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ABSTRACT: To address the increasing demand for energy density, the Ni-rich layered Nio.goC00.0sMno.05]O, cathode has been
synthesized and its electrochemical performance in lithium-ion cells has been benchmarked against a lower Ni-content
Li[Nio.6C00..Mn,2]Os. Li[Nio.g0C00.05Mn.05]O, delivers a high discharge capacity of 227 mA h g compared to 189 mA h g* for
Li[Nio.6C00..Mn,.]O, when cycled up to a lower cutoff voltage of 4.3 V, making it an appealing candidate for electric vehicles. On
increasing the charge cutoff voltage to 4.5 V, Li[Nio.g0C00.0sMno.05] O, displays a capacity of 238 mA h g compared to 208 mA h g*
for Li[Nio.6C00..Mn,.,]O,. Although Li[Nio.goC00.0sMno.05]O, suffers during cycling from the usual rapid capacity fade similar to
LiNiO,, 87% and 81% of the initial capacity could still be retained after 100 cycles even after cycling to a higher cutoff voltage of
4.3 and 4.5 V, respectively. A comparison of Li[Ni.goC00.0sMno.05]O, and Li[Ni,6C0,.Mn,,]O, reveals that the capacity fade of
Li[Nio.90C00.0sMno.05] O, originates largely from the anisotropic volume change and subsequent microcrack propagation in the
bulk and NiO-like rock salt impurity phase formation on the particle surface, which are exacerbated at 4.5 V. Future work with

appropriate doping and surface modification could improve further the performance of Li[Nio 90C00.05Mno.05] Os.

1. INTRODUCTION

With the introduction of the first layered transition-
metal oxide LiCoO, as a cathode in the 1* generation lith-
ium-ion batteries (LIBs) by Sony in 1991, LIBs have experi-
enced a tremendous expansion in usage from small port-
able electronic devices to electric vehicles (EVs) to energy
storage power grids. With a practical specific capacity of ~
140 mA h g* at a cutoff voltage of 4.2 V vs. Li°/Li*,3
LiCoO, was able to satisfy much of the requirements for
portable electronics. However, due to the increasing de-
mand for higher energy density, lower cost, and environ-
mental compatibility, LiNiO, is drawing much attention
as a promising alternative due to its higher capacity of >
200 mA h g7, lower cost, and environmental benignity
compared to LiCoO,. However, LiNiO, suffers from (i)
difficulty in synthesizing stoichiometric LiNiO, due to the
instability of Ni3* during the high-temperature synthesis
and the consequent cation mixing*7 arising from a similar
size of Niz* (0.69 A) and Li* (0.76 A) ions, (ii) surface deg-
radation by the generation of NiO impurity on the cath-

ode surface®™ due to the chemical instability of the high-

ly oxidized Ni#, especially at the highly delithiated state,
(ili) concurrent oxygen release from the host
structure,®°" and (iv) micro-crack propagation in the
bulk caused by multiple phase transformations during Li*

extraction/insertion.>4 The combination of these prob-

lems results in a steep decline in electrochemical perfor-
mance and increasing safety concerns. These problems
have been alleviated by substituting Ni with Co and Mn to
give Li[Ni\CoyMn,]O, (NCM xyz) or Co and Al to give
Li[NiyCo,Al,]O, (NCA xyz). A typical example of this
strategy is Li[Ni,;;Co,5Mn,;5]O,, which exhibits excellent
capacity retention and safety, resulting in its successful
commercialization.’s'

However, such improvements stem with a sacrifice in
the practical capacity (~ 160 mA h g?). Considering the
push to increase the driving range to 300 miles in a sin-
gle-charge as outlined by DOE,” the corresponding ener-
gy density requirement is 350 W h kg at the cell level and
800 W h kg* (216 mA h g at 3.7 V) at the cathode active
material level.’®9 In this regard, the layered nickel-rich
materials Li[Ni.xyCoMny]O, (x + y < 0.4) has garnered
much attention as a promising candidate for electric vehi-
cles. The cathode capacity increases with increasing Ni
content, but at the expense of cycle life.>> Another ap-
proach to increase the specific capacity is to increase the
charge cutoff voltage,>>> but the extraction of more Li
weakens the layered structure and accelerates material
degradation.> At present, cathodes with a composition of
Li[Nis6C00.Mn,,]O, (NCM 622) with a cutoff voltage of
4.3 V is beginning to be employed in commercial cells,
but its practical capacity is limited to 160 mA h g.



To achieve the energy density target, both the Ni con-
tent in the cathode and the cutoff voltage have to be
brought up as much as possible. In this regard,
Li[Nio.4C00.0sMno.05] O, (NCM 900505) is a promising can-
didate, capable of pushing the energy density closer to the
300 mile goal. Despite its potential in terms of capacity,
NCM 900505 is still an underexplored cathode material
unlike NCM 622, due to the difficulty in the synthesis and
poor thermal characteristics and cycle life. To the best of
our knowledge, there is only one report on the investiga-
tion of NCM 9oo505.24 We present here a high-
performance NCM g9oos505 with superior cycle and a sys-
tematic study and comparison of NCM goo505 and NCM
622 with two charge cutoff voltages: 4.3 and 4.5 V. Based
on the results, we discuss the mechanisms causing the
capacity fade from a structural, thermal, and chemical
perspective to develop a better understanding of Ni-rich
NCMs.

2. EXPERIMENTAL SECTION

Synthesis of Li[Nio, sC00.Mn,.] O, and
Li[Nio.gC00.0sMno.05] Q..  Spherical  Li[Ni,6C0,.Mn,,]O,
and Li[NiyC0,.05Mn,05]O, precursors were synthesized
via a co-precipitation method where NiSO,-6H,O, Co-
SO,-H,0, and MnSO,-5H,0 were fed into a batch reactor.
The resulting [Ni6C00.Mn,.](OH), and
[Nio.5C00.0sMn, 5] (OH), were filtered, washed, dried at 110
°C overnight, mixed with LiOH-H.O in a LIOH/metal hy-
droxide = 1.01 ratio, and calcinated at 8s0 °C for
Li[Nio6C0,.Mn,,]O, and 750 °C for Li[Ni¢C00.05Mng.05] O,
for 12 h.

Electrochemical Characterization. The synthesized
lithium metal oxides were mixed with Super-P carbon and
polyvinylidene fluoride (PVdF) in a 9o : 5.5: 4.5 ratio in
N-methyl-2-pyrrolidone. The resulting slurry was then
coated onto an aluminum foil and vacuum dried and roll-
pressed. The electrode was then assembled in a 2032 coin-
type cell with lithium metal as the anode and 1.2 M LiPFs
in ethylene carbonate-ethyl methyl carbonate (EC : EMC
=3 :7, vol. %) with 1 wt. % vinylene carbonate (VC) as the
electrolyte. The cells were cycled for 100 cycles from 2.7 to
4.3 V vs. Li°/Li* with a constant current of 120 mA g7,
equivalent to o.5 C-rate, at 30 °C.

Analytical Characterization. Inductively coupled
plasma (ICP, OPIMA 8300, Perkin Elmer) analysis was
used to determine the molar compositions of the
Li[Nis.6C00.Mn,.]O, and Li[Ni4C00.0sMno.05]O0. samples.
Powder X-ray diffraction (XRD) was performed with Cu
Ko radiation from 26 = 10° to 10° with a step size of 0.01 °
with a Rigaku Rint-2o0o0o0diffractometer. The XRD data
were analyzed with Rietveld refinement by the Fullprof
program. In addition, scanning electron microscopy
(SEM, JEOL JSM 6400) and transmission electron micros-
copy (TEM, JEOL 2010) were used to analyze the surface
and morphologies of the cathode samples before and after

cycling and after focused ion beam (FIB) cutting. Electro-
chemical impedance spectroscopy (EIS) data were col-
lected by charging the cells to 4.3 V after the 1%, 25, 50,
75, and 100" cycles in the frequency range of 1 MHz to 1
mHz with an amplitude of 10 mV with a BioLogic imped-
ance analyzer. Electrolyte dissolution tests were carried
out by storing the electrodes charged to 4.3 V in the elec-
trolyte (1.2 M LiPFs in EC : EMC = 3 : 7, vol. % with 2 wt. %
V() at an elevated temperature of 55 °C for 10 and 20 days
after which the electrolyte was analyzed with ICP. Time-
of-flight - secondary ion mass spectroscopy (TOF-SIMS,
ION-TOF) was used for depth profiling and chemical
analysis. Depth profiling and high-resolution image were
taken with a 500 eV Cs* ion beam with a sputtering rate of
~ 0.03 nm s™ over a 100 X 100 p m? area. All samples were
rinsed with dimethyl carbonate and dried in an argon-
filled glovebox.

Differential Scanning Calorimetery (DSC) Analysis.
The cells for DSC cells were charged at a constant voltage
up to 4.3 V and disassembled in an argon-filled glovebox.
The cathode was extracted from the cell and washed with
dimethyl carbonate and vacuum dried and then carefully
scratched from Al foil to recover the cathode. Afterwards,
5 — 7 mg of the sample was placed in a steel sealed pan
with a gold plated copper seal and placed in a Pyris 1 dif-
ferential scanning calorimeter (NETZSCH, DSC 200 PC).
The scanning rate was 5 °C min™.

3. RESULT AND DISCUSSION

Crystal Chemistry and Morphology. The morpholo-
gies of the as-prepared Li[Ni,..CoMn,]O, (x = 0.05, 0.2)
cathodes were analyzed with SEM as seen in Figure 1a-d.
The secondary particles of both cathodes have spherical
morphologies with a uniform size distribution of 8 - 10
pum and are agglomerations of crystalline primary parti-
cles, characteristic of the co-precipitation method.>>5-28
The NCM 622 primary particles are bulkier with 1 pm size
while the NCM 9oos505 primary particles are elongated
with sizes of 400 nm. The chemical compositions of the
synthesized cathodes were determined by ICP and were
Li[Nio6C00.Mn,,]O, and Li[NigoC00.0sMno05]O, with tap
densities of 2.40 and 2.28 g cm3, respectively. Rietveld
refined powder XRD patterns of the as-prepared Li[Ni,.
xCoMn,]O, (x = 0.05, 0.2) in Figure 1e and f (and Table S1
and 2) indicate that the patterns of both the cathodes
have the rhombohedral a-NaFeO, layered structure with
the space group of R3m. The calculated lattice parameters
are a = 2.8683(1) A and ¢ = 14.2241(4) A for NCM 622 and a
= 2.8735(1) A and ¢ = 14.2049(3) A for NCM goos505. The
extent of cation mixing, ascertained by the Rietveld re-
finement, was determined to be 3.4 % in NCM 622 and a
less severe 1.8 % in NCM 9o0505. Cation mixing is engen-
dered by the similar radii of Ni>* (0.69 A) and Li* (0.76
K).91929 In the case of NCM 900505, the severity of this
phenomenon is alleviated because with increasing Ni con-
tent, the oxidation state of Ni is closer to Ni3* (0.60 A),



making cation mixing less probable. Also, due to the
higher oxidation state of Ni3*, the c-axis has also been
reduced.
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Figure 1. SEM images of (a-b) NCM 622 and (c-d) NCM
900505 cathode and Rietveld refinement of () NCM 622 and
(f) NCM goo50s.

Electrochemical Performance. The ramification of
the increase in Ni content in Li[Niy.90C00.0sMn,.05]O, com-
pared to that in Li[Ni,6,C0,.Mn,.,]O, is much more evi-
dent in the electrochemical performances of the two
cathode materials (Figure 2). Initial voltage profiles of
NCM 622 and NCM goo505 (Figure 2a) are similar up to
3.7 V but diverge afterwards; whereas NCM 622 continues
its voltage profile in a single plateau to deliver a discharge
capacity of 188 mA h g, NCM goos05 delivers a much
higher discharge capacity of 227 mA h g* with two addi-
tional plateaus at 4.0 V and 4.8 V. At 4.5 V, the tails of
the voltage profiles extend to give even higher discharge
capacities of 208 mA h g for the former and 238 mA h g*
for the latter. This high capacity of NCM g9oos05 is de-
rived from its high Ni content analogous to LiNiO,, which
delivered a practical capacity of 242 mA h g* at 4.3 V.4
Thus, NCM 900505 is able to deliver a capacity that sur-
passes the 350 Wh Kg energy density threshold on the
cathode level suggested by DOE.” However, despite its
outstanding capacity, NCM goos05 displays a rapid capac-
ity fade similar to that observed with LiNiO,>* (Figure 2b);
by the end of its 100 cycle, NCM 900505 retains only 87
% (182 mA h g") of its original discharge capacity whereas
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Figure 2. (a) Initial charge-discharge voltage profiles and (b)
cycle life tests of NCM 622 and NCM 900505 cathodes in the
voltage range of 2.7 - 4.3 V and 2. 7 - 4.5 V. (c) Rate capabili-
ties of NCM 622 and NCM 900505 cathodes at various C rates
from 0.2C to 5C-rate in the voltage range of 2.7 - 4.3 V.

NCM 622 retains 96 % (171 mA h g*) of its original capacity
with a cutoff voltage of 4.3 V. At 4.5 V, this rapid capacity
fade is exacerbated as the capacity retention of NCM goo505
further drops to 81 % compared to NCM 622(94 %).

Phase Transformation. The accelerated capacity fade of
NCM 9oo505 is problematic as electric vehicle battery life-
time expectancy is 10+ years. To investigate the mechanism
behind the rapid capacity fade of NCM g9oo505, redox peaks
were correlated to the series of structural changes during
cycling through dQ dV~ profiles (Figure 3a-b). The dQ dV~
profiles are in accordance with the previously reported litera-
ture.923 In the discharged state, both profiles start at the
rhombohedral phase (H1) and undergo structural transfor-
mation to monoclinic phase (M) phase at approximately 3.68



V. Beyond this redox peak, NCM 622 exhibits no further oxi-
dation peaks, but NCM 900505 shows two more transfor-
mation redox peaks: one from M to the rhombohedral phase
Hz and another from Hz to the rhombohedral phase H3. The
gradual decrease in the H3 redox peak of NCM 900505 at 4.18
V with cycling is due to the reduction of the extent of H3
transformation. In contrast, the 50t and 100" profiles of
NCM 622 remain almost identical to the 1%t profile. Beyond
4.3V, no other phase changes were observed for both NCM
622 and NCM 9oo505 (Figure S1).

To substantiate the extent of phase transformation in-
curred during charging, each cathode was charged to 4.1, 4.2,
and 4.3 V and examined with ex situ XRD. The XRD data are
shown in Figure S2 and the corresponding lattice parameter
changes from refinement results are summarized in Figure
3c-d. In accordance with the dQ dV profiles of the NCM 622
cathode showing no redox peaks beyond 4.1 V, the lattice
parameters of NCM 622 hardly change during charging of the
NCM 622 cathode above 4.1 V. On the other hand, NCM
900505 shows an abrupt contraction in the c-axis lattice pa-
rameter from 4.1 to 4.2 V due to the appearance of the H3
phase, which is similar to the behavior observed in the case
of LiNiO,.?9 The c-axis lattice contraction experienced by the
NCM 900505 cathode amounts to ~ 4%, while a-axis lattice
parameter remains nearly unchanged (0.2% contraction).
Such an anisotropic lattice strain occurring repeatedly during
cycling deteriorates the structural stability of the cathode; in
the case of LiNiO,, the lattice contraction was recently
demonstrated to be the main cause of the capacity fading for
the cathode™ and also in the case of the Li[Ni, §C0,,Mn,,]O2
cathode.3° Ex-situ XRD patterns of NCM and corresponding
lattice parameters before and after cycling are illustrated in
Figure S3. While NCM 622 experiences minimal c-axis lattice
parameter changes, NCM 9oo505 undergoes substantial c-
axis parameter change from 14.195 to 14.209 A at the end of
its 100th cycle.

Microcrack Generation. To examine the effect of lat-
tice parameter changes on the particle structure, a thin
cross-section of a particle from the cycled NCM goos505
cathode at 4.3 V was prepared by FIB. Mosaic bright-field
STEM image of the cycled NCM goo505 cathode (Figure
4a) shows that the microcracks, resulting from the detri-
mental lattice contraction/expansion arising from the Hz
- H3 transition during cycling, cause an interparticle
crack network that compromise the primary particle con-
nectivity. This separation of primary particles results in
electrical contact loss and electrically isolated grains in
the particle bulk as highlighted in the corresponding
dark-field STEM image shown in Figure 4b. The separa-
tion width is ~ 5 nm as illustrated by the TEM image of
the primary particles from the periphery (Figure 4c) and
its high resolution TEM (HRTEM) image of the marked
area (Figure 4d). The particle separation is also evident in
the secondary particle interior (Figure 4e) in which clear
interparticle microcracks are observed. A high-resolution
image in Figure 4f from the marked region demonstrates
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Figure 3. dQ dV~ profiles of (a) NCM 622 and (b) NCM
900505 cathode in the voltage range of 2.7 - 4.3 V, and lattice
parameter variations of NCM 622 and NCM g9oo505 cathodes
with different charge cut-off voltages of 4.1 to 4.3 V at initial
cycle: (c) a-axis and (d) c-axis.
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Figure 4. FIB-prepared NCM 900505 cathode charged after 100 cycles to 4.3 V: (a) mosaic bright-field STEM image, (b) dark-
field STEM image, (c) conventional TEM image of the primary particles at the sample periphery showing grain separation, (d)
HRTEM of the marked region in (c), (e) secondary particle interior TEM image, and (f) HRTEM of the marked region in (e)

showing the primary particle surface degradation.

the surface damage incurred by the primary particle due
to the electrolyte penetration through the secondary par-
ticle interior. These isolated grains in the bulk with high
electrical resistance (from the NiO-like surface phase)
further aggravates the charge transport, thus accelerating
capacity fade of the NCM 9oo505. In fact, loss of primary
particle connectivity and formation of NiO-like phase
from microcracks have been attributed as the main deg-
radation mechanism of Li(Ni,,5C00.14Al510)O, and Li(Ni-
08C00.5A1005)O0,. Raising the cutoff voltage to 4.5 V de-
stroys further the mechanical integrity as evidenced by
the nearly fractured NCM 9oo505 particle shown in Fig-
ure 5. At 4.5 V, the anisotropic strain is severe enough to
even fracture the constituent primary particles as indicat-
ed by the red arrows in Figure s5b and ¢, which point out
the internal cracks. In addition to the easily visible frac-
turing of the primary particles, structural damage also
occurred at a microscopic scale as can be seen in Figure
5d, which shows a part (circled region) of a primary parti-
cle that is nearly broke off. The selected area electron dif-
fraction from the area shown in the inset is a ring pattern,

Figure 5. TEM images of the FIB-prepared NCM 9oo505
cathode charged after 100 cycles at 4.5 V: (a) mosaic bright-
field STEM image, (b) dark-field STEM image, (c-d) conven-
tional TEM ima ges of the fractured primary particles.



suggesting that the layered structure is nearly destroyed
into randomly oriented nanoscale crystalline domains.

Surface Degradation. To further understand the
mechanism behind the capacity fade of NCM goos05, the
cycled cathode particle surfaces were examined with TEM
without the usual thinning process to preserve the dam-
aged surface structure (Figure 6). A high-resolution image
of the NCM 622 surface charged to 4.3 V taken in the [100]
zone at the particle edge (Figure 6a) reveals a thin layer of
rock salt NiO-like structure (verified by the Fourier fil-
tered image in the inset) as previously observed in the
cycled NCA and NCM cathodes.® This NiO-layer is con-
fined to a thickness of ~ 3 nm all along the particle sur-
face. Raising the cutoff voltage to 4.5 V hardly affected the
surface structure of the NCM 622 cathode, which is rea-
sonable since the capacity retention for the NCM 622
cathode decreased only slightly at 4.5 V after 100 cycles;
the damaged surface layer at 4.5 V is also limited to a
thickness of 3 nm and the layered structure was well pre-
served in the particle interior (Figure 6b).

On the contrary, the surface damage is noticeably more
extensive in the case of the NCM gooso05 cathode cycled
at 4.3 V, and the thickness of the NiO-like layer is in-
creased to ~ 5 nm capped by a thin layer of amorphous
material as shown in Figure 6c¢. It appears that the para-
sitic reaction with the electrolyte partially converted the
NiO-like layer into an amorphous state through oxygen
release from the layered lattice’®3>3 and subsequently
destroyed the crystal structure. TEM observation of the
cycled electrodes reveal that the rock salt structure gener-
ation is exacerbated in the NCM g9oos505 cathode due to
the higher concentration of the thermodynamically un-
stable Ni4* on the surface. In addition, the distortion of
the damaged layer was severe enough to generate poly-
crystalline domains (insipient stage for crystal-break up)
as evidenced by a stretching of the diffraction spots corre-
sponding to the rock salt structure into a series of arcs
(comparison of Fourier transform images of the region I
and the particle interior in Figure 6c). As for the NCM
900505 cathode cycled at 4.5 V, a high-resolution image
from a fracture particle shown in Figure 6d indicates that
a thicker layer of amorphous material (see Fourier trans-
form of the surface region II in Figure 6d) is also present
on the particle surface. It should be noted that the differ-
ent extent of the surface damages incurred in the NCM
622 and NCM goo505 cathodes were apparent only when
examined as is. When a thin section was prepared by FIB,
the coating and etching necessary for the sample prepara-
tion wiped out the surface damage from cycling; in fact,
both particle surfaces from the cycled NCM622 and
NCMgoos05 appeared similar in the FIB-prepared sam-
ples. Indeed, the formation of thicker layer on the
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Figure 6. TEM surface images and Fourier Transform (after
100 cycles) from unprocessed electrodes of (a) NCM 622
charged to 4.3 V, (b) NCM 622 charged to 4.5 V, (c) NCM
900505 charged to 4.3V, and (d) NCM goos05 charged to 4.5
V.

cathode of thicker impurity layer on the cathode surface
increased the cell resistance as indicated by the imped-
ance spectroscopy measurements taken at 25 °C in the
charged state of 4.3 V after the 1%, 25, 50, 75t and 100"
cycles (Figure S4). The Nyquist plots of the two NCM
cathodes reveal that while the charge-transfer resistance
(Ret) of NCM 622 remains relatively unchanged during
cycling, that of NCM 9oos505 steadily increases with in-
creasing cycle number, i.e., the Ry value increased from
5.4 Q at the 1*t cycle to 22.8 Q by the 100" cycle for NCM
900505 cathode due to formation of the NiO-like layer on
the cathode surface.
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Figure 7. (a) Depth profiling of the NCM 900505 electrode cycled up to 100 cycles with a cutoff voltage of 4.3 V. The cathode-
electrolyte interphase (CEI) contains multiple layers, among which an outer (passivation) and inner (dissolution) layer can be
identified. (b) High resolution TOF-SIMS maps demonstrating the localization of the outer CEI species at the surface of the ac-

tive material particles.

From a chemical perspective, the higher Ni content NCM
also suffers from metal dissolution by HF attack. Figure S5
shows the electrolyte dissolution test, which shows that
the Ni dissolution from NCM 900505 is an order of mag-
nitude higher than that from NCM 622 by the end of the
10t day and this difference is further amplified by the end
of the 20™ day. Interestingly, even though NCM goo0505
has one-fourth the amount of Co and Mn as NCM 622,
the former showed 50 % more Co and Mn dissolution by
the end of the 20" day, which may be due to a greater
exposure of the Co and Mn to liquid electrolyte caused by
microcrack formation within the particles.

Surface Chemical Composition. Time-of-flight sec-
ondary-ion mass spectrometry was employed to identify
and locate the chemical species composing the surface
(that is, the cathode-electrolyte interphase, CEI). ToF-
SIMS depth profiling of the NCM g9oos05 cathode after
cycling with a cutoff voltage of 4.3 V showed that the CEI
consisted of multiple layers, among which an outer and
an inner layer stands out (Figure 7a). Often, the outer

layer is considered a protective layer, containing organic
and inorganic species such as C,HO-, C,F-, and POF,". In
contrast, the inner layer is commonly associated with the
dissolution of active material, in this case containing Li,
Ni and Mn fluorinated species, such as °LiF,,, NiF;, and
MnF;, resulting from HF attack among other electrolyte-
cathode side reactions.3* To demonstrate the localization
of the outer species on the NCM 9oos05 particles, com-
parative high-resolution maps after 150 s and 2000 s of Cs*
sputtering was acquired as seen in Figure 7b. As illustrat-
ed, F- and C,, representing the outer CEI layer, clearly
vanished from the surface of the particles after 2000 s of
Cs* sputtering (equivalent to the removal of ~ 60 nm). On
the other hand, the O-signal, representing the oxide bulk
of the particles, appeared enhanced at the particles sur-
face, indicating the removal of the CEI. Of note, some of
the electrolyte reaction species were still present in the
bulk due to the electrolyte penetrating into the bulk
through generated microcracks. The result is a formation
of a multi-layered complex3+ covering the particle surface
as outlined by the ToF-SIMS depth profiling of Figure 7a.



Thermal Stability. With such a vulnerability in the
bulk and surface structure, it is not surprising that the
thermal stability of NCM 9oos505 cathode is also poor
compared to that of NCM 622 as portrayed by the differ-
ential scanning profiles in Figure 8. At a cutoff voltage of
4.3V, the NCM 622 cathode exhibits the exothermic peak
at 272 °C with a heat generation of 760 ] g* while NCM
900505 exhibits the peak at a much lower temperature of
201 °C with a higher heat generation of 1,670 ] g™
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Figure 8. DSC profiles of NCM 622 (black) and NCM goos05
(red) after charging to 4.3 V.

4. Conclusion

The Li[Ni.0C00.05Mno.05]O, cathode delivers an out-
standing discharge capacity of 227 mA h g* compared to
Li[Nic6C0,.Mn,,]O, (189 mA h g*) when cycled at 2.7 to
4.3 V vs. Li°/Li* at 0.1C rat; it exceeds the necessary energy
density suggested by DOE on the cathode level for elec-
tric vehicles. This high capacity can be ascribed to the
high Ni content, which makes it characteristically similar
to LiNiO,, but also makes it susceptible to rapid capacity
fade during cycling. A systematic investigation of the ca-
pacity fade of Li[Nis.40C00.0sMno.05] O, with dQ dV™ profiles
and particle cross-sectional TEM images clearly demon-
strates that the poor cycle retention is largely due to the
anisotropic volume change and subsequent microcrack
propagation in the bulk and NiO rock salt impurity gen-
eration on the particle surface, which are exacerbated as
the charge cutoff voltage increases. Such structural dam-
ages are further manifested in the EIS results and thermal
stability of the cathode. As such, Li[Ni.g0C00.0sMMo.05] O, is
an exceptional cathode material in terms of discharge
capacity and rate capability but suffers from rapid capaci-
ty fade. Future efforts with cationic doping and surface
protection by coating of the cathode or development of
alternative electrolytes to realize a better cathode-
electrolyte interface could help improve the cycle life of
NCM cathodes with high Ni contents.
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