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Abstract

Lithium spinels (LiIMM’Oa) are an important class of mixed-cation materials that have
found uses in batteries, catalysis, and optics. Post spinels are a series of related framework
structures with the AMM’O4 host composition that are formed with larger A-site cations, typically
under high pressure. Post-spinels have one-dimensional tunnel structures with pores that are larger
than those in spinel and triangular in cross section; but they are relatively unexplored as
intercalation electrodes. While lithium post-spinels have been previously found to be
thermodynamically stable only at high pressures, we have identified a synthetic pathway that
produces the lithium-containing materials an ambient pressure using an ion exchange process from
the corresponding sodium post-spinels. Here we report the synthesis and a survey of the
electrochemical properties of ten new lithium CaFe204-type post-spinel compounds where M =
Mn3*, V3, Cré*, Rh3*, Fe?*, Mg?*, Co?* and M’ = Ti** and/or Sn**. Although complete delithiation
is not achieved during electrochemical cycling, many of the lithium post-spinels have substantial
charge storage capacity in Li battery cells owing to the ability of the large framework tunnels to
accommodate more than one lithium ion per formula unit. Multiple redox couples are accessed for
LiMnSNnOs4, Lio.9ssMno.9sSn1.04 xTixO4, Lio.9sV0.96Ti1.0404, Lio.96Cro.96Ti1.0404, and LiFeosTi1s04.
Compositions with moderate or poor lithium cyclability are also discussed for comparison. Redox
mechanisms and trends are identified by comparing this new redox active framework to related
spinels, ramsdellites, and ‘Nao.44MnQz2’ structures, and from DFT electronic structures. Operando
diffraction shows complex structural responses to lithium insertion and extraction in this post-
spinel framework. A DFT framework was proposed to identify promising lithium post-spinel
phases that could be accessed metastably under ambient pressure conditions and to assess their
stability to lithium insertion and extraction. This work suggests that CaFe2Oas-type hosts are a
promising new class of lithium-ion energy storage materials.
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Introduction

Since reports of their electrochemical stability and activity in the mid-1980s, spinel
compounds have received considerable attention as electrode materials for Li-ion batteries owing
to their rate capability and high-voltage lattice stability.!"® LiMn204 and LiNiosMn1504 and their
derivatives have been studied in depth and have been used in commercial cells for their rate-
enhancing attributes. .1 4° On the anode side, the spinel Li[Li13Tis3]Os (LisTisO12) has attracted
significant attention as it has been identified as a ‘zero’ lattice expansion material with a volume
change of just 0.2% upon lithiation to LizTisO12.1° This property has found uses in thin film
devices, fixed volume applications, and end uses that requires extremely long life.?-* 112 Beyond
these famous examples, a vast range of other spinel compositions have been studied, including
LiM3*M** Qs (e.g., LiCrTiOas, LiV204) and LiM?*M>*Os (e.g., LiNiVO4).5 13-1° The ordering of the
filled octahedral sites in the spinel structure creates a three-dimensional network of intersecting
channels, in which tetrahedral sites may be occupied by small cations such as Li*. This framework
allows for facile ion diffusion and good electrochemical performance.® 2 Furthermore, in spinels
such as LiMn20g, lithium can either be extracted to form lithium vacancies (LizxMn204) or
inserted to form spinel-ordered rock salt compositions (up to Li2Mn204).! The latter process occurs
exclusively in LisTisO12, forming Li7TisO12 when fully lithiated.? Inclusion of cations with weak
octahedral site preference (e.g. Fe3*) into the spinel structure may result in inversion, resulting in
highly charged, less mobile cations blocking the diffusion paths along these channels.8 20

In contrast to the well-studied spinel materials, there are comparatively few studies on post-
spinel structures and they are primarily associated with the geological mantle.?-?> The term post-
spinel is used to refer to three phases that form when spinel is subjected to pressures on the order
of 10 GPa: calcium ferrite (CF, CaFe204), marokite calcium manganate (CM, CaMn20a), and
calcium titanate (CT, CaTi204).2628 Of these, the CF structure type is considered to be the most
relevant in the field of ionics owing to its low activation barrier for alkali and alkaline-earth cation
mobility.?*-30 While the CF structure shares features that are common to other electrode materials,
there are few lithium-ion battery studies due to the instability of the structure at ambient pressure
and lack of viable synthetic pathways to the lithium analogues. Experimentally, CF versions of
LiMn204, LiFeTiOs, and LiRu204 have been studied as electrode materials for Li-ion batteries,3!-
% and Nai1xV12sTio7s04 and LiixMn20s have been studied as Mg battery cathodes.3? 36
Computational studies have identified various CaFe2Os-structured hosts as promising cathode
materials for Mg and Ca batteries.?® 37-3

There are a limited number of CaFe20s-structured hosts known to be stable at ambient
pressure.*0,41-42 However, we recently synthesized and reported that many previously unknown
sodium post-spinel compounds are stable at ambient pressure.** Some lithium post-spinels have
been synthesized at ambient pressure via ion exchange from a stable sodium post-spinel host lattice
(e.g., LiFeTiO4 and LiRu204),%33* and we demonstrate here that the accessibility of metastable
lithium post-spinel compounds under ambient pressures is a broad phenomenon. Because of the
large size difference between Na* and transition metal cations Na/M antisite defects are expected
to be negligible. This is analogous to the important work in ‘defect-free’ layered LiMnO2
synthesized via ion exchange from NaMnO: in early layered-oxide cathode development.**



Furthermore, while direct high-pressure synthesis of lithium post-spinels appears to result in Li/M
antisite defects, soft synthesis via ion exchange of sodium post-spinels avoids formation of these
defects.®? This work reports the synthesis and electrochemical Li* insertion/disinsertion of ten new
lithium post-spinels and builds upon the expanded phase space of sodium post-spinels to open a
new family of prospective Li-ion battery cathode materials that can be accessed at ambient
pressure.

Experimental

Synthesis of the sodium post-spinel starting materials. The sodium post-spinel phases were
synthesized via high-temperature solid-state reactions as described previously.*® Briefly, the
starting materials were NaHCOs and the binary metal oxides for all syntheses except for
NaFeosTi1504 and NaVo.ssTi1.040s. Compounds susceptible to oxidation (those containing Fe?*,
V3*, or Cr3*) were synthesized in a tube furnace under flowing Ar or 5% H2/ 95% Ar. For
NaFeosTi1504, the reagents were NasTisO1s (synthesized by heating NaHCOs and TiOz2 in
stoichiometric amounts at 900 °C for 24 hours), FeTiOs [Sigma] and TiO2. Nao.osVo0.96 Ti1.0404 was
synthesized in two ways. In the first synthesis, NaHCOs, VO2, and TiO2 were reacted under
flowing 5% H2/95% Ar at 700 °C for 12 hours, then 950 °C for 24 hours. In the second synthesis,
NasTisO14, V203, and TiO2 were reacted under flowing Ar at 950 °C for 24 hours. In subsequent
sections, these two samples are referred to as LVT-Hz and LV T-Ar, respectively.

All compounds, other than NaMnSnQOa4, were quenched in air (if synthesis occurred in air)
or cooled quickly by shutting off the power (if synthesis occurred in a tube furnace). NaMnSnO4
was slowly cooled as described by Chiring et al.,*> which likely explains why its composition is
essentially the ideal, stoichiometric composition. The Nao.ssMno.9sSn1.04-xTixO4 compositions were
quenched from 1100 °C as this was the temperature for which the extent of Ti%* substitution is
greatest.

lon-exchange synthesis of lithium post-spinels. The lithium post-spinel compounds were
synthesized via ion-exchange reactions. Mixtures of the sodium post-spinel and either LiNOs or a
2:3 mixture (by mole) of KCI and LiCl were placed in either alumina or platinum crucibles and
heated above the melting point of LiNOs or the chloride eutectic. This was performed in air for all
compositions except Nao.osVo.96 Ti1.0404 and NaFeosTi1504, which were exchanged under flowing
Ar. The temperature and time required for full exchange was composition dependent (see Results
and Discussion section). Typically, ~12 grams LiNOs or the chloride mixture were used along with
about 0.35 grams of sodium post-spinel. It is likely that this degree of excess of LiNOs or chloride
mixture is not required, but a systematic variation of the ratios was not performed. Following the
exchange reactions, the nitrates or chlorides were dissolved in water, and the Li post-spinels were
separated using vacuum filtration. Note that other than hand grinding using an agate mortar and
pestle, no attempt was made to control particle size and morphology.

X-ray characterization. Phase purity was assessed by laboratory powder X-ray diffraction
(PXRD) using both Rigaku Ultima IV and Rigaku SmartLab X-ray diffractometers. These data
were collected with Cu Ko radiation over a 26 range of 10-60° under ambient conditions. Rietveld
refinement was performed using the General Structure Analysis System Il (GSAS I1) package.



Operando synchrotron X-ray diffraction measurements were carried out at Argonne National
Laboratory on beamline 17BM-B. The samples were measured at ambient temperature in
transmission geometry at 51 keV (0.24099 A) with an area detector. All operando measurements
were performed in the AMPIX cell, which has been described elsewhere.*’ Briefly, it contains a
hard, conductive glassy carbon window to prevent inhomogeneous electrochemical reactions,
which are a concern with flexible and/or non-conductive X-ray windows. Self-standing electrodes
of Lio.ssMno.96Sno.74Ti0.3004 were fabricated with a 5:4:1 ratio of metal oxide/carbon black [Vulcan
XCT72R]/poly(tetrafluoroethylene) [PTFE, Sigma, 1 um powder] uniaxially pressed into a pellet at
150 MPa. The active material loading of the 10-cm-diameter electrode was 13.5 mg cm=2. AMPIX
cells were constructed in an argon glovebox with lithium metal counter electrodes [Sigma, 99.9%],
glass fiber separators [Whatman GF/B], and 1.0 M LiPFes dissolved in 1:1 v/v ethylene
carbonate/dimethyl carbonate [EC/DMC, Sigma, battery grade]. The cell was cycled at a rate of
C/3.5 corresponding to a current density of 0.46 mA cm2. Two-dimensional image data were
converted to conventional one-dimensional diffraction patterns through integration in GSAS-II
after calibration with LaBs.*¢ Background subtraction, primarily from the glassy carbon window,
and normalization to X-ray intensity were performed on the one-dimensional integrated diffraction
data.

Sequential Rietveld refinement of the unit cell parameters and metal positions from operando
galvanostatic electrochemical (de)lithiation was performed in GSAS-II. The initial structure model
was based on Rietveld refinement of the atomic coordinates, unit cell parameters, background, and
instrument parameters (zero offset, U, V, and W) of the first in situ diffraction pattern prior to
application of an applied current. For the sequential refinement, unit cell parameters, background
coefficients, and metal x and z fractional coordinates were allowed to vary; refinement of the
fractional atomic coordinates resulted in continuous variation of £0.01 (Supporting Information).
2D diffraction images (integrated to 1D patterns) were recorded every 0.5 seconds and 20
subframes were summed to give 10 s time resolution, which corresponds to a Ax of 0.0008 in Lio.96-
xMno.96Sno.74Ti0.3004 during each diffraction image collection.

Solid-state NMR spectroscopy. NMR spectra were recorded under magic angle spinning (MAS)
in a static magnetic field of 9.4 T with a Bruker Avance 11 spectrometer. The samples were packed
into 1.6-mm-diameter or 4.0-mm-diameter zirconia rotors and spectra were measured with
Phoenix narrow-bore HX probes. T1 (spin—lattice) relaxation was measured with a saturation-
recovery pulse sequence for T1 > 1 s or an inversion-recovery pulse sequence for T1 < 1 s. All
spectra were excited with a direct pulse—acquire pulse sequence using the following rf pulses: "Li
(1.6 mm —75°, 2.4 ps, 104 kHz; 4 mm — 56°, 2.5 s, 62.5 kHz); SLi (4 mm — 90°, 1.6 ps, 156
kHz); and ?°Na (4 mm — 45°, 2 ps, 62.5 kHz). Recycle delays were > 5T1. The 87Li and ?°Na
chemical shifts were externally referenced to 1.0 M LiCl (ag. H20) at 0 ppm and solid NaCl at 7.2
ppm, respectively.

Coin cell construction and electrochemical measurements. Pristine ion-exchanged powders
were thoroughly mixed with conductive carbon [Super P, AOT] using a mortar and pestle. This
mixture was then added to and homogenized with a binder solution of polyvinylidene difluoride
[PVDF, Kynar 1810] dissolved in 1-methyl-2-pyrrolidinone [Sigma, NMP, 99.5%, anhydrous].



The mass ratio of active material, conductive carbon, and PVDF was 8:1:1. The slurry was coated
on aluminum foil then dried at 70 °C overnight in air. The area of the punched electrodes was 1.54
cm? with typical active mass loadings of 2-3 mg. Lithium metal foil [AOT, 99.9%] was used as
the anode and separated from the cathode with a glass fiber separator [Whatman, GF/D] soaked
with the electrolyte, 1.0 M LiPFs in 1:1 EC/DMC [Sigma, battery grade], which was used as
received. The SS316 2032-size coin cells were electrochemically cycled in a multi-channel battery
cycler (BCS-805, Bio-Logic) at room temperature. Theoretical capacities and C-rates were
calculated based on complete Li removal from each composition.

Ab initio calculations. Density functional theory (DFT) was used as implemented in the Vienna
Ab initio Simulation Package (VASP) using the projector augmented-wave method*®-4° and the
generalized gradient approximation as formulated by Perdew, Burke, and Ernzerhof.>® For all
stability calculations, the energy cutoff was set to 520 eV, and at least 1000 k-points were used per
reciprocal atom. For geometry optimization, energies were converged to 10~7 eV atom™ for
electronic steps and forces were converged to 0.01 eV A for ionic steps. The Hubbard U
correction was used for the electronic states of transition metals. U parameters were chosen to be
consistent with oxide materials within the Materials Project database,>* as reported by Jain et al.5?

The CF post-spinel supercell was chosen to have 32 oxygen ions for all calculations, and ionic
positions, cell shape, and cell volume were relaxed during energy minimization. For determining
Li configurations, the three lowest electrostatic energy configurations of octahedral metal cations
in Li1(M,M”)O4 were computed. For Li concentrations above and below unity, the transition metal
ordering was maintained as for Lii(M,M?)O4 post-spinels, and only the Li configurations were
varied. Thermodynamic stability was determined using the convex hull method; the DFT energies
of all competing phases in each Li-M-M’-O chemical space were taken from the Materials project
database.

The climbing nudged elastic band (NEB) method was used to calculate Li hopping barrier
energies.>® Excluding the initial and final states, a total of seven intermediate images were used to
generate a trajectory between different sites. For the NEB calculations, energies were converged
to 105 eV for electronic steps and 0.03 eV A1 for ionic steps.

The pymatgen library was used to set up and analyze all the calculations in this work.>



Results and Discussion

Ambient-pressure lithium post-spinel oxides via molten-salt ion exchange. Lithium post-spinel
compounds were synthesized from sodium post-spinel precursors by ion exchange in either molten
lithium nitrate or the molten LiCI-KCI eutectic. Lithium nitrate, with its low melting point and
single cationic species, is a convenient lithium-ion exchange medium for oxidatively stable
compounds. The chloride mixture was used to synthesize compounds sensitive to oxidation, such
as Fe?*-containing NaFeosTi150a4, or to avoid decomposition of the nitrate when temperatures
above 400 °C were necessary for complete ion exchange.
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Figure 1 PXRD of a) pristine, partially Li-exchanged, and fully Li-exchanged NaMgosTi1504 and b)

pristine, partially Li-exchanged, and fully Li-exchanged NaCoosSnis04. Note the growth and

disappearance of peak intensity rather than shifting of peak positions, most obvious from 32-35° 26,
indicative of a two-phase ion-exchange reaction mechanism.

The ion-exchange reactions appear to be two-phase processes (Figure 1). In every case for
which incomplete ion exchange was observed, two sets of lattice parameters were observed: one
corresponding to the sodium post-spinel precursor compound and the other to the fully exchanged
lithium post-spinel product (cf. NMR section). No phases with intermediate lattice parameters
were observed by PXRD. In all cases, powder X-ray diffraction showed only shifts in the lattice
parameters within the Pnma space group of the sodium post-spinel precursors (and parent calcium
ferrite structure) with no evidence for a change in symmetry or structure.

Lio.96V0.96 T11.0404 and LiFeosTi1s04 were successfully produced at 390 °C in one day in
the chloride eutectic mixture (~40:1 mass ratio of alkali salt to sodium post-spinel). Owing to the
susceptibility of V3* and Fe?* to oxidation, these reactions were carried out in a tube furnace with
flowing Ar. The chloride eutectic melts at ~370 °C so 390 °C was the lowest and only temperature
attempted for these ion exchange reactions.> Lower temperatures may be possible with a eutectic
mixture such as KI/Lil or even via solid—solid ion exchange using solid Lil, but this possibility
was not explored.



lon exchange in molten LiNOs was carried out with an approximately 40:1 mass ratio of
salt medium to sodium post-spinel and a heat treatment at 350 °C for two days.® For several of
the compounds, (NaMgosTi1.504, NaCoosTi1504, NaMnSnO4, and Lio.ossMno.9sSN1.04-xTixO4),
these conditions proved to be sufficient for complete reaction. These conditions were insufficient
for NaScTiO4, Nao.9sCro.96 Ti1.0404, Nao.9sRho.96 T11.0404, NaC00.5Sn1504, and Nao.os1No.96SN1.0404
with partial to negligible ion exchange observed by PXRD in these cases.

For NaCoo.5Sn1.504, the requirements for complete ion exchange were dependent on the
synthesis conditions of the sodiated starting material. Two different samples were used for ion-
exchange experiments, one synthesized at 1200 °C (48 hours, with an intermediate grinding and
10% excess NaHCOs3 added) and one synthesized at 1000°C (96 hours, with an intermediate
grinding). The NaCoosSn1.504 synthesized at 1200 °C could be successfully ion exchanged using
LiNOs at 400 °C, with intermediate temperatures (380 °C, 390 °C) resulting in only partial ion
exchange. By contrast, the NaCoo.5Sn1.504 synthesized at 1000 °C could be fully exchanged at 390
°C, even when heated for only 4 hours. One possible explanation for this would be that the lower
synthesis temperature produced smaller particles. However, SEM shows that both samples have
similar particle sizes (Figure S1). Another factor such as strain might influence the ion exchange
process.

Neither Nao.96Cro.96 T11.0404 nor Nao.ssRho.g6Ti1.0404 completely exchanged at 400 °C, and
it was clear from the yellow color of the solidified mixture after the reaction that oxidation of Cr3*
to Cré* occurs to some extent under these conditions. The chloride mixture was used thereafter.
Heating at 450 °C for 36 hours in the chloride eutectic mixture resulted in complete exchange of
Nao.96Cro.96Ti1.0404 and Nao.9sRho.9osTi1.0404. However, it should be noted that phase-pure
Lio.9sCro.06 Ti1.0404 could not be obtained using a platinum crucible. When the ion exchange of
Nao.96Cro.06 Ti1.0404 Was carried out in a platinum crucible at 450 °C using the chloride eutectic, the
solidified mixture was yellow after the reaction, suggesting the presence of Cr®*. Furthermore,
PXRD revealed the presence of platinum metal in the recovered product along with successfully
exchanged Lio.96Cro.96 Ti1.0404. These issues could be avoided by using an alumina crucible instead.
In this case, the solidified chloride mixture was still white after the reaction, and phase pure
Lio.96Cro.96 Ti1.0404 Was recovered.

NaScTiOs and Nao.gslnoe.ssSni1.0404 did not fully exchange using these conditions, and
degradation of (Na/Li)ScTiO4 was evident after the treatment. Given the previously published
results for the exchange of NaMn20a4, NaFeTiO4, and NaRu204,%1-3* and the results presented here,
it would seem that larger framework cations (Sc®*, In3*, Sn**) suppress ion exchange, presumably
by lowering the mobility of Na*. However, the higher temperatures required for the exchange of
Nao.96Cro.96 T11.0404 and Nao.9sRho.9sTi1.0404 do not follow this general trend. The authors suggest
that the double-rutile frameworks for these compounds are less flexible because of the electronic
configurations of Cr®* and Rh®* (d® and d®, respectively), both of which strongly prefer regular
octahedra. This decrease in framework flexibility might kinetically hinder the ion-exchange
process.



Rietveld refinement was performed for the new Li post-spinels. The lattice parameters and
atom coordinates were refined, but Uiso variables were not refined owing to the data quality. The
composition (ratio of alkali metal to transition metal) and symmetry were assumed to be conserved
throughout the ion-exchange process. The lattice parameters for the new phases are presented in
Table 1.

Table 1. Lattice parameters of new Li post-spinels synthesized via ion exchange from ambient-
pressure sodium post-spinels.

Compound a(A) b (A) c (R) V (A3

Lio.osV0.96 Ti1.0404 8.933(1) 2.9440(3) 10.664(1) 280.46(5)
Lio.96Cro.96Ti1.0404 8.904(1) 2.9271(3) 10.628(1) 277.00(8)
LiMNSnO4 9.147(2) 3.0312(5) 10.942(2) 303.4(1)
Li0.96MN0.96SN0.74Tio.3004 9.099(2) 2.9955(5) 10.840(2) 295.5(2)
Lio.9sMno.96Sno.59 Tio.4504 9.030(2) 2.9700(5) 10.813(2) 290.0(1)
Lio.osRho.96Ti1.0404 9.031(1) 2.9430(3) 10.641(1) 282.82(8)
LiC005Sn1504 9.237(1) 3.1297(3) 11.019(1) 318.54(8)
LiC005Ti1.504 8.917(1) 2.9238(3) 10.642(1) 277.45(8)
LiFeo.sTi1504 8.941(1) 2.9526(4) 10.701(1) 282.50(9)
LiMgo5Ti1504 8.963(2) 2.9631(4) 10.727(2) 284.9(1)

Solid-state NMR spectroscopy. Magic-angle spinning (MAS) solid-state NMR spectra were
recorded to examine the ion exchange process and resultant structures in further detail. One
diamagnetic (LiMgosTi1504) and one paramagnetic (LiMnSnO4) compound were selected for
NMR measurements.

In the case of LiMgosTi1s04, the 6Li and ‘Li NMR spectra at 12.5 kHz MAS consist of a
single isotropic resonance centered at 0.4 + 0.1 ppm (Figure 2a) with a ®Li T1 of 33 s and a “Li T:
of 2.3 s. The 'Li MAS spinning sideband manifold extends ~275 kHz (1770 ppm), arising from
quadrupolar-broadened satellite transition intensity (Figure 2b). While broadening from
heteronuclear dipolar coupling and chemical shift anisotropy are effectively eliminated by MAS
for 7Li in this compound, homonuclear dipolar coupling is not. The SLi isotropic resonance is
narrower than that of “Li owing to the smaller Larmor frequency and lower natural abundance of
the former combining to yield weaker homonuclear dipolar coupling. As a check of the reaction
completeness, 2°Na spectra were recorded on NaMgosTi1504 before and after the ion exchange
(Figure 2c). The LiMgosTi1.504 sample contained about 2.4% of the 22Na signal of NaMgosTi1.50a.
At 25 kHz MAS, paramagnetic LiMnSnOa4 yields a 'Li MAS NMR pattern with two clear isotropic
resonances, one centered at 750 ppm and the other at 0 ppm, with Tz values of 4.8 ms and 8.9 ms,
respectively, and large spinning sideband manifolds arising from anisotropic dipolar coupling
between unpaired electrons and “Li spins (Figure 3). At higher MAS rates, a third resonance with
a T1 of 3.9 ms and associated spinning sidebands appeared (Supplementary Figure S2). Although
there is only one crystallographic sodium site in the calcium ferrite structure, multiple local



environments—as probed by NMR-are expected owing to different orderings of diamagnetic Sn
and paramagnetic Mn3* around the sodium center.
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Figure 2 NMR spectra of (Na/Li)MgosTi1sO4 at 12.5 kHz MAS and 9.4 T. (a) ®Li and ’Li centerband
spectra of LiMgosTi1504. (b) “Li spinning sideband manifold of LiMgosTi1504 shown at full scale (bottom)
and with the centerband intensity truncated (top). (c) ?*Na spectra of NaMgosTi1504 and LiMgosTi1504

showing residual 2.4% Na after Li-exchange. Spectra in (a) are scaled to equal maximum intensity. Spectra
in (c) are normalized to the number of scans and moles of sample.
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Figure 3 'Li NMR spectra of LiMnSnO, at 25 kHz MAS and 9.4 T. A two-component fit is shown with
sub-spectra with isotropic shifts at 750 ppm and 0 ppm and large dipolar anisotropy. A third resonance and
associated spinning sideband manifold appeared at higher MAS rates (Supplementary Figure S2) but the
isotropic resonance could not be easily identified owing to strong peak overlap, temperature-dependent

shift from variable frictional heating, and large anisotropy.



Initial electrochemistry
Lio.96Mno.96SN1.04 xTixO4 (x = 0, 0.3, 0.45)

Lithium intercalation/deintercalation properties of electrode films of the ion-exchanged
lithium post-spinel structures were examined in battery cells against lithium metal counter
electrodes. On the initial charge of LiMnSnOa4, a capacity of ~60 mAh/g is observed from 3.8 to
4.4V (Figure 4a), compared to a theoretical capacity of 109 mAh/g for the removal of all lithium.
This high-voltage process is reversible on the initial discharge, and an additional capacity is
observed at lower voltages. A cutoff of 1.5 V results in a capacity of 120 mAh/g on the first
discharge. A sloping profile suggests that the Li insertion occurs via a solid solution mechanism,
though there are two broad peaks in the dQ/dV curve that are reminiscent of the subtle phase
transitions in layered oxide cathodes. The tunnels appear to be able to accommodate more than
one Li per formula unit, up to an approximate composition of Li1sMnSnOas, and both the
Mn**/Mn** and Mn®*/Mn?* redox couples are accessed. That the CaFe2Os structure can
accommodate more than one Li* per formula unit is consistent with the results published for CF-
LiFeTiO4, which could be lithiated up to a composition of Li2FeTiO4.2® Although the
electrochemical processes for LiIMnSnOa4 appear to be largely reversible, some capacity fade is
observed; the capacity drops to ~100 mAh/g after 10 cycles.

Sn“** can be substituted by Ti** in the Nao.ssMno.osSn1.04 xTixO4 series to some extent, with
x reaching up to ~0.45 at 1100 °C. Because these compositions must be quenched to avoid
decomposition, the CF phase deviates from the ideal stoichiometry owing to Na* vacancies. The
substitution has the effect of increasing the gravimetric capacity owing to the lower mass of Ti**
relative to Sn** for the Lio.ssMno.9sSno.7aTio.3004 composition, but further gains in capacity are not
observed for Lio.9sMno.9sSno.s9Ti0.4504. Lio.9sMno.9sSno.74Tio.3004 and Lio.9ssMno.9sSno.59Tio.4504
have initial discharge capacities of 130-140 mAh/g and similar discharge capacities of ~120
mAh/g after 10 cycles (Figure 4c and e). Ti** substitution appears to enhance electrochemical
reversibility. Approximately 19% of the capacity is lost between the first and 10" cycles for
LiMnSnOa4, whereas only about 8% is lost for Lio.osMno.96Sno.s9Ti0.4504.

Interestingly, polarization increases in the high voltage range (>3 V) for each of the three
Li-Mn-Sn-Ti-O compositions. Voltage fade occurs on discharge during cycling; a peak in the
dQ/dV plot is observed at about 3.8 V on discharge during the first cycle for each composition,
which drops to 3.5-3.6 V by the 5" cycle (Figure 4b, 4d, and 4f). The corresponding peak in the
charge curve increases in voltage by about 0.3 V.
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Figure 4 Galvanostatic cycling curves and dQ/dV curves for (a, b) LiMnSnOa, (c, d)
Lio.9sMno.96SNo.74Tio3004, and (e, f) Lio.9sMno.96SN0 59 Tip.4504 Cycled at C/20.

The electrochemical properties of the ramsdellite polymorph of LiMnSnO4 (no spinel
polymorph is known) have been investigated previously.>® Compared to the CF polymorph, the
ramsdellite polymorph has a higher initial charge capacity (~100 mAh/g), and a flatter voltage
plateau. In addition, the voltage fade is lower in the ramsdellite polymorph. However, it should be
noted that ramsdellite polymorph was synthesized via the urea-assisted combustion method
resulting in a small particle size (~250 nm according to the Scherrer equation, but the scanning
electron image suggests much smaller particles are present (<100 nm)). By contrast, the CF-
NaMnSnOg starting material in this study was synthesized via solid-state reaction at 1200 °C and
then ion exchanged to form CF-LiMnSnOa. SEM reveals that the CF-LiMnSnO4 particles vary in
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size, but are micron-sized, up to ~10 um for larger particles (Figure S1). Thus, some of the
differences in the electrochemical behavior may result from differences in synthetic method and
average crystallite size.

While the titanium end-member of the Nao.gsMno.o6Sni.0axTixO4 series, CF-NaMnTiO4
(thus also CF-LiMnTiOg4), cannot be synthesized at ambient pressure, two polymorphs of the
composition LiMnTiO4 (spinel and ‘Nao.4aMnO2-type’, the latter synthesized via ion exchange of
NaMnTiO4 with the ‘Nao.44aMnO2-type’ structure) are known, and their electrochemistry has been
studied.> 17 57 Curiously, all four of these phases (CF-LiMnSnQas, CF-Lio.9sMno.96Sn1.04xTixO4,
spinel LiMnTiO4, and ‘Nao.44sMnO2-type’ LiIMnTiO4) share the characteristic that only about half
of the theoretical capacity is accessed on charging, i.e., none of the compositions can be fully
delithiated, at least at room temperature. By contrast, the spinel, ‘Nao.4sMnO2-type’, and CF
polymorphs of LiMn204 can be essentially fully delithiated, though degradation of the framework
occurs in the spinel phase at high degrees of Li extaction.5 315758 Thus, Ti** or Sn** substitution
for Mn“** appears to decrease accessible charge capacity in all of these structure types despite no
change in the nominal quantity of oxidizable Mn3*,

Lio.96V0.96 Ti1.0404, LiFeosTi1504, and Lio.osCro.96Ti1.0404

Lio.96V0.96 T11.0404, Lio.96Cro.96Ti1.0404, and LiFeosTi1504 share many similarities in their
electrochemical behavior. With each compound, there is the possibility of accessing one redox
couple at high voltage and a separate redox couple at a lower voltage: the V4*/3* Cr#*3* and Fe3*/2*
couples can be accessed during initial lithium extraction (Lii-x(M, Ti)204) while the Ti**** couple
is active at lower voltages (Liz+x(M,Ti)204). Experimentally, these processes are observed for all
three compounds.

Two different samples of LiogssVogsTiro4Os were prepared as described in the experimental
section. For LVT-Hz2, the initial charge capacity is ~80 mAh/g, compared to the theoretical capacity
of 152 mAh/g. On discharge, two plateaus are observed (Figure 5a). The first, which is the reverse
of the process on the initial charge, occurs between 3.2 VV and 2.6 V. The second process occurs at
~1.4V (vs Li*/Li) and has a shallower slope (sharper in dQ/dV). These two processes are assigned
to the V43* and Ti*3* redox couples, respectively. The capacity of the low-voltage process is
greater than that of the high-voltage process, and the total discharge capacity is ~225 mAh/g during
the first discharge, which suggests the approximate composition varies from Lio.sVo.96 Ti1.0404 to
Li2Vo.96 Ti1.0404. These processes are reversible on subsequent cycles, and a total capacity of over
200 mAh/g is maintained after 10 cycles. For LVT-Ar, the discharge capacity is smaller, 178
mANh/g by the tenth discharge (Figure 5¢). The origin of the lower capacity for LVT-Ar compared
to LVT-H2 is unclear; it may be related to defects or surface chemistry but this requires further
investigation. Minimal changes are observed in the dQ/dV plot, and the capacity actually increased
slightly between the second and eleventh cycles.

The electrochemical behavior of LiFeosTi1.504 is similar to that of Lio.osVo.96Ti1.0404, with
two voltage plateaus observed during the initial discharge (Figure 5e). In contrast to
Lio.9sV0.96 Ti1.0404, the LiFeosTi1504 electrode was discharged first. This was because during the
washing step, it became clear the LiFeosTi1504 was being oxidized by water. Gas bubbles,
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presumably Hz, formed on the initially black LiFeosTi1504, and after filtering the material became
a green-brown color. Thus, the material used to create the laminate was actually Lii xFeosTi150a.
It may be possible to avoid this chemical oxidation with a milder salt removal step, e.g., with
alcohol. The voltage plateau corresponding to the Fe3*2* redox couple is lower in
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voltage than the V4*3* couple by about 0.2 V and the capacity is similar, suggesting the charged
material reaches a composition of approximately Lio.sFeosTi1504. Because iron is not expected to
be oxidized to the Fe** oxidation state with an upper cutoff voltage of 3.5 V, this means that the
full theoretical capacity for the Fe*?* redox couple is nearly accessed. On discharge, the
approximate composition of LiisFeosTi1sO4 is reached, with the capacity reaching 160 mAh/g on
the tenth cycle.

The initial charge capacity of Lio.s6Cro.96 Ti1.0404 is the highest among all the CF compounds tested,
reaching a capacity of ~120 mAh/g (upper cutoff voltage = 4.5 V). Li extraction occurs primarily
from 3.75-4.25 V. This process appears to be mostly reversible on discharge, and, as with
Lio.o6Vo0.96Ti1.0404 and LiFeosTi1504, a low voltage plateau is also present at ~1.4 V (Figure 5g).
While the low-voltage process shows very little capacity fade, the high-voltage process associated
with the Cr**3* redox couple is accompanied by capacity fade between the first and second cycles,
after which stable cycling is observed with minimal capacity loss. The discharge capacity of the
high-voltage process during the second cycle is ~75 mAh/g, which is about half of the theoretical
capacity. The total capacity of the tenth discharge is ~175 mAh/g. Although there is large capacity
fade between the first and second cycles in the high voltage region, this does not seem to be
associated with any decomposition of the Lio.osCro.o6 Ti1.0404 electrode. Ex situ PXRD reveals that
the CF structure is well-maintained after 10 cycles (Figure 6). As with LV T-H2, some voltage fade
is observed on discharge between the first and second cycles, with little change between cycles 2—
10 (Figure 5h).

— Cycled LIiCrTiO,
Pristine LICrTiO,

To the best of our knowledge, no other
polymorphs of LiFeosTi1s04 have been studied
electrochemically. However, there are known
spinel and ramsdellite polymorphs for both
LiVTiOs and  LiCrTiOs  for  which
electrochemical studies have been published.*
15,59-60 The V4*3* redox couple can be accessed
for both the spinel and ramsdellite polymorphs,
but the capacity is limited to ~90 mAh/g and ~60

mAh/g, respectively, which is strikingly similar

10 15 20 25 30 35 40 45 s 55 6o to the behavior of CF-LiogsVoeesTi1.0404 on the
20(°) initial charge. These results, combined with the

Figure 6 PXRD of pristine LiossCroesTir040s  results in the manganese compounds, suggest
powder and an electrode of LiossCrossTinosOs that there is something intrinsic about the
cycled 10 times between 1.0 V and 45 V and  composition of these phases rather than the
ending on a charge cycle. structure that suppresses the degree to which the
high-voltage redox couples can be accessed and

the degree to which lithium can be extracted. However, it should be pointed out that the full
theoretical capacity for the ‘Nao.4sMnO2-type’ polymorph of LiMnTiO4 was reached successfully
by cycling at high temperature (60 °C).5’ Perhaps similar behavior could be observed for the other
previously mentioned phases. In contrast to spinel LiVTiO4, no reversible capacity at high voltages
was reported for spinel LiCrTiO4. While a voltage plateau is observed on charging to 5 V, no high-

Intensity (a.u.)
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voltage plateau is observed on discharge. Thus, the Cr**3* redox couple seems to be inaccessible
for the spinel polymorph. However, Cr*/3* redox, or possibly even Cré*, appears to be accessible
for both the CF and ramsdellite polymorphs, although in neither case is the full theoretical capacity
reached. On the other hand, the low-voltage 30 : ‘
behavior is quite similar for the spinel and
ramsdellite phases for both LiVTiOs and 25
LiCrTiOa. In each case, additional lithium can
be inserted and the Ti**** redox couple can be

g
o

accessed around 1.5 V. The full theoretical % — Cyclet
capacity was reached for each polymorph, % . —— Cycles 2-9
although LiCrTiOa required low current density & — Cycle 10
conditions to access the full capacity. The Ti**3* " |
redox couple for the CF phases can also be '

accessed at similar voltages. However, full

capacity was only observed for LVT-Hz, while  ®°0c 20 a0 & & 1o
only about half of the theoretical capacity was Specific Capacity (mAh-g”)

accessed for other samples (LVT-Ar, Figure 7 Galvanostatic cycling curves for
Lio.96Cro.96 Ti1.0404, and LiFeosTi1504). LiMgosTi1504 cycled at C/20.

LiMgo5Ti1s04

While all metal cations are in their highest oxidation states in LiMgosTi1.504 and Li cannot
be extracted (at least without oxygen redox), the results for the preceding compounds suggested
that LiMgo.sTi1.504 may still accommodate additional Li and act as an anode material. Indeed, Li
could be inserted below 1.5 V, albeit with relatively low capacity (Figure 7). On the first discharge,
a capacity of nearly 90 mAh/g is reached, compared to a theoretical capacity of 173 mAh/g for a
one-electron reaction.

LiCoo05Ti1504 and LiC005Sn1504

Although LiCoosTi1504 and LiCoosSn1504 contain Co?*, suggesting their use as high voltage
cathode materials, the reversible capacity is very low. For LiCoosTi1s04, a capacity of ~65 mAh/g
is observed on charging to 4.8 V, but much of this is likely associated with electrolyte oxidation
as only ~16 mAh/g is observed on the subsequent discharge (Figure 8a). By the fourth cycle, the
discharge capacity is less than 5 mAh/g. For LiCo0o0sSn1504, an initial charge capacity of ~47
mANh/g is observed on charging to 4.8 V, but only ~6 mAh/g is observed on the following discharge
(Figure 8b). The lower cutoff voltage in both cases was 2.5 V to avoid conversion reactions
associated with reduction to Co or Sn metal. It is possible that the poor electrochemical
performance of both compounds results from the poor electronic conductivity; the active ion, Co?*
is somewhat dilute in a framework of d° Ti** cations, which results in a highly insulating material.
The somewhat contrasting behavior of LiFeosTi1sO04 could be explained by the fact that the Fe3*/2*
and Ti**3* redox couples are much closer in voltage than those of Co**2* and Ti**3*. As a result,
charge transfer reactions are more favorable in LiFeosTi1504, likely resulting in higher hopping
conductivity.
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Figure 8 Galvanostatic cycling curves for (a) LiCoosTi1s04 and (b) LiCoosSn1504 cycled at C/20.

Lio.osRho0.96 Ti1.0404 5

Approximately 1/3 of the theoretical
capacity is observed for Lio.gsRho.9sTi1.0404
(~40 mAh/g), accompanied by high
polarization. (Figure 9) Reportedly, the Rh**/3*
redox couple can be accessed in LiRhO,
Li12Rho.sO2, and LiRh204, though the reaction
is known to be incomplete in the voltage range
explored in this work.52-63 Recent work from 2
Chamorro et al. has shown that LiRh204 can
only be electrochemically delithiated to about

——Cycle 1
—— Cycles 2-9 |
—— Cycle 10

Potential (V)

LiossRh20O24 and the oxidized rhodate is 10 I 5 I 10 I 15 I 20 I 25 I 30 . 35 I 40 I 45
apparently unstable with lithium electrolytes. Specific Capacity (mA-h-g")
However, spinel structured LiRh20s can be Figure 9 Galvanostatic cycling curves for post-

fully chemically delithiated, which presents an spinel LiRhTiO4 cycled at C/20.
interesting future direction for exploration of
the post-spinel LiRhTiO4.64

Operando  X-ray diffraction.  Lio.osMno.oeSno74Tio.3004,  which  cycles  between
~Li0.3Mno.g6Sno.74aTio3004 and ~Li1.4Mno.g6Sno.74aTio.3004, was selected for operando X-ray
diffraction measurements to track the evolution of the post-spinel lattice during lithium extraction
and tunnel stuffing (insertion beyond one Li per f.u.) (Figures 10 and 11). A sequential Rietveld
refinement was performed on 233 integrated diffraction images collected over 13 h corresponding
to the first charge, followed by two full cycles. Lattice parameter evolution with estimated standard
deviations, and changes in metal positions, are shown in Supplementary Information Figures S3—
S4. On the initial delithiation to 4.5 V, the a and c axes contracted 2.9% and 0.9%, respectively,
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while the b dimension along the tunnels was remarkably unchanged (final = —0.004%, max.
deviation = 0.026%). On 1% discharge, the a and ¢ axes expanded toward their initial dimensions
but the crystallographic changes were not a mirror reversal. As lithium was inserted down to 1.5
V, the b axis did become active. The volume change over a full discharge corresponding to the
insertion of 1.1 lithium per f.u. was 6.8%. The majority of this expansion can be attributed to the
a axis. Subsequent charge/discharge cycles followed the same trends. While the electrochemical
behavior of the free-standing electrode in this XRD experiment is similar to that of the
conventionally cast films, the former is a thicker and mechanically weaker electrode that exhibited
a lower reversible capacity.

The diffraction patterns of the first two cycles are shown in Figure 11. There appears to be a subtle
two-phase reaction in both the charge and discharge data, indicating that the calcium ferrite
structure does not expand continuously. The symmetry does not change through this subtle
transition so it suggests a miscibility gap rather than a structural rearrangement. The two-phase
reaction corresponds to the inflection point in the voltage curves at about 20 mins into both the
first charge and first discharge.

1stch.  1stdisch. 2ndch. 2nd disch. 3rd ch.

Avol. (%)

Ac (%)

Ab (%)

Aa (%)

Potential (V)

Time (h)

Figure 10 Structural evolution of Lio.ssMno.esSno.74Tio.3004 on the first charge and the subsequent two full
cycles between 4.5 and 1.5 V vs. Li*/Li at a rate of C/3. Lattice parameter changes are derived from
sequential Rietveld refinement of 233 synchrotron diffraction patterns collected over 13 hours.
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discharge between 4.5 and 1.5 V vs. Li*/Li at a rate of C/3. Selected calcium ferrite reflections and the (110)
reflection from the lithium metal anode are denoted.

Energy landscape of stoichiometric and Li-stuffed post-spinels. In prior studies on post-spinel
compounds, the focus has primarily been on the electrochemistry of Li/Na/Mg with up to one
alkali or alkaline-earth ion per AMxM’2 xO4 formula unit.?® 32 However, our investigation revealed
that in some frameworks such as VTiO4, MnSnOa, and FeTiO4, Li ions can be inserted up to a
maximum of two per formula unit, as reported in the synthesis of Li2FeTiO4.%® While the positions
of Li in the FeTiO4 framework have been reported based on XRD experiments, we sought to clarify
this by computationally evaluating the energy landscape within the tunnels of the calcium ferrite
framework.

Figure 12 presents the energy for Li at different positions in the tunnel of LixMnSnOa. Lithium
positions were varied in the bc plane to generate candidate Li sites (Figure 12a). The position along
the a axis was set to match that of Ca in CaFe204 post-spinels. The energy landscape in Figure 12a
suggests that, in the absence of cation stuffing, the lithium ion in Li-post-spinels occupies the same
position as calcium in CaFe204 post-spinels. Detailed structural data can be found in Table S1.
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To compute the energy landscape of Li-stuffed Lii+xMnSnQOas, additional Li ions were added to the
pristine LiIMnSnOa4 structure. After relaxation of DFT forces, the original Li ion within each tunnel
relocated to the edge of said tunnel, as shown in Figure 12b. To determine the position of the new
‘stuffed’ Li ion within the tunnel, a bc plane energy landscape was calculated (assuming the new
lithium to be intermediate between existing lithium ions in the a axis) (Figure 12b). Two energy
minima are identified in the energy landscape. Although both sites have comparable energy, we
selected the position with slightly lower energy (b = 0.29, ¢ = 0.83) for further calculations.
Detailed positions of the stuffed Li ions can be found in Table S1.

a Energy Landscape in LiiMnSnO4
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Figure 12 DFT-calculated energy landscape for different lithium positions in (a) stoichiometric LiMnSnO4
and (b) lithium-stuffed Lii.0sMnSnOa. The bright green atoms in the structure figures represent the
calculated Li ion positions. The energy landscapes show interpolated DFT energies for the various lithium
positions.

Lithium post-spinel partial density of states. Electrochemical lithium extraction and insertion
of the Li post-spinel compounds has revealed a relatively low voltage (~1.5 V) feature when M’ =
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Ti in the LiMxM'2 xO4 formula unit, a characteristic not observed in the M' = Sn analogues. This is
consistent with Ti**3* redox in, e.g., LiaTisO12 and polymorphs of TiO2. To gain insights on the
role of the M’ metal in lithium post-spinel compounds, partial density of states (DOS) plots were
computed for LixMnSnOas and LixVTiOa. Figure 13a shows the variation of the partial Mn/Sn DOS
at different Li levels. Unoccupied electronic states from tin are generally more than 2 eV into the
conduction band and remain unchanged upon lithium insertion. On the other hand, manganese
states are filled during lithiation and shift from the conduction into the valence band, indicating
that Mn is the only redox-active metal in the LixMnSnO4 compound from 0 <x < 2.

In contrast, LixVTiO4 exhibits overlapping vanadium and titanium electronic states, as depicted in
Figure 13b. Vanadium states dominate the conduction band at low Li concentrations (x < 1.0) and
appears to be reduced first. At the composition LiVTiOs, titanium states begin to dominate the
conduction band, indicating that the Ti**** couple becomes electrochemically active upon deeper
lithium insertion. Overall, the electrochemical features of the post-spinels in this work can be
summarized as a higher voltage process for the mid-to-late transition metal M**3* redox couple
followed by a 1.5 V Ti**3* redox couple when M’ = Ti. Vanadium reduction below V/(l11) is also
indicated.
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Figure 13 Computed DOS for (a) LixMnSnO4 and (b) LixVTiO4 for different Li concentrations (x
=0, 0.5, 1.0, 1.5, 2.0). The dashed line at the center denotes the Fermi level. The shaded regions
on either side of the Fermi level are the valence and conduction band DOS corresponding to 0.5
frontier electrons per LixMM’Oa4 formula unit.

Thermodynamic stability of Li post-spinels as a function of (de)lithiation. Convex hull
calculations were carried out to understand the stability of phases in the Li-CF chemical space.
The energy above the convex hull of stability is calculated for various combinations of octahedral
transition metals and at varying degrees of lithiation including dilute and stuffed. Lithium positions
according to the preceding section were used and, when partially occupied, orderings were
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attempted with the three lowest electrostatic energy configurations. Computed energies above the
convex hull (Enun) of Li-CF phases at 0 K are shown in Figure 14; no entropic terms are included.
All phases are above the hull except LiFeosSn1.50a4.

As expected, LiMM O4 compounds have lower Enun values than their over- or under-stoichiometric
modifications. Ti*" and Sn** lithium post-spinels are more stable than those with Zr#*, suggesting
that the Zr** analogues may be more difficult to synthesize and may decompose more easily during
Li cycling. Considering the successful ion exchange and electrochemical insertion/extraction of
Lio.os6V0.96 T11.0404, LiFeosTi1504, Lio.9sCro.96Ti1.0404 and LiMnSnOa4, Enun up to 50 meV/atom for
the LiMM’O4 stoichiometry appears to be accessible and may be a useful cutoff for filtering
promising Li post-spinel compounds.

Upon Li extraction, the compounds generally become increasingly unstable, suggesting that it may
be difficult to extract all of the lithium without inducing decomposition reactions. Importantly,
while pristine LiMSnO4 post-spinel compounds are more stable than their Ti** analogues, the Ti**
compounds (except M = Rh®") have lower Enun upon delithiation and thus may be preferred for
electrode applications.

LiMM’O4 post-spinels are also destabilized by lithium insertion. Considering the high Enun values
here (larger than 100 meV/atom), it is likely that kinetic stability will be important to promising
compounds. Considering that LixVTiOs and LixMnSnQOa can experimentally accommodate up to
1.5 Li, about ~120 meV/atom could be suggested as secondary screening standards for Li insertion.

Thermodynamic calculations reveal that LixVTiO4 and LixMnSnO4 exhibit the highest degree of
stability throughout the process of Li extraction and insertion. This observation aligns with the
experimental electrochemical outcomes. As elucidated in the preceding section, the
electrochemical performance of LixVTiO4 can be attributed to mixed vanadium/titanium redox
centers, while the multielectron redox adaptability of manganese underpins LixMnSnQOa. Although
LixFeosSn1504 is untested and LixC005Sn1.504 did not show promising electrochemistry in this
initial study, their Enun values are encouraging.

Xi=0 x,i=0.5 xi=1 xXi=1.5 Xi=2 360
v | 76 109 103 90 99 108 146 137| |148 150 209
Cr |94 138 114|| 68 115 78 100 130 160 167| |131 212 176 -
Mn -127 93 71 116 81 101 126 108 100| |150 128 111 L 540 >|E
Rh |119 169 111|| 66 103 83 174 180 146| |203 265 195 g%
In |212 233 135 148 102 94 196 144 185 173 ~
Mg |196 206 107 131 75 117 126 151 150 L 120 E
Fe |114 160 136 108 71 158 213 104| | 250 133 W
Co |101 160 130|| 76 143 82 651 82 174 189 117 250.142 i

Ti Zr Sn Ti Zr Sn Ti Zr Sn Ti Zr 5Sn Ti Zr Sn 0

Figure 14 Computed energy above hull of LixM3*M/#*O4 and LiM?*05M “#*1504 CF phases with
lithium contents x = 0, 0.5, 1.0, 1.5, and 2.0. Experimentally examined compounds are indicated
by blue outlined boxes in xLi = 1.
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Lithium hopping barriers in the post-spinel structure. To understand Li* transport as a function
of lithium concentration, one lithium (per supercell) was removed from dilute LiosMM'Oa,
stoichiometric Li1.oMM'O4, and stuffed Li1sMM'Oa structures to form Lio.s2MM'O4, Lio.92MM'Os,
and Li1.42MM'O4 (M = Mn, V; M’ = Sn, Ti). The computed barrier for Lio.e2MnSnOg is similar to
that found in a previous study,?® which highlighted that the Li hopping barriers in Mn-based post-
spinels are low, smaller than 0.2 eV. Notably, our results show that both dilute and stuffed post-
spinel structures exhibit an increased barrier, reaching 0.6 eV, as illustrated in Figure 15a. This
increased barrier may account for the inability to achieve Li stuffing up to Li2MnSnOa despite the
similar energy above the hull of LizsMnSnOs and Liz2MnSnOa. In contrast, LixVTiOs shows
relatively consistent migration barriers of 0.23, 0.31, and 0.37 eV for dilute, near-stoichiometric,
and stuffed configurations, respectively (Figure 15b).
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Figure 15 Computed energy barriers for lithium transport in Lio.s22MM'O4, near-stoichiometric
Li0.92MM'Og, and stuffed Li1.«2MM'O4 phases. (a) M = Mn, M’ =Sn. (b) M =V, M’ = Ti.
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Electrochemical rate and durability testing. The rate and cycling capabilities of
LiogsVo.96Ti1.0404 (LVT-Ar) were examined. Lio.gsVo.96 Ti1.0404 could be cycled at relatively high
rates; the capacities at 1C and 2C are ~80% and ~70% of the C/10 capacity, respectively (Figure
16a). This is consistent with the low barriers calculated for lithium mobility in the previous section.
The capacity retention is also high (Figure 16b). When cycled at a rate of C/2.5 between 4.2 V and
1.0 V, the first cycle capacity retention is 96% and the cumulative capacity loss from the 2" to the
1001 cycle is only 1%. When combined with the operando and ex situ PXRD of cycled
Lio.96Mno.96Sno.74aTio.3004 and Lio.9sCro.sTi1.0404, the data suggest that the CF structure is a
kinetically stable insertion host in lithium-ion battery cells at room temperature, even though the
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Figure 16 (a) Charge capacity during rate testing of Lio.9sV0.96 Ti1.0404 and (b) capacity of
Lio.9sVo0.96T11.0404 cycled between 4.2 V and 1.0 V at C/2.5 for 100 cycles.

CF structure is not expected to be thermodynamically stable at any degree of lithiation.

In this broad comparative synthetic and electrochemical study of post-spinel CF compounds, it
was observed that the capacity, average voltage, rate, and stability of Lio.osVo.96Ti1.0404 are on par
with vanadium-based disordered rocksalt structures.®>-%¢ This is particularly interesting because
the CF phase is neither nanostructured nor carbon-coated and reaches this capacity with an upper
cutoff voltage of 4.2 V that is within the stability window of standard battery electrolytes while
disordered rocksalt phases access their high capacities at voltages up to 4.6—4.8 V and are typically
nanostructured and carbon-coated to overcome poor native electronic conductivity.

Conclusions

Lithium post-spinels have been synthesized at ambient pressure via ion-exchange reactions and
their electrochemical lithium extraction and insertion have been studied as electrodes in lithium
batteries. Lithium can be reversibly extracted at high voltages from LiMnSnOa, Lio.9sMno.96Sn1.04-
xT1xO4, Li0.96V0.96Ti1.0404, Lio.9sCro.96Ti1.0404, and LiFeosTii1s504, but only about half of the
available lithium is extracted in each case. Each of these compounds, in addition to LiMgosTi1.504
can also accommodate more than one Li* per formula unit. Lithium insertion is observed at low
voltages, with the Mn3*/2* redox couple accessed for the manganese compounds, and the Ti4+3*
couple accessed for the titanates. In most cases, only about 0.5 additional lithium atoms are inserted
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per formula unit. However, the fact that an alternative synthesis method for Lio.o6V0.96Ti1.0404
enabled lithium-stuffed ~Li2VTiO4 and that CF-LiFeTiO4 has previously been reported to reach
Li2FeTiO4 suggests the possibility that additional capacity could be accessed for the compounds
reported in this work via tailored synthetic methods (e.g., sol-gel synthesis) and materials/electrode
engineering. There is evidence for multielectron Mn redox in manganese post spinels.
Electrochemical and diffraction data suggest that the calcium ferrite structure is kinetically stable
and a promising host structure for Li-ion batteries. Stability and electronic structure calculations
aid redox mechanistic assignments and suggest promising screening criteria for future metastable
lithium post-spinel electrodes.

Supporting Information

Lithium post-spinel SEM images, additional ’Li solid-state NMR spectra, absolute lattice parameters and
metal fractional coordinates as a function of lithium content in Lio.ossMno.96SNo.74Ti0.3004 from operando
synchrotron XRD, fractional coordinates of DFT-relaxed LiMnSnO. and Li1.0sMnSnQO,4 as computed by
GGA+U.
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