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We propose that Ti-containing post-spinels may offer a practically-
accessible route to fast multivalent ion diffusion in close-packed
oxide lattices, with the caveat that substantial thermodynamic
driving forces for conversion reactions exist.

Magnesium batteries present an appealing means of improving
upon the energy density of Li-ion batteries, due to the potential
usage of a metal anode instead of the insertion structures
common to Li-ion architectures,"*° offering a major improvement
in volumetric energy density (3833 Ah L™ vs. 800 Ah L™ for Li" in
graphite).> A major obstacle in the development of Mg batteries
continues to be the poor electrochemical performance of Mg
intercalation cathodes, stemming predominantly from the low
mobility of Mg ions within highly ionic oxide frameworks.>” Mg
mobility can often be improved by utilizing a sulfide cathode,
with higher covalency and volume per anion reducing the barriers
to Mg motion.® However, increased mobility comes at the expense
of reduced energy density, as sulfides generally intercalate Mg at
lower voltages relative to oxides.”™* As the search for fast-diffusing,
high-energy density cathodes remains an active area of research,®
it remains to be seen whether fast Mg diffusion in a close-packed
oxide framework is even possible in principle.

The post-spinel family of compounds presents a possible
solution to this conundrum, albeit with complications arising
from the fact that many post-spinel structures require synthesis
conditions in the GPa pressure range."*"” Utilizing first principles
calculations of ionic mobility, Ling et al. demonstrated that
CaFe,04-type MgMn,0, exhibits a relatively low barrier to Mg**
migration, leading to post-spinels being proposed as Mg battery
cathodes.”
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The CaFe,O,-type Pnma structure, depicted graphically in
Fig. 1a, is comprised of A-site (e.g. Ca) ions residing in eight-
coordinate bicapped trigonal prism sites and distorted BOg
(B = transition metal) octahedra, two of which share an edge to
form double octahedral units. The corner connections of four
double octahedral units form 1D channels in the a direction,
along which ionic diffusion is expected to occur.

The manganese oxide post-spinels have only been prepared
at high pressures (>4 GPa),"®"” and this requirement for high
pressures has, to date, stifled attempts to prepare sufficient
quantities of magnesiated post-spinel compounds for electro-
chemical characterization. However, other transition metal (TM)
oxides do not suffer from this limitation. For example, NaTi,O,
is stable at ambient pressure in the CaFe,O,-type structure.'®
Because Mg intercalation into Ti hosts generally occurs at a low
voltage,'” V might seem a more appealing transition metal from
an energy density standpoint.”> However, NaV,0y, is only stable
in the CaFe,0,-type structure at high pressure.?® Interestingly, it
was recently demonstrated that substitution of a small amount
of Ti (~37.5%) into NaV,0, stabilizes NaV; »5Ti, 7504 at ambient
pressure.”" If Na ions could be removed from the structure and
replaced by Mg, the compound may exhibit fast Mg diffusion. To
assess this possibility, we present here a first-principles study of
Mg insertion in the V, ,Ti,O, system with the CaFe,O,4-type
structure. As the structure is usually prepared with Na occupying
the A-site (yellow spheres in Fig. 1a),"' we also present an
analogous study of Na removal, which would be required prior to
Mg insertion.

Our density functional theory (DFT)**-based calculations, as
detailed in the ESIL,f indicate that Mg insertion occurs in the
range of 0.6-1.5 V (against Mg metal) depending on the V/Ti
ratio, while Na is removed in the range of 1.5-2.5 V (against Na
metal). The insertion of Na is generally accompanied by a
modest volumetric expansion (predominantly along the b axis),
while Mg insertion may result in expansion or contraction
depending upon the V/Ti ratio. Finally, we find Na mobility to
be acceptable (<650 meV migration barrier in most cases), with
excellent Mg mobility (<300 meV migration barrier) expected.
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Fig. 1 (a) The lowest-energy ordering of V and Ti atomsina 3 x 1 x 1
supercell of NasVsTizO46 based on a ranking of the DFT energy of possible
orderings whose structures were generated using a previously published
algorithm.*® (b) DFT-derived energies above the convex hull (EMY) for
AN,_,Ti,O4 (A = vacancy, Na, Mg) as a function of Na (green) or Mg (blue)
concentration. Three different Ti concentrations are shown: y = 0 (dotted
line), y = 0.75 (solid line), y = 2 (dashed line). The partially sodiated/
magnesiated structures are the lowest-energy vacancy/(Na/Mg) orderings
in the respective AV,_,Ti,O4 unit cells.

However, low barriers to Mg migration can be a result of the
inherent instability of Mg in the V/Ti post-spinel lattice, and we
predict a strong thermodynamic driving force for conversion
reactions to occur, which would result in the decomposition of
the post-spinel.

Fig. 1la displays the lowest-energy V/Ti ordering in the
CaFe,0,-type crystal structure among all possible V/Ti orderings
on a 3 x 1 x 1 supercell of Na,V;TizO46. Fig. 1b shows the
calculated stability of each compound considered in this study,
based on the Materials Project database.>® Specifically, the energy
above the ground state hull (E™") is shown for AV, yTi)0,
(0 <x<1,0<y < 2 A=Na, Mg, or vacancy). EM describes
the amount of energy released by the decomposition of a compound
into the most stable compound(s) at that chemical composition.
Stable compounds have E™!" = 0 ev.?* A positive E™!" does not
necessarily mean a material cannot be synthesized; metastable
phases are often attainable through special synthetic routes.
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Indeed, metastable phases are frequently observed in cathode
materials, including spinel-Mn,0,>® obtained by delithiation of
LiMn,0, and &-Mg, sV,05 observed on magnesiating o-V,05.%°
As a guideline, ~80% of the compounds in the ICSD exhibit
E™" up to ~40 meV per atom.**

From inspection of Fig. 1b, it is clear that sodiation stabilizes
the post-spinel framework, whereas magnesiation destabilizes
it. The fully Na-intercalated structures are predicted to be stable
(Eh“" < 2 meV per atom for NaTi,0, and NaV; »5Ti, 750,), while
NaV,0, is metastable (E™" = 22 meV per atom). The stabilization
of NaV, ,5Tio 750, with respect to NaV,0, is consistent with the
experimental finding that only the former compound is stable
at ambient pressure.”’ Two hypotheses exist to explain the
stabilization mechanism of the NaV, ,5Ti, 750, phase: (i) the
substitution of Ti*" for V** dilutes the frustrated magnetic
network predicted to exist in Nav,0,,>"** and (ii) the substitution
of a larger B-site ion should make the CaFe,O4-type structure
more favorable.'*?°

The empty and magnesiated forms of the V/Ti post-spinels
are considerably less stable (E™" = 113, 117, 120 meV per atom
for MgV,0,, MgV, »5Ti 7504, and MgTi,0,, respectively, and
EM = 87, 77, 74 meV per atom for V,0,, V;,5Tig504, and
Ti,0,, respectively, as shown in Fig. 1b). Some kinetic stabilization
against phase transitions during cycling might be expected on the
basis of poor B-site ion mobility'> and the requirement for
substantial re-arrangement of the underlying oxygen lattice to
occur (as would be the case, for example, in a post-spinel — spinel
transition).”” In particular, if the empty structure can be obtained
via desodiation, the V; ,5Tiy 750, host material is as stable as the
50% magnesiated structure, indicating that some degree of
reversible magnesiation may be feasible. Nevertheless, the computed
values of E™" suggest there is a substantial thermodynamic driving
force for decomposition, especially for the fully magnesiated
cathodes (see decomposition reactions in the ESIT). Decomposition
reactions can be detrimental not only due to the destruction of
cathode material, but also because many products (such as
MgO) are passivating with regard to ionic conductivity and
can prevent (de-)intercalation of remaining material.*®

Fig. 2 reports the calculated properties of Na/Mg (de-)inter-
calation into the V,_,Ti, O, system. Fig. 2a shows the variation
of unit-cell volume upon Na or Mg insertion (y-axis) into the
charged (“empty”’) structure as a function of Ti concentration
(x-axis). A non-negligible increase (~4-6%) is noted for all
three compounds upon Na insertion, with the largest increase
observed for the mixed V/Ti system. Insertion of Mg yields a
smaller increase (~2%) for both V-containing compounds, but
a decrease in volume (~2%) for Ti,O,. For both Na and Mg
insertion the pure Ti,O, compound has the lowest volume
change. This is consistent with the low volume change associated
with Li intercalation in Li[Li;/;Tis/;3]O4 (LTO), attributed to the
non-bonding nature of the t,, electron which is added when Ti**
is reduced to Ti*". Indeed, LTO is one of only two known zero-
strain intercalation electrodes.*"** Similarly, Fig. 2b and ¢ show the
variation of the g, b, and ¢ unit cell parameters upon Na (Fig. 2b) or
Mg (Fig. 2c) insertion (y-axis) as a function of Ti concentration
(x-axis). From Fig. 2b, Na insertion into V-containing compounds
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Fig. 2 (a) Volume change upon ion (Na or Mg; indicated on the figure)

insertion into V,_,Ti,O4. (b and c) Calculated changes in lattice parameters
upon Na (b) or Mg (c) insertion into V,_,Ti,O4. Each lattice parameter (a, b,
or c) is represented by a different shape as indicated in the legend. Axis
labeling conventions match those in Fig. 1b. (d) Calculated average voltages
for the (de-)intercalation of Na/Mg ions in CaFe,O4-type V,_,TixO4 (x = O,
0.75, 2). The mobile ion (Na or Mg) is indicated by color on the plot.

produces minor changes in the a and c¢ lattice parameters (<2%)
while yielding a substantial increase (~4-5%) along b. The lattice
parameter changes are generally smaller upon Na insertion into
Ti,O,, with b increasing by ~0.5% but a and ¢ decreasing by ~1%.

The variation of lattice parameters upon Mg insertion
(Fig. 2c) differs somewhat from the Na insertion behavior
displayed in Fig. 2b. In the V-containing compounds, the b
parameter increases up to ~4% (similar to Na insertion), with a
and ¢ parameters exhibiting minor variations. All three lattice
parameters decrease upon Mg insertion into Ti,O,.

Fig. 2d displays the computed average voltage for Na/Mg
(de-)intercalation in the 3 compounds considered in this study
(see concentration-dependent voltage curves in ESI{). Note that
voltage values for the V; ,5Tij;50, compound were calculated
using the ground state ordering, as indicated in Fig. 1a. Voltages
for Na (de-)intercalation (1.4-2.6 V) are within the range of
voltages reported for other Na-ion cathodes and would not
present an obstacle to electrochemical removal of Na.** While
the voltage of Mg insertion/removal in Ti,0, is too low (0.63 V)
to be of practical utility as a battery cathode, the V; ,5Tiy 75 and
V,0, post-spinels exhibit average voltages in excess of 1.5 V.
Considering theoretical capacities in the range of 281-285 mAh g™,
Mg insertion at 1.5 V would yield specific energies greater than
the present state-of-the-art Chevrel and thiospinel cathodes
(80-190 mA h g ' at ~1.1 V).>*°

Fig. 3 displays the DFT-calculated energy profiles (from the
Nudged Elastic Band method,** see ESI) along the migration
path of Na or Mg ions. The energy of a particular image (relative
to the starting stable site) is displayed on the y-axis as a function
of progress along the migration trajectory (x-axis). Energy profiles
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Fig. 3 Activation barriers for ionic migration between neighboring sites in
CaFe,04-phase materials, as determined by DFT-coupled Nudged Elastic
Band calculations. Barriers are shown for (a) Na in V,O4, (b) Mg in V,0,,
(c) Na in V125Tip 7504, (d) Mg in Vi,5Tig 7504, (€) Na in TiO4 and (f) Mg in
TioO4. The solid lines correspond to the limit of a single diffusing ion per
supercell (“charged” state), while the dashed lines correspond to the limit
of a single Na/Mg vacancy diffusion (“discharged” state).

are displayed for a single-ion in the empty (“charged”) host as
solid lines in Fig. 3 and for a single-vacancy in the filled (“dis-
charged”) host as dashed lines. A comparison of the Na migration
profiles (Fig. 3a, ¢ and e) to the Mg ion profiles (Fig. 3b, d and f)
reveals two primary differences. Firstly, migration barriers for Na
as indicated by the maxima in the energy profile, (E,,) in Fig. 3, are
higher in the single ion limit (500-1000 meV) than in the single
vacancy limit (~400 meV), while the reverse is generally true for
the Mg barriers (charged: ~175 meV, discharged: 200-300 meV,
with the V,0, barriers being comparable for the charged and
discharged limits). In the case of Na, the insertion of Na reduces
the transition metal and lowers electrostatic repulsion in the
lattice, lowering the barrier in the discharged state. The insertion
of Mg is accompanied by an even greater reduction of the
transition metal but also results in a volume reduction (Fig. 2a)
of the post-spinel, yielding a higher barrier in the discharged state.
Secondly, the shape of the migration profile is slightly different for
Mg atoms, particularly for the Ti-containing compounds. This is
probably related to a difference in stable sites: Mg occupies a
different site in the channel as compared to Na, resulting in a
different migration path (see ESIf). These differences become
more pronounced as the Ti concentration increases owing to a
concomitant increase in channel size. The overall barriers for Mg
migration in all three structures are much lower than for Na.
Magnesium migration barriers are likely lower because the
magnesiated post-spinels are much less stable than the sodiated
post-spinels (Fig. 1a), indicating a higher-energy starting site for
the Mg migration path and thus reduced activation energy.®
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The migration barriers (E,,) in Fig. 3 can be used to provide
an estimate of the ionic diffusivity. Using a simple random walk
analysis and a vibrational frequency of 10"* s, an Ey, of ~ 525 meV
corresponds to a room-temperature ionic diffusivity of
~10""? em? s .° Considering the relationship between diffusivity
and particle size, migration barriers up to ~650 meV yield reason-
able diffusivity in 100 nm particulates, with larger particles
necessitating lower migration barriers. As a result, the migration
barriers presented in Fig. 3 are well within the range of acceptable
values and indicate that the extraction of Na and subsequent
insertion of Mg should be feasible from a kinetic standpoint.

While the diffusivity of Na and Mg in the V/Ti-compounds
are predicted to be favorable, it is important to note that the
thermodynamic driving force for decomposition (Fig. 1b) is
large enough that the expected kinetic stabilization may not be
sufficient to prevent conversion reactions (eqn (S1)—(S3), ESIt)
from occurring. As the sodiated forms of the V/Ti and Ti post-
spinels are stable at ambient pressure and Na mobility is
sufficient to permit extraction, experimental testing of magnesiation
of post-spinels should be possible.

To conclude, we have utilized first-principles calculations to
assess, for the first time, the performance of post-spinel phase
V and Ti oxides as cathodes for magnesium batteries. Because
the preparation of these compounds would likely require a
sodiated starting material, we have also studied the thermo-
dynamics and kinetics of these compounds with sodium. Consistent
with previous reports on manganese oxide post-spinels, Na* and
Mg>" migration generally exhibit a sufficiently low energetic
barrier for extraction/intercalation to be feasible. Importantly,
these materials differ from the manganese oxide post-spinels in
that NaV, ,5Ti, ;50,4 and NaTi,O, are stable at ambient pressure,
providing a much easier route to synthesis. While the post-
spinel lattice is expected to be kinetically stabilized, the thermo-
dynamic instability (™" > 100 meV per atom) suggests that
experimental efforts to intercalate Mg into V,_,Ti,O, should be
monitored carefully for the occurrence of parallel conversion
reactions leading to the decomposition of the post-spinel structures.
As the requirement for high pressures in the GPa range has
so-far been a major obstacle to the experimental investigation
of magnesium mobility in the post-spinel framework, the results
presented here suggest that the V and Ti oxide post-spinels may
represent a means of achieving the milestone of high Mg-mobility.
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