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ABSTRACT: High-voltage layered lithium- and manganese-rich (LMR) oxides
have the potential to dramatically enhance the energy density of current Li-ion
energy storage systems. However, these materials are currently not used
commonly; one reason is their inability to maintain a consistent voltage profile
(voltage fade) during electrochemical cycling. This report rationalizes the cause of
this voltage fade by providing evidence of layered to spinel (LS) structural
evolution pathways in the host Li;,Mng5sNig;5C0o,,0, oxide. By employing
neutron powder diffraction, we show that LS structural rearrangement in the LMR
oxide occurs through a tetrahedral cation intermediate via the following: (i)
diffusion of lithium atoms from octahedral to tetrahedral sites of the lithium layer
[(Lig;oct — Lij;tet] which is followed by the dispersal of the lithium ions from the . , : .
adjacent octahedral site of the metal layer to the tetrahedral sites of lithium layer 0 50 Capggi(;y (m:\?g* ) 200 250
[Liryoct — Lijtet]; (i) migration of Mn from the octahedral sites of the

transition-metal layer to the “permanent” octahedral site of lithium layer via

tetrahedral site of lithium layer [Mnryoct — Mnytet — Mny;oct)]. These findings open the door to potential routes to mitigate
this “atomic restructuring” in the high-voltage LMR composite oxide by manipulating their composition/structure for practical
use in high-energy-density lithium-ion batteries.

Voltage (V)

B INTRODUCTION

As energy and power requirements in all-electric vehicles (EVs)
become more demanding, lithium ion batteries (LIBs) are
expected to provide the necessary high-energy densities.'
Lithium- and manganese-rich nickel-manganese—cobalt
(LMR-NMC) layered composite oxides with a chemical
formula Li;,,M;_,O, (M = Ni, Mn, Co) are one of the most
promising cathode candidates for high-energy-density LIBs.”

LIBs (specific energy density = specific capacity X average
operating voltage) which eventually leads to device failure.
Extensive efforts are being made, especially at U.S. national
laboratories, to understand and mitigate the voltage fade in
LMR-NMC oxides.® In situ X-ray diffraction,’” selected area
electron diffraction,® high-resolution transmission electron
microscopy,g’9 and scanning transmission electron micros-
copy'® collectively indicate that a “layered to spinel” (LS)
structural modification/rearrangement is one of the major

When compared with stoichiometric NMC-type oxides
(example: LiMn, 5Ni;/3Co0,,30,), LMR-NMC oxides show
higher charge/discharge capacity, typically >240 mA h g~!
when cycled to a high upper cutoff voltage (>4.5 V) and low
lower cutoff voltage (<2.5 V).> Despite delivering this high
capacity, LMR-NMC oxides suffer from voltage fade during
electrochemical cycling which precludes their use in practical
energy storage devices.”> The main issue with voltage fading is
that it continuously alters the cell capacity associated with a
given state of charge (SOC) and, hence, cannot satisfy constant
power and energy requirements during operation.3 Depression
of the voltage profile decreases the specific energy density of
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reasons for voltage fade in the LMR-NMC composite oxides.''
In addition, surface coatings applied to these oxide particles has
shown little or no effect in eliminating the voltage-fade
phenomenon, confirming that voltage fade is a bulk, intrinsic
property of the oxide.”'> However, the mechanism of this
structural rearrangement is not fully understood. The
mechanism of this intriguing process needs to be confirmed
so that the oxide’s composition/structure can be manipulated
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to suppress this voltage-fade process. The mechanism of
structural rearrangement can be understood by answering the
following important questions: (1) Which transition-metal ions
migrate or relocate in the structure to form the spinel
framework? (2) What sites do the relocated transition-metal
and lithium ions occupy? (3) What type of spinel phase is
formed and how is it formed? (4) What is the migration path
for LS structural rearrangements?

The present investigation addresses these important
questions by acquiring structural information from cycled
LMR-NMC oxides at designated voltages to track the pathways
for the LS structure evolution process. We chose the TODA
HES050 LMR-NMC oxide with composition
Li; ;Mng 5sNig15C00,,0, (or 0.5LiNig 375Mng 375C 00550,
0.5SLi,MnO; in a two-component notation) because this
particular material has shown to be an effective high-voltage
cathode when cycled to high cutoff voltages and exhibits
significant voltage fading in a relatively small number of
cycles.”"?

This study utilizes advanced bulk materials characterization
technique such as neutron powder diffraction (ND) to
investigate the cation migration pathways for LS structural
rearrangement. We show that the LS transformation in the
LMR-NMC oxide takes place via intralayer Li migration from
octahedral to tetrahedral sites and interlayer Mn migration
from octahedral sites in the transition-metal layer to octahedral
sites in the lithium layer via lithium-layer tetrahedral sites. The
approach takes advantage of the uniqueness of the ND
technique for locating lighter atoms in the presence of heavier
atoms and, therefore, makes it possible to get more accurate
structural information about lithium in a transition-metal ion
(TM) environment.'*

The information in this article is discussed in three major
segments. First, evidence is shown of LS structural trans-
formation in the HES050 composite oxide causing voltage fade
in a full LIB pouch cell (section 3.1). Second, cation migration
pathways and the mechanism for this transformation (section
3.2) are shown. Lastly, based on this mechanism, potential
routes are suggested to overcome the LS transformation that
could ultimately suppress the voltage-fade phenomenon
(section 3.3).

2. EXPERIMENTAL SECTION

2.1. Materials, Slurry Preparation, and Electrode Coating.
The HES050 oxide powder used in this study was synthesized by
TODA America, Inc, and the composition, ex and in situ X-ray
diffraction (XRD), particle morphology, selected area electron
diffraction (SAED), high-resolution transmission electron microscopy
image, and electrochemical performance data can be found in earlier
reports.”'> The electrodes for this study were fabricated at the U.S.
Department of Energy Battery Manufacturing R&D facility (BMF)"®
at Oak Ridge National Laboratory (ORNL). Polyvinylidene fluoride
(PVDF) (Solvay 5130) and Super P Li (Timcal) in 86/8/6 wt % were
dispersed in N-methyl-2-pyrrolidone with a planetary mixer (Ross
PDM-1/2). The HES0S0 cathode was coated on one side of a 15 ym
thick Al foil by a slot-die coater (Frontier Industrial Technology, Inc.).
The wet coating thickness was 118.5 ym, and the areal weight was 9.8
cm? For the anode, A12 natural graphite (ConocoPhillips) was used.®

2.2. Pouch Cell Fabrication and Electrochemical Cycling.
Uncalendared HES050 cathodes and graphite anodes were punched
into layers. The areas of a single layer of cathode and anode were 47
and 50 cm? respectively. Three layers of HES0S0 cathodes and
graphite anodes were assembled into pouch cells (inset of Figure 2) at
the ORNL BMF. The reason for making a 3 X 3 layer pouch cell was
to obtain enough material for ND experiments at the POWGEN
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beamline'® at the ORNL Spallation Neutron Source (SNS), which
generally requires a sample size of ~1 g for this family of materials to
obtain refinable patterns. Celgard 2325 was used as the separator; the
electrolyte was 1.2 M LiPFq in ethylene carbonate:diethyl carbonate
(3/7 wt % ratio, Novolyte). All cells underwent formation cycling
following a procedure similar to that reported by Abraham’s group
carried out in two steps. The cells were first cycled three times
between 2.2 and 4.1 V to enable complete wetting of the
electrochemically active surfaces. Subsequently, the cells underwent
two cycles between 2.2 and 4.6 V to “activate” the oxide material; ~C/
1S rate was used in both steps. Next, the cells were cycled between 2.5
and 4.7 V for 26 cycles at a rate of 20 mA/g. Oxide electrode samples
for neutron diffraction studies were collected at different cell voltages
during the 2nd and 26th charge—discharge cycles after the formation
cycling. All pouch cells were disassembled in an argon atmosphere
glovebox, washed with dimethyl carbonate, and dried for several hours
in the glovebox. Cycled HES0S0 oxide powder materials (along with
the PVDF and carbon black) were removed from the Al current
collectors after being dried. To track the structural rearrangement in
the HES050 material, cycled samples were collected at the voltages
shown in parts (a) and (b) of Figure 1 for the 2nd and 26th cycles,
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Figure 1. Voltage—capacity curve during the 2nd (a) and 26th cycle
(b). The HES0S0 oxides were collected at the designated cell voltages
for characterization. The connected lines represent the samples
collected at the same voltage or same capacity.

respectively. Cell voltages of 3.2, 3.5, 4.1, and 4.5 V were selected as
points of interest for structural characterization. The cells underwent a
holding/resting period to attain structural equilibrium, and sufficient
caution was taken to attain the desired voltages before the cells were
disassembled. That is, the reported voltages represent completely
relaxed and stabilized HES050 oxide samples.

2.3. Characterization. 2.3.1. Neutron Diffraction. HES050
powder materials were filled in airtight 6 mm vanadium sample cans
in an argon-filled glovebox. The cans were transported to the ORNL
SNS, where room-temperature ND experiments were carried out on
the POWGEN beamline. The 24-sample changer was used to collect
the room-temperature ND patterns using a beam of neutrons with a
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center wavelength of 1.066 A. The experimental patterns were refined
by the Rietveld method using GSAS'” and the EXPGUI'® interface.
The neutron diffraction pattern in the lower d-spacing range shows
“background” (for example, see Figure 6) which is due to the presence
of hydrogen (from the binder) in the harvested cycled materials.

2.3.2. X-ray Diffraction. A PANalytical X'Pert Pro system with a
molybdenum source (1 = 0.76 A) and automatic divergence and
antiscatter slits operated at 60 kV and 45 mA was used to collect XRD
patterns from pristine and cycled electrodes.

3. RESULTS AND DISCUSSION

3.1. Evidence of LS Transformation Causing Voltage
Fade. The electrochemical experiments from LIB pouch cells
containing the HES050 LMR-NMC cathode and graphite
anode showed a ~15% loss of specific discharge capacity
(Figure 2b) after electrochemical cycling (26 cycles). More
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Figure 2. Voltage profile (a) and performance data (b) of a full-pouch
cell containing three HES0S0 cathodes and three graphite anodes (see
inset of Figure 2a). The arrows in Figure 2a show the voltage fade
phenomena. The discharge capacity retention shows 15% reduction of
discharge capacity after 26 cycles.

importantly, a downward shift of the average voltage (Figure
2a) was observed, which indicates that the voltage-fade
phenomenon had occurred (see the arrow marks in Figure
2a) after 26 cycles. In this section, we will show that voltage
fade is the effect of structure evolution in the cycled HE5050
oxide. The pristine HES050 oxide structure is a composite
between O3 oxygen stacked layered rhombohedral or trigonal
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LiMO, phase (R3m space group) and Li;MnO;-like phase (C2/
m space group) and has been reported previously.” Presence of
the Li,MnO; component was confirmed by the less-intense
(extra) XRD peaks at lower 26 angles, suggesting the presence
of lithium in the transition-metal layers (LiMng-like regions or
cation ordering). It is difficult to distinguish a single monoclinic
phase with planar defects from a composite of Li,MnO; and
LiMO, in TEM and diffraction experiments. However, in our
previous study, the composite structure of pristine HES050
oxide was verified by temperature-dependent magnetic
susceptibility experiment and the neutron powder diffraction
pattern (ND)."* The Rietveld refinement of ND data showed
that pristine HES050 oxide may be described as 0.50{Li, _,Ni,}-
{Lig20.+C00.2sMng 37sNi 375} O,:0.50Li,MnO;, where x
0.0354, or Lij,MnyNig;sC0p,0, with small (~3%) Li/Ni
exchange between octahedral lithium (3b) and octahedral TM
(3a) sites in the trigonal phase.'**

The structure of HES050 oxide alters during the 2nd cycle
and significant structural evolution was observed on extended
cycling (up to 26 cycles). We first examined the cycled HES0S0
oxide by XRD (Figures S1 and S2 in the Supporting
Information), and our key findings are as follows: (1) The
intensity of cation ordering peaks (020)y and (110), (M:
monoclinic) decreases after the 2nd cycle (3.2 V discharged
state) and are not observed for HES050 oxides during the 26th
cycle (note that these 2nd and 26th cycles are after formation
cycles) regardless of cell voltage (Figures Sla—f and S2a—g),
which indicates that the Li,MnOj; component is reduced on
extended cycling (26 cycles). (2) Significant lattice expansion is
observed after 26 cycles (3.2 V discharged state), which is seen
from the shifting of (003)z (R = rhombohedral) to higher d-
spacings (lower 20 angle) (Figure S3). This shift indicates the
presence of vacancies in the lithium layer increases the
electrostatic repulsion between adjacent cubic-closed-packed
(CCP) oxygen layers. (3) Significant peak broadening and
changes in peak intensity ratio of (003) and (104) during the
26th cycle (Figure S2) indicates structural changes in the oxide.

The structural/phase evolution was further confirmed by the
ND patterns collected at different cell voltages during the 2nd
and 26th cycle (Figures S4 and SS). Some structural
rearrangement is seen after the 2nd cycle (see section 3.2)
but bigger changes are evident after the 26th cycle. We
examined each lattice peak in the ND patterns from the cycled
HES050 oxides. Evidence of the presence of a spinel structure
can be confirmed from the fact that the (110) and (108)y
reflections changed their d-spacings during the 2nd charge—
discharge cycle; however, the original pristine material structure
is retained (Figure 3a). Interestingly, during the 26th cycle
(Figure 3b), the lattice spacing difference between (110) and
(108) increases as compared to the difference in spacings in the
pristine HES050 material and in the oxide discharged to 3.2V
during the 2nd cycle. The intensity of the (108) peak decreased
and moved significantly toward higher d-spacing, which
provides evidence of a spinel-like phase'® in the 26th cycle
pattern. Further examination (Figure 3c) indicates the presence
of a new peak at d ~ 1.13 A, possibly (440) reflection from a
unit cell with Fd3m space group. The (440) peak from a spinel
unit cell has a distinct d-spacing as compared to those of
trigonal and monoclinic unit cells. In addition, a shoulder
before the (200)g or (400), in the cycled oxide obtained in the
26th cycle at 3.2 V discharged state (not in the pristine and
oxides in the 2nd cycle at 3.2 V discharged state) further
indicates the presence of a spinel structure. Moreover, Rietveld
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Figure 4. Refined ND patterns for HES050 oxide collected after the 26th cycle at 3.2 V discharged state without spinel phase (a) and with the spinel
phase (b) in the model. The model includes spinel phase showing better agreement parameter as compared to the model without the spinel phase.

refinements of the cycled HES0S0 oxides in the 26th cycle
showed improved agreement by the addition of a spinel
component (LiMn,0, model). In contrast, no improvements in
the fitting were observed for oxides from the 2nd cycle. The
refinement indicated ~15% by weight of a spinel component in
the oxide structure after the 26th charge—discharge cycle.
Figure 4 shows fitting patterns and agreement parameters from
the Rietveld refinements of oxides discharged to 3.2 V for the
26th cycle in which a LiMn,O, spinel phase was not included
(Figure 4a) and included (Figure 4b).

To summarize, (1) structural modification might occur
during the initial cycles, but that it might be minimal and
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reversible. This is evidenced by ND peak analysis, where the
peaks from HES0SO oxides after the 2nd cycle (3.2 V
discharged state) attain the initial positions very close to the
starting material. (2) XRD showed peak broadening, change in
intensity ratio of (003) and (104) peaks, and suppression of the
layered character after extended cycling. (3) ND showed a new
spinel-like (440) peak at d = 1.13 A, and an increase in lattice
spacing of (110) and (108) reflections after extended cycling.

These results above indicate that HES050 oxide undergoes a
LS structural transformation after extended cycling (26 cycles
in this study), which is in agreement with the high-resolution
TEM and SAED data reported previously.'> The formation of a
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spinel phase in the host layered HES050 oxide after subsequent
charge—discharge cycles likely alters the lithjum (de)-
intercalation process. It is important to note that the relocation
of lithium ions in different crystallographic site(s) of the cycled
HES0S0 oxides might alter the site energy (possible Li—Li
interaction), which will adversely affect the lithium (de)-
intercalation chemistry and might ease lithium-ion movement
during the lithium (de)intercalation process. Consequently, the
average operating voltage of the cell could decrease, causing a
depression of the voltage profile. In the following section we
present an investigation of the cation migration paths and
relocation sites of Li and metal ions for a LS transformation in
the HES050 oxide.

3.2. Cation Migration Pathways and Mechanism for
LS Transformation. In an earlier article, Rana et al. indicated
that the structural rearrangement in Li,MnO; occurs due to
repetitive shearing of oxygen layers and may not lead to spinel
crystal structures in the oxide bulk.*® They also mention that
the structural changes in Li,MnO; after extended cycling is very
similar to that observed during the first cycle, during which a
MnO,-type lattice is formed.”® In that study, the authors also
mention that a decrease in electrochemically active species may
be a result of an inability of lithium ions to be reinserted to the
transition-metal layers in the Li,MnO; component. This
eventually decreases cationic ordering in the structure, which
is in agreement with the XRD and ND data presented in this
article.

Trigonal layered (R3m space group) and spinel (for example,
spinel in Fd3m space group) unit cells are structurally
correlated by group—subgroup schemes in the Birnighausen
formalism.*' Similar to the trigonal unit cell, a spinel unit cell is
also O3 stacked and the LS structural transformation can occur
via layer gliding and/or a direct movement of cations within the
fixed oxygen anion (vacancy) arrays. The difference between
the layered trigonal and the spinel (for example, if one
considers LiMn,O, spinel as model compound) structure is
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that in the LiMn,0O, spinel, lithium atoms are present in the
tetrahedral site and the TM(Mn) atoms are in the octahedral
site of the lithium layer,”" whereas in the trigonal phase all the
TM and Li ions are in the octahedral sites of their respective
layers. The tetrahedral occupancy in the spinel structure
increases the symmetry from R3m to Fd3m Space group.
Therefore, to track the LS transformation pathways in the
cycled HES050 oxide, the key is to investigate the cation
occupancies at different cell voltages (Figure 1) and compare
the crystallographic information on the 2nd and 26th cycles.
We performed Rietveld refinement of the ND patterns of
cycled HES0S0 oxides, and the detailed steps for the refinement
is presented below and the detailed crystallographic informa-
tion, lattice parameter values, and the refined patterns are given
in the Supporting Information. The refined cation occupancies
at different SOCs in 2nd and 26th cycles including the pristine
HES5050'* oxide are plotted in Figure S.

During Rietveld refinement, in the first step, the lattice
parameters for both the trigonal and monoclinic phases were
refined along with the phase percentages followed by
refinement of the site occupancy factors (SOFs) of atoms in
the trigonal phase (and/or otherwise mentioned). In the second
step, SOFs for the Li and TM atoms were refined. The SOF of
the lithium atoms in the lithium site (Li;;) was refined freely.
The occupancies of the Ni, Mn, and Co atoms in the TM site
(Co/Mn/Ni)y were first refined with a constraint that the site
was fully occupied. Once the occupancy of Lij; was refined, a
lithium atom was introduced in the octahedral 3a site of the
TM layer (Ligy) and the tetrahedral 6c site of the lithium layer
(Liy,) followed by the refinement of Liy, and Lipy occupancies.
The occupancy of Liy, and Lipy was refined with a constraint
that the total occupancy of the Lij;, Liry;, and Li,, was equal to
the occupancy of the Lij; that was obtained in the second step.
The presence of TM ions in the tetrahedral sites and in the
octahedral 3b lithium site was also examined, and the change in
agreement parameter values was monitored for improvements.

dx.doi.org/10.1021/cm5031415 | Chem. Mater. 2014, 26, 6272—6280
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Figure 6. Refined ND patterns for HES050 oxide collected at 4.1 V charged state without Li in the tetrahedral site of the lithium layer in the trigonal
phase, model 2 (a), and with Li in the tetrahedral site of the lithium layer in the trigonal phase, model 3 (b).

The presence of TM atoms in the tetrahedral sites of the TM
layer is unlikely because of electrostatic repulsion among the
atoms present in the octahedral (3a) and tetrahedral sites of the
TM layer. Therefore, the TM ions were allowed to reside in the
tetrahedral site of the lithium layer (6¢; 0, 0, x) only. Our
refinements showed that placing Ni and Co in the tetrahedral
site (Nigy Coy) did not result in better agreement parameters;
furthermore, including these occupancies yielded a negative
SOF which indicated that there might be little or no Ni, and
Coy in the cycled HES050 oxide structures. However, Mn in
the tetrahedral site of the lithium layer (Mn,,) substantially
improved the agreement parameter. In addition, introduction of
TM ions in the lithium layer [i.e., Ni and Mn in the octahedral
3b site of the lithium layer (Nij;, Mny;)] significantly improved
the agreement parameters. Therefore, the Mn,, Mny; and
Mnqy, occupancies were refined with a constraint that the total
occupancy of the Mny;, Mnrpy, and Mn,, was equal to the
occupancy of the Mnry; obtained in the second step. The Ni;;
and Nipy; were also refined with a constraint that the total
occupancy of the Ni is equal to the occupancy of Ni obtained in
the second step of the refinement.

The oxygen SOFs in trigonal and monoclinic phases were
introduced and refined; oxygen vacancies in both phases
significantly improved the agreement parameters. The
composition of the cycled HES0S0 oxide in the 2nd cycle
(4.1 V charge and 3.2 V discharge) and 26th cycle (3.2 V
charge and discharge) were calculated from the refined phase
percentage and is reported, for clarity, in a one-component
notation. The crystallographic information obtained from the
Rietveld refinements for all the samples are given in the
Supporting Information.

On the basis of the initial composition of the trigonal phase
in the HES050 oxide (LiCog,sMngs7sNigs7s0,), 100%
occupancy of Ni and Mn refers to an SOF of 0.375 and
100% occupancy of Co corresponds to a SOF of 0.25. The total
lithium content in the cycled HES050 oxide electrodes as a
function of SOCs was calculated based on the capacity data
(Table S1) and was compared with the results obtained from
the refinement. The total lithium content at the beginning of
the 2nd cycle was estimated to be 1.025 mol (assuming
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irreversible capacity loss of 55 mA-h/g in the formation cycle,
first cycle practical capacity as 314 mA-h/g) and 0.93 mol in the
beginning of the 26th cycle (assuming 15% or 30 mA-h/g loss
of capacity between the 2nd cycle and the 25th cycle).

3.2.1. During the 2nd Cycle. The structural refinement was
initiated for the HES050 oxide collected at the 4.1 V charge
state during the 2nd cycle by a two-phase refinement of a
trigonal unit cell where all the TM (Co, Mn, Ni) ions were in
octahedral sites of the metal layer (3a), and the lithium ions
were in the octahedral sites of the lithium layer (3b) (model 1).
The agreement parameters with model 1 were found to be Ryp
= 2.30%, R, = 3.44, and 1 = 3.67. The presence of 6% lithium
in the octahedral sites (3a) of the transition-metal layer (Liry,)
and 9% Ni in the octahedral sites (3a) of lithium layer (Nij;)
resulted in Ryp = 2.08%, R, = 3.18, and 7 = 3.0l During
refinement, a Mn deficiency in the 3a site was observed, and the
x* value was further reduced by about 10% by placing 3% Mn in
the octahedral sites (3b) of the lithium layer (Mny;). Therefore,
with Li/Ni disorder and Mny; in the trigonal phase (model 2), a
better fit was obtained, as compared to model 1 where Li/Ni
disorder and Mn;; were absent. The refined ND pattern with
model 2 is shown in Figure 6a. Closer observation of the
refined and experimental patterns revealed that, in some cases,
the experimental peak intensity, for example, the (006) peak
intensity, does not match the calculated intensity (see inset of
Figure 6a). Substantial improvement in the peak fitting (for
example, see the fitting of (006)) and further improvements in
the agreement parameter value (y* was reduced to 1.5) were
obtained by model 3 (Figure 6b), in which 11% lithium atoms
and 12% Mn atoms were placed in the tetrahedral 6c site of the
lithium layer (0, 0, x; x = 0.125).

Further, ND refinements showed 13% oxygen deficiency in
overall composition that improved the agreement parameters
(Ryp = 1.78%, R, = 3.08, ¢ = 1.35) (model 4); note that
oxygen vacancies are expected in this oxide after the activation/
formation cycle. The oxygen deficiency after initial cycle(s) is
consistent with the report by Liu et al.** Authors report the
formation of oxygen vacancies and conclude that the activation
barriers for transition-metal migration is significantly reduced
by the presence of these vacancies. Although the current study
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Figure 7. Proposed LS transformation mechanism in HES050 LMR composite oxide via formation of tetrahedral lithium in the lithium layer and
migration of Mn from octahedral TM layer to octahedral site of lithium layer. Figures b—e correspond to the structural changes during charging. For

details refer to section 3.2 in the text.

is unable to confirm whether the oxygen loss occurs only from
the oxide surface or both from the surface and bulk, it clearly
shows oxygen deficiency in the cycled HES0S0 oxides, which
could assist in the cation migration described below.

From this point on, model 4 was considered as an initial
model for refinement for the cycled HES050 oxides.

In the following section, we show how the SOFs of Li and
TM ions vary during the charge and discharge processes as a
function of cell voltage for the HES050 oxides collected during
the 2nd cycle (Figure S). The Li,, concentration is higher at 4.1
V than the pristine oxide. At 4.5 V, the percentage of Lig,
remained constant. In contrast, the occupancy of Mn,,
decreased in comparison to that of the 4.1 V charged state.
The Mny; concentration increased, and the Nij; concentration
decreased significantly. Interestingly, when the lithium ions and
oxygen SOF in the monoclinic unit cell were <1, the agreement
parameter was slightly improved. At the 4.1 V discharge state,
the percentage of Liy, decreased and Mny, slightly increased.
The Nij; occupancy increased; however, the Mny; occupancy
nearly remained constant. With further discharging, the Mn,,,
slightly decreased at 3.5 V and remained constant at 3.2 V. In
contrast, the occupancy of Li,, increased on further discharging
to 3.5 and 3.2 V. The Lipy and Nij; occupancies increased
during the discharge process regardless of the discharge voltage.
These results yield a higher percentage of Niy; in the structure
than the percentages of Mny; and Liry, (see Figure Sb). In
summary, at 3.2 V after completion of the 2nd cycle, the
HES0S0 oxide structure was more likely to contain a composite
of trigonal and monoclinic phases with a significant amount of
Mn and Li in the tetrahedral sites of lithium layer of trigonal
phase. Therefore, the atomic distribution was not exactly like
that of the pristine HES050 oxide. The compound after the 2nd
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cycle, the layered trigonal phase, can be written as [{(1—x—y—
m)LiyNi 1) («Liee 2Mnye)scH{mLirp(0.375—y)Ni(0.375—
2)Mn0.25C0}53,{O,_s}s.], where [[] denotes the vacancies in
the lithium layer (see Figure 7). The presence of Li, Mny, in
the lithium layer of layered trigonal phase after completion of
the 2nd cycle might indicate a “defective/intermediate spinel”
with formula [A,_,B,]*"[A,/,B|_,/»],°"O,, where A = Li and B
= Mn. However, no “spinel peaks” were observed at a 3.2 V
discharged state after completion of the 2nd cycle. Therefore,
we speculate that the presence of Li,, and Mn,, in the lithium
layer of the trigonal phase after the 2nd cycle might be the
route to form a spinel-like framework over subsequent (26)
cycles.

3.2.2. During the 26th Cycle. The change in cation
occupancies in the cycled HES050 oxides after 26 cycles to
different SOCs were similar to the 2nd cycle; however, there
are a few noteworthy distinctions to be made: (i) a higher
percentage of Liy, in the structure; (ii) the Mn,,, concentration
increased during charging and decreased at 3.2 V discharged
state; (iii) the concentration of Mny; increased during charging
and did not decrease during discharging, suggesting an
“irreversible” Mnry — Mny; migration; and (v) after
discharging to 3.2 V, the phase percentage of LiMn,O, spinel
compound was calculated as 15%.

Therefore, the structure of HES050 oxide after the 26th cycle
is not structurally similar to the HES050 oxide obtained after
the 2nd cycle or the pristine HES0S0 oxide. The structure of
HES050 oxide after the 26th cycle is a combination of trigonal,
monoclinic, and spinel phases. From the current study, it is
difficult to be certain whether there are many defects in a single
phase (“splayered” phase) or three separate phases are present
in the cycled (25 cycled) HES0S0 oxide. The ND analysis also
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provides evidence of irreversible Mn migration from the
octahedral TM layer to the octahedral lithium layer and of the
presence of excessive lithium in the tetrahedral site after 26
cycles, which could be the route for forming a spinel phase via
the LS rearrangement mechanism (see below).

The finding that the percentage of LiMn,0, is 15% after 26
cycles also indicates that major LS “restructuring” occurred
during this period. Other spinel phases (for example, defective
spinel where Mn is in the tetrahedral site) should not be ruled
out; however, our ND refinement shows with the LiMn,O,
model (where lithium in the tetrahedral site and Mn in the
octahedral site) better agreement parameters could be achieved.

To summarize, (1) Rietveld analysis shows cation rearrange-
ment during initial cycles; however, irreversible and significant
modification occupancies occur after extended cycling. (2)
Rietveld analysis of the ND data showed an increase in lithium
and Mn occupancies in the tetrahedral (0, 0, 0.125) sites during
early charging and discharging (4.1 V), and the percentage
increased over subsequent cycles. This finding provides
evidence of the relocation of lithium atoms from Li,, to Li,
and accumulation over extended cycling. (3) The increase in
Mn occupancies in the octahedral sites in the lithium layer
indicates that migration of Mnry to Mny; might proceed via
tetrahedral sites: Mnpy — Mn(g;)ee = Mny,;. This migration
occurred during high-voltage charging (4.5 V) and low-voltage
discharging (3.5 V). (4) The presence of lithium in the
tetrahedral site and Mn in the octahedral site of lithium layer
forms a spinel framework in oxides.

On the basis of the refined cation occupancies from the ND
patterns presented above, the LS transformation pathways in
cycled HES0S0 oxide (cycled vs graphite) can be depicted as
follows: (1) During the initial charging (after formation/
activation cycles) (SOC ~ 3.2 V), lithium ions are extracted
from the octahedral sites (3b) of the lithium layer (Liy),
creating vacancies in the 3b sites (Figure 7a-b). When a
sufficient amount of lithium vacancies are formed in the lithium
layer (SOC ~ 4.1 V), the lithium ions (Lij;) that are edge-
shared with lithium octahedral sites in the TM metal layer may
migrate to tetrahedral sites of the lithium layer, face-sharing
with the lithium ion in the TM layer to form Li,, (Figure 7c).
This migration is inferred from the ND analysis where Li,,
substantially improves the agreement parameter at the 4.1 V
charged state. (2) Subsequently, lithium ions in the octahedral
transition-metal layer (Liry) may also migrate to tetrahedral
sites in the lithium layer, which are shared on the opposite
sides, forming an intermediate structure between layered and
spinel phases, a “Liy—®—Li,, dumbbell”,*** where @ is the
vacancy in the M layer) as proposed by a first-principle
investigation (Figure 7d). The formation of Lij—®—Li
dumbbell satisfies the thermodynamic requirement for
migration of Mn to the lithium layer as proposed before.”**
(3) During charging at >4.1 V, the Mn in the octahedral site of
transition metal (Mnry,) ions may hop via oxygen vacancies to
tetrahedral sites in the lithium layer to form Mn,,, (Figure 7e),
as evident from the ND analysis (Figure Sc). (4) During
subsequent charge/discharge cycles, these Mn,, ions may
migrate to “permanent” octahedral sites in the lithium layer to
form Mny; (Figure 7f) during high-voltage charging (4.5 V) and
low-voltage discharging (3.2 V).

These atomic rearrangements result in a substantially
modified HE5050 structure where it now contains lithium in
the tetrahedral sites (Li,,) and Mn in the lithium layer (Mny;)
(Figure 7g), which is the building block for a spinel/spinel-like
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structure which was suggested by Gallagher et al. from their
electrochemical cycling data.* During repeated charge—
discharge cycles, effects of the Mnp, — Mny; migration
become “permanent” and eventually growth of a spinel phase
occurs (Figure 7h).

3.3. Plausible Routes To Overcome the LS Trans-
formation Suppressing the Voltage Fade. Our results
demonstrate the transformation in atomic occupancies and
cation migration (i.e, Mn migration from the octahedral TM
layer to the octahedral lithium layer and the lithium from
octahedral to tetrahedral site of the lithium layer). The
migration of Mn from octahedral sites of TM layer to
tetrahedral sites of lithium layer is accessible only upon the
availability of sufficient octahedral vacancies in the adjacent
lithium layer (trivacancies).”* The voltage fade in these high-
voltage oxides is an intrinsic property and it is challenging to
completely mitigate this adverse effect. However, the voltage
fade can be minimized and the key to minimizing this LS
transformation is to minimize the Mn and/or Li migration by
techniques that include the following: (1) Partial doping with
alkali atoms with higher ionic radii than Li, such as K and Na,
that could act as fixed pillars in lithium layers. It is widely
known that there are two types of sites (interstitial voids) in the
cubic close-packed oxygen array, that is, one tetrahedral site and
one octahedral site. In LiMn,O, spinel structure, alkali Li
occupies the tetrahedral 8a site and transition-metal Mn
occupies the octahedral 16c site (which can be represented as
[Li]g,[Mn];640,). With a higher ionic radius than Li, K and Na
cannot be accommodated in the tetrahedral sites within a fixed
cubic-closed packed oxygen array and may not be favorable for
layered to spinel conversion.”® (2) Reducing the manganese
content of LMR-NMC compounds would restrict the
formation of Mn,,, which is the major pathway to forming
Mny; and may minimize the spinel phase formation.

4. CONCLUSIONS

The mechanism of layered to spinel structural evolution in
HES050 LMR-NMC oxides leading to voltage fade in a full-
lithium-ion battery pouch cell (vs ConocoPhillips A12 natural
graphite) was investigated. ND and XRD techniques were
employed on harvested HES050 oxides collected at different
states of charge (SOCs) during the initial (2nd) and extended
(26th) cycles, and important structural information was
obtained. The results show the modification of a layered to
spinel structure that occurs in a layered HES050 LMR-NMC
oxide after 26 cycles. Systematic neutron refinement on the
oxides harvested in different SOCs suggests a specific cation
migration path for this structural transformation. Analysis
showed that the structural modification occurs due to migration
of Mn from the octahedral TM layer to the octahedral lithium
layer and dispersal of lithium from octahedral sites to
tetrahedral sites in the lithium layer which became irreversible
over the extended period of cycling to grow permanent spinel
phase.

This mechanism of LS structure evolution may be applicable
to all high-voltage LMR-NMC composite oxides of composi-
tion with high amounts of Mn, and the results provide
important information on the methods to mitigate the
structural evolution in high-voltage LMR-NMC cathodes for
high-energy-density LIB applications.
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