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LiMn2O4 spinel is a promising Li-ion cathode. It is cost-effective with favorable

structure realizing fast Li diffusion kinetics. However, the two-phase reaction

occurring when a spinel is lithiated has prevented it from achieving more than half

of the theoretical capacity. We demonstrate a strategy to suppress the two-phase

reaction by Li-for-Mn substitution and introducing over-stoichiometric Li to create

Mn disorder. The strategy successfully achieves high energy and power density in a

series of Lithium manganese oxyfluorides with partial spinel-type order.
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Progress and potential

Most conventional cathode

materials, such as LiCoO2 and

Li(Ni,Co,Mn)O2 (NMC), have

layered structures and require Co

and Ni to keep the cathode stable

upon cycling. The rapid market

growth of Li-ion batteries will

demand that one moves away

from the typical Co- and Ni-based

cathode materials. Spinel-type

cathodes are good candidates to

enable the future growth of Li-ion

as, unlike the NMCmaterials, they

can utilize inexpensive and earth-

abundant Mn as redox active

element. However, the

detrimental two-phase reaction at
SUMMARY

Conventional Li-ion cathode materials are dominated by well-or-
dered structures, in which Li and transition metals occupy distinct
crystallographic sites. We show in this paper that profoundly new
degrees of freedom for the optimization of electrochemical proper-
ties may be accessed if controllable cation disorder is introduced. In
a class of high-capacity spinel-type cathode materials, we identify
cation to anion ratio in synthesis as a key parameter for tuning the
structure continuously from a well-ordered spinel, through a
partially ordered spinel, to rocksalt. We find that the varying degree
of cation disorder modifies the voltage profile, rate capability, and
charge-compensation mechanism in a rational and predictable
way. Our results indicate that spinel-type order is most beneficial
for achieving high-rate performance as long as the cooperative 8a
to 16c phase transition is suppressed, while more rocksalt-like disor-
der facilitates O redox, which can increase capacity. Our findings
reveal an important tuning handle for achieving high energy and
power in the vast space of partially ordered cathode materials.
�3 V limits its capacity. Here, we

demonstrate a series of well-

selected partially (dis)ordered

spinel cathodes in which different

degrees of cation disorder are

used to suppress the two-phase

reaction. Our results reveal that

the over-stoichiometry of cations

in the synthesis is the key to

control the amount of Mn 16c/16

disorder in the structure and its

electrochemical performance.
INTRODUCTION

Lithium-ion (Li-ion) batteries are the ubiquitous energy storage solution for portable

electronics in our modern society. Over the next decade, the demand for Li-ion tech-

nology is projected to further grow more than 10-fold,1 largely driven by the electri-

fication of transportation. Meanwhile, several other market segments that are still in

their early stage of development, including residential and grid-scale storage, may

further open up if battery costs continue to drop. The rapid scale-up in Li-ion produc-

tion brings new challenges of supply and resource sustainability, especially for

cobalt and nickel, which are the two major components for cathode fabrication.1

Most of the conventional cathode materials, including LiCoO2 and Li(Ni,Co,Mn)O2

(NMC), are based on a layered crystal structure, in which Li and TM form alternating

layers to enable facile Li transport in a two-dimensional (2D) open space. This

layered structure necessitates the use of Ni and Co as redox active elements, as

other transition metals migrate into the Li layer in either their oxidized or reduced

state.2 To ensure energy security and alleviate supply chain risks, the structural

and chemical diversity of cathode compounds needs to be broadened. In this

work, we show that considerable opportunity exists in the continuum between

well-ordered spinels and disordered rocksalts.
Matter 4, 1–20, December 1, 2021 Published by Elsevier Inc. 1
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Spinel exhibits the same anion (oxygen) sublattice as the layered structure but a

different cation order. In a perfectly ordered spinel LiTM2O4, Li and TM occupy

the tetrahedral 8a and octahedral 16d sites, respectively. The structure is advanta-

geous for transport, as Li ions can diffuse in local channels that do not face-share

with TM ions3 and interconnect to form a three-dimensional percolating network.

However, for the most common spinel cathode, LiMn2O4, only half of the potential

Li capacity can be practically utilized due to a first-order phase transition that occurs

near 3 V (versus Li+/Li) once the compound is lithiated beyond the LiMn2O4 compo-

sition. This phase transition, coupled with the Jahn-Teller distortion of Mn3+, leads to

poor kinetics and poor cyclability.

Converting the two-phase regions into a continuous solid solution is expected to

reduce capacity loss (due to the reduction of strain upon cycling) and improve

kinetics. Past efforts have focused on partial substitution of Jahn-Teller-inactive ele-

ments for Mn3+ in the 16d site, keeping the 8a fully occupied by Li. For example,

substituting Ni2+ for Mn3+ results in partial or complete TM mixing in the 16d site

and converts the 4-V plateau into a solid-solution region4, yet the two-phase region

near 3 V is retained.5 Substituting Li+ for Mn3+ is more efficient in tuning the reaction

thermodynamics. Previous operando neutron studies indicated that Li1.1Mn1.9O4,

with 5% Li-for-Mn substitution undergoes a pure solid-solution reaction at the 4-V

plateau,6 unlike LiMn2O4. Further increasing Li substitution leads to the Li-rich

limiting composition Li4Mn5O12, which can be cycled between Li2Mn5O12 and

Li6.5Mn5O12 with some capacity coming from oxygen redox.7 Nevertheless, the

two-phase behavior still appears when the Mn valence drops below 3.5.8 Recently,

it has been demonstrated that ultrahigh energy and power density can be achieved

in a class of partially (dis)ordered Li-Mn-O-F spinels with as much as 20% Li-for-Mn

substitution and significant cation over-stoichiometry.9 Fluorination is applied to

reduce the overall Mn valence, thereby increasing the theoretical transitionmetal ca-

pacity. Previous work has also demonstrated that fluorination mitigates irreversible

oxygen loss and increases average Li insertion/extraction voltage.10–14 Fluorination

and Li-for-Mn substitution also separates the composition where all octahedral sites

are filled from the composition where all Mn3+ is Jahn-Teller active, limiting the way

in which these two effects strengthen the two-phase reaction in LiMn2O4. The mate-

rials presented in this work exhibit cation disorder that is no longer confined to the

16d site but also involves the 8a and 16c sites. Since the two-phase reaction at �3 V

upon lithiation for a classic well-ordered LiMn2O4 cathode originates from a collec-

tive migration of Li from the 8a site to the 16c site, the partial cation (transition metal)

disorder introduced between the 16d and the 16c sites is expected to reduce this

collective behavior and possibly convert the two-phase reaction into a solid-solution

reaction. Indeed, nearly smooth voltage profiles are observed in the materials we

tested, indicating the absence of two-phase regions, along with exceptionally

high capacity and energy density. The discovery opens up the vast space between

the perfectly ordered spinel and the fully cation-disordered end member. To facili-

tate rational cathode design in this space, it is desirable to identify the chemical and

structural variables that control the degree of order and understand their impact on

performance.

In this study, we successfully synthesized the Li1.4+xMn1.6O3.7F0.3 compositional se-

ries (0.07 < x < 1) using a mechanochemical method. These materials exhibit much

higher capacity (>350 mAh g�1) and energy density (>1,000 Wh kg�1) than the pro-

totype LiMn2O4 obtained under the same synthesis conditions. We find that the Li

over-stoichiometry content x introduced during synthesis is a useful handle for

tuning the degree of cation disorder. As x increases, the structure evolves from
2 Matter 4, 1–20, December 1, 2021
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Figure 1. Design of partially (dis)ordered spinel cathodes with Li over-stoichiometry x and Mn substitution by Li y

(A and B) (A) Structure of fully ordered LiMn2O4 (gray octahedra = MnO6, green tetrahedra = LiO4, green spheres = Li ions). The atomic slab outlined by

the orange square is viewed from above and depicted in detail in (B) as fully ordered (left), with some Mn substituted by Li (middle), and with partial

disorder and Li over-stoichiometry. The bold green squares represent face sharing Litet-Lioct.
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spinel-like cation order to almost complete cation disorder. Accordingly, the elec-

trochemical voltage profile becomes more sloping in the 3-V region. The modified

cation order also affects the Li transport kinetics and redox mechanism, which our

computational analysis attributes to the modified short-range and long-range

structural order.
RESULTS

Design, synthesis, and structural characterizations

To obtain spinel-type cathodes with a large practical capacity, we follow the design

rules depicted in Figure 1. A fully ordered spinel has well-percolating Li diffusion

channels (Figures 1A and 1B [left]) but suffers from a kinetically slow and structurally

destructive two-phase reaction associated with the collective Li 8a-to-16c transition

when LiMn2O4 is lithiated to Li2Mn2O4. A three-pronged strategy is employed to

suppress or reduce the two-phase region, represented by a general stoichiometry

of Li1+x+yMn2–y(O,F)4: (1) substitution of some Mn on the 16d site to facilitate Mn/

Li disorder and facilitate the incorporation of excess Li; (2) introduction of extra Li

(x > 0) to occupy some of the previously empty 16c sites and create some face
Matter 4, 1–20, December 1, 2021 3
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Figure 2. Refinement of three partially (dis)ordered spinels

(A and B) Rietveld refinement of the crystal structure using (A) SXRD data (l= 0.4579 Å) and (B) time-

of-flight ND data, of Li1.47Mn1.6O3.7F0.3, Li1.68Mn1.6O3.7F0.3, and Li2Mn1.6O3.7F0.3.
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sharing Litet-Lioct, which are believed to create fast Li-ion transport pathways in

spinel-like materials15; (3) creation of Mn disorder among the 16c/16d sites by ball

milling to reduce the spinel-like order. We selected a 20% Li substitution on the

16d site (y = 0.4 in Li1+x+yMn2–y(O,F)4) based on previous percolation analysis and

focus on the tuning of x in this study.

Three partially (dis)ordered spinels Li1.47Mn1.6O3.7F0.3 (0.07 excess cations per

spinel formula unit), Li1.68Mn1.6O3.7F0.3 (0.28 excess cations), and Li2Mn1.6O3.7F0.3
(0.6 excess cations) were synthesized by a mechanochemical ball-milling method.

Fluorination was used to charge-compensate the Li substitution, increase the TM ca-

pacity by lowering the Mn valence, and improve cyclability.10,11,16 Synchrotron X-ray

diffraction (SXRD) patterns in Figure 2A indicate that the three compounds can be

indexed to a single-phase spinel structure with various degrees of cation disorder.

After normalizing the intensity of each SXRD pattern by that of the corresponding

(400) peak, we observe a weakening (111) diffraction peak at a d spacing between

4 and 5 Å as the Li over-stoichiometry x increases from 0.07 to 0.6. This result,

according to Rietveld refinement, indicates that Li over-stoichiometry creates Mn

disorder between the 16c and 16d sites. To obtain the Li occupancies, neutron

diffraction (ND), which is sensitive to light elements, was conducted. The Mn site oc-

cupancies are obtained from refinement of the SXRD pattern (Tables S2–S4) and

fixed when refining the ND data. The final cation occupancies in the 8a, 16c, and

16d sites are summarized in Table 1. Other refinement details can be found in Tables

S1–S4. This combined neutron diffraction and synchrotron XRD indicates that as

the Li over-stoichiometry is increased, the structure evolves from being mostly
4 Matter 4, 1–20, December 1, 2021



Table 1. Structural information based on synchrotron and neutron powder diffraction refinement

Atom Wyckoff symbol X Y z Biso

Li1.47Mn1.6
O3.7F0.3 occupancy

Li1.68Mn1.6
O3.7F0.3 occupancy

Li2Mn1.6
O3.7F0.3 occupancy

Li1 8a 0.125 0.125 0.125 0.80(2) 0.65(5) 0.57(5) 0.18(6)

Li2 16d 0.5 0.5 0.5 0.80(2) 0.10(2) 0.25(2) 0.44(2)

Li3 16c 0 0 0 0.80(2) 0.31(2) 0.31(2) 0.47(2)

Mn1 16d 0.5 0.5 0.5 0.83(9) 0.74(2) 0.67(5) 0.56(2)

Mn2 16c 0 0 0 0.83(9) 0.06(2) 0.12(5) 0.24(2)

O1 32e 0.259(3) 0.259(3) 0.259(3) 0.66(3) 0.925 0.925 0.925

F1 32e 0.259(3) 0.259(3) 0.259(3) 0.66(3) 0.075 0.075 0.075
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spinel-like-ordered, toward a hybrid spinel rocksalt-type of disorder with more

cations on the octahedral site. All evidence indicates that this is a single-phase

structure and not a composite of a spinel and rocksalt structure.

Scanning electron microscopy (SEM) was applied to characterize the particle

morphology. We do not include the characterization of Li1.68Mn1.6O3.7F0.3, as it

was reported in previous work.9 As shown in Figures 3A and 3B, Li1.47Mn1.6O3.7F0.3
and Li2Mn1.6O3.7F0.3 have a primary particle size of 100–200 nmpost mechanochem-

ical synthesis, which is comparable to that in Li1.68Mn1.6O3.7F0.3.
9 In the lower-

magnification SEM images, agglomeration of primary particles into secondary

particles was observed (Figure S4). To verify the compositional homogeneity,

scanning transmission electron microscopy (STEM) and energy dispersion spectros-

copy (EDS) mapping were performed, and the results are presented in Figures 3C

and 3D. All the detectable elements, Mn, O, and F, are uniformly distributed in

Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3. To verify whether the structure is a single-

phase partially (dis)ordered spinel, high-resolution transmission electron micro-

scopy (HRTEM) and electron diffraction (ED) were performed. The characteristic

d spacing of �4.8 Å, which corresponds to the spinel (111) planes, is marked by

white lines in the HRTEM images (Figures 3E and 3F). The ED patterns of both

Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 can be indexed to a spinel crystal structure.

19F and 7Li solid-state nuclear magnetic resonance (ssNMR) measurements were

conducted to further verify the integration of F in the bulk structure (Figure 4). The

spectra obtained on the Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 pristine powders

show two distinct components: a broad, paramagnetic signal and a sharp, diamag-

netic signal. The broad signal corresponds to 19F nuclei in the bulk of the cathode

materials. Their interaction with nearby paramagnetic Mn ions leads to a shift of

the 19F resonant frequency away from that of diamagnetic LiF at �204 ppm and to

significant spectral broadening. In addition, for both compounds, the observed

paramagnetic lineshape comprises several broad and overlapping 19F signals as-

signed to a wide variety of 19F local environments in the partially (dis)ordered spinel

lattice. The sharp signal centered at �204 ppm is assigned to a diamagnetic LiF im-

purity phase present in small amounts in these two samples. We note that NMR sig-

nals from 19F nuclei directly bonded to paramagnetic Mn species in the bulk cathode

materials are too broad (and short-lived) to be observed experimentally, which pre-

vents the exact quantification of the LiF impurity phase in these samples. If anything,

the amount of LiF impurity phase obtained from 19F NMR data is overestimated,

indicating that the majority of F ions are incorporated into the bulk of the partially

disordered spinel compounds.

The integration on quantitative 7Li spin-echo spectra was performed to further char-

acterize the Li local environments. By integrating the sharp signal close to 0 ppm in
Matter 4, 1–20, December 1, 2021 5
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Figure 3. SEM, STEM/EDS, and HRTEM/ED of two partially (dis)ordered spinel compounds

(A–F) SEM images of the as-synthesized (A) Li1.47Mn1.6O3.7F0.3 and (B) Li2Mn1.6O3.7F0.3 (scale bars, 200 nm). STEM images and EDS mapping of the

elements Mn, O, and F in (C) Li1.47Mn1.6O3.7F0.3 and (D) Li2Mn1.6O3.7F0.3 (scale bars, 30 nm). HRTEM images of (E) Li1.47Mn1.6O3.7F0.3 and (F)

Li2Mn1.6O3.7F0.3 (scale bars, 10 nm). Insets: ED patterns (scale bars, 5 nm�1). The SEAD patterns can be indexed to a spinel lattice, with the d spacings

measured to be 4.8, 2.5, 2.1, 1.6, 1.5, 1.2 and 1.0 Å.
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each spectra, the fraction of Li present in diamagnetic environments (e.g., in Li2CO3,

Li2O, or LiF) was found to be 2% and 1% (G1%) for Li1.47Mn1.6O3.7F0.3 and

Li2Mn1.6O3.7F0.3, respectively. This intensity provides the upper limit for the amount

of impurity phases present in the samples, as the signal could also arise from the for-

mation of large diamagnetic Li-rich (Mn-poor) domains within the disordered oxide

matrix.17 Overall, the fraction of diamagnetic 7Li environments in these disordered

spinel samples is no more than 3% of the total Li content; we conclude that there

is excellent F solubility in the Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 spinel

compositions.

Voltage profiles modified by structural order

The three partially (dis)ordered spinels Li1.4+xMn1.6O3.7F0.3 (x = 0.07, 0.28, and 0.6)

exhibit distinct voltage profiles. As shown in Figure 5A, both the small voltage step

near 4 V and the plateau-like feature near 3 V gradually disappear as x increases from

0.07 to 0.6, leading to a smoother and more sloping profile. Such variation is better

captured by the dQ/dV curves shown in Figure 5B. In a perfectly ordered LiMn2O4

spinel, the 3-V plateau upon lithiation is associated with the collective 8a-to-16c

O transition resulting in a two-phase reaction between a cubic phase and a

tetragonal phase.18 Our voltage curves show no true plateau region anymore in

Li1.47Mn1.6O3.7F0.3, and the pseudo plateau near 3 V is significantly narrower than

that in ordered spinel, suggesting suppression of the two-phase reaction. As more
6 Matter 4, 1–20, December 1, 2021



Figure 4. ssNMR spectra obtained on the as-synthesized partially (dis)ordered spinel materials

(A) 19F ssNMR spectra obtained by summing multiple spin-echo sub-spectra acquired at different excitation frequencies to ensure homogeneous

excitation of the broad lineshape. For comparison, a 19F spectrum collected on LiF powder is overlaid.

(B) 7Li spin-echo (line) and pj-MATPASS (shaded, for clarity) ssNMR spectra of the as-synthesized materials. All spectra are scaled according to the moles

of Li in the rotor and number of scans. The asterisks indicate the spinning sidebands.
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cation disorder is introduced with the Li2Mn1.6O3.7F0.3 composition, the pseudo

plateau disappears. Instead, more Li is extracted or inserted between 3.1 and 3.7

V. As a result, the average voltage as calculated from the first discharge process

slightly increases from 2.99 V for x = 0.07 to 3.08 V for x = 0.6. There is no discernible

voltage plateau near 4 V, likely due to the partial occupancy of the octahedral 16c

sites, which reduces the tetrahedral Li occupation in the face-sharing 8a sites.

The room temperature galvanostatic cycling performance is shown in Figures 6A–

6C. In the three cathode materials, the amount of available Li capacity is the

same, which equals 2.4 Li per formula unit (f.u.) between the two limiting composi-

tions of Mn1.6O3.7F0.3 and Li2.4Mn1.6O3.7F0.3. Therefore, when cycled in a wide

voltage range between 1.5 and 4.8 V, all three cathodematerials exhibit comparably

high gravimetric capacity >350 mAh g�1 and energy density >1,000 Wh kg�1. But

more capacity and energy is delivered at high voltages for thematerials with a higher

initial Li over-stoichiometry level. Li2Mn1.6O3.7F0.3 delivers a capacity of

226 mAh g�1 (813 Wh kg�1) above 3 V, which decreases to 201 mAh g�1

(726 Wh kg�1) for Li1.68Mn1.6O3.7F0.3 and 163 mAh g�1 (598 Wh kg�1) for

Li1.47Mn1.6O3.7F0.3. To measure the long-term stability, the three cathode materials

were cycled at 50 mA g�1 in the 1.5–4.8 V (red squares) and 2.0–4.4 V (blue

circles) ranges for 30 continuous cycles. The results are shown in Figures 5D–5F.

Li1.47Mn1.6O3.7F0.3 shows better capacity retention than the more Li-over-stoichio-

metric Li1.68Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3, in the 1.5–4.8 V range. To charac-

terize any irreversible oxygen release and its relations to capacity loss, differential

electrochemical mass spectrometry (DEMS) was performed on two representative

compositions, Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3. Both compounds showed

minimal oxygen loss with Li2Mn1.6O3.7F0.3 showing the higher oxygen loss. The re-

sults correlate with the observation of slightly less capacity retention between 1.5

and 4.8 V for the more cation-disordered Li2Mn1.6O3.7F0.3 than for the more ordered

Li1.47Mn1.6O3.7F0.3, indicating that unstable oxygen redox and oxygen loss at high

voltage might be one origin of the capacity degradation. In a narrower voltage win-

dow of 2.0–4.4 V, Li1.47Mn1.6O3.7F0.3, Li1.68Mn1.6O3.7F0.3, and Li2Mn1.6O3.7F0.3 show

enhanced capacity retention of 90.7%, 88.7%, and 93.8%, respectively, after 30 cy-

cles, with an initial capacity of �200 mAh g�1.
Matter 4, 1–20, December 1, 2021 7
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Figure 5. Galvanostatic charge and discharge performance

(A) Voltage profile during first cycle and the second charge of Li1.47Mn1.6O3.7F0.3 (black dash dot),

Li1.68Mn1.6O3.7F0.3 (blue dot), and Li2Mn1.6O3.7F0.3 (red dash).

(B) Corresponding dQ/dV curves when cycled between 1.5 and 4.8 V at 50 mA g�1.
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Rate capability

Modifying the cation order is expected to directly alter the local atomic arrangement

and the percolation of Li migration channels in the structure,3 which both dictate the

Li transport properties. We therefore investigated the rate capability of the three

spinel oxyfluorides with various degrees of cation disorder, at current densities

ranging from 100 to 7,500 mA g�1. A baseline material LiMn2O4 and a completely

cation-disordered rocksalt (also known as DRX) Li2.4Mn1.6O3.7F0.3, synthesized by

the same mechanochemical method, are included for comparison. Similar Li-Mn-

O-F DRXs have been extensively studied and reported before.19 The XRD pattern

of the as-synthesized LiMn2O4 can be indexed to a cubic spinel structure (Fig-

ure S12A). When cycled at a low current density of 50 mA g�1, the voltage profile

of the material exhibits the 3 V and 4 V plateaus characteristic of the octahedral

and tetrahedral Li insertion/extraction in a classic LiMn2O4 spinel cathode (Fig-

ure S12). Each rate test was done on a fresh cell and the voltage profiles of the sec-

ond cycles at the given rates are shown in Figure 7A. The rate performance of the

series is compared in a Ragone plot in Figure 7B.

All four Li-Mn oxyfluorides with various initial Li over-stoichiometry show better rate

capability than the baseline LiMn2O4. In LiMn2O4, a voltage plateau at �2.8 V is

observed at low rate, but this plateau shrinks at higher rates. Previously, ultrahigh

rate capability was demonstrated in Li1.68Mn1.6O3.7F0.3 at up to 20 A g�1 using a

high carbon loading of 50 wt%.9 In this work, we kept a cathode formulation of

70:20:10 (wt%) active material, carbon black, and Teflon. We found that while

Li1.68Mn1.6O3.7F0.3 delivers the highest capacity at 100 mA g�1, Li1.47Mn1.6O3.7O0.3

shows better rate capability by providing the highest capacity at 2,000 mA g�1.

Li1.47Mn1.6O3.7O0.3 retains a capacity of 158 mAh g�1 at 7,500 mA g�1, correspond-

ing to �48% of the capacity at 100 mA g�1. In addition, as the Li over-stoichiometry

increases from 0.07 to 1.0 in the four Li-Mn oxyfluorides, a decrease in rate capability

is observed.
Redox mechanism

The extraction or insertion of Li ions is accompanied by local charge compensation,

the mechanism of which alters with variations in structural and chemical order. To

probe the detailed redox mechanism, in situ hard X-ray absorption spectroscopy

(XAS) and ex situ soft X-ray mappings of resonant inelastic X-ray scattering

(mRIXS) measurements were carried out. We selected Li1.47Mn1.6O3.7F0.3 and
8 Matter 4, 1–20, December 1, 2021



A B C

D E F

Figure 6. Galvanostatic cycling performance

(A–F) Voltage profiles during the first five cycles of (A) Li1.47Mn1.6O3.7F0.3, (B) Li1.68Mn1.6O3.7F0.3, and (C) Li2Mn1.6O3.7F0.3. The initial discharge capacity,

energy density, and average discharge voltage are denoted in each figure. Capacity retention and Coulombic efficiency over 30 cycles of (D)

Li1.47Mn1.6O3.7F0.3, (E) Li1.68Mn1.6O3.7F0.3, and (F) Li2Mn1.6O3.7F0.3, in two voltage ranges, 1.5–4.8V (red open squares) and 2–4.4 V (blue open circles).
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Li2Mn1.6O3.7F0.3 as two representative compositions with a low and high Li over-stoi-

chiometry level.

The X-ray absorption near-edge structure (XANES) is ideal for tracking the Mn

valence change in operando because of its excellent bulk sensitivity and short

data collection time. Figures 8A and 8B show the Mn K-edge XANES spectra of

Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 at selected states of charge during oper-

ando cycling. The complete operando spectra are shown in Figures S5–S7. By

comparing their edge positions with those of the references (MnO, Mn2O3, and

MnO2), the Mn valence at various states of charge (SOC) can be estimated. In the

pristine sample, Mn is between 3+ and 4+ and is slightly higher in Li1.47Mn1.6O3.7F0.3
than in Li2Mn1.6O3.7F0.3. The observation agrees with our expectation of Mn3.89+ in

Li1.47Mn1.6O3.7F0.3 and Mn3.56+ in Li2Mn1.6O3.7F0.3 deduced from the composition.

During the first charge, Mn in both samples is oxidized to approximately Mn4+, while

upon discharge, the edge positions reverse to an energy between that in Mn3O4 and

Mn2O3. During the second charge, the Mn K-edge reversibly shifts again to a posi-

tion close to that of 4+, indicating a reversible Mn redox process. However, the main

edge of XANES spectra cannot be used to precisely quantify the oxidation state

because it measures dipole transitions from 1s to 4p orbitals, which do not involve

the 3d valence states.

We also utilized ex situ mRIXS at the Mn L-edge to quantify the evolution of Mn

valences upon cycling. The technique directly probes the excitation from Mn 2p

core states to 3d valence states. The Mn L-edge spectra can be obtained from the

inverse partial fluorescence yield (iPFY) signal of the Mn RIXS map, which is a non-

distorted bulk probe of the Mn 3d states.20–22 The quantification was done by fitting

the experimental L3-edge as a linear combination of Mn2+/3+/4+ reference spectra to
Matter 4, 1–20, December 1, 2021 9
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Figure 7. Rate capability measurements

(A) Galvanostatic voltage profiles of (top to bottom) LiMn2O4, Li1.47Mn1.6O3.7F0.3,

Li1.68Mn1.6O3.7F0.3, Li2Mn1.6O3.7F0.3, and Li2.4Mn1.6O3.7F0.3 at various rates, from 100 to

7,500 mA g�1.

(B) Ragone plot comparing the specific energy and power. The loading density of the cathode films

was 2 to 3 mg cm�2, containing 70 wt% active materials, 20 wt% carbon black and 10 wt% Teflon.
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generate the Mn valences (Figures 8C and 8D). The results are plotted in Figures 8E

and 8F together with the electrochemical profile. TheMn valence in the pristine state

is 3.75 + for Li1.47Mn1.6O3.7F0.3 and 3.56 + for Li2Mn1.6O3.7F0.3. Note that the actual

pristine Mn states can be slightly lower than theoretical value due to the inert atmo-

sphere used in synthesis, and the deviation is usually more significant for compounds

with a higher Mn valence.9 The Mn valence in the two materials increases to �3.84+

when charged to 4.5 V and slightly dropped when further charged to 4.8 V, a phe-

nomenon that has been previously observed and is associated with the complex

interplay between O and TM oxidation processes at the top of charge.23,24 At the

beginning of discharge, the Mn valence remains constant until 3.6 V, suggesting

the dominance of O reduction in this region. Once passed 3.6 V, the Mn valence de-

creases almost linearly and therefore the capacity in this region is contributed mainly

by Mn reduction. At the bottom of discharge, the Mn valence is determined to be

2.89 + for Li1.47Mn1.6O3.7F0.3 and 3.05+ for Li2Mn1.6O3.7F0.3. Based on the character-

ized Mn valence change during discharge, the Mn reduction process contributes

1.48 e–/f.u. to the observed 2.13 Li/f.u. capacity for Li1.47Mn1.6O3.7F0.3 (and 1.16

e–/f.u. to the observed 2.20 Li/f.u. capacity for Li2Mn1.6O3.7F0.3). The discrepancy

between the TM and overall capacity points to the participation of O redox.25

Tomore directly examine the contribution from anionic redox, mRIXSmeasurements

at the O K-edge were conducted. Previous studies have established that a character-

istic feature at 523.7 eV emission energy and 531.0 eV excitation energy is a finger-

print of bulk O oxidation.20,25,26 We therefore mapped the RIXS signal in the vicinity

of this region for a series of SOCs during the first cycle for Li1.47Mn1.6O3.7F0.3 and

Li2Mn1.6O3.7F0.3. The results are shown in Figure 9A. In both compounds, the char-

acteristic feature (highlighted by red arrows) is already present at 4.5 V and becomes
10 Matter 4, 1–20, December 1, 2021
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Figure 8. Redox mechanism of Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3

(A–F) Operando Mn K-edge XANES of (A) Li1.47Mn1.6O3.7F0.3 and (B) Li2Mn1.6O3.7F0.3 during the first cycle and second charge. The blue, red, olive, and

orange curves represent the pristine, first charge to 4.8 V (1C4.8V), first discharge to 1.5 V (1DC1.5V), and second charge to 4.8 V (2C4.8V), respectively.

Ex situMn L3-edge mRIXS-iPFY spectra of (C) Li1.47Mn1.6O3.7F0.3 and (D) Li2Mn1.6O3.7F0.3 at seven SOCs and discharge during the first and second cycles.

Standard spectra of Mn2+, Mn3+, and Mn4+ are included as references. The dash vertical lines highlight peak positions based on the standard spectra.

Quantification of Mn valence (blue squares) based on mRIXS-iPFY overlaid on voltage profiles (black curves) during the first cycle in (E)

Li1.47Mn1.6O3.7F0.3 and (F) Li2Mn1.6O3.7F0.3.
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stronger at 4.8 V (full mapping in Figure S8). During discharge, the feature reversibly

fades and vanishes at 1.5 V. The two compounds with a different degree of cation

disorder show different intensity of oxidized O at the same SOC, which is manifested

in the RIXS cuts of O K-edge at the 531.0 eV excitation energy in Figure 9B. The black

dashed line at 523.7 eV highlights the emission energy at which the oxidizedO signal

is expected to appear. At 4.5 V, Li2Mn1.6O3.7F0.3 shows a more intense oxidized O

peak than Li1.47Mn1.6O3.7F0.3, indicating more O oxidation. The feature is also

noticeably stronger for Li2Mn1.6O3.7F0.3 when further charged to 4.8 V and later dis-

charged to 3.6 V. After vanishing at the end of discharge, the signal reappears when

charged the second time to 4.8 V (Figure 9A) and shows a similar lineshape to that of

1C4.8 V (Figure 9B), suggesting the reversible nature of the O redox processes.
DISCUSSION

Our work shows the remarkable potential of optimizing electrochemical perfor-

mance by tuning cation disorder. In this work, we show three partially (dis)ordered

spinel compounds with high specific capacity, over 350 mAh g�1, and specific en-

ergy over 1,000 Wh kg�1. Among the three, Li1.68Mn1.6O3.7F0.3 was reported as an

ultrahigh-power-density cathode in our previous work.9 Here, by carefully tuning

the cation disorder level, we find that Li1.47Mn1.6O3.7F0.3 delivers a superior

specific energy compared with Li1.68Mn1.6O3.7F0.3 (Figure 7B) and many other
Matter 4, 1–20, December 1, 2021 11



A B

Figure 9. O Redox mechanism investigated by mRIXS

(A) Ex situO K-edge mRIXS at selected states during the first cycle and the top of charge during the

second cycle (top to bottom). Along the vertical axis is the excitation energy with a 1 eV window

around 531 eV.

(B) Corresponding O mRIXS cuts at 531.0 eV excitation energy.
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state-of-the-art Li-ion cathodes.9 While previous cathode discovery has focused on

well-ordered compounds,27,28 and more recently on cation-disordered com-

pounds,13,29–31 the current work shows the benefits of exploring the large space

of partially ordered structures, where cation ordering, in addition to crystal structure,

can be used as a design handle. By creating three compositions with increasing

cation/anion ratio, we bridge the gap between stoichiometric spinels (having a 3

to 4 cation/anion ratio) and rocksalts (with a 1 to 1 cation/anion ratio). While spinels

are expected to have the highest intrinsic Li mobility due to their remarkable perco-

lation of Li diffusion channels with low migration energy,3 the presence of the first-

order transition that displaces lithium from the 8a to 16c site is an extrinsic barrier

to high-rate charging, and furthermore leads to mechanically induced capacity

degradation. These insights explain why remaining close to the spinel composition

but introducing enough cation over-stoichiometry to remove the two-phase region,

as in the Li1.47Mn1.6O3.7F0.3 composition, leads to the highest rate capability.

The three compounds evaluated here have the same Mn/anion and O/F ratio but

only differ by their Li content in the synthesis. This difference may not appear impor-

tant, as the Li content will be changed upon electrochemical cycling, but our results

indicate that the over-stoichiometry of cations (regulated by the amount of lithium) is

needed to control the amount of Mn 16c/16d disorder in the synthesis. When the

cation excess is low, more spinel-like material is obtained, as evidenced by the stron-

ger (111) reflection in the XRD (Figure 2), while a higher Li content brings thematerial

closer to the rocksalt structure.

As we show in this work, tuning the degree of cation order alters the voltage profile,

the rate capability, and the amount of oxygen redox (and hence the cycling stability).

The voltage profile changes because the Gibbs free energy E as a function of Li con-

tent xLi is modified by cation (dis)order and so is the voltage profile �dEðxLiÞ
dxLi

.32,33 The

chemical potential of Li in a fully ordered spinel LiMn2O4 remains constant as the

spinel is lithiated in the two-phase region, which leads to a voltage plateau of �1

Li/f.u. near 3 V. However, in partially disordered Li1.47+xMn1.6O3.7F0.3, the voltage

profile is sloping near 3 V, suggesting that the two-phase region is replaced by a

solid-solution reaction. Ex situ synchrotron XRD in Figure 10 further corroborates

that both Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 retain cubic symmetry and

are free of two phases when discharged to 2.9 and 2.7 V. The suppression of the
12 Matter 4, 1–20, December 1, 2021
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Figure 10. Ex situ synchrotron XRD of cycled cathode samples

(A and B) Synchrotron XRD patterns of the pristine and cycled samples of (A) Li1.47Mn1.6O3.7F0.3 and

(B) Li2Mn1.6O3.7F0.3. The selected SOCs are pristine, first-cycle discharge to 2.9 V (red) and 2.7 V

(blue). The green bar indicates the diffraction peak of spinel structure.
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two-phase region is consistent with fundamental ideas in statistical mechanics, which

have shown that at critical levels of site-energy disorder, a first-order transition first

collapses into a second-order transition, and then becomes even fully suppressed

for even larger site disorder.34,35 In our materials, the Mn 16c/16d disorder creates

a statistical distribution of local environments that creates the site-energy disorder

for Li and results in a sloping voltage profile.32,33 Therefore, as x increases from

0.47 to 2, a very broad hump gradually appears in the dQ/dV plots and more capac-

ity is delivered above 3 V (Figure 5).

Consistent with our understanding of percolation in partially disordered spinels

versus disordered rocksalts, rate capability is also affected by the cation order. In

all but layered cathodematerials,36 Li transport occurs through so-called 0-TM chan-

nels, which are tetrahedral sites that do not face-share with any TMs and their perco-

lation.3,37 Cation order in a rocksalt-type structure strongly affects the amount of

such 0-TM channels and their percolation.3,37–41 Of all the well-known cation order-

ings that can be found in a rocksalt host,42 spinel has themost favorable TM ordering

for creating 0-TM channels, making it tolerant to a substantial amount of cation dis-

order. Figure 11A shows the calculated 0-TM percolated Li capacity in a rocksalt-

type structure containing 20% Li-for-Mn substitution, when a fully spinel-ordered

cation sublattice becomes increasingly disordered (black dots). The results are

compared with those in a layered structure with the same Li-excess (red squares).

As shown by these percolation simulations, the structure with a spinel-like cation or-

der always has a higher accessible Li capacity, which monotonously decreases with

cation disorder and eventually converges with that of the layered structure at com-

plete cation disorder (that is, a DRX structure), rationalizing its high-rate capability.

Finally, spinel-type ordering seems to have a previously unrecognized benefit in that

it suppresses oxygen redox. We find that the amount of reversible O redox used in

the spinel cathodes with various degrees of cation order is different, even though

they have the same Mn content and the same average anion valence. As shown

from the O K-edge mRIXS results in Figure 9, the more cation-disordered

Li2Mn1.6O3.7F0.3 exhibits a stronger oxidized O feature at high voltage than the

more spinel-like-ordered Li1.47Mn1.6O3.7F0.3. To elucidate the origin of such differ-

ence, we computationally analyzed the local environments surrounding O ions in a

LixMn1.6O3.7F0.3 spinel with an increasing degree of cation disorder. We focus on
Matter 4, 1–20, December 1, 2021 13
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Figure 11. Amount of accessible Li and O local environments as a function of cation mixing (or

disorder)

(A) The amount of kinetically accessible Li through 0-TM percolation in Li2.4TM1.6O3.7F0.3 varies with

the degree of cation mixing for spinel-type (black dots) or layered (red squares) cation

arrangement. The two plots converge at 100% cation mixing, which corresponds to complete

cation disorder.

(B) The fraction of O atoms that have at least one linear Li-O-Li, at least two linear Li-O-Li, or three

linear Li-O-Li configurations in Li2.4TM1.6O4. The influence of the low-level fluorination is neglected.
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the linear Li-O-Li configurations in the structures because they are a major contrib-

utor to the unhybridized high-energy orphaned O states, which can be oxidized

and reduced in a typical electrochemical voltage window.12 In our simulations, we

treat Li and vacancies as equivalent (Li-O-Li = Vacancy-O-Li = Vacancy-O-Vacancy)

since neither hybridizes with the O 2p orbitals. We find that at 0% disorder, that

is, Mn ions confined to the 16d sites, nearly 50% of O ions already have at least

one Li-O-Li configuration. More disorder on the cation sublattice transfers Mn ions

to the 16c sites until 16c and 16d are equally occupied for the case of 100% cation

mixing. In this fully random state, the fraction of O ions with at least one Li-O-Li

configuration is increased to >70% (Figure 11B). These results suggest that cation

disorder increases the occurrence of Li-rich local environments around O ions and

makes a higher fraction of them prone to oxidation, consistent with our observation

in mRIXS (Figure 9).
Conclusions

In this work, we successfully synthesized a series of Mn-based Li1.4+xMn1.6O3.7F0.3
oxyfluorides with a varying degree of cation order (x = 0.07, 0.28, 0.6, and 1.0)

through a mechanochemical method. High specific energy density >1,000 Wh

kg�1 (specific capacity >350 mAh g�1) is achieved in the three partially (dis)ordered

spinel cathodes with significant contribution from reversible O redox. As the Li-over-

stoichiometry x in the synthesis increases, the structure transitions from mostly

spinel-type to more disordered rocksalt. The cation disorder suppresses the two-

phase region associated with the voltage plateau near 3 V and converts it into a solid

solution. Through its effect on the local environments, the tunable cation order

also has a profound effect on rate capability, voltage profile, and redox

mechanism. Li1.47Mn1.6O3.7F0.3 was found to exhibit the highest rate capability

with >158 mAh g�1 delivered at 7.5 A g�1, while the more rocksalt-like

Li2Mn1.6O3.7F0.3 utilizes the most O redox in the same voltage window.

Our work emphasizes the importance of exploring the continuum of structure space

between well-known ordered compounds. While in our work these materials were

produced by mechanochemical synthesis, understanding better how to access

thermodynamically stable and metastable partial order by alternative synthesis
14 Matter 4, 1–20, December 1, 2021
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methods, and how to integrate them into high loading composite cathodes, would

be highly desirable to further explore this promising space.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Gerbrand Ceder (gceder@berkeley.edu).

Materials availability

The materials generated in this study are available from the lead contact upon

request.

Data and code availability

All data and code associated with the study have not been deposited in a public re-

pository but available from the lead contact upon reasonable request.

Materials synthesis and preparation

LiMn2O4, Li1.47Mn1.6O3.7F0.3, Li1.68Mn1.6O3.7F0.3, Li2Mn1.6O3.7F0.3, andLi2.4Mn1.6O3.7F0.3
were synthesized by high-energy ball-milling. For synthesizing LiMn2O4 and

Li2.4Mn1.6O3.7F0.3, Li2O, Mn2O3, MnO2, and LiF with a total of 1 gram were stoichiomet-

rically mixed in a 50-mL stainless-steel jar with five 10-mm and ten 5-mm stainless-steel

balls. The jar was sealed with safety closure clamps in an Ar-filled glove box. After

high-energy ball milling at rotational speed of 450 rpm for 10 h (or 28 h), using a Retsch

PM200 planetary ball, the phase-pure LiMn2O4 (or Li2.4Mn1.6O3.7F0.3) was obtained. For

Li1.47Mn1.6O3.7F0.3, Li1.68Mn1.6O3.7F0.3, and Li2Mn1.6O3.7F0.3, the precursor Li2MnO3 was

first synthesizedbya solid-statemethod (firing stoichiometric Li2CO3andMnO2at800�C
in air for 16 h). Then, stoichiometric Li2MnO3, Mn2O3, MnO2, and MnF2 or MnF3 were

used as precursors. The rest of the procedure is the same as the previous one except

for synthesis time, 21, 24, and 26 h for Li1.47Mn1.6O3.7F0.3, Li1.68Mn1.6O3.7F0.3, and

Li2Mn1.6O3.7F0.3.

Electrochemistry

All cathode films were fabricated in an Ar-filled glove box. Seventy milligrams of

active material was first mixed with 20 mg Super C65 carbon black (Timcal) in a

mortar by hand for 30 min. The components were then mixed with 10 mg polytetra-

fluoroethylene (Dupont) and rolled into a thin film to be used as a cathode. The cath-

ode was cut by a 5/16-inch-diameter punch, and the loading density of the cathode

film was 3 to 4 mg cm�2. To assemble the coin cells (CR2032), 0.1 mL of commercial-

ized 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) solution

(volume ratio 1:1, Sigma-Aldrich, battery grade) was used as electrolyte, glass micro-

fibers (Whatman) were used as separators, and FMC Li round metal foil (7/16 inches

in diameter) was used as anode. The assembly process was also carried out in the Ar-

filled glove box. After sealing the coin cells, they were rested for 6 h before being

tested on an Arbin battery cycler at room temperature. Galvanostatic intermittent

titration technique (GITT) measurements were performed by charging/discharging

the cell for 1 h at a current density of 10 mA g�1 followed by relaxing for 6 h to reach

a quasi-equilibrium state.

Structure characterization

Synchrotron XRD patterns were measured at Beamline 11-BM of Advanced Photon

Source. All the ex situ samples were electrode powder composed of active

materials and Super C65 in a weight ratio of 9:1. The loose powder mixture was
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cycled at 5 mA g�1, followed by equilibrating at the designated voltage until the re-

sidual current was below 0.2 mA g�1. The cycled powder was then washed with

dimethyl carbonate and dried in a vacuum. Neutron powder diffraction experiments

were performed at the Spallation Neutron Source in Oak Ridge National Laboratory

on the Nanoscale OrderedMaterials Diffractometer. All the synchrotron and neutron

data refinements were carried out using the TOPAS software package. SEM images

were collected using a Zeiss Gemini Ultra-55 Analytical Field Emission SEM at the

Molecular Foundry in Lawrence Berkeley National Lab. The selected area ED

(SEAD) and HRTEM were collected using an FEI Themis Z probe corrected transmis-

sion electron microscope with an accelerating voltage of 200 kV.

Operando Mn K-edge X-ray absorption spectroscopy

Operando XASmeasurements at Mn K-edge were performed in a transition mode at

Beamline 20-BM-B of the Advanced Photon Source, Argonne National Laboratory.

An Si (111) monochromator was used for selecting the incident beam energy. An

Rh-coated mirror was applied to get harmonic rejection. For the operandomeasure-

ment, the modified in situ cell was cycled within the voltage window of 1.5 to 4.8 V at

a cycling rate of 30 mA g�1. All electrode films were made in the same way as

described in the electrochemistry section. The energy calibration was accomplished

by simultaneously measuring the spectra of Mn metal foil. The cell was held at the

top of charge or end of discharge for 1 h to ensure a full scan. Normalization and cali-

bration of raw data were carried out by Athena software.43

Mapping of resonant inelastic X-ray scattering

The mRIXS of O K-edge and Mn L-edge was measured in the iRIXS endstation at

Beamline 8.0.1 of Advanced Light Source,21 Lawrence Berkeley National Labora-

tory. The beam spot size is about 25*100 mm2. Mapping data were collected by

the ultrahigh efficiency modular spectrometer,44 with an excitation energy step of

0.2 eV. The resolution of the excitation energy is 0.35 eV, and that of the emission

energy is 0.25 eV. All ex situ samples were electrode films, composed of active ma-

terials, carbon black, and PTFE in a weight ratio of 70:20:10. The electrode films were

charged or discharged to a certain state of charge in a coin cell at 50 mA g�1 and

held at that voltage for 6 h. The cells were disassembled, and the films were washed

with DEC in an Ar-filled glovebox. Final 2D maps were achieved via a multistep data

processing including normalization to beam flux and collecting time, integration and

combination, etc., which has been elaborated on in previous work.9

Mn-L3 iPFY

Mn-L iPFY was achieved through the formula iPFY = a /PFY_O, where a is a normal-

ization coefficient, PFY_O was extracted by integrating the fluorescence intensity

within the O-K emission energy range (495–510 eV) on the Mn-LmRIXS (dotted rect-

angle in Figure 2B). Quantitative fitting of Mn-L iPFY was performed via linear com-

bination with the standard experimental spectra of Mn2+/3+/4+, as demonstrated and

detailed before.45

Solid-state nuclear magnetic resonance spectroscopy
19F and 7Li ssNMR data were collected on the Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3
pristine powders using a Bruker Avance 300 MHz (7.05 T) super wide-bore NMR spec-

trometer with Larmor frequencies of 282.40 MHz and 116.64 MHz, respectively, at

room temperature. The data were obtained at 30 kHzmagic-angle spinning (MAS) using

a 2.5-mm double-resonance HX probe. 19F and 7Li NMR data were referenced against

1M aqueous solutions of sodium fluoride (NaF, d(19F) =�118 ppm) and lithium chloride

(LiCl, d(7Li) = 0 ppm) and these samples were also used for pulse calibration. Lineshape
16 Matter 4, 1–20, December 1, 2021



ll

Please cite this article in press as: Cai et al., Realizing continuous cation order-to-disorder tuning in a class of high-energy spinel-type Li-ion
cathodes, Matter (2021), https://doi.org/10.1016/j.matt.2021.10.013

Article
analysis was carried out within the Bruker Topspin software using the SOLA lineshape

simulation package.

The resonant frequency rangeof 19Fnuclei inLi1.47Mn1.6O3.7F0.3 andLi2Mn1.6O3.7F0.3was

larger than the excitation bandwidth of the RF pulse used in the NMR experiment. To

obtain the full spectrum, 10 spin-echo sub-spectrawere collected for each sample. These

were obtained by varying the carrier frequency in steps of 300 ppm (84.73 kHz)

from�1500 to 1200 ppm, where the step size was slightly less than the excitation band-

width of the RF pulse. Individual sub-spectra were processed using a zero-order phase

correction and then added to give an overall sum spectrum in absorption mode that

required no further phase correction. Thismethod, termed ‘‘spin-echomapping,’’46 ‘‘fre-

quencystepping,’’47,48or ‘‘VOCS’’ (VariableOffsetCumulativeSpectrum),49 isable touni-

formly excite the broad 19F signals by providing a large excitation bandwidth. Individual
19F spin-echo spectrawere collected using a 90� radiofrequency (RF) pulse of 1.95ms and
a 180� RF pulse of 3.9 ms at 190 W, with a recycle delay of 60 ms. In addition, a 19F spin-

echo spectrum of LiF was obtained using similar RF pulses for comparison with spectra

collected on the partially (dis)ordered spinel samples using a recycle delay of 5 s at 30

kHz MAS.

7Li spin-echo spectra were acquired on all samples using a 90� RF pulse of 0.43 ms

and a 180� RF pulse of 0.86 ms at 300 W. A recycle delay of 80 ms was used for

the partially (dis)ordered spinel samples. 7Li pj-MATPASS (projected Magic-Angle

Turning Phase-Adjusted Sideband Separation)50 isotropic spectra were also ac-

quired on all samples using a 90� RF pulse of 0.43 ms at 100 W, with a recycle delay

of 50 ms.
Differential electrochemical mass spectrometry

Outgassing of Li1.47Mn1.6O3.7F0.3 and Li2Mn1.6O3.7F0.3 cathodes during the first

cycle of galvanostatic charge of discharge was monitored on a custom-built DEMS

system, which was operated as described in a previous study.51 Modified Swage-

lok-type cells were prepared in an Ar-filled glove box. The composition of cathodes

and anodes was identical to those used for the coin cell tests in this study. For each

DEMS cell, one sheet of Celgard 2500 (polypropylene) and one sheet of QM-A

quartz microfiber filters (Whatman) were used as separators with 80 mL of 1 M

LiPF6 (Gotion) in EC/DEC (BASF, 1:1 v/v) added as the electrolyte. DEMS

cells were cycled at a constant current rate of 0.1 Li+ h�1 (16.44 mA g�1 for

Li1.47Mn1.6O3.7F0.3 and 16.08 mA g�1 for Li2Mn1.6O3.7F0.3) under a static head of

Ar pressure (approximately 1.2 bar) at room temperature. Accumulated gas in the

cell was purged by 500 mL of pulsed Ar gas every 10 min. Swept-out gas was sent

to a holding chamber, where it was subsequently leaked to a mass spectrometry

chamber for analysis. The setup is calibrated for O2 and CO2 in the carrier gas Ar.
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