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ABSTRACT: Nonaqueous Mg batteries can theoretically reach
high energy density with cost-effective materials, yet no such
device to date has performance competitive with Li-ion
technologies. A major barrier is the need for oxide cathodes
that combine high capacity and voltage. Very few oxides have
shown intrinsic ability for Mg2+ intercalation in electrolytes
with acceptably low content of H2O. Herein, we demonstrate
that nanocrystals of MgV2O4 can reach high capacity for Mg2+

deintercalation with a mechanism that preserves their spinel
framework, validated through measurements with different
chemical and structural sensitivity. The structural stability
contrasts with other phases where reaching high capacity
required distortions that introduce undesirable mechanical strain. The favorable properties of the oxide allowed cycling in a
full cell with Mg metal. This work reveals new insights into the viability of multivalent intercalation in oxides, meeting a
milestone toward the feasibility of high-voltage batteries with either Mg metal or Mg-ion anodes.

The energy density of current commercial Li-ion
batteries cannot meet the stringent demands of
applications in transportation and grid storage.1,2

Despite the discovery of new cathode or anode materials and
innovative engineering methods of cell design,3−5 the capacity
of the cells is pinned by the oxide cathodes, and concepts with
Li metal anodes face persistent challenges to their viability.6,7

Batteries based on low-cost Mg metal anodes are an alternative
to fulfill the application requirements of high energy density
because of their high volumetric capacity and the divalent
nature of the transported cations, which increase the capacity
per inserted ion at the cathode.8−10 However, many challenges
remain before functional devices can be assembled.11 Chief
among these challenges, the strong interaction between cations
and the framework of cathode materials has so far impeded
meaningful development of cathodes because of the associated
low rates of Mg2+ diffusion.12 While a few compounds
containing soft chalcogenides can undergo stable cycling,13,14

their low capacity and potential precludes devices with
competitive energy densities.
Computational studies have predicted that a combination of

voltage, capacity, and sufficient Mg2+ diffusion for suitable
battery functionality is possible in a few oxides.15,16 Recent
experimental measurements support predictions of hopping
barriers in phases with a spinel framework.17 While evidence
exists that intercalation of Mg2+ can be carried out in the

tetrahedral sites of spinel oxides,17−20 the capacities associated
with the reactions are typically limited and the kinetics are
sluggish. The situation is worse when moving from aqueous to
nonaqueous electrolytes, which is required in a battery against
Mg metal,18 suggesting the existence of limitations in
interfacial charge transfer that could be alleviated by
nanosizing. Structural defects in spinels also play a role in
the activity of the materials, but the picture remains muddled
because this chemical vector offers many permutations.
Antisite Mg−Mn exchange in MgMn2O4 hinders cation
transport,17,21 and excessive nonstoichiometries can promote
a reversible, yet complex transformation to a layered
framework.22 In turn, poorly crystallized MgCr2O4 nanoma-
terials showed increased redox activity compared to highly
crystalline counterparts.19

Vanadium oxides stand out as the chemical family showing
the most promise for reversible Mg2+ intercalation, which has
been reported for tunnel and layered polymorphs of
V2O5.

23−25 The latter shows intrinsic ability to undergo
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intercalation at the highest reversible capacity, above 200
mAh/g, measured in an oxide in electrolytes with extremely
low H2O content. However, the high capacities demand a large
distortion of the layered framework, which introduces
undesirable mechanical strain that breaks down the particles.23

Despite the attractive properties of spinels, on one hand, and
vanadium oxides, on the other, no predictive26 and very little
experimental work has been devoted to MgV2O4 in view of its
ability to act as cathode material for Mg de/intercalation.
Experimental evidence from MgCrVO4 indicates that V can be
redox-active in spinels,20 but the synthesis of MgV2O4 is
elusive because of the competition from defect spinels like
Mg3(VO4)2,

27,28 which has V5+ and, thus, would be electro-
chemically inactive toward deintercalation.
Herein, we demonstrate a synthetic strategy toward MgV2O4

nanocrystals using a hydrothermal route. The nanocrystals
show a very high intrinsic capacity toward Mg deintercalation,
which is likely enabled by the lowest activation barriers to Mg
hopping among spinel oxides, according to computational
predictions. The extent and reversibility of the deintercalation
of Mg was probed through a combination of techniques
sensitive to the expected chemical, redox, and structural
changes. The high activity of the MgV2O4 nanocrystals enabled
their use in a full cell against Mg metal. This study highlights
that a path exists toward Mg batteries with spinel oxides and
charts a series of next steps for further advances, from the need
to further understand the role of defect chemistry to an urgent
call for better electrolyte systems which combine anodic
stability and capability for metal plating. These advances could
bring about functional nonaqueous devices with high energy
density even at room temperature.
Spinel-type V2O4 is predicted to outperform parent variants

with Mn, Co, Cr, and Ni in terms of cation mobility.26 As
depicted in Figure 1, the energy barriers for migration of Mg in

V2O4, calculated with the NEB method, are 0.45 and 0.56 eV
in the dilute and high vacancy limits, respectively. To the best
of our knowledge, these values are the lowest among oxide
spinels calculated with the same level of exchange−correlation
functional. In the dilute vacancy limit, the barrier in the V
spinel is comparable to M2O4 with M = Mn, Co, and Ni
(∼0.50 eV).26 In the high-vacancy limit, where a single Mg ion

diffuses in the empty spinel, the spinel oxides based on Mn,
Co, Ni, and Cr show Mg migration barriers greater than ∼0.65
eV, ∼0.1 eV greater than that of V2O4. Although the NEB
calculations at the generalized gradient approximation level
could underestimate the migration barrier because of differ-
ence in polaronic effects in the ground state and the transition
state, our calculations imply that V spinel oxide possesses
favorable cation mobility compared to previously reported
transition metal spinels, motivating the evaluation of its
electrochemical performance.
Elemental analysis of the as-prepared nanocrystals with ICP

revealed a Mg/V ratio of 1.02/2, consistent with a MgV2O4
formula. Figure 2a shows the first two cycles of a half-cell at

110 °C with a MgV2O4 working electrode in a thermal stable
ionic liquid electrolyte, MgTFSI2−PY14TFSI. The choice of
temperature was based upon a combination of enhanced
kinetics of the electrode and high conductivity of the
electrolyte with a suitable electrochemical window.23 Upon
charge, the voltage increased from ∼2.5 V to ∼3.5 V vs Mg2+/
Mg0, with a corresponding calculated capacity of ∼280 mAh/g.
The capacity corresponds to 1 mol Mg2+ per mole V2O4. The
first discharge totaled ∼235 mAh/g with different plateaus
from 3.5 to 0.6 V vs Mg2+/Mg0, resulting in a large potential
hysteresis. Subsequent charge and discharge produced similar
profiles, with capacities well in excess of 200 mAh/g, and

Figure 1. Minimum-energy paths for migration of Mg between the
tetrahedral sites in the spinel V2O4 framework. The dotted and
solid lines represent the migration of Mg in the high (1 Mg in
empty spinel) and dilute (1 Mg vacancy in full Mg occupied spinel
supercell) limits of concentration of Mg vacancies, respectively.
The energy values in the legend are the migration barriers.

Figure 2. Electrochemical evaluation of MgV2O4 nanocrystals.
Calculation of x is based on the theoretical capacity for full
demagnesiation, 280 mAh/g. (a) Voltage profiles at 0.6−3.5 V vs
Mg2+/Mg0 for electrodes in an ionic liquid Mg2+ electrolyte at 110
°C. (b) Cycling performance at 0.9−3.4 V vs Mg2+/Mg0 at 110 °C
(15 cycles), followed by 25 °C (85 cycles).
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reduced hysteresis compared to the first cycle. This
observation suggests that some of the barriers to the reaction
are removed in the first cycle. The average potential of the
observed reaction was estimated at 2.5 V vs Mg2+/Mg0,
consistent with computational predictions.15

The stabilization of the recorded potential above 3.4 V and
below 0.9 V vs Mg2+/Mg0 (∼170 mAh/g) during the anodic
and cathodic sweep, respectively, suggests the onset of side
reactions involving the electrolyte. To avoid these side
reactions, subsequent cycling was conducted under a con-
strained voltage window of 3.4−0.9 V vs Mg2+/Mg0. The first
15 cycles in Figure 2b were conducted at 110 °C, followed by
85 cycles at 25 °C to fully evaluate performance. At 110 °C,
the capacities initially decreased up to the eighth cycle, then
increased again and stabilized at 173 mAh/g after 15 cycles.
The Coulombic efficiency was 84% in the first cycle, increasing
in the next few cycles and final stabilizing at 88%. After the
temperature was lowered to 25 °C, both charge and discharge
capacity were ∼45 mAh/g, with a Coulombic efficiency close
to 100% in the following 85 cycles. An electrode cycled directly
at 25 °C from its pristine state still presented only slightly
lower capacity (Figure S1), but the hysteresis in potential was
substantially higher. The decrease in hysteresis after cycling at
high temperature is indicative of a conditioning of the
electrode that is reminiscent of the behavior of α-V2O5,

23

albeit not as starkly necessary.
The as-made MgV2O4 sample was formed of aggregates of

∼100 nm consisting of ∼5 nm nanocrystals (Figure S2a,b).
Atomic resolution STEM revealed their crystallinity, with a
representative image along the [011] zone axis of the spinel
structure shown in Figures 3a. The EDX line scan revealed a
homogeneous and correlated distribution of V and Mg
(Figures 3a,b and S3a) which in turn correlated with the
local thickness of the aggregates. The average Mg/V ratio was
36/64 (Figure 3c), consistent with ICP analysis. The
corresponding EDX map further confirmed the result of the
EDX line scans (Figure S4a). The XRD (λ = 0.4127 Å) pattern
of the pristine electrode could be indexed with a cubic spinel
structure with space group Fd3̅m (Figure 4a), with the
exception of a broad peak spanning 6−9°, 2θ, ascribed to the
presence of carbon black. The position of the V K-edge X-ray
absorption spectroscopy (XAS, Figure 4b) spectrum was found
to be intermediate between Li3V2(PO4)3(V

3+) and VO2 (V
4+).

The intensity of the pre-edge peak of the pristine sample
(yellow), at ∼5470 eV, was also larger than that of V3+ (light
blue) but smaller than that of V4+ (blue). This pre-edge
represents transitions from V 1s to 3d transitions, which
become intense upon loss of the centrosymmetry of the
coordination environment due to p-d mixing. This intensity is
known to correlate very well with the formal state of V.29,30

Therefore, we concluded that the pristine state is above 3+. It
is possible that the slight Mg excess revealed from both ICP
and EDX analysis is compensated by the formation of V4+

defects. The presence of other defects, such as cationic and
anionic vacancies, could not be discarded but could also not be
evaluated because of the large XRD peaks. However, the local
structure of the nanocrystals deviated from a spinel framework
according to analysis of their X-ray pair distribution function
(Figure S5). Aside from deviations in intensity of specific pairs
(e.g., V−V and O−O in Figure S5), a peak at 1.67 Å was
observed which cannot be explained by any pairs in a spinel
framework. Such a short distance strongly suggests the
presence of V5+ in tetrahedral sites,27,28 contributing to the

higher oxidation state compared to ideal MgV2O4. While V4+

and V5+ are difficult to distinguish by XAS,34 XPS analysis of
the pristine material suggests that ∼9% V5+ was present
(Figure S6). These observations strongly point towards a
complex defect chemistry in this material, which will be the
object of follow-up work.
The local homogeneity and correlation in V and Mg content

were preserved after charging to 3.4 V vs Mg2+/Mg0 (Figures
3d,e and S3b). However, the average Mg/V ratio measured by
EDX decreased to 19.8/80.2 across several fields of view
(Figure 3f). The corresponding EDX map further confirmed
the result of EDX line scan (Figure S4b). Accordingly, XRD
revealed a change in the unit cell parameters from a =
8.3706(7) to 8.2754(5) Å (Table 1 and Figures 4a and S7),
confirming a bulk topotactic process involving a ∼3.4% volume
decrease. This change in volume was significant compared to
other spinel oxides,20 indicating a much greater degree of
demagnesiation. Lastly, the position of the V K-edge
absorption threshold after charging (orange in Figure 4b)
overlapped well with reference VO2, confirming oxidation to
4+, but slight differences were noted in the pre-edge region,
hinting at a different local V coordination environment due to

Figure 3. EDX line scan for representative pristine MgV2O4
nanocrystals (a−c) and charged electrode to 3.4 V vs Mg2+/Mg
(d−f). The yellow arrows in panels a and d indicate the direction
of the line scan. Mg and V signals are represented in red and green,
respectively (b and e). Average EDX spectrum with Mg and V were
shown in panels c and f. An atomic-resolution STEM image of a
single MgV2O4 particle along the [011] zone was inserted in panel
a.
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the different crystal structures (monoclinic vs spinel). In total,
these observations support extensive deintercalation of ∼56%
Mg. The deintercalation of Mg2+ further increased at higher
potentials, with the Mg/V ratio at 14.4/85.6 after charging to
3.5 V vs Mg2+/Mg0 (Figure S8), indicating that up to ∼70%
Mg could be removed from the compound, in good agreement
with the capacities measured in Figure 1a.
All XRD peaks shifted back after discharge (Figure 4a).

Although no new peaks appeared, there appeared to be a loss
in crystallinity of the electrode (Figure S9), and the cell
parameter did not fully revert to the initial value at 1.2 V
(Figure 4a). Nonetheless, the reintroduction of Mg into the
lattice was confirmed by 25Mg solid-state nuclear magnetic
resonance (NMR). A broad peak centered at ∼1760 ppm was
observed in pristine MgV2O4, ascribed to Fermi contact
between Mg2+, located in tetrahedral sites in the spinel oxide,
and V paramagnetic centers (Figure 4c).31 No distinct
resonances were detectable upon charging, yet the peak was
restored at similar frequencies upon subsequent discharge to
1.7 V. No peaks consistent with the formation of MgO were

observed (Figure S10),32 discarding a conversion reaction.
Furthermore, atomic-resolution STEM images collected after
discharge revealed that the spinel structure was preserved
(Figure S11). This evidence supports a topotactic mechanism
of intercalation. Consistently, after discharging, the Mg/V ratio
increased again (Figure S9) and the absorption threshold at
the V K-edge shifted back to lower energy (Figure 4b),
consistent with reduction of the transition metal. They were
both close to the pristine state at 1.2 V. In total, the combined
changes support a significant degree of reversibility in the
reaction of Mg deintercalation. These trends continued slightly
upon further discharge to 0.9 V, indicating that further
reduction of V in the bulk via magnesiation was possible. When
this electrode was compared to the pristine state, a slightly
larger Mg/V ratio and lower threshold of the V K-edge were
observed.
While the results presented so far support that the bulk of

the electrode reversibly changed during the electrochemical
reaction, measurements of V L2,3- and O K-edge XAS with
different probing depths also point at heterogeneity
perpendicular to the supply of ions from the electrolyte.
Figure 4d shows XAS collected in total electron yield (TEY)
mode. Although TEY probes only 5−10 nm into a sample, this
length still corresponds to whole individual nanocrystals in this
material (Figures 3). Therefore, the observations correspond
to the first layer of particles closest to the bulk of the
electrolyte. The V L2,3 signals below 527 eV correspond mainly
to transitions from 2p to 3d states. The spectral signals
between 528 and 535 eV correspond to the O pre-edge, arising
from the excitation of the 1s electron to 2p states hybridized
with V 3d states. Signals above 535 eV successively correspond
to promotion of the O 1s electrons to O 2p-V 4s,p states, to

Figure 4. Multimodal analysis of MgV2O4 electrodes harvested from half cells at potentials vs Mg2+/Mg0 indicated in each panel. (a) High-
resolution XRD results at λ = 0.4127 Å. (b) V K-edge XANES spectra. (c) 25 Mg MAS NMR spectra. (d) V L2,3- and O K-edge XAS collected
via TEY detection.

Table 1. Pawley Refinement Parameters for Different
MgV2O4 Samples (Space Group Fd3 ̅m) and Mg/V Ratio by
EDX

samples a (Å) vol (Å3)
Rwp
(%)

Mg/V (EDX
atom %)

pristine 8.3706(7) 586.516 3.395 36.0/64.0
charge 3.4 V 8.2754(5) 566.729 1.148 19.8/80.2
discharge 1.7 V 8.2898(7) 569.696 1.365 29.6/70.4
discharge 1.2 V 8.2931(5) 570.372 0.887 35.9/64.1
discharge 0.9 V 39/61
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the continuum and multiple scattering events. The pristine
electrode showed V L3 and L2 absorption events centered at
approximately 517.3 and 524.2 eV, but they were wide and
complex in line shape. The O pre-edge showed two broad
peaks, assigned to t2g and eg states induced by the octahedral
crystal field splitting. The intensity was clearly higher for the eg
than the t2g peak. Comparison with data in the literature33

reveals that both spectra are consistent with a formal valence of
V larger than 3+. The center of gravity of the V edges shifted to
518.2 and 524.9 eV upon charging, respectively. In turn, the
distribution of intensity of the doublet at the O pre-edge
changed, with the t2g being higher than eg. The final spectra
were consistent with literature reports for VO2.

33 The spectral
changes were largely reproduced when the data was collected
in total fluorescence yield (TFY), which probes 50−100 nm
into the electrode (Figure S12a). Their consistence with V K-
edge XAS indicates there was continuity between the top of
the electrode and its bulk interior.
The changes were reversed after discharge. Interestingly, the

center of gravity of the V L3-edge reached approximately 516.6
eV at 0.9 V, and the intensity of the O pre-edge significantly
decreased. The shape and position of V and O spectra at this
potential were actually closer to those of V3+ oxides like V2O3

33

and ZnV2O4
34 than the those of the pristine oxide. The O pre-

edge was still quite visible in the spectra collected in TFY
mode (Figure S12a), despite the dampening introduced by
self-absorption of fluorescent photons by the sample. However,
it was still significantly shifted to higher energy than the
pristine state. The decoupling of the extent of reduction
observed between ensemble average measurements of the V K-
edge and measurements of the V L- and O K-edges ∼5−10 and
∼50−100 nm into the electrode indicate the existence of
gradients in the reduced states parallel to the supply of ions
from the electrolyte in the coin cell format used for the
experiments. This configuration favored the reaction at the top
of the electrode to an extent that it reduced beyond the initial
redox state.
A full cell was built with Mg metal and MgV2O4 nanocrystals

using Mg(TFPA)2 as electrolyte because of its high anodic
stability.35 In order to achieve measurable electrochemical
activity, the cells had to be cycled in conditions of at least 85
°C (Figure 5a). The initial charge was sluggish, with most
capacity delivered above 3.5 V. Once the electrode was
discharged to 0.3 V, the kinetics improved during charge, and
over 200 mAh/g could be accumulated below 3.4 and 0.2 V.

The discharge profile was rather linear in both cycles, with
capacities over 150 mAh/g. V L2,3- and O K-edge XAS,
collected with both a TEY (Figure 5b) and TFY (Figure S12b)
detector, from electrodes harvested at different states of charge
in the first two cycles revealed very similar reversible changes
discussed for the half cells with a carbon counter electrode.
The spectral changes were consistent with the cycling between
V3+ and V4+, especially in the second cycle, where the charge
capacity was higher.
The electrochemical properties of sub-5 nm MgV2O4

nanocrystals are shown to arise from changes in Mg content
that track the oxidation and reduction of V accompanied by
topotactic changes that preserved the overall spinel framework.
Taken together, these changes indicate that the spinel oxide is
inherently capable of undergoing extensive Mg deintercalation,
with capacities above 200 mAh/g at 110 °C. Some of its
electroactivity was preserved even at room temperature. The
large capacity and stability of the spinel framework in
nonaqueous Mg electrolytes sets MgV2O4 apart from counter-
parts with Cr19 and Mn,18,22 even when synthesized in
nanocrystalline form. The favorable Mg diffusion revealed by
first-principles calculations and the moderate reaction potential
of this spinel oxide enabled the use of modern Mg electrolytes
compatible with metal anodes, demonstrating a clear pathway
toward a functional full cell. The fact that this material operates
through an initial deintercalation step could also enable the
design of cells with Mg-free anodes, such as Bi.36 For this goal
to be achieved, the origins of the persistent voltage hysteresis
must be understood, which demand a comprehensive set of
studies of both bulk and interfacial kinetics and also the
possible role of the thermodynamic reversibility and path
dependence.
Aside from presenting a new candidate for Mg batteries with

high energy density, this work reveals novel fundamental
understanding of the control knobs of Mg intercalation in
oxides, which charts a wealth of opportunities for further
improvements in functionality of MgV2O4 electrodes. Given
the good cycle life shown in half cells, failure of the full cells
likely indicates that further improvements in electrolyte design
are clearly critical to balance anodic stability with efficient Mg
plating.37 During discharge, reduction of the electrode domains
close to the bulk electrolyte was more extensive than the bulk
average, suggesting that macroscopic ionic transport was not
ideal, an issue which could be circumvented with creative
design of porous architectures. Encouragingly, this surface

Figure 5. (a) Electrochemical properties of a Mg full cell data, Mg foil as anode, and Mg(TPFA)2 as electrolyte; 85 °C, C/20, 3.8−0.25 V vs
Mg2+/Mg0. (b) V L2,3- and O K-edge XAS collected via TEY detection for samples harvested from these full cells.
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reduction also leads to the hypothesis that a broad composi-
tional range of Mg intercalation is possible. Indeed, the
materials we synthesized had a complex defect chemistry that
induced the presence of V in an average state above 3+ in the
pristine state. Therefore, stoichiometric MgV2O4 with Mg2+

and V3+ ordered in tetrahedral and octahedral sites could
provide enhanced capacity for Mg deintercalation. Previous
studies have also indicated that defects, especially transition
metal in tetrahedral sites, must be controlled to optimize
barriers to Mg diffusion.21 A greater understanding and control
of the defect chemistry of Mg−V spinels than we have
today27,28 would offer a path toward materials where both
composition and structure are most optimal. The control of
defects would broadly provide a general strategy to design new
cathode materials to alleviate the challenge of the low Mg2+

mobility.
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