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ABSTRACT: The Li-excess-layered cathode (LLC) as a lithium-ion battery (LIB)
cathode has received significant attention due to the need for high specific energy
density. However, these cathode materials are associated with unwanted surface
structural transformations from the layered to the spinel phase. This transformation
hinders Li+ ion transport by lattice mismatching and Jahn−Teller distortion.
Furthermore, it causes Mn ion dissolution, leading to the formation of an insulating
rock-salt phase on the surface. This can deteriorate the electrochemical cycle retention
and rate capability, limiting their use in practical applications. In order to address these
issues, we dope S into the surface of the LLC material (S-LLC),
Li1.2Mn0.54Ni0.13Co0.13O2−xSx, to tailor the surface transformation and thus electro-
chemical performance outcomes. This type of sulfurization strategy can induce the
formation of the Li4Mn5O12 spinel phase, which can relieve the structural
incompatibility and Mn dissolution. The S-LLC shows excellent electrochemical
performance; the S-LLC has a first specific discharge capacity of 233.7 mAh/g and a
cycle retention of 95.5% after 200 cycles with good rate capability. This work provides an insight into a novel anion doping method
for the selective formation of a desirable surface spinel phase for high energy-density cathode materials for LIBs.
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■ INTRODUCTION

Lithium-ion batteries (LIBs) are the promising energy sources
for mobile electronics, electric vehicles (EVs), and energy
storage systems (ESSs).1,2 However, current LIBs cannot meet
the demanding energy requirements given that the cathode
materials, such as LiCoO2,

3,4 LiFePO4,
5−7 LiMn2O4,

8−10 and
LiMnxNiyCozO2,

11−15 exhibit insufficient specific capacity and
energy density. Thus, it is vital to develop a high-energy
cathode material. Li-excess-layered cathode (LLC) materials,
often denoted as (1−y)Li2MnO3·yLiMO2 (M = Mn, Co, and
Ni), have been described as either a composite or a solid
solution of the rhombohedral LiMO2 (R-3m space group) and
monoclinic Li2MnO3 structures (C2/m space group). The
rhombohedral LiMO2 phase is composed of an octahedral
transition metal (TM) oxide layer and an octahedral Li oxide
layer, which are stacked repeatedly. The monoclinic Li2MnO3
phase can be written as Li[Li1/3Mn2/3]O2 to allow the
description of both structures as layered α-NaFeO2-type
rock-salt structures with cation ordering or long-range Li in-
plane ordering and a ×a a3 3hex hex superstructure in the
TM layer.16,17

These LLC materials have garnered much attention due to
their high specific capacity, which exceeds 250 mAh g−118−27

between 2.0 and 4.8 V.28−31 This high specific capacity stems
from two redox reactions: TM redox in the LiMO2 component
and oxygen anion redox reactions (O2−/O2

n−, 1 < n < 3) in the

Li2MnO3 component. The TM redox is known to have high
reversibility but low capacity. On the other hand, the oxygen
anion redox reaction is known to have a high capacity but low
reversibility. The oxygen reaction causes unwanted phase
transformations, leading to electrochemical performance
fading. During the initial charge, TM oxidation occurs below
4.5 V vs Li/Li+. Above 4.5 V vs Li/Li+, oxygen oxidation
occurs. During the oxygen oxidation process, various phase
transformations occur, especially at the surface. Simulta-
neously, this process causes irreversible oxygen extraction
and creates oxygen vacancies that lead to Mn migration from
the TM layer to the Li layer. As a result, the LiMn2O4 spinel
phase forms at the surface.32 The formation of the LiMn2O4
spinel phase is detrimental to the battery performance because
LiMn2O4 has lower Li diffusivity and lower electrical
conductivity than the LLC. The Li diffusion coefficient is
also lowered by the formation of incompatible phase
boundaries between the spinel and layered phase and
distortion of the diffusion channel at the phase boundaries.33,34
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Thus, the discharge voltage decays over prolonged cycles.
Furthermore, the spinel phase activates Mn redox by forming
Mn3+ ions. The Mn4+/Mn3+ redox reaction leads to severe Mn
dissolution and Jahn−Teller distortion, causing a further phase
transformation to the rock-salt phase, which is an electro-
chemically inactive and insulating phase. In a word, the
formation of the LiMn2O4 spinel phase is one of the major
causes of the low rate capability and the rapid capacity fading,
which occurs during the cycling of the LLC.35,36

In an effort to overcome the issues associated with the
LiMn2O4 spinel, recent works modified the surface of the LLC
to form Li4Mn5O12, a lithium-rich spinel/layered hetero-
structure, and admirably improved the electrochemical
performance.37−39 Compared to the LiMn2O4 spinel, this
Li4Mn5O12 spinel phase has less lattice mismatch with the host
layered structure, which benefits the Li+ ion diffusion rate.40

Furthermore, the Mn in Li4Mn5O12 has a higher oxidation
state, Mn4+, compared to that in the LiMn2O4 spinel, Mn3.5+.
This suggests that the Li4Mn5O12 phase is significantly more
stable in terms of Jahn−Teller distortion and dissolution than
LiMn2O4. Even during the activation of the Mn redox, Mn4+ in
the Li4Mn5O12 only reduces down to Mn3.4+.41 The benefits of
forming the Li4Mn5O12 phase instead of the LiMn2O4 phase
are clear. However, current methods of forming the Li4Mn5O12
spinel phase are multistep surface synthesis,36,39 which has
high-cost, or one-step bulk synthesis,37,38 which forms an
excessive amount of spinel. Therefore, a one-step surface-
selective method must be explored.
To overcome these limitations, various solutions have been

proposed. Among various solutions, F− anion doping is one of
the most representative methods. By doping the F− anion into
the LLC, the spinel transformation is hindered through the
formation of strong M-F bonding that impedes TM migration.
Moreover, F− has a higher oxidation state than the O2− anion,
lowering the oxidation state of TMs. Consequently, the
reversible TM redox reaction capacity increases.42−44 How-
ever, it has been shown that the F− anion has a strong trapping
effect on the polaron states in the lattice. Moreover, the
mobility of the polaron states is lowered. Thus, F− anion
doping has a drawback in that it reduces the electrical
conductivity of the LLC.45 For this reason, alternative anion
dopants such as N3− and S2− have been explored. The N3−

anion has a lower oxidation state than the O2− anion, reducing
the oxidation state of the TMs. In addition, N has lower
electronegativity than O. Accordingly, the N3− anion is
oxidized before the O2− anion to form N2 gas, indicating
that the N3− anion is not a desirable dopant for the LLC. As an
alternative, the S2− anion can be doped into the LLC. Because
the oxidation state of the S2− anion is identical to that of the
O2− anion, it does not affect the oxidation state of TMs.
Although S2− can be oxidized before O2− owing to the lower
electronegativity, the S2− anion forms solid elemental sulfur
instead of undergoing the evolution of S gas at room
temperature. Previous reports regarding sulfide-based electrode
materials showed that S undergoes a reversible redox reaction
during the charge/discharge process.46−49 Park et al. and An et
al. experimentally demonstrated that S2− anion doping is
beneficial for high specific capacity and reversible cycle
retention in NCM and LLCs, respectively.50,51 However, it
should be noted that the dopant can deteriorate the specific
capacity, rate capability, and average redox voltage. If
overdoped or doped into the bulk of the LLC, S2− can hinder
Li-ion diffusion52 and reduce the redox potential of the TM

due to the lower electronegativity than oxygen ions, resulting
in a lower energy density. For these reasons, it is necessary to
investigate a method that retains a low concentration of the S2−

anion and mainly dopes only on the surface of the LLC to
maximize the advantages and minimize the disadvantages. In
addition, further analysis is also necessary to determine a
mechanism by which the S2− anion contributes to improving
the electrochemical performance of S2− anion-doped LLCs.
In this work, we propose a novel method by which to dope

the S2− anion onto the surface of the LLC selectively. The S-
doped LLC demonstrates superior electrochemical perform-
ance in terms of the specific capacity, cycle retention, and rate
capability relative to the corresponding outcomes for the LLC.
The improved electrochemical performance of LLCs through
the surface-selective S2− anion doping is associated with the
formation of the Li4Mn5O12 spinel phase at the surface. Based
on experimental analyses and first principles calculations, we
elucidate the mechanisms of the S2− anion during the surface
phase transformation to the Li4Mn5O12 spinel phase.

■ EXPERIMENTAL SECTION
P r i s t i n e L LC S yn t h e s i s . Th e L LC ma t e r i a l ,

Li1.2Mn0.54Ni0.13Co0.13O2, was synthesized using a solvothermal
method followed by a heat treatment. Manganese acetate tetrahydrate
(Mn(CH3COO)·4H2O), nickel acetate tetrahydrate (Ni(CH3COO)·
4H2O), cobalt acetate tetrahydrate (Co(CH3COO)·4H2O), lithium
hydroxide monohydrate (LiOH·H2O), and urea (CH4N2O) were
used as precursors. Mn(CH3COO)·4H2O (3.308 g), 0.808 g of
Ni(CH3COO)·4H2O, 0.809 g of Co(CH3COO)·4H2O (stoichio-
metric ratio of Mn:Ni:Co = 0.54:0.13:0.13), and 4.504 g of urea were
dissolved in 50 mL of DI water with 25 mL of ethanol as a solvent
under continuous stirring for 30 min. The prepared solution was
moved into an 80 mL Teflon-lined autoclave. The autoclave was then
kept in an oven at 200 °C for 10 h. After cooling to room
temperature, the resultant was filtered and washed with ethanol and
DI water at least three times and dried at 80 °C in a vacuum oven
overnight to obtain the carbonate precursor. The prepared carbonate
precursor and LiOH·H2O (5% excess) were mixed, pressed into a
pellet, calcined in a furnace at 500 °C for 6 h, and heated to 900 °C
for 12 h at 5 °C min‑1. Subsequently, the LLC materials were
obtained.

S-Doped LLC Synthesis. Surface sulfurization of the LLC
materials was performed in a three-zone furnace with independent
heating zones (Figure S1 in Supporting Information). Sulfur powder
and the prepared LLC electrode were placed in the first and third
heating zone (HT1 and HT3 in Figure S1), respectively. The mass
ratio of the sulfur powder and the active material is presented in Table
S1. Among the samples prepared with different sulfur ratios, S-LLC2
exhibited the best performance and will be denoted as “S-LLC” in the
following results. The temperatures of the first (HT1), second (HT2),
and third (HT3) heating zone was increased to 130, 140, and 350 °C,
respectively, and held there for 1 h under flowing Ar gas at 1.5 L
min‑1. All of the heating zones were then cooled to room temperature
through a natural cooling process to obtain the S-doped LLC
electrode (S-LLC).

Materials Characterization. The crystalline phase of LLC and S-
LLC materials were identified by X-ray diffraction (XRD; Rigaku
SmartLab) with a high-resolution powder X-ray diffractometer using
Cu Kα (λ = 1.5418 Å) radiation. Elemental analysis of the synthesized
materials was carried out using the inductive coupled plasma
technique (ICP-OES; Agilent ICP-OES 5110). The morphology of
the materials was observed with scanning electron microscopy (SEM;
Phillips XL30) and high-resolution transmission electron microscopy
(HRTEM; JEM-ARM200F) equipped with an energy dispersive
spectrometry (EDS) detector. Raman spectroscopy (LabRAM HR
Evolution, HORIBA Jobin Yvon) studies were performed before and
after cycling the electrodes using a 514 nm laser. To prepare the
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cycled electrode samples for Raman spectroscopy, electrodes were
sealed under argon between two slide glass slides with a Kapton tape
in a glovebox. X-ray photoelectron spectroscopy (XPS; K-Alpha+
Thermo Fisher Scientific) was used to determine the ion valence
states in the cathode materials. The depth profiles were obtained with
etching the surface by an Ar ion beam with a 0.33 nm s‑1 etching rate.
The difference in the binding energy between the peaks (ΔE) of the
Mn 3s region can be used to verify the average Mn oxidation state
(AOS) by this equation; AOS = 8.956−1.126 ΔE.53,54
Electrochemical Measurement. The electrochemical properties

of the prepared samples were measured using a 2032-type coin cell.
The slurry was prepared by mixing 80 wt % of the active material
(Li1.2Mn0.54Ni0.13Co0.13O2), 10 wt % of conductive super P carbon,
and 10 wt % of polyvinylidene fluoride (PVDF) as a binder in N-
methyl-2-pyrrolidinone (NMP). The prepared slurry was cast on an
Al foil current collector using the doctor-blade method and dried at
80 °C overnight in a vacuum oven. The loading mass of the active
material was approximately 4−5 mg cm−2. The electrolyte was
prepared by mixing 1 M LiPF6 in EC and 1 M LiPF6 in a DEC
solution at a 1:1 volume ratio. Electrochemical cycling tests of the
prepared cells were performed in a voltage range of 2.0−4.8 V (vs
Li+/Li).
Computational Method. To explore the mechanisms of the S2−

anion during the surface phase transformation, we performed first
principles calculations based on density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP)55

with the projector augmented-wave method to describe the valence
electrons. The exchange-correlation functional was employed with the
spin-polarized generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof method.56 To describe the onsite Coulomb
interaction of the 3d state of Mn, we used Hubbard U correction57

with the Ueff parameter taken from a previous report (Ueff = 5.0).58

The antiferromagnetic (AF) arrangements of the spin on the Mn ions
were also established in previous theoretical reports by Singh.59 To
mimic a low concentration of S-doping, we generated supercell
structures with 12 and 8 unit cells for LiMnO2 and Li2MnO3,
respectively, and then replaced one oxygen atom with a S anion in

each supercell to form Li12Mn12O23S1 and Li16Mn8O23S1, as illustrated
in Figure S7. To evaluate the structural stability, we calculated the
formation energy Ef defined by

μ μ= − − − +E E E x x(S doped) (pristine) ,f T T S O (1)

where ET(A) is the total energy of the layered system A, such as
LiMnO2-xSx and Li2MnO3-xSx, representing “S-doped” with x > 0
and “pristine” with x = 0. Here, x is the number of substituted S atoms
for O atoms within the unit cell, and μS and μO are the chemical
potentials of S and O calculated as the O and S atoms in the gas-phase
O2 and S8, respectively. The nudged elastic band (NEB) method was
adopted to evaluate the diffusion energy barrier of the Mn ion along
various migration pathways toward the layered-to-spinel phase
transition.

■ RESULTS AND DISCUSSION
The morphologies of the LLC and S-LLC were observed by
SEM (Figure 1a,b). Both samples (LLC and S-LLC) show
spherical secondary particles with a diameter of 1 ∼ 10 μm,
consisting of irregular primary particles with100 ∼ 200 nm in
size (Figure 2a,g). The effects of sulfurization on the
morphology and size of the primary and secondary particles
were not distinctly observed. In contrast, ∼2 wt % of sulfur was
detected only in the S-LLC by an EDS analysis. The
composition ratios of Mn:Ni:Co in the LLC as measured by
EDS and ICP were 0.54:0.13:0.13 and 0.543:0.133:0.131,
respectively. Cross-sectional SEM images of the LLC and S-
LLC and their corresponding EDS elemental mappings for Mn,
Ni, Co, O, and S are provided (Figure 1c−h, i−n). The TMs
and oxygen are uniformly distributed throughout the
secondary particles of the LLC and S-LLC. In the S-LLC, S
is also uniformly distributed throughout the secondary
particles, reflecting that S was doped not only into the surface
of the secondary particles but also into the surface of the
primary particles throughout the secondary particles.

Figure 1. SEM images of (a) LLC and (b) S-LLC and (c, i) their corresponding cross-sectional images and EDS elemental mapping for (d, j) Mn,
(e, k) Ni, (f, l) Co, (g, m) O, and (h, n) S.
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To investigate the structure of the LLC and S-LLC,
HRTEM images were obtained (Figure S2a,b). Both LLC
and S-LLC exhibited the well-ordered atomic arrangements
with a lattice spacing of 4.7 Å that correspond to the (003)
plane and (002) plane of R-3m- and C2/m-layered structures
of the cathode materials, respectively. Although S2− has a larger

ionic radius (1.84 Å) than O2− (1.4 Å), the S-LLC does not
show a significant difference in the interlayer distance due to
the low S concentration (∼2 wt %). The elemental
distributions of the primary particles of the LLC and S-LLC
were examined using HRTEM (Figure 2), and its correspond-
ing EDS spectra and results are shown in Figure S3 and Table
S2. Mn, Ni, Co, and O are uniformly distributed in the primary
particles. Only in the S-LLC S signals were observed, mainly at
the surface of the primary particles. S signals detected in the
middle of the primary particle imply that the S-doping suitably
covers the entire surface of the primary particles. These results
indicate the significant merit of the sulfurization method
proposed in this study. If S is overdoped or doped into the
bulk of the particles, it is expected to hinder Li+ ion diffusion.60

Thus, to improve the electrochemical performance, a small
amount of S should be doped locally onto the surface.
Furthermore, using the proposed method, S is doped not only
onto the surfaces of the secondary particles but also onto the
surfaces of the primary particles through the secondary
particles (Figures 1n and 2l). Accordingly, S-doping can
more effectively improve the electrochemical performance of
the LLC.
To examine the effects of S-doping on the crystal structure,

XRD patterns are obtained for the LLC and S-LLC (Figure
3a). The main diffraction peaks indicate that both materials
have the typical hexagonal-layered phase (space group: R-3m)
corresponding to the α-NaFeO2 structure. The weak super-
lattice peaks in the 2θ range of 20−25° stemmed from the
monoclinic Li2MnO3 (space group: C2/m) phase in both
materials. For the quantitative analysis of the lattice parameter,
Rietveld refinement is performed and shown in Figure S4. The
calculated lattice parameters are presented in Table S3.
Rietveld refinement results reflect that S-doping has negligible
effects on the crystal structure of the LLC. Considering that

Figure 2. (a, g) HRTEM images and (b−f, h−l) corresponding EDS
elemental mappings of the LLC and S-LLC samples.

Figure 3. (a) XRD patterns and (b) Raman spectra of the LLC and S-LLC. (c) Schematic illustration of the surface sulfurization process of the S-
LLC. Sulfur gas diffuses through the voids in the secondary particles of the LLC and substitutes for O on the surfaces of the primary particles.
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XRD is largely a bulk technique and that doped S is mainly
distributed on the surfaces of the primary particles, surface-
focused analyses must be conducted to identify the structural
differences arising from S-doping.
The Raman spectra (Figure 3b) indicate that the LLC and

S-LLC have two broad bands at 493 and 605 cm−1, indicating
the Eg and A1g vibrational modes of the R-3m-layered
structure.61 Additionally, a weak and broad vibrational mode
at around 400 cm−1, corresponding to the C2/m space group
(Li2MnO3), is also observed in both samples. Unlike the LLC,
a clear shoulder peak at 648 cm−1 appears for the S-LLC
sample. This shoulder peak indicates the vibrational mode
resulting from the Mn-S bonds,62,63 clearly confirming that S
was doped into the LLC to form Mn-S bonds in the S-LLC
through sulfurization. Figure 3c shows a schematic illustration
of the surface sulfurization process. The S gas penetrates
throughout the entire secondary particle after which the S2−

anion replaces the O2− anion on the crystal lattice of the LLC
from the surfaces of the primary particles. This results in S-
doping throughout the surface of the primary particles on the
atomic level.
To investigate the effects of S-doping on the oxidation states

of the components, XPS analyses were conducted. The
chemical compositions of the LLC and S-LLC obtained from
the XPS spectra are illustrated in Figure S5a. Figure 4a displays
the Mn 2p3/2 and 2p1/2 main and satellite peaks. Both samples
have a peak at 642.6 eV corresponding to Mn4+ 2p3/2. Figure
4b displays the Co 2p3/2 and 2p1/2 main and satellite peaks.
Both samples have Co3+ 2p3/2 and Co4+ 2p3/2 peaks located at
854.3 and 855.6 eV, respectively. Figure 4c displays the Ni
2p3/2 and 2p1/2 main and satellite peaks. Both samples have
Ni2+ and Ni3+ peaks located at 780.4 and 781.7 eV,
respectively. Figure 4d displays the O 1s spectra. The peaks
observed at 529.7 and 531.8 eV are attributed to lattice oxygen
(M−O) and Li2CO3 (CO), respectively. Li2CO3 can be

found on layered oxide cathodes due to the reaction with
moisture and CO2 during storage.64 From the data shown in
Figure 4a−d, the compositions of each species are calculated
for the LLC and S-LLC (Figure 4e). Sulfurization does not
change the valence states of TMs (Mn, Ni, and Co) because
the oxidation state of the oxidation state S2− anion is identical
to that of the O2− anion. Additionally, the ratio of M-O and
CO remains unchanged during the sulfurization step. Figure
4f displays the S 2p signal. As expected, the S 2p peak is
observed only in the S-LLC sample at 163.8 eV, indicative of a
TM-S species.65,66 Furthermore, the depth profile of the S-LLC
results also indicates the surface selectively existence of the S2−

anion (Figure S5b,c). From these results, it can be considered
that the S2− anion in the S-LLC is successfully doped to the
oxygen site and bonded with the Mn ion; especially, this
phenomenon occurs at the surface. Furthermore, as expected,
the S2− anion does not alter the valence states of other
elements. The influence of surface S-doping on the electro-
chemical performance outcomes is discussed below.
Figure 5a,b presents the charge−discharge curves for the

LLC and S-LLC measured at the 1st, 25th, 50th, 100th, and
200th cycle. The initial discharge capacity of the LLC and S-
LLC is 240.45 and 231.74 mAh/g, respectively. As the cycling
process continues, the LLC and S-LLC both exhibit a similar
degree of average discharge voltage decay. However, in terms
of the specific capacity, the S-LLC shows much slower
degradation than the LLC; the specific capacity of S-LLC
remains even higher than the initial value up to 100 cycles.
Figure 5c exhibits the charging and discharging cycle capacities
and Coulombic efficiency of the LLC and S-LLC measured at
0.1 C (1 C = 250 mA/g). The discharge capacity of the LLC
decreases from 240.45 to 176.42 mAh/g after 200 cycles,
corresponding to a cycle retention of 73.4%. The S-LLC shows
considerably improved cycle performance for 200 cycles. The

Figure 4. XPS spectra of (a) Mn 2p, (b) Co 2p, (c) Ni 2p, (d) O 1s, and (e) S 2p of the LLC and S-LLC, and (f) the corresponding peak intensity
ratio for each component.
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initial discharge capacity of S-LLC is 231.74 mAh/g and
decreases to 220.62 mAh/g with a capacity retention of 95.2%.
One of the advantages of the sulfurization method proposed

in this study is that the amount of S-doping can be finely
controlled simply by changing the amount of S powder. The
exact number of samples prepared with different S ratios
loaded in HT1 is summarized in Table S1, and the
corresponding chemical compositions of the samples are
summarized in Table S4. As shown in Figure S6, when the S
content is 0.12 wt % (S-LLC1), the electrochemical perform-
ance of the LLC and S-LLC1 are similar. On the other hand,
when the S content is 4.32 wt % (S-LLC3), initial specific
capacity is reduced, likely because the overdoped S hinders Li+

ion diffusion. The cycling performance also deteriorates.
Among the prepared samples, the 2.20 wt % S-doped LLC
(S-LLC2) demonstrated an improved initial specific capacity
and better cycling stability. Unless specified, the S-doped LLC
in this study contains 2.20 wt % of S.
The cycling stability outcomes of both samples at a high rate

(1 C) are shown in Figure 5d. A high rate test is performed
after seven cycles at a low rate (0.1 C) for activation. After 100
cycles at a high rate, the LLC sample exhibits relatively poor

cycle retention of 85.8%, whereas the S-LLC sample shows a
better cycle retention of 92.1%. Figure 5e shows the rate
performance of both the samples when the current rate ranges
from 0.1 to 5 C. Both the LLC and S-LLC show similar
discharge capacities at the low rates of 0.1 and 0.2 C. However,
as the current rate increases, the discharge capacities of both
the samples show significant differences; the discharge
capacities of the LLC and S-LLC measured at 1C are 128.26
and 146.60 mAh/g, respectively, while the corresponding
values measured at 5 C are 18.41 and 92.03 mAh/g. These
results demonstrate that the S-LLC can deliver a much higher
discharge capacity at a higher current rate compared to the
LLC. Although doped S can even hinder Li+ ion diffusion and
deteriorate the electrochemical performances, the S-doping
conducted in this study remarkably improves not only the
cycling retention but also the rate capability. In addition to the
confinement of the doped S to the surface, other factors can
contribute to the improvement of the rate performance, as
addressed below.
The differential capacity displays fine differences in the

redox processes between the LLC and S-LLC. As shown in
Figure 6a, both the samples show similar initial differential

Figure 5. Charge−discharge curves at the 1st, 25th, 50th, 100th, and 200th cycle of (a) LLC and (b) S-LLC samples. (c) Cycling performance
outcomes of the LLC and S-LLC samples over 200 cycles at the 0.1 C rate and (d) over 100 cycles at the 1 C rate. (e) Rate capability outcomes of
the LLC and S-LLC samples.
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capacity curves. The first charging process consists of two
oxidation reactions: (1) Li+ extraction from the layered
structure of LiMO2 at 4.0 V (O2) with the oxidation reactions
of Co3+/Co4+ and Ni2+/Ni4+ and (2) partially irreversible Li+

extraction from the Li2MnO3 component at 4.5 V (O1) with
the anionic oxidation reactions of O2−/O2

n− (1 < n < 3). The

O1 and O2 peaks correspond to the R1 (4.3 V) and R2 (3.7
V) reduction reactions, respectively. The reduction peak at 3.4
V (R3) associated with Mn4+/Mn3+ occurs after the activation
process caused by the O1 reaction. After activated the Mn ion
migrates to the Li layer, spinel phases are formed at the surface
during the first few cycles. Lastly, the reduction peak at 2.8 V

Figure 6. Differential capacity plots for (a) 1st and (b) 50th cycles of the LLC and S-LLC, and (c) charge/discharge average voltage and (d)
energy density and efficiency of the LLC and S-LLC samples.

Figure 7. HRTEM images of (a) LLC and (b) S-LLC and, (c) Raman spectra and (d) XPS Mn 3s regions of the LLC and S-LLC after 50 cycles at
the 0.1 C rate.
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(R3*) is observed only in the S-LLC. R3 and R3* are formed
by the Mn reaction of the spinel phase.67 However, unlike R3,
R3* is often more pronounced after a few cycles of spinel
formation. Thus, the appearance of R3* even in the initial
cycle suggests that the spinel formed in the S-LLC is
significantly more redox active.
To compare the redox reactions of the fully developed spinel

phase, differential capacity is analyzed after 50 cycles (Figure
6b). The LLC and S-LLC demonstrate similar differential
curves. The anodic peaks appearing between 3.5 and 4.0 V
(O3) are associated with Co3+/Co4+ and Ni2+/Ni4+, corre-
sponding to broad cathodic peaks between 3.5 and 4.5 V. Two
reduction peaks (R4 and R5), which appear between 2.5 and
3.4 V, are generated by the reduction of Mn4+/Mn3+.68,69 The
peaks at 3.2 V (R4) are ascribed to a layered structure with a
number of spinel-like compositions, whereas the peaks at 2.8 V
(R5) are identical to those associated with Mn spinel
reduction. The oxidation peaks at 3.3 V (O4) and 3.1 V
(O5) correspond to the R4 and R5 reduction reactions,
respectively.70 The lower shift of the Mn4+/Mn3+ reduction
peak has been attributed to the structural transformation from
the layered phase to the spinel phase, which is mainly caused
by TM ion migration.40 One of the striking differences
between the LLC and S-LLC is the amplitude of Mn redox
peaks, R5 and O5. The S-LLC displays significantly more
pronounced Mn redox peaks, indicating that the S-LLC has
superior reversibility of the Li insertion/extraction process and
the spinel Mn redox reaction. Figure 6c shows the average
charge/discharge voltage of both samples throughout the
cycles. After 200 cycles, the S-LLC shows a slightly higher
average discharge voltage than the LLC, and interestingly,
average charge voltage is clearly enhanced than the LLC. The
lower average discharge voltage of the S-LLC compared to that
of the LLC during the initial 100 cycles is likely due to the fact
that the S-LLC gains more capacity from the low-voltage spinel
discharge reaction. From the data in Figures 6c and 5a,b, the
energy density during the cycling process is calculated (Figure
6d). As mentioned above, the S-LLC has a slightly higher
average discharge voltage, a lower average charge voltage, and
an even higher capacity after cycling due to the reversible Mn
redox reaction in the low-voltage region, resulting in a higher
overall discharge energy density than the LLC. The initial
energy densities of the LLC and S-LLC are 854.9 and 830.5
Wh/kg, respectively. After 200 cycles, the energy densities of
the LLC and S-LLC are 554.0 and 672.1 Wh/kg, respectively.
Additionally, due to the higher average charge voltage and
higher charge capacity of the S-LLC, the S-LLC also shows a
higher charge energy density. More importantly, because the
higher charge energy density is resulted from the stable low
charge voltage region, the energy efficiency of the S-LLC
during cycling is improved by 3.1% compared to that of the
LLC. From these results, we can postulate that the S2− anion in
the lattice still forms the surface spinel, but it affects the
transformation in a positive manner.
To investigate the effects of the charge/discharge cycles on

the surface phase of the LLC and S-LLC, HRTEM analyses of
both samples are demonstrated (Figure 7a,b). The HRTEM
images show that both samples have a spinel phase in the
surface region and a layered phase in the bulk region. However,
the surface of the LLC is mainly composed by the LiMn2O4
spinel phase with corresponding d-spacing,71,72 and the surface
of the S-LLC is mainly constructed by the Li4Mn5O12 spinel
phase with corresponding d-spacing.37,38,61,73 The atomic

arrangement of both spinel phases is quite similar since it
depends on whether Li ions occupy the Mn sites (Figure
S8b,d), so further evidences are needed to specify the each
spinel phases.
Raman spectroscopy is also conducted after 50 cycles

(Figure 7c). The vibrational modes corresponding to the
layered structures observed in the pristine LLC and S-LLC (Eg
and A1g in Figure 3b) have been eliminated due to the surface
phase transformation caused by Mn migration. The vibrational
mode of the spinel phase is dominant in both the LLC and S-
LLC spectra with small Eg peaks from the layered phase.
However, the peak positions of the main vibrational modes
(A1g) of the LLC and S-LLC shift differently, meaning that
both samples transform into a spinel structure but have
different spinel structures. The main broad band at 623 cm−1

for the LLC is evidence of LiMn2O4,
74 a well-known spinel

structure generally induced by a layered-spinel phase
transition. On the other hand, the main vibrational mode of
the S-LLC at 649 cm−1 indicates the Li4Mn5O12 spinel phase.

75

For a more in-depth investigation of the oxidation states of
the spinel phase, an Mn 3s XPS analysis was conducted after
50 cycles (Figure 7d). The Mn 3s peaks are split into two
signals due to the coupling of the nonionized 3s electron with
3d valence-band electrons.76 The magnitude of peak splitting is
diagnostic of the Mn oxidation state. The peak splitting
outcomes for the LLC and S-LLC are 4.85 and 4.49 eV,
respectively. They correspond to the average oxidation state of
Mn3.49+ and Mn3.90+, respectively. The Mn oxidation state also
supports the contention that the surface of the LLC transforms
into the LiMn2O4 spinel phase and that the S-LLC transforms
into the Li4Mn5O12 spinel phase. Compared to the LiMn2O4
spinel transformation, the Li4Mn5O12 spinel transformation
results in a better cycling stability owing to the smaller lattice
mismatching, the mitigated Jahn−Teller effect, the suppressed
Mn dissolution, and hence the improved structural stabil-
ity.40,77−80 Ultimately, Li4Mn5O12 has the higher Li+ ion
diffusivity and electrical conductivity,41,81−84 explaining why
the S-LLC with Li4Mn5O12 shows a better cycling retention
and rate capability than the LLC with LiMn2O4.
To understand the phase transition from the layered LLC

and S-LLC at the delithiated state toward their spinel
counterparts, we investigated Mn migrations using first
principles DFT calculations. It is well known that during the
charge/discharge process, a LiMnO2-layered structure (Figure
S8a) can be converted to its corresponding LiMn2O4 spinel
structure (Figure S8b) by Mn ion migration. Similarly, Mn ion
migration leads the phase transition from a Li2MnO3 Li-excess-
layered structure (Figure S8c) to its corresponding Li4Mn5O12
spinel structure (Figure S8d). In the Li-excess compositions,
additional Li ions are located inside TM layers. In addition, to
scrutinize the effects of S-doping on the phase transition, we
evaluated the structural stability and the migration process of
Mn ions in the S-doped materials. Using eq 1, the formation
energies of S-doped layered materials, Li12Mn12O23S1 and
Li16Mn8O23S1, were calculated to be −0.56 and − 0.39 eV,
respectively, indicating that both the S-doped structures are
thermodynamically favorable and thus S-doping may occur
naturally.
During the delithiation process, some of the Mn ions in

either pristine or S-doped layered material begin to migrate
toward the Li layers from the TM layers, which initiates the
phase transition to the spinel counterpart. To mimic the
delithiation process, we removed 50% of Li ions from each of
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the layered structures. These Li vacancies provide sufficient
rooms for each Mn ion to migrate from the TM layer. Figure
8a,b illustrates the Mn migration paths from an octahedral site
of the TM layer toward a neighboring tetrahedral site (blue
tetrahedron) of the Li layer. For these migration paths, we
estimated the migration energy barriers using the NEB method
and presented them in Figure 8c,d, where black lines represent
both pristine or S-doped LiMnO2 and red ones for Li2MnO3.
For the pristine case, the Mn migration energy barrier in
LiMnO2 was calculated to be ∼0.70 eV, which is smaller by
∼0.28 eV than that in Li2MnO3 as shown in Figure 8c,
indicating that the LiMn2O4 spinel transformed from the
LiMnO2 layer would exist dominantly on the LLC surface. For
the S-doped case, there are inequivalent Mn ions that
participate in the migration process depending on their relative
positions to the doped S atom. Considering that the
concentration of doped S is very low as demonstrated above,
we selected the Mn ion, which is not directly connected to the
S atom, for the migration process. Figure 8d shows the
migration energy barriers of the Mn ions in the S-doped
LiMnO2 (black lines) and Li2MnO3 (red lines), which are
about 0.96 and 0.53 eV, respectively. Compared to the results
for the pristine case, the S-doping increases the Mn migration
barrier by 0.26 eV in LiMnO2, while the S-doping intriguingly
reduces the barrier by 0.45 eV in Li2MnO3, implying that it is
more likely to form a Li4Mn5O12 spinel phase from the
Li2MnO3 structure on the S-LLC surface. The formation of the
Li4Mn5O12 spinel phase contributes the improvement of cycle
life because of its high oxidation state of Mn than that of
LiMn2O4, and the high oxidation state of Mn can resist
structural distortion caused by lattice mismatching, the Jahn−
Teller effect, and dissolution during the charge/discharge
process.

■ CONCLUSIONS

In this work, we improve the electrochemical performances of
an LLC material (Li1.2Mn0.54Ni0.13Co0.13O2) through a surface
sulfurization method. S is selectively doped on the surfaces of
the primary particles of the LLC. The prepared S-doped LLC
(S-LLC) shows more stable cycle retention and rate perform-
ance than the LLC. The S-LLC also shows enhanced energy
efficiency due to the stable average charge voltage than the
LLC. As the main reason for good cycle retention, it is
confirmed that S-doping leads to the formation of the
Li4Mn5O12 spinel phase on the surface as opposed to the
LiMn2O4 spinel phase. This Li4Mn5O12 spinel phase, unlike the
conventional LiMn2O4 spinel, has more favorable Li+ ion
diffusion and electrical conductivity with regard to the material.
This Li4Mn5O12 phase transformation is a key for the cathode
materials to maintain good cycling stability because the stable
Mn ions can resist the structural distortion caused by lattice
mismatching, the Jahn−Teller effect, and dissolution. This
work demonstrates that the S-doping selectively lowers the Mn
migration barrier of the Li2MnO3 structure that leads to the
formation of the Li4Mn5O12 spinel phase in the S-LLC. It
should be pointed out that this work opens up S-doping as a
viable solution for various cathode materials associated with
the surface spinel formation issue. Furthermore, this work
demonstrates that there are anions other than F− that also
should be explored.
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Figure 8. Pathways of the Mn migration position of pristine (left) and S-doped (a) LiMnO2 and (b) Li2MnO3, respectively. Energy barriers of the
Mn migration pathway in (c) pristine and (d) S-doped cases. The black (red) lines indicate either pristine or S-doped LiMnO2 (Li2MnO3).
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