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Probing Mg Migration in Spinel Oxides
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ABSTRACT: Mg batteries utilizing oxide cathodes can theoretically surpass the energy density of current Li-ion technologies. The absence of

functional devices so far has been ascribed to impeded Mg** migration within oxides, which severely handicaps intercalation reactions at the

cathode. Broadly, knowledge of divalent cation migration in solid frameworks is surprisingly deficient. Here we present a combined experi-

mental and theoretical study of Mg migration within three spinel oxides, which reveal critical features that influence it. Experimental activation

energies for a Mg™* hop to an adjacent vacancy, as low as ~0.6 eV, are reported. These barriers are low enough to support functional electrodes

based on the intercalation of Mg**. Subsequent electrochemical experiments demonstrate that significant demagnesiation is indeed possible,

but that challenges instead lie with the chemical stability of the oxidized states. Our findings enhance the understanding of cation transport in

solid structures and renew the prospects of finding materials capable of high density of energy storage.

= INTRODUCTION

Research of multivalent batteries has received increased attention fol-
lowing the conceptual demonstration of a Mg battery in 2000." Bat-
teries that pair a metallic Mg anode against a high voltage intercalation
cathode could lead to substantially higher energy density than current
Li-ion technology,” thus advancing applications such as electric vehi-
cles, critical in a shift toward sustainability. Reversible Mg electrodep-
osition has been demonstrated, albeit in electrolytes with relatively
low anodic stability.> On the cathode side, in contrast, the lack of ma-
terials which undergo reversible Mg intercalation remains the major
hurdle towards a practical battery.* While it has been demonstrated in
sulfides such as MgMoeSs and MgTi:S4,"* both the associated specific
capacities and the voltages of operation are too low to produce de-
vices with competitive energy densities. Both can potentially be raised
if oxides are employed instead.*

Oxides with a spinel structure are predicted to provide a favorable
combination of capacity, voltage of operation and ionic mobility,
which underpin the metrics of a cathode. While preliminary evidence
exists of reversible intercalation into A-Mn.Os,® it also clearly revealed

that the electrochemical reaction presented significant inefficiencies,
likely kinetic, relative to analogous reactions with Li. Generally, the
lack of solid oxides capable of extensive and reversible Mg intercala-
tion is ascribed to low cation mobility due to strong coulombic repul-
sions during the hop a Mg”™* cation between sites. However, no exper-
imental evaluation of the barriers for Mg** migration in oxides is avail-
able. The performance of Mg cathodes under electrochemical condi-
tions is highly susceptible to cation desolvation, solvent co-intercala-
tion,” and conversion reactions,* highlighting the importance of di-
rectly measuring bulk Mg phenomena. These measurements also pro-
vide valuable means to “close the loop” with existing theoretical pre-
dictions and eventual cathode design.

Contrary to existing assumptions, here, we demonstrate that the bar-
riers of Mg®* migration in spinel oxides with Cr and Mn are suffi-
ciently low to support electrode function at reasonable particle sizes.
A combination of powder diffraction, Mg variable temperature
solid-state nuclear magnetic resonance (**Mg VT ss-NMR) and
muon spin relaxation (uSR) studies reveal Mg hoping barriers of ~600
meV, in excellent agreement with independent Density Functional



Theory (DFT) predictions. Thus, our findings challenge the existing
notion that cation migration in oxides is the primary limiting factor
hindering the development of functional Mg cathodes. Indeed, the
possibility of electrochemically deintercalating Mg** is demonstrated
for normal spinels. Our results also indicate that Mg ion migration is
notably sensitive to structural disorder within the spinel lattice, which
can be controlled during the synthesis. This work provides renewed
motivation towards developing high voltage Mg batteries.

m EXPERIMENTAL SECTION
Synthesis of metal oxides

The synthesis of samples was performed through either a sol-gel type
synthetic route or ceramic high temperature synthesis. For the sol-gel
route, the desired metal acetates were added in stoichiometric ratios
to 100 mL of deionized water. The total concentration of ions in so-
lution was 0.025 mol. A further 0.025 mol of citric acid was added to
the solution at a 1:1 ratio with the total metal ion concentration. The
solution was stirred on a hot plate in a fume hood just below the boil-
ing point until all the water had evaporated. The remaining sol was
then placed in a box furnace inside a fume hood and heated to 450 °C
for 6 hours, ramping at 10 °C/min. The resultant black foam was then
ground in a pestle and mortar to a fine powder. The sample was trans-
ferred to a ceramic high alumina crucible and heated to 1000 °C for
12 hours in air, ramping at 10 °C/min. For the MgMn,O4 samples, the
resultant powder was then split into two parts for subsequent thermal
annealing to obtain various extents of inversion in the spinel. To ob-
tain a normal spinel, the sample was placed in a box furnace in air at
400 °C for 100 hours and quenched in liquid Na. To obtain the par-
tially inverted spinel, the sample was placed in a box furnace in air at
1000 °C for 60 hours and quenched in liquid N». For the ceramic high
temperature synthesis, magnesium hydroxide and chromium nitrate
nonahydrate were mixed together in stoichiometric ratios, heated to
250 °C for 2 hours and then heated to 1000 °C for 16 hours.

Electrochemical experiments

Powders were mixed with acetylene black with a 60/40 mass ratio,
and drop cast onto 1.5” stainless steel current collectors (25-35 mg
active material). The electrodes were introduced into Swagelok -type
stainless steel cells with a Li metal counter electrode and 1.0 M LiPFs
in a 3:7 (wt%/wt%) mixture of ethylene carbonate (EC) and ethyl
methyl carbonate (EMC). Experiments were conducted at 50°C and
for constant current experiments a C/20 rate was used. Samples were
handled in inert Ar atmosphere except when sample sensitivity to x-
rays and air were tested. Electrochemical samples were additionally
characterized by lab XRD using Cu-Ka radiation (Bruker D8) and
transmission electron microscopy (TEM) with energy dispersive X-
ray detector (JEOL JEM 3010) operated at 300 kV.

Synchrotron X-ray powder diffraction (APS, 11-BM-B) (S-XRD)

Samples were loaded in Kapton capillaries (0.9 mm diameter) and
mounted on bases provided by the Advance Photon Source (APS),
Argonne National Laboratory. High resolution synchrotron powder
diffraction data were collected using beamline 11-BM-B with an aver-
age wavelength of 0.414 A for all compounds. Two platinum-striped
collimating mirrors and a double-crystal Si(111) monochromator are
used for the X-ray optics.® The data points were collected at room
temperature with a step size 0o£ 0.001° 20 and scan speed of 0.01 °/sec.

Data are collected while continually scanning the diffractometer 20
arm. High resolution and short collection time is obtained by using a
unique 12-element Si (111) crystal analyzer/detector.’ Rietveld re-
finements'® were performed using TOPAS version 4.1 by Bruker AXS
(Version 4.1, 2008). All diffraction plots are presented in Q (A™),
where Q = [47sin(0)] /A

Time-of-flight neutron powder diffraction (NOMAD, BL-1B, SNS)

Time-of-flight total scattering neutron data were collected on the Na-
noscale-Ordered Materials Diffractometer (NOMAD), the Spalla-
tion Neutron Source, Oak Ridge National Laboratory which has a to-
tal flight path of 21.5 m and utilizes a neutron beam collimated down
to a diameter of ~6 mm."' Samples were preloaded 2 cm high in 3 mm
diameter quartz glass capillaries available from Hampton Research,
Ca., USA and sealed with an epoxy resin. NOMAD detectors were
calibrated using scattering from diamond powder, and the instrument
parameter file for the Rietveld refinements was obtained from the
measurements of the NIST standard silicon powder. All diffraction
plots are presented in Q (A™?).

Solid-state nuclear magnetic resonance spectroscopy (ssNMR)

*Mg magic angle spinning (MAS) NMR experiments were per-
formed at 11.7 Tesla (500 MHz) on a Bruker Advance III spectrom-
eter operating at a Larmor frequency of 30.64 MHz using a 3.2mm
MAS probe and at 19.89 Tesla (850 MHz) on a Varian Direct Drive
(VNMRS) Spectrometer operating at a Larmor frequency of 52.22
MHz using a 4 mm MAS probe. A calibrated 7/2 (actual n/6) pulse
width of 3 ps was used with sufficiently long pulse recycle delays 0f 0.2
to 0.5 seconds. The spectra were acquired at a spinning speed of 20
kHz for 3.2mm rotors (10 and 15kHz for 4mm rotors) with a rotor
synchronized spin-echo experiment (90°-7-180°-7) where 7 is 1/v..
For high field measurements, a calibrated m/2 (actual 7/6) pulse
width of 2 ps was used with pulse recycle delays of 0.2 seconds and
spinning speeds of 10 kHz again with rotor synchronized spin-echo
experiments. To ensure quantification in normalized intensity exper-
iments, single pulse experiments (data not shown) with recycle delays
0.1 to 1 seconds were used to confirm signal saturation. All chemical
shifts were referenced to S M MgCL (aq.) at 0 ppm. Quadrupolar fits
to the spectra were constrained to Lorentzian-only with 7 sidebands
for Cr-spinel and 3 sidebands for normal Mn-spinel. The fits to pro-
duced overlaps >80% and having +/- 5% error in quadrupolar cou-
pling constants, and FWHM estimates and have negligible error in
shifts.

Muon spin relaxation (uSR)

Muon measurements were carried out using the EMU spectrometer
at the STFC ISIS Pulsed Neutron and Muon Source on an unen-
riched samples of normal and partially inverted MgMn,O4 and
MgCr,04."” Spin polarized positive muons are implanted within the
material where they stop rapidly at interstitial sites without loss of spin
polarization.”® The implanted muon spins are sensitive to static and
dynamic magnetic fields within the sample. After implantation, the
polarization of the muon ensemble evolves with time and is recorded
using the decay of muons into positrons, which is asymmetric with re-
spect to the muon spin direction at the instant of decay. The experi-
ment on the normal spinel MgMn,O4 was carried out similarly to
those previously demonstrated in studying lithium battery materials.**



Measurements were made at a series of temperatures and small mag-
netic fields applied along the direction of the initial muon spin polari-
zation. The data were analyzed using a dynamic Gaussian Kubo Toy-
abe function', multiplied by an exponential relaxation, to extract for
each temperature a static field distribution width A resulting from nu-
clear moments, a fluctuation rate v from nuclear moments moving
past the muon, and a damping rate X due to electronic (paramagnetic)
fluctuations.

First-principles hopping barrier calculations

Mg hopping barriers were computed using the Nudged Elastic Band
(NEB) method together with Density Functional Theory (DFT),' "
as implemented in the Vienna Ab initio Simulation Package
(VASP).'®" The Perdew-Burke-Ernzerhof (PBE) implementation of
the Generalized Gradient Approximation (GGA) functional is used
to describe the exchange-correlation interactions.” Fictitious interac-
tions across periodic images are minimized by introducing a mini-
mum distance of at least 8.6 A between the Mg ions and eight or nine
distinct images are used between the endpoints to capture the diffu-
sion trajectory. The endpoint energies of the spinel structures were
converged to 0.01 meV/supercell, while the forces in the NEB are
considered converged within 0.05 eV/ A

m RESULTS AND DISCUSSION

Spinel-type AB,X4 oxides crystallize in a cubic close-packed oxygen
lattice. In a normal framework, % of the tetrahedral and V% of the oc-
tahedral sites are occupied by A and B cations, respectively. Disor-
dered, or inverted, configurations can arise depending on several
competing factors, including the crystal field stabilization energies of
the transition metals (B cations) and entropic considerations.” In this
study, two initially identical samples of MgMn,Os were rapidly
quenched after annealing at 400 °C and 1000 °C, respectively.”” Com-
bined synchrotron X-ray (XRD) and time-of-flight neutron powder
diffraction (ToF-NPD) revealed that both samples crystallized in sin-
gle phase tetragonal lattices (space group I4:/amd, Figure 1), in
agreement with the presence of Jahn-Teller active Mn** jons. Com-
bined Rietveld refinements revealed structures of (Mg)[Mn.]O4
(Figures 1b, S1 and S2, and Table S1) and
(MgossMno41) [Mgo4tMnis5]O4 (Figures 1c, $3 and S4, and Table
$2) for the samples quenched from 400 °C and 1000 °C, respectively,
where the () and [ ] denote the occupancy of tetrahedral and octahe-
dral sites. Expectedly, in appropriate conditions, a fraction of Mg*" in
(Mg)[Mn]Os4 can exchange with Mn®*, giving rise to partially in-
verted lattices (Figure 1a), accompanied by charge disproportiona-
tion (2Mn* — Mn*" + Mn*").” Investigation of the local environ-
ment via neutron Pair Distribution Function (PDF) suggested that
the local bond lengths are significantly more varied in partially in-
verted (Mgo.ssMno.1)[Mgo«Mni.s9] Os compared to the normal struc-
ture (Mg)[Mn.] O (Figures S5 and $6). Variation of the local Mg
environments within a framework can have significant implications
forlocal migration.” To assess the effect of the transition metal on Mg
migration, a magnesium chromium oxide was also prepared. Rietveld
refinement revealed a normal spinel framework, with a cubic Fd-3m
lattice (Figure $7 and Table $3). The ordered arrangement is driven
by the crystal field stabilization energy for Cr*', with a d* electronic
configuration, which strongly favors octahedral coordination.”’ Re-

finements also concluded a slightly off-stoichiometric final composi-
tion (Mg)[Mgo1sCriss]O4 (average valence, Cr*®*) and a minor
amount of Cr2O3 (~ 8 wt%).
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Figure 1 (a) Schematic showing the local coordination of Mg in
normal and inverted spinels and final Rietveld refinements of
(b) normal (Mg)[Mn.]Os and (c) partially inverted

(Mno.1Mgoso) [Mn1.seMgo.41 ] O4spinels.

»Mg solid state NMR spectroscopy probed the local Mg environment
(Figures 2 and $8). A sharp, single isotropic resonance at ~2809 ppm
was observed in the spectrum of (Mg)[Mgo1sCr1ss]O4 at 293 K (Fig-
ure 2a), originating from Fermi contacts between Mg and transition
metals in the local coordination shell.* The sharp and intense signal
is ascribed to Mg occupying highly symmetrical tetrahedral sites. Ex-
cess Mg in (Mg)[Mgo1sCriss]Ox is likely to be statically distributed
across the octahedral sites (M g¢,.), which was, based on the crystal
structure analysis from XRD, assigned to a small broad peak at ~2715
ppm, at 333 K (Figure $9). The remaining peaks in the spectrum are
sidebands resulting from the partial averaging of dipolar couplings by
spinning the sample during the measurement.

In the case of normal (Mg)[Mn.]Os (Figure 2b), a single sharp reso-
nance was observed at ~3075 ppm at 293 K, as recently reported.”® In
contrast to both normal spinel structures ((Mg)[Mn.]Os and
(Mg)[Mgo15Cris5]O4), a very broad peak centered at ~2900 ppm was
found in the *»Mg NMR spectrum of the inverted
(Mgo.ngno.41) [MgosMni5]O4 at 283 K (Figure 2c). The broad sig-
nal can be ascribed to a statistical distribution of Mg’ in both tetrahe-
dral and octahedral sites, coupled with the presence of a variety of
Mn-O-Mg environments with Mn assuming different oxidation
states (i.e. +2,+3 and +4), as aresult of inversion. This result is in good
agreement with both the long-range averaged Rietveld refinement
and the local bonding environment variations qualitatively observed
via neutron PDF.



The possibility of probing local Mg migration was also examined via
NMR, based on an established track record of showing agreement
with macroscopic measurements of ionic conductivity.””** The pres-
ence of largely single resonances in the Mg NMR response elimi-
nated the use of 2D methods,” whereas the presence of paramagnetic
ions and the nuclear properties of Mg made the utilization of relax-
ometry® challenging and precluded pulse field gradient techniques,*
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Figure 2 (a) Variable temperature (VT) Mg magic angle spin-
ning (MAS) NMR of normal spinel (Mg)[Mgo.1sCr1.ss]O4, col-
lected at 19.89 T, (b) of normal (Mg)[Mn.]Os, at 19.89 T, and
(c) partially inverted spinel (Mno41Mgose)[MnissMgoa1]Os, at
11.7 T * indicates spinning sidebands.

respectively. However, semi-quantitative measurements of local dy-
namics could be possible within the NMR time scales using data at
variable temperatures when line shapes are well defined (Figures 2a

32-33

and 2b, with complete series in Figures $10 and S11),°** especially
when strong homonuclear coupling is absent (10% natural abun-
dance of *Mg) and structural knowledge of the Mg environment ex-
ists. Fermi contact resonances, particularly for highly quadrupolar nu-
clei such as *Mg,* are typically broad due to the large dipolar cou-
pling with unpaired electrons in the transition metals, but can be av-
eraged by fast ion motion in the coordination environment. There-
fore, the rather sharp character of the *Mg NMR signal (FWHM<2.5
kHz) in the two normal spinels suggest contributions originating
from local motion of Mg*, in analogy with related Li-ion battery ma-
terials.** In a normal spinel (Figure 3a), such motion can be modelled
through hops between tetrahedral sites (8a) via vacant (intermedi-
ate) octahedral sites (16c). Significant narrowing of the NMR peaks
was observed going from 153 K to 473 K (Figures 2a and 2b). Peak
narrowing takes place when the rate of fluctuations of the local mag-
netic and/or electric fields around the probed nucleus is higher than
the NMR time scale (further detailed in SI). Fast motion of Mg**
within the lattice could induce suchrapid fluctuations of the local en-
vironment, resulting in an NMR signal that represents a time-average
of all the configurations during a cation hop. The Fermi contact shift
varied strongly as a function of temperature, reflecting its dependence
on magnetic susceptibility, which decreases with temperature.’>** In
contrast to the normal spinels, the partially inverted
(MgossMno1) [Mgoa1Mn1s5] O (Figure 2c) showed minimal peak
narrowing as the temperature increased, indicative of negligible ionic
motion. In this case, because Mg*" ions also partly occupy octahedral
transition-metal sites (16d), they must move through vacant (inter-
mediate) tetrahedral sites (48f) (Figure 3b). The fact that
(MgossMno41) [Mgo41Mni.ss] O4 shows negligible dynamics while hav-
ing the highest electronic conductivity, associated with the concur-
rently highest concentration of transition metals in mixed oxidation
states,” indicates that these motional processes are not driven by elec-
tron hopping.

Fits of the normal spinel spectra (Figures S12 to S16) revealed small
quadrupolar couplings and temperature dependent asymmetry pa-
rameters, which enable the analysis of motional dynamics from the
line width of the central resonance®® In the case of
(Mg)[Mgo15Criss]O4, a transition from a Gaussian to a Lorentzian
lineshape of the entire spinning sideband manifold accompanied by
sharp narrowing was detected with an onset temperature, T, 0f 275 K
(Figures 2b, 3c and S18). Below T, the rigid lattice limit operates,
where any motion is extremely slow.”® At these conditions, a line
width for the central resonance §o~800 Hz could be measured,
whereas the width of the signal envelope, including all observable
spinning sidebands, was d@o~25 kHz, approaching the static line. An
approximate empirical activation energy for motional narrowing
(EM) was extracted according to the Waugh and Fedin model,
EMWF = 1.617.Tc = 445 meV.* Alternatively, E.™ can be extracted

by fitting & vs T according to the ad hoc formalism shown in Equation
1, where §; and §,, denote the linewidth below and above the on-

set temperature, respectively, where ¢ is a fit parameter here chosen to

4



be one, ks denotes Boltzmann’s constant and "™ represents the
preexponential factor of the corresponding correlation time t™. This
fit, presented as a dashed line in Figure 3¢, led to E.™N = 510 + 190
meV for Mg hopping barriers.

The corresponding dependence of 1. with temperature from the
NMR spectra followed an Arrhenius-type behavior (Figure 3e), im-
plying that the slopes within the experimental temperature region are
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A clear onset in narrowing of the line shape due to paramagnetic
broadening was not captured for either (Mg) [Mn.] O, inhibiting a di-
rect comparison to (Mg) [Mgo.1sCr1s5] O+ however a similar transition
from Gaussian to a Lorentzian lineshape for the spinning sideband
manifold for the normal spinel accompanied by a more symmetric en-
velope is observed ~293K suggesting similar dynamics for the normal
spinels. Consequently, cation dynamics were estimated from the
trends in line width with temperature (Figure $19), a methodology
validated for Li conductors.*** Motional fluctuations in NMR signals
are generally described by a correlation time, T.. In the rigid lattice
limit (e.g., below 250 K), 1/7c & dwo, where, again, deo corresponds
to the total width, including sidebands, of the NMR signals at a given
temperature. When signal narrowing occurs, the relationship changes,
with 7. being given by the Bloembergen-Purcell-Pound theory, ** via
Equation 2.

(Av)? = (E) Switan™(t.Av) (Eq.2)

inversely correlated with the relative migration rate in the different
lattices. However, the presence of paramagnetic centers in the sam-
ples can alter the measured activation barriers,* potentially resulting
in unrealistically low values from a direct fit of In tc vs. 1/T. Therefore,
this method of analysis was first calibrated against the E.™ of
(Mg)[Mgo.15Criss]O4 experimentally determined above (Figure 3c).
A more detailed explanation of this process as well as the assumptions
made are available as Supporting Information. Subsequently, we ob-
tained E.M of 690 + 90 meV and 1100 + 140 meV for (Mg)[Mn].04
and (MgossMnoai)[Mgo41Mnis9] Os, respectively. It is important to
note that NMR artifacts can arise from Mn mixed valency and multi-
ple Mg sites in the inverted spinel, increasing the systematic errors of
the analysis. The number obtained for the inverted spinel is signifi-
cantly lower than the theoretical prediction, which is consistent with
the semi-quantitative nature of this analysis, induced by both the ex-
istence of unquantifiable errors when attempting to establish reliable
linewidths originating from magnetic and paramagnetic effects, and
limitations of BPP theory in probing activation energy. Nonetheless,
the large difference in hopping barrier upon inversion demonstrates
unambiguously that Mg** dynamics is significantly impeded by the
presence of Mg-Mn anti-site defects.




Due to the significant challenges in quantifying parameters of mobil-
ity accurately using NMR linewidth changes, such as complexities of
the lattice, changes in local magnetic and/or electronic structures,**
the results were further supported by muon spin relaxation (uSR).
Muon spin relaxation (uSR) assessed Mg migrationin (Mg) [Mn],0,,
(Mgo.ngno.41) [Mgo4Mni5]Os, and MgCr.Os made by a sol-gel
method to avoid interferences from Cr.O; in the
(Mg)[Mgo.15Criss]O4 sample. Analogous studies have recently been
demonstrated for Li battery electrode materials.'"” * In normal
(Mg)[Mn],O4, the raw signal (Figures $20) was dominated by nu-
clear magnetic fields with a Gaussian distribution, and temperature
dependent fluctuations, as observed in lithium dynamics."* Fits of the
uSR data were carried at multiple temperatures. The relaxing asym-

metry of the muon data (Figure $21) was around half the value that
would be expected for a sample of the same size with 100 % abundant
nuclear moments, which can be attributed to the 10 % abundance of
*Mg giving a nuclear field distribution on some but not all sites. With

increasing temperature, A decreased slightly (Figure $22) and A re-

mained small and nearly constant (Figure $23). Similar trends were

observed with MgCr,Os (Figure $24 and $25), but, to ensure con-

sistent fitting, X was held constant at 0.04SMHz.

Atlow and high temperatures, the fluctuation rate of the uSR, v=1/1,,
was nearly constant, with a sudden increase observed from ~250-400
K, due to the thermally activated motion of **Mg nuclei falling within
the time range to which muons are sensitive. The corresponding T.
values are shown in Figure 3e. Fitting an Arrhenius form led to an ac-
tivation energy, E. = 700 + 60 meV for (Mg)[Mn],Os, in good agree-
ment with values obtained from NMR. For MgCr,Os, the higher tem-
perature behavior suggests E. = 620 = 100 meV, with 1. being very
similar to the NMR results at the same temperatures. At lower tem-
peratures there was more scatter in the uSR data but the overall trend
was  consistent. In contrast, the muon signal of
(Mgo.ssMno41) [Mgo4iMni.s9] O was dominated by larger electronic
magnetic fields. The fitting function used for the data from normal
spinels was found to give a poor description of the data with poorly
constrained parameters. Instead, an excellent description of the data
was achieved by fitting to a single exponential relaxation (Figures $26
and $27). This behavior is conventional for a paramagnetic sample
with large electronic moments fluctuating strongly, obscuring the nu-
clear magnetic fields and precluding assessment of the Mg** dynamics
in this phase. The presence of Mn** (~5.9 ps) in the tetrahedral sites
alongside *Mg** (-0.86 p, 10% abundance) is likely to underlie this
difference, also suggesting that the stopping site of the muons is more
sensitive to the A-site behavior.

Further insight of Mg’ migration was obtained from first-principles
DFT calculations of trajectories within the high vacancy regime (xvg=
0.125, Figure 3a and 3b). The hopping barrier in both normal
(tet>oct>tet) and inverted (oct>tet>oct) spinels is set by the tri-
angular face shared between the stable and intermediate sites, reflect-
ing the typical “valley”-shaped migration energy landscape (Figure
$28)." The predicted barrier for a Mg hop in the normal spinel struc-
ture is ~776 meV for MnO4 and ~636 meV for Cr.Os4 (Figure 3d),
in good agreement with the experimental observations from *Mg
NMR and pSR (Figure 3d). In the case of inversion, a situation of
partial Mg/Mn
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Figure 4 (a) Electrochemical profiles of a cell with MgCr,O4
made by sol-gel and a Li metal counter electrode, charged at
constant current to 220mAh/g and ~5 V (CC, C/20), or
charged at the same constant current to 5V, then held at this
constant voltage for 6 days (CV); both cells contained a Li-
ion electrolyte. (b) Quantitative comparison of the *Mg
magic angle spinning (MAS) NMR spectra of pristine and
charged samples, collected at 11.7 T; * indicates spinning
sidebands. (c) X-ray diffraction patterns of the electrode in
its pristine state and after the CV process; red arrows denote
the major changes in intensity. (d) Simulated XRD patterns
for Mg:Cr»0O4, with x indicated in the figure, intended to
highlight the changes in relative intensity of the peaks with
the content of Mg in the tetrahedral sites. Possible peak shifts
were not considered in the simulation.




(Mno2sMgo.i2s) [Mgo12sMnu7s] O4 (corresponding to a degree of inver-
sion 0f 0.25), was modeled. In this case, the Mg migration barrier was
~1418 meV (Figure 3c), significantly higher than in normal spinel.
The large increase is driven by the electrostatic penalty associated
with the close proximity of divalent ions as a result of the edge sharing
between the intermediate 48f tetrahedral site and an adjacent tetrahe-
dral 8a site. The value is in good qualitative agreement with NMR
measurements (Figure 3d), especially when the trends between
phases are considered. The increase in hopping barriers in inverted
spinels not only indicates a drastic reduction in Mg’* cation dynamics,
but is also in agreement with previous theoretical predictions of poor
migration in oxide structures with Mg octahedral occupancy.*** The
good general agreement between theory and experimentally meas-
ured activation energies corroborates our approach.

NMR and pSR indicate that the rate of successful Mg hops at room
temperature is v~60 kHz. Consideration of potential diffusion path-
ways suggests an atomic jump distance, a ~ 3 A.* The diffusivity can
thus be approximated as D = v x a* x exp(-Ea/ksT) ~ 5x107" cm?/s at
room temperature. Coupled with the existence of many percolating
pathways in a normal spinel structure,” this value would make it pos-
sible for a 1 pm particle to fully (de)magnesiate at acceptable rates. A
particle of 100 nm may permit values up to ~740 meV based on these
assumptions.® It is exciting that this estimated value matches well
with both normal oxide spinels. Therefore, while the measured barri-
ers are high compared to those of superionic conductors, they should
be sufficient to lead to feasible Mg battery cathodes even when con-
ventionally engineered. With this hypothesis in mind, electrochemi-
cal deintercalation of Mg** was attempted. MgCr,O4 was made by a
sol-gel method to combine the lowest measured activation energy
with the smallest particle size. Due to the lack of functional Mg elec-
trolytes at the potentials predicted for deintercalation (up to 4.2 Vvs.
Mg**/Mg’)*, experiments were performed galvanostatically at C/20
in a conventional Li metal half-cell. The potential of the cell (Figure
4a) raised rapidly above 4.5 V vs. Li*/Li’ (3.8 V vs. Mg**/Mg’), and
reached around S V vs. Li*/Li® (43 V vs. Mg**/Mg°), where
220mAh/g could be accumulated.

The *Mg MAS NMR spectrum of sol-gel MgCr.O4 showed the ex-
pected sharp signal at ~2800 ppm and a minor peak at 2970 ppm due
to small amount of Mg in octahedral sites. In turn, charged samples
systematically shifted to lower frequencies, with complex lineshapes
(Figure 4b), consistent with the decrease in unpaired electrons upon
oxidation of Cr** to Cr** (3d° to 3d*). Slight differences in shift were
observed with and without a hold at 5.0 V (2524 vs. 2560 ppm). The
normalized intensity of these spectra was only 29% and 35% of pris-
tine, indicating removal of 71% and 65% Mg*", respectively. Comple-
mentary TEM-EDX also revealed a significant decrease in the Mg:Cr
ratios after a potentiostatic hold (Figure $29). Taken together, these
observations are consistent with the electrochemical deintercalation
of Mg™ from MgCr:O4. No other mechanisms could be envisaged
upon oxidation that would explain these changes, including conver-
sion.* This result is reinforced by recent observations of selective ex-
traction of Mg over Cr from the electrode by operando elemental anal-
ysis of the electrolyte in similar conditions,” which rules out the pre-
dominance of corrosion. The XRD pattern of the sample held at SV
showed minor shifts compared to pristine (Figures 4c and $30), sug-

gesting a slight decrease of the unit cell volume. Intriguingly, a de-
crease of the ratio of intensity between (111) and (311) reflections
was notably visible. Modeling of the changes in diffraction intensity
with occupancy of Mg™* in the tetrahedral site of the spinel structure
produced the same effect, suggesting that XRD also captured demag-
nesiation. Unfortunately, the samples were severely damaged upon
exposure air or even to laboratory X-rays (Figures 4b, S31 and $32),
resulting in the regeneration of the Mg MAS NMR signal at ~2800
ppm, but at much lower intensity than the pristine state, suggesting
chemical degradation. The instability of the charged state to X-ray ex-
posure introduced uncertainty to other possible analyses. The obser-
vations are in line with predictions of a substantial instability of the
spinel-type Cr,O; lattice (rutile CrO, being the ground state),* and
an apparent limit of about 70% Mg’* that can be removed from the
lattice imposed by Mg-vacancy ordering. Follow-up studies of this
complex reaction will be reported elsewhere.

A similar decrease in intensity and shift to lower frequency was ob-
served in the *Mg MAS NMR of a working electrode of
(Mg)[Mn],04 charged in Li metal-half cells under similar galvanos-
tatic conditions as sol-gel MgCr.O4 (Figure $33), further supporting
the existence of suitable diffusion of Mg. In contrast, almost negligible
changes were induced in a charged working electrode of
(MgossMno41) [Mgo41Mni.s5] Os, which remained broad and centered
at similar frequencies. This result was also consistent with the increase
in hopping barriers with site inversion in the spinel structure, meas-
ured both experimentally and computationally.

= CONCLUSIONS

Experimental and theoretical techniques revealed that barriers to mi-
gration of Mg** in spinel oxides are within the range postulated to per-
mit Mg battery electrodes. MgCr,O4 has a total electrical conductivity
of ~10° S/cm at 60°C,* but subsequent measurements isolating con-
ductivity of Mg** from electrons were not possible due to the absence
of appropriately selective electrodes. Nonetheless, highly functional
Li-ion battery cathodes have higher electronic than ionic conductivity
in their pristine state.* Consistent with the observed migration barri-
ers, electrochemical deintercalation of Mg** from a bulk normal spinel
lattice was possible at acceptable rates, indicating that long range dif-
fusion exists. The methodology is applicable to study cation dynamics
broadly, to decouple the role of bulk transport properties of the mate-
rial from other competing processes in batteries, such as the kinetics
of cation desolvation or bulk stability. The high overpotentials and the
instability of charged MgxCr.O. identify barriers to be addressed. All
in all, this study offers renewed impetus in the quest for a practical Mg
battery, urging investigations to issues beyond bulk ionic mobility.
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