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LiNiO, (LNO) is a promising cathode material for next-generation Li-ion batteries
due to its exceptionally high capacity and cobalt-free composition that enables
more sustainable and ethical large-scale manufacturing. However, its poor

cycle life at high operating voltages over 4.1V impedes its practical use, thus
motivating efforts to elucidate and mitigate LiNiO, degradation mechanisms at
high states of charge. Here, a multiscale exploration of high-voltage degradation
cascades associated with oxygen stacking chemistry in cobalt-free LiNiO,, is
presented. Lattice oxygen loss is found to play a critical role in the local 03-O1
stacking transition at high states of charge, which subsequently leads to Ni-ion
migration and irreversible stacking faults during cycling. This undesirable atomic-
scale structural evolution accelerates microscale electrochemical creep, cracking,
and even bending of layers, ultimately resulting in macroscopic mechanical
degradation of LNO particles. By employing a graphene-based hermetic sur-

face coating, oxygen loss is attenuated in LNO at high states of charge, which
suppresses the initiation of the degradation cascade and thus substantially
improves the high-voltage capacity retention of LNO. Overall, this study provides
mechanistic insight into the high-voltage degradation of LNO, which will inform
ongoing efforts to employ cobalt-free cathodes in Li-ion battery technology.

1. Introduction

Li-ion Dbatteries (LIBs) have emerged
as the dominant rechargeable energy
storage technology for portable elec-
tronics, electric vehicles, and related
mobile technologies.! Since LIBs were
first commercialized with LiCoO, (LCO)
and graphite, cell-level energy densities
have now nearly quadrupled through the
incorporation of higher capacity active
materials and optimized battery pack-
aging. Nevertheless, demand still exists
for even higher energy density LIBs, par-
ticularly for electric vehicle applications.
For example, the cell-level energy densities
of LIBs must approach 350 Wh kg and
750 Wh L™ for electric vehicles to reach
parity with the mileage range of internal
combustion vehicles, which implies
energy densities of at least 800 Wh kg™
and 2600 Wh L from the cathode active
materials.l?! Furthermore, because cathode
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active materials also play a decisive role in the overall voltage
and cost of LIBs,I’! considerable effort has been devoted to
developing stable and reliable cathode materials with high spe-
cific and volumetric energy densities.

The family of layered oxides is the leading LIB cathode mate-
rial technology due to its stable solid-state intercalation reac-
tions and relatively fast two-dimensional Li-ion diffusion path-
ways.[ Specifically, layered oxides of the form LiMO, (M = tran-
sition metals such as Mn, Co, and Ni) can deliver theoretical
capacities approaching 270 mAh g! upon the extraction of one
mole of Li. However, the electrochemically reversible capacity
typically falls well short of this theoretical limit and is highly
dependent on the transition metal component. For instance,
the reversible capacity of LCO is only =160 mAh g between 3.0
and 4.3 V (all voltages will be expressed with respect to Li*/Li.).5]
If Ni becomes the majority transition metal component, such
as the LiNijgCo1Mny;0, (NCM811) and LiNijgCog15Al) 050,
(NCA) compositions, then layered oxides can deliver a capacity
close to 200 mAh g within the same potential range. In addi-
tion, increasing the operating voltage window to over 4.3 V can
extract more Li ions to approach the theoretical capacity limit,
but these high-voltage conditions generally lead to severe irre-
versible degradation.fl

The single-component Ni-based layered oxide LiNiO, (LNO) is
one of the most promising LIB cathode materials because it pos-
sesses a capacity close to the theoretical limit (=240 mAh g™),/!
which satisfies the performance criteria for electric vehi-
cles in terms of both specific (=800 Wh kg™!) and volumetric
(=2600 Wh L) energy densities.l] Moreover, since the Co-free
nature of LNO simultaneously addresses the cost and human-
rights issues associated with the Co supply chain,*®l LNO is
regarded as a genuinely sustainable cathode for next-generation
LIBs. However, despite its many merits, multiple drawbacks
have impeded commercialization of LNO. For example, the
production of high-quality LNO requires high precision in its
synthetic conditions. Even slight deviations from the synthetic
temperature or Ni/Li precursor ratio are highly detrimental
to the electrochemical properties of LNO as it deviates from
the stoichiometric phase.”®) While this synthetic problem has
been largely resolved with optimized synthetic conditions, % a
remaining issue for LNO is its poor cyclic stability, especially
at the high operating voltages that are required to access its
high capacity. In particular, the cycle life of LNO after 100 cycles
at 0.5C is less than 75% of the initial capacity of 230 mAh g
when cycled up to 4.3 V. Although cycling to 4.1 V can improve
the cyclic retention to 95%, these low-voltage conditions limit
the initial capacity to 180 mAh g1l

Poor electrochemical stability is commonly observed in lay-
ered Ni-rich oxide cathodes when cycled over 4.3 V. The origin
of this high-voltage degradation is not caused by a single mecha-
nism, but by a complex entanglement of mechanical and chem-
ical factors.>!l Multiphase transitions,!' large lattice parameter
changes,[® electrochemical creep,!¥! and internal fatigue from
surface reconstruction™ can all lead to mechanical cracking
and loss of electrical contact to the current collector, ultimately
causing capacity fade. These degradation phenomena also com-
promise secondary particle morphologies that have been widely
employed to achieve high tap densities and power densities.!"”!
In addition, chemical degradation, such as transition metal
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dissolution, singlet oxygen evolution,”! and Ni-ion migra-

tion,8 reduce the surface electrochemical activity,’” and
can occur continuously during cycling due to the mechanical
damage that generates new surfaces that act as further sites for
degradation. In order to increase the stability of Ni-rich layered
oxides, mitigation strategies such as secondary particle mor-
phology control®” or doping/?!l to mitigate internal strain and
stabilize particle surfaces have been attempted. Despite these
previous efforts, reliably cycling LNO to voltages above 4.3 V, or
more broadly, Ni-rich oxides above 4.6 V, remains a challenge
largely due to destructive oxygen stacking transitions. Spe-
cifically, at low lithium content, LNO or Ni-rich layered oxides
undergo an oxygen stacking transition from a face centered
cubic (O3) structure to a hexagonal close packed structure (O1)
that results in a rapid loss of electrochemical activity.l?

Here, we present a thorough exploration of the high-voltage
degradation mechanism of LNO including its relationship
to the evolution of oxygen stacking. Due to the loss of lattice
oxygen, local oxygen stacking changes from the O3 to the O1
structure occur prematurely in LNO compared to Ni-rich oxides.
The subsequent formation of Nij; defects in the O1 structure
then induces irreversible generation of stacking faults that
accelerate mechanical degradation in primary particles due to
crystal structure incoherency, which rapidly reduce the electro-
chemical activity of LNO. Since this degradation cascade is ini-
tiated by the loss of lattice oxygen, stable high-voltage operation
should be achievable through the use of surface coatings that
suppress oxygen evolution without compromising other aspects
of rechargeable LIB operation. Towards this end, we employ a
graphene-based hermetic surface coating that attenuates oxygen
loss at high states of charge (SoCs), thus suppressing the initia-
tion of the degradation cascade and substantially improving the
high-voltage capacity retention of LNO. Overall, this work pro-
vides detailed mechanistic insight into the high-voltage degra-
dation of LNO, resulting in a mitigation strategy that can serve
as the basis of next-generation high energy density LIBs.

2. Results and Discussion

2.1. Oxygen Stacking Transition and Stacking Faults

LNO powder was synthesized with a secondary particle mor-
phology (Figure S1, Supporting Information) by the conven-
tional solid-state method."% Rietveld refinement (Figure S2,
Supporting Information) confirmed the high-quality LNO
crystal structure with =1% Niy; defect concentration. Upon del-
ithiation, Li,NiO, (0 < x < 1) undergoes first-order phase tran-
sitions in the order H1, M, H2, and H3 (Figure 1a), where H
and M represent the hexagonal and monoclinic phases, resp
ectively.02220:23] Ag_synthesized LNO begins in the H1 phase,
corresponding to an O3-type oxygen stacking with a repeated
AB CA BC oxygen sequence (face centered cubic) as shown in
Figure 1b (left), where Li and Ni ions occupy octahedral sites
coordinated with oxygen ligands. During charging above 4.1V,
Ol-type stacking appears with an AB oxygen sequence (hexag-
onal close packed, Figure 1b, right), which is accompanied by
an H3 phase transition. We observed the formation of 5% O1
stacking faults after charging to 4.6 V (Figure S3, Supporting
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Figure 1. Stacking structural evolution of LiNiO,. a) Typical galvanostatic profile of LiNiO, and phase transition behavior. b) Atomic models for O3 (left)
and O1 (right) stacking. c) X-ray diffraction patterns of pristine LNO electrodes and LNO electrodes after one cycle to 4.1, 4.3, and 4.6 V. d) A stability
map of O1 and O3 stackings according to Li content and oxygen vacancy concentration in their crystal lattice. €) TEM images of LNO charged to 4.6 V.
f) Activation barrier of Ni ion migration in O1 stacking configurations. Black: without oxygen vacancy; orange: with oxygen vacancy. Observation of Ni

ion arrangements in g) O3 and h) O1 stacking configurations was made
O3 stackings with Ni defects.

Information), which is consistent with previous literature.**l
Although it has been reported that sustained high-voltage con-
ditions for more than 20 h results in additional H’3 (defective
H3 with mainly O3 stacking) and H4 (mainly O1 stacking)
phases, these phases are rarely observed in conventional galva-
nostatic charging and discharging.[?+2°]

In principle, the electrochemically induced O1 stacking can
reversibly glide back to the original O3 stacking during relithi-
ation.l?®! However, our X-ray diffraction (XRD) results show
that the partial O1 stacking (i.e., Ol stacking faults) remain
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possible by RABF; right-inset figures show the simulation results of O1 and

even after complete relithiation. Specifically, Figure 1c shows
the XRD patterns of LNO electrodes after one cycle to 4.1, 4.3,
and 4.6 V cutoff voltages. In these experiments, we hold the
voltage at 2.8 V until the current reaches C/50 to confirm that
the presence of the stacking faults is not due to kinetic limita-
tions associated with galvanostatic cycling. After subjecting the
LNO electrodes to these cycling conditions, the intensities of
the (101) and (104) peaks increase with increasing cutoff voltage.
Moreover, compared to the XRD pattern of as-synthesized LNO,
a noticeable peak broadening is observed for the (h0l) and (0kl)
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peaks for the cycled electrodes (more details of the XRD peaks
are shown in Figure S4 in the Supporting Information). It is
well known that the migration of Ni ions into Li sites results
in the simultaneous weakening of the (101) peak intensity
and strengthening of the (104) peak intensity."? Thus, the
observed (104) peak intensity increase can be attributed to the
presence of Nij; defects. On the other hand, the increased (101)
peak intensity and its abnormal peak broadening are typical
diffraction changes caused by oxygen stacking faults along the
c-direction.??’! Diffraction pattern simulation by DIFFaX!?"] also
supports this conclusion. DIFFaX simulation results for a struc-
ture with 5% Niy; defects and =1% O1 stacking fault concentra-
tion provide the best agreement with the experimental results
after one galvanostatic cycle, as shown in Figure SS in the
Supporting Information.

2.2. Origin of Stacking Structural Evolution

O1 stacking faults in LNO are generated at high SoCs, which is
analogous to the behavior found in LCO.?®) The O3-type struc-
ture is thermodynamically stable at low SoCs when compared
to the Ol-type structure since the O3 stacking configuration
has a lower electrostatic energy between NiO, slabs.?)l How-
ever, in the high SoC regime, the reduced c-lattice parameter
leads to the overlap of oxygen p orbitals from neighboring
NiO, slabs, which are highly covalent. To minimize the direct
interaction between O p orbitals, the oxygen stacking struc-
ture transitions into Ol-type stacking at high levels of del-
ithiation.’% Despite this qualitative argument, first principles
calculations (Figure 1d, black line) show that O3-type stacking is
143 meV/f.u. and 58 meV/f.u. more favorable than the Ol-type
structure at Li content x = 0.25 and x = 0.125, respectively.
Only at a pure NiO, composition (Li content x = 0) does the
Ol-type structure become 2 meV/f.u. more favorable than the
O3-type structure.?’l These calculations thus suggest that the
Ol-type structure should only appear at nearly full delithiated
compositions of LNO (=270 mAh g of charge capacity). How-
ever, our experimental observations consistently reveal that O1
stacking faults form much earlier near a Li_y;NiO, composition
(=240 mAh g\, Figure S3, Supporting Information), which is
concomitant with the H3 phase transition.?

This apparent inconsistency between the theoretical and
experimental phase diagrams can be resolved when consid-
ering the effect of lattice oxygen loss. Oxygen evolution during
electrochemical cycling is a common issue in layered oxide
cathode materials.>"] In particular, Ni-rich layered oxides lose
oxygen from the surface following charging to =4.1V, triggering
electrochemical instability at high voltages.'” We investigated
the relationship between oxygen evolution and high SoCs by
calculating the oxygen defect formation energy of Li,NiO, for
Ol-type and O3-type structures at different Li concentrations:
x = 0.25, 0.125, 0 (Figure S6, Supporting Information). The
oxygen vacancy formation energies for 03-Li,NiO, E(O3-O,,)
at x = 0.25, 0.125, and 0 are 1.79, 1.16, and 0.36 eV, respectively.
In comparison, the oxygen vacancy formation energies for
O1-Li,NiO; E(01-Oy,) at x = 0.25, 0.125, and 0 are 1.59, 0.65,
and -0.30 eV, respectively. Both O3-type and Ol-type structures
show lower oxygen vacancy defect formation energies as Li
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content decreases, suggesting that oxygen loss is favorable at
high SoCs. Specifically, the oxygen defect formation energy in
O1-NiO, is negative, which implies that oxygen vacancy forma-
tion in this structure is highly favorable and could go beyond
the dilute limit. In contrast, the oxygen vacancy defect forma-
tion energy in O3-NiO, remains positive even when fully del-
ithiated, suggesting that the O3-type structure can better retain
oxygen in the lattice during charging. Therefore, maintaining
O3-type stacking is critical to suppressing oxygen loss and
improving the long-term cycling performance of LNO.

The interplay between oxygen vacancy formation and
03-01 stacking changes leads to a deleterious positive feed-
back loop. We compared the energy difference between Ol-type
and O3-type structures with 6.25% (orange) and 12.5% (green)
oxygen vacancies (Figure 1d) and found that the Ol-type struc-
ture becomes stable earlier during charging when oxygen
vacancies are present. In other words, oxygen vacancy for-
mation drives an earlier transition from O3-type to Ol-type
stacking, while the formed Ol-type stacking facilitates the for-
mation of oxygen vacancies. This self-reinforcing synergistic
effect explains why Ol-type stacking, when formed under high
voltage charging, is highly detrimental to the material structure
as it leads to irreversible oxygen loss and ultimately capacity
fade.

Oxygen vacancy formation and gas release mainly occurs at
the liquid-solid (i.e., electrolyte-active material) interface rather
than at solid-solid interfaces (e.g., grain boundaries).?) Conse-
quently, the local oxygen vacancy concentration near the exte-
rior surface of a secondary particle is likely to be higher than
near the interior, which suggests that the 03-01 stacking tran-
sition should be observed locally near the surface. Figure le
shows scanning transmission electron microscopy (STEM)
images of the LNO surface when charged to 4.6 V. Most of
the LNO particle surface has already transformed into a NiO-
like phase (Figure S7, Supporting Information), but the near-
surface region still maintains a layered structure (Figure le).
We observed a significant amount of O1 stacking in the sur-
face region although the overall percentage of O1 stacking is
expected to be =5%,3% corroborating the spatial favorability of
O1 stacking transitions near the surface. Moreover, this result is
in line with recent observations that the bulk structure of LNO
cycled to 4.3 V has the O3 structure,® whereas the surface of
LNO possesses the O1 structure after 100 cycles.[®!

Besides leading to earlier O3-O1 stacking transitions, Ni
migration easily occurs in Ol-type stacking, forming Niy
antisite defects. First principles calculations show that the ther-
modynamic driving force for Ni ions to move into the Li layer
is 0.42 and 1.01 eV with and without oxygen vacancies, respec-
tively, with a migration barrier of =0.75 eV (Figure 1f; Figure S8,
Supporting Information). Direct observation by reverse annular
bright-field (RABF)132 STEM on LNO charged to 4.6 V confirms
the Niy; defect formation as shown in Figure 1g. In the O3 struc-
ture region, Ni ions are arranged diagonally with Nij; defects,
which is a well-known transition metal atomic configuration for
O3-type layered oxides (see the inset simulation result). On the
other hand, Ni ions are arranged in a line exactly along the c-
axis in the O1 stacking region (Figure 1h). Moreover, additional
Ni ions between layers are observed. This configuration agrees
well with the simulation results for Nij; defects in the Ol-type
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structure (right inset of Figure 1g,h with the simulation details
provided in Figures S9 and S10 in the Supporting Information).
Additional Ni ions between the Nij; and NiO, layer are expected
due to the severe distortion of the structure.

Impurities between slabs affect the stacking sliding
dynamics. Specifically, the Nij; defect plays a role as a “pillar”
between NiO, layers, impeding the oxygen stacking gliding
between O1 and O3. For example, the H4 phase is expected
to have a CdI, structure with pure O1 stacking, but actual
oxygen stacking contains a considerable amount of O3 stacking
faults due to its site-exchanged Nij; defects in the original O3
structure.??>?4 If the as-synthesized O3-type LNO has a Ni;
concentration of more than 7%, the stacking transition into
Ol-type is completely blocked during charging by the maxi-
mized pillar effect.?” Likewise, Niy; defects in O1 stacking con-
tribute to the formation of O1 stacking faults during cycling by
reducing the stacking transition reversibility back to O3.

2.3. High-Voltage Degradation of LiNiO,

In general, the oxygen stacking transition is a detrimental struc-
tural evolution that can induce creep and cracking of active parti-
cles, as observed not only in many LIB layered cathode materials
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but also sodium-ion cathode materials.[?®*% Especially for LNO,
the substantial c-lattice parameter change accompanying the
H2-H3 two-phase reaction accelerates the generation of local
stacking faults and induces significant mechanical degrada-
tion. Figure 2a shows the typical intergranular cracks found in
a secondary particle of LNO after 50 cycles up to 4.3 V at a C/10
rate with substantial primary particle creep observed by scan-
ning electron microscopy (SEM). This primary particle creep
becomes more significant following 4.6 V cycling (Figure S11,
Supporting Information), which is consistent with recent lit-
erature.’¥] Cross-sectional TEM of the surface region shows
that serious bending occurs at the edge of layers (red arrows in
Figure 2b) and that the deformation is quite different from previ-
ously observed straight cracks along (003) planes (see the white
arrows in Figure 2b).13) The atomic-scale view of the particle
edge (Figure 2c) shows that this unexpected bending is attrib-
uted to the incoherency of the oxygen stacking structure. The O3
and rock salt phases share the same oxygen framework of AB
CA BC stacking,¥ but the O1 structure possess a different AB
stacking sequence (Figure S12, Supporting Information). Once
the O1 stacking faults are formed between O3 stacking (bulk)
and rock-salt (surface) phases along the (003) plane as shown
in the inset figures of Figure 2c, dislocations are inevitably
formed (yellow-colored inset figure and Figures S13 and S14

Rock salt

Stacking\change (03)

yuum
.

.

01 Stacking

01 stacking fault

o T

Discharge

Figure 2. Structural degradation of LNO cycled to high voltage. a) SEM images of LNO after 50 cycles with a 4.3 V cutoff voltage at a C/10 charge
rate. In the magnified images, cracking and creep are observed in primary particles. b) Cross-sectional TEM image of LNO charged to 4.6 V. Bending
(red arrows) and cracks (white arrows) along the (003) plane are observed. c) High-resolution TEM and its local RABF images for the bending area.
d) Scheme for interparticle crack formation caused by primary particle deformation. e) Atomic-scale scheme of the stacking transition and formation
of stacking faults.
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in the Supporting Information). Thus, severe layer bending
occurs, especially at the surface region due to the high concen-
tration of stacking transitions.

Based on these cumulative observations, a cascade for high-
voltage degradation of LNO can be delineated. At the initial
state, LNO has a pristine secondary particle morphology with
O3-type stacking (Figure 2d,e). When the electrode is charged
over 4.1V, loss of lattice oxygen occurs at the secondary particle
surface that is in direct contact with the electrolyte (red-colored
regions in Figure 2d). As depicted in Figure 2e, the oxygen loss
provides a thermodynamic driving force for the O3-01 stacking
transition. The O1 stacking formation facilitates further oxygen
vacancy formation and detrimental structural evolution. Fol-
lowing the O3-O1 stacking transition, Ni migration occurs
in the local O1 stacking region. These Nij; antisite defects act
as pillars between NiO, slabs, which prevent the slabs from
gliding back during discharge, causing the stacking change to
be irreversible. Thus, the O1 stacking faults are increasingly
prevalent and result in incoherency of the oxygen framework.
After repeated cycles, the accumulated stacking faults and
oxygen evolution accelerate the primary particle deformation of
bending, creep, and cracking, especially for the red region in
Figure 2d. Eventually, the primary particle deformation leads to
interparticle cracking within the secondary particles, resulting
in compromised internal electrical connections after cycling as
depicted in Figure 2d (right).

2.4. Mitigation of High-Voltage Degradation

In light of the high-voltage degradation cascade, the key to real-
izing high-voltage operation of LNO is to suppress the initial
surface oxygen loss and thus the O1 stacking transition fol-
lowing charging. Moreover, the suppression of oxygen evolution
should also alleviate associated issues such as chemomechan-
ical degradation or electrolyte decomposition.”3% To test this
hypothesis, we prepared LNO powders possessing small sec-
ondary particle sizes (=3 um, Figure S1, Supporting Informa-
tion) to maximize the surface area. We then conformally coated
these particles with a hermetic layer to suppress the release of
oxygen. In particular, we selected a graphene exterior coating
because of its established ability to suppress oxygen evolution
from layered cathode materials.*®l In addition, since graphene
coatings primarily interact with underlying surfaces via weak
van der Waals forces, we can decouple the effects of oxygen evo-
lution suppression from changes in the surface oxygen coordi-
nation that occurs with other coatings such as Al,03.1%"]

Figure 3a shows the galvanostatic profiles of bare LNO
(black) and =1 wt% graphene-coated LNO (red, G-LNO). The
inset SEM image shows that coating the LNO particles with
graphene using a Pickering emulsion method®® yields a sur-
face coating with high conformality (additional SEM images
are provided in Figure S15 in the Supporting Information).
An abnormal overpotential exceeding 4.1 V, corresponding to
the H2-H3 phase transition region, is observed in the G-LNO
profile. The dQ/dV graph and cyclic voltammetry (Figure 3b)
also exhibit this electrochemical response change. Except for
the initial overshooting in Figure 3a (corresponding to the
initial anodic overshooting between 3.6 and 3.8 V) due to the
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coating,®! other phase transition regions having O3 stacking
were not affected by the presence of graphene. This observation
supports the conclusion that the H2-H3 phase transition over
4.1V, which typically releases oxygen gas and initiates the O1
stacking transition, is affected by the exterior coating. In situ
differential electrochemical mass spectrometry (DEMS) directly
confirmed that the graphene coating significantly suppresses
oxygen gas evolution at high potentials. As shown in Figure 3c,
the bare-LNO electrode releases oxygen gas above 4.1 V and
then carbon dioxide over 4.4 V due to electrolyte decomposi-
tion,[718] whereas the G-LNO electrode shows no detectable
release of oxygen gas and significantly reduced amount of
evolved carbon dioxide. Additional experiments on thermally
initiated oxygen evolution and X-ray photoelectron spectros-
copy characterization of the surface Ni oxidation state further
support the anti-gassing function of the graphene coating
(Figures S16 and S17, Supporting Information).

To directly compare the structural stacking change associ-
ated with oxygen gas evolution, we used high-resolution syn-
chrotron XRD to assess bare-LNO (black) and G-LNO (red)
electrodes after one and ten cycles between 2.8 and 4.6 V.
Figure 3d (top) shows the XRD patterns of the bare-LNO and
G-LNO electrodes after one cycle. Compared to bare-LNO, the
G-LNO electrode exhibited narrower (h0l) peak broadening.
Moreover, the intensities of the (101) and (104) peaks are rela-
tively low in the G-LNO electrode, suggesting that the stacking
structural evolution is mitigated by suppressed oxygen gas evo-
lution. After ten cycles, the bare-LNO electrode showed serious
XRD peak broadening due to accumulated stacking faults and
loss of crystallinity (Figure 3d, bottom). In contrast, the G-LNO
electrode still maintains its high-quality crystal structure with
well-defined XRD peaks (more details of the XRD peaks are
provided in Figures S18 and S19 in the Supporting Informa-
tion). Further comparison of the structural change before gas
evolution (=4.1 V, H2 phase) showed identical XRD patterns for
both electrodes as shown in Figure S20 in the Supporting Infor-
mation, but the XRD patterns of the H3 phase (4.6 V) exhib-
ited reduced O1 stacking transition for the G-LNO electrode
(Figure S21, Supporting Information).

The suppression of the O1 stacking transition enables a sig-
nificantly improved cycle life of LNO as shown in Figure 3e,f.
Specifically, the G-LNO electrode maintains 95% capacity reten-
tion after 50 cycles at C/10 at 4.3 V, whereas bare-LNO only
retained 50% of the initial discharge capacity for the same
level of cycling. Moreover, the G-LNO electrode showed a 77%
capacity retention even at 4.6 V cutoff, whereas bare-LNO
exhibited poor capacity retention close to 35% for the same
cycling conditions. SEM images of Figure 3g show that the sec-
ondary particle morphology of G-LNO remained intact unlike
bare-LNO (Figure 2a) after 50 cycles at 4.3 V. After removing
the coated graphene from the surface, we confirmed that the
extent of creep and cracking in the primary particles is signifi-
cantly reduced because the exterior coating suppressed the O1
stacking structural evolution (Figure 3g, bottom, with more
SEM images provided in Figures S11, S22, and S23 in the Sup-
porting Information).

We further enhanced the cycle life by introducing larger
LNO particles (over 15 um) with the exterior graphene coating
to minimize the lattice oxygen loss (denoted as LG-LNO, see

© 2021 Wiley-VCH GmbH

‘€ TTOT S60F1TST

sdy wozy pap

QSUAOI suoWWO)) danea1)) o[qeorjdde oy Aq pouIdA0S a1e SIOIIE () SN JO SO[NI 10J AIeIqIT dUI[UQ AD[IAY UO (SUOIIPUOI-PUB-SULIO)/WI0D K[1M " AIeIqI[aul[uoy/:sdiy) SuonIpuoy) pue suLd [, a1 S *[7z07/11/90] uo Areiqry surjuQ A9[ip ‘Areiqi ogesy)) JO ANsioatun £q Z0$901207 BWPe/Z001 01 /10p/wod Ko[imK1eiqs



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

o
Q

a
H2-H3
4.5 ~ | —1 cycle LNO
= - =]
= < —1 cycle G-LNO (104)
. 4.0 <
g 3 2 101
® 3.5 e} 2 e
(o)) o [
S €
o 3.0 =
>
2.5L L L . L . ~— | —10 cycle LNO
0 50 100 150 200 250 3.6 3.8 4.0 4.2 D | —10cycle G-LNO
Capacity (mAh g”) Voltage (vs. Li) 8
C 10 5 2
[ —_ (]
= i i - + c
§ o 8 r—’/—/ . 1475 g
o 2 6l I a -
s = —— Voltage (LNO) 1 " 13 .
o= W —o = P XD @ 2.556 2568 /3081 3.094
.Z o . czo 9 12 I q (A'1)
% E, 2 o
- r 1] .-
7] = ] | \
& st 13 9 L
o > A
. . . 0
0.0 0.5 1.0
Normalized capacity Normalized capacity
€ 250
g7 820 100 -gg®®ecccee
o o9 8 ©0000000e
2 200 -03:0 ‘"onlu."" seee| o e “%33ec,, LYY
< ° ®e eose = 0g . %%000
g 150! L= ...... ‘Ei = 80+ .. o ...'..Qo..
%o, LTI Q0 ° %
2 ®eee %o |8 = . ®oo,
S 100t ®%ceeee o G60r . ®ee,
g %000 O v 'o.. %o
S 50l ® 43VLNO e 4.3V G-LNO =10 ®%0cees
_® 4.6V LNO » 4.6V G-LNO pad LT

0 10 20 30 40 50 0 10 20 30 40 50
Cycle number Cycle number

Figure 3. Electrochemical characteristics of LNO with suppressed oxygen evolution. a) Galvanostatic charge/discharge profiles of bare LNO (black)
and graphene-coated G-LNO (red) with SEM image (inset). b) Differential capacity versus voltage curves for bare LNO (black) and G-LNO (red). c) In
situ DEMS results of (left) bare LNO and (right) G-LNO. Red and black lines indicate the relative pressure of CO, and O, gases, respectively. d) High-
resolution powder XRD results of 1 cycle (top) and 10 cycles (bottom) for bare LNO (black) and G-LNO (red) electrodes. €) Discharge capacity versus
cycle number for LNO and G-LNO at 4.3 and 4.6 V cutoff at C/10. After lithiation, the cells were held at 2.8 V until C/50 to minimize kinetic effects.
f) Discharge capacity retention versus cycle number. g) SEM images after cycling of (top) LNO particle and (bottom) inside primary particles. In these

images, the graphene coating was removed, and the area underneath was observed.

Figure S24 in the Supporting Information). As shown in
Figure S25 in the Supporting Information, LG-LNO outper-
forms the electrochemical stability and rate capability at 4.3 V
compared to G-LNO because the increase in the particle size
reduces the overall area of the electrolyte-bulk interface,l3! fur-
ther mitigating lattice oxygen loss. Figure 4a,b shows the cycle
life performance at 1C with 4.3 and 4.6 V cutoff voltages, respec-
tively, for control bare-LNO (black) and LG-LNO (red) electrodes.
The control electrode maintained only about 40% capacity reten-
tion after 100 cycles at 4.3 V, whereas LG-LNO showed a sub-
stantial improvement in capacity retention up to 85% under
the same cycling conditions (Figure 4a). After 100 cycles with a
4.6 V cutoff voltage, the LG-LNO electrodes continued to deliver
an improved capacity retention of 76% compared to 53% reten-
tion for the control electrode. It should be noted that all elec-
trodes show relatively rapid capacity degradation in the early
stages of cycling, which likely results from secondary particles
being cracked by c-lattice parameter changes associated with the
H2-H3 phase transition at higher current densities (Figure S26,
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Supporting Information). Further investigation of the cyclic
retention was tested in a graphite full-cell configuration with
4.5 V cutoff voltage. As shown in Figure 4c, the capacity reten-
tion of LG-LNO was 74% while the control electrode showed
55% capacity retention after 100 cycles. After 500 cycles, despite
the high cutoff voltage, the capacity of LG-LNO was main-
tained at over 56%, while the capacity of the control electrode
had dropped to only 35% (more full-cell results are provided in
Figure S27 in the Supporting Information). Therefore, under all
testing conditions, the LG-LNO electrodes show a substantial
improvement in cycling stability, which can be attributed to the
high-voltage degradation cascade being arrested by the hermetic
graphene coating suppressing oxygen evolution.

3. Conclusion

Increasing the Ni content in layered oxide cathodes improves
the energy density and reduces the cost of LIBs, but also leads to
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Figure 4. Long-term cycling characteristic of surface-stabilized LNO. Discharge capacity versus cycle number for LNO (black) and LG-LNO (red) at a
rate of 1C with a) 4.3 and b) 4.6 V cutoff voltages. c) Full-cell cycling test at a rate of 1C for a 2.8—4.5 V voltage window.

compromised electrochemical cycle life. LiNiO, is the ultimate
goal of high-Ni-content layered oxide cathodes with exception-
ally high specific and volumetric energy densities in addition to
more sustainable and ethical large-scale manufacturing. Never-
theless, the realization of the high-voltage operation of LNO is
fundamentally challenging since the single-component Ni com-
position results in earlier detrimental oxygen stacking changes
compared to multicomponent layered oxides, ultimately
leading to the lowest cycle retention (Figure 5). In this study,
we have identified that lattice oxygen loss and the O1 stacking
transition are the main reasons for the irreversible capacity loss
of LNO when charged to the high-voltage region (up to 4.6 V).
Moreover, the appearance of Nij; defects in the O1 structure
diminishes the reversibility of oxygen gliding, resulting in irre-
versible stacking faults. These stacking structural changes then
accelerate mechanical degradation, such as creep, cracking, and
even bending of the layered structure due to incoherency of the
oxygen framework, causing rapid capacity fade. Consequently,
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Figure 5. Overcoming the traditional tradeoff between Ni content and
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The black data points are taken from the literature.[*!
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suppression of oxygen evolution is the key factor to realizing
stable high-voltage operation of LNO. Consistent with this con-
clusion, conformal exterior graphene coatings that suppress
oxygen evolution mitigate changes in oxygen stacking during
electrochemical cycling, resulting in substantially improved
capacity retention (Figure 5). This detailed mechanistic study
thus provides a clear path to enabling high-voltage operation of
LNO, which is a key step toward realizing practical high energy
density LIBs.

4. Experimental Section

Material Synthesis: Ni(OH), precursor powders were synthesized
continuously using a Taylor Vortex Reactor (TVR) via the hydroxide
co-precipitation method. LiOH-H,O (Millipore Sigma) and precursor
powder were combined using an acoustic mixer and calcined in a
box furnace to obtain LiNiO, cathode powder. As-synthesized LiNiO,
powder was coated with =1 wt% of a graphene nanocomposite using a
Pickering emulsion method. The nanocomposite was synthesized by
solution-phase shear mixing of graphite (+150 mesh, Millipore Sigma)
and ethyl cellulose (4 cP, Millipore Sigma). The ethyl cellulose and shear-
mixed graphene flake mixture was first sonicated with a mass ratio of
2:1 in acetonitrile solvent. Subsequently, LiNiO, powder and hexane in a
1:5 v/v ratio of acetonitrile were added to the dispersion. After fractional
distillation, the dried composite was heated up to 240 °C for 10 min
under an oxygen atmosphere to pyrolyze the residual ethyl cellulose. For a
reliable comparison, the bare-LNO powder was also subjected to the same
chemical and post-heat treatment procedure as G-LNO. More details on
the coating method are described in previously published work.®!

Sample Characterization: XRD measurements were conducted in a
Scintag XDS 2000 X-ray diffractometer equipped with a Ge (Li) solid-
state detector and a Cu K anode (1 = 1.5418 A). The equipment was
operated using an accelerating voltage of 40 kV and a current of 20 mA.
The synchrotron XRD experiments were carried out at the DND-CAT
beamline 5BMC at the Advanced Photon Source at Argonne National
Laboratory. The 4.6 V charged samples were sealed in capillaries, which
continuously rotated about a horizontal axis to allow a 2 x 8 mm? X-ray
beam to strike the sample along its length. The powder diffractometer
was used in a high-resolution Bragg-Brentano geometry with a constant
energy of 19.970 keV (1 = 0.620821 A). The incident beam optics setup
consists of a double bounce pseudo-channel-cut crystal configuration
of two Si(117) crystals. An anti-scatter flight tube followed by Soller
slits with a vertical blade for limiting horizontal axial divergence was
outfitted on the detector. Additionally, a Ge(220) analyzer crystal
was utilized before acquiring the signal with an Oxford Cyberstar
scintillation counter. The electron microscope images were obtained by
SEM (Hitachi SU8030) and TEM (JEOL ARM 200CF). The simulation
setup condition was established using multislice image simulation of
Dr. Probe software.P]

Density Functional Theory Calculations: The density functional
theory (DFT) calculations in this work were performed using the
Vienna Ab initio Simulation Package (VASP)M% within the projector
augmented-wave approach. The projector-augmented wave method
was used in conjunction with the Perdew-Burke-Ernzerhof revised
PBEsol*!l version for the exchange-correlation functional. A GGA + U
parameterization was used, and the U values for Ni were set to 6.2 eV.
Additionally, a cutoff energy of 520 eV for the plane-wave basis set was
used, along with T'-centered k-meshes with a density of 2500 k-points
per reciprocal atom in all calculations. The Li ordering of ground-
state structures Li,NiO, (no oxygen vacancy or Ni migration) was
based on previously reported results.*l The structures with oxygen
vacancies were created by fixing the Li ordering and removing non-
symmetric oxygen atoms. To enumerate possible orderings, enumlib*’l
was employed, and no more than 20 configurations were selected
with the lowest electrostatic energy possible as candidate structures.
DFT calculations were then executed for these candidate structures,
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and the one with the lowest energy was selected as the representative
ground-state structure. All calculations were spin-polarized with
the spin states designated to be ferromagnetic. For the nudged
elastic band (NEB) calculation of Ni migration, the Li ordering was
first reordered based on the structure with an out-of-plane Ni atom
migration. The same ordering method used for creating the structure
with oxygen vacancies was applied. Finally, Li ordering was fixed and a
path was created for Ni migration.

Electrode Fabrication and Electrochemical Testing: Slurries with active
powders, carbon black (MTI corporation, EQ-Lib-SuperP), and PVDF
binder (corporation, EQ-Lib-PVDF) with N-methyl-2-pyrrolidone (NMP)
were prepared for the electrode fabrication. The mixture was cast on
aluminum foil with an active loading density = 5 mg cm™ and dried
in a 120 °C convection oven. CR2032 coin cells were assembled with
Li metal (MTI corporation, reference electrode), glass fiber (Whatman,
separator), and 1.2 M LiPFg in ethylene carbonate/ethyl methyl carbonate
of 3:7 volume ratio with 2 wt% of vinylene carbonate (Millipore Sigma,
EC/EMC, electrolyte). The full-cell test was conducted with a N/P ratio
1.18 with graphite anode electrode. Coin cells were cycled in an LBT-
20084 Arbin battery cycler between 2.8 and 4.3 V or 2.8-4.6 V versus
Li/Li*. The current density of 1C was defined as 200 mA g™".

In Situ Differential Electrochemical Mass Spectrometry: To analyze gas
evolution during cycling, differential electrochemical mass spectrometry
(DEMS) was used. The in situ gas analysis system was configured by
combining a mass spectrometer (Hiden Analytical HPR-20 R&D)
with a potentio-galvanostat (WonA Tech, WBCS 3000). Each cell was
assembled into a custom-built coin cell, wherein the cap possessed a
small hole (1 mm diameter) in the center to expel gas evolved from the
cathode. Each cell was rested for 3 h before the test, and electrochemical
performance was measured at a constant rate of 0.1C with a cutoff
voltage between 2.8 and 4.6 V. A 20 mg cm™ electrode loading density
was used to maximize gas detection. During the experiment, the mass
flow controller (WI1Z-701C-LF) flowed Ar carrier gas at a constant rate of
15 cc min™' such that the evolved gas during the electrochemical test
was promptly swept into the mass spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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