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Oxygen Vacancy Introduction to Increase the Capacity and
Voltage Retention in Li-Excess Cathode Materials

Jianping Huang, Peichen Zhong, Yang Ha, Zhengyan Lun, Yaosen Tian,
Mahalingam Balasubramanian, Wanli Yang, and Gerbrand Ceder*

1. Introduction

The tremendous demand for high-energy
batteries in electric vehicles necessitates
the incorporation of inexpensive and earth-
abundant elements in battery materials.[1]

Current cathode materials in lithium-ion
batteries are largely confined to the layered
Li(Ni,Mn,Co)O2 (NMC) compositional
space,[2] where Co and Ni raise issues of
high costs and resource scarcity.[1] Li-rich
cation-disordered rocksalt (DRX) materials
have drawn attention as alternative cathode
materials because of their high composi-
tional flexibility.[3–6] Inexpensive and
abundant elements such as Mn and Ti
can be incorporated into DRX cathodes
and enable large capacity. For example,
Li1.2Mn0.4Ti0.4O2 DRX delivers capacities
in the range of 250–300mAh g�1 and a
cathode energy density from 750 to
1000Wh kg�1, comparable to those of
layered NMC cathodes though they require
a larger voltage window to achieve this
capacity, and currently still suffer from

some capacity fade.[7–9] As in Li-excess layered materials,[10–13]

the Li-excess used in DRX cathodes[5,7,8,14,15] reduces the
amount of sites available for transition metal and hence the
amount of transition metal redox capacity. For example, only
132mAh g�1 Mn3þ/Mn4þ redox capacity is available in
Li1.2Mn0.4Ti0.4O2 and most of the practical capacity in this mate-
rial is contributed by oxygen redox, similar to Li-rich layered
NMC materials.[12,13] The oxygen redox activity can trigger oxy-
gen loss, leading to capacity and voltage fade, as demonstrated in
many Li-rich rocksalt or layered cathodes.[10,14,16–19] To achieve
stable electrochemical cycling, a large capacity from the transi-
tion metal (TM) site is preferred. Several strategies can be
deployed to increase the amount of transition metal redox capac-
ity. High valent charge compensating elements, such as Ti4þ,
Nb5þ, and Mo6þ, can be used to lower the transition metal
valence.[4,14,20–22] Metals with a double redox couple can signifi-
cantly increase the metal redox capacity when a limited number
of metal sites are available.[4,13,20,22–25] Substitution of oxygen by
fluorine in DRXmaterials has also been used as an effective strat-
egy to mitigate oxygen loss and improve capacity and voltage
retention.[4,14,18,26–28] The substitution of oxygen with fluorine
increases TM capacity by increasing the redox-active TM content
or by lowering the TM valence.[5] For example, the Ni2þ content
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Li-rich rocksalt oxides are promising cathode materials for lithium-ion batteries
due to their large capacity and energy density, and their ability to use earth-
abundant elements. The excess Li in the rocksalt, needed to achieve good Li
transport, reduces the theoretical transition metal redox capacity and introduces
a labile oxygen state, both of which lead to increased oxygen oxidation and
concomitant capacity loss with cycling. Herein, it is demonstrated that substi-
tuting the labile oxygen in Li-rich cation-disordered rocksalt materials with a
vacancy is an effective strategy to inhibit oxygen oxidation. It is found that the
oxygen vacancy in cation-disordered lithium manganese oxide favors high Li
coordination thereby reducing the concentration of unhybridized oxygen states,
while increasing the theoretical Mn capacity. It is shown that in the vacancy-
containing compound, synthesized by ball milling, the Mn valence is lowered to
less than þ3, providing access to more than 300 mAh g�1 capacity from the
Mn2þ/Mn4þ redox reservoir. The increased transition metal redox and decreased
O oxidation are found to improve the capacity and voltage retention, indicating
that oxygen vacancy creation to remove the most vulnerable oxygen ions and
reduce transition metal valence provides a new opportunity for the design of
high-performance Li-rich rocksalt cathodes.
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in Li1.15Ni0.375Ti0.375Mo0.1O2 can increase from 0.375 to 0.45
when 0.15 O is substituted with F, which was shown to reduce
the oxygen loss by 73%.[14] In Li2MnO2F, the Mn valence is low-
ered to þ3, which significantly increases the reversible capacity
from the Mn redox reservoir relative to that for Li2MnO3.

[29]

In this work we push this strategy further and attempt to
replace some oxygen ions by vacancies, which should be twice
as effective in lowering the metal valence than fluorine substitu-
tion. In addition, prior theoretical and experimental work has
demonstrated that the oxygen redox activity in rocksalt cathodes
can be attributed to unhybridized oxygen with the Li–O–Li
configuration.[30,31] Because these are the most weakly bonded
oxygens, we speculate that vacancies may locate in these environ-
ments, and thereby remove some of the oxygens that are suscep-
tible to oxidation. There is some evidence that oxygen vacancies
can exist in rocksalt-like cathode materials. Chueh et al. recently
reported that bulk oxygen vacancies can form and persist in
layered Li1.18Ni0.21Mn0.53Co0.08O2 during extended cycling.[32]

Pralong et al. attempted to synthesize an oxygen-deficient
Li4Mn2O5 DRX by ball-milling LiMnO2 and Li2O and achieved
a high initial capacity of 355mAh g�1.[33] However, continuous
capacity and voltage fade (�30% capacity fade after only 8 cycles)
were observed, which may be related to the limited Mn3þ/Mn4þ

redox (corresponding to 246mAh g�1) and significant amount of
oxygen redox.[33–35]

In this work, we implement the concept of oxygen vacancy
introduction to achieve a large theoretical Mn redox capacity
(353mAh g�1) in a cation-disordered Li5Mn3O6.5 (LMO-V).
The LMO-V cathode delivers a reversible capacity above
270mAh g�1 for 25 cycles with negligible voltage fade (0.02 V),

which is in sharp contrast to stoichiometric Li5Mn3O8 (LMO;
32% capacity fade and 7% voltage fade). Spectroscopic analysis
indicates that the dominant Mn redox and minimal oxygen
oxidation in LMO-V contribute to the improved cycle stability.
The engineering of the oxygen stoichiometry in Li-rich rocksalt
cathodes provides new opportunities for the manipulation of the
cationic and anionic redox chemistry.

2. Results

2.1. Synthesis and Characterization of Stoichiometric and
Nonstoichiometric Li–Mn–O

Stoichiometric LMO with a target Mn valence of þ3.67 and
oxygen-deficient LMO-V with a target Mn valence of þ2.67 were
synthesized using a mechanochemical ball-milling method.
The Li excess of 25% in LMO-V can ensure good Li percolation[18]

and the oxygen vacancy content helps maintain large theoretical
Mn redox capacity. The relationship between Li content and the-
oretical capacity is summarized in Note S1, Figure S1, and
Table S1, Supporting Information. Synchrotron X-ray diffraction
(XRD) was used to characterize the phase purity in LMO and
LMO-V. The XRD pattern of LMO, shown in Figure 1a, indicates
the presence of the cation-disordered rocksalt phase (Fm-3m)
without any apparent impurity peaks. The lattice constant was
determined by Rietveld refinement to be 4.096 Å. The XRD pat-
tern of LMO-V, Figure 1b, similarly shows characteristic diffrac-
tion peaks from the cation-disordered rocksalt phase, but with a
few weak impurity peaks. Rietveld refinement indicates that the
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Figure 1. Structure characterization of Li5Mn3O8 and Li5Mn3O6.5. a) Synchrotron-based XRD patterns and refinement results of (a) Li5Mn3O8 (LMO) and
b) Li5Mn3O6.5 (LMO-V). c) Mn K-edge XANES spectra of LMO and LMO-V. The spectra of Mn3O4, Mn2O3, and MnO2 standards are plotted as dashed
lines. d) Mn K-edge EXAFS spectra of LMO, LMO-V, and Mn3O4. The peaks in the radial distance range of 1–2 and 2–4 Å correspond to the Mn–O and
Mn–Mn coordinations, respectively. e) Thermogravimetric profile of LMO-V at a heating rate of 5 °Cmin�1 under oxygen atmosphere. The inset presents
the XRD patterns of LMO-V before TGA measurement and after heating to 400 °C. f ) SEM images of LMO and LMO-V. Scale bar: 500 nm.
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disordered rocksalt phase (lattice constant: 4.208 Å) is dominant
in LMO-V (�91%), with the impurity minority phases identifi-
able as remaining precursor Li2O (5%) and Mn3O4 (4%).
The presence of unreacted Li2O was also previously observed
by synchrotron XRD in the reported oxygen-deficient material
Li4Mn2O5.

[34] Based on the weight percentages of the unreacted
precursors obtained from the XRD, the molar ratio of the reacted
Li2O:Mn3O4 is 2.23:1, yielding an oxygen deficiency of approxi-
mately 16% in LMO-V.

The Mn valence in LMO and LMO-V was determined using
Mn K-edge X-ray absorption near-edge structure (XANES) spec-
troscopy (Figure 1c). The Mn K-edge position of LMO is located
between that of Mn2O3 (Mn3þ) and MnO2 (Mn4þ). The Mn K-
edge position of LMO-V is similar to that of Mn3O4 (Mn2.67þ)
yet with a different edge shape, reflecting the different Mn
coordination environment in LMO-V from that in the Mn3O4

precursor. The Mn valence was estimated from linear
combination fits of the XANES spectra of Mn standards.[36]

This leads to an assignment of Mn valance of þ3.4(�0.1)
and þ2.80(�0.09) in LMO and LMO-V, respectively, close to the
targeted Mn valences of the two compounds. The local structure
in each compound was analyzed using Mn K-edge extended
X-ray absorption fine structure (EXAFS) spectroscopy (Figure 1d).
The similarity of the peaks at �1.5 and �2.5 Å in the EXAFS
spectra of LMO and LMO-V indicates a similar local coordination
environment in both compounds. These peaks can be assigned to
Mn–O and octahedral Mn–octahedral Mn, respectively.

Thermogravimetric analysis (TGA) under an oxygen atmo-
sphere (Figure 1e) shows a weight increase of �4.5% upon heat-
ing LMO-V to 400 °C. The small weight loss from 200 to 300 °C
may be related to the desorption of some surface adsorbed

species, which we were not able to characterize. Similar
observations have been made in rare-earth manganites
(Dy1�xYxMnO3þδ).

[37,38] The XRD pattern of the sample heated
to 400 °C (inset of Figure 1d) shows that the cation-disordered
rocksalt structure mostly remains present after heating. The
(002) diffraction peak is shifted to 43.4° (from 44.7°) and the
(113) diffraction peak shifted to 65.1° (from 63.1°) in the heat-
treated LMO-V, indicative of a decreased lattice constant consis-
tent with oxidation. Upon heating to 1000 °C under an oxygen
atmosphere, the disordered-rocksalt structure of LMO-V trans-
formed to monoclinic Li2MnO3, as evidenced by the XRD pattern
(Figure S2, Supporting Information). The scanning electron
microscopy (SEM) images of LMO and LMO-V (Figure 1f ) reveal
similar particle sizes of approximately 200 nm for the two
samples.

2.2. Electrochemistry of LMO and LMO-V

The electrochemistry of LMO and LMO-V was compared in Li
cells using galvanostatic charge/discharge tests. LMO delivers
an initial discharge capacity of 334mAh g�1 and an energy
density of 998Wh kg�1 at 20mA g�1 in the voltage window of
5.0–1.5 V (Figure 2a). Under the same test conditions, LMO-V
delivers a discharge capacity of 317mAh g�1 and an energy den-
sity of 921Wh kg�1 (Figure 2b). Both samples have excellent
specific energy approaching 1000Wh kg�1, comparable to or
larger than that of previously reported high-energy cathode
materials.[4,29,39] In the first charge, LMO-V shows a lower voltage
than LMO, consistent with the lower Mn valence in LMO-V.
In particular, LMO-V shows a charge capacity of �300mAh g�1
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Figure 2. Electrochemistry of LMO and LMO-V at room temperature. Voltage profiles of a) LMO and b) LMO-V at 20mA g�1 in the voltage window of
5.0–1.5 V. The insets show the capacity retention of the samples over 25 cycles. c) Capacity retention of LMO and LMO-V as a function of cycle number.
The inset shows the average discharge voltages of LMO and LMO-V. First-cycle voltage profiles of d) LMO and e) LMO-V at different current densities.
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(�73% of the total charge capacity) below 4.0 V, whereas LMO’s
charge capacity below 4 V was �140mAh g�1 (�40% of the total
charge capacity). Upon electrochemical cycling, apparent voltage
and capacity fading were observed in LMO with the discharge
capacity of LMO decreasing to 228mAh g�1 at cycle 25 (1.3% fade
per cycle), and the average discharge voltage continuously decreas-
ing from 2.98 to 2.78 V (Figure 2c). In contrast, LMO-V averaged
only 0.6% capacity loss per cycle maintaining a capacity of
269mAh g�1 at cycle 25. The average discharge voltage for
LMO-V only slightly decreased from 2.91 to 2.89 V. In the smaller
voltage window of 4.4–2.0 V, LMO-V shows good capacity reten-
tion (95%) with capacity >130mAh g�1 for 100 cycles (Figure S3,
Supporting Information). These results all indicate that the intro-
duction of oxygen vacancies is conducive to improving capacity
and voltage retention in Mn-based DRX cathodes. The rate
capability of LMO and LMO-V was compared at different current
densities ranging from 20 to 1000mA g�1 (Figure 2d,e).
At 1000mA g�1, LMO delivers a capacity of 186mAh g�1 (56%
of its capacity at 20mA g�1), similar to LMO-V’s capacity of

167mAh g�1 at 1000mAg�1 (53% of the capacity at 20mA g�1).
The similar rate performance can be attributed to their similar
excess Li (25%) which is critical to Li percolation in DRX
materials.[6,18] At all different current densities, LMO-V
consistently maintained higher capacity retention than LMO
(Figure S4, Supporting Information).

2.3. Redox Mechanism and Structural Change

To understand the different electrochemistry in LMO and
LMO-V, the redox mechanism was probed using hard X-ray
absorption spectroscopy (XAS) and soft X-ray mapping of reso-
nant inelastic X-ray scattering (mRIXS).

The Mn redox was further analyzed using Mn K-edge XANES
spectroscopy (Figure 3a–c). As the charge capacity increases from
0 to 200mAh g�1, the Mn K-edge of LMO shifts from an energy
between that of Mn2O3 and MnO2 to an energy close to that of
MnO2, indicative of Mn oxidation from þ3.4 to þ4.0. Very little
change was observed in the XANES spectrum upon further

Figure 3. Redox mechanism and structural change of LMO and LMO-V. Mn K-edge XANES spectra of a) LMO and b) LMO-V in pristine, 200mAh g�1-
charged, 5.0 V-charged, and 1.5 V-discharged state. The spectra of Mn3O4, Mn2O3, and MnO2 standards are plotted as dashed lines. c) Quantified Mn
valence of LMO and LMO-V using linear combination fitting of the XANES spectra. O K-edge RIXS map of d) LMO and e) LMO-V in pristine and 5.0 V-
charged state. f ) RIXS spectra collected at an excitation energy of 531 eV. The peak at an emission energy of 523.8 eV is a characteristic feature of oxidized
oxygen. Ex-situ XRD patterns of g) LMO and h) LMO-V. i) Refined a-lattice parameters of LMO and LMO-V in pristine, 200mAh g�1-charged, 5.0 V-
charged, and 1.5 V-discharged state.
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charging to 5.0 V. The Mn K-edge of the 1.5 V-discharged LMO
shifts to a lower energy position (close to Mn3O4) than that of the
pristine state of LMO, indicating some irreversibility in LMO
(Figure 3a). In contrast, LMO-V shows more reversible Mn redox
upon charging/discharging. Upon charging to 5.0 V the Mn
K-edge of LMO-V gradually shifts to an energy close to that of
MnO2 and completely shifts back to that of the pristine state
upon discharging to 1.5 V (Figure 3b). The quantitative Mn
valence was estimated by linear combination fitting of the
XANES spectra of Mn standards (Figure 3c). This led to an
assignment of Mn valence in LMO of þ3.4(�0.1), þ3.88(�0.09),
and þ2.76(�0.09), respectively, in the pristine state, the
top-of-charge state, and the 1.5 V-discharged state. The excessive
reduction of Mn likely originates from irreversible oxygen
loss[17,40] or possibly from overdischarge. On the other hand,
the XANES spectra indicate that Mn in LMO-V is oxidized from
þ2.80(�0.09) to þ3.84(�0.04) in going from the pristine to the
top-charge state, and is back reduced to þ2.76(�0.08) in the
1.5 V-discharged state, indicating reversible Mn redox.

To evaluate the oxygen activities, we performed O K-edge
mRIXS analysis (Figure 3d–f ). mRIXS has become the tool-of-
choice in detecting the chemical state of oxidized oxygen in a
compound.[41,42] The feature with excitation energy of
�531 eV and emission energy of 523.8 eV has been verified to
be the fingerprint of the oxidized oxygen species.[41,42] The O
mRIXS shows a clear characteristic signal of oxidized oxygen
in the 5.0 V-charged LMO (Figure 3d black arrow) but the feature
is negligible in the 5.0 V-charged LMO-V (Figure 3e). To facilitate
a direct comparison, the RIXS cuts at 531 eV excitation energy
are plotted in Figure 3f. The characteristic peak signal at
523.8 eV is much weaker in the 5.0 V-charged LMO-V than that
in the 5.0 V-charged LMO, indicating significantly less oxygen
oxidation relative to that in LMO. Note that the Mn3þ/Mn4þ

oxidation in LMO can maximally contribute a capacity
of �147mAh g�1, whereas an actual charge capacity of
362mAh g�1 was achieved. Thus, the majority of the initial
charge capacity in LMO should originate from oxygen oxidation,
as supported by the RIXS results.

The bulk structural changes in LMO and LMO-V after
charge and discharge were characterized using ex situ XRD
(Figure 3g–i). The diffraction peaks of LMO shifted to higher
angles upon charging, indicating a decrease of the lattice con-
stant from 4.11 to 4.03 Å from the pristine to the top-charge state.
Discharging to 1.5 V shifts the diffraction peaks back to lower
angles, but to a position corresponding to an increased lattice
constant of 4.17 Å, �1.5% larger than that in the pristine state.
The larger lattice constant of the 1.5 V-discharged LMO is con-
sistent with excess reduction of Mn upon discharge of LMO
(Figure 3c). In contrast, LMO-V exhibited a more reversible lat-
tice change, with the lattice constant decreasing from 4.16 to
4.04 Å upon charging and increasing to 4.19 Å upon discharging.

3. Discussion

3.1. Reduced Oxygen Oxidation

Oxygen redox is a common phenomenon in Li-rich rocksalt cath-
ode materials;[31,39,43,44] however, surface oxygen loss and its

associated reactions with the electrolyte can lead to performance
degradation (e.g., capacity and voltage fade).[10–12] To mitigate the
issues associated with oxygen oxidation, we demonstrated in this
work that introducing oxygen vacancies can significantly increase
the transition metal redox capacity and decrease O redox in a
cation-disordered lithium manganese oxide. With the presence
of oxygen vacancies, the Mn valence in LMO-V is lowered to
�2.8, and a high capacity (>310mAh g�1) is available from
the Mn redox reservoir. Moreover, oxygen vacancies can poten-
tially reduce the concentration of the unhybridized Li–O–Li
configurations, which facilitate the oxygen oxidation.[19,30,31] By
reducing such states through oxygen vacancies, the first-cycle
voltage hysteresis is significantly suppressed in LMO-V.[13]

Rocksalt cathodes have random cation arrangements and
unhybridized Li–O–Li state mainly exists in Li-rich coordination
environments (Li6O, MnLi5O, and Mn2Li4O). Some examples of
these environments are shown in Figure 4a. If vacancies prefer-
entially were to substitute these oxygen sites, the amount of
unhybridized Li–O–Li states could be reduced. Such a preference
of the oxygen vacancy for Li-rich environments can be expected
as the covalency of the TM with oxygen leads to a higher binding
energy than for Li–O. In a fully randomized system (cations ran-
domly distributed as well as oxygen/vacancies), approximately
60% oxygen vacancies are present in the Li-rich environments.
To estimate the distribution of oxygen vacancies more realisti-
cally, a cluster expansion Monte Carlo simulation was imple-
mented at T� ¼ 2100K using effective interactions derived
from density functional theory (DFT) calculations as in previous
work on DRX oxides[45,46] (see details in the Experimental
Section). The frequency by which different Li coordination num-
bers are found around oxygen vacancies was averaged over 1000
structures sampled from the equilibrium ensemble. The result-
ing distribution of lithium around oxygen vacancies is presented
in Figure 4b. The data show a clear increase (decrease)
of the vacancy environments with higher (lower) Li content in
the ab initio simulation over the random ion distribution.
Approximately 72% of oxygen vacancies are coordinated with
at least four Li atoms in the ab initio simulation. This result
is consistent with our intuition for the TM─O versus Li─O bond
energy.

The schematic density of states of LMO and LMO-V are com-
pared in Figure 4c. The Mn valence in LMO is approximately
þ3.4, creating limited electron occupation in the Mn e�g state.
The unhybridized Li–O–Li state lies at higher energy than the
fully hybridized oxygen state (O 2p), which can lead to some over-
lap between the Mn e�g and Li–O–Li states.[31] Thus, the use of
large charging capacity in LMO is likely to lead to the oxidation
of oxygen. The lower Mn valence (�þ2.8) in LMO-V creates
higher electron occupation in the Mn e�g states, and the prefer-
ence of the oxygen vacancy to be in Li-rich environments
decreases the concentration of the unhybridized Li–O–Li state.
Thus, the oxidation of LMO-V mainly involves the electrons in
the Mn e�g state with only a minor contribution from the labile
Li–O–Li state.

The irreversibility of oxygen oxidation can affect the redox
behavior of the TM. For example, oxygen loss from layered
Li1.2Ni0.15Co0.1Mn0.55O2 yields low-valent Mn2þ/Mn3þ and
Co2þ, which lower the overall charge/discharge voltage, leading
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to voltage fade.[12] Notably, the Mn K-edge XANES results in this
study also show a decrease of the Mn valence in LMO from �3.4
(pristine state) to �2.8 (1.5 V-discharged state) after a full dis-
charge. The decreased Mn valence after charge and discharge
is likely to be the cause of the decreasing average discharge volt-
age from 2.98 to 2.78 V (Figure 2c). Additionally, any oxygen loss
generally renders the particle surface rich in transition metals,
which has been referred to as surface densification[10,47] in prior
studies of DRX materials.[20] The higher impedance of the den-
sified area can cause increased polarization.[15,20] The polariza-
tion in LMO and LMO-V was therefore analyzed using the
voltage difference (ΔV ) between the average charge voltage
and discharge voltage (Figure S5, Supporting Information).
LMO shows a ΔV increase from 0.57 to 0.70 V from cycle 2
to cycle 25, whereas LMO-V shows minor ΔV increase from
0.57 to 0.59 V, indicating smaller polarization in LMO-V than
in LMO. Overall, the reduced oxygen oxidation in the oxygen-
vacancy-containing Li-rich DRX cathode seems to prevent
reduction of the TM, and the concomitant polarization increase,
contributing to the improved capacity and voltage retention.

3.2. Oxygen Deficiency in Other DRX Cathodes

The presence of oxygen vacancies in LMO-V lowers the Mn
valence as well as the average voltage (2.91 V). To increase the
voltage while maintaining the large Mn redox reservoir, we

partially substituted the oxygen and oxygen vacancies with
fluorine in Li5Mn3O6.5 (LMO-V) and prepared cation-disordered
Li5Mn3O6F (LMOF-V) with the same target Mn valence (þ2.67)
as LMO-V. The refined XRD results reveal a major disordered
rocksalt phase (98%, a¼ 4.226 Å) and a small amount of
Mn3O4 (2%) (Figure 4d). LMOF-V delivered an initial discharge
capacity (energy density) of 302mAh g�1 (922Wh kg�1) when
cycled between 1.5 and 5.0 V at 20mA g�1, with minor capacity
and voltage fade observed upon cycling (Figure 4e). The first-
cycle voltage profiles of LMOF-V were found to be higher than
those of LMO-V (Figure S6, Supporting Information), and the
average discharge voltage of LMOF_V (3.05 V) was 0.14 V higher
than that of LMO-V, confirming the voltage increase upon fluori-
nation. Notably, LMOF-V showed �50mAh g�1 higher capacity
than the previously reported stoichiometric Li5Mn3O5.3F2.7
under similar electrochemical test conditions.[18]

We demonstrate that oxygen vacancies can also be introduced
into an Fe-based DRX material. Cation-disordered Li5Fe3O6.5

(LFO-V) was prepared by ball-milling Li2O and Fe3O4, with no
apparent impurities in the XRD pattern (Figure 4f ). Unlike
Mn redox, which allows Mn2þ/Mn4þ double redox, Fe redox
is generally limited to Fe2þ/Fe3þ in LFO-V. An initial discharge
capacity of 206mAh g�1 was delivered at 20mA g�1 in the volt-
age window of 5.0–1.5 V (Figure S7, Supporting Information).
The successful preparation of LFO-V indicates that it is possible
to incorporate oxygen vacancies into other DRX materials for

Figure 4. Rationalization of oxygen vacancy effect and its application in other DRXmaterials. a) Rocksalt structure of LMO-V in a random environment. Li,
Mn, O, O-vacancy (VO) are in green, magenta, red, and white, respectively. Unhybridized Li–O–Li configuration is present in Li-rich coordination environ-
ments (Li6O, MnLi5O, and Mn2Li4O), where oxygen vacancy can remove such unhybridized oxygen state. b) Distribution of Li–VO coordination in LMO-V.
The distribution in simulated and random structures is plotted as open and dashed bars, respectively. (c) Schematic plots showing band structures of
LMO and LMO-V. d) XRD pattern of Li5Mn3O6F (LMOF-V). e) Voltage profiles of LMOF-V at 20mA g�1 in the voltage window of 5.0–1.5 V. f ) XRD
patterns of Fe3O4 and Li5Fe3O6.5 (LFO-V).
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compositional optimization. Prior investigations of oxygen
vacancies in layered Li-rich cathodes have similarly shown
improved electrochemistry.[48,49] For example, oxygen-deficient
Li2MnO3�x (0< x< 0.19) delivered an initial discharge capacity
of 310mAh g�1, which decreased to �240mAh g�1 at cycle 10;
in sharp contrast to stoichiometric Li2MnO3 for which the initial
capacity decreased from�310 to�20mAh g�1 after ten cycles.[49]

To further validate the idea that oxygen vacancies can be intro-
duced into LMO, we used ab initio computations to evaluate the
free energy cost of creating oxygen vacancies to create LMO-V.
Figure S8, Supporting Information, shows the free energy of
LMO-V and that of the competing stable phases in the
Li–Mn–O phase diagram. This approximate analysis indicates
that the configurational entropy of the LMO-V phase stabilizes
it against decomposition into competing phases for T≥ 1000 K.
Given that previous studies have indicated that ball milling can
introduce disorder “equivalent” to that achieved >1500 °C,[50]

it seems feasible to achieve the LMO-V phase with high energy
ball milling. While we did not attempt other strategies beyond
ball milling to create the metastable oxygen vacancy-containing
state, other processing techniques such as low-temperature
annealing with agents which can remove lattice oxygen, such
as LiH, NH3, and CO2,

[48,49,51] may also be feasible. In addition,
appropriate characterization techniques should also be explored
for accurate quantification of the oxygen stoichiometry.

In conclusion, we demonstrated that the oxygen stoichiometry
can be modified in cation-disordered lithium-rich manganese
oxides via a mechanochemical method. The oxygen deficiency
lowers the Mn valence and reduces the concentration of the
unhybridized oxygen state that is inherent in Li-rich systems,
which in combination increase the Mn redox and decrease the
O redox. As a result, the oxygen-vacancy-containing lithium-rich
manganese oxide delivers a high Mn-based capacity of
>300mAh g�1 with significantly reduced oxygen oxidation.
The large Mn-redox reservoir and low amount of oxygen oxida-
tion contribute to the improved capacity and voltage retention.
The demonstration of a nonstoichiometric rocksalt cathode pro-
vides a new direction for compositional modifications in the
chemical space of cation-disordered Li–TM–O/F. We believe that
the beneficial effects of oxygen vacancies are conducive to the
design of high-performance Li-rich cathodes for Li-ion batteries.

4. Experimental Section

Synthesis: Li5Mn3O8 and Li5Mn3O6.5 were synthesized using a mecha-
nochemical method. Li2O, Mn3O4, Mn2O3, and MnO2 were used as pre-
cursors, and 5% excess Li2O was used to compensate for possible loss of
Li2O during synthesis. Li2O, Mn2O3, and MnO2 at a molar ratio of
2.625:0.5:2 were used to prepare Li5Mn3O8, and Li2O and Mn3O4 at a
molar ratio of 2.625:1 were used to prepare Li5Mn3O6.5. The precursors
were transferred into argon-filled stainless-steel jars (50 mL) and then
planetary ball-milled for 40 h at 450 rpm using a Retsch PM 200. Five
10mm-diameter and ten 5mm-diameter stainless-steel balls were used
as the grinding media. The same ball-mill procedure was used to synthe-
size Li5Mn3O6F and Li5Fe3O6.5. Li2O, LiF, and Mn3O4 at a molar ratio of
2.1:1:1 were used to prepare Li5Mn3O6F, and Li2O and Fe3O4 at a molar
ratio of 2.625:1 were used to prepare Li5Fe3O6.5.

Electrochemistry: The active material, carbon black (Timcal, SUPER
C65), and polytetrafluoroethylene (PTFE; DuPont, Teflon 8A) were mixed
at a weight ratio of 70:20:10 to prepare the cathode film. Specifically,

210mg of the active material and 60mg of carbon black were mixed
and shaker-milled for 1 h in an argon atmosphere using a SPEX 800M
mixer, and PTFE was then added to the mixture and manually mixed
for 30 min. The three components were rolled into a thin film inside
an argon-filled glove box. Coin cells were assembled using the cathode
film, lithium metal foil, the electrolyte (1 M LiPF6 in 1:1 volume ratio
of ethylene carbonate [EC] and dimethyl carbonate [DMC] [BASF]), and
separators (Whatman glass microfiber filter) in an argon-filled glove
box. The loading density of active material was approximately 3 mg cm�2

for each cathode film. Galvanostatic cycling tests were performed at room
temperature using an Arbin battery tester. Electrochemically delithiated/
lithiated samples were prepared by charging/discharging the cells at a
current density of 20 mA g�1, and the charged/discharged cathode films
were collected after washing with DMC in an argon-filled glove box.

Characterization: Synchrotron-based XRD was performed at beamline
11-ID-B at the Advanced Photon Source, Argonne National Laboratory.
The beam was calibrated to a wavelength of 0.2113 Å. Lab XRD patterns
were collected using a Bruker D8 ADVANCE diffractometer (Cu source) in
the 2θ range of 10°–85°. Rietveld refinement was performed using the
PANalytical X’pert HighScore Plus software. Thermogravimetric analysis
(TGA) was conducted at a rate of 5 °Cmin�1 under an oxygen atmosphere
using a TA instruments SDT Q600. SEM images were collected on a Zeiss
Gemini Ultra-55 analytical field-emission scanning electron microscope
with acceleration voltages of 5–10 kV.

Hard XAS: Mn K-edge XAS measurements were performed at 20-BM
beamline at the Advanced Photon Source, Argonne National Laboratory.
The measurements were collected in transmission mode using a Si (111)
monochromator. Mn foil (6539 eV) was simultaneously measured with the
experimental measurements to calibrate the energy of the individual data
set. All the ex situ samples were sealed between polyimide tapes to avoid
air exposure. The XAS spectra were calibrated and normalized using the
Athena software package.[52,53] The background contribution was limited
below Rbkg¼ 1.0 using the built-in AUTOBK algorithm. The normalized
spectra were converted from energy to wave-vector k and then Fourier
transformed from k-space to R-space to obtain the extended EXAFS spec-
tra. Linear combination fits of the XANES spectra were performed using
the Athena software package.

mRIXS: The O K-edge mRIXS data were collected at the iRIXS endsta-
tion at beamline 8.0.1 at the Advanced Light Source, Lawrence Berkeley
National Laboratory. The samples were processed and mounted in an
Ar glove box, then transferred to the experimental vacuum chamber using
a sealed sample transfer kit to avoid any air exposure. Emission spectra
were collected at every 0.2 eV excitation energy, with energy resolution of
about 0.25 eV.

Computational Methods: DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP)[54] using the projector-
augmented wave method,[55] a plane-wave basis set with an energy cutoff
equal to 520 eV, and a reciprocal space discretization of 25 K-points per Å.
All the calculations were converged to 10�6 eV in total energy for electronic
loops and 0.02 eV Å�1 in interatomic forces for ionic loops. We relied on
the strongly constrained and appropriately normed (SCAN) meta-GGA
exchange–correlation functional.[56] The SCAN functional is believed to
better capture redox-related charge transfer, which would improve
the accuracy of the energetics involving the introduction of anion
vacancies.[57]

To compute the phase stability in the LMO-V system, a phase diagram
of Li–Mn–O was constructed with all stable compositions predicted with
prior GGA/GGAþU-DFT calculations from the Materials Project data-
base.[58,59] We took the GGA/GGAþU predicted stable compounds as
the inputs for SCAN-DFT calculations. These compounds were still the
ground-state compounds in the SCAN-DFT phase diagram, with no
missing stable compounds (Figure S8a, Supporting Information). This
indicates the consistency of the stable entries in our phase diagram com-
pared with prior calculations. All structure analysis and postprocessing
were done using the pymatgen software package.[60]

To efficiently sample the thermodynamics of the Li2O–Mn3O4 DRX
compounds, a lattice cluster expansion was constructed. The cluster
expansion technique is used to study the configurational thermodynamics
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of materials in which sites can be occupied by multiple cations and has
been applied to study the Li-vacancy configuration in layered materials[61]

and the cation short-range order in DRX compounds.[45,46,62] In this Li2O–
Mn3O4 DRX system, the anion fcc lattice can be occupied by O2� and
vacancies, and the octahedral cation lattice can be occupied by Li and
Mn. We fitted a cluster expansion model built from pair interactions
up to 7.1 Å, triplet interactions up to 5.6 Å, and quadruplet interactions
up to 4.2 Å based on a primitive cell of the rocksalt structure with
a ¼ 3 Å. The final effective cluster interactions (ECIs) were obtained using
l1-norm regularized linear regression with the best regularization
parameter selected to minimize the cross-validation (CV) score.[63,64]

The root-mean-squared CV errors were converged to 5meV atom�1.
As the disordered rocksalt has large configurational degrees of

freedom, we applied a canonical cluster expansion Monte Carlo
(CEMC) simulation to sample the internal energy EðTÞ and configurational
entropy SðTÞ.[65] To identify the region at which the disordered phase of
Li5Mn3O6.5 is stable, the order–disorder transition temperature Tc was
found from the maximum in the Monte Carlo heat capacity
Cv ∝ ΔE2=T2. The result is denoted by the vertical red dashed line in
Figure S8b, Supporting Information. A representative state of disordered
Li5Mn3O6.5 was selected at T� ¼ Tc þ 100 (slightly above the critical
point), and the free energy FðTÞ of disordered Li5Mn3O6.5 (LMO-V)
was calculated as follows

FðTÞ ¼
�
EðTÞ � TSðTÞ, ðT > T�Þ
EðT�Þ � TSðT�Þ, ðT < T�Þ (1)

The approximation for T< T� is necessary as Monte Carlo cannot track
the free energy of the disordered state below its equilibrium ordering
temperature. For this reason, the energy and entropy of the disordered
state are fixed at the T¼ T� state (essentially assuming the configurational
state does not vary) and the free energy becomes linear in temperature.
The configurational entropy of Li5Mn3O6.5 was integrated from infinite to
finite temperature T by

SðTÞ ¼ �kB
X

i¼Li=Mn

ci ln ci þ
X

i¼O=Vac

ai ln ai

2
4

3
5þ

ZT

∞

Cv

T
dT (2)

where Cv is the heat capacity, kB is the Boltzmann constant, and ci=ai is
the concentration of cation/anion species in LMO-V, respectively.[65]

All Monte Carlo simulations on these cluster expansion Hamiltonians
were performed in a canonical ensemble using Metropolis–Hastings sam-
pling on a 8� 8� 6 supercell (768 ions) of the primitive unit cell of the
rocksalt structure. The canonical Monte Carlo was implemented by anneal-
ing from high T ¼ 105K to low T ¼ 50 K. The internal energy EðTÞ and
fluctuation ΔE2ðTÞ was sampled from 1000 structures taken from the
equilibrium ensemble at each temperature T. The configurational entropy
was integrated from 105K (for approximation of S∞) to finite T using

SðTÞ ¼ S∞þ ∫ T
∞

Cv
T dT , where S∞ ¼ � kB

P
i¼Li=Mnci ln ciþ

P
i¼O=Vacai ln ai

h i
is the ideal configurational entropy in the fully disordered limit.
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