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Stabilization of Oxygen-Dependent Fe3+/4+ Redox in
Li-Excess DRX Cathode Exhibiting Anionic Redox via
Transition Metal Combination

Hayeon Lee, Minji Kim, Hyunyoung Park, Yiseul Yoo, Sangmun Na, Hee-Dae Lim,
Jongsoon Kim, and Won-Sub Yoon*

Developing sustainable Li-ion batteries requires high-energy cathodes based
on low-cost, earth-abundant elements, moving away from low-reserve nickel
and cobalt. Fe-based oxide cathodes with Fe3+/4+ and O2−/n− redox couples
offer potential but face low initial Coulombic efficiency and significant voltage
hysteresis. This study investigates Li-excess Fe-based disordered rock-salt
(DRX) oxyfluorides (Li2Fe0.5M0.5O2F; M = Fe, Ti, Mn) using combined
electrochemical/spectroscopic characterization and first-principles
calculation. Oxygen-dependent Fe3+/4+ redox, related to Fe 3d–O 2p hybrid
state, can be stabilized when combined with Mn3+/4+ redox in DRX structure
owing to the unusual decrease in its redox potential. The moderately high
charge transfer gap stabilizes Fe4+ against ligand-to-metal charge transfer
(LMCT) on charge, reduces the amount of oxygen oxidation, thereby
increasing Coulombic efficiency. On discharge, it allows metal-to-ligand
charge transfer (MLCT) without substantial overpotential, reducing hysteresis
in oxygen redox. The resulting composition exhibits high capacity
(309 mAh g−1) and energy density (998 Wh kg−1), providing insights for
next-generation Ni- and Co-free cathode materials.

1. Introduction

Global concerns about climate change have sparked a worldwide
interest in renewable power generation and electric vehicles.[1]

Li-ion batteries form a crucial component of these technologies,
with significant efforts directed toward improving their energy
density and reducing cost.[2,3] However, essential materials that
optimally satisfy both parameters are still scarce, especially in the
case of cathode materials.
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Despite its low-cost, abundance, and
environmental benignness, the use of Fe in
cathode materials has been largely limited
to olivine LiFePO4,[4] which suffers from
a low energy density. Attempts to utilize
LiFeO2 polymorphs as cathode materials[5,6]

have been hindered by significant voltage
hysteresis in the initial cycle and sub-
sequent low operation voltages during
charge/discharge. This issue is thought to
stem from the unstable Fe4+ created during
the first charge, which is reduced to Fe3+

during the same charge, thereby activating
the less practical low-voltage Fe2+/3+ redox
couple in subsequent cycles.[5,7,8] The lim-
itations of LiFeO2 have driven researchers
to explore new Fe-based cathode materials.
Although the stabilization of Fe4+ during
charging was observed in LiNi0.9Fe0.1O2,
increasing Fe content in the LiNi1–xFexO2
chemical space led to a significant de-
crease in reversible capacity.[9,10] More
promising Fe-based cathode materials were

found among Li-excess systems that exhibit oxygen redox ac-
tivity, such as Li1.2Mn0.4Fe0.4O2 (0.5Li2MnO3–0.5LiFeO2),[11–13]

Li1.2Ti0.4Fe0.4O2 (0.5Li2TiO3–0.5LiFeO2),[14,15] Li1.3Nb0.3Fe0.4O2
(0.43Li3NbO4–0.57LiFeO2),[16,17] Li4FeSbO6,[18,19] and Li5
FeO4.

[20,21] Many of these materials show high capacities of
over 200 mAh g−1. However, they still suffer from several
issues, including low initial Coulombic efficiency, substantial
voltage hysteresis, and inadequate cyclability. Addressing these
challenges requires a deeper understanding of the combined
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cationic/anionic redox process, a topic that is still under debate
due to its complex operational mechanisms.[17,22–27] In the
aforementioned Li-excess Fe-based cathode materials, the tran-
sition metal (TM) composition typically consists of either Fe3+

alone[20,21] or a combination of Fe3+ and high-valent cations (e.g.,
Mn4+,[11–13] Ti4+,[14,15] Nb5+,[16,17] and Sb4+.[18,19]) that cannot be
further oxidized during charging. Consequently, their initial
charging proceeds with Fe3+/4+ and O2−/n− (n < 2) oxidation.
However, it remains unclear under which conditions the Fe3+/4+

and O2−/n− redox processes can be stabilized to achieve high
reversible capacity at moderately high voltages in close-packed
oxides.[13,14,17,19–21,28,29] In particular, the characteristics of these
redox processes across different compositions and their impact
on electrochemical behaviors have not been systematically
investigated within a uniform crystal structure.

In this study, we synthesized a series of Fe-based, earth-
abundant cathode materials with three distinct TM combina-
tions Fe–Fe, Fe–Ti, and Fe–Mn, using the mechanochemical
method. These target cathode materials were based on the disor-
dered rock-salt (DRX) structure, with partial substitution of oxy-
gen anions by fluorine anions. This process resulted in unique
compositional variations while maintaining the overall crystal
structure. These materials demonstrated systematically differing
initial Coulombic efficiencies and voltage hysteresis behaviors,
the electronic structural origins of which were explored through
a combination of electrochemical and spectroscopic character-
izations, as well as computational simulations based on first-
principles calculations. Our findings reveal that the TM combi-
nation in the DRX structure significantly influences the stabiliza-
tion of the oxygen-dependent-redox (OD-redox) of Fe3+/4+ and de-
termines the reversibility of the anionic redox of O2−/n−, which in-
cludes charge/discharge voltage hysteresis. We believe that this
research provides valuable insights into stabilizing the Fe3+/4+

and O2−/n− dual redox process, a crucial step in developing novel
high-energy cathodes. Additionally, our findings contribute to a
unified understanding of the anionic redox reaction in common
Li-excess cathode materials.

2. Results and Discussion

2.1. Characterization of As-Prepared Materials

To explore compositional effects on the performance and re-
action mechanism of Fe-based DRX cathodes, we designed
Li2Fe0.5M0.5O2F (M = Fe,[30] Ti, Mn) (1:1 combination of LiF and
LiFe0.5M0.5O2). These samples, with M= Fe, Ti, and Mn, are here-
after denoted as LFOF, LFTOF, and LFMOF, respectively. LiF
was used as the Li-excess component to facilitate Li+ diffusion
in the DRX cathodes.[31,32] To attain heavy fluorination (≈33% of
total anions), a mechanochemical ball-milling method was used
for sample synthesis.[33] All samples were synthesized under the
same conditions, except for their compositions, to conduct a com-
parative study (see details in the Experimental Section). The in-
ductively coupled plasma atomic emission spectroscopy (ICP-
AES) results show that the metal ratios in the as-prepared ma-
terials align well with the theoretical ratios (Table S1, Supporting
Information). As depicted in the energy-dispersive spectroscopy
(EDS) maps, all the constituent elements are homogeneously dis-
tributed at the particle level for all samples (Figure S1, Support-

ing Information). Rietveld refinements performed on the X-ray
diffraction (XRD) patterns of the samples (Figure 1a–c; Table
S2a–c, Supporting Information) reveal that they form a single
DRX phase (S.G. Fm-3m) with lattice constants of a = 4.155,
4.162, and 4.154 Å for LFOF, LFTOF, and LFMOF, respectively.
Line broadening analysis based on the Scherrer equation reveals
a mean crystallite size of 58, 53, and 46 Å for LFOF, LFTOF, and
LFMOF, respectively. As confirmed by transmission electron mi-
croscope (TEM) analysis, the primary particles are between 20–
50 nm in size and polycrystalline (Figure S2, Supporting Infor-
mation). The soft X-ray absorption spectroscopy (XAS) spectra of
the three samples at the F K-edge (Figure S3, Supporting Infor-
mation) exhibit dominant signatures of LiF, implying that many
F ions exist in the Li-excess (LiF-like) local environment, aligning
with theoretical expectations.[34] However, features correspond-
ing to F─TM bonds are also detected in the spectra, indicating
that some O ions in the TM precursors were indeed replaced by F
ions during the mechanochemical synthesis. Scanning electron
microscope (SEM) observations (Figure S4, Supporting Informa-
tion) show that the primary particles of the as-prepared samples
form agglomerates of varying sizes. These agglomerates are fur-
ther pulverized into uniform carbon-active material mixtures af-
ter ball-milling with carbon for electrode fabrication. The X-ray
absorption near edge structure (XANES) spectroscopy (Figure S5,
Supporting Information) identifies the oxidation states of TM
ions in the as-prepared materials to be close to Fe3+ in LFOF,
Fe2+-Ti4+ in LFTOF, and Fe3+-Mn3+ in LFMOF. These oxidation
states are preserved after electrode fabrication. The theoretical ca-
pacity reservoirs of the samples are provided in Table S3 (Sup-
porting Information).

2.2. Electrochemical Behaviors

Figure 1d–f presents the voltage profiles of LFOF, LFTOF, and
LFMOF electrodes over the first three cycles, at a current den-
sity of 20 mA g−1 between 1.5 and 4.8 V. Remarkably large initial
charge capacities are observed: 344, 325, and 328 mAh g−1, corre-
sponding to the extraction of 1.55, 1.42, and 1.47 Li per formula
unit (f.u.) for LFOF, LFTOF, and LFMOF, respectively. These val-
ues significantly exceed the theoretical TM-related capacities of
each material (Table S3, Supporting Information), suggesting po-
tential anionic redox activity in all of them. However, systematic
differences are observed in the electrochemical behavior of each
material in terms of the first-cycle Coulombic efficiency and volt-
age hysteresis. LFOF exhibits a very low first-cycle Coulombic ef-
ficiency of 60.8%, with a first discharge capacity of 209 mAh g−1

(specific energy of 573 Wh Kg−1), corresponding to the insertion
of 0.94 Li per f.u. LFOF also displays significant voltage hystere-
sis between the first charge and discharge profiles, with a voltage
gap of ≈1.5 V persisting in subsequent cycles, excluding the low
voltage charge/discharge region below 3 V, which appears only
after the irreversible first charge process. LFTOF displays a supe-
rior first-cycle Coulombic efficiency of 88.6% compared to LFOF,
with a first discharge capacity of 288 mAh g−1 (specific energy of
780 Wh kg−1), representing the insertion of 1.25 Li per f.u. How-
ever, a substantial voltage hysteresis of ≈1.5 V, similar to LFOF,
is still observed. Among the samples, LFMOF performs the best,
displaying the highest first-cycle Coulombic efficiency of 94.2%
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Figure 1. As-prepared structures and electrochemical behaviors. Rietveld refinement analyses on XRD patterns of as-prepared powder samples. a) LFOF,
b) LFTOF, and c) LFMOF. Voltage profiles of d) LFOF, e) LFTOF, and f) LFMOF electrodes for initial three cycles, at a current density of 20 mA g−1 between
1.5 and 4.8 V. Cycling tests were performed at room temperature (≈25 °C).

and the lowest voltage hysteresis of ≈0.9 V. It also delivers the
highest first discharge capacity of 309 mAh g−1 (specific energy
of 998 Wh Kg−1), corresponding to the insertion of 1.39 Li per
f.u. These systematic differences in the initial Coulombic effi-
ciency and voltage hysteresis among the samples prompted us to
delve deeper into their respective redox mechanisms. In partic-
ular, we hypothesized that these two characteristics are strongly
tied to the nature of the anionic redox process, as seen in sev-
eral other Li-excess cathode materials.[17,22–25,35] The differential
electrochemical mass spectrometry (DEMS) results of the three
samples (Figure S6, Supporting Information) reveal a significant
O2 release only in LFOF at the end of the first charge, suggest-
ing that the anionic redox process in LFTOF and LFMOF may
be more reversible than that in LFOF. The redox mechanisms of
each sample were further investigated through a combination of
electrochemical and spectroscopic methods, as detailed below.

2.3. Redox Mechanism of LFOF

Figure 2a,b displays the voltage profiles and corresponding
dQ/dV curves of LFOF for the first cycle under various charge
cut-off conditions. The first charge process consists of two faintly
separated regions: i and ii. When the charge cut-off capacities
are limited up to 110 mAh g−1 (region i), slope discharge profiles
corresponding to broad dQ/dV curves are observed. A magnified
view of the dQ/dV curves (Figure S7, Supporting Information)
reveals that subtle multiple discharge processes emerge within

this cut-off range. Further charging beyond 110 mAh g−1 (region
ii) induces a more noticeable hysteretic reduction feature in the
middle of discharge, dividing the discharge process into three dis-
tinct regions (iii, iv, and v). The discharge capacities of regions iii
and iv suddenly decreases when the charge cut-off is raised above
165 and 275 mAh g−1, respectively. However, the discharge capac-
ity of region v continuously increases as the charge cut-off level
is increased up to 4.8 V (see also Figure S8, Supporting Informa-
tion).

To investigate the detailed redox reactions involved in each re-
gion, XAS was employed. Figure 2c presents the ex situ XANES
spectra of LFOF at the Fe K-edge during the first cycle and the
second charge process. Figure 2d displays the evolution of the
Fe─O/F bond distance derived from the first shell fitting on the
Fe K-edge extended X-ray absorption fine structure (EXAFS)
spectra. Both XANES and EXAFS analyses were performed for
the same ex situ sampling points marked in the bottom panel
of Figure 2d. During the first charge process, the Fe K-edge
XANES spectra do not show any considerable shift from the
position of Fe2O3, but certain changes in the white line shape
at ≈7132 eV are noticeable. If the electrons had been primarily
extracted from the Fe 3d states during charging, the increased
effective nuclear charge would have necessitated more energy
for the excitation of core electrons, resulting in a rigid edge shift
toward higher energy. However, this is not observed in the re-
sults, suggesting that there is no predominant “cation-centered”
oxidation of Fe3+. It should be noted that there is a noticeable
decrease in the Fe─O/F bond distance during the first charge
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Figure 2. Redox mechanism of LFOF. a) First-cycle voltage profiles with different charge cut-off values and b) their dQ/dV curves. Same color coding is
used in (a) and (b). c) Normalized ex situ Fe K-edge XANES spectra. d) Fe─O/F bond distances derived from EXAFS fitting at Fe K-edge (upper panel;
the fits to the data and detailed fitting results are shown in Figure S9 and Table S4, Supporting Information, respectively), and voltage profiles providing
trace of corresponding charge/discharge states (bottom panel). e) Normalized ex situ O K-edge XAS spectra in FY mode. f) Schematic illustration of
redox mechanism of LFOF.

process. Combining this with the XANES results suggests that
electron extraction has occurred within the Fe─O/F bond, but
more biased toward the ligand side. Given that anionic redox
is known to involve local distortion rather than direct changes
in the collective bond distance,[23,27,36] the ligand hole is most
likely to be present within the Fe 3d–O/F 2p hybridized state
(primarily on the O side due to the high electronegativity of
F). For simplicity, the redox process involving such changes
in the Fe─O/F bond distance occurring beyond the Fe3+ limit

will be referred as “oxygen-dependent-redox (OD-redox)” of
Fe3+/4+ throughout this paper. In more detail, for the first charge
process, the Fe─O/F bond distance largely decreases in the early
stage (0–110 mAh g−1), but the decrement becomes small in the
later stage (110–220 mAh g−1) and is followed by rather increase
in the distance at the end of the charge (220 mAh g−1–4.8 V).
This indicates that the OD-oxidation of Fe3+ initially occurs,
but its amount decreases upon continued charging, and the
OD-oxidized Fe4+ is finally reduced. Given that Fe is the only TM
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element in LFOF, the above results suggest that oxygen oxidation
occurs in this material, gradually increasing its capacity contribu-
tion and finally being over-activated to generate surplus electrons
being redistributed into the Fe─O/F bonds without contributing
to the charge capacity. This behavior can be attributed to the
oxygen oxidation process involving ligand-to-metal charge trans-
fer (LMCT),[19,37] and it clearly indicates that Fe4+ is unstable in
LFOF during charging. Turning to the first discharge process,
the Fe K-edge XANES spectra show negligible variations for the
initial discharging (4.8 V–100 mAh g−1). However, the Fe─O/F
bond distance in the same region shows a subtle but noticeable
two-step variation: a certain increase at the beginning (4.8 V–
40 mAh g−1), followed by smaller changes (40–100 mAh g−1).
This implies that the two separate cathodic processes in regions
iii and iv are mainly related to the Fe4+/3+ OD-reduction and the
On−/2− reduction, respectively. These assignments are supported
by DEMS analyses; O2 release in LFOF occurs largely only above
4.5 V (Figure S6a, Supporting Information), which corresponds
well with the sharp decrease in the capacity of region iv after
raising the charge cut-off voltage above 4.56 V (275 mAh g−1)
(Figure 2a,b; Figure S8, Supporting Information). In the fol-
lowing discharging (100 mAh g−1–1.5 V), a rigid shift of the Fe
K-edge XANES spectra toward the position of the FeO reference
and a significant increase of Fe─O/F bond distance clearly
indicate that Fe3+/2+ reduction occurs during the low-voltage
discharging (region v). Consequently, the low-voltage Fe2+/3+ ox-
idation newly appears in the second charge process (1.5–3.75 V),
which can also be corroborated by the rigid XANES edge shift
and a significant decrease in the Fe─O/F bond distance. At the
end of the second charge process (3.75–4.8 V), the Fe K-edge
XANES spectra show minimal variations, but a certain decrease
in the Fe–O/F distance implies that some amount of Fe3+/4+

OD-oxidation occurs. It likely also accompanies some amount of
oxygen oxidation, as evidenced by the existence of two reduction
features corresponding to regions iii (Fe4+/3+ OD-reduction) and
iv (On−/2− reduction) in the second discharge (see Figure 1d).

To understand the irreversible first charge process in more de-
tail, the activation process of the oxygen redox was further in-
vestigated by soft XAS. Figure 2e shows the ex situ soft XAS
spectra of LFOF at the O K-edge, measured in the bulk-sensitive
fluorescence yield (FY) mode for the first charge process. The
pre-edge region below 534 eV is primarily associated with the
electron transition from O 1s to the unoccupied Fe 3d–O 2p
hybridized states. Before charging, a double peak feature ob-
served between the 529–532 eV range can be attributed to the
Fe3+–O hybridized states.[38,39] Charging to 110 mAh g−1, how-
ever, generates a new peak at ≈528.3 eV. This peak can be re-
lated to the formation of Fe4+ involving significant ligand (oxy-
gen) hole character.[40] Although these types of O holes emerges
within the Fe–O hybridization, O holes can also be created in non-
bonding (unhybridized) O 2p states.[26] These are unstable and
may consequently form more stable short O–O species (peroxide-
like dimer,[41] O2 molecule,[25,42] etc.). This process is often called
“anionic (oxygen) redox”.[24,26] In this respect, it can be noticed
that another peak at ≈531 eV gaining certain spectral weight in
the early charging stage (0–110 mAh g−1). This is a represen-
tative feature observed in the O K-edge spectra of Li2O2

[43] and
O2,[44] and has been observed in Li-excess cathodes as a result
of oxygen oxidation.[17,45] During the following charging (110–

220 mAh g−1), the intensity of the 531 eV peak is further in-
creased, but that of the 528.3 eV peak is rather decreased. This
suggests that oxygen oxidation increases while Fe4+ is reduced
to Fe3+ by LMCT. At the end of the charging (220 mAh g−1–
4.8 V), both peaks significantly lose their intensities, indicat-
ing that the Fe4+ and On− states largely disappear due to LMCT
and O2 release. The O K-edge XAS results support the occur-
rence of oxygen redox in LFOF, although it is quite irreversible
when the upper cut-off voltage is 4.8 V. The oxygen oxidation in
this sample appears to begin in the early stage of charging be-
fore 110 mAh g−1, although corresponding reduction feature (re-
gion iv) is not explicitly seen in the voltage opening experiment
(Figure 2a,b), likely due to its burial within complex multiple re-
duction features (Figure S7, Supporting Information). Indeed,
the fact that the oxidation processes of Fe3+ and O2− are subject
to overlap can be readily expected from the proximity of regions
i (Fe3+/4+ OD-oxidation) and ii (O2−/n− oxidation) in narrow volt-
age ranges (Figure 2b). Based on the electrochemical and spec-
troscopic information obtained above, the first-cycle redox mech-
anism of LFOF is depicted schematically in Figure 2f.

2.4. Redox Mechanism of LFTOF

Figure 3a,b displays the voltage profiles and corresponding
dQ/dV curves of LFTOF for the first cycle under different charge
cut-off conditions. The first charge starts with a low-voltage ox-
idation process (region I) followed by two high-voltage regions
weakly separated from each other (regions II and III). When
charging to 3.5 V, a well-defined low-voltage reduction process
is observed (region VI). However, further charging into the high-
voltage region induces two notably separate reduction processes,
at above 4 V and at ≈3 V, the latter of which shows significant
hysteresis. This results in the overall discharge process being di-
vided into three different regions (IV, V, and VI). The discharge
capacity of region IV initially increases but drops suddenly when
the charge cut-off level is raised above 200 mAh g−1, while that
of region V gradually increases as the charge cut-off level is in-
creased up to 4.8 V. For region VI, the discharge capacity slightly
increases as the cut-off level rises.

To investigate the detailed redox processes involved in each
region, XAS was utilized. Figure 3c shows the ex situ XANES
spectra of LFTOF at the Fe K-edge during the first cycle and
the second charge process. Figure 3d displays the evolution of
the Fe─O/F bond distance derived from the first shell fitting on
the Fe K-edge EXAFS spectra. Both XANES and EXAFS analy-
ses were performed for the same ex situ sampling points marked
in the bottom panel of Figure 3d. During the first charge pro-
cess, the Fe K-edge XANES spectra at the low-voltage region (0–
3.5 V) show a rigid edge shift from the position of FeO to that
of Fe2O3. Concurrently, a significant decrease in the Fe─O/F
bond distance is observed in the same region, clearly indicat-
ing that Fe2+/3+ oxidation occurs during low-voltage charging.
In the following high-voltage charge process (3.5–4.8 V), the Fe
K-edge XANES spectra show no significant variation. However,
the Fe─O/F bond distance in the same region shows a certain
decrease at the beginning (3.5 V–200 mAh g−1), followed by a
slight increase (200 mAh g−1–4.8 V; see Figure 3e). This sug-
gests that some OD-oxidation of Fe3+ initially occurs in the high-
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Figure 3. Redox mechanism of LFTOF. a) First-cycle voltage profiles with different charge cut-off values and b) their dQ/dV curves. Same color coding
is used in (a) and (b). c) Normalized ex situ Fe K-edge XANES spectra. d) Fe─O/F bond distances derived from EXAFS fitting at Fe K-edge (upper panel;
the fits to the data and detailed fitting results are shown in Figure S10 and Table S5, Supporting Information, respectively), and voltage profiles providing
trace of corresponding charge/discharge states (bottom panel). e) A magnified view of Fe─O/F bond distance from C200 of first charge to D150 of first
discharge. f) Normalized ex situ O K-edge XAS spectra in FY mode. g) Schematic illustration of redox mechanism of LFTOF.

voltage region, but its amount decreases upon continued charg-
ing, and finally, the OD-oxidized Fe4+ is reduced. In LFTOF, Ti4+

remains inactive throughout the first cycle and the second charge
processes (Figure S11, Supporting Information). This implies
that oxygen oxidation occurs in LFTOF during charging in the
high-voltage region, gradually increasing its capacity contribu-
tion, and finally, some electrons produced by the oxygen oxida-
tion are redistributed into the Fe─O/F bonds without contribut-
ing to the charge capacity. This behavior indicates that like in
LFOF, Fe4+ in LFTOF is unstable against LMCT during charg-
ing. Turning to the first discharge process, whereas the Fe K-edge

XANES spectra show only minor variations during discharging
to 150 mAh g−1, the Fe─O/F bond distance in the same region
displays a subtle but meaningful two-step variation: a slight in-
crease at the beginning (4.8 V–25 mAh g−1), followed by negligi-
ble changes (25–150 mAh g−1) (Figure 3e). These results imply
that a small amount of Fe4+/3+ OD-reduction may occur during
the initial discharge (region IV), whereas the following discharge
up to 150 mAh g−1 (region V) is dominated by On−/2− reduction.
In the low-voltage discharge process (150 mAh g−1–1.5 V), a rigid
shift of the Fe K-edge XANES spectra toward the position of FeO,
along with a significant increase in the Fe─O/F bond distance,

Adv. Funct. Mater. 2024, 34, 2312401 © 2023 Wiley-VCH GmbH2312401 (6 of 15)
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clearly shows that Fe3+/2+ reduction occurs (region VI). The as-
signment of region IV as Fe4+/3+ OD-reduction can be supported
by the sudden decrease in its discharge capacity observed in the
voltage opening experiment when the charge cut-off condition is
raised above 200 mAh g−1 (Figure 3a,b). Because this decrease
coincides with an increase in the Fe─O/F bond distance (i.e.,
Fe4+/3+ OD-reduction) during charging (Figure 3e). Given the rel-
atively rigid spectroscopic evidence of region VI as Fe3+/2+ reduc-
tion (and the inactivity of Ti4+ as well), it is reasonable to assign
region V as “On−/2− reduction”. Indeed, the gradual increase in
region V upon increasing charge cut-off level (Figure 3a,b) aligns
well with the negligible O2 loss observed by DEMS (Figure S6b,
Supporting Information), further supporting our assignments.
In the second charge process, the Fe K-edge XANES spectra and
the Fe─O/F bond distance show similar behaviors to those of the
first charge process, implying that oxidation reactions of Fe2+ and
Fe3+ occurred at the low- and high-voltage regions, respectively.
There will also be O2−/n− oxidation at the high-voltage region, as
evidenced by the existence of a long discharge plateau in the sec-
ond discharge process (see Figure 1e).

To clearly understand the activation process of the oxygen re-
dox in LFTOF, Figure 3f depicts the ex situ soft XAS spectra at
the O K-edge in the FY mode for the first charge process. In the
pre-edge region below 535 eV (unoccupied Fe 3d–/Ti 3d–O 2p
hybridized states), two peaks observed before charging, centered
at ≈530.8 and 533.5 eV, can be attributed to the superposition
of Fe2+–/Ti4+–O hybridized states. Referring to the reported O
K-edge spectra of FeO and TiO2, Fe2+–O contribution is primar-
ily on the peak at lower energy, but Ti4+–O contributes to both
peaks.[39,46] Upon charging to 3.5 V, the peak at lower energy
gains certain intensity, which may be related to the formation of
Fe3+, given that both the Fe2+–O and Fe3+–O contributions exist
at a similar energy range between 529–532 eV.[39,46] As the charg-
ing continues at the high-voltage region up to 200 mAh g−1, ad-
ditional intensity gains are observed at ≈528.3 and 531 eV. These
are similar to those observed in LFOF (Figure 2e) and can be asso-
ciated with the formation of Fe4+ and oxidized oxygen (On−) ions,
respectively. At the 4.8 V level, the intensity of the 528.3 eV peak
significantly decreases, while the intensity of the 531 eV peak re-
mains high. These results clearly demonstrate that in LFTOF,
the On− state is stable up to 4.8 V, even though Fe4+ is unstable
against LMCT, resulting in OD-reduction back to Fe3+. Based on
the electrochemical and spectroscopic information gathered, the
first-cycle redox mechanism of LFTOF is depicted schematically
in Figure 3g.

2.5. Redox Mechanism of LFMOF

Figure 4a,b displays the evolution of voltage profiles and the
corresponding dQ/dV curves of LFMOF according to different
charge cut-off conditions. The charge voltage profile comprises
two different slope regions that correlate with two oxidation pro-
cesses in dQ/dV curves (regions [i] and [ii]). Charging between 0
and 160 mAh g−1 (region [i]) yields symmetric charge/discharge
profiles without significant voltage hysteresis. However, further
charging beyond 160 mAh g−1 (region [ii]) induces a hysteretic
reduction reaction at ≈3.3 V, dividing the overall discharge pro-
cess into three regions ([iii], [iv], and [v]). Contrary to LFOF and

LFTOF, a decrease in the capacity of a certain reduction process
as the cut-off level increases, is not observed in LFMOF, suggest-
ing more reversible redox reactions during the first cycle.

Detailed redox processes in each region were examined using
XAS. Figure 4c presents the ex situ XANES spectra of LFMOF at
the Fe K-edge during the first cycle and the second charge pro-
cess, and Figure 4d shows the evolution of Fe─O/F bond dis-
tance derived from the first shell fitting on the Fe K-edge EX-
AFS spectra. Both XANES and EXAFS analyses were performed
for the same ex situ sampling points, as marked in the bot-
tom panel of Figure 4d. Throughout the first cycle and second
charge process, the Fe K-edge XANES spectra exhibit reversible
changes in the white line shape at ≈7132 eV, implying that Fe3+

ions in LFMOF are reversibly oxidized and reduced during the
charge/discharge process. This can be further corroborated by
the changes in Fe─O/F bond distance. During the first charge
process, the Fe─O/F bond distance clearly decreases until charg-
ing to 160 mAh g−1 (region [i]) followed by negligible changes
up to 4.8 V (region [ii]), indicating that Fe3+/4+ OD-oxidation oc-
curs in the first slope region. Turning to the first discharge pro-
cess, the Fe─O/F bond distance continuously increases with a
slight delay in the 75–150 mAh g−1 region ([iv]), implying that
Fe4+/3+ OD-reduction occurs throughout the first discharge, ex-
cept for the middle stage where the reaction temporarily slows
down. In the second charge process, the Fe─O/F bond distance
variation mirrors that observed in the first charge process, sug-
gesting that Fe3+/4+ OD-redox is highly stabilized in LFMOF. Ad-
ditionally, the redox process of Mn ions was investigated by XAS
(combined XANES and EXAFS analyses), and the presence of re-
versible Mn3+/4+ redox reactions is definitively confirmed (Figure
S13, Supporting Information). Interestingly, it is found that the
Mn3+/4+ redox reaction in LFMOF occurs almost in the same re-
gion as the Fe3+/4+ redox reaction, implying the coupling of both
redox reactions in LFMOF.

To clearly understand the activation process of the oxygen re-
dox in LFMOF, we analyzed the ex situ soft XAS spectra at the O
K-edge in the FY mode for the first charge process (Figure 4e).
In the pre-edge region below 534 eV (unoccupied Fe 3d–/Mn
3d–O 2p hybridized states), broad multiple peaks between 528–
534 eV range are observed before charging, a result of the su-
perposition of Fe3+–O and Mn3+–O hybridized states. During
charging to 160 mAh g−1, significant spectral weight gains ap-
pear at ≈529.7 eV. A similar feature has been observed in Mn-
containing DRX cathodes during Mn3+/4+ oxidation.[47,48] No-
tably, the spectral feature at ≈528.3 eV observed in LFOF and
LFTOF (Figures 2e and 3f) is absent in LFMOF despite the coex-
istence of OD-oxidation from Fe3+ to Fe4+ in this charging range.
This suggests that the spectral weight corresponding to the Fe4+

state is formed at higher energy and merged into the Mn4+ fea-
ture, a point we will discuss further later in the paper. In the fol-
lowing charge process (160 mAh g−1–4.8 V), an additional inten-
sity gain at ≈531 eV is observed. Similar to that in LFOF and
LFTOF (Figures 2e and 3f), this peak can be attributed to the oxy-
gen oxidation (On−). Throughout the first charge process, there
is no notable spectral weight loss at the 529.7 and 531 eV peaks,
suggesting that the Fe4+, Mn4+, and On− states are largely stabi-
lized in LFMOF. Based on the electrochemical and spectroscopic
information acquired, we summarize the first-cycle redox mech-
anism, which is schematically depicted in Figure 4f.
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Figure 4. Redox mechanism of LFMOF. a) First-cycle voltage profiles with different charge cut-off values and b) their dQ/dV curves. Same color coding
is used in (a) and (b). c) Normalized ex situ Fe K-edge XANES spectra. d) Fe─O/F bond distances derived from EXAFS fitting at Fe K-edge (upper panel;
the fits to the data and detailed fitting results are shown in Figure S12 and Table S6, Supporting Information, respectively), and voltage profiles providing
trace of corresponding charge/discharge states (bottom panel). e) Normalized ex situ O K-edge XAS spectra in FY mode. f) Schematic illustration of
redox mechanism of LFMOF.

2.6. Theoretical Investigation on the Evolution of Hole States

Further investigations using first-principles calculation were per-
formed to verify the evolution of hole states upon Li+ deintercala-
tion. Figure 5a–c presents the projected density of states (pDOS)
of the samples calculated at various states of charge. As depicted
in Figure 5a, the pristine state of LFOF displays high electron
density for the hybridized Fe 3d–O 2p state near the Fermi level,
marked in yellow. During Li+ deintercalation, they oxidize, donat-
ing electrons and resulting in a change in hole density, marked in

blue. It is evident that the hole portion of the O 2p orbital in the
hybridized Fe 3d–O 2p state of LFOF is enlarged with an increase
in Li+ deintercalation content, implying the formation of a ligand
hole instead of direct oxidation from Fe3+ to Fe4+. For LFTOF
(Figure 5b), initial deintercalation of 0.5 Li+ causes significant
holes in the Fe 3d orbital, corresponding to the rigid Fe2+/3+ ox-
idation. However, further deintercalation results in a significant
increase in the hole portion of the O 2p orbital in the hybridized
Fe 3d–O 2p state, implying the formation of ligand holes instead.
In the case of LFMOF (Figure 5c), the hybridized Fe/Mn 3d–O 2p

Adv. Funct. Mater. 2024, 34, 2312401 © 2023 Wiley-VCH GmbH2312401 (8 of 15)
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Figure 5. Theoretical investigation on evolution of hole states. pDOS of a) Fe 3d and O 2p orbitals in Li2–xFeO2F, b) Fe 3d, Ti 3d, and O 2p orbitals in
Li2–xFe0.5Ti0.5O2F, and c) Fe 3d, Mn 3d, and O 2p orbitals in Li2–xFe0.5Mn0.5O2F. Bader charge analyses results for d) Li2–xFeO2F, e) Li2–xFe0.5Ti0.5O2F,
and f) Li2–xFe0.5Mn0.5O2F. x = 0, 0.5, 1, and 1.5.

state simultaneously donates electrons. It is observed that there
is a considerable difference in the hole properties of the Fe 3d–O
2p and Mn 3d–O 2p hybridized states. The hole portions primar-
ily increase on the O 2p orbitals for the former, but there is a
noticeable increase in the hole portion on the Mn 3d orbitals for
the latter. These results indicate that oxidation of Fe3+ primarily

creates ligand holes, whereas oxidation of Mn3+ induces a signif-
icant amount of TM d holes.

The characteristics of hole states were further verified using
Bader charge analyses. As shown in Figure 5d,f, the net charge
of the Fe element in LFOF and LFMOF experiences minimal
variations during Li+ deintercalation. However, the net charge of
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the O element undergoes significant changes. Similar behaviors
are also observed in LFTOF after 0.5 Li+ deintercalation, which
corresponds to the Fe2+/3+ oxidation (Figure 5e). These results
confirm that in all the samples, oxidation of Fe3+ induces ligand
hole states rather than direct oxidation toward Fe4+. Meanwhile,
a gradual increase in the net charge of the Mn element in LF-
MOF during Li+ deintercalation is observed, indicating the for-
mation of d holes during the Mn3+/4+ oxidation. Upon deinterca-
lation of 1.5 mol Li+, the net charge of the O element increases
by 0.540, 0.458, and 0.502 for LFOF, LFTOF, and LFMOF, respec-
tively. The increase in LFTOF is lower than that in LFOF due to
the presence of Fe2+/3+ oxidation with a strong d hole character.
In the case of LFMOF, despite the increment being lower than
in LFOF owing to the presence of Mn3+/4+ oxidation, it is higher
than in LFTOF. This is because the Mn3+/4+ oxidation in LFMOF
involves a higher ligand hole character than the Fe2+/3+ oxidation
in LFTOF. In anionic redox-based cathodes, high-valent TM ions
with significant ligand hole character can induce internal charge
redistribution, resulting in the transfer of holes from the TM–O
hybridized state to oxidized oxygen.[22,23,49,50] This phenomenon
was indeed experimentally observed for LFOF and LFTOF, where
the OD-oxidized Fe4+ was reduced to Fe3+ by LMCT during charg-
ing, leaving behind an increase in the oxygen oxidation content.
Ultimately, most of the net charge increase of oxygen in these two
samples can be attributed to oxygen oxidation. However, as will
be elaborated in the next section, even though the net charge in-
crease of oxygen in LFMOF is higher than that in LFTOF, the oxy-
gen oxidation content in LFMOF is virtually the smallest among
the three samples when the same charging depth is applied. This
is because, unlike LFOF and LFTOF, ligand hole states for Fe4+

(and Mn4+) are significantly stabilized in LFMOF.

2.7. Fe3+/4+ and O2−/n− Redox Reactions Depending on TM
Combination, and Their Relevance with First-Cycle Coulombic
Efficiency and Voltage Hysteresis

The comparison of redox mechanisms (Figures 2f, 3g, and 4f)
shows that the Fe3+/4+ OD-redox in LFMOF has two different elec-
trochemical behaviors compared to those in LFOF and LFTOF.
First, the OD-oxidation of Fe3+ in LFMOF (that happens simulta-
neously with the oxidation of Mn3+) occurs at a much lower volt-
age than those in LFOF and LFTOF. Second, the OD-reduction
of Fe4+ back to Fe3+ during charging is largely suppressed in LF-
MOF. The XAS analyses and the first-principles calculations con-
firmed that the local electronic structure of Fe4+ in all the samples
is closer to d5L than d4 (L: ligand hole).[40,51] This electronic struc-
ture is a known feature of 3d TM oxides composed of high-valent
post-TM elements, such as Fe4+, Ni3+, and Cu3+.[52–54] Although
the samples in this paper are oxyfluorides (Li2TMO2F), the un-
occupied Fe–O/F hybridized states near the Fermi level, which
are associated with Fe4+, may be dominated by O states, given
strong electronegativity of F whose states must sit far below the
O states. This rationalizes the use of O K-edge XAS for compar-
ing the nature of Fe3+/4+ OD-redox in our samples. Owing to the
weak core-hole effect and the absence of strong electron correla-
tion, the O K-edge XAS spectra of TM oxides can be considered
a reasonable approximation of the unoccupied pDOS on O 2p
orbital and can also be interpreted as the conduction band DOS

due to the hybridization between TM 3d and O 2p orbitals.[55,56]

Note that while we employed density functional theory (DFT) cal-
culations in the previous chapter to investigate the characteris-
tics of hole states, predicting the exact DOS using DFT calcula-
tions can be very challenging, particularly for the transition metal
compounds. This is due to the presence of strong electron corre-
lation, which often necessitates empirical treatments (e.g., Hub-
bard U parameter in DFT+U). This can result in significant devi-
ations in the calculated results from the actual DOS.[24] Because
of this uncertainty, we decided to use O K-edge XAS spectra as
an experimental probe for the conduction band. The position of
the lowest-energy peak in the pre-edge region of the O K-edge
spectrum for oxide cathodes, which reflects the energy level of
the lowest unoccupied TM 3d–O 2p hybridized states, can be re-
lated to the electrochemical potential, as previously verified for a
wide range of TM(3d)-based oxide cathodes.[39] Moreover, since
the non-bonding O 2p states, which are the particular states in-
volved in oxygen redox reactions in the TM-based oxide cathodes,
have relatively fixed energy levels regardless of the composition
or structure,[26] the peak position can naturally be associated with
the charge transfer gap between the lowest unoccupied states
and the non-bonding O 2p states. For easier comparison, the
O K-edge XAS spectra of the samples shown in Figures 2e, 3f,
and 4e were rearranged in Figure 6a. The low Fe3+/4+ oxidation
voltage in LFMOF is directly reflected in the O K-edge spectra
as a high-lying Fe4+ peak, which corresponds to a large charge
transfer gap. This is contrasted with low-lying Fe4+ peaks in LFOF
and LFTOF, which correspond to the high Fe3+/4+ oxidation volt-
age and small charge transfer gap. The Fe4+ and Mn4+ peaks
in the O K-edge spectra of LFMOF are indistinguishable, likely
due to their superposition. Indeed, the Fe3+/4+ and Mn3+/4+ re-
dox reactions in LFMOF occur almost simultaneously, suggest-
ing an overlap of their redox energy levels. These distinct elec-
tronic states of Fe4+ between LFOF/LFTOF and LFMOF greatly
influence their oxygen redox processes, leading to differing first-
cycle Coulombic efficiency and voltage hysteresis behaviors. To
fully elucidate this, we consider two key principles of the oxygen
redox process discovered in prior studies: 1) Oxygen oxidation in-
duces O–O dimerization (531 eV features in the O K-edge spectra,
Figure 6a), which should occur through TM oxidation first fol-
lowed by LMCT because of the kinetic difficulties of direct oxygen
redox. For discharge, oxygen reduction occurs through TM reduc-
tion followed by metal-to-ligand charge transfer (MLCT).[22,23] 2)
The magnitude of LMCT is strongly influenced by the charge
transfer gap.[24] Given these principles, Figure 6b illustrates a
schematic of the Fe3+/4+ and O2−/n− redox processes in the differ-
ent samples during the first cycle. On charging, the high-voltage
Fe3+/4+ OD-oxidation in LFOF and LFTOF creates empty Fe4+

bands that largely overlap with the non-bonding O 2p state. Due
to the small charge transfer gap, Fe4+ is unstable against LMCT
and O–O dimerization as part of the oxygen oxidation process,
leading to a reduction back to Fe3+. This significantly restricts
the contribution of Fe3+/4+ OD-oxidation to the charge capacity,
resulting in excessive oxygen oxidation upon deep charging. The
extent of oxygen oxidation is less in LFTOF than in LFOF be-
cause of the presence of LMCT-resistant low-voltage Fe2+/3+ re-
dox, which results in O2 loss in LFOF but not in LFTOF (Figure
S6, Supporting Information). In contrast to these two samples,
the low-voltage Fe3+/4+ OD-oxidation in LFMOF can be exten-
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Figure 6. Characteristics of Fe3+/4+ and O2−/n− redox processes in different samples and their relevance with first-cycle Coulombic efficiency and voltage
hysteresis. a) Comparison of ex situ O K-edge XAS spectra of LFOF, LFTOF, and LFMOF electrodes during the first charge process. b) Schematic
illustration of Fe3+/4+ and O2−/n− redox processes in different samples during initial charge/discharge cycling (LFOF/LFTOF: upper, LFMOF: bottom).

sively utilized above the non-bonding O 2p state (bottom figures
in Figure 6b). Although continuous Fe3+/4+ OD-oxidation is fol-
lowed by LMCT and O–O dimerization as part of the oxygen ox-
idation process, it may involve higher valent TMm+ (m > 4+)
ions.[57] Note that due to the significantly negative charge trans-
fer gap, TMm+ could spontaneously reduce to TM4+ through a fast
LMCT, which could explain why the high-valent TM states are not
observed experimentally. In LFMOF, most empty states of Fe4+

are positioned at a high energy level with a large charge trans-
fer gap. Therefore, LMCT involving a reduction of Fe4+ is largely
suppressed, as further confirmed by galvanostatic intermittent
titration technique (GITT) experiments (Figure S15, Supporting
Information). As a result, Fe3+/4+ OD-redox (as well as Mn3+/4+

redox) can be stably used in LFMOF without significant reduc-
tion during charging, preventing excessive oxygen oxidation. As
summarized in Figure S16 (Supporting Information), the first-
cycle Coulombic efficiency increases with the TM redox content
that can resist LMCT during charging (i.e., in the order LFMOF>

LFTOF > LFOF), because it can decrease the amount of resultant
oxygen oxidation when the same state of charge is applied at the
end of charge. The stability limit of the oxygen redox is roughly es-
timated to be the extraction of one Li per Li2TMO2F, irrespective
of the compositions (i.e., it primarily depends on the oxygen oxi-
dation content[24]; Figure S17, Supporting Information). That is,

there is more safety margin for charge capacity in the order of LF-
MOF> LFTOF> LFOF. On discharge, Fe4+/3+ OD-reduction first
occurs before oxygen reduction takes place (i.e., redox inversion)
in all the samples as a result of O–O dimerization, which causes
a certain amount of inevitable voltage hysteresis.[24,35] However,
the big difference between LFOF/LFTOF and LFMOF is that in
LFOF/LFTOF, the oxygen reduction occurs after Fe4+ is fully re-
duced to Fe3+, but it occurs in the middle of the Fe4+/3+ (and
Mn4+/3+) reduction process in LFMOF. For LFOF/LFTOF, be-
cause the states in the Fe3+/4+ redox energy level are already fully
filled, electrons should first go to the empty states in the higher
side Fe2+/3+ redox energy level to reduce oxidized oxygen. This re-
quires a large overpotential toward the low-voltage (i.e., high en-
ergy) side, further increasing voltage hysteresis. In contrast, for
LFMOF, there are empty states in the Fe3+/4+ (and Mn3+/4+) redox
energy level at the right position through which electrons can be
transferred to the oxidized oxygen without a large overpotential.
Therefore, the oxidized oxygen can be reduced at relatively high
voltages, resulting in relatively small voltage hysteresis.

Altogether, it can be concluded that the modulation of the
Fe3+/4+ OD-redox potential to low voltages, which stabilizes Fe4+

against LMCT during charging and allows MLCT without large
overpotential during discharging, plays a significant role in im-
proving the first-cycle Coulombic efficiency and reducing voltage
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hysteresis. This thereby enables the achievement of high energy
density in Fe-based cathode materials. The question then arises
about the origin of such voltage modulation in LFMOF. Previ-
ously, a combination of Fe3+/4+ and Mn3+/4+ redox couples has
been used in Na2/3[Fe1/2Mn1/2]O2

[58] and Na0.77Mn1/3Fe2/3O2
[59]

layered cathodes, but in those cases, the Fe3+/4+ redox reaction
occurred at ≈1 V higher than the Mn3+/4+ redox reaction. Unlike
the layered structure with TM─O─TM bonds with only ≈90° an-
gle, the DRX structure can have TM─O─TM bonds with ≈180°

angle in addition to the ≈90° one. The 180° angle, with an O
ion directly bridging the eg orbitals of Fe and Mn ions, may in-
duce a very strong superexchange interaction[60,61] that lifts the
electron energy level of the lower-energy-side redox couple (in
the case of LFMOF, Fe3+/4+),[4] resulting in voltage modulation.
In addition, there could be another possible origin for voltage
modulation. The DRX structure has diverse local environments,
and the presence of TM ions that can absorb local distortion is
known to contribute to lowering the energy of the structure.[62,63]

While Mn3+ Jahn–Teller distortion can contribute to stabilizing
the DRX structure by partially accommodating local distortions
according to its distortion mode,[62,63] it can be anticipated to lose
this function as it oxidizes to Mn4+. Simultaneous oxidation of
Mn3+ and Fe3+ provides another Jahn–Teller active Fe4+, which
could offset such effect, thereby stabilizing the DRX structure.
This structural relaxation could also make Fe3+/4+ oxidation en-
ergetically favorable at a lower voltage. Meanwhile, when com-
paring the electrochemical curves between LFMOF and its two
endmembers, LFOF and Li2MnO2F (LMOF) (Figure S18, Sup-
porting Information), it is observed that the combination of Fe3+

and Mn3+ has a synergetic effect in activating and stabilizing oxy-
gen redox. This enables LFMOF to achieve the highest energy
density among the three compounds. Although LFMOF demon-
strated impressive energy density using only economically viable
redox couples such as Fe3+/4+, Mn3+/4+, and O2−/n−, further re-
duction in residual voltage hysteresis is required to enhance en-
ergy efficiency. The DRX structure provides a means to maxi-
mize non-hysteretic cationic redox while minimizing hysteretic
oxygen redox thanks to its compositional flexibility, but oxygen
redox is still necessary for boosting energy density. Completely
solving the voltage hysteresis problem is a nontrivial task, as it
may involve suppressing O–O dimerization that could be facil-
itated in a disordered structure with many local distortions.[27]

Further studies on the characteristics of short-range order (SRO)
may be necessary, as this has previously been shown to sig-
nificantly affect the voltage hysteresis in the DRX cathode
materials.[64]

3. Conclusion

In this paper, three different DRX oxyfluorides, LFOF, LFTOF,
and LFMOF, were synthesized using a mechanochemical
method to investigate the compositional effects on the reaction
mechanism in Fe-based cathode materials. These materials ex-
hibited distinct first-cycle Coulombic efficiency and voltage hys-
teresis behaviors, which were explained based on electrochem-
ical and spectroscopic characterizations, as well as the theories
of anionic redox. It was demonstrated that the redox potential
of the Fe3+/4+ couple can be lowered when combined with the
Mn3+/4+ redox couple in the DRX structure. This lowering of the

redox potential contributes to the increased reversibility of the
Fe3+/4+ and O2−/n− redox processes. As shown in LFMOF, the
OD-oxidation of Fe3+/4+ occurring at a lowered voltage creates a
moderately high charge transfer gap in the electronic structure.
On charge, oxygen oxidation can occur through LMCT without
reducing Fe4+ to Fe3+. This stabilized Fe3+/4+ OD-redox, along
with the Mn3+/4+ redox, reduces the total amount of oxygen re-
dox thereby contributing to a high Coulombic efficiency. On dis-
charge, a considerable amount of empty Fe3+/4+ (and Mn3+/4+) re-
dox bands remain at a moderate energy level when oxygen reduc-
tion occurs. This allows for MLCT without a large overpotential,
thereby enabling less hysteretic oxygen reduction. These find-
ings demonstrated that Fe can be utilized as the main element
in high energy density cathode materials with densely packed
crystal frameworks, potentially achieving energy densities of
1000 Wh kg−1.

4. Experimental Section
Synthesis: LFOF, LFTOF, and LFMOF compounds were synthesized

via a mechanochemical ball-milling method. For LFOF, Li2O (Alfa Aesar,
99.5%), LiF (Alfa Aesar, 99.98%), and Fe2O3 (Sigma–Aldrich, 99.7%) as
starting precursors were used. For LFTOF, the precursors were Li2O (Alfa
Aesar, 99.5%), LiF (Alfa Aesar, 99.98%), FeO (Sigma–Aldrich, 99.8%), and
TiO2 (Sigma–Aldrich, 99.7%). In the case of LFMOF, the precursors in-
cluded Li2O (Alfa Aesar, 99.5%), LiF (Alfa Aesar, 99.98%), FeO (Sigma–
Aldrich, 99.8%) and MnO2 (Alfa Aesar, 99.9%). This study loaded a sto-
ichiometric amount of the precursors (total 1 g) along with a 25 g mix-
ture of 5 mm and 10 mm zirconia balls (weight ratio of ≈1:1) into an Ar-
filled, homemade 45 mL stainless steel vial. The ball-milling was executed
at 500 rpm for 40 h with a 5 min rest every 1 h, using a planetary mill
(PULVERISETTE 6, Fritsch). In addition, LMOF compound via the same
mechanochemical ball-milling method was also synthesized. The precur-
sors were Li2O (Alfa Aesar, 99.5%), LiF (Alfa Aesar, 99.98%), and Mn2O3
(Sigma–Aldrich, 99.4%). The ball-milling condition was the same as those
used for above three materials.

Electrochemistry: The cathode electrode was crafted from a mixture of
70% active material, 20% carbon black, and 10% PTFE. Initially, 280 mg
of the active material, 80 mg of carbon black, and roughly 9 g of 5 mm
zirconia balls into an Ar-filled, homemade 45 mL stainless steel vial were
loaded. This mixture was then ball-milled at 300 rpm for 3 h with a 5 min
rest every 1 h, using a planetary mill (PULVERISETTE 6, Fritsch). Subse-
quently, the mixture was manually combined with PTFE for 20 min using
a mortar and pestle, followed by rolling it into a free-standing film inside
an Ar-filled glove box. CR2032 coin cells were assembled using the cath-
ode film, a glass microfiber separator (Whatman GF/F), a Li foil anode,
and an electrolyte of 1.3 m LiPF6 in ethylene carbonate (EC): diethyl car-
bonate (DEC) solution (3:7 by volume) inside an Ar-filled glove box. The
loading density of the cathode film was 5–8 mg cm−2. For the GITT exper-
iments, a trilayer polypropylene-polyethylene-polypropylene (PP/PE/PP)
membrane separator (Celgard 2300) instead of a glass microfiber sepa-
rator, as it showed less self-discharge during extended relaxation periods
was used. Galvanostatic charge/discharge cycling tests were conducted
using a battery cycler (WBCS3000S, Won-A Tech). The specific capacity
and energy were calculated based on the weight of active materials in the
cathode films.

Characterization: The XRD patterns were obtained using a diffrac-
tometer (D2 PHASER, Bruker) equipped with Cu K𝛼 radiation (𝜆 =
1.54184 Å) over a 2𝜃 range of 10–90° with a step size of 0.01° and a
step time of 5 s. An airtight sample holder to protect the samples from
moist air was used. Rietveld refinement was performed using FullProf
software. Hard XAS was conducted at the 10C-Wide XAFS and 7D-XAFS
beamlines of PLS-II. For XAS measurements, the as-prepared powder and
electrode samples were sealed with Kapton film to prevent contamina-
tion. Fe, Ti, and Mn K-edge spectra of the samples were recorded at
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room temperature in transmission mode. In each measurement, the spec-
trum of a corresponding reference TM foil was simultaneously recorded.
The hard XAS raw data were processed using the ATHENA software of
IFEFFIT.[65] Energy calibration was accomplished using the first inflection
points in the spectra of reference TM foils. To analyze the EXAFS region,
R-space magnitude plots were generated by Fourier transforming the k3

weighted 𝜒(k) functions over a k range of 2–10 Å−1 for the Fe and Mn
K-edges. Nonlinear least-squares EXAFS fitting was performed using the
ARTEMIS software of IFEFFIT[65] for the Fe and Mn K-edges. Theoreti-
cal functions, calculated using FEFF 6 code, were fitted to the experimen-
tal spectra in the R-space ranges corresponding to the first coordination
shells (1–2 Å for the Fe and Mn K-edges). O and F K-edge soft XAS spec-
tra were measured at the 2A-MS beamline of PLS-II. The samples were
attached to an oxygen-free high-conductivity copper holder inside an Ar-
filled glove box, transferred to the beamline in an airtight container, and
quickly mounted on the spectrometer to minimize air exposure. Spec-
tra in total electron yield (TEY) and FY modes were collected at room
temperature. This study also recorded the spectrum of NiO powder as
a reference. The soft XAS raw data were processed using the ATHENA
software of IFEFFIT.[65] Energy calibration was completed using the spec-
trum of the NiO reference. ICP-AES analysis was conducted using an OP-
TIMA 8300 (Perkin-Elmer). SEM images were obtained using a JSM-IT800
(JEOL). For TEM measurement, as-prepared powders were dispersed in
dimethyl carbonate (DMC) using a sonicator, then deposited onto an ultra-
thin carbon grid. The samples were prepared inside an Ar-filled glove box,
and the resulting specimens were transferred to the TEM room in an air-
tight container. The specimens were then quickly mounted on a TEM (JEM-
2100F, JEOL) to collect high-resolution TEM (HR-TEM) images, electron
diffraction (ED) patterns, and EDS maps. A DEMS system was used to
measure gas evolution during the charge and discharge processes. This
system consists of a mass spectrometer (HPR-20 R&D, Hiden Analytical),
a battery cycler (WBCS3000S, Won-A Tech), and a gas flow meter. To flow
the gas generated inside the cell into the mass spectrometer, a modified
2032-coin cell with a 0.5 mm diameter hole at the cell bottom was used,
and a mesh-type SUS current collector was employed. Each cell was as-
sembled in an Ar-filled glovebox and left to relax for 2 h in Ar condition
before the test. The electrochemical test was performed at a current den-
sity of 60 mA g−1 between 1.5 and 4.8 V. Then, the evolved gas immediately
flowed into the mass spectrometer by the Ar carrier gas emitted at a rate of
15 cc min−1.

Computational Details: All the DFT calculations were performed
using the Vienna ab initio simulation package (VASP).[66] Projector-
augmented wave (PAW) pseudopotentials[67] with a plane-wave basis set
as implemented in VASP were utilized. Perdew–Burke–Ernzerhof (PBE)
parametrization of the generalized gradient approximation (GGA)[68] was
used for the exchange-correlation functional. For the DFT calculations, a
6 × 3 × 3 k-point grid was used to calculate each structure. The GGA+U
method[69] was adopted to address the localization of the d-orbital in
Fe and Mn ions, with U values of 4.0 and 3.9 eV, as used in previous
studies.[70,71] A kinetic energy cut-off of 500 eV was used in all the cal-
culations, and all the structures were optimized until the force in the unit
cell converged to within 0.03 eV Å−1. CASM software was used to gener-
ate all the Li+/vacancy configurations for each composition, followed by
full DFT calculations on a maximum of 20 configurations with the lowest
electrostatic energy for each composition.[72]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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