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Impact of trace extrinsic defect formation on the local symmetry
transition in spinel LiNipsMn; 5045 and their electrochemical
characteristics

Hiromasa Shiiba,>* Nobuyuki Zettsu, ** ** Satoru Kida, ? Dae-wook Kim?, and Katsuya Teshima "

Many fundamental studies have been conducted on the electrochemical and electronic structures in transition metal
cation-substituted LiNio.sMn1.504 systems. These systems have potential use as 5V-level high voltage cathode materials for
lithium ion batteries, but there are only a few reports regarding the control of their symmetry transitions which contribute
the electronic structures and Li* transport efficiency. We address this solid chemistry and the corresponding
electrochemical characteristics using both systematic experimental and theoretical approaches. Trace substitution of Cu?*
with Mn# (Cuwmn) can promote the symmetry transition from Fd-3m to P43:32 phase in oxygen-deficient LiNio.sMn1.504.5. This
behavior is detectable by Fourier-transform infrared and Raman spectroscopies but undetectable by X-ray diffraction,
suggesting that the symmetry transition was localized in the space near the point of extrinsic defects Cuwmn in the spinel
framework. Notably, a very small amount of Cu?* substitution not only affects the local atomic arrangement but also
remarkably affects the macroscopic electrochemical redox responsiveness, including the inactivation of Mn3*/Mn*" redox
couples, suppression of Mn ion dissolution, and enhancing the c rate capability (increasing the electron conductivity, and
reducing the activation barrier for lithium ion hopping along the most energetically preferable 8a—16¢—8a route) and

cyclability.

Introduction

Current development of lithium ion secondary battery (LIB)
technologies has been the driving force behind the move
towards digital technology-driven lifestyles in recent years?.
However, their technical requirements are undergoing major
changes with respect to energy density, and require higher-
energy-density cathode materials2. The cathode’s energy
density depends on the specific capacity, tap density, loading
amount, and average operating voltage of the active materials.
High-voltage materials can reduce the number of serially
connected cells and enhance the energy density of the system.
For instance, cubic LiNigsMn; 504 with a spinel framework has
a higher gravimetric energy density of 686 W-h-kg™!, compared
to other candidate cathode materials including LiCoO, (518
W-h-kg-1), LiNiO; (630 W-h-kg™1), LiMn;Os (440 W-h-kg1),
LiFePO; (495 W-h-kg™), Li,FePO4F (414 W-h-kg1), and
Li(Niz;sMn1/3C01/3)02 (576 W-h-kg™1)3. In recent years, studies

% Department of Materials Chemistry, Faculty of Engineering, Shinshu University, 4-
17-1 Wakasato, Nagano 380-8553, Japan.

b.Center for Energy and Environmental Science, Shinshu University, 4-17-1
Wakasato, Nagano 380-8553, Japan.

F These authors contributed equally.

Electronic Supplementary Information (ESI) available: Figures of details on the data

necessary to derive the calculation result on the defect formation energies,

Rietveld refinement results of the Cu-incorporated LNMO, theoretical voltage

profile, atomic valence distributions of Cu-incorporated LNMO. Table of chemical

composition of Cu-incorporated LNMO by ICP-OES. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

on LiNipsMn1504 have focused primarily on improving its
electrochemical performance using various methods, such as
transition metal cation substitution of Mg, Ti, V, Cr, Fe, Co, Al,
Cu, Zn, Sn, Ru, Rh, and Sm with NiZ* or Mn#* and F~ passivation
with oxygen-deficient materials, or surface modification with
Zn0O, Al,03, Bi;03, BaTiOs, and fluoroalkylsilane self-assembled
monolayers (SAM)423,

Many fundamental studies have been conducted on the
electrochemical and electronic structures of 5V-level high
voltage cathode materials for use in LIBs, but there are only a
few reports on controlling their local symmetry transitions,
accompanied by Li* hopping behavior®. Cubic LiNigsMn;sO4is
well known as a solid solution composed of layered LiNiO, and
spinel LiMn;0s4, which has a spinel framework with two
different space groups of ordered P4332 and disordered Fd-
3m, respectively, depending on the atomic arrangement of
NiZt/Mn#+24.25_ Ni and Mn ions occupy Wyckoff positions at 4b
and 12d sites in P4332, whereas they randomly occupy
crystallographically-equivalent 16d sites in Fd-3m. In addition,
disordered Fd-3m is prone to contain oxygen deficiencies,
described as LiNigsMn1504.5, accompanying the reduction of
Mn ion from Mn** to Mn3*. Synthesis of pure P4332 symmetry
is difficult to achieve because oxygen deficiency naturally
occurs when calcining at > 600°C. Mn3* is then produced due
to charge neutralization, resulting in a phase transition from
P4332 to Fd-3m. According to previous studies, this material’s
electrochemical properties are sensitive to synthesis
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conditions, and it is prone to capacity fading?* 25. Additionally,
there is ample evidence that ordering between the Mn** and
NiZ* ions decrease the electronic conductivity and increases
internal resistance because of active Ni2*/3*/4* multiple redox
centers isolated amidst inactive Mn#* ions2634, One widely-
accepted strategy to combat this issue has been to partially
substitute other metal ions for Ni?*, which disrupts cation
ordering and stabilizes the cycling performance. For instance,
Zhu et al. reported that substituted Co and Cu randomly
occupy the octahedral 16d sites, enhancing the electronic
conductivity by promoting disorder*. Yang et al. analyzed the Li
diffusion activation barriers of LiMgsxMn1sMy04 (M =Ti, V, Cr,
Fe, Co, Ni, and Cu) using ab initio density functional theory
(DFT) calculations®. Extrinsic defect formation due to dopants
highly affects the Li* diffusion barriers. In particular,
LiCug.2sNip2sMn1504  exhibited higher  capacity than
LiMosMn1504 under cycling with high current density. This
could be attributed to the single-phase reaction during
charging, the lower Li diffusion barrier, and the higher
electronic conductivity.

The origin of the symmetry transition and corresponding
enhanced electrochemical performance are not fully
understood in relation to the electrical and structural
properties of these materials, which are in turn affected by the
electronic and ionic conductivities. Here, we address this solid
chemistry and its corresponding electrochemical
characteristics using both systematic experimental and
theoretical approaches. A trace amount substitution of Cu?*
with Mn#* (Cumn) can promote the symmetry transition from
Fd-3m to P4332 in oxygen-deficient LiNigsMn1 5045 systems.

Experimental section

Ab initio DFT calculations. The Vienna ab initio simulation
package3s 36 used with the generalized gradient

approximation (GGA-PBEsol) + U37 and projector-augmented

was

wave methods38. For the GGA + U calculations, the U values for
the d-orbitals of Ni and Mn were respectively set to 6.0 and 3.9
eV based on previous reports3®. An energy cutoff of 500 eV
and a k-point mesh were chosen so that the product of the
number of k-points and the number of atoms in the unit cell
was greater than 1000. A superstructure of 56 atoms in a cubic
spinel lattice of 8LiNigpsMn;s0O4 was used for all calculations.
Relaxation of the crystal structure was allowed for all models,
and the final energies of the optimized structural geometries
were recalculated to correct for changes in the plane-wave
basis during relaxation. Naturally, Ni* and Mn** completely
occupy the crystallographically-equivalent 16d site at random,
however we used the most energetically-stable model for
calculation in this work. As in our previous study*, we used
the uniform Ni/Mn distribution arrangement for modeling
disordered Fd-3m structures, as originally calculated by Lee
this
evaluated by Monte Carlo

and Persson4l 42 is the most stable local cation

arrangements as analysis.

Nonstoichiometric defect formation energies were calculated

2| J. Name., 2012, 00, 1-3

by using two different oxygen-deficient models, including an
oxygen vacancy model and a metal-excess model. Since an
extinct transition metal cation of M was incorporated in the
neighboring oxygen vacancy site in the oxygen vacancy model,
three possible sites exist in P4332: i) My; with oxygen vacancies
at neighboring 24e sites (each oxygen vacancy is surrounded
by two Mn and one My;), ii) Mun with oxygen vacancies at
neighboring 24e sites (each oxygen vacancy is surrounded by
one Ni, one Mn and one M), iii) Mmn with oxygen vacancies
at neighboring 8c sites (each oxygen vacancy is surrounded by
two Mn and one Mwn). In contrast, three different possible
sites exist for Fd-3m type symmetry: i) My with oxygen
vacancies at neighboring O@NilMn2 sites (each oxygen
vacancy is surrounded by two Mn and one My;), ii) Mumn with
oxygen vacancies at neighboring O@NilMn2 sites (each
oxygen vacancy is surrounded by one Ni, one Mn and one
Mwn), iii) Mmn with oxygen vacancies at neighboring O@Mn3
sites (each oxygen vacancy is surrounded by two Mn and one
Mwmn). The defect formation energies for the metal-excess
model in P4332 and Fd-3m LiNipsxMn15MxO4 and LiNigsMnj s
yM,04 (0 £ x<0.125, 0 <y £0.125) were calculated as
E(LigNizMn4,03,)
[+ (%-25x) E(LisNiSMnuOg,z)]
EF = % + %E(LigNi4Mn13032) N %E(Oz) (1)
| +25xE(LigNigMn;;M;055) |
| -25xE(LigNisMn;,;M;05,) |
\- (25-200x)E(LiNiO_5Mn1_504))
( E(LigNizMn;,035) )
- %E(LigNiSMnuOy) '

ol (3-25v) E(LigNizMny303,) | LE0,) (2)
+25yE(LigNizMn;5M;035)
-25yE(LigNizMn;;M;03,)

- (25-200)E(LiNig sMn; 50,)/

The energy correction for O, molecules was used for all
calculations as reported by Wang et al*3.

Flux growth of LiNipsMn;5045 and related compounds single
crystals. The flux growth of LiNipsMn1sO4.5 crystals was obtained
from a stoichiometric mixture of Ni(NOs),, Mn(NOs), and LiCl and
using a binary flux of LiCl and KCl. We further added 1 mol% of
Cu(NO3s); as a copper source into the above flux growth system for
Cu incorporation. All chemicals were purchased from Wako Pure
Chemical Industries, Ltd. and were used without any additional
purification. All powders were mixed in an alumina crucible (30 mL
The controlled to be
approximately 8 mol% for the flux growth reactions. The mixture

volume). solute concentration was
was then heated to 700 °C in an electric furnace at a rate of 900
°C-h-1. After maintaining this temperature for 10 h, the crucible was
cooled to 500 °C at a rate of 200 °C-h~1. The heated powders were
then allowed to naturally cool to room temperature in the furnace.
The powders were washed with warm water to remove the
remaining flux. Finally, the powders were annealed under an O

atmosphere at 700 °C for 10 h.

This journal is © The Royal Society of Chemistry 20xx
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Preparation and characterization of SAM-coated electrodes. SAM
was formed on the surface of Cu-substituted LNMOg.s crystals via
the vapor phase deposition conducted at a temperature of 150 °C
(FAS17:
F3C(CF32)7(CH,)3Si(OCHs); was used as precursor molecules for
SAM coatings. Although liquid-phase processing is typically used

and  atmospheric  pressure.2223  Fluoroalkylsilane

for SAM preparation, the specified vapor-phase process was
utilized in this study because it was expected to reduce the
deposition of aggregated FAS17 molecules, which tended to
degrade the quality of the produced SAMs.

Characterization. The phases and structures of the crystals were
identified using X-ray diffraction (XRD) with a Cu-Ka radiation
source. The X-ray diffractometer (Miniflex I, Rigaku) was operated
at 30 kV and 20 mA, with 26 = 10-80° (scan step = 0.02°). Field
emission scanning electron microscopy (FE-SEM; JSM-7600F at 15
kV; JEOL, Japan) observations were conducted to examine the
microstructures in the crystals. The valence state of the Mn ion and
atomic percentage of incorporated fluorine atoms were studied by
X-ray photoelectron spectroscopy (XPS) with a monochromic Al-Ka
source (JPS-9010MX at 15 kV, 15 mA; JEOL). All binding energies in
the spectra were referenced to the Cls hydrocarbon peak at 284.5
eV. The orders of the Ni and Mn configurations were characterized
by Raman spectroscopy with 532 nm excitation (LabRAM, Horiba,
Japan), and Fourier-transform infrared (FT-IR) spectroscopy (FT-IR
4600, JASCO, Japan). The electrochemical characteristics were
evaluated using a coin-type cell (R2032). The cathode was prepared
by a conventional pasting process and contained spinel crystals,
acetylene black and polyvinylidene fluoride (90:5:5 wt%). The
mixture was diluted with N-methyl-2-pyrrolidone to a viscosity of
~5.1 Pa's. The prepared paste was homogeneously coated onto a
20-pum-thick Al foil using a slit coater. The electrode density was
adjusted to 3.0 g-cm™ using a press machine. All electrodes were
dried at 120 °C in a vacuum oven prior to cell assembly. Lithium
metal foil and a porous polypropylene film (Celgard #2500) were
used as the counter electrode and separator, respectively. A
solution of 1 M LiPFs in a mixture of ethylene carbonate and
dimethyl carbonate (1:1 v/v) was used as the electrolyte. The coin-
type cells were assembled in an Ar-filled glovebox (MDB-2BL, Miwa
Mfg Co., Ltd., Japan) with a controlled atmosphere containing < 1
ppm H,O and O,. Galvanostatic charge—discharge tests were
performed using a potentio/galvanostat (HJ1020Msd8, Hokuto
Denko, Japan). The cut-off voltage range for the battery tests was
controlled between 3.5 and 4.8 V vs. Li/Li*.

Results and discussion

We investigated the phase stabilities for both oxygen-deficient
LiNio.5.xMn1.5MxO4.s and LiNigsMn15.,,M,04.5 (0 < x<0.125,0<y
<0.125, M =Ti, V, Cr, Fe, Co, Cu, Zn, Sn, 0 £ x<£0.125,0<y <
0.125) with different symmetries of P4332 and Fd-3m. The
defect formation difference in (Ef(Fd-3m) — Ef(P4332)) between
the oxygen vacancy model
summarized in Figure 1. Details on the data necessary to
derive the calculation result on the defect formation energies

and metal-excess model is

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Differences in the defect formation energies between P4332 and Fd-3m

type symmetries in both the oxygen vacancy model and metal-excess model for (a)

LiNig.5-Mn1 sM,04 and (b) LiNigsMny5,M,04 (0 < x < 0.125, 0 < y < 0.125).
are described in Supplementary Figures S2—S5. The symmetry
transition from P4332 to Fd-3m in the spinel system was
significantly influenced by both substituted transition metal
species and the amounts of substitution. Positive values in the
y-axis indicate that the substituted metal stabilizes the order
for P4332 symmetry even if oxygen deficiencies are present in
the framework. Furthermore, we found two different trends
associated with the incorporated amounts. Minimal
substitution of Cu?* and Zn?* with Mn** (Cumn, Znmn) stabilized
the P4332 phase, but their formation energies became more
unstable when increasing the substitution amount. In contrast,
the P4332 symmetry was stabilized under relatively higher
substitution amounts for Ti** and V#* in Ni2* sites (Tini, Vni,)-
To understand these opposing trends, we further evaluated
anti-site defects formation energies, oxygen vacancy formation
energies, and defect formation energies in both P4332 and Fd-
3m type LiNig.5.xMn15M,O4 and LiNioAsMnlAs.yMyO4 (0 < x <
0.125, 0 < y < 0.125), respectively. Valence states of all
aliovalent transition metals were stabilized to Ti%*, V4*, Cr3+,
Fe3*, CoZ*, Cu?*, Zn2*, Sn** during relaxation in the calculation,
which are independent of the native transition metals in
LiNio_sMn1_504 according to the
(Supplementary Figure 2). In addition, a series of extrinsic
defects, represented as Tini, Vi, Crni, Feni, Snni, Cumn, and Znwn
reduced Mn# to Mn3* due to charge balancing in the lattice.
These results on both oxygen vacancy formation energies for
oxygen vacancy models and defect formation energies for
metal-excess model strongly suggest that both Cu2*go; and
Zn%*g01 substitution with Mn%g01 are the most promising
candidates for stabilization of P4332-type cation arrangements
in spinel frameworks, associated with ease of O, release from
the lattice. In contrast, all other candidates preferentially
formed interstitial solid solutions in which these other
transition metals occupied the interstitial 4a sites, associated
with Mn#* occupying 12d sites being reduced to Mn3* to
neutralize the generated effective charges. Charge
neutralization promoted the anti-site defect formation,
accelerating the symmetry transition to the Fd-3m phase.
Most important pointing out in our computational studies is
that the trace substitution of CuZ* or Zn2* with Mn** (Cump,
Znmn) provided different oxygen defect formation mechanism
contrast to that of other systems. Thus, oxygen vacancy
mechanism for CuZ*gp1 and ZnZ*po; substitution with Mn%* o,
exceptionally prevent the formation of Mn3*, even though

calculation  results

J. Name., 2013, 00, 1-3 | 3
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metal-excess mechanism for Cu?*po1 and Zn?*50; substitution
with Mn#+50; form Mn3+.

The cases of high amounts of substitution exhibited different
trends. The formation energy in the P4332 type spinel
framework stabilized with Cu?* and Zn%* also increased
positively as the amount of substitution
symmetry of Ni/Mn arrangements transitioned completely to
the Fd-3m phase in association with interstitial solid solution
formation. Excess transition metal cations preferentially
occupied interstitial 4a sites, triggering the Fd-3m phase
transition. We speculate that the threshold for the symmetry
transition can be explained in terms of limitations in allowable
lattice volume. The lattice volume of the stoichiometric Fd-3m
type LiNiosMn1s04 (8.172A) is larger than that of P4332 type
(8.166A)25. Therefore, transition metal ions with smaller ionic
radii can penetrate into interstitial vacancy sites and expand
the lattice volume, leading to the formation of Fd-3m type
symmetry. In contrast, the Ti** occupying NiZ*4b sites created
different characteristics in the defect formation energy
compared to the substitution amount. The energies became
smaller as the amount of substitution increased. Even though
the substituted Ti** increases the presence of Mn3+, the oxygen
deficient LiNigs«Mn1sTixOs.s (x = 0.12) has the potential to
form P4332 symmetry. Their atomic arrangement based on
DFT (calculations suggests that the aliovalent Ti%* preferentially
occupied Mn#+ 12d sites in the spinel lattice, reducing Mn** to
Mn3* and promoting Mn3*/Ti4* anti-site defects.

Figure 2 shows the powder XRD pattern, SEM image and size
distribution for the Cu?*-substituted LiNipsMn;504.s crystal. All
diffraction lines can be assigned to LiNigsMnis04 with Fd-3m

increased. The

() LiNi“ _‘,_Mn1 _“Cum"o A
S J 'n J . I
o —

E LlNl‘.“,.llni_‘,'O4

2

g ) A . ok

= LINI“MnﬁO‘ (ICDD PDF 70-8650)
‘ | | 1 | [ 1

10 20 30 40 50 60 70 80
20 (degree)
(b)

Figure 2. Powder XRD patterns and FE-SEM images of LiNipsMn;s0ss and
LiNigsMn; 49CuUg 0104.5 Crystals.
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symmetry (ICDD PDF 70-8650). The lattice constant decreased
from 8.175 to 8.170 A due to Cu?* incorporation, close to the
experimental P4332-type symmetry?5. FE-SEM
revealed octahedral crystals having well-defined facets which
were dominantly formed independent of the Cu?* substitution.
In contrast to their morphological characteristics, Cu?*
substitution decreased the average crystal size (Dsg) from 1.0
um to 0.7 um22. Small amounts of Cu?* incorporation can
significantly change the size of critical nuclei in the molten LiCl-
KCI flux at 700 °C. It promotes greater nuclear formation at the
initial stage of crystal growth. The size effects should be
contributing the enhancement of electrochemical
performance of our cells, especially to the C rate capability)
described below in Figure 6a.

Chemical composition analysis based on inductively-coupled
plasma optical emission spectrometry (ICP-OES) is summarized
in  Supplementary Table  S1. Rietveld refinement
(Supplementary Figure S6a) also suggests that a tiny amount of
Cu?* was incorporated in the spinel lattice, represented in the
molecular formula as LiNig.49Cu0.01Mn1.490362. The diffraction
profile assignable to the P4332 symmetry was not compatible
with that of LiNig.49Cu0.010Mn1.4903 62, suggesting that its average
structure as evaluated by XRD can be assigned to spinel
structure with Fd-3m symmetry. In contrast, the effect of Cu2*
on the ordering of the Ni/Mn arrangement was clearly
observed using both Raman and FT-IR spectroscopies. These
spectra are useful for identifying the local structure more
clearly from the viewpoint of vibrational spectroscopy. As
shown in Figure 3a, intense and split Raman shifts centered at
498 cm? and 638 cm? clearly appeared for
LiNio.49CU0.01Mn1.490362 in contrast to those of broaden peaks
in LiNigsMn1504.5. This discrepancy strongly suggests those
compounds have different Ni2*/Mn*+* orientation on a Li
occupation site basis. Oh et al. and Julien reported that the
strong band at 635 cm™! can be assigned to the symmetric Mn-
O stretching mode of octahedral MnOg (Aig). Both peaks
around 402 and 494 cm! are associated with the Ni2*-O

value for

(a) (b}
LI, Mn__Cu O
3
K.
3 3
) -]
> 8
£ £
2 2
2 om0, E N
— LiG, n, 5,
—— LiNg_ Min_ Gu__ O,
200 390 400 500 600 760 600 700 650 600 550 500 450 400
Raman Bhift {em) Wavenumbers {cm*)
{2 XPS-Mn 2p,n

Binding energy {eV)

Figure 3. (a) Raman shift, (b) FT-IR and (c) XPS spectra of LiNipsMn;s04s and
LiNig sMn1 49CU0.0104.5-

This journal is © The Royal Society of Chemistry 20xx
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stretching mode in the structure**45. The peak near 580-606
cm™ is considered as T,z for the spinel compounds. The
splitting of the T,z band is often considered as obvious
evidence of the ordered structure of the spinel. These Raman
spectra trends are consistent with FT-IR spectral data. The
infrared spectra of LiNio.49CUo.01MnN1.4903.62 are shown in Figure
3b, showing eight well-resolved absorption bands. As the
P4332 type has eight IR absorption bands while the Fd-3m type
has only five?¢, all these results indicate that the arrangement
of Ni and Mn ions is promoted locally by minimal Cu?*
incorporation. These results suggest that the incorporated Cu?*
promotes the local orientation of Ni/Mn arrangement in the
spinel lattice. The proportion of Mn3*/Mn** as determined by
XPS (Figure 3c) also strongly supports our theory. Two peaks
attributed to Mn3* and Mn** were observed in the Mn2p core
level spectra. The Mn#*/ Mn3* ratio for the LiNipsMnisOa4.s
crystal was higher than that for LiNio_49CUo,01Mn1,4903A52, which
agrees with our computational predictions (1.15 for
LiNioAsMn1_504.5, and 1.36 for LiNi0A5CUo,1Mn1,4904.5).

Galvanostatic charge—discharge tests were performed at a cut-
off voltage range of 3.5-4.8 V (vs Li*/Li). Figure 4(a) shows the
third cycled profiles at a current density corresponding to 0.2
C. The maximum discharge capacity was 138 mAh-g in the
LiNip.49Cu0.01Mn1.49036, electrodes. The coulomb efficiency in
the initial cycles of the cell was ca. 0.95% regardless of the Cu?*
substitution. Even if the tap density was approximately 3.0
g-cm~3, a discharge capacity close to the theoretical capacity

(.) 5-0 T T T T T T T T T T T T T T
— 48
3
= 4.6
244
<42
]
ga0
[»)
> 38
3.6

—LiNi, ¥Mn, O,
—LiNi, Mn, Cu, 0, ,

0 20 40 .. 80I100 120 140

® Specific capacity (mAh g)
10 .02
~—05 ,;-I-1I'I Cu?'—Cu
o™ - ] \
< E
Eoo E oo
f i
o405 AT
—LiNi  Mn 0O,
—LiNi, Mln1 wCumO‘
-10 8.0z

3.61!4.!4.24..44.6“5.. 3.54..4.2
Voliage [V, ve. LILI) Vollage (V, vs. un.r)
Figure 4. (a) Third cycle charge—discharge profiles at a current density corresponding to
0.2 C at room temperature and (b) cyclic voltammograms of LiNigsMn;s04.5/Li and
LiNig.49Cu.01Mn1.4903.62/Li cells.
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was obtained. Note that Cu?* substitution significantly affected
the voltage slope characteristics. Continuous gentle changes of
the flat voltage were observed during the discharge reactions
from 4.6-4.8 V (vs Li*/Li), indicating two redox couples
(Ni2*/Ni3* and Ni3*/Ni**). The inflexion point in the voltage
slope at ~4.0 V, which was assigned to the redox response
from Mn3*/Mn#*, also disappeared. Figure 4(b) shows the cyclic
voltammetry of the LiNio,sMn1,504.5 and LiNi0,49Cqu01Mn1A4903,62
crystal electrodes, respectively. Cu?* incorporation made both
the oxidation and reduction waves sharper, implying a faster
lithiation/delithiation reaction corresponding to the NiZ*/Ni3*
and Ni3*/Ni** redox pairs, which were the origin of the voltage
step at the lower Li content region in the voltage profiles.
Furthermore, the Mn3*/Mn** redox peaks obviously faded.
Meanwhile, a small peak centered at 4.4 V newly appeared in
the oxidation wave of the LiNip49Cuo01Mni490362 crystal
electrodes. We further synthesized another example of the
Zn?*-substitution of LiNig.49Zno01Mn1.4804.5. As shown in
Supplementary Figure S7(a), the third cycled galvanostatic
charge-discharge profiles showed continuous gentle changes
of the flat voltage during the discharge reactions from 4.6—4.8
V (vs Li*/Li) as same as that of LiNig49Cu001Mn1.490362.
However, the maximum discharge capacity was significantly
faded to 102 mAh-g1 in the LiNig49ZNno.01Mn1.4504.-5 electrodes.
The Raman shift was also shown in Figure S7(b). Our DFT
calculation further implied he anti-cite defect of Li*/ZnZ* was
preferentially occurred in LiNigsMn1.375ZNn0.12503.875 (see Figure
S7(c)). These all electrochemical and structural features has
been provided as the supporting experimental evidence, and
suggests that the orientation of Ni2* and Mn#* is promoted
locally, leading to form P4332 symmetry by minimal Zn?*
incorporation.

The changes in the most stable atomic structure as a function
of lithium composition in LiNio_sMn1_375CU0_12503_875 were
computed using the formation energies of different atomic
arrangements to analyze a plausible reaction mechanism for
the charge—discharge reaction, based on the voltage slopes. As
delithiation in this
system is driven by a solid-solution mechanism ranging from
LiNio.sMn1.375CU0.12503.875  to Lio.7sNio.sMn1.375CU0.12503 875.
Further delithiation is controlled by a two-phase transition
mechanism. The same calculation results can transform to the

shown in Supplementary Figure S8(a),

voltage profile (vs. Li*/Li). As shown in Supplementary Figure
S8(b), the voltage profile at 4.1-4.7 V (associated with the
delithiation reaction from Liio to Lig7s) features two stages,

)

&
L]
'S
N
e
N
IS

Density of states (states atom™ oV")
NewbonhonNo N

——Ni-3d — Mn-3d — Cu-3d
Figure 5. (a) Changes in partial density of states for Ni, Mn and Cu ions during
delithiation in Li;. ;NigsMn;375CUg12503875. (b) Visualization of the hole trajectories
generated in the 0-1 eV region at the lower end of the conduction band in

Lio7sNio.sMn1.375Cu0.12503 875.
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which is consistent with the experimental results. In order to
determine which Li* occupying the spinel lattice is
preferentially delithiated, we performed further DFT
calculations on the changes in partial density of states (PDOS)
for Ni, Mn and Cu ions (Figure 5(a)) and the visualization of the
hole trajectories generated in the 0—1 eV region at the lower
end of the conduction band (Figure 5(b)) during delithiation of
LiNio_:,Mn1,375Cu0A12503,375. The PDOS profile of Ni-3d drastically
changed in the first step, implying that the Li Li* were
deintercalated in association with the oxidation reaction of
NiZ* to Ni3*. In contrast, that of Cu-4d obviously changed in the
second step. Subsequent changes were not observed in the
PDOS of Cu-4d during further delithiation, which suggests that
the Cu?* was fully oxidized to Cu3* at the Lig.7s composition.
Furthermore, the visualized hole trajectories reveal that Li ions
occupying the sites adjacent to oxygen vacancies were
preferentially eliminated, relying on the electrochemically
active transition metal species at the specified voltage. All
results described here suggest that the emerging oxidation-
reduction waves in the CV curve can be assigned to the
presence of Cu?*/Cu3* redox pairs. Thus, even in the presence
of Fd-3m symmetry and oxygen defects in the spinel lattice,
the Cu?*-incorporated spinel derivative with local ordered
Ni2*/Mn** arrangement exhibited electrochemical
characteristics similar to the P4332 structure. This is because
Cumn compensates its charge balance, leading to inhibit Mn3*
formation as predicted by our DFT calculation (Supplementary
Figure S9). We can conclude that a very small amount of Cu?*
substitution not only affects the local atomic arrangement but
also remarkably affects the macroscopic electrochemical redox
responsiveness.

Galvanostatic charge—discharge tests were systematically
performed at various current densities (C-rates) to examine
the effect of Cu2* substitution on the kinetics of Li* transport.
The LiNipsMn1504.5 cathode showed greater capacity fading
with increasing current density compared to
LiNio_49CU0_01Mn1_4903_62 (Figure 6(3)) Even at a 5 C rate for the
LiNip.49Cu001Mn1.49036, electrodes with relatively high tap
density, a capacity of approximately 80% of the initial
discharge capacity was maintained. The capacity dropped
because the increased internal resistance was drastically
improved with increasing current density by CuZ* substitution.
The incorporation of Cu?* affects the electrochemical lithium
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-~ 3 2f umaino,
Lo < b
Fas0)sees ao
E H ¥
£ | &= \N
FE) | g
-3 azc | < 2
o 3 ;
£ | g
H | 5,
: : : | & |
% 5 10 15 2 2 £ 8 6 4 -2 0 2 4 8 8
Cycle number 2 E-E(s\)
o LiNi, Mn O, , « LiNi, Mn, Cu, 0, ——Ni-3d ——Mn-3d —Cu-3d

Figure 6. (a) capacities of LiNigsMny.504.6/Li and
LiNig.49CUo,01Mn1.4903.62/Li cells at various C rates. (b) PDOS for Ni, Mn and Cu ions
in LiNig.sMn;.504 and LiNigsMn; 375CU0.12503 g75-
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intercalation kinetics, which are strongly associated with the
bulk properties of the electrode (electron
conductivity, Li* conductivity, crystal size (Li* internal diffusion
length) etc.) and shorter diffusion length due to smaller crystal
in preference to the kinetic at the
electrode/electrolyte interface.

The effects of Cu?* incorporation on partial density of state
(PDOS) of LiNigsMn1s504.5 were computationally analyzed. As
shown in Figure 6(b), a characteristic change in the PDOS of
the Mn-3d band at the fully lithiated composition appeared
near the Fermi level. Even though the smaller band gap in
LiNio.sMn1.375Cup.12503.875 cannot be sufficiently described by
the electronic conductivity, d-electron doping driven by the
Cu?* incorporation has the potential to decrease this band gap.
The effects of Cu?* substitution were further investigated from
the viewpoint of Li* conduction behaviour. Our calculation
revealed the existence of four possible conduction paths with
various hopping energy barrier for lithium ion transport within
the spinel lattice, of which they are depending on the
transition metal arrangements around the Li conduction path.
The diffusion coefficient at around room temperature will be
determined by the integral value of these four values since the
hopping frequency will change due to thermal fluctuation (25
meV atom® at 300 K). The migration paths and their
corresponding energy profiles for Li* hopping along 8c—
4a/12d—8c in LiNioAsMn1A504 and LiNioAsMﬂ1A375CUoA12504 are
summarized in Figure 7. A low activation barrier accompanied
by a symmetric profile along the 8c—4a/12d-8c route leads to
preferable conduction paths for faster Li* diffusion in the
spinel lattice. These results indicate that the migration path
and the activation energy for Li* hopping depends heavily on
the relative positions of Ni2* and Cumn as viewed from the
tetrahedral Li* occupied sites. Lithium ions were the most
efficiently conducting when Cum, was located diagonally to
NiZ* sites via the Li* conduction pathway in our
computationally predictable limited possibilities. Note that this
can potentially show higher efficiency compared to
stoichiometric LiNipsMn1504. The minimum activation energy
in all possibilities is reduced from 0.32 to 0.27 eV by Cu?*
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different atomic arrangements and their corresponding calculated energy profiles for
Li* hopping in the LiNigsMn;.504 and LiNigsMn; 375CuUg 1250, lattice.
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substitution. This is equivalent to a significantly improvement
of 6.6-fold increase at 300 K in terms of diffusion coefficient, as
D = a?v exp(-E/ksT), where a is the Li* hopping distance, v is the
attempt frequency, E is the activation energy, kg is Boltzmann
constant, and T is temperature.

In contrast, DFT calculations determined the presence of
interactions between Li* vacancy (V,;) at the 8c-4a/12d-8c site
and oxygen vacancy (Vo) at the 24e site, which causes
significant fading in the Li* conduction kinetics through the
interpretation for Vi; hopping. Since the valence state for V; is
negatively charged, the activation barrier for Li* hopping along
the 8c—4a/12d-8c path generally became larger because the
Li* path was more positively charged. Li* in stoichiometric
LiNipsMn1504 moves in a straight line along the migration
path, while Li*
deficiency migrates tortuously at V. regardless of the local
NiZ*/Mn#* ordering. The existence of Vo resulted in a large
potential difference of >0.63 eV for Li* hopping to
neighbouring Li* sites, leading to significant activation energy
enhancement. These results imply that the passivation of Vo
with other anions can mitigate tortuous Li* migration, such as
F-1, and are effective for deriving the C rate capability of
LiNio.sMn1.375Cu0.12503.875.

Figure 8(a) shows the discharge capacity vs. cycle number for
the LiNip.sMn1.504.5/Li cell and LiNig.49CuU0.01Mn1.4903.62
cathode/Li cell operated at 23 °C with a current corresponding
to 2 C. A significant capacity loss was observed with increasing
cycle number to approximately 80% of the initial capacity for
the LiNigsMni504.s/Li cell after 100 cycles; the Cu?*-
incorporated LiNigsMn1504.s/Li cells showed an obvious
improvement in the cyclability with capacity retention >96%.
The coulomb efficiency of the cell was almost constant at
>0.95 during cycling. The absence ratio of Mn3*was sufficiently
retained in the LiNip49Cu0.01Mn1.490362 compared to that of
LiNipsMn1504.5. Furthermore, retention of dark pigments was
observed on the polypropylene separator after 100 cycles in
the LiNipsMny.504.s/Li cell, unlike that in the
LiNi0_49CU0_01Mn1_4903_62/u cells. The batteries were reusable
after replacing an old separator with a new one. These results
strongly suggest that Cu?* substitution suppresses the
dissolution of Mn ions into the electrolyte via oxidative
decomposition for the liquid electrolyte at high voltages; this is
widely known as a primary factor in battery performance
degradation. The DFT calculation studies presented here imply
that the inactivation of electrochemical redox responses for
Mn3*/Mn** led to significant cyclability improvement. These
results strongly suggest that the incorporation of Cu2?* into the
spinel lattice lowers the risk of capacity fading under high-
voltage operation because of the occurrence of self-discharge
caused by Mn metal deposition on the separator closed to the
Li metal anode surface (self-discharge)?2 23,

The possibility of significant cycle degradation during further
cycles was also observed in the LiNig.49Cuo.01Mn1.4903.6 /Li cells.
Characteristic redox waves were observed at 4.4 V (vs Li*/Li)
due to Cu?*/Cu3* redox couples diminishing and a new peak
centered at 3.95 V appeared after 100 cycles (Figure 8(b)). This
that Mn3*/Mn%* redox couples will be

in  LiNiosMn1375Cu0.12503.875 with oxygen

indicates
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electrochemically active after the loss of Cu3* occupied at 12d
sites in the spinel lattice during cycling. This could potentially
promote capacity fading due to self-discharge through a
disproportionation reaction. In order to mitigate the cyclability
fading triggered by Cu3* dissolution, we further demonstrated
an ultra-thin fluoroalkylsilane SAM coating as a modifying
agent?2 23 at the LiNip.49CuU0.01Mn1.490362 cathode/electrolyte
interface. The thickness of the FAS17-SAM coating layer was
ca. 1.3 nm, as evaluated by a combination of angle-resolved
XPS-Mn2p and semi-empirical analysis. As shown in Figure
8(c), the FAS17-coated half-cell showed a noticeable
improvement in cyclability with capacity retention > 99% after
100 cycles with a coulomb efficiency of > 0.95. Increasing both
the surface ionization potential and mitigation of direct
contact with the electrolyte at the interface (through the
formation of a highly-ordered FAS monolayer bound to the
electrode surface) contributed to the inhibition of oxidative
decomposition of the electrolyte at the cathode/electrolyte
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Figure 8. (a) Changes in the discharge capacity as a function of cycle number for
LiNig.sMn1504.5/Li and LiNig49Cuo01Mn1490362/Li cells cycled at 23 °C with a current
corresponding to 2 C. (b) Changes in the cyclic voltammograms of
LiNig.49CU0.00Mn1 490362/Li cells after 100 cycles. (c) Effects of FAS17 coating on the
changes in cyclic voltammograms of LiNig 49Cug.01Mn1 4903 62/Li cells.
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interface. We have previously reported these behaviors in
LiNipsMn1504.5/Li half cell and LiNigsMn1s504.5/C full cells,
respectively?? 23, Furthermore, minor enhancement in the C-
rate capability was further observed, which may be due to
reduction of the desolvation energy for the Li* in the
electrolyte. The FAS17-SAM can be used as insulation against
Cu3+ dissolution at the LiNig.49CU0.01MnN1.4903.62
electrolyte/cathode interface without affecting the power
density.

Conclusions

We determined the effect of trace amounts of Cu?*
incorporation on the structural, electrical and electrochemical
characteristics of oxygen-deficient, spinel-type LiNigsMn1504.5
crystals using both experimental and computational
approaches. This is the first report that provides a full picture
of the local symmetry transition and cascaded macroscopic
electrochemical characteristics of high-voltage spinel
manganese cathodes for LIBs. These local symmetry transition-
driven effects are an exciting new direction for the
development of advanced cathode materials.
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