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Magnesium batteries are energy storage systems that potentially
offer high energy density owing to their ability to employ magnesium
metal as a negative electrode. Their development, however, has been
thwarted by a paucity of functional positive electrode materials after
the seminal discovery of the MogSs Chevrel phase over 15 years ago.
Herein, we report the second such material — a thiospinel — and
demonstrate fully reversible Mg2+ electrochemical cycling vs. a Mg
anode, which is complemented by diffraction and first principles
calculations. The capacity approaches 80% of the theoretical value
at a practical rate (C/5) at 60 °C, and yields a specific energy of
230 Wh kg%, twice that of the Chevrel benchmark. Our results
emphasize the advantage in employing “soft” anions to achieve
practical divalent cation mobility.

Although rechargeable batteries in commercial applications and
academic research are currently dominated by lithium-ion batteries,
considerable interest has arisen in cells which could employ a
metallic negative electrode (anode), owing to their potentially greater
energy density. Lithium batteries — that employ lithium metal - are
one such example, but they are limited to special cases at present”
owing to their propensity to form dendrites on cycling. Of the metals
known to electrochemically deposit without dendrite formation,
magnesium is of special interest.>* In addition to its desirable
electrochemical properties, including a volumetric energy density
of 3833 mA h cm ™3, Mg metal offers good availability, low cost
factors and safe handling in ambient atmosphere. This renders
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Broader context

With growing acceptance of the need to minimize fossil fuel consumption,
the need for batteries with higher energy densities at much lower cost is
intensifying. One of the promising new battery systems being studied at
present is the magnesium battery. It relies on a Mg negative electrode,
which does not grow dendrites during charging, and has twice the
volumetric density of Li. Unfortunately, Mg battery development has been
hindered by a lack of functional positive electrode materials since the
seminal discovery of Mg insertion into the Chevrel phase (MosSg) in 2000.
Herein, we report the second functional positive electrode material - the
cubic thiospinel Ti,S, - and explore the complexities of Mg-ion siting and
mobility in the spinel lattice through X-ray diffraction and first principles
calculations. Ti,S, achieves 80% of its theoretical capacity at a rate of C/5
(discharge/charge in five hours) at 60 °C. Practically, this yields an energy
density of 230 Wh kg™, which is twice that of the Chevrel phase benchmark
under similar conditions. These findings highlight the importance of “soft”
anions to achieve practical divalent cation mobility in the continuing search
for positive electrode materials for the Mg battery.

Mg rechargeable batteries compelling candidates for sustainable
electrochemical storage devices at both large and intermediate
scales. The first rechargeable Mg battery prototype reported in
2000 by Aurbach et al.® resulted from two major breakthroughs:
the development of electrolytes based on the association of a
Grignard species R-Mg-Cl with a strong Lewis acid such as
AICL;*” and the introduction of Chevrel phases, MogChg with
Ch = S, Se, as positive electrode materials coupled with a Mg
anode.®® Efforts to break past this pivotal discovery have proven
challenging, however.

Magnesium electrochemistry is more difficult than that of its
monovalent alkali cation cousins such as lithium and sodium.
The lower mobility of Mg>" ions within solid oxide hosts'®** and
a probable higher energy penalty for the desolvation of Mg**,'®
are among the limiting factors identified to date. As a result, the
search for positive electrode materials able to reversibly inter-
calate Mg** and which present a higher energy density than
MoeSg has been generally unrewarding and the Chevrel phase
has remained the benchmark for magnesium batteries. To date,
oxide cathode materials exhibit extremely sluggish kinetics,®
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and conversion materials lack the required cycle life.® This led us to
explore thiospinels, which benefit from a soft anion (i.e. sulphur)
lattice. This leads to a weaker coulombic attraction between the
guest Mg”* and host sulphur lattice, which enhances ion mobility.
Electrochemical Cu" extraction from CuTi,S; was reported long
ago,"” along with subsequent studies that demonstrated chemical
magnesiation of the empty cubic thiospinel Ti,S, lattice.'*>° How-
ever, despite an initial tantalizing report,>" reliable electrochemical
cycling of Mg™" in the Ti,S, lattice has not been reported to date. An
important computational study on magnesium mobility in layered
TiS, and the thiospinel Ti,S, suggested that these materials are
unlikely to be suited for Mg (de)intercalation at room temperature
owing to a migration barrier predicted to be about 800 meV.>*
However, even the Chevrel phase is difficult to fully recharge at
room temperature’ because ionic diffusion is thermally activated,
and at room temperature half the Mg** is trapped in sites with
higher migration barriers. One way to overcome the problem is to
cycle at elevated temperature, as demonstrated for Mg,MoeSs,
where the performance of the material was greatly increased
at 60 °C compared to room temperature.*® This methodology is
utilized here.

CuTi,S, was prepared by literature methods®* and Cu* was
extracted by oxidation.”® Rietveld refinement®® of the X-ray
diffraction (XRD) patterns of the oxidized material (Fig. S1,
ESIY), supported by EDX analysis, (Table S1, ESIt) indicates a
single cubic Fd3m phase with a stoichiometry of Cu, ;Ti,S, and
a lattice parameter of 9.776 A, indicating that some residual
copper remains in the thiospinel. These results are in good
agreement with Sinha et al.>” and James et al.”® where incomplete
extraction of Cu" suggests that band structure may play a role in
determining the redox chemistry of Ti,S,. The Ti 3d band lies slightly
above the S 3p band, which makes the former the main redox
center.”® However, during oxidation, the Ti 3d band drops closer to
the S 3p band. It is possible that as the bands begin to overlap, some
holes are produced in the S 3p band as proposed for other
thiospinels where they are suggested to dominate. This makes
further oxidation difficult due to the high electronegativity of
sulphur.* This thiospinel material (Iabeled as cubic Ti,S, or simply
“C-Ti,S,” below) was used as the positive electrode in coin cells that
employed Mg as the negative electrode and APC as the electrolyte.
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Fig. 1 shows the resulting discharge and charge profiles of
the cells comprised of C-Ti,S, at different rates. Cells run in
APC/THF (Fig. 1a) show that at C/20 (1C = 1 Mg*"/C-Ti,S,, black
curve), an initial discharge capacity of 200 mA h g~ - corresponding
to Mgy g4Ti,S, — was achieved with an overpotential of only 50 mV
from equilibrium. The sloping curve between 1.5 V to 1 V
demonstrates a solid-solution Mg>* insertion mechanism, as
previously predicted by theory.?* As the cycling rates increased
to C/10 and C/5, the discharge capacity dropped to 195 mAh g~ *
and 190 mA h g7, respectively, demonstrating the surprisingly
good rate capability of the material. At all three rates, the first
charge shows minor irreversible capacity (10% at C/5), which
disappears on the 2nd cycle (Fig. 1a inset). Long term cycling
was examined in APC/tetraglyme (APC/G4), an electrolyte whose
higher boiling point (275 °C) supports longer term cycling.
Similar capacities of 195 mA h g~' at C/20, dropping to
175 mA h ¢~ ' at C/5, were observed (Fig. S2, ESIT). From cycle 2
onward (Fig. 1b), the drop levels off, and a capacity of
140 mA h g~ ! is attained after 40 cycles at C/10. The origin of
the cycling fade might be due to the micron-sized active material
particles (Fig. S3, ESIT) that are large enough to kinetically trap
Mg>* during charge, which will be the subject of future studies.
The present communication aims to report the overall new
features and electrochemistry of cubic Mg,Ti,S,.

The reversible intercalation of Mg2+ into C-Ti,S, was confirmed
by Xray diffraction (XRD) as shown in Fig. 2a, and by energy
dispersive X-ray analysis (EDX, Table S1, ESIt). Rietveld*® refinement
of the discharged XRD pattern (Fig. 2b) indicated the preservation of
the Fd3m cubic spinel phase, with lattice parameters expanded to
10.097 A from their pristine values (9.776 A) on electrochemical
magnesiation of 0.8 Mg. Fourier mapping carried out with Cu,
Ti, and S occupying their normal sites revealed electron density
on both the tetrahedral (8a) and octahedral (16c¢ sites) (Fig. S4,
ESIt). Mg was placed on both these sites in the subsequent
refinements of Mg occupancy (see ESIt for details), resulting in
~30% occupation of the octahedral 16c site and ~20% on the
tetrahedral 8a site (Table S2b, ESIt). The corresponding com-
position Mg[oct]o soyMg[tet]o.1597)CU0.1Ti»Ss is in excellent
agreement with the electrochemical capacity (Mg s4Ti,S4) and
the EDX data (Table S1, ESIT). Only relatively minor shifts in the
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Fig. 1 Electrochemistry of C-Ti,S4 coin cells with an APC electrolyte and a Mg negative electrode at 60 °C. (a) Discharge and charge curves of the first
and second (inset) cycles at various rates in APC/THF electrolyte. (b) Capacity and coulombic efficiency (CE) evolution at a C/10 rate in APC/G4

electrolyte (inset showing 99% CE).
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Fig. 2 XRD patterns of Mg,Ti,S4. (@) Comparison of the XRD pattern of the initial C-Ti,S4 spinel (black), with the discharged (blue) and charged (red)
states. The electrodes were cycled in APC/THF electrolyte with a Mg anode at 60 °C and a C/20 rate. (b) Rietveld refinement fit of the discharged sample,
Mgo.gTi>S4. Black crosses — experimental data, red lines — fitted data, blue line — difference curve between observed and calculated data, green ticks —
the Bragg peak positions. The broad hump is a background signal from the X-ray capillary.

atomic positions occur on magnesiation (Table S2a and b, ESIT).
Along with the moderate volume expansion on full insertion
(10%), this confirms that the structure of the Ti,S, thiospinel
exhibits little distortion on Mg cycling, which promotes good
capacity retention. Upon charging the material, the XRD pattern
(red) reverts to the pristine composition with a cell parameter of
a = 9.806 A. EDX and XRD confirm that Mg>" is essentially
removed from the C-Ti,S,. The composition of Mg 0sTi>S4
determined by EDX (Table S1, ESIf) and the tiny increase in
the lattice parameter (vis a vis 9.776 A) are in accord with a trace
of Mg remaining on the 16c site (Table S2c and Fig. S5, ESIT).
Overall, the data unequivocally show that the electrochemical
activity of the material is due to reversible (de)intercalation of
Mg”"* into the spinel structure.

The above findings are consistent with our measurements of
the self-diffusion coefficient of Mg>" (Dyy) using the galvano-
static intermittent titration technique (GITT)*' at 60 °C (ESIY).
The resulting Dy, values, shown in Fig. 3a, were converted to
activation energies (E,) using the typical Arrhenius-type relation
(see ESIT) and are shown in Fig. 3a as a function of state-of-
discharge (x). First principles calculations of E,, in the thiospinel
are shown in Fig. 3b at both the dilute (Ti,S,) and concentrated
(Mg,/sTi,S,) limits. The barriers are lower than those reported in
other work®” due to the difference in lattice parameters used in the
calculations; we used lattice parameters of 9.78 A (the experimental
value) for the dilute limit cubic Ti,S,, and 10.05 A for the
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concentrated limit. The average calculated barrier height of
about 550 meV agrees very well with the average experimentally
determined E,. In Fig. 3a, the increase in the barrier height to
Mg>" diffusion at x > 0.6 results in a kinetic limitation,
explaining why we do not achieve x = 1 during discharge.
Cycling Mg, Ti,S, at 25 °C further slows down diffusion, which
causes the potential to drop more quickly as shown in Fig. S6
(ESIt), yielding a capacity of about 130 mA h g~'. At the end of
discharge the experimental activation energy for Mg diffusion
increases sharply. Calculations considering only a tri-vacancy
diffusion mechanism®” cannot explain this increase in E,, as
demonstrated by the lower diffusion barrier height in Fig. 3b at
the concentrated limit. Instead, the reduced Mg”>* mobility near
the end of discharge indicates the important role of site-disorder
and/or Mg-Mg interaction in determining Mg”" diffusivity. For
example, at high Mg”* concentration the number of possible
tri-vacancy hops likely decreases, replaced by di-vacancy hops.
A di-vacancy means that one of the three octahedral sites
adjacent to the intermediate tetrahedral site is occupied, which
increases the migration barrier. We find that the barrier for
Mg>" migration through the di-vacancy is about 200 meV higher
than through the tri-vacancy, which will be detailed in subsequent
reports.

Since Mg>" occupation on the tetrahedral site was not identified
in early studies of chemical magnesiation (albeit limited to Mg, Ti,S,
where x < 0.5'?) we carried out first principles calculations to
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(a) Mg self-diffusion coefficients and corresponding energy barriers of C-Ti,S4 determined by galvanostatic intermittent titration technique (GITT)

at 60 °C; (b) energy barriers for Mg-ion migration in Ti,S4, calculated in the dilute and concentrated limits. Barriers are for migration through a tri-vacancy

mechanism.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Calculated formation energies for different Mg occupancy orderings in Ti>S4 spinel. Three types of scenarios are considered: Mg occupying
tetrahedral sites (magenta color, square markers), Mg occupying octahedral sites (blue color, round markers), and the co-existence of both tet. and oct.
site-occupancies (green), (b) comparison of an experimental (grey) and theoretical (red) equilibrium voltage curve for Mg,Ti»S4. The theoretical curve was
calculated by Emly et al. in ref. 22. The experimental curve was collected using a GITT experiment at 60 °C (see Methods, ESIt). The slight difference in the
degree of the slope resulted from factors such as residual Cu in the structure, which was not included in the calculation.

explore the relative energy of compositions with various site
occupations. Fig. 4a shows the formation energy of Mg, Ti,S,
configurations with Mg®>* cations in either tetrahedral sites
(magenta squares), octahedral sites (blue circles), or mixed
tetrahedral-octahedral (green triangles) configurations. While
the lowest energy states clearly have Mg>" in octahedral sites,
the energy difference with tetrahedral and mixed occupancy
states is rather small, making disorder across octahedral and
tetrahedral sites likely. Note that because the energy in Fig. 4a
is normalized per unit of Ti,S,, the increasing energy difference
between structures with octahedral and tetrahedral occupancy
with x is simply a reflection of the increased Mg>" concentration
in the structure, not necessarily of a change in site energy
difference (see ESIT for details).

These findings shed light on the observed mixed site occupation
at higher Mg content that we observed experimentally, with about
30% occupancy on octahedral sites (16¢) and about 20% on
tetrahedral sites (8a). A closer examination of partially discharged
C-Ti,S, materials (0.4 and 0.6 Mg/C-Ti,S,) reveals that Mg”>* only
occupies octahedral sites (Tables S4 and S5, Fig. S7 and S8, ESIt) at
this intercalation limit. Such preferential Mg>" occupation on the
octahedral site at low content was also observed by Bruce et al. in
the entire range of their studies (0.07-0.5 Mg/Ti,S,)."® A somewhat
stepwise Mg>" insertion behavior is therefore suggested by our
findings, with the 16c¢ site being filled first, followed by population
of the 8a site that is driven by subtle thermodynamic and kinetic
factors. The solid solution-like nature of the discharge/charge
curves suggests that at the cross-over point, the energetics for
occupation of either site are similar and the system lowers its
(electrostatic) energy by distributing Mg”* over both tetrahedral and
octahedral sites. We propose that upon Mg>" insertion beyond
x = 0.5, energetics that result in coulombic repulsion favour
redistribution amongst the possible sites. Based on our experi-
mental results, this limitation occurs at about 0.6 Mg>*/
Cuo 1Ti,S,. The Mg** diffusion pathways thus become partially
hindered, which could be the reason behind the increase in E,
above about x = 0.6, explaining the deviation of our equilibrium
electrochemical profile - obtained by the galvanostatic inter-
mittent titration technique (GITT) - from that predicted for Mg

2276 | Energy Environ. Sci,, 2016, 9, 2273-2277

occupation on the 16c octahedral site based on previously
reported first principles calculations® (Fig. 4b). Thus, both
thermodynamics (population of mixed oct-tet sites) and
kinetics could, and probably do, contribute to the voltage drop
at the end of discharge (Fig. S9, ESIt). Further detailed studies
are underway in order to understand this complex behavior and
its influence on the electrochemistry.

In summary, the thiospinel Ti,S, shows promise as a new
cathode material for Mg batteries, yielding a high capacity of
200 mA h g~ ' at an average voltage of 1.2 V vs. Mg (corres-
ponding to a volumetric energy density of about 350 Wh L " for
a full Ti,S,-Mg cell). On subsequent cycles with a capacity
of 150 mA h g™ ", the specific energy is 180 Wh kg, almost
twice that of the Chevrel phase at 100 Wh kg™ '. Despite the
moderate Mg”* diffusion barrier, spinel Ti,S, exhibits excellent
rate capabilities at 60 °C and the small volume change during
cycling promotes good capacity retention. Subtle ordering of Mg?*
on the octahedral and tetrahedral sites of the thiospinel lattice at
high Mg>* concentrations results in complex behaviour that is the
subject of our ongoing studies. As our understanding of this
behaviour improves, so too should the cycle life. Approaches to
improve the electrochemistry of Ti,S, at room temperature, such
as reducing particle sizes and using electrolytes with lower Mg>*
desolvation barriers, are under investigation. Given the rich
chemistry of the thiospinel family, the discovery of facile, rever-
sible Mg>" intercalation in Ti,S, provides an additional menu of
options (apart from the Chevrel phase) which should accelerate
the fundamental understanding of Mg>" intercalation behavior in
solid structures. This will directly contribute to the discovery of
more Mg cathode candidates.
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