J Solid State Electrochem (2005) 9: 259-266
DOI 10.1007/s10008-004-0633-7

ORIGINAL PAPER

Eli Lancry - E. Levi - Y. Gofer - M. D. Levi
D. Aurbach

The effect of milling on the performance of a MogSg Chevrel
phase as a cathode material for rechargeable Mg batteries

Received: 19 August 2004 / Revised: 4 November 2004/ Accepted: 11 November 2004 / Published online: 24 February 2005

© Springer-Verlag 2005

Abstract In the present study, we explored how milling
MogSg Chevrel phase in inert or air atmosphere affects
their electrochemical behavior as a Mg-ion insertion
material for rechargeable Mg batteries. Electrochemical
tools such as slow scan rate cyclic voltammograms and
potentiostatic intermittent titration technique have been
used in conjunction with X-ray diffraction, X-ray pho-
toelectron spectroscopy, and electron microscopy. In
contrast to the deterioration observed for milling MogSg
in air, it’s milling under Ar results in specific capacity
increase due to improved Mg-ion diffusion kinetics. It
was shown that in spite of the conservation of the bulk
crystallographic structure, both for air and the Ar-milled
materials, they differ significantly in the average particle
sizes and the degree of surface oxidation state.

Keywords Milling - MogSg Chevrel phase -
Mg-ion insertion - Rechargeable Mg battery -
SSCV - PITT

Introduction

In spite of an expected general similarity between the
processes of Li and Mg-ion insertion into inorganic host
materials, there is, so far, only very limited selection of
intercalation materials for cathodes of rechargeable Mg
batteries. In fact, most of the compounds that exhibit
fast and reversible Li-ion insertion perform very poorly
in Mg?" ions. The insertion of divalent Mg®", Ca®",
Zn>", and trivalent Y*" ions into a number of transi-
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tion metal oxides, phosphates and sulfides, such as
Co30y4, V505, Mg, sTi»(POy);, and TiS, was reported.
However, these cases share common features: they all
showed slow kinetics, as well as a low intercalation level,
[1-10]. The reason for this relates to the multivalency of
the above cations that result in high energetic barriers
for solid-state ion diffusion, along with difficulty in the
redistribution of the electronic charge in the host, in the
vicinity of the ion residing site.

Up to now, only the Chevrel phases, Mg, MogTs(T =
S, Se; 0<x<2), exhibit sufficiently fast and reversible
Mg” " insertion, that is essential for the development of
practical rechargeable batteries. The crystal structure of
this family of materials contains octahedral Mo clusters,
connected by metallic bonds. This creates, within the
Chevrel structure, large “‘complex” anions containing
delocalized electrons [11]. Due to the delocalization of
the electrons, these clusters can tolerate easily changes in
its electron density, changes of up to four electrons. As a
consequence, these clusters are assumed to allow fast
redistribution of electrons, needed to maintain local
electroneutrality within the host crystal as the insertion
of Mg? " ions takes place. Hence, MoSg can be consid-
ered as an attractive cathode material for rechargeable
Mg batteries. This material, however, is thermodynami-
cally unstable, and could be obtained only indirectly by a
chemical or electrochemical leaching of a more stable,
metal-containing Chevrel phase, e.g., Cu,MogSs. The
high temperature synthesis (1,000-1,200 °C) of the latter
compound from the elements or the sulfides in evacuated,
sealed quartz tubes is well documented [12, 13].

We have demonstrated the feasibility of utilizing
MogSg as cathodes in rechargeable magnesium batter-
ies, using Mg anodes (foil), composite cathodes (com-
prising MogSg as the active mass together with carbon
and a polymeric binder), and electrolyte solutions
composed of ether solvents such as THF and com-
plexes of the stoichiometric formulae Mg(AICI,R5),,
R= -CH;, C,Hs, C4Hy (Me, Et, Bu). Such cells
showed promising performance in terms of the
specific capacity around 90-100 mAh g~ ' (based on
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the active components), reasonable rates and excellent
cycleability [14].

Although so far we have found that the MogSg
Chevrel phase is the best cathode material for magne-
sium batteries compared to other hosts, we revealed that
MoeSg does suffer from some kinetic limitations at room
temgerature [15-17]. This material is able to insert two
Mg>" ions per MogSg unit upon the first discharge of
the electrode, corresponding to a theoretical capacity of
122 mAh g~' . However, not all the intercalated mag-
nesium can be deintercalated at room temperature,
resulting in a capacity loss (approximately by 15-20% at
room temperature). We investigated these kinetic limi-
tations, which can be considered as charge trapping, and
attributed them, at least in part, to the low ion con-
ductivity of Mg, MoeSg, at a low level of x. It should be
noted that at higher temperatures, these kinetic limita-
tions disappear, e.g., a complete Mg-ion extraction is
accomplished upon cycling Mg, MoeSg cathodes at
60 °C (i.e., 0 < x <2 [15)).

Another possible way of improving the insertion—
extraction kinetics of Chevrel phase electrodes could be
the reduction of the particle size by milling. It was pre-
viously shown [18] that the product of the high tem-
perature synthesis, Cu,MogSg (CuCP) is not stable upon
milling. The mechanical treatment of the latter com-
pound leads not only to an unusual amorphization, but
also to a chemical reaction in which the Cu™ ions are
reduced and removed from the CuCP lattice, in concert
with Mo oxidation to MoS, [18]. It has been shown that
this unusual instability of CuCP to milling leads to a
drastic decrease in battery performance.

The aim of this work was to avoid the undesirable
reactions obtained by the mechanical treatment of the
CuCP cathode materials, by milling the /leached product,
MoeSg. We examined the influence of milling MogSg
particles, both in inert atmosphere (pure Ar) and air, on
their performance as the active mass for Mg-ion inser-
tion electrodes.

Experimental section

The Chevrel phase compound of the Cu,MogSg
composition was synthesized by a reaction of the
palletized powdered elements mixture in evacuated,
sealed quartz tubes. The procedure consisted of four
sequential stages:

1. Heating at 450 °C for 24 h

2. Heating at 700 °C for 24 h

3. Heating at 1,050 °C for 48 h

4. Cooling down to room temperature at a rate of
120 °C/h.

Cu was extracted from the synthetic product Cu,.
MogSg in a 6 M HCI /H,O (1:1) solution under air
atmosphere (O, is the oxidizer).

Milling was performed in air and in the argon
atmosphere (glove box) using a Crescent Wig L-Bug

Amalgamator (Model 3110B). Powdered MogSg (0.5 g)
and a steel ball (6.35 mm in diameter) were placed in a
cylindrical stainless steel vial (2 cm®). The weight ratio
between the steel ball and the powder was 2:1. In this
grinding machine, the ball hits the powder particles, thus
producing shock interactions. The morphology of the
MogSg powders was characterized by scanning electron
microscopy (SEM), JSM-840 from JEOL Inc.

The electrochemical behavior of the Mo¢Sg electrodes
was studied using a computerized Arbin Inc. (USA)
multichannel battery tester. The electrodes were pre-
pared as follows: the active mass mixture (about 5 mg of
MogSg + 10% carbon black + 10% PVdF) was spread
on a Ix1 cm?” stainless steel mesh, as already described
[15-17]. These electrodes were measured in galvanostatic
and voltammetric experiments. The electrolyte solutions
used, comprising 0.25 M Mg(AICl,BuEt), in THF
(DCC/THF), were prepared as already described [19].
Strips of Mg foil served as counter and reference elec-
trodes.

X-ray diffraction (XRD) studies were performed with
a Bruker Inc. (Germany) AXS D8 ADVANCE diffrac-
tometer (Cu Ko radiation). Measurements of the parti-
cles’ surface area were carried out using a Micrometrics
Inc. Gemini 2375 model surface analyzer (nitrogen
adsorption/desorption isotherms) according to the Bru-
nauer-Emmett-Teller, (BET), approach. Surface studies
of the pristine and milled powders were performed by X-
ray photoelectron spectroscopy (XPS) (Kratos Inc.,
England, Axis HS spectrometer).

Results and discussion

Cyclic voltammetry studies of the effect of milling MogSg
particles in conjunction with their characterizations
by XRD and SEM

Figure 1 shows the XRD peak related to the 101 planes
of a pristine MoeSg powder and that of the milled
materials for different periods of time (from 1 to
15 min), under pure Ar atmosphere or in air (a and b,
respectively). It is seen that in both cases, the peaks re-
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Fig. 1 The 101 peak in XRD patterns of a pristine MosSg sample
and in XRD patterns of MogSg samples milled for different periods
of time (from 1 min to 15 min as indicated) in pure Ar atmosphere
and in air (a and b, respectively)



lated to the milled materials shift to lower values of 20,
their intensity decreases and the peaks become broader
as the duration of the milling is longer. Thus, grinding
the pristine MogSg particles results in the same deterio-
ration of the pristine bulk crystal structure (amorph-
ization and a decrease in the crystallite size) for the air
and Ar milled samples.

The effect of grinding on the particles’ morphology
was further studied by SEM. Figure 2 presents micro-
graphs obtained for pristine samples (a) and milled in Ar
(b—d) and in air (e—g). As can be seen, the average size of
the particles decreases with milling time. In addition, an
aggregation of the extensively ground particles is seen
for the samples milled in air for 15 min (Fig. 2g).

Figure 3 shows the specific surface area of the pristine
and ground samples (obtained by BET), as a function of
grinding time and operation conditions (atmosphere).
Whereas grinding in Ar results in a progressive increase
in the surface area of the samples (from 5 m? g~ ' to
16 m? g~ '), milling in air leads to a moderate increase,
reaching a plateau after 5 min of milling (see Fig. 3).
The latter feature is certainly in line with the SEM
measurements that showed that prolonged grinding in
air results in the aggregation of the small (ground)
particles.

Fig. 2 SEM micrographs of pristine (a) MoeSg powder and
powders produced by milling in pure Ar (b—d) and in air (e-g)
for 1, 5 and 15 min, respectively
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Fig. 3 The dependence on milling time of the specific surface area
of MoeSg samples milled in pure Ar and in air, obtained by the
BET method

Figure 4a and b show slow scan rate cyclic voltam-
mograms (SSCVs) (v = 25 uV s~ ') for a pristine MoSg
electrode and for electrodes comprising milled MogSg
samples for the different periods of time in Ar and air
atmosphere (a and b, respectively). Both families of
SSCV curves are comprised of two redox-peaks (a/a” and
b/b’, the first cathodic peak “a” appears as a shoulder
at high scan rates), reflecting the consecutive insertion
of the first and the second Mg-ions into the MogSg
host. This results in separate phases, Mg;MogSg and
Mg,>MogSs, respectively (a detailed discussion of the re-
lated phase diagram and the electroanalytical features of
SSCV responses has been presented elsewhere [15]). Our

_current interest is concentrated just on the dependence of

Agglomerates
fragmentation and
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Fig. 4 SSCV curves measured from an electrode comprising a
pristine MogSg Chevrel phase and from electrodes comprising the
MogSg active mass, milled in pure Ar (a) and in air (b) during 1, 5,
and 15 min, as indicated. Redox peaks a/a” and b/b" relate to
MoeSgMgMogSg and Mg MogSg|MgrMogSg phase transitions

the SSCV response on the milling time of the active mass
and on the operation conditions. From Fig. 4a and b it is
seen that the milling substantially affects the intercala-
tion kinetics (mainly, the rate of the solid-state diffusion
of the intercalated Mg-ions, reflected by SSCV peak
widths), but in a manner that greatly depends on the
atmosphere in which the milling was performed.
Whereas the intercalation Kkinetics becomes pro-
nouncedly more facile with the milling time in Ar (note
the peak potential separations and the peak widths on
the voltammetric curves in Fig. 4a), an opposite trend is
observed for the case of the air milled samples: the peaks
become broader and their potential separations increase
with milling time, which is indicative of the deterioration
of the intercalation kinetics (Fig. 4b).

The effect of grinding time and atmosphere on the
voltammetric behavior of MogSg Chevrel phase elec-
trodes, as demonstrated in Fig. 4, may result from the
following factors:

1. A decrease in the average size of the particles in
contact with the solution as the milling time is longer,
which means a shorter diffusion length for Mg> " ions
in the host and higher surface area, resulting in a
decrease of the diffusion resistance

2. The milling process creates new surfaces. These sur-
faces originate from the bulk—parts of the material
that was not exposed before to the ambient. Now,
depending on the milling atmosphere, these surfaces
would possess different chemistry, and thus proper-
ties, such as electronic and ionic conductivity

3. Partial amorphization of the particles (especially
in long milling periods), which is expected to result
in the deterioration of the intercalation kinetics;
Mg intercalation kinetics is very sensitive to the
crystallography of the host, and, as was mentioned
above, it is the Chevrel phase that possesses the best
kinetics.

The improvement of the intercalation kinetics when the
MogSg particles are milled in Ar atmosphere (Fig. 4a)
appears to originate from the dominance of the first two
factors (1 and 2). The deterioration of the intercalation
kinetics when the active mass is milled in air (Fig. 4b) is
presumably caused by last two factors (2 and 3). These
assumptions were proved by a careful analysis of the
diffusion kinetics for pristine and milled samples (in Ar
atmosphere) and XPS characterizations of the samples
milled in Ar and in air. Note that in spite of the pro-
gressive kinetics improvement for the samples milled in
Ar, the specific capacity changes are more complicated:
a maximal capacity was obtained for the materials after
5 min of milling. In fact, after 15 min of milling in Ar,
the material reveals faster kinetics but lower capacity
due to the general loss of the active mass (amorphiza-
tion).

Diffusion kinetics for Mg-ions insertion into milled and
unmilled Mo¢Sg studied by the potentiostatic intermit-
tent titration technique (PITT)

We start with the consideration of the diffusion kinetics.
The differential intercalation capacitance, Cg(E), and
the characteristic diffusion time constant, t4{E), were
calculated based on the theory of PITT, i.e. on the
analysis of amperometric responses of the electrodes to
small potential steps perturbations [20-22]. The first
quantity is defined as the ratio between the charge in-
jected during a potential step (AQ) and the height of this
potential increment (AE):

AQ
E7 (1)

where AQ can be obtained by the numerical integration
of the relevant I versus t curve. The CgdE) is an
important equilibrium characteristic of the intercalating
host.

Caif(E) =



The diffusion time constant t4 is obtained from the
Cottrell domain, identified in the amperometric response
of the electrodes (I versus 7, t < <1q) [20-22].

The potential dependence of t4 related to the short-
time Cottrell domains of the chronoamperometric
curves can be conveniently calculated using a simple
expression [22]:

Ciir
w(E) = Ll/zlﬂﬂ /AE} ’
12

(2)

where It''* /AE is the characteristic, time-independent
parameter that characterizes the Cottrell domains of the
I versus ¢t curves. The chemical diffusion coefficient D(E)
in a spherical electrode particle of a radius r (rough
approximation of real particles) is calculated according
to the simple expression:

D(E) =’ /a(E). (3)

Simplifying the model for spherical particles, it is as-
sumed that the characteristic diffusion length r (taken as
the sphere’s radius) is independent of the potential, but
is obviously a function of the milling time). Thus, D(F)
should be independent of r (and hence it does not de-
pend on the milling time), in contrast to the values of
t4(E) (see Eq. 3). It is important to realize that the latter
conclusion is correct only if the average electrode
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Fig. 5 The potential dependence of the differential intercalation
capacitance, Cy;(a) and the chemical diffusion coefficient, D (b) for
electrodes comprising pristine and milled (Ar atmosphere, 5 min),
MogSg powder, calculated from the PITT measurements
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particle size changes with the milling time, without
changing their bulk properties (in particular, the crystal
structure), which may completely change the electro-
chemical behavior of the material.

Figure 5a, b shows the potential dependence of Cg;¢
and D for electrodes containing pristine MogSg and
MogSgparticles milled for 5 min under Ar atmosphere,
respectively. As was mentioned above, Cgy;r obtained
from PITT measurements (Eq. 1) reflects almost equi-
librium conditions of intercalation and deintercalation,
in contrast to the similar quantity obtained from SSCV:
Cgir = I/v [22]. A comparison between the curves shown
in Figs. 5a (PITT) and 4a, b (SSCV) shows that even at
slow scan rates, the SSCV curves do not reflect equi-
librium conditions of intercalation—deintercalation pro-
cesses, as is the case for PITT measurements [22] (e.g.,
compare the width of the peaks in Figs. 4a and 5a). This
is because SSCV is a large-amplitude technique, and
thus the Cg; versus E curves obtained by this technique
demonstrate broader peaks for the intercalation pro-
cesses occurring via first-order phase transitions (dis-
tortions due to large Ohmic drops and limitations due to
new-phase nucleation and solid-state diffusion), com-
pared to that obtained by PITT [22]. Figure 5a provides
sufficient information to compare the Cy;; versus E re-
sponses from pristine and milled samples. A pronounced
difference was noted only for the couple a/a’ (see the
relevant voltammetric peaks in Fig. 4, related to the
initial magnesiation—demagnesiation): the peak related
to the milled sample is much narrower than that for the
pristine one.

The consequence of the above difference on the width
of peak ‘““a” becomes even more pronounced when
analyzing log D versus E plots (Fig. 5b). The calculation
of D for electrodes comprising pristine and milled
materials using Eqs. 2 and 3 depends, of course, on the
choice of the value of r. As follows from Fig. 2, milling
MogSg particles in Ar results in a complete separation of
the aggregates (seen only in the SEM micrograph of the
pristine sample, Fig. 2a) into smaller, individual parti-
cles. We do not know, however, if FWHM of the par-
ticles’ size average could be assigned correctly to the
characteristic diffusion length r for the electrodes con-
taining pristine MogSg particles, since the real porous
structure of the aggregates (characterizing the mor-
phology of this active mass) was not studied. Hence, we
used effective values of r calculated from the following
simple equation, which is valid for particles of spherical
shape:

3
r:p_Av (4)

where p is the density of a non-porous MogSg mass
(equal to 5.2 g cm ), and A denotes the specific surface
area of the samples as determined by BET (see Fig. 3).
From these data, the average value of r of the pristine
sample was found to be 0.5 pm, whereas that after 5 min
of milling in Ar the average radius of the particles (i.e.,
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the assumed diffusion length) becomes twice as low, i.e.,
0.25 pm. These values of r were used in Eq. 3 for the
calculation of the D versus E plots shown in Fig. 5b,
and, as seen from this figure, the shape of the peak b is
generally similar for both the samples. Much more
interesting and reliable is the qualitative difference in the
electroanalytical behavior of both electrodes around
peak a. We were unable to detect Cottrelian regions
around this peak for the electrodes comprising pristine
MO658.

In order to better understand the reason for the ab-
sence of the Cottrelian behavior around the potentials
related to the first-magnesiation/last-demagnesiation
process (peak a) for pristine MogSg, we compare in
Fig. 6a, b whole sets of I versus ¢ curves obtained during
potentiostatic titrations of both electrodes (comprising
pristine and milled materials). Whereas the shape of the
current transients is qualitatively very similar for both
electrodes in the vicinity of peak b (monotonous de-
crease of current with time), a drastic difference was
observed for the current transients around peak a. In
Fig. 6b, it is clearly seen that the transient current in-
creases with time at the potential 1.335 V (versus Mg),
whereas we failed to find a similar feature on the current
transients of the milled sample (Fig. 6a, see also the inset
in this figure). An increase in the transient current with
time during a potential step of small amplitude was
previously ascribed to a slow nucleation rate during a
first-order phase transition, which was nicely demon-
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Fig. 6 Complete sequences of transient current-time plots ob-
tained by the potentiostatic titrations of electrodes comprising
MogSg powder milled in air (5 min) (a), and pristine powder (b).
The potentials during the titrations are indicated. The inset in
Fig. 6a shows in more detail the potential domain in which initial
magnesiation takes place

strated for the lithiation processes of Li,Mn,O, spinel
[23] and graphite [24]. Hence, grinding the pristine
MogSg sample in Ar atmosphere results in an increase of
the nucleation rate of Mg;MogSg in the bulk of the
Mo¢Sg phase. This effect cannot be explained entirely by
the decrease in r as a result of milling. Although a de-
crease in the diffusion time constant for the Mg-ions in
the milled samples, compared to that for the active mass,
may be responsible for the higher concentration of
nucleation centers in the former electrode, we believe
that the grinding process in Ar atmosphere also causes
opening of the surface structure of pristine particles.
Surface electronic conductivity of thus milled samples
appears to be higher than that of the pristine one be-
cause the latter contains more oxygen, as is shown below
from the XPS characterizations.

XPS characterization of MogSg particles ground
in Ar and air

In order to clarify the impact of the atmosphere, in
which grinding was performed, on the kinetics of the
initial magnesiation of the MogSg phase, XPS spectra
were measured from samples milled in Ar and in air (see
Fig. 7a, b, respectively). The Mo 3-D spectra of the Ar—
MogSg phase show the evolution of Mo at a higher
oxidation state with milling time. The presence of this
species is obvious in the spectrum of the sample milled
for 15 min, but a slightly larger FWHM of the peaks
related to the sample milled for 5 min reflects the pres-
ence of this type of Mo atoms in the samples even after
5 min of milling. We attribute the appearance of the Mo
in the milled samples (under Ar), as reflected by the
appearance of a second Mo peak in the XPS response, to
a comproportionation reaction leading from MogSg to
MoS, and MoS.

All the MogSg samples milled in air show an addi-
tional Mo 3-D peak at ca. 236 eV, probably the 3/2 spin-
orbit couple of a 5/2 peak, hidden under the 3/2 of the
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Fig. 7 Mo 3-D XPS spectra of MogSg powders milled in Ar (a) and
in air (b) during 1, 5, and 15 min, as indicated



main one (5/2 at ca. 228 ¢V). This peak grows with
milling time. The presence of an oxidized form of Mo is
obvious in the 15-min sample that contains a doublet
around 231-232 eV. In addition, an evolution of a peak
at ca. 229.5 eV, in conjunction to the main peak, is seen
with increasing milling time.

The S 2p spectra of air-milled MogSg samples show
an extra feature, as compared to the Ar milled samples,
at ca. 169 eV (Fig. 8). This feature grows with milling
time. It indicates oxidation of the sulfide anion to sul-
fate, thus suggesting that some Chevrel phase material
converts to molybdenum sulfate as a result of the milling
in air. From the quantitative XPS data, it seems that
milling MogSg in air increases significantly the concen-
tration of oxygen-containing groups on the particles’
surface. That the presence of these oxygen layers on the
milled MogSg particles may slow down the charge
transfer related to Mg-ions (from solution phase to the
host bulk) could be a major reason for a mechanical
deterioration of the performance of these electrodes, as
is clearly reflected by the SSCV curves in Fig. 4b.

In fact, interesting information comes from the
charging effect, common in XPS analysis of insulators
and semiconductors. When the various milled and pris-
tine powder samples were analyzed by XPS we made use
of the peak of adventitious carbon as an internal stan-
dard for energy scale calibration. Interestingly, there was
a trend in the state of the charging, that showed that the
pristine sample charged more than that milled in Ar
material, which suggests that either the surface, or bulk
electronic conductivity of the former one is lower than
the latter ones. This is in good agreement with the above
suggestion about the opening of clean surfaces from the
pristine sample’s bulk when milled in Ar. The increase in
the surface electronic conductivity of the Ar-milled
samples results in the corresponding improvement of
their initial (final) magnesiation (demagnesiation) com-
pared to that of the pristine sample. It was found also
that the charging effect in the air-milled material in-
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Fig. 8 S 2p XPS spectra of MogSg powders milled in Ar and in air
during 15 min
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Fig. 9 Discharge capacity of Mg, Mo¢Sg cathodes (0 < x <2) versus
cycle number measured during prolonged galvanostatic cycling of
prototype rechargeable magnesium batteries. Coin-type cell
configuration Mg foil anodes, a THF/0.25 (Mg(AlICl,EtBu,)
electrolyte solution, C/8 rate. The performance of cathodes
comprising a pristine active mass and a milled (Ar) active mass is
compared, as indicated

creased with milling time, and in all cases was larger
than that for the Ar-milled samples.

Finally, Fig. 9 compares the cycling behavior of
electrodes comprising pristine and milled (in Ar) MogSg
Chevrel phase as their active mass. At C/8, the perfor-
mance of the electrodes comprising the Ar-milled par-
ticles is superior, both in terms of a higher specific
capacity and better cyclability, especially during pro-
longed magnesiation—demagnesiation cycling.

Conclusions

Mechanical grinding of the active mass of intercalation
electrodes for application in rechargeable batteries is a
frequently used method for reducing the particles’ size,
which leads to a better electrode performance (higher
rate capability and specific capacity). In this work, we
examined the effect of milling MogSg Chevrel phase on
its performance as cathodes for rechargeable magnesium
batteries. XRD, SEM, XPS and surface area measure-
ments were used in conjunction with electrochemical
techniques. We show an increase in the surface elec-
tronic conductivity of the particles obtained from pris-
tine samples by milling in Ar. This may increase the new
phase nucleation rate of the slow and problematic first
magnesiation process of this material. These changes
positively affect the rate capability and the cycleability of
cathodes comprising milled Mo¢Sg. In addition, grinding
the MogSg particles in Ar definitely decreases the aver-
age particle size, and hence, the average diffusion length,
and thereby decreases the characteristic diffusion time
constant. In contrast, milling MogSg particles in air
causes dramatic changes in the particles’ surface chem-
istry, including the appearance of molybdenum sulfate-
containing surface layers. These surface changes slow
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down the rate of Mg-ion transfer into the active mass. A
partial amorphization of these milled samples may be a
second reason for the considerable deterioration in the
performance of the electrodes comprising MogSg parti-
cles milled in air. These two negative factors obviously
dominate the decrease of the average particle size for
MogSg samples milled in air.
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