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Abstract

Single-crystal LiNij.x.,,CoxMn,O2 (SC-NCM, x + y + z = 1) cathodes are renowned for
their high structural stability and reduced accumulation of adverse side products during
long-term cycling. While advances have been made using SC-NCM cathode materials,
careful studies of cathode degradation mechanisms are scarce. Herein, we employed
quasi single-crystalline LiNio.65C00.15Mng2002 (SC-NCM65) to test the relationship
between cycling performance and material degradation for different charge cutoff
potentials. The Li/SC-NCM®65 cells showed >77% capacity retention below 4.6 V vs.
Li'/Li after 400 cycles and revealed a significant decay to 56% for 4.7 V cutoff. We
demonstrate that the SC-NCM65 degradation is due to accumulation of rock-salt (NiO)
species at the particle surface rather than intragranular cracking or side reactions with
the electrolyte. The NiO-type layer formation is also responsible for the strongly
increased impedance and transition-metal dissolution. Notably, the capacity loss is
found to have a linear relationship with the thickness of the rock-salt surface layer.
Density functional theory and COMSOL Multiphysics modelling analysis further
indicate that the charge-transfer kinetics is decisive, as the lower lithium diffusivity of

the NiO phase hinders charge transport from the surface to the bulk.
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Introduction

Single-crystalline LiNij.x,CoxMn,O2 (SC-NCM, x + y + z = 1) cathode materials
have garnered attention due to reports of greater stability owing to mitigation of particle
fracture!!l. In comparison, polycrystalline LiNij.r,CoyMn,0, (PC-NCM, x +y +z=1)
cathodes suffer from intergranular cracking under high-voltage operation and/or during
long-term cycling. The reason is that the primary particles, which compose the larger
secondary particles, experience competing anisotropic volume changes, leading to
mechanical degradation and contact loss!?. In contrast, SC-NCM cathode materials
consist of significantly larger crystallites (typically, > 1 pm) that are deagglomerated
or whose secondary particles are made of several primary grains. This arrangement
alleviates the mechanical degradation of the cathode by maintaining structural integrity

(1e.3] In recent years, considerable progress has been made in improving

upon cycling
the performance of SC-NCM cathodes including coating/doping strategies as well as
mechanistic understanding of the electro-chemo-mechanical properties!*. Overall,
lithium-ion cells using SC-NCM show promise for achieving better stability and higher
volumetric energy densities than PC-NCM counterparts (for application in electric
vehicles and portable devices), owing to the robust bulk structure and potentially greater

tap density of (quasi) single-crystal battery materials!!¢ 5],

In general, quantifying the degradation of NCM 1is challenging because of the
convolution of multiple parameters that may lead to capacity decay such as intra-
/intergranular particle fracture, surface/subsurface phase transformation, cathode-

electrolyte interphase (CEI) dissolution and reformation, and electrolyte decomposition.



SC-NCM particles with minimal grain boundaries represent an ideal model system to
exclude degradation caused by intergranular cracking. Furthermore, accumulation of
byproducts resulting from adverse side reactions can be mitigated, since the surface

[4¢.6] In addition, the interfacial

area is unlikely to undergo major changes during cycling
chemistry can be tailored by varying the measurement conditions. Thus, SC-NCM
cathode materials are suited for quantifying the degradation parameters by linking
electrochemical performance and electrode/electrolyte interface evolution at the atomic
level. While current research emphasizes the empirical improvements of SC-NCM

through structural/surface engineering, the degradation parameters have not yet been

examined thoroughly!”!.

Herein, we quantify the aforementioned parameters by studying cell cyclability and
tracking the evolution of the surface composition and structure of SC-NCM
(LiNio.65C00.15Mno 2002, referred to as SC-NCM65) particles. The cells reveal a similar
stability for 4.4 to 4.6 V vs. Li"/Li charge cutoff. However, severe capacity fading is
observed for 4.7 V vs. Li"/Li. Noteworthy, the degradation at 4.7 V operation is not a
result of electrolyte decomposition, but instead due to decreasing Li* diffusivity with
increasing rock-salt (NiO) surface formation. We demonstrate that the thickness of the
disordered NiO-type layer on the surface of cycled SC-NCM65 displays a linear
relation with its capacity loss. Density functional theory (DFT) confirms that the
layered structure exhibits a lower energy barrier for lithium diffusion than the rock-salt
phase, leading to faster transport kinetics. The NiO-type layer hinders Li-ion transport,

as it possesses a much lower lithium diffusivity than the layered oxide structure!®.



COMSOL Multiphysics simulation further corroborates that rock-salt formation
accounts for the degradation due to sluggish Li* charge-transfer kinetics. Taken together,
in the present work, we explore a (quasi) single-crystalline NCM cathode material that
shows a promising performance, even in harsh conditions, and quantify the degradation

by linking NiO-type surface formation, cutoff potential, and cycle number.

Results and Discussion
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Figure 1. (a, b) SEM images, (c) low-magnification HAADF-STEM image and (d)
corresponding EDS maps of Ni, Mn, Co, and O, (¢) XRD pattern and Rietveld
refinement profile, (f, g) high-magnification HAADF-STEM images, and (h) SEAD
pattern of the SC-NCM®65 particles.

The SC-NCM65 cathode material was synthesized by co-precipitation and
subsequent calcination at 900 °C in O2 atmosphere (see Experimental section for
details). Scanning electron microscopy (SEM) images at different magnifications of the
SC-NCMB65 particles are presented in Figure 1a, b, revealing that they are composed

of several primary particles of size 1-2 um. From the cross-sectional high-angle annular



dark-field (HAADF)-scanning transmission electron microscopy (STEM) image in
Figure 1¢ and the corresponding energy-dispersive X-ray spectroscopy (EDS) maps in
Figure 1d, it is evident that the particles contain no internal porosity and Ni, Co, Mn,
and O are uniformly distributed. The X-ray diffraction (XRD) pattern and Rietveld
refinement profile in Figure 1e indicate a high degree of layering [(003)/(104) intensity
ratio of 1.6 and clear splitting of the (006)/(102) and (018)/(110) reflections] with about
4.4% intermixing of Li* and Ni?" in the structure (NiLi defects)!®!. The refined lattice
parameters are given in Table S1 (see Supporting Information). The high ordering of
the SC-NCM65 cathode material is also corroborated by high-magnification HAADF-
STEM imaging (Figure 1f, g) and selected-area electron diffraction (SAED, Figure

1h).
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Figure 2. Long-term cycling performance of Li/SC-NCM®65 cells at 25 °C (a) and 40 °C
(b) and 0.2C charge/1C discharge for upper cutoff potentials of 4.4, 4.6, and 4.7 V vs.
Li"/Li. The first two cycles were performed at 0.1C rate. Corresponding

electrochemical impedance data for the 1%, 10™, 50, and 100™ cycle is shown in (c)
and (d).

Figure 2 shows the discharge capacity comparison of SC-NCM®65 in half cells for
different upper cutoff potentials of 4.4, 4.6, and 4.7 V vs. Li*/Li at 25 and 40 °C. All
cells underwent two formation cycles at 0.1C rate (1C = 180 mA g!) followed by
cycling at 0.2C charge and 1C discharge. It is worth mentioning that the slow-
charge/fast-discharge test protocol helps to exclude the Li metal anode instability

maximumly and mainly assesses the cycling stability of cathodes!'?. At 25 °C (Figure



2a), 86% of the specific capacity was retained for 4.4 V charge cutoff after 400 cycles
and 77% for 4.6 V. However, the capacity retention decreased considerably to 56% with
cycling in the potential range 2.7-4.7 V. At 40 °C (Figure 2b), the cells showed capacity
retentions of 85, 76, and 46% for 4.4, 4.6, and 4.7 V, respectively. The stability is
comparable at charge cutoff voltages of 4.4V and 4.6V with that achieved at 25 °C,
while the cell delivers lower cyclability at 4.7V operation due to slightly severe
electrode/electrolyte interface side reactions. The corresponding charge/discharge
curves are shown in Figure Sla-f, revealing increasing polarization with increasing
cutoff potential, in line with expectations. At 60 °C, the cells showed capacity retentions
of only 75, 73, and 37% after 300 cycles (Figure S2). The faster capacity decay
observed at 40 and 60 °C is presumably a result of the lower (electrode/electrolyte)

interface stability!!!].

Electrochemical impedance spectroscopy (EIS) measurements provide insights into
the state of health by monitoring the interphase resistance (Rf) and charge-transfer

(12 Figure S3a-f shows Nyquist plots of the electrochemical impedance

resistance (Rct)
of Li/SC-NCMB®6S5 cells at 25 and 40 °C for the 1st, 10th, 50th, and 100th cycle. At 25 °C,
the Rr was found to either remain constant or decrease initially and then to increase after
about 10 cycles. However, the changes in Rr were relatively minor. The Rt increased
after the first cycle irrespective of the upper cutoff potential, due to the fact that
interfacial reactions are occurring during cycling. The total change in Ret was much

larger for 4.7 V than for 4.4 and 4.6 V, as the harsh operating conditions induce

unfavorable phase transformations in the cathode, thereby hindering lithium transport



and increasing cell polarization!'¥), Both the Rr and R were smaller at 40 °C, since the
elevated temperature results in faster kinetics. Nevertheless, it should be noted that the
cells also showed a strong increase in Rt with increasing cutoff potential, confirming
that high-voltage operation negatively affects performance by altering the surface
structure and composition of the SC-NCM65. Extracted resistances from fitting are
given in Tables S2 and S3 and are summarized in Figure 2¢, d, clearly showing the

increase in Re with cycling, especially for the 4.7 V charge cutoff.
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Figure 3. (a) Cycling performance of Li/SC-NCM65 cells at 25 °C and 0.1C
charge/0.1C discharge for upper cutoff potentials of 4.4 and 4.7 V vs. Li'/Li. (b)
Comparison of cyclability at 0.1C charge/0.1C discharge and 0.2C charge/1C discharge
for 4.7 V charge cutoff.

As is evident from Figure 2, the cycling stability is inferior when charging the cells
to 4.7 V. The general opinion is that electrolyte decomposition is one of the major

reasons for the degradation under high-voltage operation ¥, To confirm or disprove



this hypothesis, the cells were tested at 0.1C charge/0.1C discharge with upper cutoff
potentials of 4.4 and 4.7 V (Figure 3a). Interestingly, the discharge capacity retention
after 100 cycles was similar, with 90% for 4.4 V and 89% for 4.7 V. Figure 3b shows
a comparison of the cycling performance in the potential range of 2.7-4.7 V for 0.1C
charge/0.1C discharge and 0.2C charge/1C discharge. The cells delivered larger specific
capacities at the lower C-rate and revealed a better capacity retention after 100 cycles,
even though they might suffer from more severe electrolyte decomposition because of
the longer charging time at high potentials (0.1 C vs. 0.2 C). Thus, it appears that
electrolyte instability is not the single most critical problem that negatively affects

cycling performance of the Li/SC-NCM65 cells.
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Figure 4. Cycling performance of Li/SC-NCMG65 cells with EC-DMC (a) and EC-EMC
(b) electrolyte at 25 °C and 0.2C charge/1C discharge for upper cutoff potentials of 4.4,
4.6, and 4.7 V vs. Li*/Li. The cells were tested for two cycles at 0.05C charge/0.05C
discharge every 20 cycles, and the first two cycles were performed at 0.1C rate.

To gain more insights into the factors that determine the stability of the Li/SC-
NCMG65 cells, their cyclability at 0.2C charge/1C discharge with low C-rate testing
(0.05C) every 20 cycles was examined for the different upper cutoff potentials (Figure
4). All cells showed a rather linear discharge capacity decay over the first 100 cycles.

After 89 cycles, 97, 96, and 92% of the initial specific capacity was recovered for 4.4,



4.6, and 4.7 V charge cutoff, respectively, see Figure 4a, ¢ and Table S4. From this
data, it is clear that the Li" transfer kinetics strongly affects the overall performance, as
the slow charge-discharge leads to a more homogeneous Li" extraction/distribution in
the cathode’s bulk structure while the fast charging-discharging subjects to the defects
or non-uniform Li* mobility process!®. The higher capacity loss for 4.7 V is
presumably a result of surface rock-salt (NiO) formation (surface damage) and/or bulk

nlle 4161 However, differences in

structural instabilities upon high-voltage operatio
electrolyte decomposition cannot be ruled out. In addition to the ethylene carbonate
(EC)-dimethyl carbonate (DMC) electrolyte, the cells were also tested using EC-ethyl
methyl carbonate (EMC) under the same cycling conditions. Notably, they showed
similar trends to the cells with EC-DMC electrolyte, see Figure 4b, d and Table S5,

thus supporting that the (interfacial/bulk) transport properties determine the reversible

capacity in case of the Li/SC-NCM65 cells.

To see whether or not the CEI formed on the cycled cathodes (400 cycles at 25 °C
and 0.2C charge/1C discharge) hinders lithium transport by passivating the
cathode/electrolyte interface, it was probed using X-ray photoelectron spectroscopy
(XPS). Peaks characteristic of C-C, C-O, C=0, and OCO; bonds were observed in the
Cls spectra (Figure S4a), with no major differences in intensities and area ratios
between 4.4 and 4.6 V charge cutoff. LixPOyF, and LiF formation were found to
decrease and increase respectively with increasing cutoff potential (see Fls spectra in
Figure S4b) with significant changes between 4.4 and 4.6/4.7 V. With respect to Ret

trends (Figure 2c¢), it is unlikely that either of the changes with surface LixPOyF, and



LiF account for the increased resistance. The Ols data also revealed an increase in
carbonate peak intensity from 4.4 to 4.7 V (Figure S4c¢), indicating some differences in
electrolyte decomposition during cycling. However, the intensity of the M-O (lattice
oxygen) peak did not change much with cutoff potential (from 4.6 to 4.7 V), which
suggests that high-voltage operation does not necessarily lead to formation of a thicker
CEL The results obtained from quantitative XPS analysis are given in Table S6. Overall,
the relatively similar composition and thickness of the CEI on the free surface of the
cycled SC-NCM65 particles demonstrates that it only accounts to some degree for the

differences see in the cyclability between 4.4, 4.6, and 4.7 charge cutoff.

4.4V

46V

4.7V

Figure 5. Cross-sectional SEM images and HAADF-STEM images at different
magnifications of the SC-NCMG65 particles after 400 cycles at 25 °C and 0.2C
charge/1C discharge: 4.4 V (a-c), 4.6 V (d-f), and 4.7 V vs. Li"/Li (g-i).



Post-mortem analysis was also conducted on the cycled cathodes to examine the
morphology and surface structure of the SC-NCM65 particles. To this end, the
harvested electrodes were soaked and rinsed with DMC to remove surface contaminants
and then dried in an Ar-filled glovebox. Figure Sa, d, g shows cross-sectional SEM
images indicating minor crack formation along the grain boundaries, meaning the
particle integrity was well maintained after cycling. Intergranular cracking has been
shown to be one of the reasons for impedance buildup and capacity fading of
conventional (polycrystalline) layered oxide cathodes. However, single crystal or quasi
single-crystalline NCM materials have a robust bulk structure and thus show little
susceptibility to (intragranular) cracking under high-voltage operation or during long-
term cyclingl!® 4% 5 16171 Tt should be noted that several particles from the cycled
cathodes were analyzed, see Figure S5, with all of them showing some, but mostly
minor cracking. Because the long-term cycling stability was found to decrease with
increasing charge cutoff potential and there were no major differences in the degree of
SC-NCM65 particle fracture, inter-/intragranular cracking is likely not the root cause

for the observed capacity degradation.

Figure 5b, e, h shows low-magnification HAADF-STEM images of the cycled SC-
NCMG65 particles, with the red squares denoting the areas probed in Figure Sc, f, i.
High-magnification imaging revealed the presence of a disordered rock-salt surface
layer of average thickness 2 nm for 4.4 V, 3 nm for 4.6 V, and 6 nm for 4.7 V. Note that
the NiO-type phase formation is associated with lattice oxygen loss and Li"/Ni** cation

mixing during cycling!'®!. The thickness of the surface layer in different areas of the



cathode particles is indicated in the images shown in Figure S6. The above data
demonstrate that there is a link between surface rock-salt formation and Li* charge-
transfer kinetics, both of which depend directly or indirectly on the charge cutoff
potentiall®). Additionally, transition-metal leaching from the SC-NCM65 was found to
be more pronounced when cycling the cells in the potential range 2.7-4.7 V, see Table
S7. This is probably also related (at least in part) to the structural evolution of the
cathode particles during cycling. From the XPS and microscopy results, it can be
concluded that the surface phase transformation has a strong effect on the long-term

cycling performance of the SC-NCM65 cathodes.
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Figure 6. (a) Correlation between relative capacity loss and thickness of the rock-salt
surface layer formed on the SC-NCM®65 particles during cycling. (b) Static energy



distribution along the migration path from DFT. (¢) Lithium diffusion pathways in
ordered NCM and disordered NiO. Lithium concentration distribution on the surface of
the SC-NCM65 particles. The thickness of the rock-salt layer is set to 0 nm (d-f), 2 nm
(g-1), 3 nm (j-1), and 6 nm (m-o0), and the depth of discharge (DoD) varies from 30 to
90%.

Figure 6 examines the correlation between cycling performance and surface phase
transformation by quantifying relative capacity loss and rock-salt formation after 400
cycles for charge cutoff potentials of 4.4, 4.6, and 4.7 V. As can be seen from Figure
6a, there is a linear relationship between relative capacity loss and thickness of the NiO-
type layer, which provides evidence that primarily rock-salt surface degradation
determines the cycling performance. Figure 6b compares the energy barrier for lithium
diffusion for ordered NCM and disordered NiO. In fact, the effective diffusion barrier
for NiO is much larger than that of NCM (0.35 eV vs 1.02 eV), indicating that the Li"
diffusion kinetics is different for both phases [considering the equation relating
activation energy to lithium diffusion: D = % a* v exp(—E«/kT)]?". The lithium
diffusion pathways are shown in Figure 6¢. In NCM, Li" ions tend to diffuse from one
octahedral site to the next by hopping through an intermediate tetrahedral site
(depending on the state of charge), while in disordered NiO there is an intermediate

distorted octahedral site.

Because the lithium transport is very complex in general, COMSOL Multiphysics
was used to simulate the lithium concentration distribution considering both the
thickness of the rock-salt surface layer and the particle size'®!. The intercalation of Li*

ions into single cathode particles is visualized for different depth of discharge (DoD) in



Figure S7. As expected, the Li-ion concentration in a single particle gradually increased
upon discharge, and all samples were found to have a gradient distribution (from the
surface to the particle center). However, the Li-ion concentration in the particle strongly
decreased with increasing thickness of the NiO-type surface layer. For achieving a
realistic simulation and building the geometrical model of the cathode, the particle size
distribution, electrode thickness, and surface/bulk ionic conductivity were considered
(Figure S8). The Li-ion concentration distribution on the surface of the SC-NCM65
particles is shown in Figure 6d-o. Again, the concentration clearly increased with
increasing DoD, similar to the single particle case. However, it decreased notably for
rock-salt surface layer thicknesses > 2 nm, indicating that sluggish charge transfer
adversely affects the intercalation dynamics, ultimately leading to capacity decay. Apart
from that, the lithium concentration (from the electrode surface to the current collector)
was found to be more uniform for particles having a rock-salt surface layer, suggesting
the potential for recovering the capacity at low current densities. This finding agrees
well with the cycling data shown in Figure 4. The Li-ion concentration field (cross
section) in the SC-NCM®65 particles is shown in Figure S9, corroborating the above
results. Overall, the COMSOL Multiphysics simulation confirms that the lithium

transport kinetics determines the reversible capacity of the SC-NCM65 cathode.

Conclusions

In the present work, we have electrochemically tested a (quasi) SC-NCM65 cathode

material in Li-ion cells with the objective to quantify the degradation parameters by



correlating capacity loss and disordered rock-salt surface formation (after ruling out
particle fracture and electrolyte decomposition as root causes for the capacity fading).
With increasing charge cutoff potential, the cells were found to show accelerated
degradation (lower capacity retention) and increased polarization due to formation of a
relatively thick NiO-type layer on the surface of the SC-NCM65 particles. DFT
calculations revealed that the disordered rock-salt NiO layer exhibits a lower effective
energy barrier for lithium diffusion than the layered NCM phase. COMSOL
Multiphysics simulation further confirmed that the lithium transport kinetics is
negatively affected by the rock-salt surface formation.

Taken together, we have quantified, to our knowledge for the first time, the
degradation parameters for a SC-NCM material, which might help develop single
crystal cathodes with enhanced cycling performance and stability under high-voltage
operation.
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In this work, we demonstrate that the SC-NCM®65 degradation is due to accumulation
of rock-salt (NiO) species at the particle surface rather than intragranular cracking or
side reactions with the electrolyte. Notably, the cycling stability shows an inverse
relationship with the thickness of the rock-salt surface layer. Simulation analysis further
indicate that the slower Li* diffusivity of NiO mainly accounts for the cycling decay of

cathode.
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