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The synthesis of LiNiO, (LNO) typically involves oxidizing Ni(i) to
Ni(m), thus leading to Ni; point-defect formation. Here, materials
containing Ni(v) in the form of overlithiated Liy,Ni; ,0, (0 < x <
1/3) are converted into LNO. This method produces low defect-
density samples at high temperatures, offering an attractive route
toward coarse-grained particles that are naturally coated by the
byproduct Li;O. In thiophosphate-based solid-state batteries, this
kind of self-coating effect shows a direct correlation between
residual lithium content and cycling performance.

LiNiO, (LNO) has the prototypical structure of layered Ni-rich
LiNi,Co,Mn,0, (NCM or NMC, with x > 0.8) cathode active
materials (CAMs)," and seems particularly attractive for solid-state
battery (SSB) applications. However, for successful implementation
in thiophosphate-based SSBs, the CAM particle surface must be
stabilized to prevent ion interdiffusion and lattice oxygen loss, as
well as to suppress side reactions with the solid electrolyte.>* With
regard to stabilization, coating and/or (surface) doping strategies
have been reported for Ni-rich CAMs. Even though these strategies
are successful to varying degrees, they often require additional
processing steps.’™®

A promising strategy for mitigating mechanical degradation
is the application of coarse-grained or even single-crystalline
CAMs.” Increasing the calcination temperature in the synthesis
is one way to achieving desired particle morphologies.® However,
this is typically accompanied by a relatively high degree of
substitutional defects (occupational disorder), due to reduced
oxygen activity at elevated temperatures and potential lithium
loss.”™ Other methods for preparing single-crystalline LNO do
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From Li;NiOz to high-performance LiNiO,
cathodes for application in Li-ion and all-solid-

exist, but either require long dwell times or the use of fluxes as
reaction media, which need to be removed in subsequent proces-
sing steps.'>"?

Herein, we describe a promising alternative route to LNO
that combines the benefits of large grain size, low defect
density, and the possibility for intrinsic self-coating. All of this
is achieved through a simple two-step preparation (synthesis/
decomposition) process. While conventional synthesis of LNO
involves oxidation of Ni(u) to Ni(m), we make use of over-
lithiated Li;.,Ni;_,O, (0 < x < 1/3) containing Ni(m)/Ni(wv)
species. Specifically, a series of Li-rich LNO (referred to as
LRLNO) samples were prepared at ambient pressure and at
550 °C (see ESIt for details).'* In a second step, these LRLNOs
were then thermally decomposed to yield LNO and Li,O. The
latter may act as a protective coating or as a lithium source to
target more complex coating chemistries.

Initially, the decomposition of Liy.,Ni; ,O, with 50 mol%
lithium excess (x = 0.2) was probed at temperatures ranging
from 725 to 900 °C (referred to as LRLNO 0.2-xxx, with xxx
denoting the calcination temperature) using scanning electron
microscopy (SEM) and X-ray diffraction (XRD), as shown in
Fig. 1a-h and Fig. S1 (ESIT). Successful synthesis of monoclinic
Li, ,Ni, gO, (see Fig. 1b), crystallizing in the C2/m space group,
was confirmed by comparing the lattice parameters with data
available in the literature.”* Only samples heated at tempera-
tures >725 °C were found to convert into hexagonal LNO
(R3m space group). By contrast, those obtained at lower tem-
peratures (of note, the commonly used calcination temperature
for high-quality LNO is 700 °C) appear to still be monoclinically
distorted, revealing Bragg reflections around 8.5 and 20.2° 20
(see XRD patterns in Fig. S2, ESIt). These peaks are character-
istic of Li,NiOs, reflecting the ordered distribution of lithium
ions on the nickel positions, and vanish upon calcination at
temperatures >725 °C. In particular, the split peaks at 20.2°
evolve into a single one centered at 20.0°, indicating mitigation
of monoclinic distortion."> At 750 °C, single-phase LNO (ignoring
Li,O) with both a coarse-grained particle structure and a low
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Fig.1 (a) SEM image, (b) XRD pattern including refinement plot, and
(c) illustration of the crystal structure of Lij 2NiggO,. (d) Zoomed-in view of
the XRD raw data from an in situ heating experiment (from 500 to 800 °C)
and (e) corresponding refined layering parameter c/a. (f) SEM image, (g) XRD
pattern including refinement plot, and (h) illustration of the crystal structure of
LiNiO, obtained by thermal decomposition of Li; 2NiggO, at 750 °C.

fraction of Niy; defects (1.3%) is obtained, as shown in Fig. 1f and
g. The full structural refinement results are given in Table S1
(ESIt). Increasing the temperature beyond 750 °C results in grain
growth while maintaining a relatively low degree of substitutional
defects up to 800 °C. Micrometer-sized, single-crystalline particles
are obtained at 850 and 900 °C (see Fig. S1, ESIt). Overall, the
results indicate that the formation of LNO from LRLNOs necessi-
tates higher calcination temperatures than that from Ni(u)-based
precursor CAMs. However, the samples contain fewer point defects
as compared to LNO prepared by conventional solid-state syn-
thesis at 700 °C (see Table S1, ESIt). As mentioned previously,
the particle morphology somewhat changes upon converting the
Li; ,Nip g0, (LRLNO 0.2) into LNO at 750 °C. In particular, the
primary particles increase in size, while the secondary particles
largely maintain their original morphology (see SEM images in
Fig. 1a and f).

To gain more insight into the decomposition of Li; ,Ni, 3O,,
an in situ XRD heating experiment was performed in the
temperature range of 500 to 800 °C (see Fig. 1d). As evident
from the Le Bail refinement results in Fig. 1e, the layering
parameter c¢/a increases first up to 4.942 and then decreases.
This suggests that the CAM quality strongly depends on the
synthesis conditions, given that LNO itself is prone to degrada-
tion at high temperatures. It also means that LNO produced
closer to the actual decomposition temperature of Li, ,Niy gO, can
be expected to exhibit the best electrochemical performance, due
to low defect density resulting in high specific capacity because
of more efficient CAM re-lithiation.'®'” Nevertheless, the lithium
excess must be taken into account when evaluating the cycl-
ability."®'® Said lithium is present in the form of Li,O and can
be clearly detected by XRD (see Fig. S3, ESIt). The amount of Li,O
increases with increasing degree of overlithiation (i.e., x in Li;,.
Ni; _,0,), eventually leading to impedance growth and reducing
the capacity and cycle life of Li-ion batteries (LIBs)."
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Fig. 2 (a) First-cycle charge-discharge curves of LIB half-cells using
LRLNO 0.2-725, 0.2-750, 0.2-800, or reference LNO at 25 °C and at
0.05C. (b) Respective second-cycle differential capacity curves. (c) C-rate
testing at 0.05C, 0.1C, 0.33C, 1C, 2C, and 5C (two cycles each) followed by
cycling at 0.33C. The error bars represent the standard deviation from
three independent cells.

In the present study, LRLNO 0.2-750 before and after
washing and re-annealing was tested electrochemically in LIB
half-cells (see Fig. S4, ESIt). As expected, the washed CAM
delivered higher capacities and exhibited lower overpotentials
during cycling. Therefore, for fair comparison, all LRLNO
0.2-xxx samples were washed and re-annealed, as described
in the ESIL.{ The room-temperature cycling performance of the
LRLNO 0.2-725, 0.2-750, and 0.2-800 cathodes with areal
loadings of 7-10 mgcay cm ™ > was then examined in a potential
range between 3.0 and 4.3 V versus Li'/Li and compared to that
achieved with the reference LNO. The different samples delivered
first-cycle specific discharge capacities exceeding 200 mA h goan
at 0.05C (see Fig. 2a), with the highest of 221 mA h gcay
observed for LRLNO 0.2-750 being close to that of the reference
LNO (222 mA h gcan V). As can be seen from the voltage profiles
in Fig. 2a, the charge-discharge curves of the cells using LRLNO
0.2-725 are smoother with less pronounced plateaus, indicating
solid-solution-like behavior and pointing toward incomplete con-
version of the Li; ,Niyg0, into LNO at 725 °C. By contrast, the
voltage profiles of LRLNO 0.2-750 and 0.2-800 are similar, except
for the end of discharge (shorter “plateau” for LRLNO 0.2-800).
This is also apparent to some degree from the second-cycle
differential capacity curves shown in Fig. 2b. The latter region,
which is associated with poor lithium diffusion in layered oxide
cathodes, is also called the kinetic-hindrance (KH) region.”%*'
Overall, a lower differential capacity in the KH region is indicative
of less mobile lithium and/or large grains.*>** The initial specific
charge/discharge capacities achieved with LRLNO 0.2-750 were
slightly higher compared to those of LRLNO 0.2-800 (249/
221 mA h gcay ' V5. 246/213 mA h geay V). This difference is
primarily due to the larger primary particle size (increase in
diffusion path length) at 800 °C. However, a higher concen-
tration of Ni;; defects also leads to slower lithium diffusion,
and therefore to lower capacities.** It should be noted that
LRLNO 0.2-750 indeed exhibits a better first-cycle Coulomb
efficiency than the reference LNO (89% vs. 87%), emphasizing
the improved kinetics, which is also evident from the rate
capability (see Fig. 2c). However, regarding long-term perfor-
mance, LRLNO 0.2-800 was found to be the most stable,
retaining 86% of its capacity - relative to the first cycle at
0.33C after rate performance testing — after 50 cycles, as shown
in Fig. 2c. This is likely an attribute of the coarse-grained
structure of LRLNO 0.2-800, as larger particles are expected

This journal is © The Royal Society of Chemistry 2024
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to have a lower tendency for surface-related side reactions
(lower reactivity) and are less prone to cracking.”*® Interest-
ingly, the cells using LRLNO 0.2-725 experienced lower capacity
degradation than those with LRLNO 0.2-750. This result could
suggest that a partially decomposed structure is beneficial from
a stability perspective. Nevertheless, the state of charge (SOC)
achieved in the initial cycles at low C-rates was different among
the cells. Of note, the SOC is known to strongly affect the
degradation behavior of layered Ni-rich cathodes. Overall, the
data demonstrate that thermal decomposition of Li; ,Ni, gO, is
effective in obtaining high-quality LNO that is capable of out-
performing the reference CAM. Because LRLNO 0.2-750 deliv-
ered the highest specific discharge capacity in the initial cycle,
a calcination temperature of 750 °C was chosen for further
studies on the effect of x in Li;,,Ni; _,O, on cyclability.
Samples with x = 0, 0.1, 0.2, and 0.33, hereafter referred to as
LRLNO 0-750, 0.1-750, 0.2-750, and 0.33-750, respectively,
were synthesized following the procedure described above
(see ESIT for details; structural refinement results are given in
Table S2, ESIt). The different materials were also washed and
re-annealed prior to electrochemical testing in LIB half-cells.
The first-cycle voltage profiles, second-cycle differential capa-
city curves, and rate capabilities followed by long-term cycling
at 0.33C are shown in Fig. 3a-c. LRLNO 0-750 delivered the
highest initial specific discharge capacity of 225 mA h gCAM’1 at
0.05C and exhibited a capacity retention of 79% after 50 cycles
(relative to the first cycle at 0.33C after rate performance
testing). Increasing x in Li;.,Ni; ,O, to 0.33 leads to a lower
first-cycle specific discharge capacity of 207 mA h geav -
However, the capacity does not decrease linearly; it was
found to be lower for LRLNO 0.1-750 than for LRLNO 0.2-750
(212 mA h geay ' vs. 221 mA h geay 1), as can be seen from
Fig. 3a. SEM images collected from the different samples (see
Fig. S5, ESIT) indicate primary particle growth with increasing x,
especially when compared to LRLNO 0-750 (x = 0). This can be
explained by excess lithium (Li,O) acting as a flux and accelerating
grain growth.'? Surprisingly, somewhat larger primary particles
were found for LRLNO 0.1-750 than for LRLNO 0.2-750.
A possible reason could be the use of different tube furnaces
in the synthesis, although all of them were calibrated to £5 °C,
suggesting that the CAM, in general, is very sensitive to the
calcination conditions, with small deviations in temperature
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Fig. 3 (a) First-cycle charge—discharge curves of LIB half-cells using
LRLNO 0-750, 0.1-750, 0.2-750, or 0.33-750 at 25 °C and at 0.05C.
(b) Respective second-cycle differential capacity curves. (c) C-rate testing
at 0.05C, 0.1C, 0.33C, 1C, 2C, and 5C (two cycles each) followed by cycling
at 0.33C. The error bars represent the standard deviation from three
independent cells.
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leading to different grain sizes. The differences in particle size
are also reflected in the electrochemical data, with smaller-
grained CAM delivering higher capacities, irrespective of C-rate
(see Fig. 3c). Similarly, cells using LRLNO 0.1-750 achieved lower
capacities than those with LRLNO 0.2-750 over the first 40 cycles
or so. This is because larger particles (grains) inevitably lead to
longer diffusion pathways for lithium and electron transport
during charge and discharge, which in turn results in lower
CAM utilization and compromised rate performance.”® However,
the LRLNO 0.2-750 cells suffered much more severe capacity
fading, as shown in Fig. 3c.

The higher lithium excess in LRLNO 0.33-750 should, in
principle, result in more lithium being released (see Fig. S3,
ESIT). This could be beneficial with regard to SSB applications,
as Li,O may act as a protective coating on the secondary
particles. From the SEM images in Fig. S5 (ESIt), it is evident
that a surface layer covers the LRLNO 0.33-750 particles.
To examine the protective nature of Li,O, the CAMs were also
tested in pellet-stack SSB cells. However, unlike for LIBs, they
were not washed prior to use, ensuring that the variation in x
manifests in the form of a coating. Specifically, the unwashed
samples were electrochemically tested in pellet-stack cells
using a lithium thiophosphate (argyrodite LigPSsCl) solid elec-
trolyte at 45 °C and at 81 MPa in a potential range between
2.3 and 3.7 Vvs. In/InLi (see ESIT for details). The initial specific
discharge capacity of LRLNO 0.33-750 at 0.1C was the lowest
with 107 mA h gcay ' (see Fig. 4a). This was to be expected,
since with 100 mol% lithium excess a rather thick layer is
formed on the particle surface, which negatively affects the
charge transfer and leads to impedance build-up. However, the
cells still delivered reasonable capacities and displayed dg/dV
peaks characteristic of LNO, despite losing capacity over the
whole potential window, but especially so at the end of dis-
charge (see Fig. 4b). Decreasing x leads to a significant increase
in capacity (see also rate capability data in Fig. 4c), with the
specific discharge capacity reaching about 160 mA h geam *
for LRLNO 0-750 and 0.1-750 in the first cycle. Regarding
long-term performance, LRLNO 0.33-750 was found to have the
best stability, as shown in Fig. 4c. From this data, it can be
concluded that the coating effectively mitigates adverse side reac-
tions at the CAM|solid electrolyte interface, thus contributing to
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Fig. 4 (a) First-cycle charge—discharge curves of SSB cells using LRLNO
0-750, 0.1-750, 0.2-750, or 0.33-750 at 45 °C and at 0.1C. (b) Respective
second-cycle differential capacity curves. (c) C-rate testing at 0.1C (one
cycle), 0.2C, 0.5C, 1C, und 2C (three cycles each) followed by cycling at
0.2C. The orange data points display the performance of LNO with a
cobalt-based coating. The error bars represent the standard deviation
from three independent cells.
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cycling stability, but also limits the capacity. By contrast, lack of
lithium excess, as in LRLNO 0-750, results in increased capacities
over the first few cycles while sacrificing stability.

Ideally, the residual lithium should be controlled at a very
low level or utilized in the formation of an ionically conductive
coating for further improving the material performance.”” As a
proof-of-concept, a facile approach has been developed by
incorporating 5 mol% of Co(NOj3), into the reaction sequence
of Li;4,Ni;_,O, with x = 0.025. In fact, this kind of modification
significantly enhanced the cyclability, with the SSB cells exhibiting
a first-cycle specific charge capacity of about 235 mA h gean |,
even higher than that of LRLNO 0-750, and a specific discharge
capacity of 189 mA h gcay . The cells were also able to maintain
171 mA h gean © after 50 cycles, as indicated by the orange data
points in Fig. 4c. The improvement can presumably be attributed
to the formation of LiCoO, (LCO) or spinel-type LiC0,0, (from the
lithium excess), both of which are well-established electrode
materials for application in LIBs. Apparently, they also act as a
protective coating and consume at least some, if not most, of the
lithium (Li,O) released during thermal decomposition, offering a
promising strategy to boost the cycling performance and stability of
the formed CAM. However, XRD did not reveal detectable amounts
of Li,O, LiCo,04, or LCO, with only a minor additional reflection at
18.3° 20 indicating the presence of an unknown impurity phase
(see Fig. S6, ESIT). As can be seen from Table S2 (ESIT), the lattice
parameter a of the hexagonal LNO phase is smaller compared to
that of the LRLNO samples, hinting at cobalt substitution.”® SEM
imaging (see Fig. S5, ESIT) further revealed that the cobalt is in fact
segregating at the free surface, thus leading to the formation of a
protective coating, which evidently plays a decisive role in stabiliz-
ing the CAM against degradation.

In summary, in this work, a facile method for synthesizing
LNO from Li,NiO;-type compounds is reported. This approach
yields single-phase LNO with larger primary particles and fewer
substitutional defects than conventional solid-state synthesis
routes. Notably, calcination temperatures above 700 °C still
allow obtaining LNO of good quality. The samples were either
washed and tested in LIBs or directly examined in SSBs, with
the intrinsically formed Li,O serving as a kind of protective
coating on the secondary CAM particles. In LIBs, 750 °C gave
the best results with regard to first-cycle capacity, probably due
to a trade-off between defect density and grain size. In SSBs, the
degree of lithium excess was found to be crucial, as it deter-
mines the Li,O content (coating thickness). Larger amounts
negatively affect the battery capacity while enhancing long-term
cycling stability. Aside from that, we have demonstrated that
the released lithium can be utilized as a source for more
advanced coating chemistries.
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