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Unlocking Electrode Performance of Disordered Rocksalt
Oxides Through Structural Defect Engineering and Surface
Stabilization with Concentrated Electrolyte

Yanjia Zhang, Yosuke Ugata, BenoîtDenis Louis Campéon, and Naoaki Yabuuchi*

Li-excess cation-disordered rocksalt oxides can boost the energy density of
rechargeable batteries by using anionic redox, but the inferior reversibility of
anionic redox hinders its use for practical applications. Herein, a binary system
of Li3NbO4–LiMnO2 is targeted and the systematic study on factors affecting
electrode reversibility, i.e., percolation probability, electronic conductivity,
defect concentrations, and electrolyte solutions, is conducted. A Mn-rich sam-
ple, Li1.1Nb0.1Mn0.8O2, delivers a smaller reversible capacity compared with a
Li-rich sample, Li1.3Nb0.3Mn0.4O2, because of the limitation of ionic migration
associated with insufficient percolation probability for disordered oxides.
Nevertheless, a larger reversible capacity of Li1.3Nb0.3Mn0.4O2 originates from
excessive activation of anionic redox, leading to the degradation of electrode
reversibility. The superior performance of Li1.1Nb0.1Mn0.8O2, including
Li ion migration kinetics and electronic transport properties, is unlocked
by the enrichment of structural defects for nanosized oxides. Moreover,
electrode reversibility is further improved by using a highly concentrated
electrolyte solution with LiN(SO2F)2 through the surface stabilization on
high-voltage exposure. Superior capacity retention, >100 cycles, is achieved
for nanosized Li1.1Nb0.1Mn0.8O2. The electrolyte decomposition and surface
stabilization mechanisms are also carefully examined, and it is revealed
that the use of highly concentrated electrolyte solution can effectively prevent
lattice oxygen being further oxidized and transition metal ion dissolution.
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1. Introduction

Since its first commercialization of
LiCoO2, the rechargeable Li-ion batter-
ies (LIBs) have become the dominant
energy storage technology in various
applications.[1] To meet the growing
demand for large-scale applications
of LIBs, further improvement of en-
ergy density of state-of-the-art LIB is
indispensable.[2,3] Energy density of
LIBs is generally restricted by positive
electrode materials. Over the past two
decades, stoichiometric layered-type
lithium transition metal (TM) oxides,
denoted as LiMO2, have been extensively
developed.[4–6] However, those theoretical
capacities as electrode materials are re-
stricted by the limited amount of Li ions
in host structures. Layered-type Li-rich
metal oxides, Li1+xM1−xO2 with excess Li
ions, which are substituted for transition
metal ions, can boost the reversible
capacity to 250 – 280 mA h g−1 through
the activation of anionic redox reaction
of oxide ions (O2−/On−).[7,8] Nonetheless,
the oxidation of anionic host structures
in the Li-excess layered structure is

accompanied by irreversible TM ions migration, resulting in a
pronounced irreversible structural evolution, including oxygen
loss, leading to voltage decay on electrochemical cycles.[9,10]

Rocksalt-type metal oxides are promising positive electrode
materials thanks to their robust 3D host structures based
on cation disordered arrangement. Indeed, compared to tradi-
tional layered materials, Li-rich metal oxides with the cation-
disordered rocksalt (DRS) structure exhibit superior structural
stability using highly reversible multi-electron cationic redox,
Mn2+/Mn4+,[11] Mo3+/Mo6+,[12] V3+/V5+,[13] etc.[14] Note that TM
migration also occurrs in Mo/V-based DRS oxides, but this pro-
cess is highly reversible without capacity loss. Very recently, al-
most no volume changes with excellent cyclability have been con-
firmed in Li8/7V4/7Ti2/7O2, which is found in a binary solid solu-
tion system between Li2TiO3 and LiVO2, and this unique char-
acter is achieved by two-electron V cationic redox coupled with
migration of V ions.[15] Although DRS oxides have structural ad-
vantage, the electrode performance is suffered from the inferior
electrode kinetics. The degradation of electrode reversibility is
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also inevitable when the anionic redox is activated. Percolative
Li ion migration pathway of Li-excess DRS oxides results in rel-
atively larger activation barriers for Li ion migration, and thus
inferior electrode kinetics, compared to layered oxides, restrict-
ing rate capability as electrode materials.[16] This phenomenon
is particularly pronounced in samples with micrometer-sized
particles,[17,18] nano-sized particles has much better kinetics that
facilities high rate performance.[19] Moreover, the addition of
Nb5+/Ti4+ with insulating character led to less probability for the
formation of electronic percolative network consisting of conduc-
tive TM ions, by which electronic conductivity is considered to
be reduced. Therefore, reduction of particle size and enrichment
of structural defects are necessary to facilitate Li ion migration
and electronic conduction. Noticeably, higher energy density as
electrode materials coupled with the activation of anionic redox
is boosted to ≈1000 Wh kg−1, especially for Li-rich Mn-based ox-
ides and oxyfluorides.[11,18]

Although higher energy density, which originates from the ac-
tivation of anionic redox, is obtained for Li-rich Mn-based ox-
ides/oxyfluorides, an unanswered practical issue is found in in-
sufficient reversibility of anionic redox. The unstable/irreversible
anionic redox easily triggers oxygen loss after charge to higher
voltage, leading to insufficient cycle stability. Therefore, further
stabilization of anionic redox is essential for the use of practi-
cal applications.[20,21] Stabilization mechanisms of anionic redox
for DRS oxides with different TMs have been reported in litera-
ture, for instance, the stabilization of oxidized oxygen through
𝜋-type interaction with t2g orbitals of Mn ions[22,23], 𝜎-type in-
teraction with eg orbitals of Ni ions,[24] and both 𝜋-type and 𝜎-
type interaction with Co ions with the intermediate spin state.[25]

Nevertheless, the excessive use of anionic redox inevitably leads
to oxygen loss due to the intrinsic chemical instability of an-
ionic species after charge to high voltage. Although the anionic
redox reversibility is partially improved through 𝜋-type interac-
tion, the activation of anionic redox results in the interaction of
neighboring oxidized oxygen species, leading to oxygen dimer-
ization. One strategy for the anionic redox stabilization is the
use of highly covalent bonds through Li3PO4 integration with P5+

ions located at tetrahedral sites. The presence of P ions coupled
with the suppression of oxygen dimerization improves electrode
reversibility[26] and thermal stability.[27] Another strategy is fluori-
nation process (Li-rich oxyfluorides), and fluorination decreases
average oxidation states of transition metal ions due to the de-
creased anionic charge, and thus cationic redox capacity is in-
creased, especially for low-valence redox-active TMs, for instance,
Li2Mn2+

2/3Nb1/3O2F[11] and Li2Mn2+
1/2Mn3+

1/2O1.5F1.5.[28] More-
over, it is proved that fluorination favors creating Li-rich clus-
ters that facilitate Li ion percolative conduction[29] and the ad-
dition of F ions suppresses the partial structural transition to
spinel phase during cycling.[30] Nevertheless, Li3PO4 integrated
DRS and Li-rich oxyfluorides are metastable phases synthesized
by high-energy mechanical milling, which limits its use for prac-
tical applications.

An emerging new approach to improve the anionic redox re-
versibility is the use of highly concentrated electrolyte (HCE)
solutions. For HCEs, nearly all solvents are coordinated to Li
ions, and therefore better oxidation stability as electrolyte is
achieved.[31] Higher salt concentrations result in higher viscos-
ity of electrolyte, and therefore a conventional polyolefin sep-

arator cannot be used for HCEs. Recently, this practical prob-
lem is effectively solved by coating of a meta-aramid resin on
the polyolefin separator.[32] Indeed, the reversibility of anionic
redox is significantly improved by using HCE with the meta-
aramid coated separator, but detailed improved mechanisms are
still unclear.[32] Therefore, further studies on DRS oxides with
anionic redox combined with HCEs, especially for interfacial sta-
bilization mechanisms, are necessary.

In this work, factors affecting electrode performance in x
Li3NbO4 – (1–x) LiMnO2 binary system mainly with earth abun-
dant Mn ions are systematically examined. After careful exper-
imental design, advanced DRS oxides with improved electrode
kinetics and electrode reversibility, >100 cycles, with a higher dis-
charge capacity (200 Ma h g−1) are successfully attained. Less Li-
excess and Mn-rich Li1.1Nb0.1Mn0.8O2 positive electrode exhibits
better capacity retention and good electronic conductivity com-
pared to Li1.3Nb0.3Mn0.4O2. Nonetheless, the reversible capacity
of micrometer-sized Li1.1Nb0.1Mn0.8O2 is limited by the sluggish
Li ion migration kinetics associated with the insufficient con-
nection for percolative Li conduction paths. These problems are
well addressed through mechanical milling and defect engineer-
ing, and nanosized Li1.1Nb0.1Mn0.8O2 with enriched structural
defects shows significantly improved electrode kinetics with fur-
ther higher electronic conductivity. Nevertheless, defect engineer-
ing on Li1.1Nb0.1Mn0.8O2 increases instability of oxide surface on
charge. This unfavorable side effect is also effectively mitigated by
the use of HCE (5.5 M LiN(SO2F)2, LiFSA, in dimethyl carbonate,
DMC), and the suppression of electrolyte decomposition and Mn
ion dissolution is clearly evidenced. These combined strategies
unlock the electrode performance of Li-excess DRS electrodes
with Mn ions which is suitable for practical battery applications.

2. Results and Discussion

2.1. Optimization of Cationic/Anionic Redox and Short-Range
Cation Ordering

For Mn-based Li-excess DRS oxides, the anionic redox contri-
bution on reversible capacities significantly influences electrode
reversibility.[33] As shown in Figure S1 (Supporting Information),
an increase in the Li3NbO4 fraction for Li3NbO4–LiMnO2 bi-
nary system leads to larger theoretical capacities using anionic
redox. Herein, the optimal fraction of Li3NbO4 in this binary sys-
tem is explored. As shown in Figure 1a, the crystal structures
of the samples were analyzed by X-ray diffraction (XRD). After
the calcination, there are no residual phases corresponding to
Li3NbO4 and LiMnO2, indicating a cation DRS phase is obtained
for Li1.3Nb0.3Mn0.4O2, Li1.2Nb0.2Mn0.6O2, and Li1.1Nb0.1Mn0.8O2
with a space group symmetry of Fm-3m in which all cations are
located at 4a sites. In addition, Li1.1Nb0.1Mn0.8O2 is synthesized
as the maximum Mn content in Li3NbO4–LiMnO2 binary system
(Figure S2, Supporting Information), and it is also concluded that
the particle size is significantly influenced by the heating time. A
smaller particle size sample with large surface area is obtained
by shorter heating time at 1050 °C. Note that further enrich-
ment of Mn ions is unsuccessful, and the presence of Mn-rich
phase is observed. Nb5+ (0.64 Å) ions have a similar ionic radius
with Mn3+ ion (0.645 Å in a high-spin configuration), but Li+ ion
(0.76 Å) is clearly larger compared with both transition metal
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Figure 1. Structural characterization: a) XRD patterns and SEM images of as-prepared Li1.3Nb0.3Mn0.4O2, Li1.2Nb0.2Mn0.6O2, and Li1.1Nb0.1Mn0.8O2
and a schematic illustration of DRS structure drawn using the program VESTA,[59] b) STEM/EDX images of Li1.1Nb0.1Mn0.8O2, c) HAADF-STEM image
of Li1.1Nb0.1Mn0.8O2, d) HAADF/ABF-STEM images of magnified region of (c), where a short-range cation disordered arrangement for cations is noted
along [011], and e) FFT image of STEM image along [001] (original STEM images are shown in Figure S5, Supporting Information).

ions. Therefore, the reduction of Li3NbO4 fraction leads to a
smaller lattice parameter, which can be evidenced by the peak
shift in the diffraction lines to the higher angle. The lattice pa-
rameter of 4.193 Å for Li1.3Nb0.3Mn0.4O2 is decreased to 4.171
Å for Li1.1Nb0.1Mn0.8O2. The reduction of Li3NbO4 fraction, in
which both cations have an insulating character, is supposed
to favorable for electron conduction, but the probability of per-
colative connection for Li ions migration paths is decreased. All
these three samples show similar particle morphology and sizes,
and uniform distribution of Nb, Mn, and O ions (Figure 1b;
Figure S3, Supporting Information). To further characterize the
crystal structure of Li1.1Nb0.1Mn0.8O2, annular bright field (ABF)
and high-angle annular dark field (HAADF) STEM characteri-
zations were conducted and summarized in Figure 1c, d and
Figures S4 and S5 (Supporting Information). Although a uni-
form contrast for anionic sites (O ions) from an ABF-STEM
image, in which the presence of lighter atoms is emphasized,
is observed (Figure 1d), a non-uniform contrast is found for
the cationic sites, which is clearly evidenced in an HAADF im-

age, in which heavier transition metal ions are clearly visual-
ized. This observation, non-uniform contrast only for the cationic
sites, suggests that the presence of short-range ordering (SRO)
for Li/Mn/Nb ions, and the bright contrast site in the HADDF
image indicates Mn/Nb rich sites, and the darker contrast site
indicates Li rich sites (Figure 1c). Similar short-range order-
ing is observed for Li1.2Mn0.4Zr0.4O2, but less ordering is ob-
served for Li1.2Mn0.4Ti0.4O2.[34] The cation-short range ordering
is also evidenced from the diffuse spots in the FFT image ob-
tained from the STEM image (Figure 1e). The presence of SRO
would influence Li transport properties by modifying both lo-
cal and macroscopic environments related to percolative Li ions
conduction,[20,34] which is further discussed in the later section.

To further study the impact of chemical compositions on
electrode performance, galvanostatic charge/discharge curves of
Li1.3Nb0.3Mn0.4O2, Li1.2Nb0.2Mn0.6O2, and Li1.1Nb0.1Mn0.8O2 at a
rate of 10 mA g−1 between 1.5 and 4.8 V are compared in
Figure 2a. Theoretical capacities of these compounds based on
Li contents are calculated to be ≈384, 350, and 317 mA h g−1
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Figure 2. Electrode performance of Li1.3Nb0.3Mn0.4O2, Li1.2Nb0.2Mn0.6O2, and Li1.1Nb0.1Mn0.8O2: a) Galvanostatic charge/discharge curves in Li cells,
b) corresponding differential capacity curves as a function of voltage, c) capacity retention, and d) EIS data after charged to 4.3 V.

Adv. Energy Mater. 2024, 14, 2304074 2304074 (4 of 14) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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for Li1.3Nb0.3Mn0.4O2, Li1.2Nb0.2Mn0.6O2, and Li1.1Nb0.1Mn0.8O2,
and 118, 175, and 230 mA h g−1 based on Mn3+/Mn4+ redox,
respectively. A clear difference in the electrochemical behavior
is observed among the three samples due to the difference in
the dominant redox species. Li1.3Nb0.3Mn0.4O2 electrode has the
lowest Mn redox capacity contribution, which can be obtained
from the slope region of the first charging. A large charge ca-
pacity (≈300 mA h g−1) is observed based on a larger contribu-
tion of anionic redox, which is clearly evidenced from a long volt-
age plateau at 4.3 V.[18] Note that the voltage plateau is clearly
observed at the second cycle, and a large voltage hysteresis on
charge/discharge is evidenced. Such hysteresis is also observed
for a layered system,[35] which would originate from irreversible
oxygen dimerization. Nevertheless, the anionic redox plateau for
Li1.3Nb0.3Mn0.4O2 is gradually disappeared, indicating the infe-
rior reversibility for anionic redox. The oxygen redox plateau is
less visible for a less Li-excess system, Li1.2Nb0.2Mn0.6O2, and no
clear evidence of anionic redox is observed from the second cycle.
Moreover, the voltage hysteresis is less pronounced, suggesting
that reversible capacities mainly originate from Mn cationic re-
dox with a small contribution of anionic redox.

When the Li amount is further decreased, the electrode re-
versibility is significantly deteriorated. For Li1.1Nb0.1Mn0.8O2 with
the maximum Mn content, discharge voltage profiles are clearly
changed, and an additional voltage plateau at 1.5 V on discharge
appears. A large voltage hysteresis is also noted for Mn3+/Mn4+

cationic redox (Figure 2b). This fact clearly indicates that the
penalty for Li percolative Li conduction cannot be avoided for
the less Li composition DRS oxide. Nevertheless, as shown in
Figure 2c, Li1.1Nb0.1Mn0.8O2 shows the best cyclability, and the ca-
pacity retention reaches 87% after 20 cycles. Note that the capac-
ity is gradually increased in the initial few cycles because of the
phase transition from pure cation disordered rocksalt phase to
partial spinel-like ordering,[36] and such a phase transition for the
Mn3+-rich sample can be suppressed in nano-sized cation disor-
dered rocksalt oxide materials.[37] In contrast, Li1.3Nb0.3Mn0.4O2
shows the retention of 31% at the same condition. A similar trend
is also obtained for cycling with a voltage range of 2.0−4.8 V
(Figure S6, Supporting Information). Another important factor
is the enrichment of Mn ions, which is electronic conductive
species. Electrochemical impedance spectroscopy (EIS) measure-
ments (Figure 2d) confirm the increased amount of Mn ions re-
sults in a smaller semicircle, which reflects Li ion/electron con-
duction in the composite electrode, coupled with charge trans-
fer resistance.[38] The observed differences from these three ox-
ides with different Li/Mn contents suggest that electrode perfor-
mance, related to cationic/anionic redox, is systematically tuned
by the optimization of chemical compositions.

2.2. Improved Electrode Kinetics through Crystalline Size
Reduction and Defect Engineering

Although good cyclability is realized for micrometer-sized
Li1.1Nb0.1Mn0.8O2, the reversible capacity is relatively small,
150 mA h g−1 at a rate of 10 mA g−1 in a range of 1.5−4.8 V, which
originates from the penalty of Li ion percolative conduction in the
DRS oxide. To further improve electrode reversibility, Li ion mi-
gration kinetics and electronic conductivity need to be enhanced.

To mitigate the penalty of Li ion percolative conduction, the de-
crease in Li ion migration path length is necessary. Therefore,
the mechanical milling was conducted at 450 rpm with different
duration, 3, 6, and 12 h (Figure S7, Supporting Information), to
optimize crystalline sizes. Figure 3a compares synchrotron XRD
(SXRD) patterns of the samples with different milling duration.
Although the DRS structure is retained after milling, broader
diffraction profiles are observed after mechanical milling, indica-
tive of the reduction of crystallinity as a function of milling time.
Although a significant change is noted for morphology observed
in a SEM image, a crystallinity change is relatively small from an
SXRD pattern after 3 h mechanical milling (denoted as “450 rpm
3 h”). After further extension of the milling time to 6 h (450 rpm
6 h) and 12 h (450 rpm 12 h), a clear reduction of crystallinity
with wider peak widths is noted from SXRD patterns for both
samples. However, the mechanical milling after 12 h leads to the
agglomeration of secondary particles, and this fact may originate
from the excess enrichment of strains and defects to the sample
by high-energy mechanical milling. Furthermore, to improve the
electrode reversibility, nanosized Li1.1Nb0.1Mn0.8O2 samples were
further mixed with acetylene black (AB), and XRD and SEM stud-
ies reveal that nanosized oxides with the uniform particle size are
obtained after milling at 450 rpm for 6 h (Figure S8, Supporting
Information).

DF-STEM and BF-STEM images with different magnifications
of Li1.1Nb0.1Mn0.8O2, as-prepared and mechanical milled samples
for 6 h, are compared in Figure 3b and Figure S9 (Supporting In-
formation). Both particle size and crystalline size are clearly re-
duced by mechanical milling, and a significant reduction of par-
ticle size, compared with as-prepared (500 nm), and nanosized
grains (≈150 nm) consisting of nanosized crystalline particles
(< 10 nm) are observed. Similar characters with agglomerated
nanosized crystalline particles are generally observed for the sam-
ple synthesized by high-energy mechanical milling.[17,39] More-
over, for nanosized Li1.1Nb0.1Mn0.8O2, the short-range cation or-
dering observed for the as-prepared sample is not evidenced
from a FFT image obtained from a high-resolution STEM im-
age. Raman spectroscopy has been conducted to study the defect
engineering (Figure S10, Supporting Information). The main
peak at 602 cm−1 for the as-prepared sample is assigned as the
vibration of the Mn─O bonds, this peak is gradually changed
to higher wavenumbers after milling at 450 rpm for 3, 6, and
12 h, suggesting the enrichment of defect concentration as
milling time increases.[40] The relationship between crystal-
lite sizes and strains of the samples was further analyzed by
Williamson–Hall method,[41] the Williamson–Hall equation is
simply expressed as follow:[42]

𝛽 cos𝜃 = K𝜆

t
+ 4𝜀 sin𝜃 (1)

where 𝛽 is the integrated width of each peak, K is the shape fac-
tor (≈0.9), 𝜃 is the peak position, ɛ is the integral breadth from
strain, 𝜆 is the wavelength of X-ray, and t is the apparent crystal-
lite size. A CeO2 standard is used to determine the instrumen-
tal broadening. As shown in Figure S11 (Supporting Informa-
tion), the apparent crystallite size of CeO2 standard is 97 nm with
different d-spacing, indicating the instrumental broadening and
strain are negligible.[43] A similar result can be found from the
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Figure 3. a) SXRD patterns and SEM images of as-prepared and mechanical milled samples (scale bar, 2 μm), b) STEM and FFT images of as-prepared
and 6 h milled Li1.1Nb0.1Mn0.8O2, c) CV curves of Li1.1Nb0.1Mn0.8O2 powders in different mechanical milling conditions at scan rate of 1 mV s−1, and
d) comparison of electrochemical properties of Li1.1Nb0.1Mn0.8O2 with different milling duration.
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as-prepared sample with nearly no crystal imperfections. How-
ever, after ball-milling process, the slope 𝜖 changed from
2.40×10−3 (as-prepared) to 2.32×10−2 (450 rpm 3 h), 3.63×10−2

(450 rpm 6 h), and 3.98×10−2 (450 rpm 12 h), suggesting the
increase of strain by ball milling. The lattice strain is increased
with increasing milling time up to 6 h, and further ball-milling
has less impact on the strain and leads to particle agglomeration.
For nanosized samples, many structural defects are expected to
be present as shown in Figure 3a,b, but the influence of these
defects on electronic conductivity of the samples, is not fully un-
derstand. Therefore, the electronic conductivity of the samples
was briefly measured for compressed powders, and an experi-
mental setup is described in Figure S12a (Supporting Informa-
tion). The resistivity 𝜌 is calculated based on the following for-
mula: 𝜌 = RS/L, where R is a resistance for electron conduction
calculated from a slope of a cyclic voltammogram, S is the area
of compressed powder, and L is compressed powder thickness.
Note that the density of compressed powder pellets is not high
enough compared with sintered and dense pellets, the resistiv-
ity of the samples obtained by this methodology is expected to
be smaller compared with dense pellets. Nevertheless, a trend of
resistivity changes for samples by different mechanical milling
duration, and thus the impact of defects on sample resistivity,
can be discussed. As shown in Figure 3c, the slopes of cyclic
voltammograms are increased with increasing the milling time
to 6 h. Current flow is 20 times larger for the sample milled
for 6 h compared with the as-prepared sample, indicating that
nanosized samples show much better electronic conductivity.
Note that these data are successfully reproduced from different
measurements as shown in Figure S12b (Supporting Informa-
tion). Mechanical milling reduces the sample particle size, and
thus the resistance originating from particle-to-particle interfa-
cial electron conduction is expected to be increased. However, un-
expectedly, moderately milled samples show improved electronic
conductivity compared with the as-prepared sample, and this fact
is proposed to originate from the enrichment of structural de-
fects by milling, which facilitates facile mixed electron/ion con-
duction. From the comparison between the samples, 6 and 12 h
milled samples, excess milling results in inferior electronic con-
ductivity, probably because of excessive enrichment of structural
defects, which is further discussed coupled with the electrochem-
ical properties of the samples.

Electrode performances of Li1.1Nb0.1Mn0.8O2 before and af-
ter milling are further examined in Li cells, and results are
shown in Figure 3d. Mechanically milled samples show larger
reversible capacities of 250 – 270 mA h g−1 even at room tem-
perature, corresponding to an increase of 100 mA h g−1 com-
pared with the micrometer-sized sample. For micrometer-sized
Li1.1Nb0.1Mn0.8O2, the lower probability of percolative Li conduc-
tion path connection restricts the reversible capacity, and only
limited Li sites in the structure are activated. After reducing parti-
cle size by milling, the distance of Li migration path is decreased,
and the electronic conduction is also improved as shown in
Figure 3c and Figure S13, Supporting Information. This experi-
mental finding also suggests that the enrichment of grain bound-
ary concentrations facilitate Li ion migration. Note that the milled
sample for 12 h shows faster capacity decay and higher interfacial
resistance compared with other tested samples (Figure S13b,c,
Supporting Information). Moreover, a smaller initial charge ca-

pacity is observed, and this fact indicates that the partial oxida-
tion of the sample by excessive mechanical milling associated
with structural defect formation.[15] From these results, it is con-
cluded that the mechanical milling at 450 rpm for 6 h is the best
condition to synthesize nanosized sample for Li1.1Nb0.1Mn0.8O2
with good electrode reversibility. The cyclability of nanosized
Li1.1Nb0.1Mn0.8O2 is also effectively improved by lowering the up-
per cut-off charge voltage (Figure S13d, Supporting Information),
and 96% of the reversible capacity is retained after 20 cycles at
1.5–4.1 V, mainly with cationic redox. Although the electrode re-
versibility with higher cut-off charge voltage is still far from the
use for practical applications, one promising strategy to improve
the reversibility with higher cut-off voltage is surface stabiliza-
tion, which will be further discussed in the later section.

2.3. Electrode Surface Stabilization using Highly Concentrated
Electrolytes

The use of highly concentrated electrolytes (HCEs) has been pro-
posed as an effective strategy to improve the reversibility and
cyclability of electrode materials.[31] Herein, the impact of HCE
on the electrode performance of nanosized Li1.1Nb0.1Mn0.8O2 is
studied in detail. Figure 4a,b shows the comparison of the elec-
trode performance of the samples tested with conventional elec-
trolyte (CE, 1 M LiPF6 in EC/DMC) and HCE (5.5 M LiFSA in
DMC[44]). Nanosized Li1.1Nb0.1Mn0.8O2 synthesized by mechan-
ical milling at 450 rpm for 6 h was used as the positive elec-
trode material. Nanosized Li1.1Nb0.1Mn0.8O2 with CE delivers a
reversible capacity of 220 mA h g−1 at a rate of 50 mA g−1

(Figure 4a). For nanosized Li1.1Nb0.1Mn0.8O2 with HCE, a re-
versible capacity is improved by 20 mA h g−1, which is also ob-
served at different current density (Figure S14a,b, Supporting
Information). Notably, the cell cycled with CE significantly de-
grades with cycling at a current rate of 50 mA g−1, and the re-
versible capacity decreases from 220 to 160 mA h g−1 after 40 cy-
cles, corresponding to 73% capacity retention (Figure S14b, Sup-
porting Information). On the contrary, the cell with HCE shows
significantly improved capacity retention, and the capacity reten-
tion reaches 94% at the same condition. To further study the
difference of electrode reactions for both electrolytes, the cells
were evaluated by electrochemical impedance spectroscopy (EIS)
(Figure 4c,d). EIS measurements were conducted for the cells af-
ter 1st and 20th cycles at 4.3 V. Although the cell with HCE shows
larger ionic conduction resistance compared with CE, the semi-
circles in Nyquist plots exhibit smaller size at both 1st and 20th

cycles, indicating the electron conduction resistance in the com-
posite electrode and charge transfer resistance for Mn redox cou-
pled with Li ion exchange with electrolyte, are smaller in HCE.[38]

These advantages are beneficial to improve the electrode kinet-
ics associated with the suppression of impedance increase on cy-
cles. Indeed, the cell with HCE shows a better rate capability and
larger discharge capacity even at 320 mA g−1 compared with that
with CE (Figure 4e,f). Note that the voltage plateau below 1.8 V
is more pronounced at lower current densities, which suggests a
slow Li insertion kinetics at the end of discharge. This low voltage
plateau is clearly observed for HCE compared with CE, probably
due to the faster electrode kinetics in CE with lower viscosity.[45]

Extended cycle tests were also performed (Figure 4g), and a better
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Figure 4. Electrochemical properties of nanosized Li1.1Nb0.1Mn0.8O2, 450 rpm for 6 h, cycled in different electrolyte solutions: a, b) charge/discharge
curves, c, d) EIS spectra charged to 4.3 V at 1st and 20th cycle, e, f) rate capability, and g) capacity retention and Coulombic efficiency at a rate of
100 mA g−1 for 100 cycle test.

Coulombic efficiency is obtained for HCE due to the reduced side
reaction with electrolyte (Figure 4g inset). For 100 continuous cy-
cles, the cell with HCE exhibits superior capacity retention. More-
over, the suppression of voltage profile changes is clearly noted
for the cell with HCE (Figure S14c, Supporting Information). Av-
erage discharge voltage is gradually reduced for the cell with CE,
which is partially mitigated by the use of HCE (Figure S14d, Sup-
porting Information). After 100 cycles, the difference in average
discharge voltage reaches 150 mV. Note that, not only for nano-
sized Li1.1Nb0.1Mn0.8O2, micrometer-sized Li1.2Nb0.2Mn0.6O2 and
Li1.3Nb0.3Mn0.4O2 also show improved capacity retention by us-
ing HCE (Figure S15, Supporting Information). The use of HCE
effectively mitigate the side reaction of oxidized and unstable

electrode materials with electrolyte, and thus the dissolution of
Mn ions is effectively suppressed, which will be discussed in the
following section.

2.4. The Origin of Improvement of Electrode Reversibility for
Li1.1Nb0.1Mn0.8O2 with Highly Concentrated Electrolytes

To understand the factors affecting structural reversibility of
Li1.1Nb0.1Mn0.8O2 in different electrolytes, in situ XRD study
was conducted. The original in situ XRD patterns are plotted in
Figure S16 (Supporting Information). Selected 2𝜃 range of 42–
45° for 220 diffraction peaks are plotted in Figure 5a,b with the
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Figure 5. Characterization of nanosized Li1.1–xNb0.1Mn0.8O2 in different electrolyte solutions: Selected regions of the in situ XRD data and contour maps
for Li1.1–x Nb0.1Mn0.8O2 cycled in a) CE and b) HCE, c) ex situ XAS spectra on electrochemical cycles in CE, and the gas evolution measured by OEMS
in d) CE and e) HCE. Due to the high volatility of DMC, the evolution of CO2 and O2 is compared by absolute intensity for measurement.

corresponding contour maps. Diffraction lines shift to higher
diffraction angles on charge, indicating the shrinkage of crys-
tal lattice, and then shift back again after discharge. After fully
discharge, the 220 diffraction line for the sample cycled with CE
remains at the higher 2𝜃 angle compared with its original posi-
tion (before charge), indicating irreversible structural change on
electrochemical charge/discharge process. This trend is also ev-
idenced by ex situ XRD study (Figure S17, Supporting Informa-
tion). In contrast, for the case of the sample with HCE, the 220
diffraction line shifts back to the original position, which is also
supported by ex situ XRD study (Figure S17b, Supporting Infor-
mation). Note that the irreversibility of electrochemical reaction
is further supported by X-ray absorption spectroscopy (XAS). If
the irreversible oxygen loss proceeds on charge, this leads to fur-
ther reduction of Mn3+ on discharge.[46] Changes in Mn K-edge
XAS spectra for Li1.1Nb0.1Mn0.8O2 after cycle with CE are shown
in Figure 5c. On charge, the energy of XAS spectrum shifts to the

higher energy region due to Mn ion oxidation. However, after dis-
charge to 1.5 V, the XAS spectrum is found at a lower energy re-
gion in comparison with the pristine electrode. This observation
suggests the reduction of Mn ions associated with the oxygen loss
on charge. According to our previous study, such irreversible oxy-
gen loss and Mn reduction ions is mitigated for the Li-excess Mn
oxides cycled with HCE.[32]

To directly monitor the decomposition of electrolyte on charge,
online electrochemical mass spectrometry (OEMS) was also per-
formed (Figure 5d,e). For the sample with CE, CO2 evolution de-
rived from the oxidative decomposition of carbonate solvents is
observed at the voltages higher than 3.7 V. In addition, a small
amount of O2 was detected in the higher voltage regions > 4.6 V.
The generation of O2 gas can be attributed to the destabilization
of anionic redox reactions with electrolyte.[47] In contrast, CO2
and O2 generation cannot be found in the HCEs at the same con-
dition. The oxidative tolerance of solvent molecules is higher in
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HCE compared with CE because the most of solvent molecules
are coordinated to Li ions in HCE,[48] which may contribute to the
suppression of O2 release from the charged Li1.1–xNb0.1Mn0.8O2.

The use of oxidatively stable HCE is an effective methodology
in suppressing oxygen loss in nanosized Li1.1Nb0.1Mn0.8O2. To
further study morphological changes, Li1.1Nb0.1Mn0.8O2 particles
cycled in CE and HCE were observed by DF-STEM and BF-STEM
(Figure 6a–c and Figures S18, S19, Supporting Information). The
samples were observed after 10 cycles at a rate of 10 mA g−1 in a
range of 1.5 – 4.8 V in both electrolytes. From DF-STEM images,
a new feature is observed especially for the sample cycled in CE.
Many small dark spots are enriched after cycling. Similar dark
spots also appear the sample cycled in HCE when compared with
the as-prepared sample, but the changes observed in DF-STEM
images is much significant for the sample cycled in CE. Recently,
a more clear change and the appearance of many dark spots in a
DF-STEM image are observed for cycled Li2MnO3,[49] which is in-
dicative of the oxygen loss and the formation of nanosized pores
inside particles. The enrichment of pores for the sample cycled in
CE, is consistent with degradation of electrochemical reversibil-
ity and promoted gas generation. Moreover, the oxide surface is
covered by electrolyte decomposition products, which are clearly
visible for the BF-STEM images for the cycled samples. The oxy-
gen loss is also expected to results in the dissolution of transition
metal ions into the electrolyte. Indeed, the purple coloration of
electrolyte solution is directly evidenced by ultraviolet-visible ab-
sorption spectroscopy (UV–vis) after the storage test of nanosized
Li1.1Nb0.1Mn0.8O2 stored in CE at 50 °C for 17 days (Figure 6d).
Clear light absorption in a range of >350 nm is clearly observed,
which is derived from the Mn ion dissolution into electrolyte.
In contrast, after the same storage test in HCE, no coloration is
noted, and the dissolution of Mn ions is not evidenced by UV–
vis spectroscopy. This fact suggests that Mn ions cannot be dis-
solved into HCE because of no free solvent molecules in this
electrolyte.[31] In addition, PF6

– ions used for CE are easily de-
composed at elevated temperatures, resulting in the formation
HF, which causes Mn dissolution into electrolyte.[44,50]

The stabilization mechanisms of nanosized Li1.1Nb0.1Mn0.8O2
with HCE is further studied by X-ray photoelectron spectroscopy
(XPS). Electrolyte decomposition products are often deposited
on the electrode surface, by which the electrode reversibility is
affected.[51,52] Therefore, the surface of Li1.1Nb0.1Mn0.8O2 parti-
cles observed by BF-STEM study is analyzed, and XPS spec-
tra of the samples cycled in CE and HCE are summarized in
Figure 6e–h and Figure S20 (Supporting Information). The bind-
ing energy of XPS spectra was calibrated using a peak of C-H at
284.6 eV in C 1s spectra (Figure S20, Supporting Information),
which is mainly derived from acetylene black (AB) in the com-
posite electrodes. Atomic fractions of C-H from AB on the cycled
electrodes with both electrolytes are smaller than that on the as-
prepared sample (Figure 6i), indicating that AB in the compos-
ite electrodes is covered with electrolyte decomposition products.
Notably, for the sample cycled in CE, a peak at 287.5 eV is clearly
observed in the C 1s spectrum (Figure S20, Supporting Informa-
tion), which is assigned to C = O containing species originating
from the decomposition of carbonate solvents. In the O 1s spec-
trum, the peak intensity and atomic fraction from lattice oxygen
(O2−) are also clearly reduced after cycling in CE (Figure 6g,i).
This fact suggests that lattice oxygen is partially oxidized and re-

acted with the electrolyte solution, leading to CO2 generation as
observed in OEMS spectroscopy (Figure 5d) and accumulation
of decomposition products on the surface of oxide particles. The
presence of a decomposition product of PF6

− anion, LixPFyOz,[53]

is also noted in the O 1s, F 1s, and P 2p spectra. The P 2p spec-
trum deconvoluted with spin-orbit split doublets (P 2p3/2 and P
2p1/2).[54] These results suggest that the electrode surface after cy-
cling with CE is accumulated by electrolyte decomposition prod-
ucts caused by the side reaction of oxidized Li1.1–xNb0.1Mn0.8O2.

When the sample is cycled in HCE, a different trend compared
with CE is noted. The intensity of a peak originating from C = O
is less intensified in both O 1s (Figure 6g) and C 1s (Figure S20,
Supporting Information), indicating that the decomposition of
carbonate solvents is suppressed compared with CE. This result
also supports that HCE has superior oxidative tolerance because
of the elimination of free solvents. Although an atomic fraction
of O 1s is increased after cycle (Figure 6i), this fact originates
from the residue of electrolyte. LiFSA contains S = O species,
which is visible in O 1s[44,55] and S 2p[56] spectra. The S 2p spec-
trum shows doublets split including S 2p3/2 and S 2p1/2 core
peaks.[56] Peak intensity originating from AB is decreased in C 1s
spectra (Figure 6i; Figure S20, Supporting Information), which
is indicative of the partial decomposition of HCE on AB sur-
face. Additionally, the enrichment of LiF is evidenced in the F
1s spectrum[57], which is expected to be derived by the decompo-
sition of FSA− anion. Nevertheless, the atomic fraction of oxide
ions from Li1.1Nb0.1Mn0.8O2 is retained (Figure 6g,i) after cycling
in HCE, suggesting that the decomposition of HCE on the sur-
face of Li1.1Nb0.1Mn0.8O2 is effectively suppressed.

From these results, it is concluded that the electrode reversibil-
ity is significantly improved by the use of the HCE solution with
LiFSA. The XPS study reveals that LiFSA and/or DMC is partly
decomposed on electrochemical cycles and the decomposition
products seems to be accumulated on AB. However, a clear lattice
oxygen peak is observed after cycling test, and this fact suggests
that the electrolyte decomposition is effectively suppressed on the
surface of Li1.1Nb0.1Mn0.8O2 or protected by very thin layers de-
rived from HCE, which is also clearly supported from the char-
acterization results of in situ XRD, UV–vis, STEM, and OEMS
spectroscopy, coupled with electrochemical measurements.

3. Conclusion

A binary system of Li3NbO4–LiMnO2 is targeted as a potential
high energy density positive electrode material, and factors af-
fecting the electrode performance are systematically studied in
detail. Although a Li3NbO4-rich sample, e.g, Li1.3Nb0.3Mn0.4O2,
shows a large reversible capacity, ≈300 mA h g−1, capacity re-
tention is unacceptable for practical battery applications. In con-
trast, a LiMnO2-rich sample, e.g., Li1.1Nb0.1Mn0.8O2, shows a
small reversible capacity because of the limitation of percola-
tive ionic conduction, but much improved capacity retention is
evidenced. Superior electrode performance of Li1.1Nb0.1Mn0.8O2
is successfully unlocked by the defect engineering and enrich-
ment of grain boundary in oxides. Furthermore, electrode re-
versibility is significantly improved by the use of HCE, asso-
ciated with the suppression of electrolyte decomposition and
surface stabilization because of the superior tolerance as elec-
trolyte solutions. This finding provides the new possibility to
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Figure 6. Characterization of nanosized Li1.1–xNb0.1Mn0.8O2 in different electrolyte solutions: a) DF/BF-STEM images of electrodes cycled in different
electrolyte solutions, (a) pristine, b) cycled in HCE, c) cycled in CE. d) Characterization of electrolyte solutions stored with the Li1.1Nb0.1Mn0.8O2 electrode
by UV–vis spectroscopy and photo images of the electrolyte after the storage test. XPS spectra of S 2p e), P 2p f), O 1s g), and F 1s h), and i) the atomic
fractions of different components, AB, Li1.1Nb0.1Mn0.8O2, and LiF compared with electrolyte decomposition products. For the S 2p and P 2p spectra,
spin-orbit split (2p1/2 and 2p3/2) peaks are shown.
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design high-capacity and high-energy positive electrode materi-
als based on abundant Mn ions, leading to the development ad-
vanced high-energy Li ion batteries without non-abundant Ni/Co
ions.

4. Experimental Section
Synthesis of Material: Li3NbO4-LiMnO2 binary oxides were prepared

by a solid-state reaction from Li2CO3 (98.5%, Kanto Kagaku), Nb2O5
(99.9%, Wako Pure Chemical Industries), and Mn2O3. Mn2O3 can be
produced by heating MnCO3 at 850 °C for 12 h in air. These precursors
were mixed by using a planetary ball mill (PULVERISETTE 7; FRITSCH)
in a zirconia pot (45 mL) with zirconia balls at 300 rpm for 5 h with
ethanol. The mixture was then dried, and pressed into pellets before heat-
ing. The pellets were heated at 950 °C for 12 h in an argon atmosphere
for Li1.3Nb0.3Mn0.4O2 and Li1.2Nb0.2Mn0.6O2 samples, 1050 °C for 1 h for
Li1.1Nb0.1Mn0.8O2 sample. The particle size of Li1.1Nb0.1Mn0.8O2 sample
was reduced through mechanical milling in a zirconia pot with zirconia
balls at 450 rpm for 3 h, 6 h and 12 h. The mechanical milled powder was
taken out from the zirconia pot after every 3 h, and mixed by hand grind
using an alumina mortar and pestle to ensure powder uniformity during
the milling process. Before making a slurry, all the samples were mixed
with acetylene black (HS-100, Denka, active material: acetylene black =
90:10 in wt%) using a planetary ball mill at 300 rpm for 12 h. The obtained
carbon composited samples were kept in a glove box before use.

Electrochemistry: Electrode performance of the samples was exam-
ined in two-electrode type cells (TJ-AC, Tomcell Japan). The conven-
tional electrolyte used consist of 1.0 mol dm−3 LiPF6 dissolved in ethy-
lene carbonate/dimethyl carbonate (EC: DMC = 3:7 by volume) (Kishida
Chemical). The highly concentrated electrolyte used consist of lithium
bis(fluorosulfonyl)amide (LiFSA) and DMC (5.5 M LiFSA in DMC). The
carbon composited positive electrodes consisting of 76.5 wt% active ma-
terial, 13.5 wt% acetylene black, and 10 wt% poly(vinylidene fluoride), was
pasted on an aluminum foil. The electrode slurry was dried under vac-
uum and further heated at 120 °C in a vacuum for 2 h. A polyolefin mi-
croporous membrane was used as a separator for CE, an aramid-coated
polyolefin separator was used for HCE.[32] Metallic lithium (Honjo Metal)
was used as a negative electrode. Electrochemical impedance measure-
ment was conducted by using a potentiostat equipped with a frequency
response analyzer (SP-200, Bio-Logic). All the electrochemical measure-
ments were carried out at room temperature (25 °C on average).

Characterization of Samples: Particle morphology of the samples was
observed using a scanning electron microscope (SEM, JCM-6000, JEOL)
with an acceleration voltage of 15 kV and scanning transmission elec-
tron microscopy (STEM, ARM200F, JEOL) at 200kV. Elemental distribu-
tions were measured using STEM with an energy dispersive X-ray spec-
trometer (EDX, JED-2300T, JEOL) with a resolution of 256×256 pixels. The
atomic scale STEM imaging was conducted by HAADF/ABF-STEM using
a JEOL JEM-ARM200F instrument with a CEOS CESCOR STEM Cs correc-
tor (spherical aberration corrector) operated at an acceleration voltage of
200 kV. Details of the experimental setup, including specimen preparation,
can be found in the literature.[58]

X-ray diffraction (XRD) patterns of the samples were collected us-
ing an X-ray diffractometer (D2 PHASER, Bruker) equipped with a one-
dimensional X-ray detector using Cu K𝛼 radiation generated at 300 W
(30 kV and 10 mA) with a Ni filter. Schematic illustrations of crystal struc-
tures of samples were drawn using the program VESTA.[59] In situ XRD
patterns were collected using an electrochemical cell equipped with a Be
window and X-ray diffractometer (Bruker, D8 Advance) using Cu K𝛼 radia-
tion generated at 1600 W (40 kV and 40 mA) with a Ni filter. The slurry for
in-situ measurements was pasted on thin Al foil (5 mm). X-ray photoelec-
tron spectroscopy (XPS, K-Alpha+, Thermo Fisher Scientific) was carried
out using monochromatized Al K𝛼 X-ray radiation.

Raman spectra of the samples were collected by using a Raman Micro-
scope (inVia reflex) with a 532 nm laser. The measurement was conducted
with a sample holder (LIBcell; Nanophoton) without exposure to air.

Synchrotron XRD data were collected at the beamline BL5S2 in Aichi
synchrotron Radiation Center (AichiSR) in Japan. The powders were sealed
in capillary samples in Ar atmosphere and measured using the 2D detector
(PILATUS 100 K, DECTRIS Ltd.). The wavelength of X-rays was calibrated
to be 0.775 Å.

An online electrochemical mass spectrometry (OEMS) was carried
out, and the gas evolution was detected during electrochemical measure-
ments. The schematic illustration of the cell for OEMS was described in
previous work.[57] The ECCW-Air cell purchased from EL-Cell was used for
OEMS measurements. The cell was assembled in an Ar-filled glovebox.
An aluminum mesh (20-mesh, 18 mm in diameter, Nilaco) and a Li foil
(16 mm in diameter) were used as the working and counter electrodes,
respectively. A glass fiber filter (18 mm indiameter, GA-55) wetted with
150 μL of the electrolyte was inserted between the working and counter
electrode. Electrochemical measurements were performed using an elec-
trochemical instrument (SP-200, Biologic). The outlet gas from the cell
was directly transferred (without column) to a mass spectrometer (GCMS-
QP2010 Ultra system, Shimadzu), and electrochemical and MS measure-
ments were performed simultaneously. A carrier gas, He (99.999 vol%),
was flowed over the Al mesh electrode at a flow rate of 50 Ml min−1.

Hard XAS spectra were collected with a silicon monochromator in the
transmission mode. The intensities of the incident and transmitted X-
rays were measured using an ionization chamber at room temperature.
Samples for XAS measurements were prepared using the two-electrode
cells at a rate of 10 mA g−1. The composite electrodes were rinsed with
dimethyl carbonate and sealed in a water-resistant polymer film in the Ar-
filled glovebox. Normalization of the XAS spectra was carried out using
the program code IFEFFIT.[60] The post-edge background was determined
using a cubic spline procedure.

UV–vis spectroscopy was performed on a spectrophotometer
(LAMBDA750, PerkinElmer Japan) with wavelength from 250 nm to
500 nm. The two electrodes with the same mass were stored in 800 μL CE
or HCE for 17 days, then 100 μL electrolyte was diluted in 3 mL DMC for
measurement.
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