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Chaochao Dun, Jeffrey J. Urban, Raphaéle J. Clément, Wei Tong, Bryan D. McCloskey

June 2022

1 Abstract

Lithium-excess, cation-disordered rocksalt (DRX) materials have been subject to intense scrutiny and de-
velopment in recent years as potential cathode materials for Li-ion batteries. Despite their compositional
flexibility and high initial capacity, they suffer from poorly understood parasitic degradation reactions at the
cathode-electrolyte interface. These interfacial degradation reactions deteriorate both the DRX material and
electrolyte, ultimately leading to capacity fade and voltage hysteresis during cycling. In this work, differen-
tial electrochemical mass spectrometry (DEMS) and titration mass spectrometry are combined to quantify
the extent of bulk redox and surface degradation reactions for a set of Mn?*/4t-based DRX oxyfluorides
during initial cycling with a high voltage charging cutoff (4.8 V vs. Li/Li"). Increasing the fluorine content
from 7.5% to 33.75% is shown to deactivate oxygen redox and suppresses high-voltage O evolution from
the DRX surface. Additionally, electrolyte degradation resulting in the formation of both gaseous species
and soluble protic species is observed. Subsequently, DEMS is paired with a fluoride-scavenging additive to
demonstrate that increasing fluorine content leads to increased dissolution of fluorine from the DRX material
into the electrolyte. Finally, a suite of ez-situ spectroscopy techniques (X-Ray photoelectron spectroscopy,
inductively coupled plasma optical emission spectroscopy, and solid-state nuclear magnetic resonance spec-
troscopy) are employed to study the change in DRX composition during charging, revealing the dissolution
of manganese and fluorine from the DRX material at high voltages. This work provides insight into the
degradation processes occurring at the DRX-electrolyte interface and points towards potential routes of
mitigating the deleterious processes.

2 Introduction

The electric vehicle and portable electronic industries have created an enormous demand for low cost, high
energy density, resource friendly lithium ion (Li-ion) batteries. The ability of the current commercial battery
technology to meet this demand is limited in large part by the cathode active material, which commonly
consists of a layered lithium transition metal oxide (TMO) such as LiCoOy or Li(NiyMn,Co,)O2 [1, 2].
These materials possess a limiting electrochemical capacity compared to most prospective anode materials
(graphite, Li, etc), thereby limiting the energy density of the full electrochemical cell [3, 4]. Furthermore,
TMO’s often contain scarce or expensive transition metals like Co, raising the cost and limiting the supply of
TMO-based cathode materials [5, 6]. This limitation has spurred an enormous effort to develop alternative
cathode materials with low cost, resource friendly compositions and high electrochemical capacities [7, 8, 9].
From these efforts, lithium-excess cation-disordered rocksalt (DRX) materials have emerged as a promising
class of transition metal oxides and oxyfluorides that display several characteristics that are desirable for
applications as Li-ion cathode materials [10].

DRX materials exhibit the o — LiFeOs structure wherein the cations (Li, transition metals) and anions
(oxygen, fluorine) possess no long-range order throughout the material, although numerous studies have
demonstrated the presence and role of short-range order in DRX materials [11, 12, 13, 14]. This feature is



contrasted to the @« — NaFeOs structure of layered TMO cathode materials, in which the cations are arranged
in alternating layers of lithium and transition metals [2].

The cation-disordered structure of DRX materials confers a degree of compositional flexibility that allows
for the incorporation of transition metals and anions that are incompatible with layered TMO’s, which must
maintain their layered structure during cycling. For example, Ni2t/4t and Co3*/4* are the predominantly
available transition metal redox couples in layered TMO’s because their electronic structure prevents site
migration during cycling, a process that would otherwise disrupt the layered structure and impede Li trans-
port [11, 15]. Although Mn is often included in layered TMO’s, it must remain electrochemically inactive in
the Mn?T state to prevent migration into the Li layer [16]. However, because the requirement to form and
maintain a layered structure is removed in the case of DRX materials, a wide range of transition metals like
Mn, Ni, Fe, V, Cr, and Mo can be employed to provide charge compensation [17, 18, 19]. The expanded range
of accessible transition metals allows for the incorporation of low-cost, Co-free redox centers like Mn and Fe.
The compositional flexibility conferred by the cation-disordered structure also allows for the incorporation
of fluorine into the anion lattice of DRX materials [20]. In contrast, achieving fluorine incorporation into the
anion lattice of layered TMO’s is infeasible, and attempts have led instead to the formation of a LiF surface
coating [21]. Fluorine substitution has previously been shown to improve the high-voltage stability of DRX
cathode materials by suppressing surface degradation processes like oxygen loss and mitigating the extent
of structural transformation to a spinel-like phase [22, 23, 24]. Furthermore, by lowering the average anion
valence, fluorination enables the inclusion of transition metals in the 2+ oxidation state, allowing for the
utilization of two-electron redox couples like Mn2*/4+. Such ’double’ redox couples are desirable because
they can provide twice as much charge compensation per transition metal as a one-electron redox couple.
Therefore, the compositional flexibility conferred by the cation-disordered structure greatly enhances the
variety and tunability of DRX materials, allowing the formulation of DRX materials with resource friendly
composition and high stability [25, 26, 24].

The cation-disordered structure of DRX materials also creates a large amount of local environments
referred to as Li-O-Li configurations, in which two Li ions are bonded to an oxygen atom on opposite
sides from one another. Li-O-Li configurations, which do not exist in perfectly ordered layered TMO’s
without Li-excess composition, give rise to an electronic structure in which bulk oxygen redox may occur
at potentials in the range of 4.0-4.6 V vs. Li/Li™ [27]. The abundance of Li-O-Li configurations induced
by the cation-disordered structure therefore creates another potentially reversible redox reservoir in DRX
materials, increasing the capacity available during cycling. These two features of compositional flexibility
and abundance of Li-O-Li configurations, both of which are consequences of the cation-disordered structure,
make DRX materials promising candidates for next-generation cathode materials.

Despite these promising characteristics, DRX materials still suffer from several issues that limit their
long-term cyclability. One key limitation is the degradation imposed by the high interfacial reactivity of
DRX cathode materials. Extracting the promisingly high capacities from DRX materials requires cycling
to high potentials (4.8 V vs. Li/Li"), which leads to degradation at the cathode-electrolyte interface. This
degradation drives the depletion of electrolyte; formation of a densified, reduced TMO layer; generation of
reactive electrolyte degradation products; and evolution of gaseous species such as Os and CO5 [22, 23, 28].
In turn, these processes lead to capacity loss and impedance rise in the cell, limiting the attainable energy
density from cells containing DRX materials [18, 24].

To address these shortcomings, there have been many efforts to improve the stability and cyclability
of DRX materials [19, 22, 23, 29]. In this work, we leverage the compositional flexibility of DRX ma-
terials by studying a set of DRX oxyfluorides with varying degrees of fluorination and, hence, Mn2*/4+
redox. The DRX materials investigated are LMNOF-4515 (Li; 2Mng 45Nbg 3501.85F0.15), LMNOF-6060
(Lil_QMDO.GoNb0A2001.40F0,60), and LMNOF-6368 (Lil_2MD0.625Nb0,17501A325F0.675). The bulk redox pro-
cesses and electrochemical performance of these materials during extended cycling has been studied in a
previous publication by Yue et al. [18]. These materials achieve bulk charge compensation during cy-
cling via two primary electrochemical processes: Mn?t/4* redox and oxygen redox. They also contain
electrochemically-inactive Nb®t, which stabilizes the disordered structure. Herein, we conduct ez-situ acid
titration mass spectrometry (TiMS) on cycled cathodes to demonstrate that increasing fluorination from
7.5% to 33.75% deactivates bulk oxygen redox in DRX materials, shifting the entirety of the electrochemical
capacity to Mn?t/4+ redox. We also couple TiMS with in-situ differential electrochemical mass spectrometry
(DEMS) to show that increasing the fluorine content in DRX materials influences the surface reactivity of



DRX cathodes, stabilizing surface carbonate species at high voltages. We then extend our DEMS analysis
over multiple cycles, demonstrating that fluorination suppresses high-voltage oxygen evolution from DRX
cathodes and revealing multiple modes of electrolyte degradation that slowly diminish throughout cycling for
all three DRX materials. Next, we introduce into our DEMS cells a fluoride-scavenging electrolyte additive
to observe fluorine dissolution from the DRX materials in-situ, showing that increasing DRX fluorine content
increases the amount of fluorine that dissolves from the DRX material into the electrolyte [30, 31]. Finally,
we use X-Ray photoelectron spectroscopy (XPS), inductively coupled plasma optical emission spectroscopy
(ICP-OES), and solid-state nuclear magnetic resonance spectroscopy (SS-NMR) to monitor the change in
DRX composition during the first charge, revealing the deposition of electrolyte degradation products and
the dissolution of DRX-originating Mn and F.

3 Methods

Synthesis of Li-excess LiMn2?T NbY>YOF DRX Materials. All LiMn?tNb®*OF DRX materials were synthe-
sized via a mechanochemical reaction. Precursors of lithium oxide, manganese (II) oxide, niobium (V) oxide,
and lithium fluoride were used. All precursors were weighed stoichiometrically except lithium oxide (10%
excess) and loaded inside a stainless-steel jar, then sealed tightly inside an Ar-fill glove box. The precursors
were high-energy milled extensively until the pure rocksalt phase was formed. The milled powder was then
collected inside the glove box. Detailed synthesis conditions can be found in our previous report [18].

Cathode Preparation. The as-synthesized DRX active material was first mixed with acetylene black (AB)
conductive carbon powder in a DRX:AB ratio of 6:3 (wt:wt). Cathodes for all experiments besides fluoride-
scavenging DEMS were made using a slurry mixing technique. The DRX-AB powder mixture was mixed with
a solution of 10wt% polyvinylidene fluoride (PVDF) binder dissolved in N-Methyl-2-pyrrolidone (NMP) in a
mortar and pestle until a uniform slurry was formed. The DRX:AB powder and PVDF/NMP solution were
combined to produce an approximate composition of 60:30:10 (wt) DRX:AB:PVDF. The resulting slurry
was then spread onto stainless steel mesh and dried at 80°C for 30 minutes. After this brief initial drying,
the electrodes were pressed with uniform pressure using a screw-driven clamp and dried overnight under
vacuum at 120°C. For fluoride-scavenging experiments, the electrodes were fabricated using a dry technique
using polyethylene (PE) (Sigma) as the binder instead of PVDF. The DRX:AB mixture was combined with
PE powder to produce an approximate composition of 60:30:10 (wt) DRX:AB:PE. The powders were ground
together in a mortar and pestle, and the resulting mixture was placed on stainless steel mesh before being
pressed into place using a steel pin. Typical DRX loading in all measurements was 7 mg cm™2, and all
electrodes were 1/2 inch in diameter (1.3 cm?).

FElectrochemical Cell Preparation. Custom-built Swagelok cells were used as described previously [32,
33, 34]. Li foil was used as the counter electrode in all cells except for those used to prepare electrodes
for XPS analysis or those used to verify the Ho formation mechanism. For the cells used to prepare elec-
trodes for XPS analysis, the counter electrode was graphite. For the control experiments verifying the
formation mechanism of Hs, the counter electrode was delithiated lithium iron phosphate. The separator
in all cells was composed of 1 sheet of Whatman QMA filter paper (on the counter electrode side) and 1
sheet of Celgard 2500 (on the DRX side). The electrolyte varied depending on the type of experiment.
For DEMS experiments measuring the evolution of Oy, COs, and Hy, the electrolyte was 1M lithium hex-
afluorophosphate (LiPFg) in 1:1 vol:vol mixture of ethylene carbonate (EC) / diethyl carbonate (DEC)
(Sigma). For the experiments preparing electrodes for XPS analysis, the electrolyte was also 1M LiPFg¢ in
1:1 EC:DEC. For DEMS experiments monitoring fluoride dissolution from the DRX material, the electrolyte
was 1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma) in 1:1 vol:vol EC/DEC with 1vol%
tris(trimethylsilyl)phosphate (TMSPa, Sigma). For all DEMS cells, the electrolyte loading was 60 puL/cm?.
Despite the low concentration of TMSPa in the electrolyte for fluoride-scavenging DEMS cells, the highest
amount of fluoride formation observed in any experiment was a fraction of the amount of TMSPa present
(~ 30%), leading us to conclude that there is an excess of TMSPa in the electrolyte relative to the amount
of fluoride available for reaction.

Electrochemical testing and DEMS gas analysis. The custom-built DEMS instrument and its operation
was described in previous publications [32, 33, 34]. Hermetically-sealed, custom-built Swagelok cells were
assembled in an Argon atmosphere glovebox and appropriately attached to the DEMS apparatus to avoid



air exposure. The cells were cycled on a Bio-Logic VSP-series potentiostat under positive Ar pressure
(approximately 1.2 bar). For all experiments, cells were cycled at a current of 0.1 Li hr=! (27.3 mA g~}
for LMNOF-4515, 28.6 mA g~! for LMNOF-6060, and 28.8 mA g~! for LMNOF-6368) to cut-off potentials
listed with each experiment. In some cases, the cells were then held at the relevant cut-off potential until
the current decayed to 10% of its original value, or 0.01 Li hr—!. Throughout the experiment, the cell
headspace was purged with 500 pL of Ar by the DEMS instrument every 10 minutes and any accumulated
gases were swept to the mass spectrometer chamber for analysis. The apparatus is calibrated for O3, COa,
Hy, and trimethylsilyl fluoride (Me3SiF) in Ar, allowing for the determination of the partial pressures of
each analyte. The amount of each gas evolved was then quantified using the known volume, temperature,
and partial pressure of the gas sample through the ideal gas law.

TiMS Analysis of DRX Powders and FElectrodes. The design and operation of the custom-built TiMS
instrument is nearly identical to that of the DEMS instrument, as described in previous publications [28,
32, 33, 34]. For studies on the as-synthesized materials, pristine cathodes were placed in a custom-built,
hermetically sealed titration vessel. For studies on charged cathodes, rinsed and dried cathodes extracted
from electrochemical cells were instead placed in the titration vessel. This vessel was then appropriately
connected to the TiMS apparatus to avoid air exposure. During the experiment, the cell headspace was
purged with 2 mL of Ar by the TiMS instrument every 2 minutes and any accumulated gases were swept to
the mass spectrometer chamber for analysis. After establishing baseline levels for gases of interest, 1 mL of
Ns-sparged 10M H5SO,4 was injected into the titration vessel through a septum-sealed injection port. The
resulting acid-cathode mixture was mixed with a magnetic stir bar. The apparatus is calibrated for O and
COg in Ar, allowing for the determination of the partial pressures of each analyte. Gas samples were taken
until the reaction was completed, as determined by the return of any analyte signals to their baseline levels.
The amount of each gas evolved was then quantified using the partial pressure, volume, and temperature of
each gas sample. For all charged cathode samples, the charging procedure consisted of a constant current
charge to the listed cut-off voltage at 0.1 Li hr—! followed by a potentiostatic hold at the cut-off until the
current decayed to 0.01 Li hr=!. After the voltage hold, the cell was returned to the glovebox, minimizing
air exposure. Once inside the glovebox, the cell was disassembled and the cathode was placed in a dry vial.
The cathode was rinsed three times with 200 uL. DEC and dried under vacuum at room temperature for
several hours. The dried cathodes were then stored in a sealed vial in the glovebox until TiMS analysis.

ICP-OES Analysis of Mn Dissolution. Inductively coupled plasma optical emission spectroscopy (ICP-
OES) measurements were performed using a Perkin Elmer 5300 DV optical emission inductively coupled
plasma spectrometer with an auto sampler. For all samples and standards, a matrix solution consisting of
2wt% HNOg3 (70%, Sigma Aldrich) and 0.1wt% HyC20O4 (oxalic acid dihydrate, Suprapur, Sigma Aldrich)
in deionized water was used. A manganese standard solution for ICP (Sigma Aldrich) was diluted with
matrix solution to four different concentrations to calibrate manganese between 0-1 mg L', and all sample
measurements fell within the calibrated range. Electrolyte and anode samples were obtained from DRX cells
by recovering the electrolyte-soaked separator and Li metal anode from Swagelok-type cells. To allow for
easier removal, the Li metal anode was backed by a sheet of stainless steel foil. Each DRX material was
subjected to three different cycling procedures: rest on open-circuit (OCV), charge to 4.0 V, and charge
to 4.8 V. The OCV procedure consisted of simply allowing the cell to rest on open-circuit for 24 hours.
The charging procedures consisted of a constant current charge at 0.1 Li hr~! to the listed cutoff voltage
followed by a potentiostatic hold at the cutoff voltage until the current decayed to 0.01 Li hr=!. After
the potentiostatic hold, the cell was allowed to rest at open-circuit until the cell had been intact for 24
hours, ensuring similar electrode-electrolyte contact times for all three cycling procedures. After the end
of a cycling procedure, the cell was returned to an Ar-filled glovebox where the separator and anode were
each separately extracted and dried under vacuum overnight. After drying, the separator and anode were
separately dissolved in 20 mL of matrix solution. The resulting solutions were stored for three days to allow
for full dissolution of Mn ions, after which the solutions were filtered. The concentration of Mn ions in the
resulting filtered solution was then analyzed by ICP-OES, and the DRX-normalized manganese dissolution
for each cell was back-calculated from the electrode loading and the sum of the amounts of Mn detected in
the separator and electrolyte samples.

XPS Analysis of DRX FElectrodes. X-ray photoelectron spectroscopy (XPS, Thermo Fisher, USA) mea-
surements were conducted to analyze the chemical states of each element. The photoelectron spectrometer
system is configured with an Al Ka excitation source with spot size of 400 pym. Before collecting XPS



spectrum, ion flood source is adopted for charge neutralization. XPS data were analyzed using CasaXPS
software. The binding energy scale of the XPS spectra was calibrated from the Cls C-C peak at 284.8
eV, and peaks were fit with a LF lineshape on top of a Shirley background. For the charged sample of
each DRX material, the charging procedure consisted of a constant current charge at 0.1 Li hr—! to 4.8 V
followed by a potentiostatic hold at 4.8 V until the current decayed to 0.01 Li hr—!. After charging, the cell
was returned to the Ar-filled glovebox, where the cathode was extracted, rinsed with DEC, and dried under
vacuum overnight.

SS-NMR Analysis of DRX Powders and FElectrodes Solid-state NMR, spectra were recorded at By=2.35
T (100 MHz for 'H) using a wide bore Bruker BioSpin spectrometer equipped with a DMX 500 MHz console
and a custom made 1.3 mm X-broadband magic angle spinning (MAS) probe (tuned to “Li: 38.9 MHz or
19F: 94.1 MHz). To avoid air exposure, samples were packed in zirconia rotors in an Ar-filled glovebox
and spun at vr= 60 kHz using dry nitrogen. °F and “Li NMR chemical shifts were externally referenced
against pure lithium fluoride powder (LiF, 8iso(*°F) = —204 ppm and &iso("Li) = —1 ppm). Both 7Li and
19F MAS NMR spectra were obtained using a rotor synchronized spin-echo sequence (90° - 7 - 180° - 7R)
with 90° radiofrequency (RF) pulses of 0.45 us and 0.34 us, respectively. For both nuclei, a total of 7616
transients were averaged with a recycle delay of 50 ms. This short recycle delay was enough to reach fully
relaxed "Li NMR spectra while in 'F NMR, only signal around —190 ppm (from F in the LMNOF cathode)
were fully relaxed. In addition, isotropic “Li and '"F NMR spectra were recorded using the projected
magic angle turning phase-adjusted sideband separation (pj-MATPASS) pulse sequence which effectively
removes spinning sidebands due to MAS [35, 36]. Both experiments used the same 90° RF pulses as their
corresponding spin echoes and data were averaged over 4000 scans with a recycle delay of 50 ms. Solid-state
NMR data were processed using Bruker TopSpin 3.6.0 and spectra were fitted using DMfit software [37]. For
the charged sample of each DRX material, the charging procedure consisted of a constant current charge at
0.1 Li hr=! to 4.8 V followed by a potentiostatic hold at 4.8 V until the current decayed to 0.01 Li hr=*. After
charging, the cell was returned to the Ar-filled glovebox, where the cathode was extracted, rinsed with DEC,
and dried under vacuum overnight. For both the pristine and charged samples, electrode material containing
DRX material, acetylene black, and PVDF was scraped from the stainless steel mesh current collector and
collected for analysis. For the active material sample, the carbon-coated DRX powder containing only DRX
material and acetylene black was used.

4 Results and Discussion

4.1 Comparison of Voltage Profiles

To interpret the bulk electrochemical properties of the DRX materials, all three LMNOF materials were
subjected electrochemical cycling consisting of charging to 4.8 V and discharging to 1.5 V at a constant
rate of 0.1 Li hr—'. The voltage profiles for the first charge and discharge for LMNOF-4515, LMNOF-6060,
and LMNOF-6368 are shown in Figure la. The initial charge capacities of LMNOF-4515, LMNOF-6060,
and LMNOF-6368 were 269 mAh g=', 246 mAh g~!, and 260 mAh g—!, respectively. The initial discharge
capacities, in contrast, were similar: 218 mAh g=! for LMNOF-4515, 216 mAh g~! for LMNOF-6060, and
212 mAh g~! for LMNOF-6368. While the voltage profiles for all three materials possess the same general
shape, that of LMNOF-4515 has more strongly defined charge plateaus around 3.5 V and 4.4 V, whereas those
of LMNOF-6060 and LMNOF-6368 are more consistently sloping throughout the voltage range. The shape
of the voltage profiles can be evaluated more rigorously by viewing the same voltage profile information
in dQ dV—! vs. V format (where Q is capacity), as shown in Figure 1b. In this format, it is apparent
that the dQ dV~! profile for the first charge of LMNOF-4515 has pronounced peaks centered at 3.5 V
and 4.4 V, while the dQ dV~! profiles for the first charge of LMNOF-6060 and LMNOF-6368 tend to be
flatter and broader. This difference indicates that two primary redox processes in LMNOF-4515 provide
bulk charge compensation at relatively well defined voltages in LMNOF-4515, whereas the primary redox
processes in LMNOF-6060 and LMNOF-6368 provide charge compensation across a wider range of voltages.
The less defined nature of the redox processes occurring during charging of LMNOF-6060 and LMNOF-6368,
compared to those of LMNOF-4515, suggest a broader distribution of Li site energies in the more highly
fluorinated materials. Since the distribution of Li site energies has been previously linked to the degree
of disorder in DRX materials, this result may indicate that the more highly fluorinated LMNOF-6060 and



LMNOF-6368 possess less short-range ordering than LMNOF-4515 [13].
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Figure 1: First charge-discharge comparison for the three LMNOF materials. (a) Voltage profiles during
first charge-discharge and (b) corresponding dQ dV—! for all three DRX materials. All materials were
charged to 4.8 V vs. Li/Li* and discharged to 1.5 V vs. Li/Li* at a constant current rate of 0.1 Li hr—!.

Based on prior studies investigating the bulk redox processes occurring in LMNOF DRX materials, we
ascribe the low-voltage (~3.5 V) process in LMNOF-4515 to Mn?*/4* redox and the high-voltage (~4.4 V)
process to oxygen redox [18]. In contrast, it is challenging to assign based on voltage profile information
alone the electrochemical processes occurring in LMNOF-6060 and LMNOF-6368, as the voltage plateaus
during cycling are less defined. To further understand and quantify the bulk redox processes supplying
electrochemical capacity in these materials, quantitative ex-situ TiMS was employed to measure the amount
of oxidized oxygen species in the DRX materials at various states of charge.

4.2 Nature of Redox Processes in LMNOF Materials

To elucidate the extent to which Mn?t/4* and oxygen redox contribute to the observed electrochemical
capacity, ex-situ acid titrations were conducted using TiMS to analyze DRX cathodes extracted throughout
the first charge. Specifically, a pristine cathode containing the as-synthesized DRX material along with
cathodes extracted after charging to 4.4 V, 4.6 V, and 4.8 V were studied. During TiMS, any oxidized
oxygen species present in the bulk of the DRX material will dissolve into the acid solution where they will
undergo a disproportionation reaction to yield Oy gas and HoO [38, 39]. This disproportionation reaction
will yield 1 mole of Oy gas for every 4 moles of electrons extracted during oxidation of the oxide lattice, as
described in Section S1 and demonstrated in previous publications [28, 23]. Using the TiMS system, the
total amount of O5 gas evolved from each extracted cathode during acid titration was quantified. Using the
stoichiometry associated with the oxygen disproportionation reaction, the amount of O5 gas evolved was then
used to calculate the extent of oxide oxidation and thereby the charge capacity associated with bulk oxygen
redox. The total capacity extracted from each electrode, along with the oxygen redox capacity determined
by TiMS, were then used to back-calculate the average Mn oxidation state in each cathode according to
the composition of each material. The results of this analysis are shown in Figure 2. This analysis relies
on the assumption that all capacity comes from either Mn or oxygen redox. While a small amount of
capacity is inevitably contributed by the irreversible formation processes studied herein, we expect that the
error introduced by this assumption is small relative to the large capacity associated with the bulk redox
processes [23]. This expectation is further supported by the scale of the degradation reactions observed
throughout the rest of this study, which remains small relative to the scale of the bulk electrochemical
reactions.
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Figure 2: Bulk capacity accounting analysis for LMNOF materials. The pristine sample is a pristine DRX
electrode and the remaining samples are DRX electrodes charged to the listed cutoff voltage. Charging
consisted of a constant current charge at 0.1 Li hr=! to the listed cut-off voltage followed by a potentiostatic
hold at the cut-off voltage until the current decayed to 0.01 Li hr—!. After the potentiostatic hold, the cells
were allowed to rest on open circuit. Data labels are included only for LMNOF-6368, but the order of the
data points (in the horizontal direction) with regards to electrode condition is the same for the other two
materials.

The results in Figure 2 demonstrate the mixed contributions of Mn?*/4* and oxygen redox to the charge
capacity extracted from the LMNOF materials. Below 4.4 V, Mn?*/4+ redox clearly dominates in LMNOF-
4515 because the Mn oxidation state rises linearly with capacity while very little oxygen redox occurs.
Above 4.4 V, oxygen redox begins to dominate as the Mn oxidation state approaches 4+. In comparison,
the majority of charge compensation in LMNOF-6060 appears to come from Mn redox throughout the entire
first charge, with very small contributions from oxygen redox above 4.4 V. The average Mn oxidation state
in LMNOF-6060 reaches about +3.4, indicating that the Mn redox couple is not fully exhausted during
charging. Finally, in the case of LMNOF-6368, the entirety of charge compensation during the first charge
comes from Mn2?t/4t oxidation, with no measurable oxygen redox taking place. At the top of charge, the
average Mn oxidation state in LMNOF-6368 is about +3.4. In total, the amounts of Li deintercalated from
the cathodes extracted at 4.8 V are 1.02 mol Li/mol DRX for LMNOF-4515, 0.87 mol Li/mol DRX for
LMNOF-6060, and 0.85 mol Li/mol DRX for LMNOF-6368. Based on prior replicate experiments, the
estimated variability in the amount of Li extracted during charging is ~ 0.02 Li hr 1.

Interpreting the bulk redox contributions from the LMNOF materials relies on an understanding of how
much Li extraction per formula unit DRX can be charge compensated by Mn?t/4* oxidation. Increasing
fluorination in the LMNOF materials comes with a corresponding increase in Mn content. Because Mn
undergoes a 2 electron oxidation from Mn?* to Mn**, 2 Li may be extracted for every Mn that is fully
oxidized. In LMNOF-4515, Mn oxidation can therefore theoretically account for 0.9 mol Li/mol DRX. In
LMNOF-6060, on the other hand, there is exactly enough Mn to provide charge compensation for the removal
of the entire amount of Li (1.2 mol Li/mol DRX). Finally, in LMNOF-6368, there is more Mn than is needed
to provide charge compensation for the entirety of the Li. This stoichiometry implies that it is impossible
to drive complete oxidation to Mn*T via delithiation alone in LMNOF-6368.

Comparing the amount of oxygen redox occurring in these three materials demonstrates the role of
fluorination in tuning the bulk redox processes in DRX materials. Increasing the extent of fluorination from
7.5% (LMNOF-4515) to 30% (LMNOF-6060) leads to a significant decrease in the capacity provided by
oxygen redox, and further increasing the extent of fluorination to 33.75% (LMNOF-6368) diminishes the
oxygen redox process to the point that it does not supply any appreciable capacity. This observation is
consistent with previous findings in similar DRX materials that fluorination suppresses oxygen redox [23,
18]. As explained earlier, an increase in fluorine content is accompanied by an increase in Mn content, raising



the theoretical Mn capacity. This increase in Mn content is likely to reduce the demand placed on oxygen
redox to provide charge compensation at the end of charge. Another factor that may contribute to the effect
of fluorination on oxygen redox is the amount of Li-O-Li environments present in the DRX material during
charging, which will decrease as the lattice oxygen is increasingly replaced with fluorine.

Despite the associated increase in Mn content, the total Li extracted upon charging to 4.8 V decreases
slightly with increasing fluorination. One potential explanation for the decreased capacity is that increasing
fluorination reduces the amount of Li that is extractable during charge. Many reports have argued that
strongly attractive Li-F interactions give rise to short-range order (SRO) that promotes the coordination of
Li to F. SRO can impact Li transport in DRX materials, which occurs through a network of percolating tetra-
hedral sites with zero transition metals in the face-sharing octahedral sites (0-TM sites). Prior investigations
have shown that the SRO brought about in DRX materials by fluorination may in some cases disrupt the
network of 0-TM sites, thereby limiting the amount of extractable Li [12]. Furthermore, increasing fluorine
content may also increase the amount of Li coordinated to a high number of F anions, an effect referred to
as Li gettering. Li in high F-coordination environments would require a potential greater than 4.8 V for
deintercalation during charge due to strong binding to the F anions, so an increase in the amount of Li in
high F-coordination environments could also limit the amount of Li that is extractable within the electrolyte
stability voltage window [40]. As a consequence of the decreasing extractable Li and increasing Mn content,
the average Mn oxidation state at the top of charge therefore decreases with increasing fluorine content,
reflecting decreased fractional utilization of the Mn redox reservoir. An additional factor that may play a
role in the observed effects of fluorination is reduced lattice covalency due to poorer metal-ligand orbital
overlap [41, 42]. Reduced lattice covalency would lower the energy of antibonding TM-d-states, potentially
impeding complete utilization of the transition metal redox reservoir.

4.3 Evolution of Surface Carbonates During Cycling

Lithium carbonate commonly exists in small quantities as an impurity on the surface of all Li-ion cathode
active materials, including layered oxides and DRX materials, either as residual precursor from synthesis or
as a product of exposure to COs during material handling and processing [43, 28]. This species is referred
to as native carbonate, referring to the fact that it is present on the as-synthesized material before exposure
to the electrolyte. Separately, additional carbonate-like species can form on the surface of DRX materials
during cycling as a result of degradation of the electrolyte [23, 28, 38]. These surface carbonate species,
both native and electrolyte-originating, may decompose to evolve gaseous COs due to either electrochemical
oxidation or reaction with acidic electrolyte degradation products [28, 43]. In addition to the reactions
involving these various surface carbonate species, CO2 can also arise from oxidative electrolyte degradation
at the cathode surface [23, 28]. While CO5 evolution can be monitored in-situ using DEMS, it is not possible
to decouple electrolyte degradation from surface carbonate degradation as sources of COq using in-situ gas
evolution data alone.

To more accurately evaluate the specific processes underlying the observed CO5 evolution, in-situ DEMS
analysis of COs evolution was paired with ez-situ TiMS analysis of surface carbonate species on DRX
samples extracted from DEMS cells throughout the first charge. Upon exposure to acid during TiMS, any
carbonate-like species on a DRX sample will decompose in the acidic solution to yield COs as described in
Section S1. For each DRX material, CO5 evolution was measured by TiMS during acid titration of a pristine
cathode and cathodes charged to 4.4 V, 4.6 V, and 4.8 V. For the charged samples, charging consisted of a
constant current charge at 0.1 Li hr~! to the selected cutoff voltage followed by a potentiostatic hold at the
cutoff voltage until the current decayed to 0.01 Li hr—!. For each titration, the CO, evolution measured by
TiMS was quantified and used to determine the amount of surface carbonate species present on each DRX
sample. Under this mode of analysis, surface carbonate decomposition should result in CO4 evolution during
DEMS accompanied by a corresponding decrease in the amount of surface carbonate measured subsequently
by TiMS. In contrast, electrolyte degradation should result in COs evolution during DEMS with either
increasing or constant amounts of surface carbonate as measured by TiMS. With this insight, the change in
surface carbonate measured by TiMS along with the in-situ COs data measured by DEMS can be used to
evaluate the extents to which surface carbonate decomposition and electrolyte degradation occur between
each cut-off voltage.

The DEMS COs, evolution data and corresponding TiMS surface carbonate measurements together reveal
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Figure 3: In-situ COs evolution during charging of LMNOF materials to 4.8 V vs. Li/Li" as measured by
DEMS (left) and surface carbonate species on LMNOF materials as measured by ez-situ TiMS (right). For
electrode titrations, the pristine sample is a pristine DRX electrode and the remaining samples are DRX
electrodes charged to the listed cutoff voltage. Charging consisted of a constant current charge at 0.1 Li hr—!
to the listed cut-off voltage, followed by a potentiostatic hold at the cut-off voltage until the current decayed
to 0.01 Li hr—!. After the potentiostatic hold, the cells were allowed to rest on open circuit. Data labels are
included only for LMNOF-6368, but the order of the data points (in the horizontal direction) with regards
to electrode condition is the same for the other two materials.

the processes underlying CO5 evolution in the cell. The DEMS CO; evolution results for each material when
charged to 4.8 V, along with the carbonate titration results for each cathode studied, are shown in Figure
3. The remaining COs evolution results obtained by DEMS for the cathodes charged to 4.4 V and 4.6 V are
shown in Figure S1. Furthermore, the cumulative CO4 evolution results from each DEMS experiment are
given in Table S1 and the amounts of surface carbonate measured by TiMS for each cathode are given in
Table S2. During initial charging to 4.4 V, there is a large amount of CO4 evolution from all three materials
that reaches a maximum at 4.4 V. The quantity of CO4 evolved is largest from LMNOF-6368, whereas the
quantity evolved is slightly smaller for LMNOF-4515 and LMNOF-6060. Concurrently, there is an increase
in the carbonate-like species on the surface of all three DRX materials, which is greatest for LMNOF-4515
and slightly smaller for LMNOF-6060 and LMNOF-6368. These results indicate that there is significant
electrolyte degradation leading to COg evolution as well as carbonate deposition on the cathode surface
during initial charging to 4.4 V.

During continued charging of LMNOF-4515 from 4.4 V to 4.8 V, a second peak of COs evolution that
reaches a maximum at the start of the 4.8 V voltage hold is observed. LMNOF-6060 and LMNOF-6368,
in contrast, do not display this secondary COs evolution peak. Instead, the COy evolution rate decreases
monotonically to zero after the 4.4 V CO45 peak for LMNOF-6060 and LMNOF-6368. Interestingly, this
second peak of CO4 evolution coincides with a dramatic decrease in surface carbonate content measured using
TiMS for LMNOF-4515. As can be seen in Figure 3, the amount of surface carbonate decreases consistently
from 4.4 V to 4.8 V for LMNOF-4515 whereas it continues to increase for LMNOF-6060 and LMNOF-6368.



These observations therefore indicate that there is significant surface carbonate decomposition occurring on
LMNOF-4515 during charging from 4.4 V to 4.8 V, leading to COs evolution and a decrease in the amount
of surface carbonate. In contrast, such surface carbonate oxidation does not occur to a significant extent
from LMNOF-6060 or LMNOF-6368, causing the observed lack of CO5 evolution and steady rise in surface
carbonate.

The observed differences in electrolyte degradation and surface carbonate oxidation reveal the important
role of DRX surface composition in controlling interfacial reactivity. The lack of surface carbonate oxidation
above 4.4 V from LMNOF-6060 and LMNOF-6368, despite the presence of carbonate species, indicates
that there is some degree of protection or stabilization of the surface carbonate species. This observed
difference in the oxidative stability of surface carbonate species across the three DRX materials suggests
that the increasing fluorination and the corresponding increase in Mn/Nb ratio plays some role in protecting
or otherwise stabilizing carbonate-like species on the surface of DRX cathodes at high voltages.

4.4 Outgassing Comparison during Early Cycling

To monitor the extent and persistence of various important degradation reactions involving DRX materials,
DEMS outgassing experiments were conducted during cycling of all three LMNOF materials for four full
cycles. For these experiments, all materials were charged to an upper cut-off voltage of 4.8 V vs. Li%*
and discharged to a lower cut-off voltage of 1.5 V vs. Li%*. During cycling, the evolution of COs, Oa,
and Hy was monitored and quantified. To ensure that electrolyte depletion does not influence the interfacial
degradation processes, a large excess of electrolyte (60 uL cm~2) was used in all DEMS cells. The results of
these experiments are displayed in Figure 4, and cycle-to-cycle cumulative gas evolution quantities are given
in Table S3.

O; evolution is only observed to a very minor extent at the end of the first charge of LMNOF-4515.
The lack of Oy evolution from LMNOF-6060 and LMNOF-6368 indicates that increasing fluorine content
suppresses Og evolution, a finding that is consistent with previous studies [22, 23]. This observation is
also supported by the bulk capacity accounting analysis presented earlier in Section 4.2, which showed that
increasing fluorination reduces the extent of bulk oxygen redox occurring in DRX materials. O evolution
occurs as a result of irreversible oxidation of the DRX oxyfluoride surface. Consequently, Oy evolution is
generally observed from lithium-excess oxide or oxyfluoride cathode materials at high states of delithiation
wherein significant oxygen redox must occur. By reducing the extent to which the oxide lattice is oxidized
during charging, fluorination also reduces the driving force for Oy evolution. Furthermore, the lack of Oq
evolution from LMNOF-4515 on subsequent cycles indicates that the surface of the material forms a densified
outer layer that passivates the material from additional Os evolution. A more detailed analysis of the Os
from the DRX materials is conducted in Section S4, in which the O3 evolution during a constant current
charging to 4.8 V followed by a long potentiostatic hold at 4.8 V is presented.

Hs evolution is observed at potentials above 4 V during high voltage cycling of all three DRX materials
throughout all four cycles. Notably, more Hy evolution is observed from the cells containing LMNOF-6060
and LMNOF-6368 than from the cell containing LMNOF-4515, and the amount of Hs evolved attenuates
only slightly from cycle to cycle for each material. Significant Hs evolution is not common during comparable
cycling of other Mn and Nb-containing DRX materials with the same electrolyte, eliminating the possibility
that Ho evolution occurs due to residual moisture in the electrolyte [23]. Instead, Hy evolution is expected
to arise from a three step process. First, high-voltage electrolyte oxidation at the DRX surface forms protic
degradation products. Second, the protic degradation products diffuse across the electrolyte to the anode
surface. Third, the protic electrolyte degradation products are reduced at the anode surface to form Hs.
Metzger et al. previously demonstrated the occurrence of this process with NMCs by using a specialized
two-compartment DEMS cell to demonstrate that Hs evolution does not occur when diffusion of protic
species is blocked [44]. Additionally, several other studies have demonstrated that electrolyte oxidation
leads to the formation of protic degradation products, supporting the proposed first step of this process [45,
46, 47]. Moreover, the third step of this process is supported by experiments presented in Section S5, in
which delithiated lithium iron phosphate was used in place of Li metal to show that no Hs occurs when the
counter-electrode potential is high enough to prohibit reduction of protic species. Although the nature of
this protic electrolyte degradation product remains unclear, we suspect that either of the carbonate solvents
in the electrolyte are oxidized to form some sort of organic species like an alcohol or carboxylic acid.
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Figure 4: DEMS gas evolution results from LMNOF DRX materials during the first four cycles. Cycling
consisted of charging to 4.8 V and discharging to 1.5 V at a constant current of 0.1 Li hr—!. After the fourth
cycle, the cells were allowed to rest on open circuit.

Given that Hs evolution is not typically observed for other related DRX materials, something character-
istic to the materials studied herein must lead to elevated interfacial reactivity that drives the formation of
acidic electrolyte degradation products. The materials studied in this work were synthesized via high energy
ball milling to access extremely high levels of fluorination, giving rise to a high specific surface area and
surface damage. In contrast, the DRX materials studied in previous reports in which Hy was not observed
were produced by conventional solid-state synthesis.[23, 28] We hypothesize that the morphology and sur-
face composition of the ball-milled materials leads to an elevated interfacial reactivity, driving the electrolyte
degradation processes underlying high voltage Hs evolution. This hypothesis is further supported by the
fact that the milling time was greater for LMNOF-6060 (18 hours) and LMNOF-6368 (20 hours) than for
LMNOF-4515 (10 hours), potentially causing more surface damage and explaining the elevated Hy evolu-
tion from the cells containing LMNOF-6060 and LMNOF-6368.[18] These results highlight the importance
of material synthesis and particle morphology. Finally, with regard to the slightly decreasing rates of Hs
evolution from cycle to cycle, it is likely that CEI formation and other modes of interfacial passivation cause
the cathode surface becomes less reactive towards the electrolyte.

Finally, all three materials exhibit COs evolution during all cycles. On the first charge, in the case of
LMNOF-4515, the CO5 evolution occurs in two separate peaks, the first reaching its maximum around 4.4 V
and the second reaching its maximum at 4.8 V (top of charge). During the first charge of LMNOF-6060 and
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LMNOF-6368, on the other hand, only the first peak of COs evolution at 4.4 V is observed. As discussed
previously in Section 4.3, the COs evolution peak from all materials at 4.4 V is likely caused by electrolyte
degradation while the secondary CO5 evolution peak from LMNOF-4515 at 4.8 V is likely caused by surface
carbonate decomposition. On subsequent charges, the CO5 evolution profiles for all three materials exhibit
a similar pattern featuring a broad peak around ~4.4 V and a sharp peak around 4.8 V, much like the CO4
evolution from the first cycle of LMNOF-4515. Based on this similarity to the first cycle CO5 evolution from
LMNOF-4515, it is likely that the CO5 evolution on subsequent charges from all three materials is driven by
the same processes of lower-voltage (~ 4.4 V) electrolyte degradation and higher-voltage (~ 4.8 V) surface
carbonate decomposition. Interestingly, the CO4 evolution occurring at 4.8 V attributed to surface carbonate
decomposition regularly coincides with Hs evolution for all three materials, suggesting that the potentially
acidic electrolyte degradation products that are reduced to form Hy may also react at the cathode surface
to degrade carbonate species. In addition to the COs evolution observed during charging, a small amount of
CO4 evolution was also observed at the bottom of discharge (<3 V) for all three materials for each cycle. We
note that this observation is surprising, as CO5 is commonly considered an oxidation product of degradation
at the cathode surface rather than a reduction product. While the processes underlying this COs during
discharge remain unknown, it is likely that the CO5 originates from some type of electrolyte degradation. A
follow-up study aims to further investigate this low-voltage activity and its effect on electrolyte degradation,
and the results of this study will be summarized in a subsequent report. Finally, the total amount of CO4
evolved during charge decreases from cycle to cycle for all three materials, suggesting a gradual attenuation
in interfacial reactivity as the cathode surface becomes progressively more passivated.

Considering the effects of the observed degradation provides insight into the manner in which performance
decay occurs in DRX cells. Oz evolution leaves behind an oxygen-depleted, cation-densified outer layer
that cannot be re-intercalated and instead creates a barrier to Li transport.[48, 22] The processes that
underlie Hy evolution cause both electrolyte depletion and formation of acidic species that may degrade
other cell components. For example, acidic species formed at the cathode surface may drive secondary
degradation processes like dissolution of transition metals, hydrolysis of LiPFg, reaction with the separator,
and decomposition of passivating species like Li;CO3 and LiF on the surface of either electrode .[49, 50, 51,
46] Finally, the electrolyte degradation process resulting in COy evolution inevitably leads to depletion of
the electrolyte and deposition of insulating degradation products on the cathode surface [43, 28].

4.5 Fluoride-Scavenging DEMS Analysis of Fluorine Dissolution

Another interfacial degradation process of great importance is dissolution of DRX-originating fluorine at the
cathode-electrolyte interface. Previous studies have shown that lattice fluorine dissolves from the surface
at high voltages [23]. To learn more about the fluorine dissolution process, a modified DEMS technique
was used to monitor in-situ the dissolution of DRX-originating fluorine into the electrolyte. By allowing
the measurement of gaseous species formed by any reaction occurring within the cell, DEMS can be paired
with various additives that drive gas-evolving reactions to provide indirect measurements of other processes.
Tris(trimethylsilyl) phosphate (TMSPa) is an electrolyte additive that will react with dissolved fluoride ions
to yield gaseous trimethylsilyl fluoride (Me3SiF), which can then be detected and measured using DEMS
[30, 52]. TMSPa reacts very slowly with solid fluorides, but it reacts much more rapidly with dissolved
fluoride in the electrolyte [31]. Furthermore, TMSPa will not abstract fluorine from other fluorine-containing
species (i.e. LiPFg, LiTFSI, PVDF) to produce MesSiF [52]. Based on these characteristics, we assume that
significant Me3SiF evolution arises only from reaction of TMSPa with dissolved fluoride ions in the electrolyte.
Therefore, when DEMS experiments are conducted with electrolyte containing TMSPa, Me3SiF evolution
can be monitored in-situ as a signal to represent the formation of dissolved fluoride in the electrolyte. This
technique, referred to as fluoride-scavenging DEMS, has been used in previous studies to study dissolved
fluoride formation originating from both electrolytes and oxyfluoride cathode materials [23, 30, 52].

While Me3sSiF evolution measured by fluoride-scavenging DEMS signals the formation of dissolved fluo-
ride species in the electrolyte, additional steps must be taken to exclusively study fluorine dissolution from
DRX materials. As previously mentioned, TMSPa will react with dissolved fluoride species (i.e. LiF, HF)
in the electrolyte. Consequently, fluoride species formed via degradation of commonly used cell components
like LiPF¢ salt and polyvinylidene fluoride (PVDF) binder may contribute to any observed MesSiF during
fluoride-scavenging DEMS. To study the dissolution of DRX-originating fluorine exclusively, all other po-
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tential sources of fluoride must therefore be eliminated from the cell. For the fluoride-scavenging DEMS
experiments conducted in this work, the PVDF cathode binder was replaced with polyethylene (PE) and the
LiPFg electrolyte salt was replaced with LiTFSI. We note that while LiTFSI still contains fluorine, it does
not degrade to form fluoride to any significant extent. Indeed, control experiments in which a fluorine-free
NMC material is charged in LiTFSI-based electrolyte with TMSPa reveal no significant MesSiF evolution,
as shown and discussed in Section S6. We therefore conclude that any MesSiF evolution observed from cells
containing DRX cathodes with PE binder and electrolyte with LiTFSI salt must come from DRX-originating
fluorine, allowing us to exclusively study fluorine dissolution from the DRX material.
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Figure 5: Fluoride-scavenging DEMS results from LMNOF DRX materials during the first three cycles.
Each cycle consisted of charging to 4.8 V and discharging to 1.5 V at a constant current of 0.1 Li hr—!. After
each discharge, the cells were allowed to rest on open circuit for 2 hours before the next cycle.

To study fluorine dissolution from the set of DRX materials during early cycling, fluoride-scavenging
DEMS was conducted for all three materials during the first three cycles with cells containing the afore-
mentioned fluorine-free components. All cathodes were charged to an upper cutoff voltage of 4.8 V and
discharged to a lower cutoff voltage of 1.5 V at a constant current rate of 0.1 Li hr~! with a three hour
rest after each discharge. The results of the fluoride-scavenging DEMS experiment for each DRX material,
including the voltage profile and the gas evolution profiles of Me3SiF and Hy, are shown in Figure 5. We in-
clude Hy here given the general coincidence of its evolution with that of MesSiF. As explained, the observed
Me3SiF evolution serves as an in-situ signal for dissolution of DRX-originating fluorine into the electrolyte.
Very little Me3SiF evolution is observed from LMNOF-4515 throughout all three cycles. In contrast, sig-
nificant Me3SiF evolution during cycling of both LMNOF-6060 and LMNOF-6368 occurs during charging
above ~4.3 V and reaches a maximum at the top of charge (4.8 V). Furthermore, the amount of Me3SiF
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evolved decreases from cycle to cycle. These results show that the dissolution of DRX-originating fluorine
occurs from the surface of both LMNOF-6060 and LMNOF-6368, whereas very little fluorine dissolution
takes place from the surface of LMNOF-4515. The attenuation in fluorine dissolution from LMNOF-6060
and LMNOF-6368 over cycling, demonstrated by the decreasing extent of Me3SiF evolution, suggests that
a fluorine-depleted region gradually forms near the surface of LMNOF-6060 and LMNOF-6368 during the
first few cycles. This fluorine-depleted region is likely to passivate the DRX materials from further fluorine
dissolution. The cumulative amounts of Me3sSiF evolved for each material and the corresponding amount
of DRX fluorine dissolved are given in Table S4. Importantly, the amount of fluorine dissolved amounts to
about 1-2% of the fluorine contained within the DRX material for both LMNOF-6060 and LMNOF-6368.

The voltage dependence of fluorine dissolution process indicates that the underlying reaction is electro-
chemical in nature. This observation is further supported by the very low solubility of species like LiF in
carbonate solvents, suggesting that some sort of electrochemically-driven process must assist in the disso-
lution of surface-bound fluorine [53]. The dissolution of surface-bound fluorine species may be activated by
the electrochemical formation of other reactive intermediate species. Interestingly, the evolution of MegSiF
shown in Figure 5 appears to generally coincide with Hy evolution. Most notably, the onset of MesSiF evolu-
tion and Hs evolution occur very closely to one another for LMNOF-6060 and LMNOF-6368 for each cycle.
As explained earlier, Hy evolution occurs due to the formation of protic electrolyte degradation products on
the surface of the cathode and subsequent reduction of the protic species to form Hy at the Li metal anode.
Based on these observations, one possible explanation for the electrochemical dependence of fluorine disso-
lution and the enhanced solubility of the fluoride species in the electrolyte is that reactive acidic electrolyte
degradation products assist in the dissolution of surface-bound fluorine. Previous studies have shown the
role of acidic species in driving dissolution of TMO cathode materials, wherein protic species abstract oxide
to form water as well as dissolved lithium and/or transition metals [54, 55, 49]. An analogous reaction, in
which protons or protic species abstract surface fluorine to form HF and dissolved lithium and/or transition
metals, could be the process underlying the observed fluorine dissolution. Surface dissolution in this manner
would inevitably lead to a loss of cathode capacity and may also lead to subsequent reaction of dissolved flu-
oride species (i.e. HF) with other cell components. This observation provides an important example of how
initial electrolyte degradation may cause a cascade of subsequent degradation reactions via the formation of
reactive intermediate species like protic electrolyte degradation products.

While the extent of fluorine dissolution does appear to trend with the fluorine content of the DRX
material, the stark contrast between the fluorine dissolution from LMNOF-4515 and that from LMNOF-6060
and LMNOF-6368 suggests that the trend is not linear with bulk fluorine content. This strong difference
suggests that there is a heightened reactivity of the surface fluorine in the case of LMNOF-6060 and LMNOF-
6368, which may indicate the existence of a threshold value for the fluorine content below which the fluorine
is largely stable on the DRX surface. Another possible explanation for this elevated reactivity relating to
DRX composition is that the increasing Mn content and decreasing Nb content associated with increasing
fluorination lowers the stability of fluorine on the DRX surface. Finally, another alternative explanation
is that the extended milling times required to synthesize LMNOF-6060 (18 hours) and LMNOF-6368 (20
hours) relative to that of LMNOF-4515 (10 hours) induces additional surface damage and smaller particle
size, leading to more fluorine dissolution from the DRX material.

4.6 ICP Analysis of Mn Dissolution

The outgassing observed during cycling of DRX materials demonstrates the various degradation modes
that take place at the cathode-electrolyte interface. In particular, the evolution of Hy indicates that acidic
electrolyte degradation products are formed at the cathode surface, as explained in the previous sections.
Manganese dissolution is a process known to occur from transition metal oxide materials like spinel LiMnyOy
at high voltages, and many studies have indicated that acid species formed by high-voltage electrolyte
degradation actively drive manganese dissolution. Many of these studies also suggest that Mn dissolves
as Mn?*, often first requiring disproportionation of Mn®+ to Mn?* and Mn*t or reduction of Mn3+/4+
by electrolyte degradation products [56, 55, 54]. Once dissolved, the manganese species are likely to either
remain dissolved in the electrolyte or migrate across the electrolyte and deposit on the anode [49]. To further
investigate the dissolution processes occurring on the surface of DRX materials, ICP was used to quantify
manganese species dissolved in the electrolyte or deposited on the surface of the Li metal counter-electrodes
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used during the first charge of the DRX cathodes. Since no other cell components contain manganese, any
manganese detected by ICP must be a product of dissolution from the DRX surface.

For each DRX material, the amount of Mn dissolved from the cathode was quantified after three different
procedures: rest at open circuit (OCV), charge to 4.0 V, and charge to 4.8 V. For the OCV procedure, the cell
was simply allowed to rest at open circuit for 24 hours. For the two charge procedures, charging consisted of
a constant current charge at 0.1 Li hr~! to the selected cut-off voltage followed by a potentiostatic hold the
cut-off voltage until the current decayed to 0.01 Li hr~!. To control cathode-electrolyte contact time across
different procedures, the charged cells were allowed to rest at open circuit until the total time in contact
with the electrolyte was 24 hours. For each sample, a propagation of uncertainty analysis was carried out to
estimate the error in the calculated amount of Mn dissolution, which results from uncertainty in the cathode
loading and the ICP measurement. The results of the Mn dissolution study and corresponding propagation of
uncertainty analysis are shown in Figure 6. The Mn dissolution observed from all three samples of LMNOF-
4515 was 0.5 mmol-Mn mol-DRX !, while the Mn dissolution from all three samples of LMNOF-6060 was 0.7
mmol-Mn mol-DRX~!. For both LMNOF-4515 and LMNOF-6060, the Mn dissolution accounts for about
~ 0.1% of DRX Mn. In contrast, for LMNOF-6368, a growing amount of Mn dissolution is observed with
increasing cutoff voltage. Slightly more Mn dissolution is observed for LMNOF-6368 from the 4.0 V sample
(0.68 mmol-Mn mol-DRX~1, ~ 0.1% DRX Mn) than from the OCV sample (0.53 mmol-Mn mol-DRX 1,
~ 0.08% DRX Mn), and significantly greater Mn dissolution is observed in the 4.8 V charge sample (3.66
mmol-Mn mol-DRX ™!, ~ 0.6% DRX Mn).

Mn Dissolution by ICP
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Figure 6: Amount of Mn dissolved from LMNOF materials after an open circuit rest period in the electrolyte
(OCV), upon charge to 4.0 V (4.0 V), and charge to 4.8 V (4.8 V). Charging consisted of a constant current
charge at 0.1 Li hr~! to the selected cut-off voltage followed by a potentiostatic hold at the cut-off voltage
until the current decayed to 0.01 Li hr—!. To control for cathode-electrolyte contact time, all cathodes spent
24 hours in the cell. Error bars are obtained from a propagation of uncertainty analysis to estimate the error
contributed by uncertainty in the cathode loading and the ICP measurement.

The small amount of Mn that dissolves from all three materials without any charging may be due to the
dissolution of Mn?* species from the DRX surface into the electrolyte in very small quantities. Further, the
dramatic increase in Mn dissolution observed from the LMNOF-6368 4.8 V sample suggests that an additional
Mn dissolution process sets in during charging of LMNOF-6368 above 4.0 V. The occurrence of additional
manganese dissolution from LMNOF-6368 during charging above 4.0 V and lack thereof from LMNOF-
4515 and LMNOF-6060 indicates that increasing fluorination and the corresponding shift in Mn/Nb content
creates conditions under which Mn dissolution can occur. Given that all three materials were shown to
evolve comparable amounts of Hs evolution during cycling, it is unlikely that this additional high-voltage Mn
dissolution from LMNOF-6368 is caused by an increased amount of acidic electrolyte degradation products
reacting with the DRX surface. Instead, one potential explanation for the high-voltage Mn dissolution from
LMNOF-6368 is that the average Mn oxidation state at the top of charge is lowest in the most fluorinated
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DRX material, as demonstrated in Section 2. Assuming that Mn dissolves in the form of Mn?*, a lower
average oxidation state (closer to 3+) at the top of charge may enhance Mn dissolution by facilitating
Mn?* formation through reduction or disproportionation of Mn3t in LMNOF-6368. In contrast, the Mn in
LMNOF-4515 is almost completely in the 4+ state at the top of charge, potentially increasing the barrier to
formation of Mn?*. These results provide an important example of how material composition can influence
susceptibility towards high-voltage surface dissolution processes. In addition to causing a direct loss of
cathode capacity, Mn dissolution is also likely to result in deleterious reaction of dissolved Mn ions at the
anode surface, causing additional degradation and loss in cell capacity [49]. The compounded negative
consequences associated with Mn dissolution thus make it an important process to study further during high
voltage cycling.

4.7 XPS Analysis of Cathode Surface Composition

To further investigate the observed interfacial degradation, XPS was used to study the surface composition
of DRX cathodes before and after the first charge to 4.8 V. For each material, the F1s and Ols XPS spectra
were measured for both a pristine DRX cathode and a DRX cathode extracted after charging to 4.8 V vs.
Li%*. After charging to 4.8 V, the extracted DRX cathode was rinsed with DEC to remove any residual
electrolyte or soluble degradation products and subsequently dried under vacuum.

a) LMNOF-4515 LMNOF-6060 LMNOF-6368 D) LMNOF-4515 LMNOF-6060 LMNOF-6368
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Figure 7: Ols (a) and Fls (b) XPS spectra from LMNOF pristine (top) and charged (bottom) cathodes.
Charging consisted of a constant current charge at 0.1 Li hr=! to a 4.8 V cutoff, followed by a potentiostatic
hold at 4.8 V until the current decayed to 0.01 Li hr=!. After charging, the cathodes were extracted from
their cells, rinsed in DEC to remove residual electrolyte, and dried under vacuum overnight before XPS
analysis.

4.7.1 Ols XPS

The Ols XPS spectra for all three materials before and after charging are shown in Figure 7a. All Ols
spectra contain three adjacent peaks. The highest energy peak, shown in blue, is assigned to organic C-O
groups or O-H groups from impurity species like LiOH and LiHCOj3. The middle peak, shown in red, is
assigned to metal carbonate (MCO3) species. Finally, the low energy peak, shown in green, is ascribed to the
metal-oxygen (M-O) bonds in the DRX lattice. These peak assignments are consistent with those of several
previous studies [57, 58]. Before charging, the pristine cathodes have small contributions from the C-O/O-H
peak and the M-O, and the largest contribution is from the metal carbonate group. This measurement
suggests that the pristine cathode surface is initially dominated by metal carbonate species, although these
carbonates do not completely cover the DRX surface such that the M-O signal from the DRX lattice is
also observed. Additionally, the small contribution from the C-O/O-H peak before charging may originate
from the O-H bonds in impurity species like LiOH or LiHCO3. Based on the NMR results presented in
Section 4.8, the amount of these O-H containing species must be very small (< 1wt%). After charging, the
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Ols spectra is instead dominated by the C-O/O-H peak, whereas the metal carbonate peak and the metal
oxide peak have smaller but still detectable contributions. The growth of the C-O/O-H peak is likely to be
caused by deposition of organic species containing C-O groups on the DRX surface during charging, while the
decrease in signal from the metal carbonate species suggests that native metal carbonate species are partially
decomposed. The organic species that dominate the surface after charging are likely to be solvent-derived
electrolyte degradation products, consistent with the extensive electrolyte degradation observed earlier by
DEMS (Section 4). Furthermore, the partial but incomplete decomposition of the metal carbonate species
agrees with the findings of the carbonate decomposition studies conducted using DEMS and TiMS (Section
S1), demonstrating that some metal carbonate species remain after the first charge. Finally, the retained
signal from the M-O peak after charging indicates that the metal oxide of the DRX lattice is not completely
buried by the cathode-electrolyte interface (CEI) layer.

4.7.2 Fls XPS

The F1s XPS spectra for all three materials before and after charging, all of which contain two adjacent
peaks, are shown in Figure 7b. The higher-energy peak, shown in blue in each spectrum, is attributed to the
C-F groups in the PVDF binder [59]. Meanwhile, the lower-energy peak shown in green in each spectrum
is attributed to metal-fluorine (M-F) bonds in the DRX lattice [60, 61]. For all three materials, the M-F
peak stands out clearly in the pristine sample. In contrast, the M-F peak for all three charged samples
is faint, suggesting a decrease in fluorine content near the surface of the DRX materials. The decrease in
M-F species after the first charge indicates that a loss of fluorine occurs and/or a thick fluorine-free CEI
layer is deposited on the surface of the DRX material. Based on the retained signal from the DRX lattice
oxide in the Ols spectra after charging, the CEI layer is not expected to be thick enough to fully mask the
signal from the DRX anion lattice underneath. Consequently, the disappearance of the M-F peak in the Fls
spectra for all three materials is likely to be caused by a loss of fluorine from the DRX surface during the
first charge, consistent with the dissolution of DRX originating fluorine observed in the fluoride-scavenging
DEMS experiments. It is important to note that the difference in magnitude of fluorine dissolution between
materials observed in the fluoride-scavenging DEMS experiments is not captured by these XPS experiments,
which show similar extents of fluorine loss for all three materials. This discrepancy is likely to be caused
by the fact that the fluoride-scavenging DEMS cells employed a LiTFSI-based electrolyte whereas the cells
used for to prepare the cathodes for XPS employed a LiPFg-based electrolyte. As documented in previous
reports and demonstrated further in Section S8, high-voltage cycling with a LiPFg-based electrolyte may
result in elevated dissolution of DRX-originating fluorine relative to comparable cycling in a LiTFSI-based
electrolyte [23]. The elevated degradation in LiPFg-based electrolyte is likely to be driven by the tendency
of the salt anion to form reactive species like HF that are in turn capable of causing DRX dissolution. It
is therefore likely that the thickness of the outer fluorine-depleted region formed on the surface of all three
DRX materials when cycled in LiPFg-based electrolyte approaches or exceeds the penetration depth of the
XPS, causing the M-F peak to nearly disappear for each material. This result highlights the utility of the
fluoride-scavenging DEMS results, where more fluoride dissolution is clearly observed with increasing DRX
fluorination.

4.8 Solid State NMR of DRX Materials

To further characterize the composition of the DRX cathode materials before and after charging, “Li and '°F
NMR spectra were recorded on LMNOF-4515, LMNOF-6060, and LMNOF-6368 electrodes in the pristine
state and after being charged to 4.8 V at a rate of 0.1 Li hr—! followed by a potentiostatic hold at 4.8 V
until the current decayed to 0.01 Li hr=! (Figures S6 and Figure S7, respectively).

4.8.1 "Li NMR

“Li NMR spectra show across all samples a broad and asymmetric line shape spanning a frequency range from
500 to —200 ppm with spinning sidebands on both sides (Figure S6). This broad line shape is attributed
to the various local Li environments found within the disordered structure of LMNOF electrodes. This
attribution is further supported by the fully isotropic “Li spectrum (projected magic angle turning phase
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adjusted sideband separation, pj-MATPASS, in grey shadings in Figure S6) that highlights a distribution of
Li chemical shifts and environments in each LMNOF electrode.

No significant line shape difference is found across pristine electrodes, indicating a similar Li distribution
in all pristine compositions. On the other hand, when comparing pristine electrodes to their charged coun-
terparts, the latter exhibit a significant decrease in the overall "Li signal intensity along with a slight increase
in line width (around 60 ppm wider). The decrease in “Li signal intensity is in line with extraction of Li ions
during charge. The slight increase in line width can be attributed to (i) an increase in Li disordering within
the DRX structure due to prolonged Li extraction and/or (ii) a modification of the paramagnetic interaction
between Mn unpaired electron and “Li nuclear spin due to the oxidation of Mn ions.

Finally, no sharp signal with an extensive sideband pattern centered at 0 ppm can be observed in the 7Li
NMR spectrum, indicating that no significant amount (less than a couple of percent by weight) of Li-based
diamagnetic impurities (e.g. LiF or LipCOs) can be detected in these LMNOF electrodes by NMR. This
finding is consistent with the amounts of surface carbonate species as measured by acid titration, which are
consistently in the range of 1-2% by weight (see carbonate titration results for pristine materials in Figure
3). Furthermore, the minimal amount of Li-based diamagnetic impurities further supports the assumed
composition of the ball-milled DRX materials.

4.8.2 YF NMR

The F NMR spectra of pristine LMNOF electrodes are composed of two signals centered around —95 ppm
and ~190 ppm along with their spinning sidebands on both sides (Figures 8 and S7, top). Since no sharp
signal can be detected standing out from the broader DRX signal at —204 ppm, these materials do not
contain significant quantities of residual LiF used in the synthesis of LMNOF materials.

The most intense signal at —95 ppm is attributed to the main resonance of —CF3— in PVDF polymer
used as a binder in the LMNOF electrodes [62]. It is worth mentioning that in the LMNOF electrodes, the
PVDF signal observed at —95 ppm is overlapping with a significant portion of the LMNOF line shape and
only part of the DRX !°F resonance remains visible around ~190 ppm (see °F spectra in top panel of Figure
8). A 9F spin-echo spectrum recorded on the carbon-coated LMNOF-6368 active material (without PVDF
binder) is shown in Figure 8 (bottom). Here, a wide and asymmetric °F line shape is visible, spanning a
wide frequency range from 100 to —400 ppm along with spinning sidebands on both sides. This line shape is
due to the various local F environments found in the disordered structure of LMNOF electrodes and proves
the successful integration of F ions within the DRX structure.

Even though the PVDF signal overlaps with a large portion of the 'F LMNOF electrodes line shape,
the 'YF signal around ~190 ppm can still be used to track the evolution of F~ ions within the LMNOF
electrodes before and after a prolonged charge at 4.8 V. Since each LMNOF electrode was prepared with the
same ratio of active material to binder (60:10 wt:wt), the intensity of the PVDF F signal can be used as an
internal reference to normalize the intensity of all 19F spectra (Figure 8, Pristine and Charged, and Figure
S7). It is clear that the intensity of the —190 ppm signal increases with the amount of F in the pristine
LMNOF cathodes (Figures 8 and S7). Furthermore, as the intensity of the signal for F~ ions within the
LMNOF structure increases, the observed chemical shift associated with the F~ ions evolves from —175 ppm
(LMNOF-4515) to —185 ppm (LMNOF-6060) and ends up at —198 ppm (LMNOF-6368). This evolution
of the 9F chemical shift tends to indicate the formation of larger LiF-rich domains within the LMNOF
structure upon increasing fluorine content. As the size of these Li F-rich domains increases, the observed
chemical shift moves closer and closer to the isotropic shift of pure LiF at —204 ppm.

After charging, the intensity of the cathode signals centered at about —190 ppm significantly decrease
when compared to the —190 ppm signal intensity observed in the spectra collected on the pristine electrodes
(Figures 8 and S7). This signal decay upon charging is particularly pronounced for LMNOF-6368 (Figure
8). This change can be explained by either some loss of F~ ions from LiF-rich domains of the DRX structure
as Li gets extracted or by cation rearrangements resulting in a greater number of Mn-F bonds in the
charged cathode. In the latter case, the strong paramagnetic interactions between F nuclei and unpaired
electrons from the Mn ions lead to a significantly broader and short-lived *F NMR signal that is impossible
to observe experimentally, resulting in an effective reduction in 'F NMR signal intensity. Finally, after
prolonged Li extraction at 4.8 V, the LMNOF-4515 has the least amount of F~ ions left within the DRX
structure. LMNOF-6060 and LMNOF-6368 still exhibit a small signal around —190 ppm with the intensity
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Figure 8: 'F NMR spectra (spin echoes in black and isotropic spectra obtained using the pj-MATPASS
sequence in grey shading) recorded on pristine and charged LMNOF-6368 electrodes [35, 36]. For the charged
sample, charging consisted of a constant current charge at 0.1 Li hr—! to 4.8 V followed by a potentiostatic
hold at 4.8 V until the current decayed to 0.01 Li hr—!. '°F spin-echoes of carbon-coated LMNOF-6368 active
material without PVDF binder and pure LiF (85, = —204 ppm, in blue) are also shown for comparison with
LMNOF-6368 electrodes. 'F NMR spectra were recorded at By = 2.35 T with a sample spinning speed vgr
= 60 kHz and spinning sidebands are indicated with asterisks. The isotropic chemical shift of the PVDF
binder is highlighted at &5, &~ —95 ppm with a green dashed line. The most intense '°F signal coming from
F~ ions in the LMNOF-6368 structure is highlighted with a red dashed line along with its observed chemical
shift § ~ —198 ppm. The intensity of LMNOF electrodes '°F spectra was normalized so that the PVDF
signal of each spectrum reaches the same intensity.

in LMNOF-6368 being the highest. These observations are in line with the fluorine losses observed earlier by
in-situ fluoride-scavenging DEMS and ez-situ XPS, supporting the observation that significant dissolution
of lattice fluorine occurs during high-voltage charging.

5 Conclusions

In this work, TiMS was employed to decouple the capacities contributed by Mn?t/4* and oxygen redox during
the first charge. This analysis revealed that increasing DRX fluorination from 7.5% to 33.75% deactivates
bulk oxygen redox, leaving only Mn2t/4+ redox to provide the entirety of the bulk charge compensation. In
this context, changing the fluorine content can be seen as a way to tune the extent to which Mn?*/4+ and
oxygen redox contribute to bulk charge compensation. In addition to studying the bulk electrochemistry
of DRX materials, the interfacial degradation occurring on the surface of DRX cathodes during cycling
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was also investigated. TiMS was paired with DEMS to reveal that while all three materials undergo low-
voltage (~ 4 V) electrolyte degradation during the first charge, only LMNOF-4515 exhibits a high-voltage
(~ 4.8 V) surface carbonate decomposition. The DEMS analysis was then extended over the first four cycles
to show that Os evolution occurs only on the first charge of LMNOF-4515, confirming previous findings
that fluorination suppresses high-voltage O2 evolution. These DEMS experiments also showed that COq
and Hy evolution occur for all three materials to diminishing extents over all four cycles, indicating that
multiple routes of degradation associated with high voltage oxidative electrolyte decomposition occur at the
DRX surface. Next, a fluoride-scavenging electrolyte additive was introduced into the DEMS cell, revealing
in-situ the dissolution of DRX-originating fluorine from LMNOF-6060 and LMNOF-6368 at high voltages.
Finally, ICP-OES, XPS, and SS-NMR were used to demonstrate the occurrence of several changes in DRX
composition including manganese and fluorine dissolution as well as solid organic carbonate deposition.

The results of this study highlight the effects of DRX composition on bulk electrochemistry and interfacial
reactivity, ultimately informing material performance in both the short- and long-term. The observed trends
indicate that increasing fluorination will suppress oxygen redox, leaving Mn?t/4* redox to provide the major-
ity of bulk charge compensation during cycling. At the same time, increasing fluorination is likely to lead to
decreased evolution of Oy and increased dissolution of Mn and fluorine at high voltages. These observations
point to a moderate DRX composition, with fluorine content between that of LMNOF-4515 and LMNOF-
6060 (~ 10% —30%), that may have the optimal compromise of these effects. Furthermore, the occurrence of
rarely seen electrolyte degradation processes like high-voltage Hy evolution and COs evolution near the low
cutoff voltage during discharge motivates investigation of the high-energy ball-milling DRX synthesis and its
effect on interfacial reactivity. Inevitably, the high reactivity brought about by accessing high-voltage redox
processes with DRX cathode materials necessitates the development of a cathode-electrolyte interface with
improved oxidative stability. Potentially promising routes towards achieving a more stable interface include
developing electrolytes with increased resistance towards oxidative degradation as well as passivating the
surface of high-energy ball-milled materials via coating or washing.
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