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ABSTRACT: A series of Ni-enriched Li[NixCoyAlz]O2 cath-
odes (x = 0.80−0.95) were synthesized and evaluated
comprehensively to investigate the capacity fading mechanism.
Capacity retention was shown to be strongly related to the
extent of microcracking within the secondary particles.
Moreover, the range and limit of the depth of discharge
(DOD), which determined the extent of microcracking,
critically affected the cycling stability such that the extremely
Ni-rich Li[Ni0.95Co0.04Al0.01]O2 cathode cycled at an upper
DOD of 60% exhibited the poorest capacity retention. The
anisotropic strain produced by the H2−H3 phase transition
was not fully relieved, and persistent microcracks in the
discharged state (3.76 V) allowed the electrolyte to penetrate
the particle interior. Resultant extended exposure of the interior primary particles within secondary particle to electrolyte
attack accelerated structural damage and eventually undermined the mechanical integrity of the cathode particles.

A new trend that has recently gained tremendous
momentum in the automobile industry is the develop-
ment of electric vehicles (EVs). Owing to fluctuating

fossil fuel prices and environmental concerns, EVs have been the
center of research for many automobile companies, mainly in
Europe, Japan, China, and US. Among all the existing batteries
of EVs, lithium-ion batteries (LIBs) have become the primary
power sources because they have the highest energy density and
a long cycle life. Nevertheless, many obstacles still lie ahead for
wide consumer acceptance of LIB-based EVs. One of the
primary concerns is the limited driving range of EVs. The U.S.
Department of Energy has estimated a 300-mile driving range
for a single charge as the threshold for the commercial success of
EVs.1 To satisfy the energy density requirement, layered Ni-rich
LiMO2 (M=Ni, Co, andMn (NCM) or Ni, Co, and Al (NCA))
cathodes have been developed extensively for the last two
decades because of their high theoretical capacity of 275 mAh
g−1.2−15 Currently, Li[Ni0.8Co0.15Al0 .05]O2 and Li-
[Ni0.6Co0.2Mn0.2]O2 cathodes are adapted for EVs (Tesla
Model 3 and GM Bolt) that have a driving range of 380 km
for a single charge, which is still short of the recommended
threshold. To further increase the driving range, the Ni content
in the cathodes should be increased gradually so that the energy

density of the LIBs is increased. However, it is well acknowl-
edged that the increase in the Ni concentration of LiMO2 leads
to an almost linear increase in the reversible capacity but a
proportional decrease in the cycling performance and thermal
safety.11,13,16 The fast capacity fading of Ni-enriched NCMs is
ascribed to the H2−H3 phase transition in the highly charged
state of approximately 4.2 V Li+/Li, inducing an anisotropic
lattice volume change that generates internal microcracks in the
cathode particles.16−20 The microcracks facilitate electrolyte
infiltration into the particle interior. The penetrated electrolyte
accelerates surface degradation of the primary particles through
the reaction of unstable Ni4+ with electrolyte to form NiO-like
rocksalt impurity phases and thereby increases the cell
impedance.16,17 The currently deployed cylindrical full cell
based on the NCA cathode and graphite anode demonstrates
poor long-term cycling performance (capacity retention of 50%
after 2000 cycles) when cycled at 100% depth of discharge
(DOD). However, the full cell demonstrates an outstanding Li
intercalation stability at DOD of 60% during the same cycling
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period, indicating that the DOD should be limited to 60% for
long-term cycling.21,22 However, limiting the DOD during
cycling reduces the energy density of the battery significantly
and, consequently, increases the EV’s weight and battery cost.
Currently, Tesla, which is one of the most prominent EV

producers, uses the Panasonic Li[Ni0.84Co0.12Al0.04]O2 cathode
in its Model S and Model X.23 However, with the increasing
demand for higher energy density and the ever-increasing cost of
raw cobalt, which has more than doubled in the last five years,
increasing the Ni content in the cathode active material has
become mandatory. In this regard, we performed a systematic
comparative study of the standard Li[Ni0.8Co0.16Al0.04]O2
(herein after denoted as NCA80), Li[Ni0.88Co0.10Al0.02]O2
(NCA88), and Li[Ni0.95Co0.04Al0.01]O2 (NCA95). On the
basis of this result, we explore the fundamental battery
performance and capacity fade mechanisms of the three NCA
cathodes to understand the impact of the increased Ni content
on the electrochemical performance of the highly Ni-enriched
NCA cathodes.
The chemical compositions of NCA80, NCA88, and NCA95

measured by inductively coupled plasma were Li-
[Ni0.8Co0.16Al0.04]O2, Li[Ni0.88Co0.10Al0.02]O2, and Li-
[Ni0.95Co0.04Al0.01]O2, respectively. The XRD patterns in Figure
S1 and Rietveld refinement in Table S1 confirm that NCA80,
NCA88, and NCA95 have a rhombohedral α-NaFeO2-layered
structure with the R3̅m space group and lattice parameters of a =
2.8630 Å and c = 14.1756 Å, a = 2.8679 Å and c = 14.1812 Å, and

a = 2.8721 Å and c = 14.1908 Å, respectively. The reversible
capacity of NCA80, NCA88, and NCA95 was characterized by
2032 coin-type half-cells using Li metal as the anode cycled
between 2.7 and 4.3 V. As shown in Figure S2, the discharge
capacity of the three NCA cathodes increased progressively with
increasing Ni content owing to the increased amount of redox
active Ni ions: 202.5 mAh g−1 for NCA80, 219.8 mAh g−1 for
NCA88, and 236.8 mAh g−1 for NCA95.
To investigate the capacity fading mechanism of Ni-rich NCA

cathodes, the NCA95 cathode was cycled at the upper (3.76−
4.3 V) and lower DOD of 60% (2.7−4.0 V) and DOD of 100%
(2.7−4.3 V) with a current density of 67 mA g−1 (Figure S3). As
shown in Figure 1a, the cycling stability of the NCA95 cathode
deteriorated significantly at the upper DOD of 60%, with only
65.6% retention of the initial capacity after 100 cycles as
compared to that (85.5%) at the DOD of 100% (2.7−4.3 V).
Meanwhile, the NCA cathode cycled at a lower DOD of 60%
incurred nearly no capacity fading (96.1%). To verify the
different capacity retentions depending on the DOD range, dQ
dV−1 profiles with cycling were calculated by differentiating the
charge/discharge curves (Figure 1b−d). The redox peaks for the
H2−H3 phase transition upon cycling at the upper DOD of 60%
decayed more rapidly in height than those at a DOD of 100%.
Meanwhile, the redox peaks for the H1−M phase transition at
the lower DOD of 60% hardly changed with cycling, thus
attesting to the stability of the host structure in the lower DOD
range. As shown in Figure 1e, the NCA95 cathode suffers from

Figure 1. (a) Cycle performances of NCA95 cathodes charged and discharged at different DOD ranges. dQ dV−1 curves of NCA95 cathodes
cycled at (b) lower DOD of 60%, (c) upper DOD of 60%, and (d) DOD of 100% as a function of number of cycles. (e) Unit cell volume changes
for NCA95 cathodes during charging at different DOD ranges. The unit cell volume was calculated from in situ XRD pattern in Figure S4.
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volume contractions of 1.39%, 6.69%, and 8.08% during
charging to 4.3 V for the lower DOD of 60%, upper DOD of
60%, and DOD of 100%, respectively. The unit cell volume of
the NCA95 cathode was calculated from in situ XRD patterns in
Figure S4. Conventional wisdom dictates that the cycling
stability should deteriorate at a higher rate as the anisotropic
volume contraction increases in magnitude, which was true in
the case of the NCM cathodes;11,16,17 nevertheless, the NCA95
cathode cycled at the upper DOD of 60% exhibited poorer
capacity retention compared to the same cathode cycled at a full
DOD range although the former was subject to a smaller
magnitude of volume contraction/expansion during cycling
compared to the latter. To better understand the discrepancy,
cross sections of the NCA95 cathodes charged and discharged at
different ranges of DOD (lower and upper DOD of 60%, DOD
of 100%) were examined using SEM (Figure 2 and Figure S5).
The NCA95 particles charged to 4.0 V contained a large number
of microcracks that nearly traversed the entire particle but
terminated before reaching the particle surface (Figure 2a). In
comparison, the NCA95 cathode particles that were fully
charged to 4.3 V contained numerous microcracks propagated
through the entire particle to the surface, facilitating electrolyte
penetration into the particle interior. These microcracks
partially fractured the secondary particle into several smaller
segments (Figure 2c). However, surprisingly, when the NCA95
cathode was fully discharged to 2.7 V, the microcracks generated
from charging to either 4.0 V (lower DOD of 60%) or 4.3 V
(DOD of 100%) closed back and hardly any microcracks were
observed in the discharged state (Figure 2b,d). The reason for
the crack closure is likely due to the expansion of the primary
grains upon lithiation which fills the cracks. The extent of
microcracking was estimated using image analysis software by
measuring the areas covered by themicrocracks. In fact, the areal
fraction of the microcracks estimated from the cross-sectional
images increased from 11% for the lower DOD of 60% to 26%
for the full DOD of 100% and decreased to 1% in the fully
discharged state. Figure 2 demonstrates the extent of the
mechanical damage sustained by the NCA95 cathode in the
charged state, the fact that the catastrophic mechanical failure
can be repaired, and that the original microstructure is recovered
during the subsequent discharge. A clue for the apparent inferior
cycling stability of the NCA95 cycled at the upper DOD of 60%

is provided in Figure 2e, which shows a cross-sectional SEM
image of the NCA95 discharged to 3.76 V. In contrast to the
cathode particles discharged to 2.7 V, clearly visible residual
microcracks were observed (microcrack areal fraction 4%). In
addition, themicrocracks propagated to the particle surface, thus
opening up channels for electrolyte infiltration. In our opinion,
the electrolyte continues to infiltrate readily along the residual
microcracks into the particle core even in the discharged state
(3.76 V) and accelerates microcrack formation and the eventual
pulverization of the particles.
To substantiate the observation, cross-sectional SEM images

of the NCA95 cathode cycled at different DOD ranges are
shown in Figure 3 (after 100 cycles and at their respective
discharged states). After 100 cycles, the NCA95 cathode cycled
particles at a lower DOD of 60% preserved the original spherical
morphology without visible microcracks (areal fraction of
microcracks = 2%), whereas the NCA95 cathode particles
cycled at the upper DOD of 60% were nearly fractured into
individual primary particles with their areal fraction of
microcracks at 16% even in the discharge state. Meanwhile,
the NCA95 cathode cycled at the DOD of 100% contained a
network of microcracks (areal fraction of microcracks = 8%)
whose extent was considerably less than that of the same cathode
cycled at the upper DOD of 60%. Hence, the microstructure of
the cathode cycled at different DOD ranges is consistent with
the cycling performance (Figure 1a). The impact of the DOD
range on the microstructural stability of the NCA95 cathode was
also confirmed by the Rct measured during cycling at 67 mA g−1

(Figure 3d). The NCA95 cathode cycled at the three different
DOD ranges exhibited a nearly similar Rsf (not shown herein),
whereas the Rct for the cathodes cycled at the upper DOD of
60% and DOD of 100% increased almost linearly with cycling
such that the Rct after 100 cycles reached 71.2 Ω for the upper
DOD of 60% and 39 Ω for the DOD of 100%. Meanwhile, the
Rct for the NCA95 cycled at the lower DOD of 60% remained
stable and was limited to 3.2 Ω. The above results clearly
indicate that the NCA95 cathode cycled at the lower DOD of
60% is the most resistant to microcracking because the
electrolyte penetration into the particle interior is reduced
significantly during cycling.
Watanabe et al. extensively tested Li[Ni0.76Co0.14Al0.10]O2 at

different DOD limits and widths and concluded that the capacity

Figure 2. Cross-sectional SEM images of NCA95 cathodes at first cycle: (a) charged to 4.0 V, (b) charged to 4.0 V and discharged to 2.7 V, (c)
charged to 4.3 V, (d) charged to 4.3 V and discharged to 2.7 V, and (e) charged to 4.3 V and discharged to 3.76 V.
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retention of the cathode was not affected by the upper or lower
DOD limits but was dictated by the DOD width.21,22 It appears
that their conclusion does not agree with the cycling
performance dependence of the present NCA95 cathode on
the DOD range. To further substantiate the DOD effect on the
NCA cathode with different Ni fractions, the NCA80 and
NCA88 cathodes were cycled at lower and upper DOD ranges at
a current density of 67 mA g−1 (Figure S6 and Figure S7). As
shown in Figure 4a,b, the NCA80 and NCA88 cathodes cycled
at the lower DOD of 60% maintained their respective initial
capacities with negligible losses (100% for NCA80 and 99.6%
for NCA88). However, the Li intercalation stability decreased
progressively with increasing Ni concentration when the two
cathodes were cycled at the upper DOD of 60%. In comparison,
the two cathodes cycled at the DOD of 100%, similar to the
NCA95 cathode, tended to outperform the same cathodes at the
upper DOD of 60% with the capacity retention of 95.7% vs
94.6% (upper DOD of 60%) for NCA 80 and 88.7% vs 86.8%
(upper DOD of 60%) for NCA88. To further confirm the effect
of upper DOD of 60% on microcracking, cross-sectional SEM

images of the NCA80 and NCA88 cathodes charged to 4.3 V
and discharged at upper DOD of 60% (3.73 V for NCA88 and
3.71 V for NCA80) were investigated (Figure 4c−f). The
charged NCA80 cathode exhibited visible microcracks prop-
agating from the particle core; however, the microcracks
remained comparatively narrow and were arrested before
reaching the particle outer surface. The areal fraction of the
microcracks estimated from the cross-sectional image of the
NCA80 cathode in Figure 4c was 9%. In the case of the charged
NCA88 cathode in Figure 4e, the microcracks increased visibly
in both density and width such that the areal fraction of the
microcracks increased visibly in both density and width such
that the areal fraction of the microcracks increased to 11%.More
importantly, these microcracks propagated the particle surface,
creating channels for electrolyte infiltration into the particle
interior. Like NCA95 (Figure 2e, discharged to 3.76 V) but not
so severe, the discharged NCA88 to 3.73 V also contained some
visible residual microcracks (areal fraction of microcracks = 2%)
that propagated to the particle surface. However, the discharged
NCA80 to 3.71 V did not show any visible microcracks (areal
fraction of microcracks = ∼0%). As expected, the microcracks
formed in the NCA80 cathode at 4.3 V almost completely closed
back during discharge. From the above results, we believe that
NCA cathodes with a Ni fraction below 0.8 are unlikely affected
by the DOD limits; however, above 0.8, both the DOD width
and limits increasingly dictate the cycling performance. Ni
enrichment accelerates the microcrack formation proportion-
ally; more importantly, the upper DOD limit determines the
extent of microcracking during charge and the lower limit
controls the microcrack closure during discharge.
To observe the extent of microcracking in the NCA80

cathode, cross-section SEM images of the cathode particles
charged to 3.88 V (upper cutoff voltage of lower DOD of 60%)
are shown in Figure S8. Compared to the SEM image of the
NCA80 particles charged to 4.3 V (Figure 4c), the NCA80
particles charged to 3.88 V are relatively free of microcracks. To
correlate the cycling performance with the extent of micro-
cracking, the cross-sectional SEM images of the NCA80 cathode
cycled at the three DOD ranges after 100 cycles are shown in
Figure 5a−c. The NCA80 cycled at the lower DOD of 60%
remained intact without any visible microcracks formation while
the NCAs cycled at the upper DOD of 60% and DOD of 100%
exhibit only hairline cracks that did not propagate to the particle
surface. Although the former exhibits an increased amount of
microcracks compared to the latter, which is in agreement with
the cycling performance, the difference is small compared to the
marked difference observed in the NCA95 cathode. The result
reiterates that the DODwindow becomes increasingly critical in
stabilizing the cycle performance, especially when the Ni
fraction in the NCA cathodes exceeds 0.8. This result also
demonstrates that electrolyte penetration of the particle interior,
even at the discharged state, must be minimized to mitigate the
structural deterioration of the interior primary particles.
TEM analysis was also performed to verify the extent of

structural damages incurred by theNCA95 cathode cycled at the
upper 60% and full DOD ranges. A bright-field scanning TEM
image of the NCA95 cathode cycled for 100 cycles in the upper
DOD of 60% in Figure 6a shows a large crack that nearly
fractures the secondary particle into two halves. In addition to
the easily discernible intergranular microcrack, individual
primary particles near the surface developed nanoscale intra-
granular cracks, as denoted by arrows in Figure 6b. A magnified
image of the hairline crack near the primary particle surface in

Figure 3. Cross-sectional SEM images of NCA95 cathodes after 100
cycles: (a) lowerDODof 60%, (b) upperDODof 60%, and (c)DOD
of 100%. (d) Variation in charge transfer resistance (Rct) of NCA95
cathodes as a function of number of cycles.
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Figure 6c shows that the crack grew along the [001] direction
through the layer planes, separating the primary particle into two
halves by a gap of ∼5 nm. Numerous stacking faults or
dislocations are also visible on the upper half produced by the
anisotropic volume change. Further, ∼ 10 nm-thick alternating
layers of the structural defects are observed in the interior of the
primary particle. Upon magnification, we observed that the
structural defects consisted of numerous dislocations and fine
separation of the layer planes from the tensile strain generated
during the detrimental H2−H3 transition. This accumulation of
structural defects serves as an incipient stage of crack formation
that will likely develop into a full crack upon cycling (Figure 6d−
e). Examining the primary particle surface, a thin layer of 5−10
nm-thick NiO-like rocksalt (verified by the accompanying
Fourier transform of the surface and bulk regions) that increases
the impedance and hinders the Li migration is observed (Figure
6f). It appears that when the NCA95 cathode was discharged to
3.76 V, the stress state is not fully relieved and the buildup of the
tensile strain not only initiates microcracks along the
mechanically weak interparticle boundaries, but also under-
mines the mechanical integrity of the primary particle itself
through the generation and accumulation of numerous
structural defects. Moreover, the persistent microcracks in the
discharged state, as shown in Figure 6e, expedite the electrolyte
penetration and damage the interior primary particles severely,
and will likely remain in the delithiated state during charging. An
example of the severely damaged primary particle along a
microcrack (marked as ‘B” in Figure 6a) is shown in Figure 6g.

SAED patterns of an area with a diameter of 100 nm are obtained
along the primary particle. The initial layered structure
diffraction pattern in the [100] zone transforms gradually to
the [110] zone of the rocksalt structure as the alternating
columns of diffraction spots disappeared gradually. The
electrolyte attack along the microcrack is severe enough that
the structural damage is not confined to the particle edges, as
observed in the surface primary particles. Instead, the entire
lower half of the primary particle in Figure 6g is converted to a
rocksalt structure, attesting to the electrolyte penetration and
subsequent structural damage that is assisted significantly by the
incomplete closure of the microcracks in the discharged state. In
comparison, the same NCA95 cathode cycled at DOD of 100%
exhibited a similar structural damage as its bright-field scanning
TEM image (in Figure 6h), and also contained a clearly visible
crack that is arrested only near the secondary particle surface. A
surface damage sustained by the surface particle is similar in that
the thickness of the NiO-like rocksalt surface layer is also limited
to ∼5 nm thick (Figure 6i,j). Figure 6j shows an intergranular
microcrack formed in the observed primary particle; however, its
width was confined to∼1 nm, which is much narrower than that
observed in the upper DOD of 60% cycled cathode. In the case
of the NCA80 cathode cycled in the upper DOD of 60%, the
structural damage is nearly nonexistent as the NCA80 cathode
experiences a small amount of detrimental H2−H3 phase
transition. A slight separation along the interparticle boundaries
is observed in Figure 6k. A high-resolution TEM image of a
surface primary particle from the upper DOD of 60%-cycled

Figure 4. Cycle performances of (a) NCA80 and (b) NCA88 cathodes charged and discharged at different DOD ranges. Cross-sectional SEM
images of NCA80 and NCA88 cathodes at first cycle: (c) charged NCA80 to 4.3 V, (d) charged NCA80 to 4.3 V and discharged to 3.71 V, (e)
charged NCA88 to 4.3 V, and (f) charged NCA88 to 4.3 V and discharged to 3.73 V.
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NCA80 cathode shows that the NiO-like rocksalt layer is nearly
nonexistent (<1 nm) owing to the relatively low Ni fraction in
the NCA80 cathode (Figure 6l,m). The post-mortem TEM
analysis unequivocally confirms that cycling the NCA95 cathode
in the upper DOD range strains the cathode particles severely,
primarily because the anisotropic strain produced by the H2−

H3 phase transition is not fully relieved and the persistent
microcrack in the discharged state accelerates the structural
deterioration of the interior primary particles. Finally, we plotted
the capacity retention of the NCA80 and NCA95 cathodes
cycled at the lower DOD of 60%, upper DOD of 60%, and DOD
of 100% ranges against the areal fractions of the microcracks
estimated from the cross-sectional images of the cycled cathodes
(after 100 cycles) (Figure S9). An approximate linear relation-
ship between capacity retention and microcracking extent well
supports that the microcracking within the secondary particle is
likely the primary source of the capacity fading observed in the
Ni-rich NCA cathodes.
The electrochemical performance of Ni-enriched NCA80,

NCA88, and NCA95 cathodes was intensively evaluated and
correlated to the microcrack formation to determine the
capacity fading mechanism of Ni-rich NCA cathodes. As
observed in the NCM cathodes, increasing the Ni concentration
in an NCA cathode led to higher reversible capacity: 202.5 mAh
g−1 for NCA80, 219.8 mAh g−1 for NCA88, and 236.8 mAh g−1

for NCA95. However, the cycling performance of the cathodes
deteriorated proportionally: capacity retention of 95.7% for
NCA80, 88.7% for NCA88, and 85.5% for NCA95 after 100
cycles. It was found that the capacity retention of the Ni-
enriched NCA cathodes was strongly dependent on the
microcracking extent within the secondary particles. The
microcracking was particularly detrimental to these cathodes
because abundance of unstable Ni4+ species on the crack faces in
contact with the infiltrated electrolyte caused rapid degradation
of the internal exposed surfaces and buildup of impedance-
increasing surface layer. Therefore, in the cases of highly Ni-
enriched NCA cathodes, the DOD range and limits critically
affected their cycling stabilities. In general, the upper portion of
the DOD range was deleterious to the cycling stability because
the anisotropic strain was not fully relieved and persistent
microcracks in the discharged state facilitate electrolyte
penetrated the particle interior. Consequent prolonged exposure

Figure 5. Cross-sectional SEM images of NCA80 cathodes after 100
cycles: (a) lowerDODof 60%, (b) upperDODof 60%, and (c)DOD
of 100%.

Figure 6. (a)−(g) TEM images of NCA95 cycled for 100 cycles in the upper DOD of 60%: (a) bright field STEM image, (b) magnified TEM
image and SAED pattern (inset) from the regionmarked as “A” in (a), (c)−(e) high resolution TEM images from the regions marked in (b), (f)
high-resolution TEM image of the primary particle surface with FFT pattern, and (g) magnified TEM image and SAED patterns from the region
marked as “B” in (a). (h)−(j) TEM images of NCA95 cathode cycled for 100 cycles in the DOD of 100%: (h) bright field STEM image, (i)
magnified TEM image, and (j) high-resolution TEM image. (k)−(m) TEM images of NCA80 cathode cycled for 100 cycles in the upper DODof
60%: (k) bright field STEM image, (l) magnified TEM image, and (m) high-resolution TEM image.
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of the interior primary particles to the electrolyte attack
accelerated the structural damage and eventually undermined
the mechanical integrity of the cathode particle.
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