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ABSTRACT: 11‘1 ca.tion-disordered rocksalt L.i-.ion cathode material§, Theoretical capacity (mAh/g) LisNbO,
an excess of Li with respect to the transition metal content is o o o .© .o o
. . . \a N A ) ) &)
necessary for the creation of percolating pathways for Li transport. "I‘ L M S ?’
Because of the lower amount of redox-active transition metal, a
substantial part of the charge transfer must occur via less reversible | \\oF2s:
oxygen redox. Fluorination can be used to minimize this dependence Li; 13Nig 57N 301 75F0 25
on oxygen redox by increasing the amount of low-valent transition o S
metal in the compound, but it adds complexity to materials design.
Here, we investigate the feasibility of using computationally
constructed phase diagrams to facilitate the search for optimal NiO
oxyfluorides. We use the phase diagram of LiF—Li;NbO,—NiO to
identify Li, 13Nij s;Nbg 30, 75Fq,s and Li; 19Nij so0Nbg 5,0, 46F .54 as two promising compositions and demonstrate that they can
be successfully synthesized. These compounds exhibit significantly reduced hysteresis and higher energy density than the
previously reported Li, ;Nij,,Nb 430, compound in this space. Although we generally attribute the improved performance to
the increased Ni content enabled by fluorination, a more nuanced relation between fluorination and the cycling behavior is
revealed through electrochemical tests, X-ray absorption spectroscopy, solid-state nuclear magnetic resonance spectroscopy, and
density functional theory. We find that fluorination increases the voltage, improves cycle life, but reduces the accessibility of Ni
redox. Consideration of these effects will facilitate the future design of optimized disordered-rocksalt oxyfluoride cathodes.

LNNOF54:
Li1 19Nig 5oNDg 2,01 46F 0,54

- )
“» Percolation -F

Bl INTRODUCTION ments, which fundamentally alter the electrochemical behavior
of the materials.

The necessity of Li excess to form a percolating Li network
in DRXs inevitably reduces the amount of redox-active TM,

The recently discovered Li-excess cation-disordered rocksalt
(DRX) structures offer several advantages over traditional
layered materials as Li-ion cathodes. Without a constraint on
the cation order, DRX materials form with various chemistries,
enabling the design of cathodes based on a wide range of
redox-active transition metals (TMs) and non-redox-active
stabilizers, including earth-abundant elements such as Fe, Mn,

resulting in a significant dependence on oxygen redox to
deliver high capacity. Although oxygen redox can provide this
extra capacity, the concomitant oxygen loss and lattice
densification' associated with this process lead to limited
reversibility.”® One approach to address this irreversibility is

. 1—4 . .
and Ti. Importantly, Li transport is controlled by the through fluorination. In contrast to layered Li—TM oxides, Li-
presence of a percolating network of Li-rich environments (i.e., excess DRXs are readily fluorinated as they contain anion sites
0-TM channels) rather than by any well-defined channels and coordinated by five or six Li, which have a low F incorporation
persists even when the lattice undergoes significant structural

5,6 L

rearrangement.”” However, optimizing DRX cathodes for Received: December 9, 2018
energy density and reversibility presents a formidable challenge Revised:  March 12, 2019
because of the diversity of structural and chemical environ- Published: March 26, 2019
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energy.” F substitution decreases the average anion valence and
thus allows for the presence of more low-valent redox-active
cations and even double-redox couples such as Mn**/* and
V3+/5+ 19712 Eyrthermore, fluorination appears to be effective
in suppressing oxygen loss, as a number of heavily fluorinated
Li cathodes, for example, Li,Mn,,,Ti,;;,;O,F,
Li,Mn, 3Nb, ;0,F, and Li,MnO,F, have been shown to
exhibit negligible oxygen evolution even when charged to 4.8
or 5 V."»'* Nonetheless, the mechanism by which F affects
performance has not yet been fully established.

With fluorination as a new degree of freedom to tune the
average anion and cation valence, the rational design of DRX
cathodes becomes increasingly complex, requiring careful
balance between the Li-excess level and TM content as well
as consideration of a feasible fluorination level and synthesis
temperature. Fluorination requires Li-rich local environments,
which are prone to phase segregation into LiF; thus, a high
temperature is generally needed to ensure sufficient miscibility
to form a single-phase disordered structure.’

In this study, we computationally identify two Ni-based
oxyfluorides in the LiF—Li;NbO,~NiO system optimized for
maximum TM capacity at different levels of fluorination. We
successfully synthesize and experimentally characterize both
materials and find that the oxidation of Ni** provides capacity
at a high voltage, yielding a specific energy of up to 765 Wh/kg
in the first discharge. This performance is superior to that of a
previously reported non-fluorinated material in this space but
still does not reach the theoretically predicted performance
level. We find that the primary obstacle to realizing the
theoretical energy density is that Ni redox rapidly becomes
competitive with oxygen redox, even at a relatively low Ni
oxidation state. We attribute this limit in the accessibility of
highly oxidized Ni to the large number of Ni—F bonds and the
generally large Ni—O bond length in these materials.

B EXPERIMENTAL SECTION

Synthesis. For the synthesis of Li; 3Nigs7Nbg30,75F2s
(LNNOF2S) and Li; 19Nig s9Nbg,,0; 46Fos4 (LNNOFS54), stoichio-
metric NiO, Nb, Oy, LiF, and 5% excess Li,O with a total amount of 2
g each were dispensed into S50 mL stainless-steel jars. The jars were
sealed with safety closure clamps in an Ar-filled glovebox. LNNOF2S
and LNNOF54 were synthesized by mechanical alloying using a
planetary ball mill (Retsch PM200) at a rotating rate of 450 rpm. The
ball-to-powder weight ratio was 20:1. The milling process was paused
every 20—-30 h, and Xwray diffraction (XRD) patterns of the
intermediate products were obtained. The milling was continued
until the XRD pattern showed a good fit with the expected structural
model. The total milling times for LNNOF2S and LNNOF54 were
180 and 160 h, respectively. Based on our experience with the ball
milling method, the milling time is affected by the stability and the
particle size of precursors.

Characterization and Electrochemistry. The XRD patterns
were obtained using a Rigaku MiniFlex 600 diffractometer equipped
with a Cu source. Rietveld refinement was performed using the
HighScore Plus software package. Scanning electron microscopy
(SEM) images were obtained on a Zeiss Gemini Ultra-S$ analytical
field-emission scanning electron microscope. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping was performed using a JEOL
JEM-2100F microscope equipped with an X-max EDS detector. To
fabricate the electrodes, the active material (70 wt %) was manually
mixed with Super C65 carbon black (Timcal, 20 wt %) in a mortar
inside an Ar-filled glovebox, followed by mixing with polytetrafluoro-
ethylene (DuPont, 10 wt %). The mixture was then rolled into a thin
film for use as the cathode. A 2032 type coin cell was assembled using
1 M LiPF, (in a volumetric 1:1 mixture of ethylene carbonate and
dimethyl carbonate), glass microfiber filters (grade GF/F, Whatman),
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and Li metal foil (FMC) as the electrolyte, separator, and anode,
respectively. The coin cells were tested on an Arbin BT-2000 battery
testing station. The energy density of each material was calculated by
integrating the discharge voltage profile versus the capacity. The
average voltage was then obtained by dividing the energy density by
the specific capacity.

Solid-State Nuclear Magnetic Resonance Spectroscopy
(ssNMR). F and 7Li NMR data were collected on both
LNNOF25 and LNNOF54 powders before and after annealing
using a Bruker Avance 500 MHZ (11.7 T) wide-bore NMR
spectrometer with Larmor frequencies of —470.6 and —194.4 MHz,
respectively, at room temperature. The data was obtained using 60
kHz magic-angle spinning (MAS) with a 1.3 mm double-resonance
probe. F and 7Li NMR data were referenced to lithium fluoride
(LiF, 8(*F) = —204 ppm and §(’Li) = —1 ppm). "F spin echo
spectra were acquired on all samples using a 90° RF pulse of 1.0 ys
and a 180° RF pulse of 2.0 us at 76.3 W. A recycle delay of 14 s was
used for LiF, while a recycle delay of S0 ms was used for the
LNNOF25 and LNNOF54 samples. Additionally, '°F pj-MATPASS
(projected magic-angle turning phase-adjusted sideband separation)'®
isotropic spectra were acquired on LNNOF2S and LNNOFS4
samples using a 90° RF pulse of 1.0 us at 76.3 W with a recycle
delay of 50 ms. A "F background spectrum, also obtained on the
empty probe using the same conditions as the LNNOF25/LNNOF54
spin echo spectra, showed no significant background signal. "Li spin
echo spectra were also acquired on all samples using a 90° RF pulse of
0.7 ps and a 180° RF pulse of 1.4 us at 110 W with a recycle delay of
14 s for LiF and 500 ms for all other samples. "Li pj-MATPASS
isotropic spectra were also acquired on the LNNOF2S and
LNNOEFES4 samples using a 90° RF pulse of 0.7 ps at 110 W with a
recycle delay of 500 ms. Lineshape analysis was carried out within the
Bruker Topspin software using the SOLA lineshape simulation
package.

X-ray Absorption Spectroscopy. Ex situ X-ray absorption
spectroscopy (XAS) measurements were conducted in transmission
mode at room temperature using beamline 20-BM at the Advanced
Photon Source (APS) at Argonne National Laboratory. The prepared
XAS samples were sealed with polyimide tape (Kapton, DuPont) to
prevent air exposure. The incident energy was selected using a
Si(111) monochromator. The energy calibration was performed by
simultaneously measuring the spectra of Ni or Nb metal foils.
Harmonic rejection was accomplished using a Rh-coated mirror. Data
preprocessing operations including deglitching, energy calibration,
normalization, and least-squares fitting with theory were performed as
described by Kelly et al.'® using IFEFFIT'” with an FEFF code.'® The
extracted extended X-ray absorption fine structure (EXAFS) signal
(k) was weighted by k* to emphasize the high-energy oscillation and
then Fourier-transformed in a k-range from 3.0 to 12.8 A~ for the Ni
K-edge and from 3.0 to 10.3 A™" for the Nb K-edge using a Hanning
window to obtain magnitude plots of the EXAFS spectra in R-space.

DFT Calculations. All DFT calculations were performed using the
Vienna ab initio simulation package (VASP)'**° using the projector-
augmented wave method,”' a plane-wave basis set with an energy
cutoff equal to 520 eV, and a reciprocal space discretization of 25 K-
points per A™". All calculations were converged to 107 eV in total
energy and 20 meV/A in interatomic forces. Following the
methodology described in our previous report,12 we relied on several
functionals for various aspects of the analysis. To construct the phase
diagram of the NiO—Li;NbO,—LiF space on a fully lithiated rocksalt
lattice, we relied on the exchange-correlation functional of Perdew,
Burke, and Ernzerhof” supplemented with a Hubbard-U correction™
to offset the effect of the self-interaction error. The selected values of
U (6 eV for Ni, 1.5 eV for Nb) were based on the calibration of oxide
formation energies reported by Jain et al.>* To identify favorable Li-
vacancy configurations at various states of charge, we relied on the
SCAN functional that provides a superior representation of the
relative stability of structures at the same chemical composition.”*>
Finally, to evaluate the voltage curve and redox configuration of our
materials at various states of charge, we used the Heyd—Scuseria—
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Figure 1. (a) Computed phase diagram and theoretical capacity of the Li;NbO,—NiO—LiF system, constrained to solid phases on a rocksalt lattice.
The temperature contours denote the extent of the binodal at the marked temperature, starting from the NiO and Li;NbO, endpoints. The color-

coded overlay maps the minimum of the theoretical Li and Ni**/#*

gravimetric capacity, and the red dashed lines represent compositions with at

least 9% Li excess required for percolative Li transport. (b—e) Structural and morphological characterization of LNNOF2S and LNNOFS4. Room-
temperature XRD patterns and Rietveld refinement results of (b) LNNOF25 and (d) LNNOFS4. SEM images of (c) LNNOF2S and (e)

LNNOFS4 after manually mixing with carbon black (scale bars, 200

nm).

Ernzerhof functional”” VASP input and output processing was

performed using the Python Materials Genomics package.*®

Cluster Expansion. We utilized cluster expansion Hamiltonians”
to parametrize independently of each other the configurational
energies of Li, Ni, Nb, O, and F on a dense rocksalt lattice and the
energies of Li-vacancy arrangements in a partially delithiated DRX
structure. This methodology precisely follows the procedure
described by Kitchaev et al.”” for characterizing the synthesis and
electrochemical behavior of Li—Mn—V—O—F DRXs. Simultaneous
disorder on the anion and cation lattice can be included following the
coupled cluster expansion approach of Tepesch et al.>° In both cases,
we parametrized the cluster expansions using approximately 400
lattice configurations computed within DFT, using a basis set of pair
interactions up to 7 A, triplet interactions up to 4.1 A, and quadruplet
interactions up to 4.1 A, with respect to a rocksalt primitive cell with a
lattice constant a of 3 A. In all cases, the interactions were taken as
deviations from a baseline of formal-charge electrostatics and a fitted
dielectric constant.” The effective cluster interactions and dielectric
constant were obtained from a L;-regularized linear regression fit, with
the regularization parameter optimized by cross-validation.®" The
resulting fits yielded errors of 6 and 4 meV/atom for the dense
rocksalt and Li-vacancy cluster expansions, respectively. All canonical
Monte Carlo simulations based on these Hamiltonians were run using
the Metropolis—Hastings algorithm.

9

B RESULTS

Computational Design. The thermodynamic stability of
the DRXs in the NiO—Li;NbO,—LiF space is first evaluated to
estimate the synthetic accessibility of various compositions.
Following the methodology reported previously for evaluating
the synthesizability of a mixed-TM oxyfluoride,'> we compute
the NiO—Li;NbO,—LiF ternary phase diagram. Note that we
restrict our analysis to solid phases on the rocksalt lattice,
explicitly neglecting molten and vapor phases, which is
sufficient for our qualitative analysis but limits the general
applicability of the computed phase diagram. The phase
diagram, shown in Figure 1la, is plotted using temperature—
composition contours that map the extent of the binodal at the
designated temperature, starting from the NiO or Li;NbO,
endpoint. The contours closely map the range of compositions
that would be accessible using a near-thermodynamic synthesis
method such as solid-state sintering. However, in our work, we
rely on mechanochemical synthesis, the outcome of which
does not have a known rigorous mapping to thermodynamic
quantities. We thus follow previous successful synthesis
examples'”'* to heuristically assign the 1750 °C contour as
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the upper limit for synthetic accessibility. While this choice of
upper bound on accessible temperature is purely heuristic,
based on our prior observations of what can be made, we
speculate that it corresponds to a point above which the
driving force for decomposition begins to overcome kinetic
barriers and yields a large enough de-mixing rate to dwarf the
mixing effect induced by ball milling.

We evaluate several design criteria for a DRX cathode to
identify compositions with good electrochemical properties.
First, at least 9% Li excess is required to form a percolating
network of Li conductive channels in DRXs.” In Figure 1a, the
compositions satisfying this criterion lie to the right of the red
dashed lines. Second, we aim to maximize the expected
capacity. The colored regions overlaid on the phase diagram in
Figure la indicate the theoretical capacity calculated based on
the minimum of the Li capacity and the theoretical Ni capacity
(assuming complete Ni** to Ni*" oxidation). High fluorine
content is clearly favorable, as compositions approaching the
disordered Li,NiOF, endpoint have the highest theoretical
capacity. However, these compositions only appear to be
accessible at an unreasonably high temperature, signifying that
they are unlikely to be synthetically accessible or to resist phase
separation post-synthesis. Considering the previously men-
tioned constraints on synthesizability, we identify the
composition with maximal theoretical capacity for each of
two synthesis temperatures: Li; ;3Nij ;Nby 30, 75F s
(LNNOF2S), which becomes stable near 1000 °C, and
Li; 1oNig s9Nbg»,0; 46Foss (LNNOFS54), which lies near the
1750 °C heuristic synthesizability limit. The theoretical Li
capacity (balanced with Ni**/Ni** capacity) of LNNOF2S is
296 mAh/g while that of LNNOF54 is 327 mAh/g. These two
materials have sufficient Li excess, balanced Li and Ni
theoretical capacities, and are likely to be synthesizable but
differ in their degree of fluorination and overall stability,
forming the basis of our case study into the effect of fluorine
content on Ni electrochemistry in a DRX.

Synthesis, Characterization, and Electrochemical
Performance. We successfully synthesized LNNOF2S and
LNNOF54 using planetary ball milling. The final XRD
patterns are presented in Figure 1b,d. Both materials form in
a DRX structure with no detectable impurity peaks. The
Rietveld refinement results indicate good agreement between
the experimental observation and the calculation based on a
simple rocksalt structural model. The lattice parameters of
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Figure 2. EDS elemental mappings of as-ball-milled LNNOF25 (top row) and LNNOFS4 particles (bottom row).

LNNOF25 and LNNOFS4 are refined to be 4.193(2) and
4.181(1) A, respectively. Given that one of the precursors,
NiO, has the same crystal structure as the DRXs and a
comparable lattice parameter (4.177 A),*> we include it as a
possible impurity phase in the Rietveld refinement. Although
the XRD pattern of LNNOF2S shows a good fit with 100% of
the target phase, that of LNNOF54 is refined to contain 2.3%
NiO and 97.7% of the DRX phase. SEM images of LNNOF25
and LNNOFS54 particles manually mixed with carbon black are
presented in Figure Ic,e. The average primary particle size is
estimated to be between 100 and 200 nm. We note that even a
single primary particle has multiple crystallites in it.

To study the compositional homogeneity of the as-ball-
milled samples, scanning TEM/EDS mapping is performed,
and the results are presented in Figure 2. Uniform distributions
of all the elements are observed for both materials. To further
prove the bulk substitution of fluorine, '°F ssNMR experiments
are performed on LNNOF25 and LNNOFS54 to study the local
chemical environments of fluorine. If fluorine exists in a
segregated LiF phase, then the '"F NMR data are expected to
show a sharp peak at —204 ppm, as shown for the bottom
spectrum in Figure 3. On the contrary, if fluorine is
incorporated into the targeted DRX phase, then a wide variety
of chemical environments are expected. '’F spin echo and pj-
MATPASS spectra collected for the two compounds are shown
in Figure 3. Both materials show signals that span a wide range
of chemical shift, as evidenced from the pj-MATPASS data
(shaded areas in the top and middle spectra), indicating the
presence of various local environments of fluorine. The
significant broadening of the peaks also suggests that the
fluorine ions are in close proximity (<5 A) to paramagnetic
ions (Ni** in this case). Specifically, the pj-MATPASS
spectrum of LNNOF2S shows a broad peak centered around
—155 ppm, with a slight asymmetry toward —204 ppm,
suggesting the close to complete F integration in the bulk of
the material, with only a small proportion of F nuclei in LiF-
like environments. The pj-MATPASS spectrum of LNNOFS54
shows a slightly higher signal intensity at —204 ppm than that
of LNNOF2S5. These observations confirm that the majority of
F ions in both materials are incorporated into the paramagnetic
DRX phases with the low-F substituted LNNOF2S containing
almost no LiF and the high-F substituted LNNOFS54
containing a small amount of LiF. The exact quantification
of LiF-like environments in these compounds is complicated
by the ambiguous multicomponent fit of the broad, over-
lapping peaks in the spin echo spectra, as well as the absence of
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Figure 3. "F spin echo NMR spectra obtained at 60 kHz MAS for
LNNOF2S (orange, top), LNNOFS4 (green, middle), and LiF
(purple, bottom). Spinning sidebands in the spin echo spectra are
labeled with asterisks. The shaded areas in the top and middle spectra
correspond to '"F pj-MATPASS isotropic spectra collected on
LNNOF25 and LNNOF54 and indicate the presence of broad,
overlapping signals spanning a wide range of resonant frequencies.
The spectra obtained on LNNOF2S and LNNOF54 are scaled
according to the number of scans in the experiment and the amount
of sample in the NMR rotor.

the signal from F nuclei directly bonded to Ni, as discussed in
previous studies.'”' >3

The first-cycle voltage profiles of LNNOF2S and LNNOF54
for different voltage windows are presented in Figure 4a,b,
respectively. Both materials exhibit much smaller hysteresis
than that of a previously reported oxide analogue,
Li; 3Nig,,Nb4;0,.” Specifically, after the first charge to 4.8
V, the discharge capacities above 3 V are 149 and 157 mAh/g
for LNNOF25 and LNNOFS4, respectively, whereas that for
the unfluorinated Li, ;Nij,,Nby,;0, is less than 50 mAh/g.”
The voltage profiles of the two oxyfluorides also differ.
LNNOFS4 has a slightly higher voltage than LNNOEFE2S.
Consequently, when cycled between 1.5 and 4.6 V, the
discharge capacity of LNNOFS4 (215 mAh/g, 671 Wh/kg) is
slightly smaller than that of LNNOF2S (221 mAh/g, 674 Wh/
kg). However, when charged beyond 4.6 up to 4.8 V, the
voltage of LNNOEF2S increases faster than that of LNNOFS54,
resulting in a smaller capacity increase upon discharge for
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Figure 4. Electrochemical characterization of LNNOF2S and
LNNOFS4. First-cycle galvanostatic profiles of (a) LNNOF2S and
(b) LNNOFS4 at 20 mA/g between 1.5 and 4.6 V (black) and
between 1.5 and 4.8 V (red). (c) First-cycle charge and discharge
profiles during GITT measurement of LNNOF2S (blue) and
LNNOFS54 (red). The charge and discharge rate is 20 mA/g. After
each step of 10 mA-h/g, the cell is relaxed for S h, and the resulting
voltage—time response is recorded.

LNNOF25 to 235 mAh/g (713 Wh/kg) than for LNNOFS54
to 257 mAh/g (765 Wh/kg).

To study the origin of the different voltage profiles of
LNNOF25 and LNNOF54, the galvanostatic intermittent
titration technique (GITT) is applied. Figure 4c presents the
first-cycle voltage profiles between 1.5 and 4.8 V. The
quasiequilibrium voltage (marked by dots) of LNNOFS4 is
slightly higher than that of LNNOF2S5. In addition, more
significant polarization is observed for LNNOF25 than for
LNNOEFS54 toward the upper cutoff voltage during charge. The
most significant polarization for both materials, however, is
observed at the end of discharge, a phenomenon that has been
previously observed in Li,,Ni,/,;Ti; /3M02/1502,1 We thus
expect a similar mechanism of in situ surface impedance
buildup in our materials.

The rate capability is measured for each material, with a
fresh cell for each rate test so that the interference from
capacity fading is minimized. For each test, the cell is first
charged to 4.4 V at a rate of 20 mA/g, followed by holding at
4.4V for 2 h to ensure an equivalent point of charge, and then
discharged at one of the selected rates of 20, 40, 100, 200, and
400 mA/g. The rate capability is observed to be slightly better
for LNNOFS4 than for LNNOF25 (Figure S). As the

discharge rate increases from 20 to 400 mA/g, the capacity
of LNNOEF25 decreases by 31% from 207 to 142 mAh/g, while
that of LNNOF54 decreases by 16% from 173 to 145 mAh/g.
Also, the discharge polarization observed in LNNOF54 is
smaller than that in LNNOF2S.

Redox Mechanism. We select LNNOFS54 as a model
system for which to study the redox mechanism using X-ray
absorption near edge structure (XANES) measurements and
DFT calculations.

The XAS analysis provides information about the redox and
local environments around the two TM species, that is, Ni and
Nb. Figure 6a presents the normalized Ni K-edge XANES
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Figure 6. Normalized XANES spectra of (a) Ni K-edge and (c) Nb
K-edge at selected states of charge and discharge within the first cycle.
Their corresponding Fourier transform magnitudes of k>-weighted
EXAFS spectra are presented in panels (b) and (d), respectively.

spectra of LNNOF54 during the first cycle. Several
representative states are selected including pristine, 167
mAh/g charged (167c, equivalent to the theoretical capacity
of Ni**/Ni**), 280 mAh/g charged (280c), 176 mAh/g
discharged (176dc), and 257 mAh/g discharged (257dc).
NiO and NaNi1/2C01/20234 are used as Ni** and Ni®*
standards, respectively. The Ni K-edge starts from an energy
close to that of the Ni** standard and shifts toward but does
not fully reach that of the Ni** standard when charged from
the pristine to 167c state. No obvious shift is observed upon
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Figure S. Discharge voltage profiles of (a) LNNOF2S and (b) LNNOFS4 for the first cycle at various discharge rates of 20, 40, 100, 200, and 400
mA/g. For each test, the cell is charged to 4.4 V at a constant rate of 20 mA/g, followed by holding at 4.4 V for 2 h, before discharge.
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further charge to 280c, suggesting that a different charge
compensation mechanism, rather than the oxidation of Ni** to
Ni*, is involved. During discharge, the position of the Ni K-
edge recovers to that of the pristine state after discharge to
176dc, a state that coincides with a sharp voltage drop from 3
to 2 V. The Ni K-edge does not obviously shift below 2 V
when further discharged to 257dc. Figure 6b shows the Fourier
transform (FT) magnitudes of the k’-weighted Ni K-edge
EXAFS spectra. Upon charge to 280c, the Ni—O bond length
noticeably decreases because of the oxidation of Ni** (ry, =
0.69 A, rys, = 0.56 A*®), and any longer-range correlation
beyond 3 A is weakened. The EXAFS spectra fully recover to
those of the pristine state after the completion of discharge,
indicating that the local environment around Ni ions changes
reversibly during the cycle.

The normalized Nb K-edge XANES spectra are presented in
Figure 6¢. During the cycle, the absorption edge barely shifts,
indicating the absence of Nb redox. The slightly altered shapes
of the XANES spectra originate from the distortion of the local
environment™® around Nb ions. The Nb K-edge EXAFS
spectra are presented in Figure 6d. A single peak is observed in
the pristine spectrum at ~1.23 A (phase uncorrected), which
splits into two peaks after charge to 280c. This result suggests
that the octahedral coordination around Nb ions is nearly
symmetrical in the pristine state but distorts into having two
distinct bond lengths at the top of charge. Such pronounced
distortion around Nb ions is consistent with the recent finding
that d° TM ions can distort to stabilize the DRX structure
without a significant energy penalty.’” Recovery of the EXAFS
spectra at the Nb K-edge is also observed after a complete
discharge.

The local environment around Ni ions is further investigated
by refining the Ni K-edge EXAFS spectra at various states of
charge and discharge, assuming no TM migration during
cycling. The coordination numbers for the Ni—Ni (6) and Ni—
Nb (2) bonds in the second coordination shell are used based
on the stoichiometry of the compound. To avoid overfitting,
we assume all the bonds of the same type within the same
coordination shell have the same bond length. The refined
structural parameters are plotted in Figure 7. More detailed
crystallographic information obtained from this fit is provided
in the Supporting Information. Figure 7a shows the Ni—O
distances in the first coordination shell as well as the Ni—Ni
and Ni—Nb interactions in the second coordination shell, at
various states of charge and discharge.

From the pristine to the 280c state, the average Ni—O bond
length decreases from 2.06(1) to 2.01(1) A and then recovers
to 2.06(1) A after discharge to 176dc and 257dc. At the same
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time, the other bonds, that is, Ni—Ni and Ni—Nb, change
negligibly during cycling. Figure 7b shows the Debye—Waller
factor (DWEF, i.e., mean square disorder) associated with each
bond type. The DWEF parameters are indicators of local
distortion. From the pristine to 280c state, we observe a
significant increase in local distortion in the Ni—Og shell, and
such distortion is lifted upon discharge. This phenomenon is
likely associated with the Jahn—Teller distortion of Ni**
generated at the top of char§e and is commonly observed in
Ni-based cathode materials.”® The DWF parameters of other
bond types do not vary significantly during cycling.

The oxidation mechanism of LNNOFS54 suggested by the
XANES data is further corroborated using DFT calculations.
We compute the voltage of Li;, ,Niy¢Nby,0, ,F¢ which is
the closest composition we could achieve within the
constraints of a computationally enumerable supercell (in
this case, the lithiated composition Li;gNigNb;O,Fgina 5§ X 3
X 2 supercell). To generate the approximate voltage profile of
this disordered material, we follow the methodology described
by Kitchaev et al,'> which assumes that (1) the energy of
extracting any given Li from the cathode is determined by the
local structure and Li content, (2) Li is always in equilibrium
throughout the cathode, and (3) transition metal and anion
rearrangement is limited to local coordination environment
distortions. Briefly, we take 12 samples of Li;gNigNb;O,,F,
from a Monte Carlo simulation slightly above the binodal
temperature and independently delithiate each one by finding
optimal Li-vacancy configurations for each value of x. The
lithiated sample structures are representative of local environ-
ments in the as-synthesized cathode, while their delithiation
gives an estimate of the potential needed to extract Li from
various regions of the material. We then construct the total
voltage curve for Li;, Niy¢Nb,,0,,F;s by adding the
amount of Li, which can be extracted from each of the 12
sampled environments at a given voltage. The resulting voltage
curve and the corresponding evolution of the Ni oxidation
state are shown in Figure 8. Note that the deviation between
the computed and measured voltages above 4.5 V and 50%
delithiation (x > 0.6 Li/f.u.) originates from the dominance of
oxygen oxidation in this region, as our calculations do not
capture the significant structural rearrangements that often
accompany a significant amount of oxygen oxidation. Indeed,
the fact that the experimental curve in this region is lower than
the calculated one supports the idea that O oxidation occurs
with significant structural relaxation. Thus, we focus on the Ni-
redox region of the voltage curve, where our DFT calculations
provide a reasonable model of the oxidation process. Here, as x
increases from 0 to 0.6 (i.e., the theoretical capacity of Ni>*/3*),
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Figure 8. (a) Computed and experimental voltage profiles of
LNNOF54. The calculation is based on a representative composition,
Li;,Nig¢Nby,0, 4,Fos (Li;sNigNb;O,,F,), which is compatible with a
computationally accessible supercell. (b) Evolution of Ni oxidation
states at various states of charge up to x = 0.6, corresponding to the
region where Ni redox is the most active source of electronic capacity,
even though oxygen redox also contributes.

the fraction of Ni** decreases from 1.0 to ~0.35 and the
fractions of Ni** and Ni* gradually increase to ~0.60 and
~0.0S, respectively, following a stepwise oxidation of Ni*"
through Ni** intermediates, as demonstrated in a previous
study on Li; ;sNig 45Tig3M0,,0, gsFo1s.> These changes result
in an effective increase in the Ni oxidation state from 2+ to
~2.7+. Thus, even in this early region of charge, Ni oxidation
only accounts for 2/3 of the electron transfer, consistent with
the observations from the Ni K-edge XANES spectra, where
the detected oxidation state of Ni at 167c is between 2+ and
3+.

Using the combined XAS and DFT findings, we can propose
a redox mechanism for LNNOFS4. During charge, Ni*" is first
oxidized, but oxygen oxidation soon follows and gradually
becomes the exclusive redox mechanism at high voltages. The
oxidation state of Ni at 167c detected by XANES is less than
3+, indicating that a different charge compensation mecha-

nism, that is, oxygen oxidation, is involved and overlaps with
Ni oxidation. From 167c to 280c, the Ni K-edge barely shifts,
suggesting the exclusive involvement of oxygen oxidation and/
or oxygen loss. During discharge, Ni reduction and reversible
lattice oxygen reduction first occur at high voltages, as the Ni
K-edge at 176dc almost shifts back to the pristine position,
while the Ni reduction only accounts for half of the delivered
capacity. The extra capacity of ~80 mAh/g below 3 V cannot
be attributed to Ni or Nb reduction. We suspect that this extra
capacity originates from lattice oxygen, whose redox sometimes
occurs asymmetrically during charge and discharge because of
structural rearrangement during cycling.””*’ The large voltage
hysteresis of such as yet unidentified process is consistent with
the significant polarization we observe in this region.

Capacity Retention and Effect of Annealing. The
cyclability of the two materials is tested for 20 continuous
cycles at 20 mA/g with a 1 min rest step between charge and
discharge cycles. The voltage profiles for the first five cycles
and their capacity evolution upon further cycles are shown in
Figure 9. LNNOF54 exhibits better capacity retention than
LNNOEF2S. For example, when cycled between 1.5 and 4.6 V,
LNNOEF2S only retains 40% of its initial capacity after 20
cycles, whereas LNNOF54 retains 78% of its initial capacity. In
addition, upon cycling, a more pronounced polarization
increase is observed for the voltage profile of LNNOF2S
than that of LNNOF54. The polarization increase is indicated
by a rise of the charge voltage and a decline of the discharge
voltage. Finally, for both materials, during discharge, the low-
voltage region below 2 V, which is associated with a
pronounced polarization, evolves faster when charging to a
higher upper cutoff voltage, consistent with the fact that
oxygen loss and the subsequent surface densification are more
significant at high voltages.

Given that mechanochemical synthesis often results in a
considerable amount of local strain in the material structure,
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Figure 9. Capacity retention of as-ball-milled (a—c) LNNOF2S and (d—f) LNNOF54 within two different voltage windows, 1.5—4.6 and 1.5—4.8
V. The first-cycle discharge capacity, energy density, and average voltage are provided at the top of each diagram. The voltage profiles for the first 5
cycles and the capacity evolution over 20 cycles for LNNOF2S and LNNOFS4 are shown. The cycling rate for all tests is 20 mA/g.
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Figure 10. Room-temperature XRD patterns and Rietveld refinement results for (a) a-LNNOF25 and (b) a-LNNOFS4. '°F pj-MATPASS isotropic
NMR spectra of LNNOF2S (c) and LNNOFS4 (d) before and after annealing. The spectra are scaled according to the number of scans in the

experiment and the amount of sample in the NMR rotor.

we anneal the as-ball-milled samples at high temperature to
relax this strain and study the effect of annealing on the
cathode cyclability. Both LNNOF25 and LNNOFS54 are
annealed at 700 °C for 30 min followed by quenching to
room temperature and immediately transferred to the
antechamber of an Ar-filled glovebox. XRD patterns of the
annealed samples (a-LNNOF25 and a-LNNOF54) are
presented in Figure 10ab. After annealing, the lattice
parameters decrease from 4.193 to 4.181 A for LNNOF2S
and from 4.181 to 4.168 A for LNNOFS4. Significant peak
sharpening is observed for the annealed samples compared
with the as-ball-milled ones (Figure 1b,d). For example, the
refined full width at half-maximum of the (200) peak of the
ball-milled LNNO2S5 is 1.1141°, whereas that of the a-
LNNOEF2S is 0.2799°. This finding suggests particle size
growth or relaxation of lattice strain at the annealing
temperature. The XRD pattern of a-LNNOF25 is well fit by
a DRX structural model with the original target composition.
In contrast, the XRD pattern of a-LNNOFS54 is refined to
contain 80.1% of the target phase and 19.9% NiO. No obvious
impurity peaks could be identified because NiO has the same
rocksalt structure and a similar lattice parameter (4.177 A)* as
the target phase (4.1684(4) A). However, segregated Ni-rich
regions were clearly observed using EDS elemental mapping in
a-LNNOFS54 but not in a-LNNOF2S (Figure S3). Although
LiF and the target phase also have highly similar XRD patterns,
we do not include LiF as a possible impurity during refinement
because the lattice parameter (4.03 A) is significantly smaller
than that observed in the XRD pattern. Instead, we
characterize the amount of LiF in both annealed samples
using more sensitive '’F ssNMR (Figure 10c,d). While the
spectrum of a-LNNOZF2S largely retains the broad span of the
chemical shift with slightly more contribution from LiF-like
environments after annealing, the spectrum of a-LNNOFS54
shows significant peak sharpening and shifting toward —204

2438

ppm after annealing. These results indicate that LNNOF2S5 is
stable enough at 700 °C to retain the DRX structure and
compositional homogeneity, whereas LNNOFS4 is not
sufficiently stable. LNNOFS54 tends to phase-separate when
annealed, which is consistent with the extremely high
temperature we compute to be necessary to achieve this high
level of fluorination. In addition, the increased '’F NMR signal
intensity presumably originates from structural changes in the
materials during annealing, leading to a decreased proportion
of F nuclei with at least one Ni—F bond (invisible in the
spectra). Hence, a possible scenario is that annealing the
samples leads to the replacement of high-energy Ni—F bonds
with lower-energy Li—F bonds,” resulting in a more
thermodynamically stable structure. As mentioned earlier, we
are unable to quantify the exact proportion of the LiF-like
environments in these compounds, due to the strong overlap
of the broad NMR signals, which prevents an accurate fit of the
data, as well as the absence of the signal from the F nuclei
directly bonded to paramagnetic species (here Ni).

The voltage profiles of the two annealed samples for the first
10 cycles are presented in Figure 1la,c. The a-LNNOF2S
cathode delivers a first-cycle capacity of ~200 mAh/g when
cycled over the range of 1.5—4.6 V, with a similar voltage
profile to the as-ball-milled cathode (Figure 9a). However, its
capacity retention is significantly improved, as shown in Figure
11b. Roughly 83% of the original capacity is retained after 20
cycles compared with 40% for the ball-milled LNNOF2S. In
contrast, the voltage profile of a-LNNOFS54 changes
substantially compared with that of the as-ball-milled cathode,
with its high-voltage plateau region significantly shortened,
leading to a limited first-cycle capacity of 133 mAh/g. This
reduced capacity is likely associated with the phase segregation
observed with XRD and NMR. Nevertheless, a-LNNOFS54
retains ~94% of its original capacity after 20 cycles. The exact
reason why the capacity retention improves significantly after
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Figure 11. Voltage profiles for the first 10 cycles for (a) a-LNNOF2S
and (c) a-LNNOF54. Capacity retention over S0 cycles for (b) a-
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is also shown for comparison. The cycling rate for all tests is 20 mA/g.

annealing needs further investigation. Three possible mecha-
nisms are (i) the enhanced crystallinity after annealing leads to
better structural retention during cycling, (ii) annealing leads
to larger particles and reduced surface area and thus less
surface side reactions (e.g., oxygen loss and densification), and
(iii) annealing leads to a different cation short-range order
from that of the ball-milled samples, resulting in different
electrochemical performance.

Given that variations caused by high-energy ball milling and
high-temperature annealing might lead to distinct cation short-
range orders that are crucial for determining Li transport in
these cation-disordered cathode materials,*' we propose that
future investigations combining neutron pair distribution
function (PDF), synchrotron PDF, and electrochemical tests
are needed to further study the cation short-range order
variation obtained through various treatments and the impact
of such variation on battery performance.

B DISCUSSION

Li excess creates percolating Li diffusion pathways in DRX
cathodes, but the requirement that it is charge-compensated by
high-valent elements reduces the redox-active TM content,
leading to a strong dependence on less reversible oxygen redox
processes. Fluorination is effective in reducing oxygen loss and
voltage hysteresis and improving cycle life. However, the
miscibility issue associated with fluorination adds complexity
to materials design. In this paper, we demonstrated that a
phase diagram of the entire composition space of interest can
be computationally constructed to estimate the synthetic
accessibility of any given composition. This phase diagram can
then be overlaid with design criteria, in this case the Li excess
level and TM theoretical capacity, to efficiently identify high-
performance oxyfluoride candidates. Following this procedure,
we identified two Li—Ni—Nb—O—F DRX compositions, which
exhibit much smaller hysteresis than the previously reported
pure oxide Li; 5Niy,,Nby4;0,.> We attribute the significantly
reduced charge—discharge voltage hysteresis in both
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LNNOF25 and LNNOEF54 to the increased TM capacity,
which is more than double that of the pure oxide.

However, the effect of fluorination is more nuanced than
simply increasing the amount of theoretical TM capacity.
Fluorination also modifies the voltage profile and redox
mechanism.

Even though all compounds rely to some extent on the same
Ni?*/3* redox couple, the measured voltage profile of the two
studied oxyfluorides differs considerably from that of pure
oxides, such as Li; ,Ni, 3Ti; 3Mo,,,50, or Lij; 3Nij,,Nbg 430,.
One defining feature in the first-charge voltage profiles of the
pure oxides is the clear plateau at ~4.3 V," typically associated
with oxygen oxidation. This plateau is absent in LNNOF25
and LNNOFS54 and replaced by a sloping voltage, similar to
that observed for a few other Li-excess oxyfluorides.'”'>'* In
this region of charge, the Ni K-edge XANES data indicates that
Ni oxidation barely contributes to the observed capacity,
suggesting oxygen oxidation as a charge compensation
mechanism. One may understand the effect of fluorination
on the voltage by separately assessing the Li* site energy and
the electron extraction energy, the sum of which determines
the working potential at a given state of charge. It is unlikely
that F would modify the energy of the unhybridized O 2p
bands responsible for oxygen oxidation," suggesting that the
voltage slope results from an increased variation in Li site
energy associated with F doping. This mechanism is consistent
with previous reports showing the tendency of fluorine to
increase the Li extraction voltage via a Li-gettering effect.'”
That is, F ions trap some of the coordinating Li ions to avoid
forming high-energy undercoordinated states. Thus, one
finding is that fluorination increases the working voltage
independent of the redox couple, which to some extent limits
the extractable capacity within a given voltage range but may
have a beneficial effect in controlling the degree of delithiation
and preventing overcharge.

Heavy fluorination also appears to suppress Ni redox.
Limited Ni redox has already been observed in a DRX oxide
Li; ,Ni; /3Ti;/3Mo,,,50,, as its XANES Ni K-edge spectra
indicate that on average Ni is only oxidized to 3+ at the top of
charge," in contrast to layered oxides where complete oxidation
to Ni** readily occurs.*> Two factors contribute to the limited
Ni redox in Li-excess DRXs: (i) Li excess and cation disorder
create unhybridized O 2p states,” leading to facile oxygen
oxidation that competes with TM oxidation starting near 4.3
V* and (i) expanded Ni—O bond lengths, that is, less
hybridization, in DRXs compared with those in layered
materials, lead to lower-lying Ni E, orbitals and thus an
increased Ni redox voltage.14 In LNNOFS54, the maximal
average oxidation state of Ni is reduced further to ~2.7+, even
though this compound has a comparable Li-excess level and
lattice constant as the non-fluorinated DRX oxides, suggesting
that fluorination may be further inhibiting Ni redox. Our
cluster expansion results indicate that a majority of Ni ions are
directly bonded to at least one F ion in LNNOFS54. Given that
F ions strongly prefer Li-rich environments, such a population
of Ni—F bonds can only be expected when a large amount of
fluorine is present. When such bonds do form, as shown for
example in Li,Mn,,,Ti;;,O,F and Li,Mn,,;;Nb,,;0,F, the
presence of TM—F bonds stabilizes the reduced TM state
and thus increases the oxidation potential."* Therefore, we
expect that the Ni—F bonds formed in LNNOF54 lead to even
more limited Ni redox than in pure oxides or in lightly
fluorinated DRXG.
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As a possible remedy for the limited Ni redox, we
computationally test the effect of reducing the lattice
parameter to counteract the effect of bond stress on
suppressing Ni oxidation. From experiments, we observe that
the Ni—O bond length change during cycling is smaller in our
compounds than in traditional layered Ni oxide cathodes. The
Ni—O bond length in LNNOFS4 only decreases from ~2.06 A
in the pristine state to ~2.01 A at the top of charge, based on
the refinement of the Ni K-edge EXAFS spectra. However, in
well-ordered layered oxides, the isolated NiOg layer can
contract cooperatively, facilitating the formation of short Ni—
O bonds characteristic of higher oxidation states of Ni. For
example, the Ni—O bond length in a typical layered compound
Li, 16;Mny s53Ni 550, shrinks from ~2.04 A in the pristine state
to ~1.96 A in a Ni** state and even further to 1.89 A in a Ni**
state.”> We thus compute the oxidation mechanism of the
model Li, ,Niy¢Nb,,0,Fys composition while constraining
the lattice parameter of the material to 0, 3, and 6%
compression with respect to that of the lithiated state. For
comparison, the lattice parameter change of a DRX during
cycling is typically less than 3%."'" As shown in Figure 12, the
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Figure 12. Fraction of Ni computed to remain as Ni** as a function of
charge state with various compressive strain levels in the
Li; ,Nig¢Nby,0; 4Fos model material. The population of Ni** at
each composition and strain level is sampled from an ensemble of 12
partially delithiated structures representative of the structural
environments present in a Li; ;Niy ¢Nby,0; 4Fos DRX.

accessibility of the Ni**/3* redox couple is affected by the
lattice parameter of the material, with a higher degree of lattice
compression enabling a higher conversion of Ni** to Ni*".
However, the accessible Ni capacity remains below 1 e™/Ni
(see the dashed lines, which denote a hypothetical complete
conversion of Ni** to Ni**).

Overall, fluorination increases the theoretical TM capacity,
reduces voltage hysteresis, and improves cycle life. Increasing
the fluorination level also appears to induce a voltage increase
independent of the active redox couple. However, Ni oxidation
in a heavily fluorinated DRX is found to be more difficult than
in non-fluorinated DRXs, likely due to the increase in the Ni
oxidation potential arising from the presence of Ni—F bonds.
As a result, Ni oxidation in these materials is limited to less
than 1 e7/Ni. This additional limit on the accessible Ni
capacity imposed by fluorination partially counteracts the
benefits of using F to increase the total Ni content of the
material. These subtle effects of fluorination will have to be
taken into account to achieve more precise design of DRX
oxyfluoride cathodes. The characterization techniques and the
DFT calculations presented in the manuscript focus on the
bulk properties of the materials. Future investigation of the
impact of surface chemistry and structure, especially upon
cycling, is important for elucidating the cyclability difference
between disordered rocksalt cathode materials.
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B CONCLUSIONS

We demonstrated the computational design and experimental
realization of two Ni-based cation-disordered oxyfluoride
cathodes with high capacity and energy density. Both materials
exhibit reduced hysteresis and higher energy density than the
previously reported oxide, proving the overall effectiveness of
fluorination in increasing the transition metal capacity while
suppressing the dependence on oxygen redox. Fluorination
leads to a voltage increase, likely via a Li-gettering effect.
However, heavy fluorination also suppresses Ni redox. Though
a high theoretical capacity is expected from the Ni**/Ni*"
redox couple, our findings show that the oxidation state of Ni
barely reaches 3+ at full charge. The considerable population
of Ni—F bonds predicted by our cluster expansion and Monte
Carlo simulations, along with the expanded Ni—O bond
lengths and a stronger overlap between nickel and oxygen
redox processes, was identified as a possible cause of the
limited Ni oxidation. Therefore, the F content in disordered
Ni-based rocksalt cathodes needs to be optimized to balance
the benefits of increasing the Ni content versus the negative
effect of F on the accessibility of the Ni redox reservoir. We
show that a post-synthesis annealing treatment can effectively
improve the capacity retention for compositions that are close
to being thermodynamically stable but lead to phase
segregation in highly metastable phases.
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