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ABSTRACT: While α-V2O5 has traditionally been considered as a
promising oxide to reversibly intercalate high levels of Mg2+ at high
potential, recent reports indicate that previously observed electro-
chemical activity is dominated by intercalation of H+ rather than Mg2+,
even in moderately dry nonaqueous electrolytes. Consequently, the
inherent functionality of oxides to intercalate Mg2+ remains in
question. By conducting electrochemistry in a chemically and
anodically stable ionic liquid electrolyte, we report that, at 110 °C,
layered α-V2O5 is indeed capable of reversibly intercalating 1 mol
Mg2+ per unit formula, to accumulate capacities above 280 mAh g−1.
Multimodal characterization confirmed intercalation of Mg2+ by
probing the elemental, redox, and morphological changes undergone
by the oxide. After cycling at 110 °C, the electrochemical activity at
room temperature was significantly enhanced. The results renew
prospects for functional Mg rechargeable batteries surpassing the levels of energy density of current Li-ion batteries.

The limited energy density of Li-ion batteries has
delayed the widespread adoption of electric vehicles.1

Scarce lithium resources draw concerns on the
possible mass production as well. Batteries pairing the
reversible deposition of Mg metal with the intercalation of
Mg2+ ions into a solid cathode operating at high potential, in
nonaqueous electrolytes, could theoretically address these
barriers through a stable operation of the magnesium metal
anode,2 multivalent ion transfer at the cathode,3 and the
abundance of magnesium.4,5 The contrast between a multi-
valent ion like Mg2+ and Li+ as carriers could also elucidate
fundamental questions on the role of electronic changes versus
availability of crystallographic sites in the extent of
intercalation. However, to date, a functional Mg metal
rechargeable battery with high energy density has not been
realized.5 A primary reason is that reversible intercalation of
large amounts of Mg2+ into an oxide cathode, amounting to, at

least, 1 mol electrons per mol of compound, has not been
accomplished.6,7 Layered vanadium oxide (V2O5) has been at
the center of such endeavors and controversy at the same
time.6,8−10 The most recent studies involving rigorous
characterization of the discharged states have revealed that
intercalation of proton prevails over Mg2+ upon electro-
chemical reduction of V2O5 even in seemingly anhydrous
electrolytes.11−14 These results cast suspicion on the actual
level of Mg2+ intercalation into V2O5 that is conventionally
claimed based on electrochemical measurements alone (Table
S1). It highlights the importance of extensive analysis of
combined changes in composition, structure, and redox state of
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V. Recently, Mukherjee et al. claimed local formation of small
domains of ε-Mg0.5V2O5 after electrochemical cycling at room
temperature, using atomic observations by aberration-
corrected scanning transmission electron microscopy
(STEM).15 However, the associated concentration of Mg
was very small, and the electrode delivered a limited capacity of
∼40 mAh g−1. Because the fundamental ability of V2O5 to
intercalate Mg2+ in anhydrous electrolytes is now under
question, this study revisits the question by carrying out
electrochemistry in an ionic liquid electrolyte with high
chemical, thermal, and anodic stability; thus, it is less prone
to parasitic release of protons,14 and temperature can be raised
to ensure existing kinetic barriers, both interfacial and
bulk,16−18 are overcome (Figure S1). The study demonstrates
that α-V2O5 can indeed reversibly intercalate at least one mole
of Mg2+ at 110 °C, leading to the highest Mg capacities
observed to date, which rival the best hosts for Li+.
Furthermore, we found that electrodes cycled at 110 °C
sustained a significant amount of capacity when subsequently
operated at room temperature. This foundational observation
suggests that kinetic barriers exist but also identifies a path to
overcome them through a combination of further fundamental
understanding and electrode engineering.
High-temperature experiments were carried out in an ionic

liquid containing Mg2+, in conditions matching its stability
window (Figure S2). Figure 1a shows that α-V2O5 has a small
reversible capacity of 16 mAh g−1 at 25 °C, which increased 20
fold, to 295 mAh g−1, at 110 °C. This capacity corresponds to
1 mol Mg2+ per mole V2O5. At least three plateaus (Figure
1a,b) appeared upon the first discharge of the cell. The first
cycle displayed a potential hysteresis of ca. 1.5 V between the
reduction (discharge, hereafter) and oxidation (charge) (gray

arrow, Figure 1a). Despite the large hysteresis, the Coulombic
efficiency of 76.3% indicates significant reversibility. In
subsequent cycles, the hysteresis decreased to ca. 0.8 V and
the Coulombic efficiency increased to close to 100%,
suggesting improvements in both kinetics and reversibility.
The decrease in hysteresis was accompanied by a change in the
electrochemical profile, dominated by two plateaus that were
rather reversible (Figure 1b). After this activation, a 76%
retention of capacity was observed after 50 cycles at C/5
(Figure 1c), being even higher at a lower rate (Figure S3). The
activated α-V2O5 electrodes retained 83.8% and 50.9% of the
low-rate capacity at C/5 and 2C at 110 °C, respectively
(Figure S4). Such cycle and rate performances are noteworthy
considering the large potential hysteresis. Also, initial cycling at
110 °C improved electrochemical performance at 25 °C
compared to the pristine state, resulting in a 6-fold increase in
reversible capacity to 96 mAh g−1 (Figure 1d) and excellent
cycling (Figure S5).
Two general mechanisms could be considered to explain the

observations: (1) intercalation and (2) conversion

+ + →+ −x xVO Mg 2 e Mg VOx2 5
2

2 5 (1)

+ + → ++ −
−x x xVO Mg 2 e MgO VO x2 5

2
2.5 (2)

A variant of eq 1 could involve cointercalation of other
electrolyte species (such as PY14+ or TFSI−).
STEM revealed highly crystalline pristine α-V2O5 particles

(inset of Figure 2a and Figure S6). Discharging induced
considerable delamination, inducing domains as small as ∼3.5
nm, correlated with high content of Mg (Figures 2b and S7).
Elemental mapping showed an even distribution of V and Mg
(Figure 2d,e), consistent with reaction 1 rather than 2, which

Figure 1. Electrochemical evaluation of Mg2+ intercalation into α-V2O5. (a) Voltage profiles from the electrochemical cycling of α-V2O5 in an
ionic liquid Mg2+ electrolyte at 25 and 110 °C and (b) the corresponding dQ/dV plots of the voltage profiles at 110 °C. (c) Cycle
performance of α-V2O5 electrode at 110 °C and C/5 rate, after initial cycling at C/20 rate. (d) Comparison of voltage profiles at 25 °C (C/
20 rate), before and after one conditioning cycle at 110 °C.
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would introduce significant heterogeneity because of phase
separation.19 The morphological alteration remained after
recharging (Figure 2c). Producing nanometric particles could

mitigate bottlenecks for intercalation in subsequent cycles,20

consistent with the observed decrease in hysteresis. Quantifi-
cation of EDS spectra gave average compositions of Mg1.1V2O5
and Mg0.2V2O5 for discharged and charged α-V2O5, respec-
tively (Figure 2f). Such a high ratio of Mg:V signals was not
observed by others in similar spectroscopic measurements.11

While a small peak corresponding to the presence of S (at ∼2.3
keV) was detected upon discharge, the corresponding S:V ratio
was ∼0.02:1, compared to ∼0.5:1 for Mg:V, indicating that
cointercalation of TFSI− ions with Mg2+ (i.e., MgTFSI+)22,23

was insignificant, if any. Further, it is likely that significant
contributions to the S signal come from surface impurities not
completely removed upon sample preparation. While the
image in Figure 2b is overall representative of the discharged
sample, some highly altered particles were also found with ∼2
Mg per V2O5 (Figure S8). Transmission electron microscopy−
energy-dispersive spectrometry (TEM-EDS) analysis of point
1 revealed a Mg:V ratio of ∼0.08:1 (Figure S9), close to the
expected stoichiometry Mg0.17V2O5 based on the specific
capacity of 50 mAh g−1. The high content of Mg suggests that
cointercalation of PY14+ is not significant at high potentials
and does not precede the intercalation of Mg2+, as previously
hypothesized.21

The Mg K-edge X-ray absorption spectrum of point 3 (fully
discharged state in Figure 3a) was much broader, with
overlapping signatures, and had an earlier onset than MgO
(Figure 3b), the hypothetical product of conversion in eq 2.19

The same features were observed for the computed spectrum
of δ-MgV2O5, the only known polymorph with this
stoichiometry (Figure S10).24−26 Generally, the spectrum
compared well with oxides containing both Mg and transition
metals available in the literature.27−29 Formation of ternary

Figure 2. Morphological and compositional changes upon electro-
chemical cycling. High angle annular dark field images of pristine
(a), discharged (b), and recharged samples (c). Elemental
mapping of discharged particles for V (d) and Mg (e). (f) EDS
spectra of discharged (top) and recharged (bottom) samples.

Figure 3. Reversible spectroscopic responses upon electrochemical cycling. (a) Representative voltage profile of α-V2O5 during the first
discharge−charge cycle at 110 °C. Points 0−6 represent states that were characterized ex situ. Structural and chemical analysis of α-V2O5 at
points 0−6: (b) Mg K-edge XAS for point 3 compared with MgO; (c) normalized HE-XRD patterns; and (d) FT-IR spectra compared to
PY14Cl, MgTFSI2, and H2O. The + symbol in panel c is assigned to the sample holder. In turn, * symbols denote the collection of peaks that
appear upon discharge from points 1 to 3. A different zoom of panel c without normalization can be found in Figure S11. The full spectra of
panel d are shown in Figure S15.
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phases supports intercalation in eq 1 as the plausible
mechanism. The high-energy X-ray diffraction (HE-XRD)
pattern of pristine matched orthorhombic α-V2O5 (PDF# 01-
072-0433, Figure 3c). After discharging to a capacity of 50
mAh g−1 (1), new peaks were observed at 3.7° and 7.4° (* in
Figures 3c and S11), with a shoulder at 5.6°. The first two
peaks correspond to the lattice spacing of 6.4 and 3.2 Å,
respectively. Their commensurability indicates an expanded
layered structure consistent with intercalation. Upon further
discharge (2 and 3), very broad peaks with low intensity
emerged at the expense of the pristine lattice (see * in Figures
3c and S11). The coexistence of multiple phases suggests a
first-order transition during reduction. Some peaks with
increased interlayer spacing (i.e., at 4.9° and 5.3° for points
2 and 3) could be matched to ε-Mg0.5V2O5, proposed as a
possible reaction product,15 but, overall, the calculated
diffraction pattern differed from the measured data (Figure

S12). An additional peak observed at 2.5° was observed only in
point 2, suggesting a complex structural transition. The pattern
at full reduction did not correspond to the only known
polymorph of MgV2O5 (δ, PDF# 00-038-1182), suggesting the
formation of a different framework with similar local electronic
environment for Mg2+. Indeed, substantial rearrangement of
the structure has been reported at high levels of Li+

intercalation into V2O5.
30 The patterns did not match with

any known polymorphs of binary VOy (y < 2.5) or HxV2O5,
14

arguing against the existence of both a conversion reaction and
dominant intercalation of protons (Figure S13). Discharging
V2O5 in neat PY14TFSI, the ionic liquid without MgTFSI2 salt,
gave rise to a mixture of peaks from pristine V2O5 and new
signals that were very weak and did not match any magnesiated
product (1 to especially 3, Figure S14), suggesting that the
changes are driven by intercalation of Mg2+. The small number
of broad peaks precluded a complete structural determination

Figure 4. Electronic structure and chemical environment of α-V2O5 at different points of (de)intercalation. (a) V K-edge XAS. (b) Oxidation
state of V vs position of the V K-edge for cycled and standard samples. (c) V L-edge and O K-edge XAS. “Discharged” and “charged” labels
correspond to points 3 and 6 in Figure 3a, respectively. (d) Nanoscale maps of Mg2+ concentration for discharged particles (point 3 in Figure
3a), with panel e providing a zoom into an isolated particle in the sample. (f) Particle size vs chemical composition for the discharged
particles. The pixel size is 50 × 50 nm2. (g) Concentration gradients of Mg2+ for charged particles.
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of the magnesiated compounds, which should be the object of
follow-up work. Upon charging (points 4−6), the new peaks
progressively disappeared, giving way to a fully recovered α-
V2O5 lattice with attenuated intensities and larger peak widths
than the pristine state, indicative of a decrease in crystalline
domain size induced by electrochemical cycling.
The Fourier-transform infrared (FTIR) spectrum of pristine

α-V2O5 (Figures 3d and S15) showed vibrational modes from
the stretching of vanadyl (V=O) bonds (981 cm−1) and V−
O−V bridges (870 and 766 cm−1).31 Upon discharge, the V−
O−V peak at 870 cm−1 remained almost unchanged while
V=O and the other V−O−V signals were reduced, and new
peaks emerged (see * in Figure 3d), indicating structural
distortions.32 These changes were reversible upon charging.
No signals associated with PY14+ (e.g., the intense peak at
1465 cm−1) were observed in any of the measured FTIR
spectra in this work, excluding competing cointercalation of
PY14+, in agreement with TEM-EDS. A new signal observed at
1054 cm−1 for points 3−5 could be assigned to TFSI−, but the
absence of other similarly intense signals provides low
confidence to this hypothetical assignment, especially in view
of the low content of S in the particles revealed by TEM-EDS.
The H2O content in the electrolyte (∼43.7 ppm) amounts to
only ∼0.06 mol of H2O per mole of V2O5 in the cell, making it
unlikely that it plays a role of charge-screening in the
intercalation of Mg.33 Co-intercalation of water or protons
have been reported at contents greater than 1000 ppm.8

Indeed, only very small FTIR signals appeared at point 3 in the
regions associated with H2O, ∼1600 cm−1 (H−O−H bending)
and ∼3400 cm−1 (O−H stretch). This observation also
supports the absence of HxV2O5, which shows intense signals
in this region.34−37 Spectra were collected in reflectance mode,
suggesting that a significant portion of the peaks that
correspond to TFSI− or H2O could have been mostly
adsorbed to the surface of electrode. This conclusion is further
supported by the fact that the intensity of the H2O signals
persisted at point 6, where the electrode was orthorhombic α-
V2O5, an H2O-free structure, according to XRD. In conclusion,
incorporation of species other than Mg2+ into the electrode
was minimal during discharge.
The V K-edge X-ray absorption spectrum upon full

discharge (3) was shifted to lower energy, by roughly 2 eV,
compared to the pristine state (0, Figure 4a). Reduction to V4+

is proposed by comparison to reference spectra (Figure 4b),
accounting for a specific capacity of 295 mAh g−1, close to the
value from electrochemical measurements. Concurrently, there
was a loss in intensity of the pre-edge peak, at ∼5470 eV,
indicating an increase in symmetry of the V−O environment,
likely through weakening of V=O interactions,38 according to
analysis of the extended X-ray absorption fine structure
(EXAFS, Figure S16). Measurements at the V L- and O K-
edges using photoelectron detection revealed redox changes at
the surface. The V L-edge spectra shifted to lower energies by
∼1 eV upon discharge (Figure 4c). The most intense features
were at energies even lower than those reported for VO2,
which typically presents a modest shift compared to V2O5.

20,39

This observation suggests that the surface of the electrodes was
at least partially reduced beyond V4+, as suggested by elemental
composition of ∼2 Mg per unit V2O5 at some locations in
STEM analysis. The O K-edge absorption feature below 535
eV measures the degree of hybridization between O 2p and V
3d states.40 Pristine α-V2O5 showed characteristic features at
530 and 532 eV, but there was a notable decrease in intensity

below 535 eV after full discharge. Again, the resulting spectrum
did not resemble data for VO2 in the literature.20,39,41 The
losses of intensity would be consistent with the formation of V
at lower formal oxidation states, thus decreasing V 3d−O 2p
hybridization because of an increase in the ionicity of the bond.
After charging, all measured spectra were close to pristine α-
V2O5. The small degree of irreversibility could be associated
with the concurrent decomposition of the electrolyte, because
N and S were detected by XPS on the surface of a washed
electrode after full discharge (3), albeit at much smaller
amounts than Mg2+ (Figure S17).
Scanning transmission X-ray microscopy (STXM) was

combined with V L- and O K-edge XAS to map single
particles at point 3 (Figure 4d). Fits of the individual spectra
revealed that the edge of the particles had the most reduced
states, with an increase in oxidation state toward the interior
(Figure S18). Larger particles display yellow color, which
denotes the existence of intermediate composition. These
observations are consistent with the differences between bulk-
sensitive (mostly V4+, Figure 4a) and surface-sensitive XAS
(dominated by V3+, Figure 4c). Such clear gradation of the
oxidation states along the radial direction could be a signature
of Mg2+ intercalation with low diffusivity. Likewise, a zoomed-
in image of a discharged particle also showed more extensive
reduction around a crack (arrow in Figures 4e and S19). The
extent of reduction (and thus magnesiation) of each particle,
extracted by averaging all the single-pixel spectra, evidenced a
positive correlation with smaller sizes (Figure 4f), with the
highest levels corresponding to particles with a diameter of
∼70 nm. Upon charging, the oxidation states reverted to close
to pristine α-V2O5 (Figure 4g).
The combined changes in composition, crystal structure, and

redox state observed in this study provide not only the most
conclusive proof of reversible intercalation of Mg2+ into α-
V2O5 but also evidence that it can occur at significantly high
levels and thus capacity. These levels of intercalation
significantly exceed what has been reported in the literature,
even in the presence of H2O.

11−13,42−44 Once α-V2O5 was
activated at high temperature, the electrode was subsequently
used in a full cell consisting of a Mg metal anode and a
carborane-based electrolyte that is compatible with the
anode.45 At 110 °C, the full cell showed a discharge capacity
of 274 mAh g−1, which is much larger than that with pristine α-
V2O5 (Figure S20). The diffraction pattern of a discharged
V2O5 electrode harvested from the full cell was reasonably
similar to what was obtained in the half-cell with MgTFSI2 +
PY14TFSI (Figure S21). However, capacity degraded quickly,
possibly because of irreversible interfacial reactions at the
cathode, aggravated by high temperature.45,46 If electrolytes
simultaneously compatible with both electrodes could be
designed, the product of the experimentally observed specific
capacity of 295 mAh g−1 and average potential of ∼2.3 V vs
Mg/Mg2+ at the cathode (determined as the midpoint of the
oxidation and reduction peaks in Figures 1b and S20b)
approximates 660 Wh kg−1, corresponding to changes in Gibbs
free energy of the overall reaction. While still not possible
today, this value of energy density could enable a practical pack
achieving goals for advanced batteries for the commercializa-
tion of electric vehicles (see Table S2).47,48

The intrinsic ability of α-V2O5 to reversibly intercalate at
least one Mg2+ per unit formula is possible without significant
H2O or H+ cointercalation, or competition with the conversion
to MgO and VOy (y < 2.5), leading to behavior close to the
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standards of Li+ intercalation into oxides.49 Once such high
levels of Mg2+ were achieved, the subsequent transformations
of V2O5 seemed to further facilitate the kinetics of the
electrode to enable respectable levels of storage at room
temperature as well, likely driven by morphological changes.
Because pairing the oxide with a Mg metal anode would chart a
pathway toward transformative energy density and cost, further
efforts are needed to increase capacity and considerably lower
the voltage hysteresis at room temperature. Very small
nanocrystals in the pristine state could produce further
enhancements. These findings increase our understanding of
the fundamental requirements toward high degrees of Mg2+

intercalation into oxides with high potential. They represent a
critical milestone toward the future design of multivalent
batteries that transcend the limitations of Li-ion batteries.
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