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Abstract

Layered lithium transition-metal oxides of the general formula Lii+x(Nii-y—.CoyMnz)1—~O2
(NCM or NMC) represent a promising class of cathode active materials for Li-ion battery
applications. However, especially Ni-rich NCMs, enabling high capacity and energy density,
tend to undergo more severe degradation during cycling than low and medium Ni materials. In
this work, the kinetics of phase transitions in cycle-aged Liz+x(Niog5C00.1Mnoos)1-xO2
(NCM851005) upon electrochemical (de-)lithiation have been studied by operando X-ray
diffraction. The focus is set on the onset of kinetic impairment, evident from the coexistence of
differently delithiated phases for cell voltages greater than ~4.1 V after > 150 cycles, to examine
if the behavior observed with NCM851005 is analogous to the H2-H3 transformation in
isostructural LiNiO2 (LNO).
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Introduction

For the electrification of cars, the battery must meet highest demands in terms of energy density
and cycle life. In that respect, the active electrode materials are playing a crucial role. The
current materials of choice at the positive electrode side are layered lithium-transition metal
oxides of the types Lir+x(Nii-y—,CoyMnz)1—xO2 (NCM) and Liv+x(Nii-y—CoyAl,)1xO2 (NCA).13
To achieve sufficiently high specific capacities at a given maximum voltage, the Ni content of
NCMs is continuously increased.>* However, this implies some difficulties and disadvantages.
Ni-rich NCMs suffer from accelerated capacity fading and lower thermal stability compared to
low Ni materials.* This is partially because of structural and morphological changes (volume
expansion/contraction, cation mixing, cracking, etc.) and irreversible phase transformations
(spinel or rock salt-type formation), causing degradation of the electrode and strongly affecting
the performance, capacity retention, and overall lifetime of the cell.*** For example, de Biasi
et al.,° Kondrakov et al.,** Noh et al.,'® and Ryu et al.*® have shown that increasing the Ni
content has a significant effect on the volume changes of the NCM crystallites and is related to

fracturing of the secondary particles.



The degradation behavior of Lii+x(Nio.s5C00.1Mnoos)1-xO2 (NCM851005) cathode material has
been studied recently.r” Here, we build on the results of our previous study, in which
NCM851005/graphite pouch cells were cycled at a 1C rate and 45 °C between 2.8 and 4.2 V
for several hundreds of cycles and studied by operando X-ray diffraction (XRD). After > 150
cycles, XRD revealed a distinct broadening of the Bragg reflections for voltages greater than
~4.1 V. The occurrence of this broadening is assumed to be related to a coexistence of two
differently delithiated phases (considered as one less and one more delithiated). In general, the
coexistence of two hexagonal phases at high states of charge (SOC), namely H2 and H3, is well
known from isostructural LiNiO2 (LNO) cathode material, the endmember of the NCM
family.!8-2! This two-phase coexistence is also assumed to be present in Ni-rich NCMs. 1>/
Interestingly, the broadening of reflections becomes stronger with increasing cycle life,
probably as a consequence of the progressive degradation processes. Structural refinement also
showed that at the end of charge, the fraction of the more delithiated phase decreases, while
that of the less delithiated phase increases until only the latter remains after 750 cycles. The
results indicate that local environments with different kinetics may be responsible for the
heterogeneous Li-extraction capability, leading to separation into a ‘more active’ phase and a

‘less active’ phase.

Based on the results from our previous study, new findings regarding crystallographic changes
of the differently delithiated phases, taking place during an equilibration period, are being
analyzed and discussed below. Furthermore, additional measurements were performed on the
cycle-aged NCM851005/graphite cells. For this purpose, after 250 cycles, the pouch cells were
cycled at different C-rates while XRD was conducted to determine kinetic limitations and to
define the range of (de-)lithiation where a possible impairment may occur. In addition, we focus
on a deeper investigation of the phase transformation behavior of NCM851005 and particularly

the possible analogues to the H2-H3 transition in LNO.

Experimental Section
Materials and Electrochemical Testing

NCMB851005 was received from BASF SE (Germany). The electrodes had a loading of ~2
mAh/cm? and consisted of 94 wt% active material, 3 wt% PVDF binder, 2 wt% SFG6L
conductive carbon and 1 wt% Super C65 carbon black (Timcal). The electrodes were
calendared to a density of ~3.2 g/cm?® and electrochemically tested in single-layer pouch cells.

The cells were assembled inside a dry room with dew point below —60 °C and contained an
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NCM851005 cathode (50-50 mm?), a graphite anode (51-51 mm?), a Celgard 2500
polypropylene separator (53-53 mm?), and 500 pL LP472 electrolyte (1M LiPFs in 3:7 by
weight of ethylene carbonate and diethyl carbonate plus 2 wt% vinylene carbonate).
Experimental details of the assembling of pouch cells and the cycling procedure can be found
elsewhere.l” After both the formation cycles at different C-rates and the long-term cycling at a
1C rate (with 1C = 192 mA/gncmssioos) and 45 °C in the voltage range between 2.8 and 4.2 V,
the cells were transferred directly to the diffractometer.

Characterization

Operando XRD data were collected on a custom high-intensity laboratory diffractometer with
a molybdenum micro-focus rotating anode and a Pilatus 300K-W area detector. Details of the
setup used are reported elsewhere.?? Patterns were collected between 7.1 and 44.3° 20 with an
exposure time of 90 s. The intensity of two patterns was added up and integrated to generate
spike-noise-free 1D patterns of total time resolution 180 s. Annealed CeO: served as a
calibration sample to determine the instrumental resolution using the Thompson-Cox-Hastings
pseudo Voigt function.? The Rietveld analysis comprised refinement of the lattice parameters
a and ¢ and the atomic coordinate z of the oxygen position of NCM851005 and of the lattice
parameter ¢ of graphite. The graphite lattice parameter a was fixed to values from our earlier
results because of overlapping reflections with the NCMS851005/Al/Cu reflections.?*
Background refinement was done using a linear interpolation function comprising 36

parameters.

Results and Discussion

From literature, it is known that a monoclinic distortion of the layered lattice takes place in the
NCM851005 during cycling (based on the course of the charge trace between ~3.8 and 3.95 V
and the discharge trace between ~3.7 and 3.5 V). However, because of the limited angular
resolution of the XRD setup used and the overlap of reflections with high-intensity Al/Cu
reflections from the pouch foil and the current collectors (Figure S1), a clear distinction
between the rhombohedral (R3m) and monoclinic (C2/m) phases is not possible. Hence, the
layered a-NaFeO,-type structure (R3m) was used in the Rietveld analysis, and the changes from
the rhombohedral to the monoclinic phase were neglected.’>?-2" The nickel, cobalt, and
manganese ions are assumed to be randomly distributed in the Wyckoff 3b positions, while the

lithium ions occupy the Wyckoff 3a positions in the interslab space (see schematic of the crystal



structure in the inset of Figure 1a). Because the R3m symmetry allows for some variation of
the z-coordinate of oxygen, its value was refined in a limited range of 0.22 <z <0.26. The Al
(pouch foil and cathode current collector) and Cu (anode current collector) phases and the NCM
and graphite phases were refined via Pawley and Rietveld refinement, respectively. In addition,
the operando XRD analysis focuses on the 003 reflection of NCM851005, since it has the
highest intensity, shows no superposition with other reflections, and is a clear indicator for the
soc.B

During the XRD measurement, the cell was cycled at a rate of C/5 or C/10 and 25 °C in the
voltage range between 2.8 and 4.2 V. Subsequently, the structural changes were analyzed via
Rietveld refinement (Figure S1). Because of partial overlapping of reflections, no information
regarding the Li/transition metal mixing was obtained (i.e., the occupancy was not refined).
Figure la-d shows the voltage profile of a cycle-aged NCM851005/graphite cell during
charging at a C/10 rate and the detected changes in lattice parameter c, unit-cell volume, and
phase fraction.
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Figure 1. Structural refinement results for the cycle-aged NCM851005. (a) Evolution of voltage
and current of the NCM851005/graphite pouch cell during charging at C/10 and ~60 h CV
period at 4.2 V. The NCM crystal structure, with the oxygen in red, lithium in green, and
transition metals in dark blue, is schematically shown in the inset. (b-d) Corresponding changes
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in lattice parameter c, unit-cell volume, and phase fraction. The single-phase region is in gray,
the less and more active NCM phases in the two-phase region are shown in red and blue,
respectively. The two-phase region is highlighted for clarity. Note that the abrupt changes in c-
axis, unit-cell volume, and phase fraction values after ~8 and 20 h of charging are because of

the constraints in the refinement procedure.

During charging and the concomitant delithiation process of the NCM851005, there is a
constant decrease in a-axis from initially 2.869(3) to 2.816(5) A (Figure S2). The lattice
parameter c, at first, shows an increase from 14.255(2) to 14.464(2) A and then a rapid decrease,
which is typically denoted as a collapse. The evolution of lattice parameters is characteristic of
NCMs and has been well discussed in literature.®1%13282% For cell voltages greater than 4.13 V,
a two-phase region is detected, consisting of a less and a more active NCM phase (Figure S3).
Note that in both cases the a-NaFeO, (R3m) structure model was used in the Rietveld analysis.
The different phases were identified based on their distinctive 003 reflection, which is directly
correlated to the lattice parameter c. In turn, the lattice parameter ¢ provides information about
the layer distance and can be correlated to the amount of Li in the structure.®**303! After
reaching the upper cutoff voltage, a constant voltage (CV) step was applied for ~60 h. During
this CV step, an ‘equilibration’, i.e., a decrease in broadening of the 003 reflection (because of
growth of the reflection of the more active phase on cost of that of the less active phase), is
detected. Hence, the fraction of the less active NCM phase continuously decreases, while that
of the more active phase increases (Figure 1). Furthermore, in the case of the less active NCM
phase, abrupt changes in the c-axis and unit-cell volume values are observed during Rietveld
refinement until its exclusion when reaching a fraction of <10 wt%. Note that the reflections
become increasingly broader and the refinement error becomes large, leading to increased
scattering of the refined parameters. The increasing peak width is indicative of increasing
heterogeneity, where individual reflections overlap in a broader peak (Figure S4). This
probably suggests that there are several NCM fractions of different SOC present in the cycled
NCM851005 electrode. The results clearly show that, in contrast to LNO where the H2-H3
transformation is taking place in a typical two-phase reaction (peak splitting),'®*° the behavior

of NCM851005 significantly deviates from this simple model.

To identify whether the observed phase separation is caused by (heterogeneous) Kinetic
limitations along individual NCM domains (giving the impression of a phase transformation

similar to LNO) or whether it is due to a classical phase transformation that is Kkinetically
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hindered, a C-rate-dependent analysis was performed. For a two-phase transformation, the
transition should take place at the same SOC for various C-rates when taking the overvoltage
because of internal resistance into account. Figure 2a depicts the evolution of reflection
positions and intensities for the NCM851005/graphite cell in a contour plot with the
corresponding voltage profile. Furthermore, Figure 2b-d shows the changes in c-axis during
cycling at rates of C/5 and C/10 with a 1 h CV step at 4.2 V and of C/10 with a >30 h open-
circuit voltage (OCV) step at the end of charge. Hereafter, the different cycles are referred to
as C/5-CV, C/10-CV, and C/10-OCV. The results from Rietveld analysis are listed in Table 1.
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Figure 2. (a) Contour plot of operando XRD patterns and the corresponding voltage profile for
the cycle-aged NCM851005/graphite pouch cell. Changes in lattice parameter ¢ of the
NCM851005 (b) at C/5 and (c) C/10 with 1 h CV steps at 4.2 and 2.8 V and (d) at C/10 for
charge with ~30 h OCV period at 4.2 V. Note that there was also a 1 h OCV period at the end
of discharge. The single-phase region is in gray, the less and more active NCM phases in the
two-phase region are shown in red and blue, respectively. The two-phase region is highlighted

for clarity.



Table 1. Structural refinement results for the cycle-aged NCM851005 from the operando XRD

study in Figure 2.

Cycle Beginning Collapse | Beginning of two-phase End of CC | End of CV
of CC region region charging or OCV
charging

C/5- |E/V 3.35 3.96 4,15 4.2 4.2

CV' gen/ mAh/g | - 1101 | 1371 142.9 1624

a-axis/ A | 2.8667(1) 2.8288(2) | Less active NCM: 2.8235(5) | 2.8225(4) | 2.822(1)
More active NCM: 2.816(6) | 2.816(4) 2.8172(4)
c-axis /A | 14.282(1) 14.469(2) | Less active NCM: 14.430(3) | 14.378(2) | 14.263(7)
More active NCM: 14.28(3) | 14.22(2) 14.026(4)
V /A3 101.64(1) 100.28(2) | Less active NCM: 99.63(4) | 99.20(3) 98.38(9)
More active NCM: 98.10(19) | 97.73 (1) 96.41(5)
C/10- |E/V 3.04 3.92 4.13 4.2 4.2
Vo g/ mang | - 1179 | 1529 1665 177.2
a-axis/A | 2.8701(2) 2.8291(2) | Less active NCM: 2.8224(3) | 2.8216(7) | 2.820(1)
More active NCM: 2.822(3) | 2.8199(8) | 2.8191(5)
c-axis/ A | 14.262(1) 14.470(1) | Less active NCM: 14.390(2) | 14.321(4) | 14.22(1)
More active NCM: 14.15(2) | 14.116(5) | 13.965(4)
V /A3 101.75(1) 100.31(2) | Less active NCM: 99.27(2) | 98.74(5) 97.9(1)
More active NCM: 97.6(2) 97.21(6) 96.12(4)
C/10- |E/V 3.06 3.91 4.13 4.2 4.2
OCV gen/ mANg | - 1174 | 1524 167.0 169.3
a-axis/ A | 2.8704(1) 2.8295(2) | Less active NCM: 2.8227(3) | 2.8217(7) | 2.8215(7)
More active NCM: 2.822(3) | 2.8195(7) | 2.8206(7)
c-axis/ A | 14.266(1) 14.469(2) | Less active NCM: 14.397(1) | 14.331(5) | 14.297(4)
More active NCM: 14.18(2) | 14.128(6) | 14.173(5)
V /A3 101.79(1) 100.33(1) | Less active NCM: 99.35(3) | 98.83(6) 98.57(8)
More active NCM: 97.7(3) 97.26(7) 97.65(6)

Again, the typical c-axis evolution is detected.®1%132229 |n the following, the maximum of the

c-axis length, which immediately indicates the starting point of layer shrinkage, is referred to

as ‘collapse region’. At the beginning of each cycle, the lattice parameters a and ¢ are almost

identical. The slight differences for the C/5-CV cycle are probably because of the higher initial

cell voltage (3.35 V), suggesting a lower Li concentration at the beginning of charge. In all

three cycles, the typical changes in reflection positions of Ni-rich NCM are observed (Figure

2a).

To better understand possible kinetic limitations, the different cycles are compared during

charging to the upper cutoff voltage of 4.2 V. First, there is a constant increase in lattice
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parameter ¢ up to a maximum of 14.469(2) A with qecn = 110.1 mAh/gncmssioos, 14.470(1) A
with gen = 117.9 mAh/gnemssioos, and 14.469(2) A with gen = 117.4 mAh/gnemssioos for the C/5-
CV, C/10-CV, and C/10-OCV cycles, respectively. As expected, until reaching the collapse
region, the C/5-CV, C/10-CV, and C/10-OCV cycles show very similar changes in lattice
parameters, and only the cell voltage and specific capacity deviate slightly in the case of the
C/5 cycle compared to the C/10 cycles (Table 1). The differences in specific capacity can
probably be explained by the differences in the initial lattice parameters. In addition, an
overvoltage of ~100 mV is observed at the beginning of the charging process (arrows in Figure

3). After the collapse region, the c-axis continuously decreases for all three cycles.
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Figure 3. Phase fraction versus specific capacity for (a, b) the C/5-CV and (c, d) C/10-CV
cycles. The red arrows indicate the shift in charge/discharge curves because of overvoltage. The
single-phase region is in gray, the less and more active NCM phases in the two-phase region

are shown in red and blue, respectively. The two-phase region is highlighted for clarity.

In all three cycles, a noticeable broadening of the 003 reflection, i.e., the coexistence of the less
and the more active NCM phase, is detected. Furthermore, a slight difference in lattice
parameters between the two C-rates can be observed. The C/10-CV and C/10-OCV cycles show
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significant peak broadening and detection of the two phases with reaching a voltage of 4.13 V
and geh ~ 153 mAh/gnemssioos (Table 1). The lattice parameters of the less and the more active
phase are comparable for both C/10 cycles. In the case of the C/5-CV cycle, peak broadening
is detected at an almost identical voltage (4.15 V). While the lattice parameters differ only
slightly from the C/10 cycles, there is a more pronounced difference in the capacity. The same
holds for the evolution of lattice parameters and capacity during the CV or OCV step. For the
C/5-CV cycle, specific charge capacities of 142.9 mAh/gncmssioos (86 Wt% less active phase
and 14 wt% more active phase) and 162.4 mAh/gncmssioos (34 Wt% less active phase and 66
wt% more active phase) are achieved at the end of the constant current (CC) charging and the
CV step, respectively. In the C/10-CV cycle, on the other hand, specific charge capacities of
166.5 mAh/gncmssioos (52 wit% less active phase and 48 wt% more active phase) and 177.2
mAh/gncmssio0s (32 Wi% less active phase and 68 wt% more active phase) are achieved (Figure
3).

The degree of delithiation (or SOC) was estimated by comparing the refined lattice parameters
of cycle-aged NCM851005 with that of ‘pristine’ material cycled in a half-cell under identical
conditions (Figure S5). The results indicate that the lithium content x(Li) is ~0.46 for both the
C/5-CV and C/10-CV cycles when reaching the collapse region. As expected, there are some
differences in x(Li) upon further charging. For example, it is found to be ~0.25 (C/5-CV) and
0.23 (C/10-CV) for the less active phase and ~0.20 (C/5-CV) and 0.17 (C/10-CV) for the more
active phase at the end of the CV step.

The C/10-OCV cycle showed constant lattice parameters for the less active phase during the
OCYV step. In the case of the more active NCM phase, the lattice parameter ¢ increased slightly
initially before remaining constant during the further course of the OCV period (Figure S6).
Hence, it appears that, similar to the long CV step in Figure 1, there is also a kind of
equilibration under OCV conditions. However, here the more active phase equilibrates itself.
Overall, this would mean that even the presumed homogeneous active phase exhibits some
heterogeneity.

Conclusion

Taken together, there are no significant differences between the individual cycles during
charging until the two-phase region is reached. Because the lattice parameters and the cycling
data are comparable, a kinetic limitation, which would have been detected by the different C-

rates, can be largely ruled out (no obvious peak broadening). Only from the occurrence of the
10



two active phases, a clear distinction between the different C-rates can be made (because of the
more strongly different lattice parameters). This means that a kinetic impairment only occurs
in the highly delithiated state, which is obviously because of increasing heterogeneity of the
NCM851005. Nevertheless, the occurrence of the two-phase region is at almost the same
voltage of 4.15 (C/5-CV) and 4.13 V (C/10-CV and C/10-OCV), suggesting that it is a classical
biphasic transition (analogous to LNO). Because the lattice parameters differ only slightly, i.e.,
by far not as strong as in LNO, the region can only be detected as a broadened reflection in the
XRD patterns. However, the fact that we notice a constant change in both NCM phase fractions
with a constant decrease in lattice parameter c at the same time contradicts the classical two-
phase transition concept. Note that in an ideal two-phase transition, the proportion of one phase
increases at the expense of the other phase, while the lattice parameters for both remain the
same throughout that time.'832 Furthermore, the results of our previous study demonstrate that
the peak broadening strongly increases with increasing cycle number, indicating increasing
kinetic limitations (e.g., by a growing rock-salt-type transition-metal oxide layer or blocking of
lithium channels because of transition-metal migration).!” In addition, the results of the present
study show that the reaction continues during the CV step, which is a clear indication of a
kinetic limitation for both C-rates. We therefore assume that up to ~4.1 V, delithiation of the
cathode can take place uniformly and homogeneously without significant kinetic impairment.
During the further course, delithiation becomes more heterogeneous and kinetically hindered,
as differently active phases (at least two) are detected, which gradually transform into the more
delithiated NCM phase (more active phase). The presence of an H2-H3 transition analogous to
LNO is likely, however, the crystal structures of the two phases are too similar in the case of
the NCM851005. With progressive cycle aging, the kinetic limitation, arising from the material
degradation, increasingly superimposes the two-phase transformation, eventually giving it the
appearance of a heterogeneous solid-solution process. Because of the limits in angular
resolution of the XRD analysis, other advanced techniques are needed for a more thorough

characterization.
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