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Adaptive Cation Pillar Effects Achieving High Capacity in
Li-Rich Layered Oxide, Li,MnO;-LiMeO, (Me = Ni, Co, Mn)

Satoshi Hiroi,* Masatsugu Oishi,* Koji Ohara,* Keiji Shimoda, Daiki Kabutan,

and Yoshiharu Uchimoto

Intensive research is underway to further enhance the performance of lithium-ion
batteries (LIBs). To increase the capacity of positive electrode materials, Li-rich
layered oxides (LLO) are attracting attention but have not yet been put to prac-
tical use. The structural mechanisms through which LLO materials exhibit higher
capacity than conventional materials remain unclear because their disordered
phases make it difficult to obtain structural information by conventional analysis.
The X-ray total scattering analysis reveals a disordered structure consisting of
metal ions in octahedral and tetrahedral sites of Li layers as a result of cation
mixing after the extraction of Li ions. Metal ions in octahedral sites act as rigid
pillars. The metal ions move to the tetrahedral site of the Li layer, which func-
tions as a Li-layer pillar during Li extraction, and returns to the metal site during
Li insertion, facilitating Li diffusion as an adaptive pillar. Adaptive pillars are the
specific structural features that differ from those of the conventional layered
materials, and their effects are responsible for the high capacity of LLO materials.
An essential understanding of the pillar effects will contribute to design guide-

batteries, not only because of its high
discharge capacity but also because of its
unique mechanism of charge compensa-
tion and structural changes associated
with the extraction and insertion of Li
ions. LLO is commonly represented as a
composite material of the Li,MnO; host
structure mixed with the layer-structure
LiMeO, (Me = Ni, Co, Mn). LLO exhibits
a reversible discharge capacity above 250
mAh g7, suggesting that about 1 mol of
Li ions are reversibly extracted from and
inserted into the positive electrode;!™]
this is limited to about 0.6 mol of Li ions
(about 160 mAh g?) in a conventional
layered oxide such as LiCoO,. The LLO
electrode exhibits specific charge and dis-
charge profiles indicating that the initial
charge process shows a voltage gradient

lines for intercalation-type positive electrodes for next-generation LIBs.

1. Introduction

Lithium-rich layered oxide (LLO) has attracted attention as
a next-generation positive electrode material for lithium-ion
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of up to =4.5 V, followed by an irrevers-
ible potential plateau process.* Charge
compensation is achieved by a redox reac-
tion of transition metals in the potential gradient region and by
oxygen reactions (0%~/O~ redox couple and/or O, release) in the
potential plateau./'8l

To some extent, researchers have a common understanding
of the charge compensation mechanism of LLO materials that
the de/lithiation reactions are charge-compensated by contri-
butions from both the metal cation and oxygen anion. On the
other hand, there are various reports on structural changes
accompanying de/lithiation reactions, but there is little con-
sensus among researchers on structural mechanisms. For
example, it is still not clear whether a pristine structure is
a two-phased mixture of Li;MnO; and LiMeO, (Me = Ni, Co,
Mn) or a single phase of the solid solution of the two.'*?] In
the single-phase structure model, Li ions should be extracted
uniformly from one entire structure. On the other hand, in the
composite structure model, Li ions are expected to be extracted
from the LiMeO, domain in the potential gradient region and
then from the Li;MnO; domain in the voltage plateau region.
The crystal structures of LLO materials have been examined by
Rietveld analysis, which is widely used for structural analysis
of crystalline materials. On the basis of the results of Rietveld
refinements from neutron diffraction data, Idemoto et al.2®l
reported that Li(Li;;sMn;;,Ni;6Coy6)O, has the Li,MnOjs-type
layered structure (C2/m), and Ni and Co occupy both the 4 g
and 2b sites in the transition metal layer. From a pair distri-
bution function (PDF) analysis of neutron total scattering data,
they also reported that the structural disorder of the transi-
tion metal layer differs depending on the composition ratio of
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Ni, Mn, and Co elements, which cannot be confirmed by the
average structural analysis.?’) On the basis of the results of
Rietveld analysis using X-ray diffraction (XRD) data, Amalraj
et al. reported3? that the structure of the xLi,MnO; - (1-x)
Li(Mn, Ni, Co)O, pristine material is a two-phase system con-
sisting of structurally integrated layered monoclinic Li;MnO,
(C2/m) and rhombohedral LiMO, (R3m) components. Kleiner
et al.l’! mentioned that it is not possible to determine whether
LLO materials are a single-phase material or a composite from
XRD data, although they refined the in situ synchrotron XRD
results to reveal a single-phase structure of R3m and suggested
that the transition metal moves to the tetrahedral site of the Li
layer as Li ions are removed and returns to the octahedral site
of the original transition metal layer when Li ions are inserted.
A wide variety of results have been reported for LLO materials;
however, it is a common understanding that LLO exhibits an
irreversible reaction during the initial charge process, as is
clear from the charge-discharge curve. Furthermore, the new
structure obtained after the irreversible reaction that realizes a
high capacity in the subsequent cycles is still unclear.

Cation mixing during the cycling process is one of the spe-
cific characteristics recognized in LLO materials. Shimoda
et al.® reported that the pristine state of LLO is a composite
structure of Ni-free and Ni-containing Li,MnO; and LiMeO,
nanodomains, and after the initial charge, the layered rock-
salt structure and the Li,MnO; phase having a partial spinel
structure are formed by cation mixing. After the subsequent
discharge process, the cation mixing results in a domain-
less layered structure, and the Li ions are extracted from and
inserted into the newly obtained single-phase structure. Yin
and Tarascon et al. reported3 that upon further oxidation
above the conventional cut-off voltage of 4.8 V during the initial
charge process in xLi;MnOj; - (1-x)Li(Mn, Ni, Co)O,, Mn migra-
tion is triggered by the anionic redox activity, and the Mn ions
at interlayer Li sites may act as pillars for the layered structures.
The formation of the spinel phase in LLO materials has often
been discussed.}33-3¢ The spinel phase, which has the same
cubic close-packed oxygen arrangement as LLO, can be formed
by cation migrations during the extraction of Li ions. However,
the spinel phase formed in the charged LLO does not have a
simple spinel structure, as its electrochemical properties are
different from those of spinel electrodes. Problems obstructing
the practical usage of LLO, such as the voltage decay and cycle
degradation caused by the irreversible diffusion of metal ions
into the octahedral sites of Li layers and the spinel formation
associated with the migration of metal ions to tetrahedral sites,
have been recognized.

Many review papers on LLO materials have been
reported,l*7# which commonly deal with the drawbacks
of the LLO material that prevent its practical usage. In them,
structural instability, low kinetics, inefficient voltage decay, and
low initial coulombic efficiency have been discussed. Further,
the degeneration occurring on the LLOs particle surface is
also reported.>*1 These review papers commonly present that
the structural change is caused by the migration of transition
metals associated with Li and oxygen desorption, and powder
process designs, surface treatments, interfacial side reaction,
and doping of different elements are reported as remedial meas-
ures. However, the structural mechanism through which large
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amounts of Li ions are desorbed and inserted, an inherently
excellent feature of this LLO material, has not been discussed
in detail. The reasons are the presence of disordered phases of
LLO after the initial charge and the difficulty in revealing their
details from a conventional average structure analysis using
XRD. Local atomic structure analyses such as X-ray absorp-
tion spectroscopy (XAS) and transmission electron microscopy
(TEM) have been conducted to reveal the disordered phases of
LLO, but these methods have different analytical ranges and
limited observation methods; hence, a variety of results have
been reported. Until now, the structural mechanism that can
explain the high capacity of LLO materials has not yet been clar-
ified. In addition, the superoxide and peroxide ion-like states
observed during charging are not found within the crystal
structure of layered oxides and may be formed in a structure
with low symmetry or a disordered structure. Ceder’s group!*!
reported that the disordered lithium transition metal oxides
with the rock-salt structure are a new type of positive electrode
of high-energy-density lithium-ion batteries that achieve revers-
ible anion redox reactions. We have performed combinations of
XRD, TEM, XAS, and PDF analyses to comprehensively reveal
the disordered crystal structure of the Li,MnO; electrode.*
XRD and TEM analysis showed the formation of a low crystal-
line phase, and XAS and PDF analysis showed that the MnOg-
based framework is rearranged after initial charging while
maintaining octahedral coordination. The structural informa-
tion of the low-crystallinity disorder phase was visualized on the
basis of the difference PDF, and it was shown that the Li-poor
phase has a structure similar to that of cubic spinel LiMn,0,,
not delithiated LiMn,0,4 (1-MnO,). In other words, after the ini-
tial charge, Mn occupancy is disordered in the Li-poor phase
owing to Mn migration to the Li vacancy sites.*’) In addition,
the medium-range order in the Li-poor phase is disordered,
and the coherent domain size is on the order of 1 nm. Thus,
the composite structure formed after the initial charge consists
of a disordered cubic spinel structure and unreacted Li,MnO;
phases. Uncovering the structural modifications associated
with the desorption and insertion of Li ions, undetectable by
average structure analysis, is required to determine the excel-
lent properties of this composite material. The PDF obtained
by X-ray total scattering measurement enables the quantitative
and simultaneous determination of the average and disordered
structures due to its high real-space resolution. PDF analysis
is the most appropriate method for LLO materials, which are
assumed to undergo local structural changes while maintaining
a certain degree of the layered host structure. For PDF analysis,
in situ measurement is reported,* though we chose ex situ
measurements to probe only cathode material samples as LLO
materials are known to undergo complex structural changes.

In this study, X-ray total scattering measurements of a prac-
tical LLO electrode, Lij16Nig15C0g19Mng 500, were performed,
and the average and local structure variations during charging
and discharging were evaluated by PDF analysis. First, the pris-
tine structure of the composite material was analyzed in detail.
Then, the new structure obtained after the initial charging
process was evaluated. Two types of transition metal ions that
show different pillar effects were identified whereby extraction
and insertion of large amounts of Li ions in LLO materials were
realized.
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Figure 1. Charge—discharge profiles of Li; 14Nig15C0g.19Mng 500,.

2. Results and Discussion

Figure 1 shows the charge-discharge profiles of the
Li; 16Nig.15C00.10Mn 500, electrode. The first charge capacity
reached 330 mAh g'; However, the capacity of the subsequent
cycles after the irreversible charge decreased to 280 mAh gL
A voltage plateau typical of LLO materials was observed after
the half charge state of the first charge process. The irrevers-
ible voltage plateau in the first charge process was not observed
thereafter. The profile of the first charge indicated the existence
of two reactions. X-ray total scattering measurements were per-
formed in the pristine, first half-charged state before the voltage
plateau, first charged, first discharged, and 20th charged and
discharged states to characterize the structural changes due to
the charge—discharge process.

Figure 2a) shows the XRD profile of the pristine
Li; 16Nig15C00.19Mng 500,. The diffraction peaks can be indexed
with the space group R3m except for the additional superlattice
peaks of C2/m. Thus, the pristine material is identified as
a single C2/m structure phase (Lij4Nig15C0010Mng500,)
or a mixture of phases of C2/m and R3m structures
(0.3Li;MnO5+0.7Li(Niy;3Co;3Mny 3)0,). Yu et al.?!l reported
two phases of the integrated LiMeO, (Me = Ni, Co, and Mn)
and Li,MnOj-like structures in an LLO material, determined by
scanning transmission electron microscopy (STEM). Thackeray
et al.l”l reported that the crystal structure of the LLO material
containing Co ions is extremely complex, and the introduction
of Co*" ions would enhance the disorder and isolation of the
LiMeg cation region. Hence, it is difficult to observe the short-
range order in the LLO structure. PDF analysis is useful for elu-
cidating the complex structure of an LLO material containing
Co ions. The detailed results of our PDF analysis of whether the
pristine structure is a single phase or multiple phases are shown
later. The experimental S(Q) curves are shown in Figure S1
(Supporting Information), and enlarged superlattice peaks are
shown in Figure 2b. The superlattice peaks were observed in
the pristine and half-charged materials. After the first charge
at 4.8 V, only the peak profile from the R3m structure was rec-
ognized. This indicates that the C2/m structure derived from
the Li,MnO; phase was lost between the half-charged and first
charge states. The Bragg peak profile attributed to R3m was

Small 2022, 18, 2203412 2203412 (3 of 11)

www.small-journal.com

observed in both charged and discharged states (Figure S1, Sup-
porting Information). However, atomic occupancy and the other
structural parameters were expected to be different because
the Bragg peak intensity ratios were not the same between the
charged and discharged states.

Figure 2c,d shows the G(r) curves of the electrode samples.
The first Me—O and second Me—Me peaks at 1.90 and 2.85 A
indicate an octahedral MeOy structure (Me = Ni, Co, and Mn)
in the C2/m and R3m structures. The first Me—O peak inten-
sity was almost unchanged regardless of the charge state of the
samples, suggesting a sturdy MeOy octahedron in the metal
layer. On the other hand, the amplitude of G(r) was weak-
ened beyond the first peak by the first delithiation. The results
show that local disorders, such as cation mixing, were intro-
duced into the crystal in the charged state. The G(r) oscillation
recovered in the first discharged state, although the intensity
was lower than that in the pristine state. This lower intensity
indicates the mixing of the remaining transition metals even
in the discharged state. The third peak, around 3.5 A, is the
superposition of the Me—Li tetrahedral site and the second
neighbor Me—O correlation.[*! The peak was slightly shifted
and enhanced in the charged states. This enhanced peak sug-
gested a leakage of the transition metals into the Li tetrahedral
site upon charging. The shifted peak position reflected a varia-
tion of the lattice constant or shorter correlation of the Me—Li
tetrahedral site compared to the second Me—O.

Considering the charge compensation of this material, con-
tributions by the oxygen anion in addition to metal cations is
considered. We reported the redox reactions of both oxygen
anion and metal cations charge compensating the de/lithiation
by XAS.I°7l Hence, the oxygen anion is oxidized in the charge
samples evaluated in this study. However, we could not confirm
from the G(r) profiles that indicate the short O—O correlations
formed by the oxidation of oxygen anions (Figure S1, Sup-
porting Information). This is because the short-range correla-
tions of light elements are difficult to distinguish using X-rays,
and moreover similar length of correlations of carbon used as a
conductive agent also exists in the samples.

The structural parameters of the materials were refined by
the procedure described in the previous section using G(r).
The adequacy of the calculation conditions considered in the
structural analysis, such as crystal structure, chemical com-
position, and occupancy, was examined. The composition
of the pristine sample was determined by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES) to be
Li; 16Nig 15C00.10Mng 500,. Considering the delivered capaci-
ties neglecting possible contributions from side reactions, the
compositions of the half-charged, first charged, and first dis-
charged states were estimated to be LijNij15C0019Mng 5005,
Lig.11Nig.15C00,19M1g 500, and  Li; 04Ni15C0019Mng 500, respec-
tively. Figure S3 (Supporting Information) shows the crystal
structures assumed in the PDF analysis. In the pristine and
half-charged states, we assumed a two-phase model of the base
structure comprising R3m and C2/m with the compositions
Li(Ni;;3Coy/3Mny 3)O0; and Li,MnOs, respectively. A single-phase
model considering the R3m structure of Li,MeO, was applied
for the charged and discharged states, because of the loss of the
superlattice peaks of C2/m. The occupation of the tetrahedral Li
site by the transition metal (Ni ions in this analysis) in the R3m

© 2022 The Authors. Small published by Wiley-VCH GmbH

niversit I esearch Information Repository

85UB01 7 SUOLUIOD 9A1IE81D) 8|qedljdde ayy Aq peuseob aJe seoiLe O '8sn Jo 9Nl Joj AkeiqiTauliuQ AB]1/W UO (SUONIPUOD-PUE-SWR)LID" A8 | IM Aleq 1 joul [Uo//:Sdny) SUONIPUOD Pue sWie | 8y} 88s *[zz02/0T/0z] Uo Ariqiauliuo Asjim AisieAiun 010Ay Aq ZT¥E02202 [IWS/200T OT/I0p/W00 A8 | Aelq puljuo//sdny wouy papeojumoq ‘zy ‘220z ‘6289



%) 55t A K 5F
e awVANCED

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

SCIENCE NEWS

sma

www.advancedsciencenews.com

www.small-journal.com

1.0 - - - - - .
1st disch: —
: @ (0 o o —
g 0.8 Half charge —
Pristine —
-y Ié 06 |
g superlattice h
= (C2/m) S 04f
B &
j
3 0.2
£
0.0
-0.2 | 3
5 10 15 20 25 12 1.3 14 15 16 17 18 19 20 21 22
A-1
20[°1(A=0.5A) QIAT]
60 © == . Bristng
c Xp. — (d) ristine —
I 12 J—
50 1st discharge (R,,,=10.2 %) Cale. Half charge -
4 Diff. — 1st charge
40 |8 8l 1stdischarge —
—_ 1st charge (pr=13.1 %) —
T30 | )
< T\ < 4
T~ W ~—
% 20 Half charge (R,,,=11.6 %) i % o
10
Pristine (pr:12.8 %) 4l
0 4
_10 . . . . . . . _8 . . . . . L .
0 10 20 30 40 50 60 70 80 0 1 2 3 4 5 6 7 8 9 10

riA]

Figure 2. a) High-resolution XRD profile for the pristine Li; 15Nig15C0g.19Mng 500, obtained at the beamline BL19B2 in SPring-8. The Miller indices are
given in the space group symmetry of R3m. b) Superlattice peaks of the experimental structure factors, S(Q). The asterisks correspond to the superlat-
tice peaks from C2/m. c) Experimental (black) and calculated (red) G(r) of electrode samples. The blue curves correspond to the difference. R, was
calculated in the range of 10-120 A. d) Experimental G(r) for the various states in the short-range region.

structure was assumed. This tetrahedral site is in the Li layer
and located in the middle position of the pathway between the
octahedral Me and Li sites, as shown in Figure S3b (Supporting
Information). For the refinement of the R3m structures, both
the octahedral and tetrahedral Li site occupations were refined,
whereas the occupancy of the transition metal in the tetrahe-
dral Li site asymptotically approached 0 for the lithiated states;
therefore, it was fixed at 0. The refined results are listed in
Table S1 (Supporting Information). X-ray total scattering meas-
urements hardly distinguish the species of transition metals in
the composites between Mn, Co, and Ni, as their atomic num-
bers are close to each other. Therefore, the occupancy of the
transition metal was refined assuming only Ni ions out of the
transition metals that can migrate between Li and Me sites for
simplicity. Ry, and the occupancy of the transition metal in the
tetrahedral Li site changed little if the Mn ions instead of the Ni
or Co ions migrated into the site (Table S2 in Supporting Infor-
mation). As previously reported, oxygen desorption is known
to occur in this system during the initial charging.[">#*8] How-
ever, the O-ion occupancy was fixed at unity for this analysis
because there is no significant change in R, (Table S3, Sup-
porting Information). This result reflects the difficulty of ana-
lyzing O, a light element, using the X-ray source.
Crystallographic structural analysis for the positive electrode
materials in various states was performed. Rietveld analysis is
the most widespread method to refine the structural parameters
of crystals. In this study, the structural parameters were refined

Small 2022, 18, 2203412 2203412 (4of 1)

by PDF-based structural refinement in the long-range region
(10-120 A) on behalf of the Rietveld analysis. The PDF-based
structural refinement has different sensitivity for the struc-
tural parameters from the Rietveld analysis. Here, the differ-
ence between PDF-based structural refinement and Rietveld
analysis will be mentioned before discussing the result of the
analysis for the positive electrodes. The occupancy of the transi-
tion metal in the crystal is estimated by the intensity ratio of the
Bragg peak profile. Figure 3a,b shows the R, variation effect
on the Ni-ion occupancy in the Li tetrahedral site assumed for
the charged-state samples. The leaking fraction shown on the
x-axis is the ratio of Ni occupancy in the Li tetrahedral site to
the total amount of Ni. Note that the scattering intensity used
in the analysis, I;,s(Q), contained the background from binder
carbon. In the Rietveld analysis, R, decreased by only 4% when
assuming the leakage of transition metal into the Li tetrahedral
site. On the other hand, R, dropped markedly by 36% in the
PDF-based structural refinement. This result strongly supports
the validity of the transition-metal leaking into the Li tetrahe-
dral site in the R3m structure. The different R, sensitivity to
the transition-metal migration is derived from the high accu-
racy of the calculated Bragg peak intensity because the PDF-
based structural refinement can avoid background scattering
from amorphous impurity. Since interatomic correlations decay
over short distances in the case of amorphous impurities, its
contribution is negligible in the long-range region of the PDF.
Figure 4a,b shows the fitting results obtained by the Rietveld
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Figure 3. Goodness-of-fit sensitivity to Ni-ion leaking into the Li tetrahedral site in the first charged sample by a) Rietveld analysis and b) PDF-based
structural refinement. The arrows correspond to the best condition of the leaking fraction of each analysis.

analysis and PDF-based structural refinement. The improve-
ment of the calculated diffraction pattern by the occupancy
refinement is nominal in the Rietveld analysis; consequently,
the difference between the calculated results shown in Figure 4a
can hardly be recognized. In contrast, the PDF-based structural
refinement yields a clear difference in the PDFs in the inter-
mediate region (10-30 A). It allows us to refine the transition
metals in the tetrahedral Li site accurately. Further details of the
difference between these analyses can be found in Supporting
Information.

The PDF-based structural refinements provided various
structural parameters of the crystal structures for the pristine,
half-charged, first charged/discharged, and 20th charged/
discharged states. Figure 2c shows the fitting results in the
long-range region (10-120 A) for the samples as well as the
experimental G(r). The mole ratio of C2/m to R3m is 0.405
(0.3/0.7 = 0.428) for the pristine material, which consists of
0.3Li;MnO; and 0.7Li(Ni;;3Coy;3Mny3)O0,, as expected. No sig-
nificant changes in the domain size and the lattice distortion of
the R3m phase were confirmed regardless of the state, whereas
the lattice constants changed. The lattice constants of the a and

’ Experimental —
First charged state galculated —
Difference —
5
s U OCGigyra =29.3 %
‘Q - W
=
3
o
(&)
U OCCigyra = 0.0 %
W
0 10 20 30 40 50 60

26[7

G(n (A3

b axes were decreased by delithiation, which is the same trend
as in the conventional layered materials and other LLO mate-
rials (Figure 5a)."%11%9-54 The lattice constants of the a/c axes
of the R3m domain are 2.852/14.235 A, and those the a/b/c axes
of the C2/m domain are 4.919/8.523/5.007 A, which are similar
to the reported lattice parameters of 2.867/14.246 A¥") of the
single-phase Li(Ni;;3Co;;3Mny;3)0,, and 4.932/8.535/5.027 Al
of the single-phase Li,MnOs, respectively. The lattice volume
of the R3m domain in the half-charged state showed no
changes compared with the pristine state; nevertheless, the lat-
tice constants changed. The single-phase Li(Ni;;3Co;/3Mny3)
O, reported by Yabuuchi and Ohzuku also showed the same
features before delithiating up to 0.6 mol (=170 mAh g).5%
In contrast, the variation of the lattice constant of the C2/m
domain is very small compared with that of R3m upon half-
charging. This is consistent with the finding that the Li ions are
extracted from the R3m domain preferentially before the half-
charged state. The shortening of the a and b axes corresponds
to the shrinkage of the metal layer involved in the redox reac-
tion of the transition metal ions. On the other hand, the lattice
constant along the ¢ axis increased with lithiation and increased

Experimental —
Calculated — -
Difference —

20 | First charged state

15

OCCgya =46.7 %

H OCCgyra = 0.0 %
-5

0 10 20 30 40 50 60 70 80
rAl

Figure 4. Fitting results depending on the fraction of Ni-ion leaking into the tetrahedral Li site obtained by a) Rietveld analysis and b) PDF-based

structural refinement.
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Figure 5. a) Lattice constants of a/b and ¢ axes, b) Me layer thickness and Ni occupancy in the octahedral and tetrahedral Li sites of the R3m structure.
The inset shows the definition of the Me layer thickness. c) Variation of transition metal fraction with sample state.

cycle number. The variation of the lattice parameters and Me-
layer thickness of the R3m phase provided evidence of delithi-
ation from Li(Ni; 3Coy3Mny3)O,. Considering the formation of
the single phase of R3m in the first charged state, the mixing
of the transition metals between the R3m and C2/m phases
is considered to have occurred after the half-charge. It was
found that there was a strong correlation between the Me layer
thickness and the lattice constants along with the a and b axes
(Figure 5b). The ionic radius of the transition metal decreases
upon oxidation to charge-compensate for the delithiation. The
occupancy of Li ions and the Me-layer thickness decreased in
the half-charged state. These results suggest that Li ions were
released from the R3m domain, not from the C2/m domain, in
the voltage gradient region during the initial charging process.
This is consistent with the in situ XAFS resultsl® that the Ni
and Co ions in the Li; 14Nij15Cog10Mng 500, electrode are oxi-
dized during the initial charging to half-charged states as well
as similar to those of the LiNi;;3Co;,3Mn;;30, electrode.

The occupancy of the transition metal in the Li layer showed
considerable variation depending on the state. Figure 5c shows
the transition metal occupancy variation due to the state of
charge/discharge in the R3m structure. It is noteworthy that
the results of both the Rietveld analysis and PDF-based struc-
tural refinement suggest the occupancy of transition metals
in the tetrahedral Li site at the delithiated states (Figure 3).
The PDF-based structural refinement results clearly show
that the transition metal occupies the tetrahedral site of the Li
layer in the R3m structure. Hence, the PDF-based structural
refinement is expected to enable the accurate evaluation of the
migration of transition metals. In Figure Sc, the site occupan-
cies are described as the ratio of the amount of Ni ions on the
octahedral and tetrahedral sites in the Li layer and the octahe-
dral sites in the Me layer to the total amount of Me ions (Ni,
Co, and Mn) in the R3m structure. Note again that only the
occupancy of Ni ions was refined for simplicity. In the com-
posite pristine material, the R3m phase had only a low Me
occupancy in the octahedral Li site. In the initial charging pro-
cess, a different migration of the transition metal ion occurred.
The Me occupancy in the octahedral Li site increased by 8.5%
in the half-charged state, whereas that in the tetrahedral Li site
only slightly increased. This suggests a preferential migration
into the octahedral Li site from the Me site. Then, the Me occu-
pancy in the tetrahedral Li site increased to 8.2% at the first
charged state, whereas that on the octahedral Li site remained
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almost unchanged. Therefore, 16.3% of the Me ions migrated
into the Li layer upon delithiation. After the first charge, the
transition metals that migrated into the two sites showed
different behavior in the subsequent charge and discharge
cycles. The occupancy on the octahedral Li site seemed almost
unchanged by the cycling. In contrast, the occupancy on the
tetrahedral Li site sensitively varied with Li insertion/extrac-
tion. No transition metals in the tetrahedral Li site were found
to be in the discharged state because the metals transferred
back to the Me site upon lithiation. Therefore, the reversible
migration of the transition metals associated with delithiation
and lithiation occurs mainly between the Me and tetrahedral
sites. Transition metal ions in octahedral Li sites generally
act as pillars to support the vacant Li layers and prevent the
breakdown of the layered structure upon delithiation. However,
the pillars will inhibit the Li-ion diffusion during the charging
process.’330 These transition metal ions in the octahedral Li
sites act as rigid pillars independent of the Li-ion concentra-
tion. On the other hand, the transition metal ions in the tet-
rahedral Li sites act as adaptive pillars, which change with the
Li-ion concentration in the Li layers during the charge and
discharge process because the metals easily move back to the
Me site. Therefore, the transition metals in both the tetrahe-
dral and octahedral Li sites support the vacant Li layers in the
charged state. In contrast, the transition metals in the tetrahe-
dral site move back to the Me site when the Li-ion concentra-
tion increases upon discharging. The transition metals acting
as adaptive pillars contribute to the higher reversible capacity,
resulting in two advantages; stabilization of the structure in the
charged state and accommodation of large amounts of Li ions
in the Li layer in the discharged state through migration back
to the Me site. Observed unique migration of the transition
metal elements could participate in the correlation between
Me layers. The c-axis lattice constant had different variations
to the charge-discharge process compared to the other lattice
constants and the Me-layer thickness as shown in Figure 5a,b.
This trend obviously suggests that the Li layer becomes thicker
with increasing cycle number. The rigid pillars and adaptive
pillars formed in the Li layer will be an origin of the c-axis lat-
tice constant variation. However, cycle number dependency of
the number of pillars was not able to reasonably explain the
Li-layer expansion. Perhaps, the species of the transition metal
element or localization of the pillars might be involved in the
variation. Unfortunately, the origin was not confirmed in this
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Figure 6. Schematic illustration of the crystal structures during the charge—discharge process for Li;15Nig15C0019Mng 500,. Red, blue, and yellow cells
indicate the crystalline domains of Li;MnOj-, Liy(Ni;;3C0y,3Mny 5) O4-, and Liy,(Nig15C0g.19Mng 50) Op-based structures in a primary particle, respectively.
During the delithiation, the Me ions in the Li;MnO; and Li,(Ni;3Co;,3Mny;3)O, domains migrate between the two domains and form a new R3m
domain. Two kinds of pillar in the new R3m domain are also illustrated.%¥l The adaptive pillars support the Li layer together with the rigid pillar at the

charged state.

study because the Ni, Co, and Mn elements were difficult to
identify by X-ray.

Capacity fading was observed up to 20 cycles, as shown in
Figure 1. Kawaguchi et al.””) proposed two degradation modes
for enhanced-entropy layered oxides: rapid and slow degrada-
tion. The rapid degradation mode is caused by the inhibition
of Li diffusion due to the migration of transition metal ions to
the octahedral site in the Li layer observed in the first two to
three cycles. On the other hand, the slow degradation mode is
caused by cation mixing to the tetrahedral sites in the Li layer,
which is reversible in the first two to three cycles, but cations
slowly accumulate in the Li layer as the number of cycles
increases. In the LLO material used in this study, the transi-
tion metal occupancy in the octahedral Li site did not change
significantly after the first charge process (Figure 5c), indicating
that the transition metal in the octahedral site in the Li layer is

Small 2022, 18, 2203412 2203412 (7 of 1)

immobilized independently of the extraction and insertion of
Li ions up to 20 cycles. These immobile metals in the Li layer
are partly attributed to the irreversible capacity degradation
(rapid degradation) in the initial cycles. On the other hand, we
observed no slow degradation behavior of the tetrahedral site
up to 20 cycles. Our sample was cycled only to a small number
(20 cycles); hence its effects on the slow degradations of the
adaptive and/or rigid pillars are not clear. It is important to
clarify the effects of rigid and adaptive pillars on cycle degrada-
tion to design the next-generation high-capacity cathode mate-
rials. Nevertheless, our results showed that the transition metal
in the tetrahedral site of the Li layer migrates in response to the
extraction and insertion of Li ions, which is the specific struc-
tural mechanism behind the high capacity of the LLO material.

Figure 6 shows a schematic diagram of the structural
evolution involved in the charge-discharge process for
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Li; 14Nig15C0g 10M1 500,. The initial state of this positive elec-
trode material is considered to be a composite structure of two
crystalline domains, the 1i,MnO;- and Li(Ni;;3Co;,3Mny;3)O,-
based domains, which is not a simple mixture of these phases.
Li ions desorb preferentially from the Li(Nij;3Coy;3Mny;5)0,
domain until the half-charged state in the initial charging pro-
cess. Li ions are only extracted from the Li(Nij;3Coy;3Mny)3)
O, domain up to, at most, 0.6 mol because the volume of the
domain does not change in the half-charged state.l Some of
the transition metals in the Me site move to the vacant octa-
hedral Li site with decreasing Li-ion concentration. After the
half-charged state, a voltage plateau is observed at =4.5 V in
the charge-discharge profile. It is presumed that Li ions
are mainly extracted from the Li;MnO; domain during the
voltage plateau.'® Furthermore, the remaining Li ions in the
Li(Ni; 3Co1/3Mny3)0, domain are simultaneously extracted.
In this process, the mixing of the transition metals via the
tetrahedral site would proceed. When the Li ions are fully
extracted, a new R3m structure with a high concentration of
Mn ions, LiNij5C0q19Mng500,, is formed. There are two
Li sites that can be occupied by the transition metals in the
R3m phase, octahedral and tetrahedral sites. The transition
metals in these two sites show different responses to lithia-
tion and delithiation. The transition metals on the octahedral
site remain regardless of lithiation/delithiation, whereas the
transition metals in the tetrahedral site move back and forth
between the tetrahedral site and the Me site depending on the
Li-ion concentration. The transition metal on the octahedral
site in the Li layer acts as a rigid pillar. The rigid pillar inhibits
the diffusion of the Li ions,l>*® although this pillar supports
the crystal structure during delithiation. By contrast, the tran-
sition metal on the tetrahedral site in the Li layer functions
as an adaptive pillar. The adaptive pillar supports the empty
Li layer together with the rigid pillar in the charged state.
When the Li-ion concentration increases upon lithiation, the
adaptive pillar vanishes to promote insertion paths for the Li
ions. Therefore, the adaptive pillar contributes to both the dif-
fusion of Li ions and the stability of the layered structure. As
a result, the extraction and insertion of 1 mol of Li ions can
be achieved. Note that we were unable to identify the type of
transition metal element among Ni, Mn, and Co contributing
to each pillar. It has been reported that the structure of lay-
ered oxides in the delithiated state differs depending on the
transition metal element. The conventional layered oxide
LiCoO, and LiNiO, retain their layered structure after delithia-
tion,'>Y whereas LiMnO, changes to a spinel structure.>*-60
In other words, Ni ions remain in the octahedral sites, whereas
Mn ions occupy both octahedral and tetrahedral sites. In metal
oxides, Ni%" jons are rarely found in the tetrahedral configura-
tion.[!l This suggests that Ni and Co ions function as rigid pil-
lars. In LLO materials, Mn is expected to play an essential role
in charge compensation during Li desorption/insertion.[%
Our results suggest that transition metal ions contribute to
stabilizing the Li layers that contribute to the extraction and
insertion of large amounts of Li ions in the layered structures.
Although it is not possible to distinguish the elemental species
of Ni, Co, and Mn by PDF-based structural refinement in this
study, Mn, which can be present in both tetrahedral and octa-
hedral sites, is playing an important part in the high capacity
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of the LLO materials. A promising route to unveil the mecha-
nism behind the enhanced positive electrode properties is to
gain an understanding of the role of transition metal elements
in R3m layer-structured materials.

3. Conclusion

In this study, X-ray total scattering measurements of a Li-rich
positive electrode material, Lij4Nij15C00190Mng 500, were per-
formed. The structural parameters in the various states of charge/
discharge were determined through PDF-based structural refine-
ments using experimental G(r). The materials in the pristine
and half-charged states were described as a composite of R3m
and C2/m structures. After the initial charge, a new R3m struc-
ture was formed by mixing the transition metal ions in the two
phases. The transition metal ions that move to the Li sites and
function as pillars were elucidated. There are two kinds of pillar
sites, octahedral and tetrahedral sites, in the Li layer. The transi-
tion metal ions occupying the octahedral site support the crystal
structure as rigid pillars because the metal ions stay unchanged
during de/lithiation. In contrast, the transition metals occupying
the tetrahedral site move back and forth between the tetrahedral
site and the Me site. These transition metals act as adaptive pil-
lars. When the amount of Li in the Li layer decreases during del-
ithiation, the transition metals move to the tetrahedral site of the
vacant Li layer to function as pillars that support the Li-poor layer.
During Li insertion, the transition metals return to the Me layer
to facilitate Li insertion to the Li layer, contributing to the high
capacity of the positive electrode material. The rigid pillars were
almost immobile after the initial charge, which suggests that the
rigid pillars are related to the rapid capacity fading. Therefore, the
rate and cycle properties of the LLO electrode materials are prom-
ised to be improved by designing high-endurance rigid pillars.

4. Experimental Section

Synthesis of the Positive Electrode: Liy16Nig15C00190Mng 500, was
prepared by a solid-state reaction from lithium hydroxide and nickel-
cobalt-manganese carbonate.l®! Nitrate solutions each containing
2 mol dm= of metal ions in distilled water were prepared from
Ni(NO;),-6H,0(Wako, 99.9%), Co(NO;),6H,0 (Wako, 99.5%), and
Mn(NO;),-4H,0 (Fluka, 97.0%UP). Desired quantities of metal nitrate
solutions were added to a 2 mol dm= Na,CO; aqueous solution. The
pH of the mixed solution was controlled between 7 and 8 during the
precipitation process. The obtained nickel-cobalt-manganese carbonate
precipitate was filtered, washed with distilled water, and dried overnight
at room temperature. The precipitate was mixed with LiOH-H,0O
(Wako, 98-102%). 2 wt% excess LiOH-H,O was used to offset any
lithium evaporation loss during the next calcination process. The mixed
powder was calcined at 1173 K for 12 h in air. The ICP-AES analysis was
conducted to determine the composition of the powders. Structural
characterizations performed by a powder XRD method (RINT2200,
Rigaku) with Cu-Ko (40 kV, 40 mA) confirmed that the obtained material
was of a single phase without any obvious impurity phase. Morphology
of the pristine powder shown in Figure S6 (Supporting Information) was
observed by scanning electron microscopy (SEM, JSM-6390, JEOL Ltd.)

Measurements of Electrochemical ~ Performances:  An  aluminum-
laminated cell was used, which consisted of a positive electrode, a
lithium metal foil as a negative and reference electrode, and a porous
polypropylene film separator. The positive electrode was fabricated from
mixtures composed of an active material (80 wt%), carbon (10 wt%),
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and a PVdF binder (10 wt%). The electrolyte was 1 m LiPFg in ethylene
carbonate/dimethyl carbonate (3:7 ratio by volume). Electrochemical
measurements were performed at room temperate on an automatic
cycling and data recording system (HJ1001SD8, Hokuto Denko). The
charge and discharge current density was 17 mA g™ with a cutoff voltage
of 2.0 to 4.8 V versus Li*/Li® at room temperature.

High-Energy X-Ray Total Scattering Measurement: Electrode samples for
the XRD and X-ray total scattering measurements were electrochemically
prepared at 4.8 V (fully charged state) and at 2.0 V (discharged state) of
the 1st and 20th cycles. The cells were disassembled in an argon-filled
glove box to obtain the sample powders of positive electrode material.
They were rinsed with dimethyl carbonate to remove the electrolyte
and dried in a vacuum. The sample powders were loaded and sealed
in a 2 mm inner-diameter quartz capillary in a glove box under Ar
atmosphere to avoid oxidation. X-ray total scattering measurements of
the sample powders were performed at the high-energy X-ray diffraction
beamline BLO4B2 in SPring-8 (Hyogo, Japan).%3 The incident
X-ray beam with an energy of 61.4 keV was monochromated by the Si
220 reflection of a bent monochromator installed in the beamline. The
scattered X-ray photons from the sample powders were counted by four
CdTe detectors (X-123CdTe, Amptek) and two highly pure Ge solid-state
detectors (GLO515, CANBERRA Industries), which were installed every
8°. The measurements were performed at 20 from 0.3° to 49°; hence,
the maximum momentum transfer Q,., was approximately 25 A" The
coherent X-ray scattering intensity /(Q) was obtained by subtracting the
X-ray absorption, the Compton scattering, and the contribution of the
quartz capillary from the raw X-ray scattering intensity. The structure
factor S(Q) was obtained by normalizing I(Q):

RCOREE
(s
where (f2(0))=3¢; | fi(@F (f(Q)=2¢;f}(Q) ¢ and f(Q) are

the mole fraction and atomic scattering factor of the j-th element in the
material, respectively. Figure S7 (Supporting Information) shows the raw
data obtained by the total scattering measurement for pristine powder.
The error bars were estimated as the square root of the total counts of
the scattering X-ray. The PDF, G(r), was calculated by Fourier transform

of S(Q):

+1 (M)

5(Q)

G(r)=2i0{s(0)-1}sinordo (2)

The upper limit of the integral was Qp,,, Which was determined by
the experimental conditions. The sequential analyses were executed with
original software for BLO4B2 beamline.

PDF-Based Structural Refinement: A PDF-based structural refinement
was performed for crystalline materials using the self-made software
developed by Hiroi et al.l’5%% to investigate the atomic structure of the
samples. The coherent scattering intensity from a crystalline phase,
leale(Q), was calculated as

| 2

F
(@)= Rl 1) o

\
where N is the number of atoms in the structural model with volume
V and R(Q-/t) is the Q-broadening function. The Q-broadening
function is determined by the instrumental resolution function and the
crystallographic domain size. F(T) is the crystal structure factor on the
reciprocal lattice point, T:

F(Q)= ifj(Q)exp(iQ' r) (4)

where Q is the reciprocal lattice vector, Q = |Q], fi(Q) is the atomic
scattering factor of the j-th atomic site, and r; is the atomic position. A
Laue monotonic scattering is added to Equation 3 if several elements
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occupy the same atomic site in the crystal structure. The structure factor
and PDF of the crystalline phase, S.;.(Q) and Ge,c(r), can be obtained
from Equations 1 and 2 using Equation 3. Average structural parameters
of the crystal, i.e., lattice constants, domain size, and occupancies,
were refined by fitting G(r) in the long-range region (10-120 A). This
refinement using G(r) for crystalline materials has an advantage over
the commonly used Rietveld analysis. This is discussed in detail in
Section 2 and Supporting Information. The crystal G(r) calculated by
the procedure described above contains the diffuse scattering derived
from the atomic thermal vibration and the substitutional disorder. This
information is partly merged into the background in the XRD patterns
and neglected in the Rietveld methods. One main feature of the PDF-
based structural refinement is the processing of all the contributions
from the Bragg reflections and the diffuse scattering due to the thermal
vibration and substitutional disorder after subtracting the background
scattering from the sample container and air. It enables an accurate
and sensitive evaluation of the Bragg peak intensity in terms of the
occupancy of the elements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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