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Screening for positive electrodes for magnesium
batteries: a protocol for studies at elevated
temperatures†

Victor Duffort, Xiaoqi Sun and Linda F. Nazar*

The well-known all phenyl complex (APC) electrolyte for magnesium

batteries is studied for the first time at high temperature using tetra-

glyme as a solvent. Combined with a molybdenum current collector,

this enables the examination of positive electrode materials for Mg

batteries at temperatures as high as 180 8C and up to 2 V vs. Mg,

allowing discovery of the auspicious properties of CuS as a conversion

cathode.

Since the demonstration of the first magnesium intercalation
batteries by the Aurbach group in 2000,1 their chemistry has
attracted much attention owing to the possibility of using a metal
anode. In addition to its large volumetric capacity (3800 mA h cm�3)
and dendrite free electrodeposition,2–4 a magnesium negative
electrode offers safe handling in air, good availability and low cost
factors. This makes Mg based rechargeable batteries compelling
candidates for large scale, sustainable high energy density electro-
chemical storage devices required for grid integration.

However magnesium electrochemistry has proven to be
different from that of monovalent alkali cations such as lithium
and sodium. The search for positive electrode materials able to
reversibly intercalate Mg2+ ions has been a tedious one; only the
Chevrel Phases (CPs) Mo6Ch8 with Ch = S and Se are widely
accepted insertion materials for magnesium batteries.5,6 The
main reason behind this important contrast to the Li and Na
systems is generally believed to be due to the low mobility of
Mg2+ ions with a solid host,7–13 although recent reports also
identified the desolvation of Mg2+ as an additional limiting
factor.14,15 Because ionic diffusion is a thermally activated
process, one way to overcome the sluggish mobility of Mg2+ is
to cycle cells at increased temperature, while employing nano-
structured materials is an alternative option. The benefit of high
temperature cycling was exemplified in the case of MgxMo6S8,
where the performance of the material was greatly increased at

60 1C compared to room temperature.16 Temperature was also a
critical parameter in the recent identification of cubic Ti2S4 and
its layered TiS2 polymorph as the only sulfides to date proven to
cycle in magnesium full cells with higher capacity than the
Chevrel.17,18 However, the relevance of running cells at increased
temperatures to screen for potential positive electrode candidates
(prior to investing effort into preparing nanostructured materials)
is not well known.

Electrolyte development for Mg batteries has been an arduous
journey. The first breakthrough which reported electrolytes able to
reversibly cast and strip magnesium at a low overpotential came
from the combination of Grignard reagent R-MgCl with a strong
Lewis acid such as AlCl3 in tetrahydrofuran (THF) solvent.19,20

Later on it was proven that replacing the ‘‘R’’ group with hexa-
methyldisilazide helps immensely in lowering the nucleophilicity
of the electrolyte.21,22 Recent improvements showed that it is
possible to use purely inorganic compounds by combining
MgCl2 with AlCl3, still employing THF as the solvent, yielding
the so-called MACC electrolyte.23 These types of electrolyte rely
on delicate solution equilibria leading to the formation of
oligomeric active species involving both salt and solvent.24

Despite their high electrochemical efficiency, these electrolytes
suffer from two major drawbacks. The high chlorine concen-
tration implies major corrosion issues at high voltage, both
with the electrode material and the cell components. Stainless
steel in particular restricts the voltage window to under 1.8 V vs.
Mg. The extremely high volatility and permeation rate of THF
through most polymers also limit the use of these electrolytes
to 60 1C. Higher temperature electrolytes are necessary to
search for potentially new positive electrode materials as bulk
materials, where room temperature studies may lead to false
negative conclusions.

Here, we combine the all-phenyl complex (APC),20 with
tetraglyme (G4) – an ether based solvent with a high boiling
point (275 1C) and relatively free of passivation layer formation
on the Mg anode19,25–27 – to form an electrolyte later referred to
as G4-APC (see the ESI† for detailed preparation). In order to
take advantage of the full electrochemical window offered by
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the electrolyte, we also utilized a molybdenum current collector
that has been shown to circumvent chlorine corrosion28 on the
positive side of an otherwise standard 1/20 stainless steel
Swageloks cell (Fig. S1, ESI†). This simple setup offers good
electrochemical behavior up to 180 1C (Fig. 1), the melting
point of the solder flux used for electrical contact. The moly-
bdenum working electrode offers moderate anodic stability up
to 2 V vs. Mg, to be compared with the 1.4 V stability offered by
SS304 at high temperature (Fig. S2, ESI†). Above this voltage,
significant current flows through the cell indicating that the
kinetics of parasitic reactions, such as corrosion phenomena or
decomposition of the electrolyte, increase. The anodic stability
of the electrolyte is better at lower temperatures; however, in
most cases the anodic stability of the positive electrode material
under study will be the limiting factor.

Despite the high areal current applied during the electro-
deposition process, the magnesium crystallizes in large well
faceted particles at 180 1C (Fig. S3, ESI†). The electrodeposited
magnesium is not contaminated by traces of aluminum or chlorine,
as evidenced by energy dispersive spectroscopy (EDS, Fig. S3c, ESI†),
further demonstrating the stability of the electrolytic solution. APC-
G4 exhibits remarkably stable behavior: the maximum current rate
achievable increases marginally from the first cycle to the second,
then a continuous and slow decrease of the deposition/stripping rate
is observed (Fig. 1). After a small irregularity during the first 10 cycles,
the coulombic efficiency stabilizes around 90%. The small over-
potentials, Zstrip E 10 mV and Zcast E 200 mV, typical of traditional
APC20 remain stable throughout the experiment.

The areal currents involved in cyclic voltammetry (CV) experi-
ments are much higher (up to 15 mA cm�2 in this case) than
those applied in galvanostatic cycling procedures used to examine
new positive electrode materials. Therefore, in order to verify the
applicability of this electrolyte, we also performed galvanostatic
cycling of the cell using a current rate of 0.1 mA cm�2, similar to

what would be used in a typical positive electrode testing
protocol (Fig. 2). In these conditions, the overpotentials are
about 50 mV, demonstrating that the use of a 2-electrode cell
with APC-G4 should only induce minor inaccuracies. In con-
trast, electrolytic solutions composed of Mg(TFSI)2 in glyme
solvents which present high overpotential,29 or setups using a
capacitive anode with intrinsic drift30 require 3-electrode cells
to extract meaningful information. More importantly, Fig. 2
shows that the 2 V cutoff voltage is rapidly reached at the end of
the magnesium stripping, showing that even at very slow rates,
parasitic reactions due to the cell account for a negligible
fraction of the capacity. The coulombic efficiency under low
current galvanostatic current is poor, with only 22% of the
magnesium redissolved during the first cycle. The efficiency
progresses slowly to reach more than 40% after 40 cycles. The
discrepancy with the experiment carried under potentiostatic
control has not been explained to date; however, owing to the
morphology of the deposited magnesium (Fig. S3, ESI†) pre-
ferential dissolution at the Mg/Mo interphase would rapidly
result in loss of electrical contact and possibly account for the
large amount of magnesium not being recovered. As demon-
strated by the excellent performance of a symmetrical Mg|Mg
cell (Fig. 2 inset), this phenomenon is not an issue for positive
electrode evaluation where quasi-infinite Mg negative electrodes
are typically used, however. The overpotential for Mg stripping
and plating is lower than 30 mV, making the APC-G4 electrolyte
highly desirable for Mg full cell testing.

This system is thus ideal for screening new positive electrode
materials at high temperatures. Temperatures considered high
(4100 1C) are not suitable for commercial applications because
of cost, efficiency and ageing problems. Nonetheless, an increase

Fig. 1 Cyclic voltammogram showing magnesium stripping and plating in
a APC-G4 electrolyte at 180 1C using a Mo WE and Mg RE/CE 2-electrode
cell. The upper inset shows an enlargement of the high voltage region and
the lower inset shows the evolution of the coulombic efficiency over a
hundred cycles.

Fig. 2 Low current (I = 0.1 mA cm�2) galvanostatic stripping and plating of
magnesium in a APC-G4 electrolyte at 180 1C using a Mo WE and Mg RE/
CE 2-electrode cell. The inset presents magnesium galvanostatic stripping
and plating in a Mg|Mg symmetrical cell at 180 1C using APC-G4, showing
the applicability of the setup with quasi-infinite Mg electrode. The tiny
jump in overpotential observed between the 20th and 30th cycles likely
originates from electrolyte ageing, but neither its amplitude nor its onset at
later cycling constitute a hindrance to practical implementation of the
electrolyte to screening protocols.
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in temperature will help disrupt ion pairing in solution and increase
the Mg2+ ionic mobility in any material. This broadens the scope of
possible positive electrode materials capable of functioning well in a
magnesium cell. The selection of compositions requiring nano-size
synthesis can thus be greatly facilitated. Significant insights into the
parameters governing the Mg2+ mobility can also be extracted to
guide the synthesis of new materials.

For the purpose of this preliminary study, we tested a variety
of possible positive electrode materials under similar conditions.
Each active material was mixed with 10 wt% carbon black and
10 wt% polyvinylidene fluoride (PVDF) suspended in N-methyl-2-
pyrrolidinone (NMP) and cast on molybdenum foil. The temperature
was set to 150 1C and a rate of C/10 (1 e� per 10 h) was selected.

Among the materials examined, some present interesting
failure. For example we recently showed that the Prussian Blue
Analogue Fe[Fe(CN)6]0.95�0.4H2O exhibits an anodic stability
43 V vs. Mg at room temperature.31 However, at 150 1C in
APC-G4, the anodic stability is limited to about 1.7 V vs. Mg
(Fig. S4, ESI†). This is a good example of how an increase of
temperature not only affects the ionic mobility but also the
kinetics of parasitic reactions.

Another surprising result is the difficulty of intercalating
Mg2+ ions into bulk MoS2. Despite facile intercalation of 1 Li+

per formula unit32 owing to the layered structure (Fig. S5, ESI†)
and significant electronic conductivity of molybdenum disulfide,
discharge was not possible in a Mg cell even at 150 1C (Fig. S6,
ESI†). Considering the weak van der Waals interplanar interactions,
MoS2 crystals most likely present sulfur atoms at the surface. Hence
a possible explanation of the inactivity of this material could be
found in the critical role played by the accessible Mo centers of the
MgxMo6S8 CPs phases in the delivery process of Mg2+ ions from the
electrolyte to the active material.33

Nonetheless, we were able to identify covellite, CuS (Fig. S7, ESI†)
as a promising electrode material for magnesium batteries. The
5–10 mm particles used in this study (Fig. S8, ESI†) deliver
negligible capacity at room temperature, and only about 10%
of the theoretical capacity was obtained after conditioning the
electrode at 60 1C for 40 cycles (Fig. 3a and b), However,
discharge at 150 1C (Fig. 3c) shows two well defined plateaus
at 1.5 V and 1.1 V, accounting for an initial discharge capacity of
550 mA h g�1 that corresponds to 98% of the theoretical
capacity. Ex situ X-ray diffraction (XRD) carried on the electrode
at different discharge states (Fig. S9, ESI†) reveals a conversion
mechanism for both voltage plateaus. The reaction products of
the first plateau are Cu2S and MgS while metallic copper and
MgS are formed on the second plateau.

The first step of the charge process follows the reverse
mechanism, with a polarization of only 150 mV. The change
in the slope of the high voltage first charge plateau at 1.7 V
indicates the onset of a parasitic reaction, identified as CuS
dissolution based on the copper deposit observed post-mortem
on the magnesium negative electrode. Hence above 1.5 V, two
reactions are in competition; the formation of CuS and the
dissolution of the electrode material. The very long high voltage
plateau on the second charge and the disappearance of the
high voltage signal on the subsequent discharge shows that the

dissolution reaction kinetics increases with cycling. This may
possibly be due to the diminution of the particle size arising
from electrochemical grinding induced by the conversion
mechanism. In subsequent charging cycles, the dissolution of
the active material becomes less pronounced, however. Further
analysis is required to determine if a solid interphase grows on
cycling, thus gradually inhibiting dissolution.

In order to limit the deleterious effect of the dissolution of
the electrode material, we lowered the temperature. At 120 1C, it
was possible to partially reform CuS, hence maintaining the
high voltage discharge plateau for the first 5 cycles (Fig. S10,
ESI†). However, after 5 cycles, the dissolution kinetics increase
as evidenced by an infinite plateau appearing at 1.65 V. In
contrast to the cycling data at 150 1C, no passivation process
seems to block the dissolution of the active material, and thus
capacity decay was observed. Hence the best performance of
CuS was obtained by limiting the cut-off voltage to 1.5 V, i.e.
cycling only on the low voltage plateau after the initial dis-
charge. This achieved a capacity retention of 73% after 10 cycles
(Fig. S11, ESI†).

The capacity fade observed is expected for a conversion
mechanism on a non-optimized electrode. However, the capa-
city loss is not as significant as that observed with its Li
counterpart, where the phenomenon was explained by the
dissolution of Li2S.34 Since Cu and CuS are both metallic
conductors, conservation of the electronic conductivity within

Fig. 3 Galvanostatic discharge and charge curves of CuS cycled at:
(a) 25 1C in APC-THF which shows negligible capacity; (b) 60 1C in APC-
THF where slow electrochemical ‘‘grinding’’ is observed, the evolution of
the reversible capacity can be seen in inset; (c) 150 1C in APC-G4, where
almost theoretical capacity is initially achieved (550 mA h g�1). Note that
the x-axis is different in the three plots.
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the electrode (despite the morphological transformations) should
be ensured; hence a significant increase in capacity retention is
expected through binder optimization. The size of the crystallites
also offers a parameter that can be tuned to advantage. Nano-sized
CuS can achieve comparable capacity at room temperature and full
details are under further investigation.

It is interesting to note that CuS possesses many similarities
with Mo6S8. Both phases are sulphides with metallic behavior
at room temperature, that transition to a superconductor state
at low temperature. The triangularly coordinated Cu+ cation in
covellite (Fig. S7, ESI†) may be an accessible metallic center that
can participate in the Mg2+ delivery mechanism demonstrated
for Mo6S8 by Prendergast et al.33 However, more work is needed
to verify this proposition.

In summary, we present here a new and convenient experimental
protocol to assess positive electrode materials for Mg-batteries at
high temperature and high voltage (up to 180 1C and 2 V vs. Mg).
Our preliminary search for materials operating at high temperature
shows that although the increase of temperature helps to overcome
the low ionic mobility of Mg2+, it also increases the kinetics of
parasitic reactions. This implies that the temperature and the
electrochemical window used to examine new electrode materials
must be carefully selected to match the stability and catalytic activity
of the electrode material under study.

Nevertheless, the flexibility offered by this type of cell design
enabled the discovery of CuS, a new conversion material for
rechargeable Mg-batteries, proving the practicality of this approach.
Considering the very high specific capacity of 550 mA h g�1

achieved by this material at B1.25 V, optimization of the electrode
microstructure and composition is likely to generate prototypes
outperforming the state of the art Mo6S8/Mg rechargeable batteries
(120 mA h g�1@B1 V).

We are grateful to D. Prendergast and L. F. Wan for fruitful
conversations. This work was supported by the Joint Center for
Energy Storage Research (JCESR), an Energy Innovation Hub
funded by the U.S. Department of Energy (DOE), Office of
Science, Basic Energy Sciences.
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