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Introduction

Journal ofsMaterials‘Chemistry A

Metastable oxysulfide surface formation on LiNig sMn; 50, single
crystal particles by using carbothermal reaction with Sulfur-doped
hetercarbon nanoparticles: New insight for their structural and
electrochemical characteristics, and their potential applications

Dae-wook Kim, Nobuyuki Zettsu,>b* Hiromasa Shiiba,? Gabriel Sdnchez-Santolino, Ryo Ishikawa,
<d Yuichi Ikuhara,® and Katsuya Teshima #2*

Spinel LiNigsMn; 504 (LNMO) and related compounds have been attractive much attention as a high voltage cathode material
for lithium ion batteries, however, their strong Lewis basic characteristics shown at the surface promotes various side
reactions in associating with the oxidative decomposition of the electrolyte, leading to significant capacity degradation as
increase of cycle numbers. We have proposed multi-anion surfaces (such as oxyflu
oride) for direct tuning of the electronic properties for cathode surface. In this study, we report the synthesis of LNMO single
crystals with oxysulfide surface and characterization of their electrochemical properties. Carbothermal reaction at around
450°C with sulfur-doped hydrocarbons (S-HC) nanoparticles as a solid-phase precursor made it possible to prepare
metastable oxysulfide surface without excess-reduction of transition metals in the spinel frame. This systematic study, using
experimental and theoretical approaches, revealed many new findings for understanding the oxysulfide surface effects. The
incorporated S? were preferentially occupied at O%*¢-sites (P4532), which are bonded with three transition metals containing
single Ni?* and double Mn**, leading to mitigating cation mixing of Li*/Ni?* formed at the surface and reducing surface energy
of {100} faces, resulted in significant changes in the corresponding electric structures, large morphological changes and an
increase of specific capacity, as well as significant cyclability enhancement. Furthermore, it was found that the S-2p orbital
was newly appeared at a higher level than the Ni-3d orbital, resulting in the dramatic changes of their electrical properties,

including narrowed their band gap and lowered overpotential for the redox reaction of Ni?*/Ni3*.

mounting on electric vehicles, however, there are many technical
limitations such as higher energy density of ca. 700 Wh/L with

Rechargeable batteries are crucial devices that support our
current daily life through energizing smartphones, tablets,
laptops, wearable appliances, power tools, and many other
applications. They are becoming increasingly important as energy
storage devices for electric and hybrid vehicles, as well as energy
storage devices for energy management systems combined with
renewable energy generators. Furthermore, these battery
systems are a key technology for limiting carbon dioxide
emissions and addressing climate change. Research on LIBs has
been attracting worldwide attention, despite there being many
candidates for electrical conversion systems including fuel cell
and Li-ion, Ni metal hydride, and lead-acid batteries. For
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pouch cell (corresponding gravimetric energy density is ca. 300
Wh/kg) while maintaining long-term stability (100,000 miles for
8 years), safety, and cost of <$§100/Wh*,

The energy density of a given battery is determined by its
working voltage, specific capacity, and electrode density. In
particular, the increase of the operational voltage corresponding
to the redox potential for the intercalation reaction of Li* at the
cathode above 4.45 V (vs Li*/Li) represents one of the most
serious issues for high-energy-density LIBs. Because lowering the
level of the d band occupied by the electrons of the transition
metal component of the cathode noticeably increases its redox
potential, layered materials with high Ni contents (such as
NCM811 and NCA) have attracted significant attention.

Among these cathode materials, high-voltage spinels,
LiNigsMn; 504 (LNMO) and related compounds, have also been
considered for this purpose due to the absence of Co element,
ability to be easily handled in air, thermal stability, and existence
of a robust spinel framework after full delithiation>’. Recently,
Manthiram et al. reported an overview of the recent
developments on understanding various factors that influence
the electrochemical performance of high-voltage spinel
cathodes®. The authors clarified that factors such as the degree
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of cation ordering, Mn3* content, morphology, and surface
planes/compositions are influenced by synthesis and annealing
conditions. For example, samples with a {111} family of surface
planes show superior performance compared to that with other
planes®°, However, their high operating voltages (>4.4 V vs.
Li*/Li) commonly result in the oxidative decomposition of the
electrolyte at highly delithiated LNMO electrode surface bearing
strong Lewis basic characteristics, which subsequently promotes
various side reactions, including Mn?* elution, the formation of
metal fluorides, and excessive growth of solid—electrolyte
interface (SEl) deposition!'13, There have been many approaches
that have attempted to mitigate the observed capacity fading of
LNMO/graphite full cells, such as reduction of the direct contact
area of the cathode with the electrolyte through coating with
inorganic particles and molecules as well as by adding organic
modifiers to the electrolyte'#22. More generally, organic coating
strategies based on the introduction of small molecule additives
into the electrolyte have been widely used to protect the
electrode surface of conventional LIB cells with an operating
voltage of less than 4.45 V (vs Li*/ Li). However, these approaches
provide only limited performance enhancements in
LNMO/graphite full cells, considering the electrochemical
dilemma exhibited by the oxidative and reductive degradation of
the electrolyte governed by the HOMO-LUMO analogy?*-%. For
example, it is known that vinylene carbonate (VC) molecules as a
typical additive provide stable SEI layer formation on the graphite
anode surface via a decomposition reaction and lead to good
cycling performance. However, it cannot effectively protect the
capacity fading of graphite anode coupled with LNMO cathodes
as the cycle number increases because VC molecules do not show
enough durability to oxidation at 4.7 V (vs Li*/Li). Excess SEI layer
formation occludes active sites by the oxidative decomposed
products generated at the LNMO cathode surface.

Recently, we have demonstrated the stabilization of LNMO
electrode surface via the direct ionic potential tuning (HOMO
level engineering). Surface modification of the LNMO electrode
with a self-assembled monolayer of fluoroalkylsilane molecules
or fluoride anion (F) incorporation into the oxygen deficient
formed on the surface (Fy,) have been proposed as strategic
approaches for overcoming the above limitations?’2°. For
example, the oxyfluoride surface significantly improved both C
rate capability and cyclabilities, however, the coordination bond
formation of F-Mn3*-F in the oxyfluoride surface layer provided
specific capacity degradation compared to the theoretical
capacity. Our DFT calculation and XAFS measurements strongly
suggested that the incorporated two F~ ions preferentially
coordinate to single Mn3*ions (MnO,F, octahedral) promoted the
electrochemical inactivation of Mn3* via the stabilization of their
Jahn-Teller distortion along the b-axis orientation. As their
oxidation potential increased up to 5.2 V (vs Li*/Li), it was found
that some lithium ions in the fluorinated LNMO lattice could not
be completely delithiated during charging, which caused a
decrease in capacity®.

Many fundamental studies have been conducted on cation
substitution effects in oxide-based functional materials sciences,
another approach for stabilizing the electrochemical
performance of cathode materials that has recently been gaining
more attention is anion doping3%3%32, This is likely to be limited
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by the temperature required for introducing the anionic species
into the oxide framework (not physisorption). Halide ions (F-, CI)
can be incorporated into target crystal lattices at a relatively
lower temperature by a solid-state reaction33, reaction with XeF,
gas phase®*, or reaction in molten salts®®. Conversely, the
synthesis of oxysulfides, oxynitrides, and other many possible
multi-anion systems generally requires high temperature
(>800 °C) under an oxygen-deficient atmosphere for the
synthesis due to use of gas phase anion sources. However, it
leads to a difficulty in suppressing the reduction reaction of
transition metals ions contained in active materials to their
metallic form, i.e., state with zero oxidation number. In order to
understand the full aspects of the multi-anion surface effects on
the side reaction that appeared at the electrolyte interface as
well as the diffusion behavior of Li* inside the electrodes, finding
a new synthesis route with a lower temperature of at least below
600 °C is necessary.

In this literature, as one of the multi-anion surface engineering
approaches, we are studying the effects of the incorporation of
S* on the structure and electrochemical properties of high
voltage LNMO spinel for the first time in the world. We aimed to
reveal the impact of the physical properties, delivered by
incorporating S* which has different ionic radius,
electronegativity, and charges, as comparing to those of 0. Our
newly developed carbothermal reaction, using sulfur-doped
amorphous hydrocarbon powders as a solid sulfur source, made
it possible to prepare an oxysulfide surface, and both
experimental and theoretical results provided many new findings
of the oxysulfide surface effects on both structural and
electrochemical characteristics in high-voltage spinel LNMO
electrodes.

Experimental Section

Preparation of the LNMOS, electrode. Sulfur-doped amorphous
hydrocarbon (S-HC) powders were synthesized by a solution
plasma process (SPP). Nonequilibrium cold plasma in an aromatic
solvent resulted in the formation of amorphous nanocarbon
powder having a disordered phase®. The schematic illustration
of the SPP setup is presented in the Fig. S1. In this study, a
thiophene (C4H,S) was used as a precursor. A bipolar pulsed
generator (Kurita Manufacturing Co., Ltd., MPP04-A4-30) was
used as a power supply for making glow discharge in thiophen.
The applied voltage and pulse width were 1.6 kV and 2 ps,
respectively. The obtained suspension was filtrated and dried in
a vacuum oven at 100 °C. Eventually, 1 g of black powder was
obtained after discharge for 1 h. LiNigsMn; 50, (LNMO) crystals
were prepared by flux growth using LiCI-KCI mixed molten salt?®
The obtained S-HC powders were grinded with LNMO crystals in
a mortar by hand milling for 20 min. Then, the mixture was placed
in an alumina crucible with 30 mL volume. The S-HC
concentration was adjusted to 10 and 15 mol% for S*
incorporation. The mixture was heated in an electric furnace at
600 °C under static air atmosphere. After maintaining
temperature for 3h, the mixture was cooled to 500 °C. Then it
was cooled to room temperature naturally in the furnace.

Characterization Morphological characteristics were evaluated
by using field emission scanning electron microscopy (FE-SEM,

This journal is © The Royal Society of Chemistry 20xx
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JSM-7600F at 10 kV; JEOL, Japan). The crystal phases were
examined by X-ray diffractometer (XRD) with a Cu-Ka source. X-
ray diffraction (Miniflex I, Rigaku, Japan) measurements were
conducted at 30 kV and 20 mA with a scan range of 28 = 10-80°.
The chemical compositions and chemical states were
characterized using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Hitachi High-Tech Science Corp., Japan,
SPS5510), X-ray photoelectron spectroscopy (XPS, JEOL Ltd.,
Japan, JPS-9010MX; 15 kV, 15 mA, monochromic Al K, source),
and ultraviolet photoelectron spectroscopy in atmospheric
pressure (UPS, RIKEN KEIKI CO. Ltd., Japan, AC-3; 10 nW,
Deuterium lamp, N, substitution type grating monochromator).
The cation (Ni, Mn) arrangements were evaluated by Raman
spectroscopy (LabRAM, Horiba Ltd., Japan, 532 nm excitation).
An original atomic surface structure was characterized by atomic-
resolution scanning transmittance electron microscopy (STEM).
The LNMOSx powders in ethanol were dispersed on a perforated
amorphous carbon grid supported by Cu mesh. The atomic-
resolution annular dark-field (ADF) STEM images were acquired
by an aberration-corrected JEM ARM300CF instrument (JEOL,
Ltd.) installed at the University of Tokyo, equipped with a cold-
field emission gun and electron energy-loss spectroscopy (EELS,
Quantum, Gatan Inc.). To suppress the beam damage to Li-
containing materials, we operated the microscope at 80 kV with
a relatively low beam current of ~10 pA, where no significant
structure changes were observed during image acquisition. The
convergence semi-angle was 30 mrad, and the collection semi-
angle for ADF-STEM is 72-200 mrad. The electrochemical
properties were evaluated using a R2032-type coin cell. The
cathode was composed of active materials, acetylene black, and
polyvinylidene fluoride (PVDF) in the weight ratio of 90:5:5. The
mixture was mixed with N-methyl-2-pyrrolidone (NMP) to give a
viscosity of ~5.1 Pa-s. The prepared paste was coated onto an Al
foil (Al foil thickness is ca. 20 um) using a baker type applicator.
The mass of cathode materials was controlled to be ca. 10
mg/cm?. All electrodes were dried at 120 °C in vacuum for 24 h
prior to use. A porous polypropylene film (#2500, Celgard) was
used as a separator. Next, 1 M LiPFs mixed with ethylene
carbonate and dimethyl carbonate (EC-DMC, 3:7 vol.%) was used
as an electrolyte and 2030 type coin cells were assembled in an
Ar-filled glovebox (MDB-2BL, Miwa Mfg Co., Ltd., Japan) with a
controlled atmosphere (£ 1 ppm of H,0 and O0,). The
galvanostatic charge—discharge test was conducted using a
galvanostat (HJ1020Msd8, Hokuto Denko, Japan) in a voltage
range of 3.5-4.8 V (vs Li*/Li). The electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) measurements
were performed using an electrochemical workstation (VSP-300,
Bio-logic, France) in a frequency range of 2 MHz-1 mHz for EIS
and voltage range of 3.5-5.0 V at a scan rate of 0.15 mV/s for CV,
respectively. All electrochemical measurements were performed
in a chamber with a controllable constant temperature (SU-221,
Espec, USA) of 25 °C. Equivalent circuit model was used for the
evaluation of impedance parameters:

Cy Ca }—{ =4
Re W

Galvanostatic intermittent titration technique (GITT) was
performed at 0.2C using an electrochemical workstation (VSP-
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300, Bio-logic, France). The both LNMO /Li and LNMOS, 15/Li cells
were charged for 10 min and then followed by a relaxation time
of 60 min between 3.5 and 4.8 V. The Li+ diffusion coefficient (D)
was calculated by using a following equation:

4 (my,\P (8N

Dui = E(W) (ra)
T is the constant current flux time. V,, (cm3 mol) is the molar
volume of the LNMO crystals, M (g mol?) and m (g) are the
molecular weight and mass of the cathode material, respectively.
A (cm?) is the area of the electrode, AE, and AEj is the steady

voltage-change after the relaxation period and the total voltage-
change during the single titration current flux, respectively.

DFT calculation The DFT calculations were performed using the
generalized gradient approximation (GGA-PBEsol) + U and
projector-augmented wave methods as implemented in the
Vienna ab initio simulation package (VASP).36-38 The U values for
the d-orbitals of Ni and Mn were set to 6.0 and 3.9 eV,
respectively.3®*! The magnetic ground state of LNMO exhibits
ferrimagnetic ordering (Nil Mn“), as reported in previous
experimental and computational studies3%4>#4. Thus, the
ferrimagnetic spin configurations were used for all the
calculations in this study. An energy cut-off of 500 eV anda 3 x 3
x 3 k-point mesh was used for the superstructure of 56 atoms in
a cubic spinel lattice of 8(LiNigsMn;50,) with P4;32 symmetry as
a starting structure. To realize the atomic arrangement of
8(LiNigsMny50,,S,) (x =0.125, 0.25), we added one or two sulfide
anions into the possible 24e and 8c O oxygen sites in the unit cell.
The nudged elastic band method was used to investigate the
minimum energy pathways of lithium hopping from one lattice
position to adjacent sites* . Relaxation of the crystal structure
was allowed for all calculations, and the final energies of the
optimized geometries were recalculated to correct for changes of
the plane-wave basis during relaxation. We manually arranged
the atoms on the LNMO surface while retaining their
crystallographic symmetry and chemical stoichiometry for
calculating the energy of a slab with a surface facet. The
crystallographic symmetry of the top and bottom slab surfaces is
essential for achieving a rational computational prediction. The
slab cells were constructed from the relaxed bulk structure, and
the lattice parameters were fixed for the slab cells. For the
calculations of the surface facets, slab thicknesses greater than
20 A were chosen for all facets with vacuum thicknesses of 20 A.
For the calculation of sulfur defect on the surfaces, single S* ion
was substituted on the terminated O% ion at (100) and (100) faces
in stoichiometric LNMO.

Results and discussion

The S* defect formation energy in LiNigsMn; 50,45, for x=0.125
(LigNizMn1,03,S;) and x = 0.25 (LigNisMn;,05,S,) were analyzed by
DFT calculation. Each atom in P4;32 LNMO occupies
{(Li)*herd (Nio.5)**(Mny 5)129}6ct(0)3¢(03-,)2%(S,) e, where
superscripts indicate Wyckoff notation and subscripts tet and oct
indicate tetrahedral and octahedral sites, respectively (Fig. S2).
The LNMOS with an S composition of 0.25 contains two S% in the
superlattice consisting of 56 atoms. Therefore, the model of the
first-principles calculation is well covered to the local structure of
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the experimentally obtained oxysulfide composition. However,
we have not considered relaxation process sometimes happening
at surface. We performed the formation energy calculation of
which single and/or double S* defects were formed in the
superlattice. As shown in Table S1, the all defect formation
energies are negative, implying that the incorporated S? are
thermodynamically unstable in the LNMO Iattice. This
computational finding highlights that the synthesis of an
oxysulfide LNMO is highly difficult using thermodynamically
controlled reactions.

Nonequilibrium cold plasma discharged in thiophene resulted
in the formation of black powders. FE-SEM observation revealed
that the black particles formed spherical shapes with 20-30 nm
diameter (Fig. S3a). Their powder XRD profile suggested that the
particles formed an amorphous phase (Fig. S3b). We quantified
the oxygen and sulfur contents in atomic % by using XPS
measurement for conducting chemical composition. The
measured contents in at% was converted to mol% and chemical
composition. Corresponding XPS quantification table were
shown in Table S2. It clearly revealed that the sulfide anion was
atomically incorporated in the amorphous carbon matrix.
According to previous reports, high amounts of oxygen and
hydrogen were also included in the matrix, implying that the S-
HC particles will support combustion in the following reaction
under air at a high temperature3®.

The incorporation of S* into LNMO lattice was performed
through the carbothermal combustion reaction, initialed with the
S-HC particles. A typical TG-DTA profile of the mixture was
composed of LNMO crystal and S-HC particles (Fig. 1a).
Exothermic peak was detected at approximately 450 °C. When
only the particles were heated alone, a sharp exothermic peak
was not clearly observed. It may have caused a combustion
reaction of the S-HC particles, catalyzed by the LNMO crystal
surface. The powder XRD profiles for LNMO and LNMOS, crystals
are displayed in Fig. 1(b). As all diffraction lines can be assigned
to reference data (ICDD PDF 70-8650) with small shifting, LNMOS,
crystals presented single phase without significant subphase
formation by a combustion reaction. The lattice parameter was
increased as the S* substitution due to different ionic radius
between 0% (1.26 A) and S* (1.70 A) anions. The chemical
compositions were evaluated by ICP-OES and XPS for cations and
anions, respectively (Table S2). For convenience, the obtained
crystals were denoted as LNMOS;; and LNMOS, ;5. We further
examined the depth profiles of XPS-S3p core-level spectral as a
function of Ar sputtering times (Fig. 1c). The XPS signal assigned
to oxysulfide detected from the LNMOS, ; crystal surface became
extremely weak to the lower detection limit level taken from the
20 nm etched surface. The remarkable changes in the depth
profile indicated that S were locally incorporated at the crystal
surface. Furthermore, because the reaction did not proceed to
the inside of the crystal, this finding strongly supports that the S*
incorporating reaction was instantaneously progressed under
combustion reaction.

The impact of surface oxysulfidation on Li*/Ni**/Mn** cations
arrangement in LNMO lattice was studied using Raman
spectroscopy (Fig. 1d). LNMOS, crystals presented no significant
changes in spectral features with LNMO crystals in contrast to
that of F- substitution. Intense Raman signals at 402, 495, and 642

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

cm™? can be assigned to Ni—O stretching bond for 402 and 495
cm™?, and Mn—0 stretching bond for 642 cm=. Moreover, peak
splitting observed at 507-606 cm™ and 220-240 cm™ were
evidentiary characteristic peaks which implies that the spatially
P4332-type cation arrangement was formed inside the LNMOS,
crystal.

Supplementary Fig. S2a, b shows the most stable atomic
arrangements in LiNig sMn4 50,4.,S, analyzed by DFT calculation for
(a) x =0.125 (LigNizMn,03,S,), and (b) x = 0.25 (LigNizMn1,03,S,),
respectively. The S* was preferentially occupying O-sites (24e
sites instead of the 8c sites) which are bonded with three
transition metals containing single Ni** and double Mn*,
irrespective of the number of incorporations. Lattice constant
and corresponding lattice volume was increased as the
incorporation of S which was accorded with XRD data (Fig. 1b).
No calculational evidences on 0%/S> anion ordering
arrangements in LiNigsMn; 5035505 lattice were obtained, it
implies that S* ions occupy randomly in the anion sublattice.
Their formation energy in most stable atomic arrangements and
10th stable arrangement has little energy difference of 25 meV
f.ul. Furthermore, DFT calculation suggests that any -S$*-S-
clusters were impossibly formed in the cubic LNMO systems due
to its large ionic radius. MO6 (M=Ni, Mn) octahedron accept only
a single S%. These results on local transition metal arrangement
(Fig. 1d) and anion ordering characteristics (Fig. S2) are distinctly
different from the previously reported oxyfluorinated spinel
LNMOF,.2° It is related to the fact that the S* has the same
divalent anion as the 0% and may not have required a charge-
neutralization response for Mn*" to Mn3* via oxysulfide surface
formation.

In contrast, surface oxysulfidation resulted in the drastic
morphological changes. FE-SEM observation clearly visualized
the truncation at the corners and edges of the parental
octahedral structure of LNMO crystals (Fig. 1e). The truncated
faces were assigned to the {100} faces, bearing a higher surface
energy than the {111} face. Thus, the incorporated S* potentially
made the surface energy of the {100} faces lower, compared to
the standard LNMO crystal surface. The truncation was enhanced
by the amount of incorporated S*. Fig. 2a-c show ADF-STEM
images of the LNMOS, surface viewed along the [110] direction.
There are two-types of surfaces as {100} and {111}, which is
consistent with FE-SEM observations. Owing to Z-contrast nature
(z is atomic number), the heavy atom-containing column
becomes brighter. At the {111} facet plane, the brighter contrast
appears in the Lisites. It suggests that the transition metals of Mn
and / or Ni at the octahedral 12d or 4b site migrate to tetragonal
Li 8c site as antisite defects formation, although the thickness is
very thin as one-unit cell. A similar result was observed at the
{100} surface. The transition metals were transferring to the Li
site from the original site. The reconstructed surface thickness
composed of different atomic arrangements became slightly
thicker as three or four unit-cells. DFT calculation on the
formation energy of anti-site spinel structures at both facet
surfaces of {111} and {100} also supports the movable Li ions is
lacking within a few unit-cells from the surface via anti-site defect
formation.

Fig 2d, e shows the Mn oxidation state as a function of distance
from the surface to the bulk, where we quantified the Mn-L2,3

This journal is © The Royal Society of Chemistry 20xx
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edge. The Mn oxidation state is substantially reduced at the
reconstructed surface down to less than Mn3*. Unfortunately, we
did not directly figure out the atomic arrangement of
incorporated S% inside the crystal by STEM observation. The
mechanism for the change in the valence state of Mn in
association with 0% and S* vacancies formation in the
reconstructed surface has been not cleared at this state. It cannot
be denied that oxygen and sulfur may have desorbed from the
crystal surface due to electron beam excitation during
microscopic observation. Another possibility is that the
reconstructed structures in the surface region is considered to
have been formed by removing half of the atoms to mitigate the
dipole moment formed on polar {100} and non-polar {111} planes
of LNMOS, crystals during the oxysulfide surface formation.*¢ This
theory can explain the difference in reconstructed surface
thickness between the {100} and {111} planes. Furthermore, our
DFT calculation suggests that the S? defect formation energy for
stoichiometric {100} faces (-0.28 eV) shows significantly smaller
than that of {111} faces (0.07 eV) in LiNigsMn; 5O,.

Galvanostatic charge-discharge tests at various C rates were
systematically performed to examine the effect of the S*
substitution on the kinetical parameters in association with Li*
diffusion behaviors. Fig. 3a shows the third charge-discharge
cycle profiles at 30 mA-g?, corresponding to a 0.2 C rate. The $*
substitution slightly affected the voltage slope characteristics.
The continuous gentle changes in the flat voltage starting from
4.6-4.8 V (vs. Li*/Li) were observed for all half-cells. These slops
were assigned to the intercalation reaction based on a two-phase
reaction mechanism in association with the redox couples of
Niz*/Ni** and Ni**/Ni**. Moreover, it was indicative of spatial
Li*/Ni%*/Mn** ordering in spinel frameworks, which led to P4;32
symmetry formation, which agrees with the results of Raman
spectroscopy. A distinct inflexion point in the voltage slope at
around 3.8 V was detected for the LNMOS,/Li half-cells. Since the
increased capacity based on the S* incorporation contributed to
less than 10% of total capacity, it might be reflected by the atomic
rearrangement formed inside the top 10 nm-thick crystal
surfaces, as shown by XPS and EELS measurement coupled with
STEM observation. Notably, our DFT calculation suggests a
plausible mechanism for explaining the origin of the distinct
inflexion point. The changes in the most stable atomic structure
of LNMOS, as a function of their lithium composition were
computed using the formation energies of P4;32-type LNMOS,
with different atomic arrangements (Fig. S4). In Figure S4 and Fig.
3b, we have showed the changes in atomic arrangements in
delithiation reaction, vyielded corresponding voltage slopes
computationally. We evaluated formation energies of the all
possible atomic arrangements for each LNMOS, with different Li
compositions. These figures plotted vertically the formation
energies of the all possible atomic arrangements. Thus, the
bottom one aligned on the y axis means the minimum formation
energy of the most candidate thermodynamically stable atomic
arrangement. Furthermore, the changes in atomic arrangements,
in association with delithiation reaction, yielded corresponding
voltage slopes and corresponding reaction mechanism as well as
the structural transitions, computationally. As shown in Fig. 3b,
the above DFT calculation provided computationally-duplicated
voltage profile of the charging process from 3.5-5.0 V. The LNMO
electrode showed a flat voltage at delithiation at ~4.7 V, assigned

This journal is © The Royal Society of Chemistry 20xx

Journal ofcMaterials Chemistry A

to the oxidation of Ni?* to Ni**, whereas the LNMOS, electrodes
displayed distinct plateaus at ~4.7 V and an additional small
plateau at around 3.8 V. LNMOS, ;,; showed that there was no
intermediate phase in delithiation process from L, QNMOS, ;,5 to
Los7sNMOSp 15 and  from  LogsNMOSg 55 to LoNMOSg 5.
Furthermore increase of the S incorporation extended to the
first two-phase model regions up to Ly ;sNMOS, 55, indicating that
the two kinds of two-phase regions coexist during the delithiation
process, which correspond to the oxidation of Ni?* to Ni** in the
charge process. Fig. 3c and d indicates the calculated partial
densities of state diagrams (PDOSs) for Mn 3d, Ni 3d, and S 3p
bands in P4;32-type LNMOS, 1,5 and LNMOS, ,; with different
lithium compositions, respectively. The Fermi level was set to be
zero position in this these PDOSs. The changes in PDOSs, with
respect to the change in lithium ion composition, provide insights
regarding the oxidation reaction of transition metals that
contribute to the electrochemical delithiation reaction. The PDOS
profiles in the Mn 3d (Mn*) did not change during delithiation
process. This indicates that their contribution to the oxidation
reaction is significantly small. In contrast, the PDOS profiles of
NiZ* and S* simultaneously showed a drastic change when the
lithium composition was reduced from L;oNMOS;;,5 to
Lo s7sNMOS, ;55. Hence, Ni%* coordinated with S* were oxidized
preferentially to Ni** during the early delithiation reaction step.
In addition, it was found that Li* ions occupying the 4a site located
closest to S* ions that occupy the 24e site preferentially
deintercalated from the spinel lattice as the electrochemical
oxidation of Ni?* occurred at an applied voltage of 3.8 V. This
oxidation potential is considerably lower than that at other sites
of Ni?* in the spinel lattice (ca. 4.7 V). Thus, Li* ions occupying the
4a site located closest to S? ions occupying the 24e site became
unstable. Although not adequately clarified at this stage, we
consider that the anti-site defects of Li*/Ni** formed on the LNMO
crystal surface was recovered by introducing S? on the surface.
The lithium ions that reoccupied the original site are considered
to become movable ions for electrochemical intercalation, and
thus it contributes to the specific capacity improvement observed
in LNMOS systems.

The effects of S* incorporation on reaction kinetics were
further probed by subjecting half-cells to cyclic voltammetry (CV)
measurements, C rate testing, and DFT calculation. As shown in
Fig. S5, a broadened oxidative wave at 4.6—4.8 V associated with
splitting peaks was observed for LNMOS, electrodes, and the
polarization reduction were observed with an increasing amount
of S% incorporation. The above behavior was ascribed to the
presence of Ni?*/Ni** and Ni3*/Ni** redox pairs, which was also
believed to account for the voltage step in the low-Li-content
region of voltage profiles. These trends strongly imply that the $*-
incorporation potentially narrows the potential gap for step
redox reactions of Ni?*/Ni3*/Ni**. The kinetics of Li* migration was
examined by systematic galvanostatic charging-discharging tests
at varying current densities (Fig. 4a). A small variation in
discharge capacity presented within 10 mAh/g at a current
density of 0.2 C was gradually increased as the current density
rose. The LNMOS, ;s electrode achieved the highest discharge
capacity at a current density of 10 C. The specific capacities of
LNMOS, ; and LNMOS, ;5 cathodes based half-cells at 10 C were
determined as 30 and 40 mAh-g?, respectively. Even though both
the loading amount (ca. 10 mg/cm?) and tap density (ca. 3.0
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g/cm3) were relatively high, these C rate characteristics do not
provide sufficient evidence that LNMOS, crystals deliver superior
C rate characteristics compared to other LNMO-related
materials. For example, a fluorine-substituted oxyfluoride
(LNMOF,) electrodes showed much better rate capabilities which
was attributed to both d-electron doping in Mn 3d band and the
reduction of energy barrier for Li* hopping along energetically
preferable 8a—16c¢—8a route inside of LNMO lattice with Fd-3m
symmetry. However, what is important in this paper is that the
rate capabilities were improved by the S%substitution, as
compared to that of pristine LNMO. The CV diagrams taken from
the series of LNMOS, electrodes suggests that the current
density, in association with kinetical parameters based
electrochemical redox reaction of Ni?*/Ni3*/ Ni**, was highly
enhanced. This is evidentially supporting the C rate capability
enhancement trends.

The improved C rate capability observed in LNMOS, electrodes
might be primarily attributed to thinner SEI layer formation on
the electrode surface via the mitigation of side reaction
happened at the electrolyte interface, driven by the oxysulfide
surface (described details later). We further think that the
enhancement in the electronic conductivity of LNMO crystals will
deliver positive impacts on the C rate capability. Figure S6a shows
orbital electronic structures of Mn-3d, Ni-3d, O-2p, and S-3p in
some MOg/ MOsS octahedrons in LNMOS,. These are almost
same data of fully lithiated LNMOS, displayed in Fig.3 (c) and (d),
except for their zero reference. To make it easier to intuitively
understand the effect of S substitution on the changes in the
bandgap of LNMOQOS,, the value on the x-axis was re-edited based
on the vacuum level. The S-3p orbital in the LNMOS, was
appeared at higher energy level than the Ni-3d orbital of LNMO.
It made the Fermi level higher, and smaller band gap of LNMOS
than those of LNMO. This is also strongly associating with the
lowered overpotential for the redox reaction of Ni?*/Ni3*. These
are due to the hybridization of S-3p orbital and Ni-3d one, and it
is considered that the contribution of covalent bond was
enhanced by the S substitution. Schematic diagrams summarizing
the above considerations are shown in supplementary Fig.S6(b).
Figure S6b was drawn as a diagram to understand the overall
picture of changes in electronic structure. Incorporation of $*
into the spinel lattice slightly increased the bottom of the Ni-3d
(t2g) bloc, comparing to that of original oxide. In contrast, the
shift in the bottom in the Fermi energy was found to be
significantly higher of 0.69 eV. Based on these theoretical facts,
we thought that the overall shift of Ni-3d was not happen,
significantly.

Electrochemical impedance  spectroscopy (EIS) and
Galvanostatic intermittent titration technique (GITT) were
further performed to examine kinetic parameters (Fig. 4b and Fig.
S7). The high- and medium-frequency semicircles represent
surface film resistance (Ry) and charge transfer resistance (Ry),
respectively, at the electrode—electrolyte interface. The kinetical
parameters were analyzed using an equivalent electrical circuit
model and are summarized in Table S3. Lithium ion diffusion
coefficients (D) of the porous LNMO cathodes were slightly
increased by the incorporation of S* onto the surface. It is
interestingly note that the Ry was increased with increasing $*
content, even though the R, was degraded with increasing S*
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content. These two different trends are symbolic characteristics
that show the impacts of oxysulfide surfaces on electrode
reactions. Furthermore, GITT spectra also represented that Li*
diffusion coefficient (D,) was slightly increased by the S*
incorporation. The changes in the D responding to the SOCs,
represented similar trends without any dependence with S*
incorporation. It was enhanced in proportional to the SOC by 4.6
V. These results suggest that the oxysulfide surface does not
provide significant impacts on various resistance processes
formed in the porous cathode at different SOC. Thus, the
oxysulfide surface will be considered to primarily contribute to
the CEl layer characteristics for the enhancement of battery
performances, including thickness and conductivity, of which
they are independent on the SOC of cathodes.

The trajectory of Li* migration within spinel framework and the
corresponding activation energy were probed by DFT calculations
in order to understand the S? substitution effects of Li* diffusion
behavior. Lithium ion preferentially migrated along the
tetrahedral 8c— octahedral 4a/12d- tetrahedral 8c route with the
energy profiles of Li* hopping paths with lowest activation
energies irrespective of the extent of S* substitution (Fig. 4c, d).
The activation barrier for Li* hopping in the LNMO and series of
LNMOS, crystals became the smallest in the 4a model at x =0.125
(1.2 eV) and 12d-3 model at x = 0.25 (0.7 eV), respectively. In
particular, the LNMOS, ;s crystal showed lower activation
energies for the self-diffusion than those of LNMOS,; crystal,
which was in good agreement with the C-rate capability test (Fig.
4a). However, their activation energies were still very high, as
comparing to those of stoichiometric LNMO, nonstoichiometric
LNMO,.s, and LNMOF,.3° Their trajectories of Li* hopping along
migration paths summarized in Fig. 4c, d suggests that the
migration path and activation energy of Li* hopping basically
depend on the interaction between Vi; at the 8c-4a/12d-8c sites
and O or S§ at the 24e sites, similarly to the cases of LNMOF,
crystals. 3° The Li* in stoichiometric LNMO was transported in a
straight line along the migration path. In contrast, Li* in LNMOS, ;
migrates tortuously at near S& due to its larger ionic radius.
Based on the above theoretical insights, one can conclude that
octahedral vacancy shape and volume, which are strongly
affected by the substitution environment, significantly influence
the dynamics of Li* migration. We think that the energy barrier
for Li* hopping is increased by the reduction of octahedral
vacancy volume by the introduction of $* with lager ionic radius
into the Li* diffusion path. Such significant influence of resistive
component for Li* transport inside the active materials might
have made the Ry of the LNMOS, crystal electrodes higher,
comparing to that of LNMO and LNMOF,.

A cyclability test will be critical for understanding the impact of
SEIl layer in accordance with the impedance growth. The LNMO
and LNMOS, electrodes-based half cells were cycled for 200
cycles at 25 °C with current density of 150 mA-g* corresponding
to 1 C (Fig. 5a). A significant capacity loss with cycle number was
observed to 79% of the initial capacity for the LNMO/Li half cells
after 200 cycles. The LNMOS,/Li half cells showed an obvious
improvement in the cyclability with capacity retentions >90%.
Moreover, the highly substituted LNMOS, ;5 electrodes showed
the highest capacity retention of 95% among all prepared
electrodes. The coulombic efficiency of the cell was almost
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constant at >99% after the second cycles. Furthermore, EIS
experiments for the cells after 200 cycles showed that all the
kinetic parameters in LNMO/Li cell degraded with cycling (Fig.
5b), however, the deterioration of the LNMOS,/Li cell was
significantly smaller (Table S3). Furthermore, variation of
electrochemical resistance was decreased with increasing sulfur
content. LNMOS, ;s electrode presented a noticeable small
degradation in Ry and R.. Moreover, the lithium ion diffusion
coefficient inside the porous LNMOS, ;s composite electrode
became higher after cycles.

Further investigation on the chemical state of the cycled
electrodes surface was performed using X-ray photoelectron
spectroscopy (XPS) to determine the influence of oxysulfide
surface on SEI formation reaction. Fig. 5¢ shows the depth profile
of Cls core-level spectra for the 200 cycled electrodes. The cycled
LNMO electrode displayed obvious different spectral
characteristics compared to those of the LNMOS, electrodes. The
broaden spectrum peak observed with LNMO electrode was
individually detected into multiple components with LNMOS,
electrodes. In particular, the peak area belonging to C=0/0-C-0
bonds had dramatically decreased with LNMOS, electrodes.
Furthermore, the C=0/0—-C-0O bonds were detected from the
LNMO electrode even after removing the surface SEl layer
corresponding to a thickness of 20 nm in terms of silicon by Ar
sputtering, while LNMOS, electrodes presented absence of
C=0/0-C-0 bonds (Fig. 5d). Similar trends were recognized in
O1s core level spectra (Fig. 5e, f). In addition, the incorporation
of S% on the LNMO surface was found to substantially decrease
the peak area centered at 535.8 eV which is attributed to Li,PF,O,.
Since Li,PF,0, is known to generate from Lewis acidic PF> which
was from the decomposition of LiPF4 salt at the electrode surface,
the LNMO electrode surface is considered to have Lewis base
nature toward LiPFg salt. If an oxide has certain properties
because it is a Lewis base, these properties can be suppressed by
adsorbing a Lewis acid on the surface*. These facts strongly
suggest that the incorporation of S% into the LNMO surface
atomic layer might mitigate its Lewis base characteristics, leading
to inhibiting the decomposition of the LiPFg at the surface. The
XPS-Mn 2p core level spectra of the as cycled and after sputtered
electrodes are shown in Fig. S7a, b. No significant changes in the
peak intensity ratio of Mn3*/Mn* was observed in the cycled
LNMOS, electrodes in contrast to that of bare LNMO. Since the
absence ratio of Mn3* was sufficiently retained in the LNMO
stabilized with the incorporation of $%, Mn3* does not go through
the notorious disproportionation reaction. These spectral
features also support our consideration of the impact of the
incorporation of S* on mitigating unexpected excess SEI layer
growth.

Furthermore, XPS valence band spectroscopy and Ultraviolet
photoelectron (UPS) measurements were performed to
determine the electronic structure of the LNMOS, electrode
surface. The valence band edge positions apparently shifted to
deeper levels, while the corresponding peak areas decreased due
to the oxysulfide surface formation (Fig. 5g). Since a similar shift
of the valence band edge position was observed for both the
LNMOF, electrode surface®?, and fluoroalkylsilane monolayer
immobilized LNMO,_s electrode surface, those which delivered
significant improvement of high-voltage durability.?®?° This
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implies that the incorporation of S stabilized the Ni—Ni, Mn—Mn
and O—0 bonds located on the top surface of LNMO crystals, thus
preventing gas evolution, transition metals ion dissolution, and
the formation of an excessive SEl layer. DFT calculation evaluated
the PDOS peaks located near the Fermi level were shifted to
lower energies after the incorporation of S%, which was
consistent with the results of XPS valence band measurements.
Ultraviolet photoelectron measurements were also performed to
elucidate the effect of the oxysulfide surface formation on its
ionization potential. As shown in Fig. 5h, the threshold of the
ultraviolet light energy required for the generation of a
photoelectron from the LNMO electrode surface increased, and
the number of produced photoelectrons decreased in the
LNMOS, electrodes as the increase of S* contents. The observed
spectral characteristics also strongly suggest that the formation
of oxysulfide surface on LNMO crystals increased the energy
difference between the Fermi level and the vacuum level.
Moreover, the presence of $* in the LNMO surface significantly
decreased the probability of the reduction of both Niand Mn ions
via the oxidative decomposition of the electrolyte at a high
voltage. All these experimental results evidentially indicate that
sulfur anion incorporated on the LNMO surface atomic layer
provides positive impacts for suppressing the formation of metal
fluoride as a solid electrolyte interface and the dissolution of
transition metals ion in the electrolyte due to the oxidative
decomposition of the liquid electrolyte at high voltage. It is
thought that the thinner SEI layer formation on the oxysulfide
surface might promote efficient diffusion of Li* at an electrolyte
interface, which results in the decrease trend of the R in the
LNMOS, electrodes-based half-cells. As a result, we concluded
that the oxysulfide surface with lower Lewis base characteristics
strongly contributes to preventing the risk for higher capacity
fading at high-voltage operation because of the occurrence of a
short circuit caused by transition metals dissolution during
cycling.

Conclusions

This systematic study using experimental and theoretical
approaches has ascribed many new insights regarding the
oxysulfide surface effects on structural and electrochemical
characteristics in high-voltage spinel LNMO electrodes.
Carbothermal reaction using sulfur-doped hydrocarbons (S-
HC) particles as precursors made it possible to incorporate
S? jons into the LNMO surface. It will contribute to academic
knowledge regarding the multi-anion surface effects on the
side reaction that appeared at the electrolyte interface, as
well as the diffusion behaviour of Li* ions inside the
electrodes. Compared with the oxyfluoride surfaces
reported previously,3? the oxysulfide surface provided high
cyclability and no impedance growth due to the thinner SEI
layer formation. However, the oxysulfide surface provided
poor output characteristics due to the ionic radius of S*
being larger than O% and F. In a lithium ion compound
crystal system having a small lattice volume, it is difficult to
maintain a sufficient space necessary for lithium ion
diffusion. Therefore, in contrast to a lithium-ion battery
material, sodium-ion battery materials with a larger lattice

J. Name., 2013, 00, 1-3 | 7



Journal of:Materials.Chemistry A

volume will potentially show better compatibility for the
incorporation of S? ions into the lattice. We believe that
multi-anion surfaces will provide many new possibilities for
materials design concepts for improving battery
performances by managing side reactions that occur at the
electrolyte—electrode interface.
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Figure 1. Structural characteristics of LNMO, series of LNMOS,
crystals were summarized: (a) TG-DTA profiles of the mixture of S-HC
powders (0.045 g) and LNMO crystal (0.955 g) which are responsible
for LNMOSg 1 crystal formation, (b) The powder XRD patterns, (c)
Depth profiles of XPS-S3p core-level spectra as a function of Ar
sputtering, (d) Raman spectra, and (e) FE-SEM images.
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Figure 2. Characterization of surface atomic structure of LNMOS; 1s.
(a) STEM images and annular bright-field STEM (ABF-STEM) images
of (b) (111) and (c) (100) surface. (d and e) Mn oxidation state as a
function of distance from the surface by EELS Mn-L2,3 edges.
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Figure 3. Electrochemical impact of $Z substitution. (a) galvanostatic
charge—discharge curves in the range of 3.5-4.8 V at 0.2 C-rate, (b)
computationally predicted voltage profiles of LNMO and LNMOS,
during the charging reaction as a function of Li content. DFT
calculations on the changes in partial density of states (PDOS) for Ni-
3d, Mn-3d and S-3p orbitals: (c) x = 0.125, and (d) x = 0.25.

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Journal Name

lournal ofdMate

als'Chemistry)A

ARTICLE

(a) (b)
=" aze g
S 0z .
R R iz w0] < Giwor,
Bw| i.g
£ HEETRLS Ex o
8 ved e o s
E 0 TETees o N - at
& . reaTre i
Eeb ot ot
9 20 v LNmos nan Tt
2
0 0-
5 10 15 20 10 20 30 40 50
Cycle Z' (Ohm)
(c) (d)
14 14-
A . > " st
PN 1 A [SE
7R / /g N
N B * 1283
1.0 Y, 1.0 } x\ > oda 182
%‘ - \k\ E -] y % * 120 154
= nls-/ % 2. 08,/ \
7R N 3 f
2 . 2 /
ERY2 X ERY
s N b
0.4 ,
Y
N
0.2 \ /
0.0
0 2 3 4 1 2 3
Distance (A) Distance (A)
4a 12d-1 12d-2 2 lgd 1 H
12d-3 12d-4

Figure 4. Lithium ion transportational characteristics in
the LNMO/Li, and LNMOS,/Li half cells. (a) C-rate
capabilities and (b) Nyquist plots. (c, d) Computationally
predicted possible Li+ migration paths and their energy
profiles for (c) LNMOS, 1,5 and (d) LNMOS, »5
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Figure 5. (a) Plots of discharge capacity vs. cycle number for LNMO/Li
and LNMOS,/Li cells operated at 1 C in a cut-off voltage window of
2.5-4.8 V, and (b) EIS characterizations were followed after 200
cycles. (c, d) Cls, and (e,f) O1s XPS core-level spectra of 200 cycled
LNMO and LNMOS, electrodes taken from as prepared surface (c, e),
and following Ar sputtered surface (d, f). (g) XPS valence band spectra
and (h) ionization potential of the fresh LNMO and LNMOS,

electrodes.
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