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The global deployment of lithium-ion batteries for electric vehicles and grid-scale energy
storage faces critical sustainability challenges due to reliance on cobalt and nickel—materials
with severe environmental, ethical, and supply chain vulnerabilities. Disordered rocksalt (DRX)
cathodes offer a transformative solution by enabling the use of earth-abundant elements like
manganese (Mn) as primary redox-active species, eliminating dependence on problematic
critical materials while maintaining competitive energy densities. However, high-Mn DRX
cathodes face a key barrier: beneficial structural transformation to a high-performance spinel-
like d-phase typically requires tens of cycles for activation, hindering practical implementation.
This research directly addresses this limitation by systematically elucidating the complex
mechanisms governing DRX-to-6 transformation, including the synergistic roles of lithium
vacancies, oxygen vacancies, redox processes, and manganese migration. Through this
understanding, we demonstrate breakthrough activation strategies that achieve rapid 6-phase

transformation within a single cycle using an innovative CCCV protocol at 50°C. Furthermore,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

our Ti/Al co-doped compositions exhibit exceptional long-term stability with nearly 100%

capacity retention over extended cycling. These advances establish viable pathways toward
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cobalt- and nickel-free cathodes that satisfy the stringent performance, scalability, and
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sustainability requirements essential for next-generation energy storage systems.
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Abstract

Manganese-rich (Mn > 0.6) disordered rocksalt (DRX) cathodes undergo structural
transformation into a spinel-like o-phase upon cycling, resulting in enhanced energy density and
cycling stability. This transformation is a gradual process, often requiring tens of cycles, which
presents challenges in practical implementation. Here we synthesize a fluorine-containing, d°
transition-metal (TM)-free, Mn-rich DRX with oxygen vacancies (Li; ;Mng 9O g.,Fp2, OV-M90)
and investigate the roles of lithium and oxygen non-stoichiometry, redox reactions, and Mn
migration in the DRX-to- transformation. We find that tetrahedral site activation, critical for o-
phase formation, is promoted by synergistic interactions among these factors. A CCCV protocol
at 50 °C enables rapid §-phase activation within a single cycle. While d° TM dopants slow the
transformation, they substantially improve cycling stability. The Ti and Al co-doped
Li; gsMng gsTig.0sAlp.0sO1.8..Fo.1 (OV-M85T5AS) maintains nearly 100% capacity retention over
100 cycles at 30 mA g™'. These findings provide insights into the DRX-to-6 transformation
mechanism and present strategies to overcome kinetic limitations while improving cycling
stability, paving the way for the development of cost-effective, high-energy cathodes for next-

generation lithium-ion batteries.
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Introduction

The challenge of meeting the growing demand of Lithium-ion batteries (LIBs) for energy
storage is compounded by the high cost and supply chain issues of cobalt (Co) and nickel (Ni)
used in today’s cathode materials. To address this, alternative Ni- and Co-free chemistries are
being explored. [1-2] Recently, manganese (Mn) - containing disordered rocksalt (DRX) cathode
materials have garnered great attention due to their earth-abundant compositions, structural
flexibility, and high energy densities. >* DRX oxides such as Li;xMnyM'; 4,0, (where M' = Ti
and Nb) rely heavily on oxygen redox which leads to fast capacity fade. To suppress the negative

impact of irreversible oxygen redox and enhance electrochemical stability, several approaches

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

were investigated. Huang et al. showed that substituting the labile oxygen in the Li—O-Li

configurations with oxygen vacancies (OV) is an effective strategy to inhibit oxygen oxidation.

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

[57] The OV-containing Mn-DRX oxide cathode was found to have increased transition-metal
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(TM) redox and decreased O oxidation, consequently improved capacity and voltage retention.
Fluorination was also developed as an effective mitigating strategy, with Li; ,,MnM';,O,_,F,
oxyfluoride cathodes generally experienced reduced oxygen gas evolution, better high-voltage
stability, improved surface stability and cycling stability. 8111 The combined effect of OV and

fluorination on DRX, however, has not been investigated.

Upon increasing Mn content to above 0.6, Mn-rich Liy,,MnM';,,O;_,F, cathodes

undergo a pseudo-topotactical phase transition during electrochemical cycling, transforming from
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the parent cation-disordered structure to a partially disordered “spinel-like” phase known as the o-
phase. 2] Our recent work demonstrated that the DRX-to-d phase transformation primarily occurs
during delithiation and relithiation at the high state-of-charge (SOC), where structural
transformation is facilitated by the low Li content. [13] The process offers several advantages,
including enhanced energy density and cycling stability, [813-17]1 which is in stark contrast to the
layered-to-spinel transformation observed upon cycling of the lithium- and Mn-rich (LMR)
cathodes. In the LMR case, the loss of lithium and oxygen destabilizes the layered lattice and leads
to the formation of a Li-poor ordered LiMn,O,4-type spinel phase (Fd-3m), resulting in voltage
decay. [18-20] Tt is well known that in the ordered spinels, lithium occupies 1/8 of the tetrahedral
(8a) sites while Mn occupies half of the octahedral (O,) (164) sites, with lithium diffusing through
the vacant 16¢ sites. The spinel structure typically lithiates with two distinct voltage plateaus
around 4 V and 3 V, corresponding to lithium occupancy in the 8a and 16c¢ sites, respectively,
which provide nearly equal capacity contributions with a theoretical capacity of 295 mAh g™'. Due
to the irreversible phase transition from the cubic spinel to a tetragonal phase, utilizing the 3 V
plateau leads to poor capacity retention in the spinel or LMR cathodes. '] On the other hand, the
presence of partial ordering in the d-phase, with some Mn ions occupying the 16¢ sites (instead of
16d) and face-sharing with the Li-occupied 8a sites, leads to unique voltage profiles without the
distinct voltage plateaus. The high-energy atomic arrangement restricts full Li occupancy at the 8a
sites, resulting in lower capacity at the slopy 4 V plateau region compared to that of the 3 V plateau

region, and solid solution behavior in the 3 V region which becomes highly reversible.[!7-22]

It has been reported that the DRX-to-0 phase transformation is a gradual process and the
activation typically takes tens of cycles (even at low current densities), [>1623 which is challenging

to accommodate in commercial applications. Recently, Tucker et al., reported an electrochemical
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pulsing method to achieve fast activation of the d-phase in large DRX crystals.[>l However,
understanding the origin behind the 6-phase formation, the factors influencing the transformation,
as well as its cycling performance, are still lacking. Here we synthesized an OV-containing and
d°-TM-free DRX oxyfluoride with ultra-high Mn content (Li; ;Mng 9O 3..Fg,, OV-M90) for the
first time to investigate the roles of Li and O vacancies, redox reactions, Mn migration, and d°
TM. While earlier studies suggested that the presence of @°-TM (such as Ti*" and Nb5*) is essential
to 8-phase formation, [17-?3] we show that the DRX-to-d transformation is primarily governed by
the Mn content regardless of the presence of d° TM or its content. We further reveal that the
vacancies generated at high SOC play a key role in d-phase activation and the 4 V lithiation
process. Kinetic factors, including current density (CD), temperature, and overpotential, are
evaluated for their roles in 3-phase activation. @ TM dopants such as Ti and Al were found to
largely improve the stability of the 3 V process, revealing their key role in influencing the

cooperative Jahn-Teller distortion of the Mn3*Og octahedrons.[?%27] While the presence of &® TM

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

decelerates the o transformation process, it significantly enhances the cycling stability of the o-

activated DRX, with the Ti and Al co-doped Li].05M1’10_85Ti0‘05A10.0501.g_ZF()‘l (OV-MSSTSAS)
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achieving nearly 100% capacity retention after 100 cycles at 30 mA/g. Our study provides critical
insights into accelerating d-phase activation and improving its stability, offering a pathway to
overcome the kinetic limitations and realize the practical applicability of DRX cathodes in the

next-generation LIBs.

Results and Discussion

1) Synthesis and properties of OV-M90

The synthesis of phase-pure ultrahigh-Mn DRX (Mn > 0.8) oxyfluorides presents a

significant challenge using the conventional solid-state methods. At high temperatures, the
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reactions often suffer the loss of F and/or Li, leading to the formation of a variety of impurities.
Here Li; ;Mng 40, g..Fo, was synthesized using a solid-state method followed by high-energy ball
milling with a carbon additive which is part of the standard DRX electrode fabrication process. In
the solid-state synthesis, the high-temperature reactions at 1050 °C in the argon (Ar) atmosphere
is known to promote the loss of lattice oxygen, (2339 leading to the formation of a phase-pure
fluorinated orthorhombic phase with oxygen vacancies (OV-M90-O, SG: Pmmn). This is
evidenced by the asymmetry in the diffraction peak intensities of 110, 111, 210, and 211 in the
synchrotron X-ray diffraction (XRD) pattern (Figure 1a, black color), 3! as compared to that of
the stoichiometric orthorhombic structure (M90-O, SG: Pmmn) prepared at ~ 800 °C (Figure 1a,
green color). The subsequent ball milling process during electrode fabrication process leads to the
structural transformation to the DRX phase with OVs (OV-M90, Fm-3m), along with a reduction
in crystallite size. The transformation was characterized by the disappearance of ordered
reflections and the emergence of broadened Bragg peaks, indicating cation randomization (Figure
1a orange color). Atomic-scale models (Figure 1b-d) further illustrate the structural evolution
from the cation-ordered arrangements in the orthorhombic phase to an OV-containing ordered
orthorhombic phase, and finally to a cation-disordered DRX phase with OVs. In the DRX
configuration, oxygen and fluorine anions form a face-centered cubic (fcc) lattice at the 45 sites
(32e in spinel notation), whereas the lithium and manganese cations are randomly distributed at
the 4a sites (16¢ and 16d in spinel notation) with edge-sharing O, co-ordination. 321 Scanning
electron microscopy (SEM) images (Figures 1e-f) reveal a particle size reduction from 10 um to
~ 100 nm after ball milling, confirming both structural and morphological transformation during
the process. The Li : Mn ratio in all samples was verified by inductively coupled plasma mass

spectrometry (ICP-MS) analysis. We note that F is included following established Mn-rich DRX
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‘oxyfluoride/fluorine-containing” formulations reported previously.®!! F speciation (lattice-

substituted vs. surface/secondary fluoride) is beyond the scope of this study.

Soft X-ray absorption spectroscopy (sXAS) data, collected in the total electron yield (TEY,
~ 5 nm probing depth) mode at the Mn L-edge, oxygen K-edge, and fluorine K-edge, respectively,
provide detailed insights into the local electronic structure of the samples. The Mn L-edge spectra
(Figure 1g) indicate a reduced Mn oxidation state in OV-M90-O, which is further corroborated
by XPS analysis (Figure 1h). The results reveal an average Mn oxidation state of 2.79 on the
surface, as compared to 2.85 for M90-O. This reduction is consistent with the presence of surface
OVs. After ball milling, a pronounced peak near ~ 640 eV in the Mn L-edge spectra of OV-M90
highlights the increase in surface Mn?* species (Figures 1g). Corresponding XPS data (Figure 1h,
OV-M90) reveal further decrease in the average Mn oxidation state to 2.38, largely attributed to
milling-induced oxygen loss and increased OV concentration in the final OV-DRX. Additionally,

shifts observed in the oxygen K-edge spectra (Figure Sla) reflect increased anionic sublattice

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

disordering while maintaining the structural integrity of the close-packed oxygen framework in

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

OV-M90. F K-edge, on the other hand, mostly remain unchanged in both samples (Figure S1b).
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Raman spectroscopy, a technique sensitive to short-range order, further validates the presence of
structural defects and local disorder in the OV-M90 phase (Figure 1i). A slight blue shift (556 to
559.4 cm™') and broadening of the 556 cm! peak can be attributed to OV induced lattice distortions,

as shown in previous studies.[33-33]

We note that direct quantification of oxygen site occupancy through Rietveld refinement
was not performed in this study due to the limited sensitivity of X-ray diffraction to oxygen
positions in the presence of heavy Mn scatterers, particularly in the nanocrystalline ball-milled

DRX phase. We therefore rely on multiple complementary indicators of oxygen deficiency: (i) the
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synthesis was conducted at 1050 °C under Ar, conditions well-established to promote oxygen loss
in lithium manganese oxides; (i1)) Mn L-edge XAS and XPS consistently show reduced Mn
oxidation states (2.79+ in OV-M90-O vs. 2.85+ in M90-0O), below the 3+ expected for
stoichiometric compositions; (iii) Raman spectroscopy reveals peak broadening and blue-shifting
consistent with lattice distortion from oxygen non-stoichiometry. While we cannot exclude the
possibility that some degree of metal densification accompanies the oxygen loss, the totality of the

spectroscopic evidence supports sub-stoichiometric oxygen content in these materials.

2) Understanding o-phase activation in OV-M90

The electrochemical performance of the OV-M90 cathode was investigated using room-
temperature (RT) galvanostatic cycling at 30 mAh g™! with various upper cutoff voltages (UCVs)
of4.0V,42V,44V,4.6V, and 4.8 V, while maintaining the lower cutoff voltage (LCV) at 2.0
V. The I cycle voltage profiles (Figure 2a) show that at a UCV of 4.4 V, a flat charge plateau
emerges, accompanied by the flattening of the 3 V discharge plateau, increased capacity as well
as increased polarization. The corresponding 1% cycle differential capacity dQ/dV profiles (Figure
S2a) show the appearance of a new broad peak when charged to a UCV > 4.4 V, which can be
attributed to oxygen oxidation in Li-excess cathodes based on the previous studies.[*637] The peak
is much broader with significantly lower intensity compared to those of the previously reported
DRX cathodes, confirming overall lower O activity levels.['®] This was further supported by gas
analysis using operando differential electrochemical mass spectrometry (DEMS) that directly
measures oxygen gas evolution during charge and discharge. We found negligible oxygen loss
during the first two cycles of DEMS measurement between 2-4.6 V (Figure S2b), which is

consistent with previous reports on OV-containing DRX and fluorinated DRX with a high Mn

Page 8 of 35
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content, [16:23.38.39] Tn addition to lower O redox activities in OV-M90, we believe the presence of
oxygen vacancies and fluorine further stabilizes the anionic framework, lessening the tendency of
O release from the lattice upon oxidation. For example, oxygen vacancies can reduce surface
oxygen partial pressure and decrease the density of states of O 2p band, effectively suppressing
the surface oxygen loss. We note that the DEMS analysis monitors O, evolution only. Given the
presence of carbon in the composite electrode, oxygen evolved from the cathode surface may react
with carbon to form CO/CO,. Therefore, while negligible O, release was observed, we cannot
exclude the possibility of oxygen loss via CO, evolution. Future studies with CO, monitoring will

clarify the extent of total oxygen release.

Figure 2b and Figure S3 compare the cycling performance of OV-M90 when charged and
discharged in various voltage windows. At 2-4.0 V, there is no change on the voltage profiles after
the 15t cycle (Figure S3a), consistent with the high stability of TM redox in this regime. The cell

delivered a low 1% cycle discharge capacity and energy of 68 mAh g! and 180 Wh kg'!,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

respectively, which increased to 76 mAh g-! and 220 Wh kg-! after 100 cycles. When increasing
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the UCV to 4.4 V where oxygen activation is overserved, a rapid increase in discharge capacity is
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also observed, along with the appearance of the strong pseudo-plateaus in both 4 V and 3 V regions
on the discharge curve (Figure S3c). These features are associated with the formation of the o-
phase, as reported previously. [*440] The capacity contribution from both regions progressively
increases with increasing UCV (Figure S3d-e). The total discharge capacities increased from 85,
97,172, and 204 mAh g'! at the 1% cycle to 135, 152, 201, and 214 mAh g! at the 100™ cycle for
2-42 V,2-44 V, 2-4.6 V, and 2-4.8 V, respectively, corresponding to a capacity retention of

159%, 157%, 117%, and 105%. Cycling to an LCV below 2 V greatly reduces the stability, with
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the cell cycling between 1.5-4.8 V achieved a capacity retention of 58%, decreasing from 255 mAh

g’ at the 15t cycle to 147 mAh g at the 100%™ cycle (Figure S3f).

The broad peak appearing in the dQ/dV profile during the first cycle (Figure S2a)
disappears in subsequent cycles. This suggests oxygen activation occurs when the upper cutoff
voltage is increased to 4.4 V upon initial cycling. The features of the 6-phase emerge concurrently
with this oxygen activation peak, and their intensities are directly correlated. This strong
correlation indicates that the d-phase activation is closely linked to oxygen activity during the
initial cycling. The number of cycles before achieving the full activation of the d-phase (when the
maximum capacity is reached) [!7244041] gre 58, 42, 16, 16, and 12 for 2-42 V,2-44V,2-46 V,
2-4.8 V and 1.5- 4.8 V, respectively (Figure 2¢), indicating a faster and more complete formation
of 6-phase when cycled to higher voltages where more oxygen activation is involved. Figure S3g-
h further compare the average cell voltage and maximum energy density achieved by the cells.
The highest energy density (850 Wh kg') was achieved on 1.5-4.8 cycling. The cells cycled to 4.6
V and 4.8 V achieved 725 and 790 Wh kg! respectively, with an average voltage of ~ 3.15 V.
Considering the increasing impact of parasitic reactions at higher voltages and the lower capacity
retention of the 1.5-4.8 V cell, the voltage window of 2-4.6 V was chosen for all subsequent cycling

studies.

To understand the changes in bulk electronic structure, ex situ Mn K-edge hard X-ray
absorption near-edge structure (XANES) spectra were collected on the pristine (P) as well as
cycled OV-M90 samples recovered at various voltages of 4.2 V, 4.4V, 4.6 V, and 4.8 V during
the 1% charge (Figure 2d). Various Mn reference spectra were also collected and shown in the
figure. The Mn K-edge position is known to be sensitive to changes in Mn valence. The edge

energy of P is close to that of Mn;O,, suggesting that the bulk Mn has an average oxidation state
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of ~ 2.67+. This value is well below 3+ expected in stoichiometric M90, further confirming the
presence of OV in the sample. Upon charging, the K-edge gradually shifts towards high energy
from the pristine state to 4.2 V and then 4.4 V, indicating continuous Mn oxidation in the bulk.
The maximum edge energy was reached at 4.4 V, which is slightly lower than the 4+ in the MnO,
reference. The changes at 4.6 V are not significant and the Mn K-edge energy mostly aligns with
that of 4.4 V. Further increasing the UCV to 4.8 V leads to a slight reduction in Mn oxidation state.
The evolution trend in the pre-peak position and intensity is also consistent with these observations
(Figure S4a). These results suggest that the additional capacity obtained above 4.4 V is charge
compensated by the removal of electrons from oxygen 2p orbitals.[424] Electrons are transferred
from the oxygen ligand to the Mn orbitals, leading to Mn reduction and the stabilization of the
oxidized oxygen species through stronger Mn-O bonding, known as the LMCT process. [17-3%:44.43]
The stronger bonding likely contributed to the broad feature of the peak above 4.4 V on the dQ/dV

profile and negligible O2 release in the DEMS measurements. At 4.8 V, side reactions with the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrolyte becomes significant, as shown in the sXAS analysis in the following section, which can

also contribute to Mn reduction.

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.
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Figure 2e shows the ex-situ sXAS profiles of Mn L-edge collected in the total fluorescence
yield (FY, ~ 50 nm probing depth) mode. Various Mn reference spectra of 2+, 2.67+, 3+, and 4+
were also collected and shown in the figure. At 4.2 V, the Mn oxidation state increases from the
pristine, with a noticeable intensity shift toward the higher energy peak (~ 644 eV), indicating the
dominant presence of Mn*". Upon charging to 4.4 V, Mn L-edge experienced a low-energy shift,
corresponding to a decrease in Mn** and an increase in Mn3* and Mn2* concentration. The surface
reduction of Mn continues at 4.6 V and 4.8 V. These results were further confirmed by XPS

analysis (Figure S4b) where Mn is oxidized from 2.38 (pristine) to 3.54 (4.2 V) evidenced by the

10
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presence of the 643 eV peak, followed by reduction to 2.58 at 4.6 V with the dominance of Mn?*,

pointing to significant surface reduction.

The corresponding ex situ FY sXAS profiles of the O K-edge (Figure 2f) exhibit two
distinct regions: the pre-edge region (529532 eV) and the higher-energy region (535-550 eV),
corresponding to electron transitions from O /s to the hybridized Mn 3d-O 2p and Mn 4sp—O 2p
orbitals, respectively. [4647] Compared to the pristine state, a noticeable increase of the pre-edge
peak at 529 eV (dashed line in Figure 2f) was observed at 4.2 V, indicating the formation of
additional empty states caused by the oxidation of Mn. This creates more holes in the 2p—3d hybrid
orbitals. An increase in the density of these empty states is observed from 4.2 to 4.4 V, with the
intensity of the 529 eV peak significantly higher at 4.4 V, implying enhanced Mn 3d -O 2p
hybridization and stronger Mn—O covalent interactions. As the corresponding Mn L-edge sXAS
profiles (Figure 2d) show lower Mn oxidation state at 4.4 V, the additional intensity of the 529
eV peak and unoccupied states at 4.4 V can be attributed to the removal of electrons from oxygen
2p orbitals.[*>%] This is consistent with the electrochemical analysis where O redox contribute to
charge compensation at 4.4 V. Similar evolution in the intensity of the 529 eV and 532 eV peaks
was also observed in the top surface region, as shown in the O K-edge profiles collected in the
TEY mode (Figure S4c). The intensity of the 529 eV peak, however, appears much diminished
compared to that of the corresponding FY spectrum. This is likely due to the stronger interaction

with the electrolyte on the top surface and enhanced parasitic reactions at higher voltages.

Figure 3 shows the schematics illustrating the proposed mechanism of initiating the DRX-
to-0 phase transformation process during the initial cycles. When charged to a UCV below 4.4 V,
lithium extraction in OV-M90 is predominantly achieved through Mn oxidation, leading to the

presence of lithium vacancies on top of the preexisting O vacancies in the lattice (Figure 3a-b).
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Charging to a UCV > 4.4 V activates the oxygen oxidation, enabling the extraction of additional
Li as well as a higher Li vacancy concentration (Figure 3b-c). The lack of O, evolution from the
DEMS results suggest that the oxidized oxygen mainly remains in the lattice rather than creating
additional O vacancies, partly due to the presence of the preexisting O vacancies in the lattice. The
high density of Li vacancies triggers Mn migration and T, (8a) site activation, leading to the
formation of a spinel-like phase or 6-phase (Figure 3c¢). Further increasing the charging voltage
promotes more oxygen participation and higher density of Li vacancies, accelerating  formation.
Furthermore, increased surface Mn reduction above 4.6 V generates mobile Mn?" and Mn3* species
with lower migration barriers, further accelerating Mn migration into the lithium vacancy sites
(16¢/16d Oy, sites) and promotes 6-phase transformation. This is consistent with the observation
that the activation cycle number decreases from 42 to 16 when increasing the UCV from 4.4 to 4.8

V (Figure 2c¢).

The atomic arrangement in the delithiated 6-phase activates new Li transport pathway (T,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

sites), evidenced by the voltage plateaus distinctively different from the slopy charge/discharge

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

profiles typically observed in the low-Mn DRX materials. Similar to the ordered LiMn,Oy, spinels,

(cc)

Li insertion into the d-phase occurs in two stages: 4 V (8a site) and 3 V (164 site). However, the
initial lithiation in the T, sites plays a major role in the d-phase. This is because the complete
activation of the 8a sites is restricted as they face-share with Mn ions in the 16¢ sites (Figure 3d).
This high-energy configuration introduces kinetic limitations, restricting full lithium occupancy in
4V region, resulting in a lower capacity at the 4 V plateau (~ 70 mAh g'! in OV-M90) compared
to that in the ordered spinels (~ 140 mAh g! in LiMn,0,) (Figure 3e). This is advantageous as
lithiation of LiMn,O,4 goes through a collective two-phase cubic-tetragonal transformation when

the full tetrahedral 8a site Li occupancy converts to the 16d site occupancy. Because of the
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reduction of Mn to 3+, a cooperative Jahn-Teller distortion, where adjacent Mn3*- Og octahedra
distort in a correlated manner, also occurs. The large strain caused by the non-uniform
transformation degrades the material and destabilizes the 3 V region, which limits the usable
capacity of fully ordered spinel to the 4 V region only. [434%1 Whereas in OV-M90, the average Mn
oxidation state is slightly below 3+, lowering the concentration of Mn3". In addition, partial
cationic disordering (excess Li at Mn sites and Li/Mn exchange) in the 6 phase appears to break
the symmetry of Mn3* arrangements to disrupt the correlation of distortions arising from individual
JT centers and prevent the Mn3*-O bonds distorting along one direction, consequently suppressing
the CJTD of Mn3"Og¢ octahedrons, even in the absence of d° TM 3% The collective distortion is
reduced and the two-phase reaction is converted into a solid-solution reaction, improving the
stability of the 3 V region. While prior studies showed that the presence of d° TM is essential in
order to form the DRX phase during synthesis as well as promote the DRX-to-d phase
transformation during the cycling,[!7-2440:41311 our study demonstrates that both processes can occur
in d® TM-free OV-M90 in a similar manner. In addition, the results reveal that the presence of d°
TM is not essential in the prevention of the d-to-spinel transformation in DRX, in contrast to the

previous reports from theory studies. [17.244041]

3) Expediting o-phase activation

Upon initiation, the apparent slow kinetics of 6-phase activation in OV-M90 is primarily a
result of the restricted availability of lithium in the 8a sites. The activation of these sites is largely
determined by the interplay between the vacancies, including both Li and O vacancies. To this
end, we evaluated the parameters that influence vacancy formation kinetics, including current

density, temperature and overpotential.
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Current density. Figure 4 and Figure S5 compare the cycling performance of OV-M90

cathode at four different current densities of 30, 60, 100, and 300 mA g™'. The voltage profiles
show that regardless of the current densities, the 4 V and 3 V plateaus continuously evolve in the
early cycles, indicating a gradual DRX-to-0 phase transformation upon cycling (Figure S5a-d and
Figure 4a-b). To better understand the activation process, the charge and discharge capacities
obtained at 4 V and 3 V regions during the first 25 cycles at 30 mAh g™' are shown in Figure 4¢
and 4d, respectively. The continuous increase in 4 V discharge capacity percentage indicates that
activation process predominantly driven by the 4 V region, whereas during charging, both 4 V and
3 V capacities remain largely unchanged after the 15t cycle. The changes occur more rapidly at a
lower CD, attaining the maximum capacity within ~15 cycles at a CD of 30 or 60 mA g™, as
opposed to 30 cycles for 100 mA g™! and 50 cycles for 300 mA g™!, respectively. At higher current
densities, the activation process is significantly prolonged as lithium preferentially inserts into

energetically favorable O, sites, where lower coulombic repulsions facilitate the insertion. In

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

contrast, slower currents promote lithium insertion into the higher energy T; sites, enabling faster

activation and reducing the activation cycle number. Cycling at lower CD not only improves

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.
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discharge capacity (Figure 4e), average voltage (Figure 4f), and energy density (Figure SSe), it
also enhances coulombic efficiency (Figure S5f). Oxygen redox is known to have slow kinetics
[52-54] and its activation is limited at high current densities. The correlation in the absence of oxygen
redox peak in the 1% cycle dQ/dV plots (Figure S5g) and the higher activation cycle numbers
(Figure S5h) at both 100 and 300 mA g™! further support the key role of oxygen activation in the

DRX-to-0 phase transformation in OV-M90.

Temperature and Overpotential. Elevated temperature (ET) and overpotential are well-

known parameters in controlling kinetics, enhancing lithium mobility, and expediting sluggish
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phase transitions. Here we investigated the effects of ET and a constant voltage (CV) hold at the
top-of-charge (TOC) of 4.6 V on 9§ activation. Four cycling protocols are compared, including
room temperature constant current charge and discharge (RT-CC), 50°C constant current charge
and discharge (50-CC), room temperature constant current charge to 4.6 V followed by a constant
voltage hold at 4.6 V for 5 h (RT-CCCV), and 50°C constant current charge to 4.6 V followed by
a constant voltage hold at 4.6 V for 5 h (50-CCCV). All constant current is 30 mA g™ and the CC

cycling voltage window is 2-4.6 V.

Compared to RT-CC (Figure 5a), the voltage profiles cycled under 50-CC (Figure Sb)
exhibited significantly improved kinetics, quickly generating a higher concentration of lithium
vacancies by enhancing oxygen activation and Mn redox activities. This resulted in a higher initial
discharge capacity of 258 mAh g™! as compared to 158 mAh g™ in the RT-CC cell (Figure Sé6a),
a 45% improvement. Further confirmation of improved redox kinetics and DRX-to-d
transformation under ET was obtained from dQ/dV analysis (Figure S6b), where faster 3 V and 4
V peak evolution and peak shifts under ET cycling is clearly shown. Additional lithium extraction
was achieved when a CV hold is added at the TOC (RT-CCCV, Figure 5c), further promoting
vacancy generation and accelerating o-phase formation. Under 50-CCCV (Figure 5d), the
maximum discharge capacity was nearly fully achieved within the first cycle (270 mAh g™"), which
only increased slightly in the second cycle (276 mAh g™'). The full capacity of 4 V discharge
region was reached within the first 2 cycles, whereas in RT-CC, it takes nearly 10 cycles. This
highlights that T, site activation is significantly accelerated under both ET and overpotential
conditions. Notably, during the initial charge, the 4 V discharge capacity in 50-CCCV is more than
three times higher than that in RT-CC, a trend that persists in the following cycles (Figure 5e). In

contrast, the 3 V region shows moderate capacity increases from RT-CC to RT-CCCV cycling,
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whereas in the 50-CC and 50-CCCV cycling, the capacity remains nearly unchanged (Figure 5f).
These differences in peak evolution during RT-CC (Figure S6c-e) and 50-CCCV (Figure S6f-h)
cycling are further shown in the dQ/dV plots. The results suggest that the bottleneck in DRX-to-
transformation occurs at the 4 V region and the kinetics can be improved by promoting the 4 V

Process.

We further evaluated the contribution of oxygen evolution using DEMS analysis (Figure
S7). The results confirm negligible O, gas evolution under various cycling conditions. Even under
50-CCCYV cycling, only a small amount of O, (~ 8 pumol g™' min™") was detected during the first
charge, which is significantly lower compared to the previous results obtained on LMR cathodes
such as Li; 17[Nigp2,Mng ¢6C0¢.12]0.8302 and Li,MnOs, where O, evolution was 30 and 400 times

higher, respectively. [33-3¢]

Despite the fast activation under ET, long-term cycling stability was compromised (Figure

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

S8). Especially, the 50-CCCV cell retained only about 20% of its original capacity after 50 cycles,

exhibiting degradation behavior similar to that of ordered spinel cathodes.’7-38! 1t is possible that

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

factors such as Mn dissolution plays a larger role under the elevated temperatures. Side reactions

(cc)

with the electrolyte also present significant challenges at 50 °C. To balance the fast activation of
ET while minimizing degradation, we developed a 50-CCCV/RT-CC cycling protocol where the
cells were cycled using the 50-CCCV for the first 5 cycles to achieve the fast DRX-to-0 activation,
followed by RT-CC cycling for the rest of the testing. This leads to much improved cycling
stability along with the fast activation in the first cycle, achieving a discharge capacity of 230
mAh/g and energy retention of 710 Wh/kg after 50 cycles, with ~ 90% retention from the
maximum values achieved for both. The performances are similar to that of the slow RT-CC

activated cells cycled at under the RT-CC protocol (Figure 5g-h).
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4) Stabilizing o-phase cycling

Cationic disordering in the & phase helps to suppress the CJTD of Mn3**Og¢ octahedrons and
enable the utilization of the 3 V region through the solid solution process. However, the long-
term cycling performance suggests that the 3 V region still experiences gradual capacity decay
over cycling, which contributes to the low capacity and energy retention. To this end, we
investigated the effect of incorporating immobile cation dopants into the disordered structure to
further arrest JT distortion and its detrimental effects. The occupancy of cations smaller than Mn3*
(0.645 A), such as AI3* (0.53 A) and Ti** (0.60 A), in certain lattice sites is likely to alter the local
energy landscape and further disrupt the cooperative motion of Mn** and CJTD. This in turn may
reenforce the structural stability of the 8 phase over extended cycling. P9 A series of OV-DRX
samples with the same Mn content of ~ 0.85, including Li;sMnggs0;7,Fo3; (OV-M8)S),
Lij 0sMnogeTi0.0601.9.F01  (OV-M86T6),  Lij1MnggsAlposO15:Foo  (OV-M85AS5)  and
Liy 0sMng gsTig.05Al0.0501.95-Fo.05s (OV-M85T5AS), were synthesized using the same solid-state
process to produce the orthorhombic intermediate. Structural analysis using synchrotron XRD
(Figure S9a) confirms the phase-pure orthorhombic structures. Similarly, the subsequent ball
milling process during electrode fabrication successful produced homogeneous phase-pure DRX

structures (Figure S9b).

Figure 6 and Figure S10 show the cathode performance during RT-CC cycling between
2-4.6 V at 30 mA g™'. Compared to the undoped OV-M8S, the initial charge profile reveals that
doped compositions exhibit a much lower capacity above 4.4 V (Figure 6a), suggesting that the
dopants suppress the activation of O oxidation. We hypothesize that the improved stability may

arise from stronger Al-O and Ti-O bonds relative to Mn-O bonds (Table S1), which could hinder
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oxygen oxidation and limit vacancy formation. While the specific mechanism requires further
investigation, the correlation between dopant presence and improved 3 V region stability (Figure
6¢) supports a role for these cations in suppressing cooperative Jahn-Teller distortions. This leads
to a longer activation in the doped samples as compared to that of the undoped OV-M85 or OV-
MO90. As shown in Figure 6b, the number of cycles for 6-phase activation are roughly 16, 20, 20,
and 38 cycles for OV-M85, OV-M86T6, OV-M85AS, and OV-M85TSAS, respectively. Ti-doping
enhanced capacity and cycling stability compared to the undoped OV-M85, whereas Al-doping
resulted in lower capacity. While the effect of a single dopant of Ti or Al is limited, the co-doped
OV-MS8S5TS5AS experienced significant improvement in cycling performance, achieving nearly
100% capacity retention after 100 cycles. A comparison of the dQ/dV profiles of OV-M85 and
OV-MS8S5TS5AS after activation and over extended cycling reveals that the improvement
predominantly comes from the 3 V plateau region (Figure 6c¢), suggesting that the dopants indeed

mitigate the JT distortions and lower lattice strain, consequently stabilizing the 3 V discharge

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

plateau. This provides a clear advantage of 6-phase over the ordered spinels, where the instability

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

of 3 V plateau renders the capacity unusable. We note that Ti- and Al-doped compositions also

(cc)

differ in fluorine content, which may contribute to observed differences in electrochemical
behavior. Future work systematically varying dopant and fluorine content independently will be

necessary to deconvolute these effects.

Using the 50-CCCV/RT-CC cycling protocol we developed, all samples were activated
after the 1% cycle, including the doped samples which showed slower activation at room
temperature (Figure 6d). Excellent performance was achieved on OV-M85T5AS which delivered
a stable discharge capacity of ~ 210 mAh/g at 30 mA/g for over 100 cycles, with nearly 100%

capacity retention. Considering the abundance of the elements and its excellent cycling
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performance, we believe OV-M85T5AS5 is a highly promising cathode material for the next-

generation low-cost and sustainable high-energy LIBs.

Experimental

1) Material Synthesis and electrode fabrication

The synthesis of OV-M90 was achieved using a solid-state method followed by high-
energy ball milling with a carbon additive, which is a part of typical DRX electrode fabrication
process. The initial ordered oxygen-deficient phase (OV-M90-O) was prepared by combining
stoichiometric quantities of Li,CO3 (99.0%, ACS reagent), Mn,O3 (99.9%, ACS reagent), and
LiF (99.85%, Alfa Aesar) using a mortar and pestle. To account for potential lithium loss during
heating, a 10% excess of lithium precursor was included. The mixture was then placed in an
aluminum boat and calcined at 1050°C for 12 hours under argon flow, with heating and cooling
rates of 5°C/min.

To make the DRX composite cathodes, the as-synthesized OV-M90-O was subjected to
planetary ball milling at 400 rpm for 4 hours (PM-200, Retsch) in an argon atmosphere, together
with a conductive carbon additive (graphite and Denka carbon black carbon, 1:1 wt.%) in a weight
ratio of 80% OV-M90-0 and 20% additive. A slurry mixture of 90:10 wt.% of the resulting carbon-
coated OV-M90 DRX and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) binder
dissolved in n-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) solvent was cast onto an aluminum
current collector in an Ar-filled glove box, and then dried in a vacuum oven at 80 °C. Other cathode
materials and their composite electrodes used in this study, including OV-M85, OV-M86T6, OV-

MS85AS, and OV-M85T5AS, were also prepared using the same procedure.

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6eb00038j

Page 21 of 35 EES Batteries

View Article Online
DOI: 10.1039/D6EB0O0038J

2) Characterization

Sample morphology was examined using a JEOL 7500F field emission SEM at 15 kV.
Synchrotron XRD in the transmission mode was performed at beamline 11-3 at Stanford
Synchrotron Radiation Lightsource (SSRL) with an X-ray wavelength of 0.974 A. Raman spectra
were collected using a 532 nm Horiba LabRAM Aramis Raman Microscope at the Molecular
Foundry (MF) at LBNL. The confocal Raman microscope acquires Raman (80-4000
wavenumbers) and photoluminescence spectra (500-1600 nm) at single points or within 2- and 3-
dimensional volumes. XPS data was collected using a Thermo-Fisher K-Alpha Plus XPS/UPS

instrument at the MF, equipped with a monochromatic Al X-Ray source (1.486 eV).

For hard XAS analysis, XANES spectra were collected at SSRL beamline 4-3. Recovered

electrode samples, sealed with polyimide tape, were positioned at a 45° angle to the incident X-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ray beam. A Si (220) crystal was used as a monochromator, with monochromatic energy

calibration achieved using the E, value of 6539 eV for a Mn metal foil reference. Data processing

Open Access Article. Published on 24 February 2026. Downloaded on 2/25/2026 12:44:02 PM.

was performed using the Demeter package software. Reference electrodes of MnO for Mn(Il),

(cc)

Mn;0,4 for Mn(II/111), Mn,O5 for Mn(III), and MnO, for Mn(IV) were used as standards. Soft XAS
measurements were conducted at SSRL beamline 8-2. Samples were attached to conductive carbon
tapes, which were mounted on an aluminum sample holder rod within an Ar-filled glovebox.
Spectral measurements utilized the Bending magnet source (4.0 mrad) with a 6 m spherical grating

monochromator and a 0.1 mm? beam spot. XAS profiles were collected under ultrahigh vacuum

(1072 Torr).
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3) Electrochemical measurements

The 2032-type coin-cell half-cells were assembled with 1 M of lithium
hexafluorophosphate (LiPF¢) in 1:1 (v/v) of ethylene carbonate (EC): diethyl carbonate (DEC)
electrolyte (PuriEL, Soulbrain) and a polypropylene membrane (PP, Celgard 2500) separator.
Lithium foil (Alfa Aesar) was used as counter and reference electrodes. The electrochemical
measurements were conducted at a constant current density of 30 mA/g in various voltage
windows as specified. For the CCCV experiments, a 5-hour hold was applied at the top of charge
at 4.6 V. The electrochemical data were acquired using a VMP3 battery potentiostat (Bio-Logic
science) at room temperature or 50 °C. All charge and discharge capacities were calculated based
on the net active material loading on the electrode. After cycling, the cathode electrodes were
extracted from the coin cells and gently rinsed with dimethyl carbonate (DMC) to remove the

residual electrolyte before the analysis.

Custom-built Swagelok cells with inlet and outlet capillaries for gas flow were used for
DEMS measurements, as described in previous studies. %% In an Ar-filled glovebox, the cells
were assembled with a Li foil anode (FMC), a quartz microfiber separator (Whatman), and a DRX
cathode. For each DEMS experiment, 80 pL of 1.5 M LiPF¢ in EC (Gotion) was used. Above the
cathode was a 316 stainless steel mesh disc and a 316 stainless steel ring to create a headspace
(~100 pL) for gas accumulation. Once assembled, the Swagelok cells were attached to the DEMS
system and the pressure was monitored for 10 minutes to ensure no leaks. Every 10 minutes, a
small (500 pL) pulse of Ar (Linde 99.999%) purged the cell headspace and was sent to the mass
spectrometer (MS) gas analyzer. MS signals were calibrated for O, (Linde 99.999%) in Ar carrier
gas to allow for gas quantification. Cells were cycled between 4.6 and 2.0 V at a current of 0.1

mol Li h'! using a Bio-Logic VSP-series potentiostat. For the DEMS experiments at ET, the DEMS
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cells were placed in a gravity convection oven (MTI) with a small opening at the top, where the
cells were attached to the DEMS system. Thermocouple measurements show the cell temperatures

were held at 49.0 + 1.0 °C.

Conclusions

In this study, a d°-TM-free Mn-based DRX oxyfluoride with oxygen vacancies was
synthesized to investigate how various material properties and processes influence the DRX-to-6
phase transformation. The findings reveal that activation of tetrahedral sites - a key step for d-
phase formation - is promoted by the combined effects of lithium and oxygen vacancies, oxygen
activation, and Mn migration. To accelerate the 6-phase transformation in OV-M90, optimized
protocols were developed, enabling rapid activation within a single cycle using a CCCV method

at 50 °C. Conversely, the incorporation of d° TMs suppresses 3-phase transformation but greatly

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

improves the cycling stability of 6-activated DRX. We show that the Ti and Al co-doped variant

(OV-MS85T5AS) delivers exceptional cycling performance, maintaining nearly 100% capacit
Y ycling p g y pacity
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retention after 100 cycles at 30 mA/g. Overall, our findings provide fundamental insights into the

(cc)

mechanisms underlying the DRX-to-9 transformation and highlight the intricate balance between
phase transition kinetics and cycling durability. The strategies developed, including vacancy
engineering, controlled activation protocols, and targeted cation doping, offer a versatile toolkit
for optimizing both the performance and longevity of DRX cathode materials, laying the
groundwork for the design and development of advanced cathodes for the next-generation lithium-

1on batteries.
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Figure 1. (a) Synchrotron XRD patterns of M90-O, OV-M90-O and ball-milled OV-M90 DRX.
(b-d) Atomic structure models depicting the ordering transition from the orthorhombic phase to
the DRX phase. SEM images of OV-M90-O (e) and OV-M90 DRX (f). (g-h) TEY Mn L-edge
XAS, Mn2p XPS, and Raman spectra of the as-synthesized samples, respectively.
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Figure 2. a-c) The 1% cycle voltage profile, discharge capacity, and number of activation cycles of
OV-M90 cathode cycled to various upper cutoff voltages, respectively. (d-f) XANES spectra, FY
Mn L-edge and O K-edge XAS profiles of the OV-M90 cathodes at the pristine (P) and various

charged states in the first cycle.
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voltage retention when cycled with various currently densities, respectively.
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Discharge capacity retention (g) and energy density retention (h) of the OV-M90 cathode cycled

using the various cycling protocols as indicated.
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