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ABSTRACT: Mg migration in oxide spinels is impeded by strong affinity between divalent Mg and oxygen, suggesting a necessity
of exploring new chemistry of solid lattices for functional Mg-ion electrode materials. Cationic mobility with a suitable activation
energy in Cr-spinels is evidenced by theoretical and experimental results while redox potentials of V are appropriate to operate with
currently limited candidates of non-aqueous electrolytes. By controlling structure, composition and complexity, a largely solid-
solution MgCrVO, spinel was synthesized which unlike nanocomposites can bring together the advantages of each transition metal
in the lattice. The spinel was successfully synthesized by a simple solid-state reaction with minor inactive Cr or V rich components
which was confirmed via Mg MAS NMR and high resolution X-ray diffraction analyses. A thermally and anodically stable
Mg(TPFA),/triglyme electrolyte was utilized for high temperature electrochemistry, and lowering kinetic barriers at and across
interfaces so as to observe intercalation behavior of Mg in the designed lattice. Multimodal characterization confirmed an apparent
bulk demagnesiation from MgCrVQO, with partial reversibility, by probing evolution of the local and long-range structure as well as
vanadium and chromium electronic states within the lattice. Characterization experiments also provided a direct evidence for
(de)intercalation reactions that occurred without any major competitive conversion reactions or insertion of protons into the lattice
except formation of a surface rock-salt phase upon charge. These findings in Mg-ion activity expand opportunities to design Mg
spinel oxide materials while highlighting the need to identify the origins of reversibility challenges due to but not limited to phase
stability particularly for the charged states, barriers at the interface, electrolyte stabilities and desolvation phenomena collectively
hindering practical use as cathode materials.

= INTRODUCTION

Rechargeable magnesium-ion batteries that paired with a
metallic Mg anode have been considered as an alternative to
current Li-ion technology due to their theoretically high
capacity, low cost and safety.!* Realistic prospects of such
electrochemical system strongly rely on the properties of
cathode material, which determines both redox potentials and
the amount of reversible charge supplied by structural activity
in the solid lattice, as the anode reaction has already been
demonstrated on the Mg metal with certain electrolytes.*> Since
the MogSg Chevrel phase was reported by Aurbach et al. in
2000, reversible Mg intercalation has only been achieved by
classes of transition metal sulfides, allowing a facile
diffusion.®” However, these compounds operate at low

same time, increases barriers for Mg?* mobility considering
electronegativity of the anions and oxophillicity of Mg?*.1!
Conversion reactions and/or high barriers of desolvation at the
electrode-electrolyte interfaces are dominant when the driving
force does not reach the activation energy for diffusion.'?!3
From a computational study, spinel structures are expected to
provide feasible integration of operational potential, capacity
and cation mobility since the lattice allows for relatively facile
ion-transport through three-dimensional diffusion pathways.!?
Feasibility of Mg?" intercalation into Mn,Oy spinel was reported
experimentally.'6!” However, Mg?" mobility in the Mn-spinel
lattice is still non-ideal with predicted ~0.8eV activation energy
from theory.!?

Recently, theoretical calculations have incorporated

potentials (~1 V vs. Mg/Mg?") with restricted energy stored in
the battery which limits practical applications.” Enhanced
redox potentials and energy densities can theoretically be
obtained if the soft anions are replaced by oxygenx (\Ev§1 h at the

screening on potential, capacity, thermodynamic structure and
ionic mobility of the spinel candidates with various transition
metals paired with Mg?".!> Among various spinels, MgCr,0,
atisfies relatively facile mobility of Mg?" with the activation
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energies for a Mg?" hop to an adjacent vacant site as low as ~0.6
eV from both density functional theory (DFT) calculations and
solid-state nuclear magnetic resonance (NMR) experiments.'®!°
However, the redox potentials for Mg?* (de)intercalation (~4.2
V vs. Mg/Mg?") preclude the possibility of MgCr,O4 as a
functional electrode when assembling with current state of the
art electrolytes,*?* which limit the upper voltage to ~3.5 V vs.
Mg/Mg?* where electrolyte degradation and decomposition
dominates.'®2! Furthermore instability of Cr™ is another
challenge in utilizing Cr redox chemistry. On the other hand,
the oxidative potential of vanadium (~3.4 V vs. Mg/Mg?") is
comparatively lower than chromium, which enables the use of
current electrolytes without significant decomposition or
chemical degradation. Currently no report exists on Mg
migration activity in vanadium-spinels including our
unsuccessful attempts to demagnesiate MgV,0, to date.!”

The shortcomings of Cr- and V-spinels can be mitigated by
combining the transition metals intimately in a MgCrVO,
lattice. Herein, we demonstrate moderate Mg?* mobility with a
suitable potential in MgCrVQ,, a solid-solution spinel oxide,
when paired with a Mg metal anode in a thermally and
anodically semi-stable non-aqueous electrolyte. Theoretical
prediction of Mg migration behavior supports the hypothesis by
indicating that Mg activation energy is preserved when
introducing V into Cr-oxide spinel lattice in a form of solid-
solution. The complex structure was examined via high
resolution synchrotron X-ray diffraction (HR-XRD), and solid
state nuclear magnetic resonance (SS-NMR), which provides a
direct evidence of solid-solution nature of Mg?" environment.
The structural/electrochemical activity relationship was
examined via HR-XRD, SS-NMR, scanning transmission
electron microscopy (STEM), X-ray absorption spectroscopy
(XAS) and ICP-OES. A significant portion (up to ~0.7 moles
by semi-quantitative Mg MAS NMR) of Mg?* were
deintercalated electrochemically from the spinel lattice.
Structural distortion and electronic evolution of redox metals
suggest clear Mg activity throughout the bulk spinel oxide
frame. An oxidative potential plateau at ~3.25 V with a charge
capacity of ~100 mAh/g was observed in a coin cell, consistent
with V3"#_redox. Partial reversibility was achieved with ~80
mAh/g of a discharge capacity with an apparent 0.15 Mg?*
insertion when lowering potential to 0.25 V (vs. Mg/Mg?")
currently hindering use of the material as a practical cathode.
The observation of a rocksalt phase formation on the surface
upon demagnesiation would be one of possible origins to
explain partial reversibility, high polarization and hysteresis of
the electrochemical reactions. Even though completely
reversible reactions were not accomplished in the given
electrochemical configuration, and in the context of non-ideal
electrolytes currently available for such high voltage spinel
oxides, these results has the potential to open a new avenue for
new Mg?* intercalation compounds.

m RESULTS AND DISCUSSION

Insight into migration behavior of Mg?" in the designed
MgCrVO, was obtained from first-principle DFT calculations
in the dilute vacancy limit in order to show an effect of
vanadium introduction into MgCr,O, (Figure 1). The diffusion
pathway in the spinel (T4-Oy-T4) goes through the triangular
face shared between the stable and intermediate sites, showing
a typical hill-shaped energy profile. The calculated activation
energy of Mg migration reflects a potential activity of Mg in the

cathode lattice at the initial stage of discharge. The predicted
barriers for a Mg hop in the spinel structure are 0.58 eV for
MgCrVO, and 0.54 eV for MgCr,0, (Figure 1). The similar
hopping barrier in Cr-V solid-solution phase compared to
MgCr,0, single B-site spinel indicates facile migration of Mg?*
in the lattice, supporting our assumption that the designed
chemical composition reduces voltage into the electrolyte
stability range, while not inhibiting Mg mobility.
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Figure 1. Minimum-energy pathways for Mg migration in
MgCr,0,4 and MgCrVOj, at the dilute vacancy limit.

MgCrVO, spinel was synthesized by a simple solid-state
reaction in a stoichiometric ratio of Mg/Cr/V in an inert
atmosphere. Electrochemical tests of the synthesized spinel for
NMR measurements were carried out in a Swagelok cell at 110
°C with composite cathode, consisting of 60 % of an active
spinel oxide and 40 % of conductive carbon with a total mass
of ~50 mg, and a Mg foil as an anode. All electrochemical tests
were conducted in a non-aqueous Mg-electrolyte containing
Mg(TPFA), salt dissolved in triglyme. The electrolyte exhibits
high anodic-stability up to ~4.0 V (Mg/Mg?*) with mitigated
cathodic decomposition.?? Furthermore, thermal gravimetric
analysis of the Mg(TPFA), salts revealed its stability up to 150
°C without sublimation, enabling electrochemical tests at high
temperature (Figure S1). The potentials presented in data were
referenced to the Mg/Mg?" redox couple throughout this
manuscript. The cathode powder (50 mg) consisting of carbon
and active oxide was charged to 3.8 V at a constant current
(~C/70) and held at 3.8 V vs. Mg/Mg?" until ~150 mAh/g of
charge capacity was reached (Figure 2a). It is worth to noting
that the designed configuration of cell is intended mainly for
NMR characterization with large areal cathode loading
therefore electrochemical response is considered as secondary.
Since the predicted potential of demagnesiation in a MgCr,O,
spinel is around 4.2 V (vs. Mg/Mg?"),! which is out of stability
window of the electrolyte, presumably only the redox of
vanadium in the solid-solution was utilized at the applied
potentials. Subsequent electrochemical re-intercalation of Mg?*
was performed by applying a constant current at ~C/70 to 0.25
V, showing a cathodic plateau at ~0.5 V with ~100 mAh/g of
discharge capacity (Figure 2a).
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Figure 2. (a) Representative potential versus capacity profiles of
spinel MgCrVO, measured in a Swagelok cell at 110 °C paired with
a Mg foil anode. The cell was charged to 3.8 V at a constant current
and held at this constant potential to 150 mAh/g, then discharged
to 0.25 V at a constant current. High energy X-ray diffraction
patterns of the corresponding pristine (black), charged (red) and
discharged electrode powders (blue) in (b) wide and (c) magnified
scattering angles.

Table 1. Lattice parameters of phase components in pristine,
charged and discharged cubic MgCrVO, phase components. (The
values indicate a parameter in a cubic spinel lattice)

V-rich
(A) MgCrVO4 MgCrZO4

MgCrZ-xVxO4
Pristine 8.373 8.347 8.403
Charged 8.363 8.345 8.402
Discharged 8.371 8.346 8.404

High resolution X-ray diffraction was measured from the
spinels at different states of charges to gain insight into the
structural evolution such as, contraction or expansion of lattice
and/or symmetrical alteration of the geometry as a response to
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electrochemical treatment (Figure 2b and c). Detailed Rietveld
refinement showed that the pristine material consisted of mainly
a cubic spinel structure ascribed to MgCrVO, with lattice
parameters in between that of MgCr,0O, and MgV,0,, along
with minor components assigned to a vanadium-rich MgCr,.
V504 (~10%), MgCr,04 (~17 %), Cr,0;5 (~6%), V,05 (~3 %)
and MgO (~3%) produced in the solid-state reaction at the
calcination temperature (Figure S2). Each spinel phase was
refined with different lattices and structural parameters,
however due to the insensitivity of X-rays of the difference
between V3* and Cr’', composition was induced by the
difference of ionic radius of V3* and Cr** in the oxides (Table
1). Diffraction of the charged electrode after ~150 mAh/g of
charge capacity showed that the peaks were shifted to higher
angles in all planes of the cubic system as compared to the
pristine state, suggesting a decrease of the unit cell volume
along with oxidized states of vanadium (Figure 2c).
Interestingly, the contraction of lattice was mainly observed in
the main MgCrVO; spinel phase (Table 1). A visible decrease
in the ratio of intensity between (111) and (311) reflections was
observed, depending on the occupancy of Mg? in the
tetrahedral site, inducing a distortion of structure (Figure S3).
This result is consistent with XRD of MgCr,0, demagnesiation
previously reported.'® However due to the relatively weak
scattering of Mg?* and the overlapping phases, refinement of
precise values of the Mg?* occupancy was unreliable, however
the trend of Mg?" occupancy suggests significant
demagnesiation. Upon re-magnesiation with ~100 mAh/g of
discharge capacity, all diffraction peaks largely reverted to the
original positions, indicating an increase of lattice volume. The
long range structural reversibility of the spinel suggests Mg
reactivity throughout the bulk oxide frame, while the lack of
new phases or evidence of amorphization suggests that no
secondary phases were formed via conversion reactions.!?
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Figure 3. Mg magic angle spinning (MAS) NMR spectra of
MgCrVO, (black), MgCr,04 (red), MgV,04 (blue), and V-rich
MgCry4V,604 (magenta) spinel. Asterisk marks indicate spinning
side bands.

The nature and changes of the Mg?* local environment in the
spinel oxides were studied by solid state Mg MAS NMR
(Figure 3). The spectra provides Fermi contact Mg shifts
depending on the ensemble of 1% and 2" coordination shell Mg-
O-Cr/V connectivity in the lattice due to the presence of
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paramagnetic centers at Cr3*and V3*.2324 The spectra of pristine
material showed a broad feature between ~1500 and ~3500 ppm
with a center of mass at ~2300 ppm due to lattice Mg?* (Figure
3).2* As compared with the sharp peaks of MgV,0, (~1800
ppm) and MgCr,O4 (~2800 ppm) spinel spectra, the broad and
largely Gaussian resonance centered at ~2300 ppm indicates a
solid-solution distribution of Mg/Cr-V in the lattice (Figure 3
and Figure S4). The peak profile is consistent with NMR studies
of materials with random transition metal ordering in the lattice
such as in Li[Ni,Mn,Co_,]O, (x=1/3) layered cathode
materials in Li-ion or in MgMnO, rocksalt lattice with random
Mg and Mn ordering, i.e. solid solutions.?>?¢ The broad
resonance was accompanied by a sharp signal at ~2800 ppm,
which could be assigned as Mg?* in locally segregated Mg-Cr-
O spinel domains, which was also detected in HR-XRD
analysis. A shoulder in the Gaussian line shape is also observed
on the low frequency side, centered around 1800 ppm which
could be due to the presence of a minor MgV,0,-like local
order. However, since no distinct resonance was observed, this
phase and the 10% impurity detected in the HR-XRD are
ascribed to a V-rich MgCr,,V,0,?* A V-rich composition
(MgCr,4V1604) was also prepared to verify this and to explore
the feasibility of preparing a material with more
electrochemically active vanadium (Figure S4). The Mg
spectra of MgCr4V;60,4 (Figure 3 and Figure S5) showed a
gradual distribution with an asymmetric shape of lattice Mg
coordinated to V-rich domains. In the spinel structure, one Mg?*
in tetrahedral site is coordinated with 12 Cr/V in octahedral sites
through oxygen anions. Since the degree of shift of Mg
resonance is proportional to the number of coordinations of Cr
and V, clear paramagnetic resonances at ~1800, ~1884, and
~1968 ppm corresponding to the local domains of Mg
coordinated to 12V3*, 11V3*/1Cr3*, and 10V3*/2Cr3*, were
detected (Figure 3 and Figure S5). Whereas the coordination
expected for 9V3*/3Cr3* at ~2052 ppm was barely observed.
These observations are consistent with random distribution of
Cr within the V-rich spinel lattice. Furthermore the spectrum
with an absence of MgCr,0O4 resonance at ~2800 ppm supports
Cr-V miscibility for MgCr4V,60, (Figure 3 and S5). A sharp
diamagnetic resonance at ~26 ppm was observed due to minor
MgO from the synthesis, which was also detected in HR-XRD
of MgCrVO0,.2¢

Normalized Intensity (arb. unit)

r T T T T T
6000 5000 4000 3000 2000 1000 0

1000 -2000
Mg shift in ppm

Figure 4. Semi-quantitative 2>Mg magic angle spinning (MAS)
NMR spectra of pristine (black), charged (red) and discharged

(blue) spinel oxides. All spectra were normalized. Asterisk marks
indicate spinning sidebands.

The Mg spectra enabled analysis of lattice Mg?* in a semi-
quantitative manner. It is worth noting that Mg is low gamma,
quadrupolar nuclei, implying that there is an uncertainty of
errors in any quantification due to various effects due to but not
limited to relaxation and magnetism. Herein we show
normalized intensity comparisons only for the paramagnetic
resonances corresponding to the lattice Mg content, reflecting a
degree of de-intercalation of Mg. The charged oxide Mg NMR
spectrum (Figure 4) showed a major loss of intensity in main
paramagnetic resonance along with a shift of gravimetric center
to lower frequencies by ~250 ppm due to an oxidation of V
and/or Cr via an apparent electrochemical deintercalation of
lattice Mg?* consistent with HR-XRD observations.!® The
normalized resonance spectra of charged spinel indicated that
up to approximately 0.7 moles of Mg?" were deintercalated
from the lattice consistent with the HR-XRD results of
significant demagnesiation. Another strategy to quantify lattice
Mg?* for the ex-situ samples was attempted by inductive
coupled plasma measurements (via [CP-OES). A decrease in
Mg?* content upon charge reaction and subsequent increase in
Mg?" content upon discharge reaction was observed.
Unfortunately, unreliable Mg to transition metal ratios were
obtained possibly due to issues with fully dissolving the
composite electrodes with carbon in solutions, an inherent
problem associated with Cr-bearing solid oxides, and/or
residues of Mg-electrolyte species, revealing a limit of reliable
quantification via ICP (Table S1). In Mg NMR spectra of
charged state, the disappearance of the MgCr,Q, signal at 2800
ppm was observed despite the fact that the cell never reached
the oxidative potential of Cr** (~4.2 V vs. Mg/Mg?"). Possible
explanations could be internal migration of Mg within the oxide
analogous to Li migration in layered oxide battery materials
upon delithiation?’?® or that the elevated temperature
electrochemical testing conditions enable some Cr-redox at the
lower potentials. To probe the existence of the latter possibility,
another cell was charged at a constant potential of 3.6 V until
~150 mAh/g of charge capacity was reached (Figure S6a) to
probe the effect of a lower voltage cutoff. A substantial change
in the intensity ratio (111) and (311) reflections using a
conventional diffractometer was observed in XRD (Figure
S6b), confirming structural activity whereas the NMR (Figure
S6c) showed a reduced intensity change vs. pristine and ~0.4
moles of Mg ions removed from the lattice. The results suggest
that the upper cutoff potential has some role in controlling the
incorporation of Cr-redox activity. It must be noted that the
increased Mg removal capacity beyond V-redox may have
significant phase stability issues since the electrochemically
charged state of MgCr,0, was reported to be unstable.!® It is
also possible that due to the broad nature of the peaks and
insensitivity of Mg NMR, the semi-quantitative results could
be overestimating the amount of Mg removed from the lattice
up to by 30%.
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Figure 5. (a) V K-edge X-ray absorption spectra and (b) the
corresponding extended X-ray absorption fine structure of pristine
and charged spinel MgCrVO, prepared in a Swagelok cell at 110
0

C.

To probe element-specific redox behavior of the transition
metal, X-ray absorption spectroscopy was utilized (Figure 5).
X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS), are specific
probes of local atomic and electronic structure, and can
potentially provide necessary information to understand the
electronic evolution of the transition metals surrounding the Mg
ion at different states of charges.?*° Therefore, the absorption
spectra provides the oxidation states of redox active metals.'¢
The spectra of the charged spinel revealed a shift of the V K-
edge to a higher energy, by roughly 0.7 eV, as compared to the
pristine state (~5485.5 eV), due to the oxidation of the
vanadium sites by a removal of Mg?" (Figure 5a). In addition, a
pre-edge peak at ~5468.5 eV was also observed, consistent with
a weakening of centrosymmetric coordination commonly found
for V¥ and V> compounds. This increase in local disorder is
also present in the extended X-ray absorption fine structure
which shows a systematic decrease in the Fourier transformed
fine structure (|y(R)|, Figure 5b). The slight increase of disorder
would also consistent with partial amorphization in the
demagnesiated oxide, however, both the near-edge and
extended fine structure suggest an apparent transition from
cubic to partially distorted structure upon removal of Mg?',
which is consistent with the diffraction analysis. On the other
hand, no changes of Cr K-edge main edge at ~6009.7 eV were
detected upon demagnesiation likely due to the fact that
predicted oxidation potential of Cr in the spinel was never
reached in the electrochemical experiment (Figure S7). Another
possibility for the lack of changes in Cr K-edge result is that
oxidized Cr was unstable and degraded rapidly, a phenomena
reported previously for MgCr,O, and discussed above in NMR
results.'®

The structural reversibility and Mg intercalation into the
demagnesiated lattice was further explored via semi-
quantitative Mg NMR. The spectrum of an electrode charged
(to 3.8V) and then discharged at a constant current to 0.25 V
with ~100 mAh/g discharge capacity showed an increase of
intensity in the paramagnetic Mg resonance(s) while the
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center of mass of the resonance(s) was slightly shifted to higher
frequency (Figure 4). Approximately 0.15 moles of Mg ions
were estimated to be intercalated back into the lattice based on
the Mg analysis along with a reemerged resonance at ~2750
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Figure 6. V L-edge X-ray absorption spectra of pristine (black),
charged (red) and discharged (blue) MgCrVO, prepared in a
Swagelok cell at 110 °C.

ppm, possibly due to reformation of MgCr,O4-like order
(Figure 4).

Observation of partial reversibility from Mg quantification
was further investigated by soft XAS measurements on V L-
edge environment. V L-edge spectra were collected in a total
electron yield mode, which is sensitive to ~5 nm depth,
providing the chemical states of V at the surface.’! The Ly; and
Ly edges are generated by electronic transition to the 3d band
from the 2p,, and 2ps;, levels, respectively.? The changes in
the multiplet structure are attributed to the variation of
symmetry of the ground state, whereas the chemical shift
reflects alteration of the formal valence states of V.31:32 As
shown in Figure 6, the V Ly; edge spectra of pristine MgCrVO,
presented intense absorption features at ~515.8 eV and ~517.5
eV, which could be associated with the existence of dominant
V3* with minor V#* on the surface. Upon demagnesiation, the
center of gravity of the spectra clearly shifted to higher
absorption energy with the intensified V4" peak, indicating a
clear oxidation of vanadium. On the subsequent cathodic
reaction, the features of spectra were reverted to original
positions including some evidence for slightly more reduced
states than the pristine. Reversible redox reaction at V was
observed on the surface at least which is consistent with the
observation of partial reversibility of Mg?* intercalation.

The XAS results, coupled with observations from HR-XRD
suggest partial reversibility with ~100 mAh/g discharged
capacity accounting for 0.15 mol Mg as opposed to a theoretical
0.35 mol Mg. Other intercalating species such as H* formed due
to decomposition of solvent molecules in the electrolyte by
being exposure to high temperature and voltage, may explain
the additional capacity. To probe such a phenomenon, a
deuterated diglyme solvent was used in the electrolyte
formulation for solid state 2H MAS NMR measurements that
can detect lattice protons (Figure 7).3*3* No paramagnetic
deuterium resonances were detected in the discharged oxide and
only deuterated diglyme/SEI protons showed a strong signal at
~3 ppm, consistent with the absence of lattice protons (Figure
7).35 Diamagnetic 2?Mg resonance at 26 ppm due to MgO were
also found to undergo changes in intensity upon charge and
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discharge (Figure S8), although the mechanism for the changes
is not yet well understood. Interestingly, a new resonance
centered around 0 ppm was observed after the discharge which
could be related to diamagnetic Mg-bearing species buildup in
the electrode at low voltage and may be correlated to the
additional capacity. To observe possible formation of Mg-
chemical species on the surface and/or at the interface of
solid/electrolyte, X-ray photoelectron spectroscopy (XPS) was
performed (Figure S9). The electrochemically harvested
composite electrodes showed surface/SEI build-up possibly due
to electrolyte oxidation and changes in intensities of Mg 2s and
2p binding energies upon charge and subsequent discharge
consistent with Mg activity observed in Mg NMR analysis.
The surface build-up observed in the charged sample may be
associated with the onset of impeded transport at the interface
and could be contributing to partial reversibility of Mg activity
upon one full cycle.

3 ppm

Intensity

*zilyklij*

T T

T T T
1500 1000 500 0 -500 -1000 -1500
2H shift in ppm

Figure 7. 2H MAS NMR for discharged MgCrVO, prepared
in an electrolyte of Mg(TPFA), dissolved in a deuterated
diglyme.

The feasibility of a traditional full cell configuration using a
MgCrVO, cathode was explored via an electrochemical
performance test carried out in a coin cell at 110 °C. The
positive electrode consisted of active MgCrVO,, a conductive
carbon and binder with 6:2:2 ratio in mass, casted onto a
stainless steel mesh. The cell was galvanostatically charged to
3.8 V and discharged to 0.25 V at a rate of ~C/70 (Figure 8). An
anodic applied current resulted in a plateau at ~3.25 V with an
inflection point at ~3 V. A total charge capacity of ~100 mAh/g
was observed, corresponding to ~0.35 moles of Mg?" removed
from the spinel lattice assuming maximum coulombic
efficiency. Once the potential reached ~3.4 V with ~100 mAh/g,
the potential sharply spiked, and the 3.8 V cutoff was reached
with no further charging. In the subsequent discharge cycle, a
cathodic reaction proceeded from ~2 V with a gradual decrease
in potential. A capacity of ~80 mAh/g was achieved at the lower
voltage cutoff of 0.25 V. In the 2nd full cycle, the charge
capacity and subsequent discharge capacities dropped to ~40
mAh/g, and the large redox potential hysteresis between the
cathodic and anodic reactions increased to over 2.5V (Figure 8).
The 3" cycle is not shown due to negligible capacities obtained,
i.e. cell death. The spinel oxide was also tested in an alternative
electrochemical system, consisting of Mg(ClO,), dissolved in

propylene carbonate paired with a carbon reference at 50 °C
(Figure S10). A similar anodic reaction was observed up to 1.4
V (vs. carbon), corresponding to approximately 3.4 V in a full
cell whereas significantly lower reversibility upon cathodic
reaction down to -1.4 V (vs. carbon) corresponding to
approximately 0.5 V in a full cell, which could suggest the role
temperature for facile Mg dynamics at the interface and in the
bulk. The results while consistent with the structural Mg-
activity, clearly point out to other phenomena as origins for the
partial reversibility hindering the practical use of the material as
a cathode.
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Figure 8. Representative potential versus specific capacities of
spinel MgCrVO, measured in a potential window of 0.25-3.80 V
(vs. Mg/Mg?") at 110 °C in a coin cell paired with a Mg foil anode.
The insets are dg/dv curves of the corresponding reactions.

To track any possible origin of significant polarization
between the anodic and cathodic reactions, aberration corrected
scanning transmission electron microscopy was performed.
Activation of Mg migration in the spinel lattice required a high
oxidation-potential at raised cell temperature, possibly
generating surface reconstruction due to highly oxidized
electrolyte species.?! As shown in Figure 9, a formation of
rocksalt was observed on the surface of the demagnesiated
oxide with the [001] zone axis, whereas well-crystalline spinel
lattices were presented in both bulk and surface of pristine
MgCrVO,. The corresponding FFT supported the local
transformation of spinel to rocksalt on the surface (Figure 9).
Detailed mechanism of the interfacial reaction is unclear as of
now, but the presence of rocksalt phase on the surface might
impede ion transport at the interface upon remagnesiation
which could result in formation of additional Mg-bearing
diamagnetic species observed in NMR, polarization and partial
reversibility in the electrochemistry.

At this point, it is critically important to identify the origin(s)
of reversibility challenges in the system in order to be able to
move forward. To elaborate, in this study we have identified a
relatively stable charge state for oxidized vanadium relative to
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Corresponding FFT

Figure 9. HAADF images (above) and corresponding FFT (below)
of (a) pristine and (b) charged MgCrVO, prepared at 110 °C in a
coin cell paired with a Mg foil.
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chromium. However, any metastability or self-discharge
mechanism reducing the charged redox state was not explored
in detail and will be the focus of a future in-situ characterization
study. Furthermore, the effects of surface/interfacial species
such as the rock-salt phase, organic/ electrolyte decomposition
build-up and insulating MgO impurities detected are not clear.
Interfacial barriers to ion transport, particularly during
remagnesiation can be a key issue, therefore surface specific
studies can be of great interest in the future. While magnesium
electrolyte stability at high voltages (and temperatures) and
detrimental effects on electrochemical performance can never
be ruled out, the magnesium solvation structure at the oxide-
electrolyte interface and kinetic barriers in desolvation
phenomena in general could be playing a critical role in limiting
remagnesiation of the lattice.

m CONCLUSIONS

MgCrVO,, with the general composition MgCr,,V,04
(0=x<1.6) was synthesized. The Mg?* mobility in the structure
was examined via DFT calculation and the complexity in the
structure was probed by diffraction, NMR, XAS and
electrochemical characterization, providing direct evidence of a
Cr-V solid-solution within the lattice and its bulk Mg activity.
Significant electrochemical demagnesiation was observed
without conversion reactions followed by partial reinsertion of
Mg?* in a full Mg-ion cell at a raised temperature. In full cell
configuration, hysteresis and low coulombic efficiency severely
limits reversibility of electrochemical reaction and currently
hinders any practical use as a cathode material. While no
discernible proton insertion was detected that could limit a
degree of remagnesiation of the lattice, a surface rocksalt phase
formation upon demagnesiation was observed which should
shift a focus to possible culprits such as phase stabilities,
interfacial barriers and Mg-ion desolvation phenomena as well
as stability issues with non-aqueous Mg-ion electrolytes.
Higher usable energy densities of vanadium-rich compositions
and exploration of other transition metal compositions with
apparent phase stabilities and similar solid-solution structures
within these spinel classes will be the logical focus of follow up
studies. The findings reported here enable new strategies for
designing functional multivalent electrode materials and aid in
identifying key issues with future full-cell development using
spinel oxides.

m METHODS
Synthesis

The synthesis of solid-solution MgCrVO, was performed
through a ceramic high temperature method. Magnesium
hydroxide, vanadium (III) oxide and chromium (III) nitrate
were mixed together in a stoichiometric ratio of 1:1, and heated
to 950 °C for 24 hours under Ar. MgCr,O,;, MgV,0, and
MgCr4V,604 were synthesized by a sol-gel type synthetic
route. The desired metal precursors were added in a
stoichiometric ratio to 200 ml of deionized water. The total
concentration of ions in solution was 0.025 mol. Citric acid was
added to the solution at a 1:1 ratio to the total metal ion
concentration. The solution was heated on a hot plate in a fume
hood until all water had evaporated. The resultant solutions
were calcined at 950 °C in air, 5%H,/95%Ar, and 3%H,/97%Ar
for MgCr,04, MgV,0,, and MgCr,,V,404, respectively.
Details of synthetic routes were indicated in Table S2.
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A Mg(TPFA), ([TPFA]=AI{OC(CF;);)}s) electrolyte for
high temperature electrochemical testing was synthesized by
following a recently reported literature method.”> A 0.1 M
electrolyte was prepared by dissolving Mg(TPFA), in a
triglyme then the solvated THF species were removed at 55 °C
under 50 mTorr overnight. Thermogravimetric analysis was
carried out to assess the thermal stability of the salt using a
Perkin Elmer Pyris 1TGA analyzer.

Characterization

Theoretical values of average cell potentials and Mg
migration barriers of MgCr,0O, and MgCrVO, were obtained
from density functional theory calculations as implemented in
Vienna Ab initio Simulation Package (VASP).3%3” The core-
valence electron interactions were treated using the projector-
augmented wave (PAW)3® potentials. The exchange-correlation
functionals were described by generalized gradient
approximation (GGA) method developed by Perdew-Burke-
Ernzerhof (PBE).3* A Hubbard U correction*® was also added to
describe the localization of d-electrons of redox active species,
Cr(U=3.7¢V) and V(U = 3.25eV).*! The average cell potential
was calculated from the energy difference between the charged
and discharged phases. The Mg migration barriers are
calculated by the nudged elastic band method (NEB) method*?,
where a 2x2x2 supercell of the primitive cell was used to avoid
fictitious interactions between periodic images of diffusing
atoms. The V atom distribution in the spinel structure was
chosen using the pymatgen code® to minimize the electrostatic
energy of the cell. The energies at the initial and final states for
MgCrVOq in Figure 1 are not identical because the diffusing
Mg atom is coordinated by different number of Cr and V atoms.
The NEB calculations are performed with GGA functional
without U correction as suggested in reference*.

In this study, two types of cells were used to measure the
electrochemical properties of the spinel oxides: Swagelok
stainless steel cells and coin cells depending. For the Swagelok
cell tests, spinel oxide powder as a cathode was mixed with
Timcal C45 carbon in a 60/40 mass ratio and drop cast onto 1.5”
in diameter stainless steel current collectors (~30 mg of active
material). The electrode powders were placed Swagelok type
stainless steel cells with a glass fiber separator (Sigma-Aldrich),
Mg metal counter electrode (Mg metal foil, purity 99.9 %,
Sigma-Aldrich) and 0.1 M Mg(TPFA), electrolyte. For the coin
cells, the electrode slurries were prepared by mixing active
oxides and Timcal C45 carbon in a 6 wt% binder solution
consisting of polyvinylidene difluoride (PVDF, Solvay) in N-
methylpyrrolidone (NMP, Sigma-Aldrich), to a total 60:20:20
wt% of oxide, conductive additive and binder, respectively. The
slurry was cast onto a stainless steel mesh with a diameter of
0.5 in, and dried under vacuum at 80 °C overnight to evaporate
NMP moieties. The coin cell was assembled in an argon filled
glovebox with the prepared cathode, a Mg metal anode, and a
glass fiber separator, where the level of water and oxygen
contents were < 1.0 ppm. Electrochemical measurements of
both types of cells were performed using MACCOR battery
cycler at 110 °C. The charge/discharge cutoff potentials were
selected to 3.8/0.25 V and 3.6/0.5 V with galvanostatic or
potentiometric  charge/discharge  depending on  the
measurement. All potentials in this report are referenced to the
redox Mg/Mg?" couple. A rate, C/n, was defined as the current
density required to achieve a theoretical capacity of a MgCrVO,

structure, C=140 mAh/g, in n hours, which was estimated by
dividing a theoretical capacity of MgV,0, in half.

High resolution X-ray diffraction (HR-XRD) was carried out
at beamline 11-BM of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL) with a wavelength of the
X-ray was 0.412809 A. Samples were loaded in Kapton
capillaries (0.9 mm diameter), sealed by epoxy glue, and
mounted on bases provided by the APS at Argonne National
Laboratory. Sample loading procedures were carried out in a
glove box for the XRD measurement. The data points were
collected at room temperature with a step size of 0.001° 26 and
scan rate of 0.01%/sec. All diffraction plots are presented in two
theta, where Q = [4nsin(8)] / L. Powder X-ray diffraction in the
supporting information was performed on a Bruker D§ Avance
using Cu Ka (4,,,=1.5418 A) radiation. Scan rates were 0.04 °
s7! from 15° to 70 ° (26). Rietveld refinements were performed
in TOPAS v5.

Solid-state Mg magic angle spinning (MAS) NMR
experiments were performed at 11.7 Tesla (500 MHz) on a
Bruker Avance IIl spectrometer operating at a Larmor
frequency of 30.64 MHz using a 3.2mm MAS probe. The
spectra were acquired at a spinning speed of 20 kHz for 3.2mm
rotors with a rotor synchronized spin-echo experiment (90°-z-
180°-7) where 7 is 1/r. To ensure quantification in normalized
intensity experiments, single pulse experiments (data not
shown) with recycle delays 0.1 to 1 seconds were used to
confirm signal saturation. All Mg shifts were referenced to 5
M MgCl, (aq.) at 0 ppm. 2H MAS NMR experiments were
performed at 116.7 MHz on a Bruker Avance III 7.02 Tesla
(300 MHz) spectrometer with a 3.2 mm MAS probe. Deuterated
diglyme (D, 98%, Cambridge Isotope Laboratories, Inc.) was
introduced as a solvent to dissolve the Mg salt for ZH MAS
NMR measurement. All spectra were acquired with a rotor
synchronized echo pulse sequence, a /2 pulse width of 4 ps and
recycle delay of 0.2s at a spinning speed of 15 kHz. All 2H
spectra were referenced to D,0 (98%) at 4.8 ppm.

Solutions were analyzed with a Perkin Elmer Optima
8300DV ICP-OES. Standards for the ICP measurements were
prepared from spectroscopic standard solutions procured from
Ultra Scientific (North Kingstown, RI) and SPEX Certiprep
(Metuchen, NJ). The samples were dissolved by KOH with
KNO; fusion. Each sample was put in a Zr crucible with
approximately 2g KOH and 0.3g KNOs. The Zr crucibles were
heated at 360 °C in a shaking hot block digester for minimum
of 1.5 hr. The Zr crucibles were then placed in a furnace and
heated at 450 °C for lhr. After heating in the furnace the Zr
crucibles were cooled and then some deionized water was added
to the Zr crucible to aid in removing the fuseate from the
crucible. The fuseate was quantitatively transferred to a 100mL
Teflon beaker with more deionized water and neutralized with
3-4 mL of concentrated HCI. Once the solution in the beaker
was neutralized, 2 mL more concentrated HCI was added to the
beaker and the beaker was heated on a hotplate at 220 °C for 30
minutes. The solution was allowed to cool and then
quantitatively transferred to a 50 mL class-A volumetric
flask. Deionized water was used to bring the solution to
volume.

X-ray absorption near-edge structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS)
measurements were performed at beamline 9-BM at the
Advanced Photon Source, Argonne National Laboratory
(ANL). X-ray absorption spectra were collected in a
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transmission mode through the pristine and electrochemically
treated ex-situ electrode materials. Energy was scanned by a
double-crystal Si (111) monochromator that was detuned by
50% and the incident and transmitted intensity was measured
by gas ionization chambers.

V L-edge X-ray absorption spectroscopy (XAS)
measurements were carried out beamline 4-ID-C at the
Advanced Photon Source (APS) at the Argonne National
Laboratory (ANL, Lemont, IL). The spectra were collected in a
total electron yield (TEY) mode at room temperature under
ultra-high vacuum condition (below 10 Torr). Contributions
form visible light were carefully minimized before the
acquisition and all spectra were normalized to the current from
freshly evaporated gold on a fine grid positioned upstream of
the main chamber. The collected spectra were aligned by the
beamline reference and a basic normalization.

X-ray photoelectron spectroscopy (XPS) was performed with
a high-resolution monochromatic Al-K, X-ray source (15 eV,
25 mA emission current, VSW MX 170b Rowland circle
monochromator) and a 150 mm concentric hemispherical
analyzer with a multichannel detector (VSW Class 150)
operated in a constant energy analyzer mode. The
photoemission angle is normalized to the surface and all core
level spectra were calibrated to aliphatic C 1s peak fitting
component at 284.6 eV and were recorded with a pass energy
of either 22 or 44 eV. XPS peak fitting was performed using
XPSPEAK (RW.M. Kwok, v. 4.1, HongKong, China,
http://xpspeak.software.informer.com/4.1/). Elemental
fractions were determined from the integration of peak
intensity.

Scanning transmission electron microscopy (STEM) imaging
were performed on an aberration-corrected JEOL JEM-
ARM200CF operated at 200 kV, with a maximum spatial
resolution of ~73 pm. High angle annular dark field (HAADF)
images were acquired simultaneously using the corresponding
detectors.
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