, the discharge capacity at the C/50 discharge
rate, as shown in Figure 4b, is still higher than that at the C/10 discharge rate, indicating that



the increase in the discharge capacity barely depends on the M—H2 phase transition. Further
decrease of the cut-off voltage similarly leads to an increase in the discharge capacity at the
C/50 discharge rate. For all upper cut-off voltages, the increase in the discharge capacity at
the C/50 discharge rate is ascribed to theadditional voltage plateau at ~3.5 V in the discharge.
As a result, 1st Coulombic efficiencies at the C/50 discharge rate in spite of different upper
cut-off voltages are always higher than those of the C/10 discharge rate, as shown in Figure
4c. To understand the electrochemical properties of the 3.5 V discharge reaction,
galvanostatic intermittent titration technique (GITT) tests at 4.3 V cut-off voltages were
carried out. The cells were charged/discharged for 1 h at the C/100 rate (2 mA/g) at each step
and rested for 2 h at each step. Surprisingly, the 1st Coulombic efficiency of LiNiO2 in the
GITT test is almost 100% with the 4.3 V cut-off voltage in Figure 5a, indicating that the fully
reversible delithiation/ lithiation of the LiNiO2 material is possible. In the GITT voltage
profile in Figure 5a, the LNO sample shows an additional voltage plateau at the beginning of
the charge and at the end of the discharge, where the electrochemical reaction is mainly
related to the H1 phase and determines the achievable discharge capacity. The differential
capacity plot of the OCV also shows an additional peak at ~3.6 V for the charge and ~3.5 V
for the discharge (dotted box in Figure 5b). This is consistent with the electrochemical
behavior at the C/50 charge—C/50 discharge rate (Figure 3a,b). This clearly demonstrates that
the LNO sample has an additional electrochemical reaction in both charge and discharge but
this reaction can be strongly susceptible to the Kkinetics or current density. Given that this
electrochemical reaction has a flat voltage behavior in the H1 phase region in the GITT test, a
phase separation reaction at this region can be undergone via forming a new phase.
Unfortunately, the new phase in this region, especially for the discharge reaction was not
observed in synchrotron XRD measurement in Figure S3. This can be due to the fact that the
new phase can be structurally quite similar to the H1 phase. Furthermore, the additional
electrochemical reaction in the H1 phase region shows a quite different polarization behavior
compared to other electrochemical reactions at higher potential regions even though the
applied current density is very low. In Figure 5c¢, the LNO sample shows almost negligible
polarization in most of the charge and discharge reactions, except for the beginning of the
charge and the end of the discharge, where the additional electrochemical reaction occurs.
This indicates that the insertion (extraction) of Li into (from) the H1 phase is not facile
compared to other phases during charge/discharge. However, the polarization of the discharge
reaction at ~3.5 V is much higher in a wide composition range than that of the charge
reaction. This indicates that the insertion of Li into the H1 phase at the end of the discharge is
kinetically very sluggish compared to the extraction of Li from the H1 phase at the beginning
of the charge. The very beginning of the charge (<10 mAh/g) in Figure 5¢ shows the
polarization of ~<0.15 V but the rest of the charge shows very low polarization, indicating
that the Kkinetics does not critically affect the charge reaction. In contrast, the discharge
reaction in the H1 phase region shows a very high polarization of >0.2 V even with very low
current density in a wide composition range from the composition where the 3.5 V discharge
reaction (<50 mAh/g) starts to the end of the discharge. This indicates that the discharge
reaction at ~3.5 V is kinetically very limited. As a result, the CE in the 1st cycle strongly
depends on the activation of the 3.5 V discharge reaction.
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Figure 5. (a) Open-circuit voltage (OCV) of the LNO electrode obtained with the GITT test,
(b) differential capacity plot with respect to the OCV in the LNO electrode, (c) the
polarization curve obtained from GITT measurement with the 4.3 V cut-off voltage, (d)
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Figure 5d,e shows the voltage curves of LiNiO2 and initial Coulombic efficiencies at various
charge rates and discharge rates with the 4.3 V cut-off voltage, respectively. The charge
capacity at the C/10 rate is a little higher than that at the C/5 charge rate, but the charge



capacity at the C/50 rate does not further increase compared to that at the C/10 rate charge.
The voltage profiles of the charge at different rates are almost similar, except at the beginning
of the charge.

At the C/50 charge rate, the voltage profile at the beginning of the charge shows slightly
lower polarization than at the C/10 rate. This indicates that the extraction of Li in the H1
phase is slightly affected by the current density but the obtained charge capacity is not.
However, the discharge capacities of the LNO electrodes are linearly increased by slowing
discharge rates or current densities (C/5—C/10—C/50—C/100 (GITT)). The increase in the
discharge capacity with the current density is caused by the additional discharge voltage
plateau at ~3.5 V, which is observed only at C/50 and GITT. This indicates that the activation
of the 3.5 V discharge reaction critically depends on the kinetics. In LNO material, the
additional electrochemical reaction at ~3.5 V is observed but is not kinetically symmetric in
the charge/discharge because of the kinetically limited discharge reaction at ~3.5 V. As a
result, the discharge capacity is not fully achieved even at a reasonable low current density
(<C/10 discharge rate) making 100% CE in the 1% cycle very difficult.
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Figure 6. (a) Voltage profiles of the two electrodes with different discharge rates, C/10 and
C/50 with the 3.45 V discharge cut-off voltage. Neutron diffraction patterns of the LNO
electrode with the 3.45 V discharge cut-off voltage at (b) the C/10 discharge rate, and (c) the
C/50 discharge rate.



Table 1. Lattice Parameters and the Amount of Li and Ni in the Pristine LiNiO2, the C/10
Discharged Electrode, and the C/50 Discharged Electrode with the 3.45 V Cut-Off Voltagea

sample name

refined parameters pristine C/10 C/s50
LiNiO, (R-3m) a 2.87344(4) 2.87110(9) 2.87304(6)
c 14.18222(37) 14.21287(75) 14.20084(34)
atom occupancies (Li/Ni) Li layer (3a) 0.988(1)/0.012(1) 0.782(2)/0.027(2) 0.861(1)/0.005(1)
TM layer (3b) 0.012(1)/0.988(1) 0.027(2)/0.973(2) 0.005(1)/0.995(1)

“Overall Li/Ni occupancies: (0.809, 1) in C/10, (0.866, 1) in C/50.

To understand the structural changes such as the Li/Ni disordering caused by the activation of
the sluggish 3.5 V discharge reaction, ex situ neutron diffraction measurements in the two
electrodes were carried out and the change in the Li/ Ni disordering depending on the
activation of the additional 3.5 V discharge reaction in the sample was carefully measured.
The two electrodes were prepared with different discharge rates: one electrode was undergone
by the 3.5 V discharge reaction and the other electrode was not. The electrodes were charged
to 4.3 V at the C/10 rate and discharged to 3.45 V in different discharge rates, C/10 and C/50
rates in Figure 6a. The discharge curve at the C/50 discharge rate clearly shows additional
voltage plateau but that at the C/10 discharge rate does not. The discharge capacity at the C/50
discharge rate is higher by ~10 mAh/g than the discharge capacity at a C/10 discharge rate.
This indicates that the sluggish ~3.5 V discharge reaction is activated at the C/50 discharge
rate, not at the C/10 discharge rate. Based on the neutron diffraction data, the two electrodes
show similar structural characteristics; the lattice parameters of the two electrodes obtained
from Rietveld refinement results in Table 1 are similar to each other; a = 2.87110(9) A, ¢ =
14.21287(75) A for the C/10 discharged electrode and a = 2.87291(6) A, ¢ = 14.19953(51) A
for the C/50 discharged electrode. The ex situ synchrotron XRD measurements show
negligible structural changes of the two electrodes during the 3.5 V discharge reaction in
LiNiO2 (Figure S3), and this is consistent with previous work by Li et al.18 However, the
refinement results of the neutron diffraction data in Table 1 shows that the C/50 discharged
electrode has a slightly different degree of Li/Ni disordering (intermixing) compared to the
C/10 discharged electrode and the pristine material (Table S2). The degree of Li/Ni
disordering in the C/50 discharged electrode substantially decreased to 0.5% from that (2.7%)
of the C/10 discharged electrode and is slightly lower than that of pristine LNO (1.2%),
whereas the degree of Li/Ni disordering (2.7%) of the C/10 discharged electrode is higher
than that of pristine LNO (1.2%). Considering that the charge/discharge voltage curve of the
electrode with the C/50 discharge rate is almost identical to that of the electrode with the C/10
discharge rate before the 3.5 V discharge reaction, the lowering of Li/Ni in the C/50
discharged electrode can be caused by the additional voltage plateau at 3.5 V. As a result, the
increase in the discharge capacity in the C/50 discharged electrode can be correlated to the
decrease in the Li/Ni disordering. This indicates that the further insertion of Li into the LNO
in the C/50 discharge rate by activating the 3.5 V discharge reaction can go to the Li layers
and thereby can cause the rearrangement of Ni ions, which already exist in the Li layer due to
the increase in the Li/Ni disordering, leading to a decrease in the Li/Ni disordering. As a
result, the kinetically limited reaction at the 3.5 V discharge reaction can be ascribed to the
fact that the Li insertion can be accompanied by the local structure changes via the
rearrangement of cations, which can induce high voltage polarization.
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Figure 7. Normalized 6Li-MAS-NMR calculated spectra of the electrodes: (a) the pristine
LiNiO2 electrode, (b) the C/10 discharged electrode with the 3.45 V cut-off voltage, and (c)
the C/50 discharged electrode with the 3.45 V cut-off voltage.

To understand the change in the local Li environment, which is induced by the additional
discharge voltage plateau at ~3.5 V, 6Li magic angle spinning—nuclear magnetic resonance
(6Li-MAS-NMR) measurements were carried out (Figure 7). In the pristine LNO sample, two
types of local environments of Li can be distinguished; one major contribution at 690 ppm,
which can be assigned to Li in the Li layer of LiNiO2,19 and a sharp peak at 0 ppm coming
most likely from Li2CO3 on the surface even though the XRD measurement does not show
the Li2CO3 impurity phase. The contamination of Li2CO3 on the surface is typically
observed in Ni-rich layered materials.20 Considering that the NMR experiments in the present
study have been performed at 34 kHz, the observed 6L.i shift at 690 ppm is in good agreement
with the lower expected shift for a stoichiometric LINiO2 compared to previous works by
Chazel et al.19 and Carlier et al.,21 showing higher experimental 6Li and 7Li hyperfine shifts
for Li in the Li layer of LiNiO2 at 750 and 714 ppm, respectively. The normalized spectrum
of the C/ 50 discharged electrode also displays a major resonance at ~694 ppm, which is very



similar to that for the pristine sample. This indicates that the Li local environments in LNO
after a discharge at C/50 are similar to that of the pristine LNO. This result suggests that Li
local environments in LiNiO2 are barely modified after a charge followed by a slow C/50
discharge. On the contrary, the normalized spectra of the C/10 discharged electrode with the
3.45 V cut-off voltage display a major resonance at ~710 ppm. While this shift is consistent
with the density functional theory (DFT) predictions22 for Li local environments in LiNiO2,
supporting its attribution to Li in Li layers, it appears at a significantly higher shift compared
to that for the pristine and the C/50 sample, highlighting the differences in local Li
environments in the two electrodes. Considering that the Ni3+ ions have a noncooperative
Jahn—Teller effect,13,22 which is related to the local distortion of NiO6 octahedra and
thereby can lead to a hyperfine shift, it seems reasonable to assert that additional local
distortions can cause further shifts in the case of the sample discharged at the C/10 rate
compared to the C/50 rate discharged electrode. One possibility is that the Li/Ni disordering
could cause this kind of distortion. Although it is difficult to determine experimentally and
would require calculations, it is interesting to note that the LNO sample discharged at C/10
exhibits a significant Li/Ni disordering, 2.7% from neutron diffraction refinements, compared
to the pristine (1.2%) and the sample discharged at C/50 (0.5%), suggesting that there may be
a link between the Li/Ni disordering and the distortions of the Li and Ni local environments
responsible for the higher hyperfine shift observed for the sample discharged at C/10. The two
electrodes operated at different discharge rates show an additional resonance in the 490—-550
ppm range (Table 2). These two resonances account for 25 and 15% of the total integrated
intensity (leaving out the Li2CO3 contribution) for the sample discharged at C/10 and C/50,
respectively. This is in good agreement with the refined overall Li/Ni occupancies: 0.809 after
a discharge at C/10 and 0.866 after a discharge at C/50, suggesting that close to 19 and 13%
Ni4+ exist due to not fully inserted Li ions at the two electrodes. These results suggest that the
additional resonances observed in the 490-500 ppm range are related to the presence of
remaining Ni4+ nearby Li in the layered structure in the electrode.23 Higher percentages that
can be obtained from NMR data are probably due to the fact that one remaining Ni4+ could
be “seen” by more than one Li+ ion in its vicinity, leading to an overestimation of the
corresponding local environments by NMR. It is difficult to determine whether the
discrepancy between the experimentally observed additional resonances at 543 ppm for the
discharged at C/10 and 494 ppm for the discharged at C/50 is due to additional structural
distortions modifying the magnitude of the hyperfine shifts or not. Also, the C/50 discharged
electrode shows a much broader FWHM of the resonance at ~543 ppm than that of the C/10
discharged electrode shown in Table 2. This indicates that the Li local environments nearby
Ni4+ ions in the C/50 discharged electrode are more distributed compared to the C/10
discharged electrode. The local distortions in the C/50 discharged electrode might lead to the
broad distribution of Li. These results indicate that the increase in the discharge capacity at
C/50 compared to the C/10 rate can originate clearly from Li insertion in Li layers as shown
by the NMR measurements. Structure refinements also show that the LNO electrode presents
different degrees of Ni disordering at the end of the discharge that may be seen indirectly by
NMR as an additional hyperfine shift induced by local distortions. As the insertion of Li at the
end of the discharge is more difficult to progress upon the C/10 discharge rate, it shows that
Li rearrangement in the Li/Ni layer in the layered structure can be correlated to the activation
of the 3.5 V discharge reaction, which is in good agreement with the ex situ neutron
diffraction data.



Table 2. Main Peak Position and Its Full Width at Half- Maximum (FWHM) of the 4.3-3.45
V Ex Situ Electrodes in C/10 and C/50 Discharged and Pristine Electrodes

pristine C/10 C/50
main peak (ppm) 688.20 708.42 693.98
FWHM (main peak) 132.85 132.85 127.07
additional peak (ppm) 543.80 494.71
FWHM (additional peak) 155.95 207.93

4. DISCUSSION

In LiNiO2, the charge capacity increases as the cut-off voltage increases from 4.1 to 4.8 V but
the discharge capacity does not. In other words, the achieved discharge capacity does not
linearly increase with the increase in the charge capacity, leading to low Coulombic efficiency
at the 1st cycle. The limited discharge capacity is not related to the multiple phase transition
behaviors during charge/discharge (H1-M—-H2— H3), especially the H2 H3 phase transition
that easily causes severe structural change. However, we clearly demonstrate that the
additional electrochemical reaction at ~3.5 V can be an origin of the low Coulombic
efficiency in LNO because it critically depends on the applied current density or kinetics. As a
result, the additional discharge reaction at 3.5 V is barely activated at a relatively low current
density (~C/10 rate), leading to low discharge capacity of LiNiO2 and low CE at the 1st
cycle. This behavior is similar to the electrochemical properties of Ni-rich layered materials
(Ni > 0.8). Ni-rich layered materials also show low CE efficiency at the 1st cycle. Recently,
several studies report that low Coulombic efficiency of Ni-rich layered materials can be
caused by poor kinetics of Li ions,10,11,24 or the low Li diffusion kinetics in the H1 phasel7
This observation is in accordance with our results in LiNiO2, indicating that the
electrochemical properties of the Ni-rich layered materials can be dominated from those of
LiNiO2. In addition, our results show that the sluggish reaction at the end of the discharge is
barely affected by multiple phase transformations during the charge/discharge of LiNiO2. The
sluggish 3.5 V discharge reaction should be well understood and must be activated to increase
the discharge capacity of LiNiO2. To understand this reaction, the GITT measurement was
performed. Based on GITT measurements, the LiNiO2 material can achieve 100% CE with
~250 mAh/g of discharge capacity even with the 4.3 V cut-off voltage. Furthermore, the
additional electrochemical reaction occurs in both charge and discharge and shows a voltage
plateau at ~3.6 V for the charge and ~3.5 V for the discharge. This indicates that the insertion
and the extraction of Li can be undergone by the phase separation behavior. However, the
charge and discharge reactions are kinetically asymmetric; the charge reaction at ~3.6 V can
be activated but the discharge reaction at ~3.5 V is not activated at relatively low current
density (>C/10 rate). The charge reaction shows high polarization compared to other
electrochemical reactions but still can be activated contributing to the achievable charge
capacity. In contrast, the discharge reaction at ~3.5 V shows much higher polarization than



the charge reaction and thereby is not easily activated, leading to low discharge capacity.
Through this, the insertion of Li into the H1 phase at the end of the discharge is very difficult
compared to the extraction of Li from the H1 phase at the beginning of the charge in LiNiO2.

Using the NPD and Li NMR results, we clearly demonstrate that the sluggish 3.5 V discharge
reaction can be correlated to the rearrangement of the cations or local structure change. In the
NPD result, the activation of the sluggish 3.5 V discharge reaction in the C/50 discharged
electrode lowers the degree of the cation disordering compared to the C/10 discharged
electrode, which has higher Li/Ni disordering (intermixing) than the pristine LiNiO2. This
indicates that the sluggish 3.5 V discharge reaction can be associated with the insertion of Li
in the Li layer where Ni can be already present due to a local structure change, which can be
caused by the migration of Ni into Li layers within the bulk structure. With 6Li-MAS-NMR
data, Li environments in the LiNiO2 bulk structure vary depending on discharge rates (C/10,
C/50). When the sluggish 3.5 V discharge reaction is activated at the C/50 discharge rate, Li
corresponding to the additional discharge capacity can go to Li layers and only a very small
amount of remaining Ni4+ is detected. As a result, the coupling of Li insertion with local
structure change at the end of the discharge at ~3.5 V makes this discharge reaction sluggish.

5. CONCLUSIONS

In this study, the electrochemical activity, especially the Coulombic efficiency (CE), of
LiNiO2 is understood to further increase the achievable discharge capacity. By
electrochemical tests with different upper cut-off voltages, we found out that the 1st
Coulombic efficiency of LiNiO2 is low (under 90%), irrespective of the upper cut-off
voltages. Achieving theoretical charge capacity (~275 mAh/g) was possible by increasing the
upper cut-off voltage to 4.8 V, but still full discharge capacity was not achievable. Given that
different upper cut-off voltages indicate different phase transformation behaviors, we show
that the multiple phase transformations in LiNiO2 barely affect this low 1st Coulombic
efficiency. The GITT measurement shows that the LiNiO2 material has the additional
electrochemical reaction at ~3.6 V for the charge and at ~3.5 V for the discharge but the
discharge reaction is kinetically limited. As a result, the additional ~3.5 V discharge reaction
is not easily activated, leading to low achievable discharge capacity that can cause the low 1st
Coulombic efficiency. The activation of the 3.5 V discharge reaction only occurs at low
current density, leading to an additional capacity of LiNiO2 in the discharge process. When
the sluggish 3.5 V discharge reaction is almost fully activated with the GITT method, the
LiNiO2 material can achieve ~100% CE with ~250 mAh/g of discharge capacity even with
the 4.3 V cut-off voltage. Ex situ NPD and NMR measurements show that the sluggish 3.5 V
discharge reaction is correlated to the local structural rearrangement of Li/Ni induced by
further Li insertion at the end of the discharge, especially more Li takes Li layer sites where
Ni is already occupied in LiNiO2 during the C/50 discharge. For achieving higher discharge
capacity in LiNiO2 and other Ni-rich cathode material, the sluggish 3.5 V discharge reaction
should be fully activated. The understanding and findings will open an alternative strategy to
increase the achievable discharge capacity for the high-performance Li-ion batteries as the Ni
amount in Ni-rich layered materials increases.
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