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Over-Stoichiometric Metastabilization of Cation-Disordered
Rock Salts
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Cation-disordered rock salts (DRXs) are well known for their potential to
realize the goal of achieving scalable Ni- and Co-free high-energy-density
Li-ion batteries. Unlike in most cathode materials, the disordered cation
distribution may lead to more factors that control the electrochemistry of
DRXs. An important variable that is not emphasized by research community is
regarding whether a DRX exists in a more thermodynamically stable form or a
more metastable form. Moreover, within the scope of metastable DRXs,
over-stoichiometric DRXs, which allow relaxation of the site balance
constraint of a rock salt structure, are particularly underexplored. In this work,
these findings are reported in locating a generally applicable approach to
“metastabilize” thermodynamically stable Mn-based DRXs to metastable ones
by introducing Li over-stoichiometry. The over-stoichiometric
metastabilization greatly stimulates more redox activities, enables better
reversibility of Li deintercalation/intercalation, and changes the energy
storage mechanism. The metastabilized DRXs can be transformed back to the
thermodynamically stable form, which also reverts the electrochemical
properties, further contrasting the two categories of DRXs. This work enriches
the structural and compositional space of DRX families and adds new
pathways for rationally tuning the properties of DRX cathodes.
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1. Introduction

Among all electrochemical energy stor-
age/conversion technologies, Li-ion batter-
ies (LIBs) are the most well-known op-
tion for realizing the goal of electrification
of transportation and a net-zero emission
economy, owing to the high energy den-
sity and well-developed industrial chain of
LIB productions.[1–3] The major challenge
for realizing this goal is on the cathode side
of state-of-the-art LIBs.[4,5] Compared to the
inexpensive graphite and silicon anodes,
commercialized Ni- and Co-based cathodes
have been well known for their draw-
backs, including limited specific capacity,[6]

low earth abundance,[7] difficulties of Co-
mining,[8] and toxicity of Ni- and Co-oxide
compounds,[9] etc. Cation-disordered rock
salt (DRXs) oxides or oxyfluorides, a se-
ries of new LIB cathode materials where
Li and transition metals (TMs) are fully
mixed and dispersed in a face-centered-
cubic (fcc) anionic sublattice, are ideally
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Figure 1. Schematics of metastable materials and design of the cathodes in this work. a) General energy diagram of metastable and thermodynamically
stable DRXs and the metastabilization process. b) Composition design of metastable DRX cathodes based on LTMOF with different amounts of Li2O
incorporation. c) SAED pattern and TEM image with FFT pattern of MS10-LTMOF powder. d) Neutron diffraction and Rietveld simulation of pristine,
MS10-, and MS20-LTMOF.

suited for resolving the challenge of LIB cathodes.[10–16] Es-
pecially, Mn-based DRXs have been under the spotlight of
cathode research community in recent years, owing to their
superior electrochemical performance and earth abundance of
Mn.[10,17]

Compared to classic LIB cathode materials, one unique prop-
erty of DRXs, especially for Mn-based, is that they can ex-
ist in either a thermodynamically stable form or a metastable
form.[10,14,17,19–24] Thermodynamically stable DRXs are typically
synthesized via a high-temperature solid-state synthesis ap-
proach, which “assembles” the elements from various pre-
cursors to a single phase with randomly distributed cations
(Figure 1a). The term “metastable” means that the material is
stable at room or near-room temperatures, but generally can-
not be synthesized via a high-temperature solid-state synthe-
sis process.[10,17–23,25] Metastable DRXs are typically realized via
various low-temperature methods, and mechanochemistry is
the most commonly applied approach.[10,12,17–23] The mechan-
ical force decomposes the precursors, randomly disperses the
elements, and generates a new metastable phase (Figure 1a).
The most notable examples of metastable DRXs are a series
of compositions with a general formula of Li2TMO2F (TM
= one or mix of V, Mn, Fe, Ti, etc.).[14,20–24,26–28] Computa-
tionally, metastable DRXs generally feature a positive ΔE =
Edisordered − min(Eordered),

[29] where the disordered phase is gen-
erally represented by special quasi-random structures (SQS) and
min(Eordered) is the energy of the most stable long-range or-
dered phase. Experimentally, metastable DRXs typically convert
to a different phase(s) at higher temperatures (i.e., an annealing
process).[29–35] For example, upon heating, metastable Li2VO2F

decomposes into LiVO2 and LiF;
[29] metastable LiVO2 transforms

to a layered phase.[34] Because of the capability of reaching a DRX
phase at low temperatures, compositions of metastable DRXs
are generally muchmore tunable than thermodynamically stable
counterparts.
In the scope of metastable DRXs, because of their composi-

tional tunability, we consider one of the most exciting opportu-
nities is the over-stoichiometric chemical space. Herein, over-
stoichiometry refers to the mole ratio between total cations to
total anions being greater than 1:1, which allows the relaxation
of the site balance constraint of the rock salt structure (i.e., 1:1
cation–anion ratio). While DRXs have been a research topic with
fast growing interests in recent years, over-stoichiometric chem-
ical space of DRXs is a highly underexplored field. Although
a DRX cathode with a nominal composition of Li4Mn2O5 has
received a lot of attention,[36] the over-stoichiometric chemical
space itself has largely not been emphasized by the commu-
nity, which potentially leaves a large number of DRX composi-
tions not explored. Because of the unexplored chemical space,
the relationship between the degree of over-stoichiometry and
the battery electrochemistry is mostly unknown. Fundamen-
tally, over-stoichiometry may cause a considerable change in the
scheme of charge compensation and structural evolution upon
redox operation. The role of the over-stoichiometric cations in
these fundamental properties is also an intriguing question. As
the DRX-related research is still at a developing stage, the gen-
eral category of thermodynamically stable and metastable DRX
materials is largely considered as one general class of com-
pounds by the community, leaving these important questions
unanswered.
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In recent years, outside of the field of battery materials re-
search, it has been reported that over-stoichiometric cations may
locate at interstitial sites in various types of fcc lattices,[37–42] hint-
ing at the possibility of over-stoichiometric chemical spaces for
rock salt structures. Moreover, a number of pioneering works
have indicated that interstitial sites (e.g., tetrahedral sites) in the
fcc- or near-fcc-type cathodes may be occupied by cations, which
also suggests that rock salt structuresmay host extra cations.[43,44]

All these facts infer the existence of over-stoichiometric chem-
ical space of DRXs. In this work, we developed an approach
to “metastabilize” thermodynamically stable Mn-based DRXs
by introducing Li over-stoichiometry. Li1.2Ti0.2Mn0.6O1.8F0.2 (LT-
MOF), a thermodynamically stable rock salt oxyfluoride with
well-understood physical and electrochemical properties, was ap-
plied as the primary testbed for the approach. Our results in-
dicate that a minor amount of over-stoichiometric Li incorpora-
tion greatly stimulates more redox activity and enables better re-
versibility of Li deintercalation/intercalation. The extra redox ac-
tivity of the over-stoichiometric metastable DRX is backed by sys-
tematic X-ray diffraction (XRD), resonant Raman spectroscopy,
and X-ray absorption spectroscopic (XAS) analyses. The same ap-
proach can be grafted to other DRX compositions and led to the
similar effect of metastablization, which suggests the general ap-
plicability of the approach. Moreover, as the reverse process of
metastablization, over-stoichiometric metastable DRXs can “set-
tle down” to a thermodynamically stable form via an annealing
process. This work indicates the rich diversity of chemical and
structural space of Mn-based DRXs and suggests more oppor-
tunities to fine tune the thermodynamic properties to optimize
their electrochemical performance.

2. Results and Discussion

2.1. Metastabilization of DRXs and Materials’ Characterizations

Figure 1a shows a general schematic diagram of metastable
and thermodynamically stable DRXs and the metastabiliza-
tion process. Thermodynamically stable Mn-based DRX LTMOF
was synthesized via a well-established high-temperature solid-
state approach.[45] The cations occupy the octahedral sites (4a)
of the fcc anionic sublattice stoichiometrically. On this ba-
sis, over-stoichiometric metastabilization of LTMOF is realized
by mechanochemically milling the LTMOF with Li2O. Simi-
lar to a rock salt structure, Li2O is also built on an fcc an-
ionic sublattice and also has an Fm3m space group.[46] The
2:1 cation/anion ratio of Li2O originates from its antifluorite
structure, in which the Li ions occupy all the tetrahedral sites
(8c). Thus, Li2O is an ideal over-stoichiometric Li source for
the rock salt structure and could allow maximal accommoda-
tion of the over-stoichiometric Li in the metastable lattice. In
this work, metastabilized (MS) LTMOF was realized via incor-
porating 10% (MS10-LTMOF) and 20% (MS20-LTMOF) mole
ratios of Li2O, as shown in Figure 1b. After normalizing the
total anion stoichiometry to 2, the formulas of the MS DRXs
are Li1.33Ti0.19Mn0.57O1.81F0.19 and Li1.45Ti0.18Mn0.55O1.82F0.18, re-
spectively. Additionally, we synthesized LTMOF with higher
mole ratios of Li2O, including 50% and 100%, and also applied
mechanochemicalmilling to LTMOFwithout extra Li2O (denoted

as BM-LTMOF). The elemental ratios of Li/Ti/Mn are quan-
tified via inductively coupled plasma mass spectrometry (ICP-
MS) analyses, shown in Table S1 (Supporting Information). The
XRD patterns of the DRXs are shown in Figure S1 (Supporting
Information) and demonstrate typical rock-salt-like diffraction
features.
Besides XRD, a comprehensive series of physicochemical

measurements were applied to investigate the structural nature
of the synthesized MS DRXs. Selected-area electron diffraction
(SAED) is shown in Figure 1c, consistent with the rock-salt-
type diffraction pattern. The (111) family lattice fringes can be
observed in the transmission electron microscopy (TEM) im-
age, supported by the fast Fourier transform (FFT) of the lattice
fringes. It is worth noting that the over-stoichiometric Li incor-
poration in MS10- and MS20-LTMOF is different to various re-
ported works using Li2O as a surface coating[47,48] and adding
Li2O in cathodes as an additive.[49–53] In both MS10- and MS20-
LTMOF, no diffraction features of Li2O are found in the MS
DRXs, in contrast to the obvious Li2O diffraction features from
the coated or added Li2O reported in various previous works.
Thus, we believe that Li2O is fused into LTMOF and Li cations
are dispersed at the interstitial sites in the lattice of LTMOF. As
Li is well known for its lowX-ray scattering factor, we applied neu-
tron diffraction and Rietveld refinement to LTMOF (ball-milled),
MS10-, and MS20-LTMOF to evaluate the possibility of Li incor-
poration at interstitial sites. We found that the structural model
of including extra Li at the tetrahedral sites and a minor amount
of octahedral cation site vacancies (Table S2, Supporting Infor-
mation) can best fit the experimental data (Figure 1d). We con-
sider that a minor amount of octahedral cation site vacancies
plays a role in stabilizing the tetrahedral Li to reduce the repul-
sion between the metal ions at tetrahedral sites and octahedral
sites, as elaborated in Note S3 (Supporting Information). Also,
we conducted neutron diffraction simulation based on themodel
(Figure S2, Supporting Information). Incorporation of tetrahe-
dral Li and a minor amount of octahedral cation site vacancies
leads to systematic change in intensity ratios of I(111)/I(200),
which is observed experimentally. Thus, based on the combina-
tion of neutron diffraction simulation and refinement, we con-
sider the 8c site as themost likely position for over-stoichiometric
Li.
Raman spectroscopy was used to probe the effect of metasta-

bilization from a perspective of lattice vibration. While the ideal
rock salt structure is Raman inactive, any observable Raman
band in DRXs is an indication of deviation from the ideal rock
salt structure and can provide rich information in the structural
nature of the DRXs.[23,54] In our previous work,[54] we showed
that Mn-based DRXs subject to LiCoO2-like layered ordering and
thus demonstrate Raman bands corresponding to oxygen vibra-
tion along the lateral (i.e., “Eg”) and axial (i.e., “A1g”) directions
of layered packing (Figure 2b), similar to the Eg and A1g of
LiNi0.33Mn0.33Co0.33O2 (Figure 2a). In polarized Raman spectra,
such layered ordering also leads to a decrease of relative intensity
of “A1g” when the polarization configuration is changed from an
Z(XX)Z̄ to Z(XY)Z̄ configuration. These features allow us to track
the change of short-range ordering in DRXs after metastabiliza-
tion.
In pristine LTMOF, the “Eg” and “A1g” modes locate at ≈467

and ≈607 cm−1, respectively (Figure 2c). A minor band of
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Figure 2. Structural characterizations of the pristine and metastabilized LTMOFs. a) Polarized Raman spectra of NMC333 demonstrating the A1g- and
Eg-like Raman bands. b) Schematic of “Eg” and “A1g” vibrationmodes as a result of layered ordering and decrease of layered ordering due to incorporation
of Li at interstitial tetrahedral sites. c) Raman spectra and spectral fitting of pristine, MS10-, and MS20-LTMOF. d) Polarized Raman spectra of pristine,
MS10-, and MS20-LTMOF. The spectral intensity is normalized to the intensity of the “Eg” band. e) Band position and f) FWHM of the Raman spectra
shown in (c). g) Z(XY)Z̄/Z(XX)Z̄ intensity ratio of the “A1g” band of the polarized Raman spectra shown in panel (d).

LTMOF at 760 cm−1 corresponds to the “A1g-Hi” mode, axial oxy-
gen vibration centered at Ti.[54] In contrast to the Raman spec-
trum of a mixture of LTMOF and Li2O (Note S6 and Figures S5
and S6, Supporting Information), which shows the obvious t2g
mode of Li2O,

[55] the MS DRXs do not present the characteristic
t2g band of Li2O and demonstrate considerable spectral changes
(Figure 2c), as elaborated in the following sections. First, upon
over-stoichiometric Li incorporation, the “Eg” band shows a red-
shift, while the “A1g” shows a blueshift (Figure 2e). Second, both
bands show significant band broadening (increase of full width
at half maximum (FWHM)) (Figure 2f,g). The “A1g-Hi” mode is
not observable due to the band broadening. Third, in polarized
Raman spectra, the relative intensities of “A1g” are less sensitive
to polarization configurations after metastabilization (Figure 2d).
All these phenomena can be explained by a decrease of layered
anisotropy due to Li incorporation at the interstitial tetrahedral
sites, as schematically shown in Figure 2b.[54] Band shifts can
be explained by the extra high-wavenumber modes contribut-
ing to “A1g” and extra low-wavenumber modes contributing to
“Eg,” as a result of occupation of tetrahedral sites by Li (Note

S7 and Figure S7, Supporting Information). Band broadening
is a clear indication of increased disorderness, as randomly dis-
persed interstitial Li will contribute to more vibration modes at
these new Li sites (more discussion is in Note S7 in the Sup-
porting Information).[56,57] The less change of relative intensity
of “A1g” band at different polarization conditions clearly indi-
cates that “A1g” is less polarized and layered ordering is dimin-
ished. Especially, for MS20-LTMOF, spectra are almost identical
at Z(XX)Z̄ to Z(XY)Z̄ conditions (i.e., intensity ratio equals 1).
Combining all the experimental observations mentioned above,
we consider that incorporating Li2O into LTMOF can be consid-
ered as a “structural fusion” process, a novel type of metastable
ordering form.

2.2. Enhancement of Reversible Redox Activity via
Metastabilization

We systematically compared the electrochemical behavior of the
pristine LTMOF cathode and metastabilized ones, as shown in
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Figure 3. Electrochemistry of pristine and metastabilized LTMOF. a) Voltage profiles of pristine, MS10-, and MS20-LTMOF at the first cycle. Regions of
Mn and O oxidation based on voltage profile slopes are labeled. Coulombic efficiency is labeled for each voltage profile. The current density is 20 mA
g−1. b) Comparison between nominal Li content and the percentage of accessible Li for the three DRXs. c) Differential capacity (dQ/dV) profiles of
pristine, MS10-, and MS20-LTMOF at the first cycle. d) Voltage profiles of LTMOF (top) and MS10-LTMOF (bottom) obtained via GITT measurements.
The current density is 10 mA g−1 and the relaxation time is 8 h. e) Calculated reciprocal of diffusion time constant (1/𝜏) and f) overpotential based on
GITT measurements. g) Schematic of elementary o-t-o Li transport path. h) Li transport network of pristine, MS10-, and MS20-LTMOF based on Monte
Carlo simulation and the average number of Li–Li transport paths per unit cell. The over-stoichiometric Li in MS10- and MS20-LTMOFs is assumed to
randomly locate at the interstitial tetrahedral sites. The red lines indicate the additional paths enabled by over-stoichiometric Li.

Figure 3. The first-cycle voltage profile of Mn-based DRXs typi-
cally has two well-separated regions with different slopes corre-
sponding to Mn and O oxidation.[10,11] The turning point of the
two different regions is ≈170 mAh g−1, corresponding to com-
pletion of Mn3+–Mn4+ oxidation (Figure 3a). The voltage profile
beyond the turning point (i.e., high-voltage region) mostly corre-
sponds to O oxidation. Both MS10- and MS20-LTMOFs demon-
strate remarkable specific capacity enhancement (Figure 3a). In
the first cycle, the specific discharge capacities ofMS10 andMS20
LTMOFs are ≈296 and ≈341 mAh g−1, respectively, in contrast
to that of LTMOF (≈195 mAh g−1, current density 20 mA g−1).
When a lower current density (10 mA g−1) is used, the specific

discharge capacities are enhanced to≈326 and≈349mAh g−1, for
MS10- and MS20-LTMOF respectively, corresponding to energy
densities of ≈1011 and ≈1055 Wh kg−1, which are on par with
the best-performing Mn-based DRXs reported so far.[17] Interest-
ingly, their Coulombic efficiency (CE) also shows improvement.
Compared to the CE of pristine LTMOF (90%), MS10- andMS20-
LTMOFs both exhibit CE values close to 100% in the first cycle.
This observation differs from previously reported works that em-
ployed Li2O as a coating or additive for cathode materials,[47,49–51]

which resulted in considerable overcharge due to the irreversible
decomposition of Li2O that is not integrated into the cathode
lattice. Moreover, we also evaluated the degree of Li utilization
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in the cathodes, calculated as the ratio of electrochemically re-
moved/inserted Li to the nominal Li content in the composi-
tion. Compared to moderate increase of nominal Li content after
metastabilization, increase of the electrochemically accessible Li,
especially for the discharge process, is much more significant, as
shown in Figure 3b.
Differential capacity (dQ/dV) profiles of the pristine and

metastabilized LTMOF are shown in Figure 3c. After metasta-
bilization, a significant boost is found for the discharge peak
without a major change of the discharge voltage. Such an en-
hancement originates from the significant contribution of a
high-voltage peak in the charging process. MS20-LTMOF shows
more enhancement of the peak than MS10-LTMOF does. As
the high-voltage oxidation peak in Li-rich cathodes has been
proven to be associated with oxygen oxidation,[11,17,58] the trends
of dQ/dV profiles clearly indicate that extra capacity of LTMOF
after metastablization originates from oxygen redox. In paral-
lel to the constant current charge–discharge measurements, we
applied galvanostatic intermittent titration technique (GITT) to
evaluate the role of metastabilization on the kinetic behavior.
GITT profiles for pristine and MS-10 LTMOF in the first cycle
are shown in Figure 3d. The magnitude of voltage drop before
and after relaxation (after excluding IR drop) can be used to eval-
uate the kinetics of diffusion.[59,60] Figure 3e shows the recip-
rocal of diffusion time constant (1/𝜏 = D/L2, 𝜏: diffusion time
constant, L: diffusion length) of the charging process indicat-
ing that MS10-LTMOF has considerably greater diffusion coef-
ficients than LTMOF. Meanwhile, the extent of hysteresis, indi-
cated by the difference of equilibrium voltage between charge
and discharge (the enclosed area in Figure 3d), is consider-
ably alleviated for MS10-LTMOF than the pristine one. Addi-
tionally, the voltage drop of each relaxation step (including the
IR drop) of MS10-LTMOF is also considerably lower than that
of the pristine one, for both charge and discharge processes
(Figure 3f).
We believe the considerably boosted electrochemical perfor-

mance of MS LTMOFs originates from the change of intrinsic
properties of the rock salt lattice. First, we analyzed the possi-
bility of extrinsic materials properties contributing to the dif-
ference in electrochemical behavior, including specific surface
area, porosity, and particle size. N2 adsorption experiments in-
dicate that the surface area and porosity of the pristine, MS10-,
and MS20-LTMOF electrode composites are largely comparable
(Note S10 and Figure S14, Supporting Information). Scanning
electron microscopy (SEM) images also indicate that the three
electrode materials do not differ greatly in particle size (Figure
S13, Supporting Information). Moreover, we measured the elec-
trochemical behavior of mechanochemically ball-milled LTMOF
without Li2O and found no drastic improvement of specific ca-
pacity (Note S8 and Figures S8, S10, and S11, Supporting Infor-
mation). Thus, we consider the key to the higher specific capacity
of MS DRXs is the change of Li-ion transport schemes. Based on
an octahedral–tetrahedral–octahedral (o-t-o) elementary transport
path (Figure 3g), Li conduction in DRXs is strongly sensitive to
the nominal Li content, as a higher Li content generally enhances
the likelihood of a Li site accessible to other Li sites.[13,61] Metasta-
bilizing the LTMOF by slightly increasing the Li content in the
interstitial tetrahedral sites allows more Li percolation within the
disordered lattice. To demonstrate the point, we performed sim-

ple Monte Carlo simulation experiments (Note S11 and Figure
S15, Supporting Information). The interstitial Li adds transport
paths in addition to the o-t-o percolation network and thus in-
creases the possible nearest-neighbor Li exchange pairs per unit
cell, as shown in Figure 3h.
To further evaluate the role of over-stoichiometry in Li trans-

port, we conducted rate capability measurement of the cathodes
mentioned above. The voltage profiles of pristine and MS20-
LTMOF, highlighting the effect of over-stoichiometry on rate ca-
pability, are shown in Figure 4. The complete set of voltage pro-
files are shown in Figure S8 (Supporting Information). While
a drop of specific capacity at higher current rates is commonly
observed, the performance retention at higher current rates is
greatly improved for MS LTMOF. In contrast, the specific ca-
pacity of pristine and BM-LTMOF suffer from a drastic drop,
leading to a much greater performance difference among these
cathodes. Moreover, the dQ/dV peak profiles of MS LTMOF, es-
pecially for MS20-LTMOF (Figure 4b), are much better main-
tained at higher current rates, whereas the redox peaks of pris-
tine and BM-LTMOF suffer from considerable polarization and
decrease of differential capacity. These experimental observations
suggest that the redox processes of Mn and O redox of MS LT-
MOF are not greatly affected by a higher current rate. Figure 4c
summarizes the first-cycle specific discharge capacity of the cath-
odes as a function of current rate. Specifically, at a high current
rate of 500 mA g−1, the specific discharge capacity of pristine,
ball-milled, MS10-, and MS20-LTMOF are 79, 125, 195, and 248
mAh g−1. The evolution of discharge voltage is also shown in
Figure 4d. While the variation of discharge voltage among the
cathodes at a lower current rate is minimal, the contrast of dis-
charge voltage is very significant at high current rates of 500 and
1000 mA g−1. The variation of the discharge voltage agrees well
with the evolution of dQ/dV profiles as a function of current
rate.
Additionally, we make a note that the cycling stability of LT-

MOFs is compromised after metastabilization at low current
rate, as elaborated in Note S8 (Supporting Information). The
most likely reason is the high contribution of oxygen redox
MS LTMOF causes significant electrolyte degradation, which
has been a well-known detrimental factor for long-term cy-
cling of DRXs.[11,17,62] Nonetheless, the performance of MS
LTMOFs, including both specific discharge capacity and dis-
charge voltage, can be well-retained as a function of cycling at
higher current rates (Figures S10 and S11, Supporting Infor-
mation), which maintains the large performance contrast be-
tween pristine/BM and MS10-/MS20-LTMOFs with extended
cycles.
Besides the MS10- and MS20-LTMOF discussed in the above-

mentioned texts, we also explored the possibility of incorporating
more Li2O into the LTMOF lattice (Note S9 and Figure S12, Sup-
porting Information). We found that incorporating Li2O with a
higher mole ratio more than 20% can lead to significant over-
charge, thus greatly lowering the Coulombic efficiency, and even
leads to a decrease of specific discharge capacity (Figure S12, Sup-
porting Information). These results clearly indicate that the extra
Li cannot be reversibly utilized in these cases, most likely, be-
cause the extra Li is not “fused” into the rock salt lattice, which
is similar to previous studies that use Li2O as a coating or an
additive.[47,49,50]

Adv. Mater. 2023, 35, 2306396 © 2023 Wiley-VCH GmbH2306396 (6 of 14)
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Figure 4. Rate capability of LTMOF after over-stoichiometric metastabilization. a) First-cycle voltage profiles (upper) and dQ/dV profiles (lower) of
pristine LTMOF at the various current densities. b) First-cycle voltage profiles (upper) and dQ/dV profiles (lower) of MS20-LTMOF at the various current
densities. c) Specific discharge capacities of pristine, ball-milled, MS10-, and MS20-LTMOF as a function of current densities. The current density is
shown in a logarithm scale to highlight the evolution. d) Discharge voltage of pristine, ball-milled, MS10-, and MS20-LTMOF as a function of current
density. The current density is shown in a linear scale to highlight the contrast of discharge voltage at high current rates.

2.3. Energy Storage Mechanism of Metastabilized DRX

We conducted a series of physicochemical analyses to unravel
the structural features associated with the extra capacity caused
by over-stoichiometric metastabilization from different perspec-
tives. Figure 5b shows the evolution of ex situ XRD at various
states of charge and discharge for MS10-LTMOF. The evolution
for pristine LTMOF is shown in Figure S16 (Supporting Infor-
mation). During the charge and discharge processes, the XRD
peaks consistently shift to higher and lower angles, correspond-
ing to lattice shrinkage and expansion due to Li deintercalation
and intercalation, respectively. The evolution of lattice parame-
ters is summarized in Figure 5c. The extent of lattice shrinkage
after the cell is fully charged (4.8 V) is 2.3% for pristine LTMOF
and 2.9% for MS10-LTMOF. Moreover, MS10-LTMOF shows a
higher lattice dimension at the fully discharged state (1.5 V) than
that of the open-circuit voltage (OCV) state, while the pristine
LTMOF shows a lower lattice dimension compared to the OCV
state. The more significant change in the lattice dimension for
MS10-LTMOF is a result of a greater amount of reversible Li in-
tercalation/deintercalation. Also, the larger postdischarge lattice
size than the OCV state for MS10-LTMOF is consistent with its
Coulombic efficiency greater than 100%.
We also investigated the structural change from a perspec-

tive of lattice vibration via Raman spectroscopy (MS10-LTMOF
in Figure 5d, and pristine LTMOF in Figure S16 in the Support-
ing Information). The general trend of Raman spectral evolu-

tion is that charge (delithiation) and discharge (lithiation) lead
to blueshift and redshift, respectively, for both “A1g” and “Eg”
bands. This trend is a result of the mode-hardening effect caused
by lattice shrinkage, which is experimentally shown as bands
shift toward higher wavenumber regions, and vice versa. The
extent of the band shift of MS10-LTMOF between the fully
charged/discharged states is slightly more significant than that
of the pristine LTMOF (Figure 5e), consistent with the XRD anal-
yses.While the spectral profiles of pristine LTMOF are largely un-
changed at various charged/discharged states (Figure S16, Sup-
porting Information), the spectrum of MS10-LTMOF at 4.8 V is
distinctive to those at other states. The “A1g” band is much nar-
rower and harder. The “Eg” disappeared and is replaced by a very
broad band at lower wavenumbers. Among common Mn oxide
compounds, the closest match we found for the narrow feature
and the band position of the “A1g” at 4.8 V is the A1g mode of
spinelMn3O4 (Figure 5g), which corresponds to oxygen vibration
stretching close to/away from the octahedral Mn site.[63,64] The
spectral contrast at 4.8 V suggests different ordering schemes
of pristine and MS10-LTMOF at the fully charged states (i.e.,
different types of deviation from the ideal Raman-inactive Oh
octahedral symmetry). Fully charged LTMOF still presents the
layered-like Raman features indicating that the unique direction
of the TMO6 octahedra ordering is along the threefold axis of
the octahedra (D3d-like), similar to LiCoO2.

[65] The narrower and
harder “A1g” bands of fully charged MS10-LTMOF indicate that
the unique direction of TMO6 octahedra is along the fourfold axis

Adv. Mater. 2023, 35, 2306396 © 2023 Wiley-VCH GmbH2306396 (7 of 14)
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Figure 5. Electrochemically induced structural changes of MS10-LTMOF. a) Charge–discharge voltage profile of MS10-LTMOF and selected states of
charge/discharge for ex situ characterizations. b) Ex situ XRDs of MS10-LTMOF electrodes at various charged (C) and discharged (D) states. Note
that the OCV state refers to the as-prepared electrode. c) Evolution of lattice parameters of LTMOF and MS10-LTMOF. d) Ex situ Raman spectra of
MS10-LTMOF electrodes at various charged and discharged states. e) Evolution of Raman band positions of LTMOF and MS10-LTMOF. f) Schematic of
resonant Raman effect of MS10-LTMOF at the fully charged state with different laser excitation energies. g) Raman spectra of pristine and MS10-LTMOF
at the fully charged state compared to that of Mn3O4 spinel. h) Schematic of ordering schemes for pristine and MS10-LTMOF at the fully charged state.
i) O K edge XAS of MS10-LTMOF at various charged states measured using the fluorescent yield (FY) mode.

of the octahedra (i.e., D4h-like), suggesting elongation and com-
pression theMn─O lengths along z- and (x, y)-directions, respec-
tively. AsMn is randomly dispersed crystallographically, such dis-
tortion does not appear as notable changes in XRD.
It should be noted that, at a high voltage cutoff of 4.8 V, the

involvement of oxygen oxidation could cause reduction of transi-
tionmetal to a lower oxidation state. To evaluate the possible con-
tribution of lower-valence Mn in the Raman spectrum at 4.8 V,
we conducted linear combination fitting of the Mn L edge XAS
spectra, as shown in Figure S17 (Supporting Information). It is
well known that Mn L edge XAS (collected at total electron yield,
TEY mode) probes the surface region of samples and thus is ide-
ally suited to probe the oxygen-oxidation-induced TM reduction.
The linear combination fitting indicates that the contributions of
Mn(IV), Mn(III), and Mn(II) are 69%, 23%, and 8% for 4.2 V,
and 71%, 21%, and 8% for 4.8 V, respectively. The largely simi-
lar spectral features at 4.2 and 4.8 V agree with the fact that the
voltage profile turning point (i.e., from Mn oxidation to O oxida-
tion) is near ≈4.2 V. It also suggests that the sharp Raman spec-
tral feature at 4.8 V originates from the intrinsic bonding struc-
ture at that state. Such a change of bonding geometry is likely to
be related to the change of the electronic structure of the coor-
dinating oxygen, given the considerable contribution of oxygen

oxidation at 4.8 V. Unlike the sharp “A1g” at the fully charged
state, the broad low-wavenumber band is excitation energy sensi-
tive (i.e., resonance effect), as shown in Figure 5f. The resonance
effect suggests the existence of local electronic states. Consid-
ering the contribution of oxygen oxidation at the fully charged
state, we consider that the broadband arises from localized vibra-
tion mode on localized oxygen holes (i.e., Mn─O−),[66,67] which
are resonantly enhanced at a lower excitation energy (≈633 nm,
1.96 eV). With a higher Raman excitation energy (i.e., 488 nm,
≈2.54 eV), the broad low-wavenumber band is not observable,
which could be a result of the off-resonance excitation. After the
cell is fully discharged at 1.5 V, the spectral features and band po-
sitions largely recover to those at the OCV states for both pristine
and MS10-LTMOF, indicating the reversibility of Li intercalation
and deintercalation.
The contribution of oxygen oxidation in MS10-LTMOF is fur-

ther supported by oxygenK edgeXASmeasurements. At theOCV
state, the two obvious low-energy absorption peaks correspond to
the O1s electron transition to Mn─O hybrid orbitals in an octahe-
dral field with t2g and eg symmetries,[68,69] respectively. At 4.2 V,
the two peaks shift to lower energies, indicating removal of elec-
trons in the Mn─O hybrid orbitals and consistent with the spec-
tral features of high-spin Mn4+.[68,69] It should be noted that the

Adv. Mater. 2023, 35, 2306396 © 2023 Wiley-VCH GmbH2306396 (8 of 14)
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Figure 6. Extending over-stoichiometric metastabilization to other DRX compositions. a) Schematic of extending themetastabilization to LTMO, LNMO,
and LFO via incorporating over-stoichiometric Li. b–d) Voltage profiles of LTMO (b), LNMO (c), and LFO (d) before and after over-stoichiometric Li
incorporation.

attribution of the two peaks to the respective transitions is merely
a general assignment, and the two peaks are a result of an over-
lap of multiple spin states.[68,69] At 4.8 V, a new absorption peak at
≈531 eV appeared. Extensive resonant inelastic X-ray scattering
studies have indicated that a unique X-ray absorption/emission
feature at 531/524 eV is the signature of oxidized oxygen and cor-
responds to the transition to a specific excitonic state (𝜎* electron
and 𝜋 hole) as a result of O─O dimer.[70] While we cannot deter-
mine the emission energy of each absorption peak, we consider
that the extra absorption peak at 531 eV corresponds to the fea-
ture of oxidized oxygen. This assignment is further supported by
the fact that the change of Mn L edge XAS is minimum between
4.2 and 4.8 V (Note S17 and Figure S17, Supporting Information),
and Ti has been well known as a redox inactive element in DRX
cathodes.[71,72] Thus, the XAS results support the Raman spectro-
scopic findings and corroborate the mechanistic analyses of MS
LTMOF.
Additionally, we performed more spectral analyses of the first

discharged state to probe the structural details related to higher
CE of MS LTMOF. We believe the most likely reason is that MS
LTMOF allows more Li stored at the tetrahedral sites at the fully
discharged state. In a recent separate study,[73] we found that t2g
modes of LiMn2O4 spinel can be selectively enhanced by near-IR
laser (785 nm) excitation, including the t2g mode of tetrahedral
Li, as shown in Note S14 and Figure S18 (Supporting Informa-
tion). The fully reduced (1.5 V)MS10-LTMOFdemonstrates high-
intensity low-wavenumber bands with similar characteristics of
the two t2g modes of LiMn2O4. Such a phenomenon further sug-
gests that the higher CE and discharge capacity of MS10-LTMOF
originate from extra electrochemically intercalated Li locating at
the tetrahedral sites.

2.4. Extending the Metastabilization

To examine the general applicability of the metastabilization
route, we have also extended the method to other DRXs. Specif-
ically, we chose three compositions, Li1.2Ti0.4Mn0.4O2 (LTMO),
Li1.2Nb0.2Mn0.6O2 (LNMO), and LiFeO2 (LFO) (Figure 6a). A com-
mon feature among these DRX is that their electrochemical per-
formance is mostly throttled by the limited Li content in their
structures. For the Mn-based DRXs, the 1.2 Li per formula are
near the boundary between a percolating and a nonpercolating Li
network.[13] The Li content in LiFeO2 (1.0 Li per formula) is in the

nonpercolating range. After over-stoichiometric metastabliza-
tion, XRD and Raman features of these DRXs demonstrate sim-
ilar changes compared to the changes of LTMOF (Note S15 and
Figures S19–S22, Supporting Information). A moderate increase
of Li content via incorporating 10% mole ratio of Li2O signifi-
cantly boosts the first-cycle specific discharge capacity, from 198,
203, and 41 to 314, 306, and 143mAh g−1, for LTMO, LNMO, and
LFO, respectively. These changes correspond to 59% (LTMO),
51% (LNMO), and 249% (LFO) enhancements of specific dis-
charge capacity (Figure 6b–d). Moreover, metastablization also
improves the Coulombic efficiency for Mn-based DRXs, from
≈75% to ≈96% and from ≈82% to ≈105% for LTMO and LNMO,
respectively. The Coulombic efficiency for MS10-LFO is also near
100%. More electrochemical data are shown in Figure S23 (Sup-
porting Information). These electrochemical results indicate the
general applicability of incorporating over-stoichiometric Li in
DRX lattice to increase the reversible capacity, in contrast to the
overcharging phenomenon as a result of adding Li2O as an addi-
tive in cathodes.

2.5. Applying “Restabilization”

To investigate the reverse process of metastabilization, we also
studied the route of “restabilization” of metastabilized DRXs, as
schematically shown in Figure 7a (more details are elaborated
in Note S16 and Figures S24 and S25 in the Supporting Infor-
mation). First, we prepared a DRX with the same targeting com-
position of MS10-LTMOF via the traditional solid-state synthe-
sis route (SS10-LTMOF), aiming to examine the possibility of ob-
taining a similar electrochemical behavior of MS10-LTMOF. The
voltage profile and dQ/dV profile of SS10-LTMOF are drastically
different to those of MS10-LTMOF (Figure 7b,c). The first-cycle
specific discharge capacity is ≈164 mAh g−1 with a Coulombic
efficiency of ≈68%. The stark contrast may arise from the pos-
sible fact that MS10-LTMOF is not obtainable using a solid-state
synthesis route. Moreover, we also annealed the MS10-LTMOF,
aiming to “restabilize” the metastable DRX and evaluating the
change of electrochemical behavior. Notably, annealing the over-
stoichiometric metastable rock salts still leads to an apparent
rock-salt-like phase, instead of converting to a phase with long-
range ordering or being decomposed to other phases. This obser-
vation is different to many other metastable DRXs that change to
a nondisordered phase(s) after annealing.[29,34,35] It also suggests
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Figure 7. Applying restabilization to MS LTMOF. a) Schematic of the attempt to synthesize the composition of MS10-LTMOF via a solid-state approach
by adding extra Li source (i.e., SS10-LTMOF) and the route of restabilizingMS10-LTMOF via an annealing process (i.e., RS-MS10-LTMOF). b) Differential
capacity and c) voltage profiles of SS10-LTMOF and RS-MS10-LTMOF compared to those of MS10-LTMOF. d) TEM image of RS-MS10-LTMOF showing
the particle is covered with a low-contrast coating. e) ATR-FTIR spectra of various cathodes (including a bare Li2O electrode) at the fully charged state
compared to the spectrum of the electrolyte. Two important wavenumber regions, including carboxylate and ester carbonyl, are highlighted. Voltage
profile of the Li2O electrode is also shown. f) AFM topography and contrast of phase angle of s-SNOM signal (demodulated at fourth harmonics)
excited by a 1654 cm−1 IR laser for a 5 × 5 μm2 area of an RS-MS10-LTMOF electrode at the fully charged state.

that, for DRXs, the metastable–thermodynamically stable phase
conversion is not limited to DRX-ordered phase and can be ex-
tended to DRX (metastable)–DRX (thermodynamically stable).
For RS-MS10-LTMOF, both specific discharge capacity (≈158
mAh g−1) and CE (≈72%) demonstrate a drastic decrease com-
pared to those of MS10-LTMOF (Figure 7c), indicating that a sig-
nificant amount of reversible capacity is lost. ICP-MS measure-
ments indicate that relative Li contents of both RS-MS10-LTMOF
and SS10-LTMOF are significantly greater than that of LTMOF
(Table S1, Supporting Information). Moreover, we measured the
TEM images of RS-MS10-LTMOF (Figure 7d) and SS10-LTMOF
(Figure S26, Supporting Information) and found that the particle
surface is often coated with a low-contrast layer, which is most
likely Li- and O-containing species that are not fully incorporated
into the bulk rock salt structure. The decomposition of such sur-
face species is the most likely reason for the lower CE.
To understand this effect, we performed infrared (IR) absorp-

tion to probe the chemical information of cathode–electrolyte in-
terface (CEI), which is known to be directly related to the Coulom-
bic efficiency of cathode materials, shown in Figure 7e. In the
wide-field IR absorption spectra, both MS10-LTMOF and RS-
MS10-LTMOF demonstrate peaks between 1700 and 1800 cm−1,
indicating ester species of the CEI. The spectrum of RS-MS10-
LTMOF demonstrates a significantly different feature, compared
to the spectra of MS10-LTMOF and the electrolyte, at 1654 cm−1.
Such a feature is a clear indication of formation of carboxylate
species as a result of carbonate ester decomposition. We believe
that the electrochemistry-induced decomposition of trace surface
Li- and O-containing species causes the electrophilic attack from

the surface oxygen toward the electron-rich aliphatic ester, lead-
ing to carboxylates. To evaluate the possibility, we tested the elec-
trochemical behavior of Li2O electrodes and observed the consid-
erably irreversible charge behavior (Figure S27, Supporting Infor-
mation). IR absorption features in the carboxylate region were
also observed for the charged Li2O electrodes.
Moreover, we conducted scattering-type scanning near-field

optical-microscopy-based IR (s-SNOM-IR) mapping to probe the
distribution of CEI chemical species for RS-MS10-LTMOF at the
fully charged state (Figure 7f). The emergence of near-field IR
absorption technique allows a spatial resolution up to 10 nm,
which greatly exceeds the diffraction limit of optical imaging
while providing vibrational mapping using soft IR light.[74–76]

Such a unique power offers the opportunity to elucidate the
nanoscale heterogeneity of interfacial species distribution. Fun-
damentals related to s-SNOM imaging are described in Note S18
and Figure S29 (Supporting Information). The atomic force mi-
croscopy (AFM) images acquired synchronously with s-SNOM-
IR measurement depict the height profile of the electrode in a
5 μm × 5 μm area. Nanoscale distributions of carboxylate at 1654
cm−1, acquired viamapping the phase angle of scattered s-SNOM
signal (demodulated at fourth harmonics), reveal the nanoscale
domains where strong infrared light absorption of carboxylate
function groups occurs. The observed heterogeneity of carboxy-
late deposition suggests that electrode particle orientation, mor-
phological factors, and topography may interplay and cause the
nonuniform decomposition of electrolyte solvent. The s-SNOM
IR imaging expands the wide-field spectroscopic signatures to
nanoscale images of functional groups and reveals the reason for
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Figure 8. Review of electrochemical properties of thermodynamically stable and metastable DRXs. a) Energy density vs specific capacity of reported
thermodynamically stable/metastable DRX cathodes and the DRXs in this work. b) The percentage of utilizable Li vs specific capacity of reported ther-
modynamically stable/metastable DRX cathodes and the DRXs in this work. Labeled numbers: blue: 1: MS10-LTMOF, 2: MS20-LTMOF, 3: MS10-LTMO,
4: MS10-LNMO, 5: MS10-LFO. Red: 1: LTMOF, 2: LTMO, 3: LTNO, 4: LFO, 5: RS-MS10-LTMOF. c) Schematics of relaxation of site-balance constraint of
rock salt structures enabled by over-stoichiometric chemical space and its potential in enabling both high redox activity, Li percolation, and theoretical
capacity.

the lower CE of RS-MS10-LTMOF from a spectral imaging per-
spective.

2.6. A General Comparison of Thermodynamically Stable and
Metastable DRXs

Our experimental data suggest that properties of thermodynam-
ically stable and metastable DRX materials, as indicated by spe-
cific discharge capacity, ratio of utilizable Li, and the energy stor-
age mechanism, can be distinctly different. Such a difference
also implies that there are significant differences between the
currently reported thermodynamically stable DRX materials and
metastable counterparts, which have not been emphasized so
far. To comprehensively discuss the two categories of cathodes,
we conducted a performance data consolidation based on litera-
ture values and incorporated our findings into the analyses, as
shown in Figure 8. Specifically, the first-cycle discharge energy
density and the ratio of utilizable Li of various DRXs as a function
of first-cycle specific discharge capacity are shown in Figure 8a
and Figure 8b, respectively. The summarized DRXs span vari-
ous redox-active elemental compositions, includingMn4+, Mn3+,
Mn2+, Ni2+, Mo3+, V3+, Cr3+, and Fe3+. The details of the data are
elaborated in Note S20 and Tables S3 and S4 (Supporting Infor-
mation).
Here, we refer thermodynamically stable and metastable

DRXs in Figure 8 to the DRXs synthesized via high-temperature
solid-state routes and low-temperaturemechanochemical routes,
respectively, to distinguish their differences in terms of the abil-
ity to exist at high temperatures. Also, we make a note that the
detailed electrochemical testing and electrode fabrication param-
eters, such as voltage window, current rate, and carbon mixing,
of these works are not consistent. Thus, it is not reasonable to
compare point to point of the data in Figure 8. Although the
data points in Figure 6 are highly scattered due to the varia-
tion of the reported DRXs, the significance of the difference be-
tween thermodynamically stable and metastable compounds is
noteworthy. First, as shown in Figure 8a, the specific discharge

capacity and energy density of metastable DRXs are generally
higher than those of the thermodynamically stable counterparts,
indicating that the metastability enhances the discharge capacity
without compromising the discharge voltage. The fact that most
of the top-performing DRXs were made via the mechanochemi-
cal route aligns with the trend.[12,17,77,78] Second, the higher spe-
cific discharge capacity of metastable DRXs is positively cor-
related to the increase of the ratio of utilizable Li, suggesting
that metastability unlocks more redox activity by rendering a
greater portion of Li in DRXs electrochemically utilizable. It
is possible that metastability achieved through mechanochem-
istry may lead to distinctly different short-range ordering pat-
terns compared to solid-state synthesis, even for very similar
compositions or stoichiometries.[54,79–81] This could be the fun-
damental reason for the more utilizable Li of metastable DRXs.
The contrast of the DRXs used in this work (highlighted in
Figure 8) is consistent with both trends shown in Figure 8. Note
that the data consolidation shown in Figure 8 does not include
cycling stability, which is a critical electrochemical parameter of
DRXs. Based on the comparative analyses, it can be inferred
that metastable and thermodynamically stable DRXs can be clas-
sified into two classes of materials, despite their similar long-
range cation disorderness in fcc lattices. Thus, rock salt struc-
tures are a unique class of materials that can exist either in a
stable and an over-stoichiometric metastable form, and the two
forms can interconvert with each other. Such a property is differ-
ent to othermetastable cathodematerials reported in recent years
(e.g., antifluorite-like cathodes)[82,83] and has been rarely found in
other metastable structures.
Given the contrast of thermodynamically stable and

metastable DRXs mentioned above, over-stoichiometric
metastable DRXs may open up extra opportunities in de-
signing new DRXs. The major advantage of over-stoichiometric
DRX is shown in Figure 8c. In the scope of traditional rock
salts (Li1+xTM1−xO2), there is always a trade-off between TM
content and Li content because of the site balance constraint
(i.e., n(Li) + n(TM) = 2). The site balance constraint poses a
negative linear correlation (Figure 8c) between Li content, the
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key factor that determines the maximum possible capacity, and
the redox-active TM content, the key factor that determines
the maximum possible TM redox contribution. With the site
balance constraint, increasing redox active TM to introduce
more redox activity will cause a low Li content, which will
cause undesired Li transport. The typical example is the poor
electrochemical performance of stoichiometric rock-salt-type
LiFeO2 (Figure 6d). On the other hand, increasing the Li content
to enhance the Li transport inevitably causes highly limited TM
redox contribution, which can lead to very poor electrochemical
behavior as well. To demonstrate this point, we synthesized a
Ti–Mn-based DRX Li1.34Ti0.58Mn0.08O1.9F0.1. Its Li content is the
highest Li content that we can achieve for stoichiometric Ti–Mn-
based DRXs and very close to the charge balance limit, which
inevitably leads to a very low Mn content. Its first-cycle voltage
profile is compared to that of MS10-LTMOF (Li content 1.33
per formula) in Figure S30 (Supporting Information). Because
of the low Mn content in Li1.34Ti0.58Mn0.08O1.9F0.1, the amount
of charge compensation for Li deintercalation is very limited,
leading to highly limited specific capacity, although the amount
of Li is abundant. In contrast, MS10-LTMOF is not subjected
to such a limitation, by featuring high redox activity and high
Li content at the same time. Thus, the generally applicable
over-stoichiometric metastablization route allows the relaxation
of the site balance constraint and enhances the Li transport and
Li utilization for DRX compositions without lowering the TM
redox contribution (Figure 8c), by expanding the percolation
theory to the over-stoichiometry chemical space. It will offer the
possibility of unlocking more redox activity without a capac-
ity/redox contribution trade-off and allows DRXs to expand to
more diverse compositions, potentially stimulating the discovery
of more high-performance DRX cathodes.

3. Conclusion

We have located a new route to “metastabilize” DRXs by intro-
ducing Li over-stoichiometry and expanded the diversity of DRX
cathode materials. Based on a well-known DRX (LTMOF) as the
testbed, we found that introducing a moderately small amount
of extra Li (10–20%mole ratio) via mechanochemistry allows the
relaxation of the site-balance constraint of solid-state-synthesized
DRXs. The over-stoichiometric metastabilization increases the
degree of disordering, enhances the amount of electrochemically
utilizable Li, and unlocksmore redox activity of DRXs. Relying on
a systematic combination of diffraction and spectroscopic analy-
ses, we found that Li deintercalation in metastabilized LTMOF
involves more significant lattice dimension change, more redox
activity from oxygen, and changes of the short-range ordering
scheme at the fully charged state. After extending the metasta-
bilization approach to other DRX compositions, we found that
the developed method is a generally applicable option for DRXs
to overcome the lack of Li percolation and to boost the amount
of electrochemically utilizable Li. By consolidating our results
and the extensive electrochemical data of various reported works
focusing on DRX cathodes, we found that the performance of
metastable DRXs is systematically higher than that of thermo-
dynamically stable ones, suggesting the fundamental difference
between the two categories of DRXs. An important avenue for
future research would be to conduct more exploration of over-

stoichiometric chemical space of DRXs and explore the relation-
ship between composition, structure, functionality, and mecha-
nism in the over-stoichiometric chemical space. Fine-tuning the
structure and properties of over-stoichiometric DRXs via vari-
ous materials/particle engineering techniques[84,85] is also highly
worth exploring. Findings of this work suggest a new control-
lable variable to tune the properties of DRXs and provide further
promise for utilizing DRXs as a means to address outstanding
challenges in LIB cathodes.

4. Experimental Section
Full experimental procedures can be found in the Supporting Information.
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