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We report the synthesis and structural and physical properties of the sodium Chevrel phases Na,
MogX;-,1, (X = S, Se; 0 = y = 2). These materials were synthesized by means of electrochemical
reactions using Na/MogX,_,1, test cells. Structural changes induced by sodium intercalation were
studied by in situ X-ray diffraction measurements. Cycling data indicates that the sodium intercalation
process into MogXs-,1, is initially irreversible and results in compounds of formula Na,MogXs-,1, with
Xmin decreasing from 1 to 0 as y increases from 0 to 2. However, after the first cycle the cells are readily
reversible over several cycles. The analysis of the discharge curves show that the maximum sodium
content (X into the MogXs_,I, matrix decreases from 4 to 2 with y rising from 0 to 2. This behavior is
consistent with the electronic structure of the ‘‘host’ established from band structure caiculations.
The anomalies observed in the electrochemical curves (V(x) and dx/dV vs V) correlated perfectly with
the observed structural changes. Structural studies for the Na,Mo¢X; system revealed the presence of
three single-phase compounds, Ry(x = 1), Tj(x = 3), and T»(x = 4) where R and T correspond to
rhombohedral and triclinic unit cells, respectively, the triclinic phases being extremely moisture sensi-
tive. The range of existence of these phases turns out to be strongly dependent upon iodine substitu-
tion. Magnetic susceptibility measurements of the Na;MogX; phase suggested a structural instability at
40 and 70 K for the sulfide and selenide, respectively, but neither superconducts down to 1.5 K.
Conversely, both NajMogX; phases, which do not exhibit low-temperature anomalies in the tempera-
ture dependence of the susceptibility, become superconducting at 9 K. @ 1987 Academic Press, Inc.

Introduction

The Chevrel phase compounds of for-
mula M, MogX; (X = chalcogens) have been
intensively studied mainly because of their
fascinating superconducting (high critical
temperatures, 7., and critical magnetic
fields) and superionic properties (1, 2, 3).
These properties have been found to
strongly depend upon both the nature of the
ternary element (M) and its content (x) as
well as upon the nature of the anion (X).
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Most of these phases adopt an hexago-
nal-rhombohedral structure (4, 5). The
building blocks are MogX; clusters consist-
ing of a molybdenum octahedron sur-
rounded by eight chalcogen atoms forming
the corners of a cube. The three-dimen-
sional packing of MogSs clusters leaves
empty cavities which can accommodate the
ternary metal atoms. Large atoms (such as
Pb?*, Sn?*, etc.) sit on the cluster cube di-
agonal (3 axis) while small atoms (such as
Cu”, Li*, etc.) sit on concentric rings of tet-
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rahedral sites centered about the 3 axis, re-
sulting in what are refered to as type I and
type II Chevrel phases, respectively (2).
Type I phases possess a rhombohedral an-
gle (o) lower than 90° and exist for a de-
fined value of x (x = 1), whereas type Il ex-
hibit an o, higher than 90° and exist over a
wide range of composition for the ternary
element cation (for example, 2 < x < 4 for
the Cu,Mo¢Ss system). Although Na* has
the same ionic radius as Cu', previous
work (6) seemed to indicate that NaMogSs
is a type I phase.

In addition to superconductivity, Dudley
et al. (7, 8 have shown that type II com-
pounds also exhibit a high ionic conductiv-
ity. The high mobility of the guest atoms ()
in these open framework type structures
led to the synthesis of new metastable bi-
nary or ternary Chevrel phases by means
of low-temperature chemical and electro-
chemical reactions. The lithium and copper
systems were the subject of a large amount
of theoretical and experimental work (8-
14) mainly because of the possible use of
MogX; or Cu;MogX; as cathode materials in
room temperature secondary lithium bat-
teries. For instance it has been observed
(11) that MogX; can reversibly accommo-
date up to four lithium atoms per formula
unit leading to a theoretical density of 240
Whr/kg.

In contrast to lithium, the sodium system
(Na,MogSg) has been poorly studied and the
few results reported in the literature are
quite contradictory. For instance, Chevrel
(15) reported a compound of formula Na,
Mo,S; and Alekseevskii (16) found a single-
phase product at x = 2, whereas an air sta-
ble single-phase compound at x = 1 has
been recently reported by Potel (6).
Schollhorn et al. (17, 18) have studied the
electrochemical intercalation of several at-
oms into the binary phases MogX3, includ-
ing sodium. The authors did not find any
evidence for single phases at x = 1 or 2 but
did find a phase at x = 3.6. Furthermore,
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they mentioned that the ternary phase Na,
MogSs, like Li,MogSs, is moisture sensitive
and rapidly converts to MogSg when ex-
posed to water suggesting a high mobility of
sodium atoms into the MogSs matrix. To
our knowledge no work has been reported
for the homolog selenide system Na,
M06Se8.

In order to find a clue to the above puz-
zles we started on a complete study of the
sodium Chevrel phases. In this paper we
first report the electrochemical insertion of
sodium into the binary phases, MogXz, as
well as the room temperature phase dia-
gram of both Na,MogXs (X = S, Se) sys-
tems established by means of in situ X-ray
diffraction measurements. We found that
sodium intercalation is irreversible result-
ing in the air stable Na;Mo¢Sg(Seg) phases.
We then extended this study to the binary
molybdenum halochalcogenide phases of
formula Mog¢X;s_,I, and we found that in-
creasing iodine substitution enhances the
reversibility of the sodium intercalation
process. In addition we present the mea-
surements of the superconducting critical
temperatures as well as magnetic suscepti-
bilities as a function of temperature for
each single-phase product. Finally, we dis-
cuss these data in relation to those previ-
ously obtained on similar compounds hav-
ing lithium instead of sodium as guest
atoms.

Experimental

The binary molybdenum chalcogenides
Mo¢X;s were synthesized at low tempera-
tures (60°C) by oxidation of Cu,Mo¢X3 with
a solution of iodine in acetonitrile as de-
scribed earlier (19). In contrast the halo-
chalcogenides MogXs_,I, (y = 0.5, 1, 2
when X = selenium and y = 2 when X =
sulfur, respectively) were directly prepared
by reaction of appropriate amounts of H,
reduced molybdenum powder (99.99%),
sulfur or selenium (99.999%), and freshly
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sublimed iodine at high temperatures
(1000-1100°C) in evacuated silica tubes for
several days (17). After such a treatment
the resulting materials were washed with
acetonitrile to remove traces of unreacted
iodine and then X-rayed. The compounds
were single phase and the lattice parame-
ters deduced from a least-square fitting of
the low-angle peaks (10° < 26 < 60°) are
similar to the already published values (29).
Swagelock test cells were used for the
electrochemical insertion of sodium into
the MogXs_,I, phases. The cells were pre-
pared in a helium atmosphere with Mog
Xs-,I, as cathode and a half-inch diam-
eter stainless steel disk pasted with sodiam
metal as anode. Both electrodes were sepa-

rated bv porous olags naner soaked in 1 M

rated by porous glass paper soaked in 1
NaClO;, in propylene carbonate as electro-
lyte. The assembled cells were automati-
cally tested as described earlier (20). The
cell voltage V(x) was measured as a func-
UOH Ol leC WﬂllC lﬂC (.«Cll Cﬂar'geu or Ulb'
charged at constant current rate. Changes
in x in Na,MogX,_,I, are proportional to
changes in time and could be calculated
from both the current used and the amount
of cathode material, The differential capac-
ity curves (dx/dV vs v or dV/dx vs x) re-

nartad in thic nanar are directly derived
}l\ll L il Li11g }lu}lvl ALl W WLl W ll WL LY W

from V(x).

Structural changes of the host materials
with respect to sodium intercalation were
studied by means of in situ X-ray diffrac-
tion measuremenis using a specially de-
signed electrochemical cell (Fig. 1)
mounted on a Rigaku Miniflex diffractome-
ter. The cathode material is mixed with 1,2-
propanediol and then evaporated at 200°C
in flowing argon onto a beryllium disk. The
disk is then glued into the cylindrical recess
on the back of the top cell window. The
beryllium disk allows the X-rays to reach
the sample and further serves as a standard
to align the cell. The stainless steel top with
the electrode is then transferred to a dry

box where the cell is constructed (Fie. 1)
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The sodium metal is then pasted or melted
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F1G. 1. Design of the electrochemical cell used for in
situ X-Ray diffraction studies of the sodium intercala-
tion compounds Na,MogX5_,1,.

onto the reservoir machined into the cell
base, two pieces of glass paper are then
placed on top of the shiny sodium metal
surface, and enough electrolyte added to
wet the separator. The ceii top and base
were then put together with a Teflon gasket
as a separator. To ensure physical contact
among the cell components, the cell top and
base were squeezed by means of four nylon
screws. The purpose of the Teflon gasket is
twofold; first, to prevent electrical contact
between the two electrodes and second, to
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have an airtight seal. The assembled cell
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was placed on a nylon holder, removed
from the dry box, and then mounted on the
diffractometer. The cell alignment is done
by means of a set screw which moves the
cell chamber back and forth along the align-
ment pins. Finally, cathode and anode were
electrically connected through a scanning
potantiostat (Model 362) for testing. In such
measurements X-ray powder diffraction
patterns are collected at different values of
x, between 10° < 26 < 60°, while the cell is
charged and discharged at constant current.
In order to be close to equilibrium condi-
tions, current rates as low as 15 pwA/cm?
were used.

Large amounts of material (200 mg) for
physical studies and chemical analysis were
also made electrochemically using swage-
lock test cells. In such cases the cells were
discharged and/or recharged at very low
current and were maintained at the poten-
tial chosen, corresponding to a special
value of x, for several days in order to
equilibrate. The resulting sodium phases
were X-rayed without being exposed to air
by means of an airtight X-ray holder. The
X-ray diffraction patterns gave sharp
peaks, strongly suggesting that equilibrium
conditions had been reached. The sodium
content (x) in these materials was deter-
mined by atomic absorption analysis with
an accuracy of about +3%.

The magnetic susceptibility (x,) and the
superconducting transition temperature of
these materials were determined using a
SHE (Model 905) variable temperature sus-
ceptometer with a 5 tesla superconducting
magnet. The apparatus is a SQUID based
flux measuring system connected to two
pairs of counterwound coil pairs. In the
peak-to-peak mode the sample is cycled
through both coils resulting in a peak-to-
peak signal directly proportional to the total
magnetic moment (M) of the sample. To
obtain the superconducting critical temper-
ature 7, the system is operated in a contin-
uous mode whereby the sample is held con-
stant in one of the coil pairs and the flux
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change is monitored while varying the tem-
perature. The T, values were defined as the
onset of the superconducting transition. A
Teflon holder with an airtight fitting top was
used for both magnetic and superconduct-
ing measurements of air sensitive com-
pounds.

Results

Electrochemical Data

It is important to recall that the voltage of
a Na/NaMogX; electrochemical cell is di-
rectly proportional to the sodium chemical
potential in Na,Mo¢X; (taking Na/Na* as
reference zero) for the reaction

xNa + MogX; — Na,MoeXs.

Thus the cell voltage will give us direct
thermodynamic data from which interesting
structural and electronic information can be
deduced. For instance, when considering
the system as a pseudo-binary, plateaus
in the voltage composition curves V(x)
are characteristic of two-phase regions
whereas ranges of nonzero slope are remi-
niscent of single-phase regions (21). How-
ever, difficulty arises in predicting phase
mixtures occurring over a small coexis-
tence range from the V(x) curves. The differ-
ential capacity curves are of great help in
solving this problem since multiphase do-
mains appear as peaks in the dx/dV vs V
plots. Recent work (22, 23) even showed
that the shape of these peaks (asymmetric
or symmetric) can allow us to determine
whether the transition is of first or second
order, respectively. Therefore, as both sec-
ond order phase transitions and solid solu-
tions give rise to symmetric peaks in dx/dV
vs V plots, only in situ X-ray diffraction
measurements can distinguish between
these two possibilities.

We now present the electrochemical
and structural results for the Na,MogSs,
Na,MoeSe;z_,I, (y = 0, 0.5, 1, 2), and
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F1G. 2. Typical behavior of a Na/Na,Mo4Ss cell op-
erating at a current density of 100 uA/cm? over several
cycles. Solid, dotted, and dashed line represent the
first, second, and third cycle, respectively. (a) Voltage
plotted as a function of x. (b) dx/dV plotted as a func-
tion of V.

Na,AgMo¢S; systems separately with re-
gard to the above remarks. The electro-
chemical behavior over several cycles of a
cell based on Mo¢Ss as cathode material is
reported in Fig. 2. Several interesting fea-
tures can be observed. MogSg can take up
four sodium atoms on discharge down to 1
V but only three of them can be removed on
recharge up 2.7 V. Attempts to completely
recharge the cell with voltage as high as 3.2
V have been unsuccessful. A loss in capac-
ity in the first cycle is generally observed
for secondary alkali metal batteries and is
mainly due to the presence of cathode parti-
cles- which become electrically discon-
nected on recharge. However this loss
never exceeds 10%. The 25% loss presently
observed on the first cycle suggests an irre-
versible sodium intercalation process. Af-
ter the first cycle the Na/MosSs cell is
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readily reversible between x = 1 and x =
4 and retains its capacity over several
cycles.

The voltage composition curves show
several anomalies most likely correlated to
single-phase products near the nominal
compositions x = 0, 3, and 3.9 on discharge
and x = 3.9, 3, and | on recharge. These
phases are connected by plateaus which ap-
pear as peaks in the differential capacity
curves dx/dV vs V (Fig. 2b). The voltage at
which these two peaks occur shifts between
the first and second discharge and finally
stabilizes at 1.44 and 1.54 V on subsequent
discharges. Both peaks are asymmetric
suggesting two first order phase transitions.

To substantiate the above suggestions in
situ X-ray diffraction measurements were
performed. On a single cycle more than 40
X-ray powder diffraction patterns have
been taken in order to detect subtle sodium-
induced lattice instabilities. Figure 3 shows
some of these X-ray patterns (denoted as a,
b, ¢, . . .) which have been taken at posi-
tions labeled a, b, ¢, . . . on the electro-
chemical curve. At x = ( (pattern a) we
have the rhombohedral phase R,. As the
sodium intercalation proceeds, the lines of
the Ry phase do not shift, but several extra
lines due to a second phase begin to appear
(pattern b). This second phase becomes
predominant as x increases and unique at x
= 3 (pattern ¢). All the peaks of this new
single phase were completely indexed as a
triclinic cell (denoted as T,) whose lattice
parameters are reported in Table I. The
quality of this fit is shown in Table II. Fur-
ther intercalation results in the onset of a
third phase which becomes unique at x =
3.9. The diffraction patterns of this new
phase were fitted successfully using an-
other triclinic unit cell (denoted as T>). The
lattice parameters are reported in Table I.
One can note that the T, « T, transition
results in a dramatic increase of the lattice
dimensions a, b, and ¢ of about 0.2, 0.1,
and 0.2 A, respectively. However, one of
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FiG. 3. X-ray diffraction patterns of the Na,Mo4S; phases collected while a Na/Na,Mo¢S; cell was

cycled at a current density of 20 pA/cm?, at positions labeled a, b, ¢, d, e
(top plot). Diffraction planes are shown above each peak.

, f, and g on the V(x) curve

the most remarkable results is the large unit
cell volume increase (of about 30%) in-
duced by intercalation of four sodium at-
oms into the MogX3 matrix. The presence of
two sets of lines on the X-ray diffraction

patterns b and d unambiguously indicates
that both Ry — T, and T; < T, transitions
are of first order as already suggested from
the dx/dV vs V plots.

We should state that in general, triclinic
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TABLE 11

THE OBSERVED d SPACINGS AND REFLECTION
INTENSITIES OBTAINED BY POWDER X-RaYy
DiFFRACTION USING COPPER Ka; RADIATION OF
Na,MogSg (x = 3,4) ARE COMPARED TO THE VALUES
CALCULATED FROM THE LATTICE PARAMETERS OF
TABLE 1

Na;MogSg NasMogSs

Rk dops (A) deatcg B) Ty Bk dops (R) deatcs (BA) 1y

010 6935  6.937 80 010 7.051  7.073 80
001 6.643 001 6.912
100] 6.625 6.601} 100 100} 6.789 6.874] 100
110 5120 5.125 10 110 5195  5.182 20
101 5020  5.018 7
o011 4859  4.859 8 o011 4947 4950 8
210 3139 342 20 002 3.455  3.456 7
021 3.107  3.107 15 210 3210 3214 20
021 3.035  3.043 4 021 3.145  3.145 12
120 2917 2918 15 012 3.09  3.102 s
121 2749 2752 15 112 2955 2962 15
211 2725 2725 14 211 2812 2816 20
220 2.561 2.562 17 112 2.793 2.795 20
202 2.506 2.509 8 211 2.671 2.666 7
022 2.427 2.429 20 220 2.589 2.591 25
221 2327 2328 10 022 2468  2.468 20
122 22719 2.283 20 220 2353 2355 22
031 2199 2201 20 122 2329 2332 27
301 2174 2.174 35 103 2239 2243 15
131 2137 2.140 10 031 2224 2229 12
013 2125 2.125 11 212 2178 2178 40
122 2.109 2.112 9 222 2.139 2.138 15
221 2.063  2.066 6 311 2074 2075 30
212 2038 2.040 8 113 2.055  2.058 8
331 1998 2001 15 320 2,010 2,012 50
320 1.977 1.977 60 032 1.951 1.950 40
032 1.920 1.920 18 123 1.871 1.870 15
321 1.842 1.844 16 132 1.857 1.861 20
132 1.826  1.828 14 302 1835  1.838 10
231 1.688  1.689 18 141 1.690  1.691 25
M1 1.619 1.620 10

powder patterns are difficult to index, un-
less additional structural information is
available. In this study, a known rhombo-
hedral cell passes through a phase transi-
tion to produce a triclinic cell. The indexing
of the triclinic cell must bear some rational
relationship to that of the rhombohedral
cell. A comparison between the Ry and T
phase (see Fig. 3) shows that the rhombo-
hedral 101 peak clearly splits into the tri-
clinic 101, 110, and 011 peaks for which an
origin can be defined by random assign-
ment. Furthermore the rhombohedral 100
peak splits into two peaks where the higher
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angle peak integrates to approximately
twice the volume of the lower angle peak.
This doubling of intensity represents two
unresolved lines for which all possible
structures are represented bya > b =c¢, b
> a == ¢, and ¢ > a = b corresponding to
the assignment for the 100, 010, and 001
reflections. A refinement of the three possi-
ble models with all observed theta values
shows that only one model produces an ex-
cellent fit (see Table II). All the triclinic
phases were analyzed in the same manner.
Although the number of permutations
changed from phase to phase each had a
single unambiguous solution.

Another prominent feature of Fig. 3 is the
similarity of the X-ray patterns d and f
which clearly indicates that the T, & T,
transition is perfectly reversible whereas
the Ry — T, transition is irreversible since
the X-ray patterns a and g are completely
different. The last phase (denoted as R))
can be completely indexed on the basis of a
rhombohedral-hexagonal unit cell. The lat-
tice parameters are reported in Table I and
correspond extremely well with the values
communicated by Potel (6) for Na;MogSs.
After the firstcyclethe R, o Tiand Ty o T,
transitions were found to be perfectly re-
versible on subsequent cycles.

The room temperature phase diagram for
the Na,Mo¢Ss system is reported in Fig. 4
together with electrochemical data. A close
relationship of structure to electrochemis-
try can be observed since peaks in the dV/
dx vs x curves occur at values of x for
which single phases have been detected.
The position of the vertical lines in this dia-
gram was determined by the value of x for
which traces of a second phase begin to ap-
pear or disappear on the X-ray powder dif-
fraction pattern. Bearing in mind that a sec-
ond phase can be detected by this technique
only if its content is larger than 5%, the
range of existence of single-phase products
presently reported should not be taken as
being precise. In the following several other
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F1G. 4. In situ X-ray measurements and electro-
chemical data for the Na,MogSs system. (a) Both volt-
age and dV/dx of a Na/Na,MoeS; cell are plotted as a
function of x. (b) Lattice dimensions, (O), lattice an-
gles (A), and unit cell volumes (O) are plotted against
x.

phase diagrams will be shown. In order to
facilitate their comparison, Ry, R;, T;, and
T, will always represent the unit cell of the
initial material, cathode material prior to
the second discharge, first triclinic distor-
tion, and second triclinic distortion, respec-
tively. The capital letters Ry, R;, Ty, and T,
will be accompanied by one, two, three,
and four primes when dealing with the
Na,MogSeg, Na,MoeSe;slps, Na,MogSel,
and MogSegl, systems, respectively.

A final point of major concern about
these results is the lack of any subtle anom-
aly in the V(x) curve near x = 1 on the first
discharge whereas a single phase R; forms
at x = 1 on recharge. This observation may
either suggest the coexistence of three
phases along the plateau 0 < x < 3 or more
likely indicate that the formation of the R,
phase can only occur via the T, phase.
Within the complexity of the X-ray diffrac-
tion patterns for these sodium concentra-
tions the first possibility cannot be com-
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pletely ruled out. However a simple way to
test the second eventuality is to cycle a Na/
MogS; cell to various values of x between 0
and 3. For our suggestion to be correct, one
would expect that the insertion of 0.9, 1.6,
2, and 2.8 sodium atoms into MogSg will
generate 0.3, 0.53, 0.66, and 0.9 mole of
NasMogSs (T)), respectively, which on re-
charge will give 0.3, 0.53, 0.66, and 0.9
mole of Na;MogS; (R)). Figure 5 shows elec-
trochemical sodium cells based on Mo4Sg as
cathode material after being discharged
down to x = 0.9, 1.6, 2, and 2.8 and re-
charged up to x = 0.35, 0.63, 0.75, and 1.10.
These values within the accuracy of the
electrochemical measurements are in good
agreement with our expectations confirm-
ing the above suggestion.

Na,MogSeg System

Figure 6a shows the typical behavior of a
Na/MogSes cell over the first two cycles.
Like MosSs, MogSes can insert up to 3.8
sodium atoms per formula unit on discharge
to 1 V, with only three of them being re-
movabie on recharge resulting in a com-
pound of formula NaMo¢Seg. After the first
cycle the voltage composition curves are
similar for both Na/MogSz and Na/MosSeg
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F16. 5. The first cycle of four Na/Na,MogS; cells
operating at current density of 20 uA/cm? down to x =
0.9, 1.6, 2, and 2.8, respectively, are shown.
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Na/Na,MogSe; cell. Both V(x) curves and dx/dV vs V
plots are shown in (a) and (b), respectively. Solid and
dotted line refer to first and second cycle, respec-
tively.

cells with the presence of two plateaus on
both charge and discharge. However, the
potential at the discharge plateaus is lower
for the selenides than for the sulfides 1.44
and 1.34 V instead of 1.54 and 1.44 V, re-
spectively, indicating a lower free energy of
the reaction of the selenide compared to the
sulfide compounds. Previous studies (10) of
the Li,Mo¢X3 systems have led to similar
observations.

An interesting feature of Fig. 6 is the ap-
parent difference between the shape of the
charge and discharge curves during the first
cycle. The first discharge curve suggests
the presence of two single phases of nomi-
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nal composition x = 0 and x = 4 connected
by a plateau whereas the charge curve
seems to indicate the presence of three sin-
gle phases at x = 3.8, 3, and 1, respectively,
interconnected by two plateaus. The ab-
sence of a detectable voltage anomaly on
the first discharge at x = 3 may simply indi-
cate the absence of a single phase at such
composition or more likely that the free en-
ergy of formation of this phase is so close to
that of the x = 4 phase that it cannot be
detected on the V(x) curves. The differen-
tial capacity plot (Fig. 6b) unambiguously
confirms the latter possibility, since two
well-defined peaks separated by only 0.02
V appear on discharge. These two peaks
arise from the presence of two plateaus in
the discharge curve interconnecting three
single-phase domains. This finding suggests
a similar sodium intercalation process for
both binary phases MogSs and MogSes. A
final point to note is the jump in potential of
about 0.05 V between the first and second
discharge curve. This may simply result
from a structural difference between the
initial and final cathode material MogSes
and ‘““NaMogSes,”’ respectively, so that the
chemical potential of sodium in both mate-
rials is different.

To substantiate these suggestions in situ
X-Ray diffraction measurements were per-
formed on a Na/MogSes electrochemical
cell. The results of this study are shown in
Fig. 7. We found that as sodium intercala-
tion proceeds the binary phase MogSe; (R()
transforms discontinuously into a single
phase of nominal composition x = 3.8. This
phase has been completely indexed on a ba-
sis of a triclinic unit cell (denoted as T3) for
which lattice parameters are reported in Ta-
ble I. It is important to mention that X-ray
powder patterns taken at intermediate val-
ues of x reveal two sets of Bragg peaks cor-
responding to the R} phase and another
phase ““T;"’ (different than T3) at low values
of x, and to the ““T{”’ and T} phases at high
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sodium content. Attempts to completely
isolate this phase during the first discharge
were unsuccessful even by using low cur-
rent drains. Each time either the Rj or T5
phases were present.

On recharge one finds that the 75 phase
transforms discontinuously into a single
phase of composition Na;MogSes which
crystallizes in a triclinic unit cell (denoted
as Ti) whose lattice parameters are re-
ported in Table 1. Further removal of so-
dium atoms results in a third new hexago-
nal-rhombohedral phase (denoted as Rj) of
formula Na;MogSeg with the following lat-
tice parameters a, = 6.780(1) A, o, = 89.86
A. X-Ray diffraction patterns have shown
that the R|—T and T|-T} are reversible and
furthermore of first order as expected from
the asymmetric peaks at 1.34 and 1.44 V in
the dx/dV vs V plot on discharge.

Mo¢Xs- I, Phases

The typical behavior over several cycles
of electrochemical cells based on binary
halochalcogenides MogSes,I, (y = 0.5, 1,
and 2) as cathode materials are reported in
Fig. 8. Interesting features can be ob-
served, namely that the maximum uptake
of guest ions (number of sodium atoms to
enter the structure on discharge) is
strongly correlated to the iodide content
(y) of the cathode material. For instance,
Xmax decreases from 3.4 to 2 as y increases
from 0.5 to 2. This result, as we will see
shortly, is consistent with both ionic and
band structure considerations.

None of the above Na/NaMogSes-,l,
cells can be completely recharged up to po-
tentials of about 2.7 V; therefore their re-
versibility increases with increasing iodide
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content. Indeed the voltage-composition
curves show that the amount of sodium
(*min) left in the cathode material after a
complete cycle decreases from 0.8 to 0.2 as
y increases from 0.5 to 2 (Fig. 8a). The val-
ues of x for the recharged materials, deter-
mined by atomic absorption analysis, con-
firm the above trend and agree quite well
with the electrochemical ones (Table I).

A common feature in the V(x) curves
(Fig. 8) is the presence of several voltage
drops most likely related to sodium-in-
duced structural instabilities. The values of
x (sodium content) at which these anoma-
lies occur are strongly dependent upon the
iodide content (y) in the cathode material
Na,MogSes-,I,. The domains of zero slope
voltage which connect these anomalies ap-
pear as peaks in the dx/dV vs V plot (Fig.
8b). As mentioned earlier, the asymmetric

peaks observed during the second dis-
charge at v = 1.45 and 1.33 V for Na/Mos
Sesslys, at v = 1.59 and 1.49 V for Na/
MogSe-I, and at v = 1.50 V for Na/MogSe¢l,
lead to the expectation of first order transi-
tions. Conversely, the symmetric peaks at v
= 1.43 and 1.39 V for the Na/Mo¢Se5I and
Na/MogSegl, cells, respectively, suggest ei-
ther second order phase transitions or are
reminiscent of the behavior of single
phases. In situ X-ray diffraction measure-
ments have been undertaken to test these
predictions. The room temperature phase
diagram and the second electrochemical
discharge curve are shown all together in
Figs. 9a, 9b, and 9c for the Na,Mo¢Se;_,1,
systems with x = 0.5, 1, and 2, respec-
tively.

Aty = 0.5 the phase diagram is similar to
that of Na,MogSes with a rhombohedral
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FiG. 9. Room temperature phase diagrams for the Na,MosSe;_,I, systems established by means of in
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phase R” which discontinuously transforms
into a first triclinic phase 77 (x = 2.8) and
then discontinuously into a second triclinic
phase T3 (x = 3.3). The two transitions are
reversible. Increasing iodine substitution
results in drastic modifications of the phase
diagram, indeed at y = 1, we observe that
the rhombohedral phase RY (x = 0.55)

transforms discontinuously into a second
new rhombohedral phase (denoted as RY
with a narrow range of existence. One
should mention that a R phase most likely
exists for the MosSesslps system as indi-
cated by the peak in the dV/dx vs x plot
around x = 0.9. However, we were not able

to isolate such a phase by in situ X-ray mea-
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surements, Further sodium intercalation in-
duces a first order phase transition into a
triclinic phase T{ which exists over a wide
range of composition, 2.0 < x < 3.0. Al-
though the derivation of the lattice con-
stants was performed in a relatively me-
chanical manner, the consistency of the
results (Table I) is quite remarkable. Every
triclinic cell has the relationship & > a = c,
a < 3 = vy, suggesting that each R & T
transition occurs through the same struc-
tural mechanism.

Finally for the Na,MosSegl; system, as
the sodium intercalation proceeds, the RY
phase transforms discontinuously into a
phase R% which exists over a wide range
of composition 1.3 < x < 2. The general
trend arising from the X-ray results is
that with increasing iodide content the T; &
T, and R; & T, phase transitions vanish and
a new R, © R, phase shows up. In other
words, iodine substitution stabilizes the
host structure against distortions to triclinic
phases. We recently observed a similar
trend with lithium instead of sodium. The
origin of such behavior has been intensively
discussed and we will refer the reader to
this work (24). A remarkable point to note
in Fig. 9 is the perfect correlation between
X-ray and electrochemical data. Indeed,
each single-phase product corresponds to a
maximum in the dV/dx vs x plot while a
multiphase domain appears as minimum.
Conversely, the multiphase domains ap-
pears as peaks in the dx/dV vs V plot (Fig.
8). The nature of the phase transitions pre-
viously deduced from the shape of these
peaks is in good agreement with the X-ray
data. From an academic point of view the
family of compounds MoeX;_,I, constitutes
an ideal example to illustrate the perfect re-
lationship of structure to electrochemistry.

Among the chalcogenide compounds, a
higher free energy of reaction has always
been observed for the sulfides than for the
selenides. On this basis one would expect
the electrochemical formation of ‘‘Na,
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FiG. 10. Typical behavior of a Na/Na,AgMoSg
made at 150 pA/cm? over the two first cycles. Both
V(x) curves (a) and dx/dV vs V plots (b) are shown.
Solid and dotted line refer to the first and second cy-
cle, respectively. Insert shows the X-ray diffraction
pattern of the cathode material collected at position
labeled 1 on the V(x) curve. Peaks due to free silver
metal are crosshatched.

MogSel,’” to be easier than that of Na;Mog
Segl,. Surprisingly, cycling data collected
on several Na/Na,Mo¢S¢l, test cells have
revealed the inability to intercalate sodium
into MogS¢l,. This unexpected result is diffi-
cult to explain rationally.

Na,AgMogSs System

The electrochemical behavior of a so-
dium cell based on the ternary Chevrel
phase AgMoeSs as cathode material is
shown in Fig. 10. A striking feature arises
from the shape of the V(x) curves which is
similar, after the first discharge, to that ex-
hibited by a Na/MogSs cell. The dx/dV vs V
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measurements can be used as an ‘‘electro-
chemical potential spectrum’’ for any mate-
rial. Figure 10b shows the spectrum charac-
teristic of Na,MogS; after the first cycle.
Both findings suggest that after the first dis-
charge the silver atoms are no longer incor-
porated into the lattice but are most likely
dispersed as elemental metal in the cathode
material, so that the host material behaves
as the binary phase MogSg with respect to
sodium intercalation.

The above suggestion is confirmed by the
insert of Fig. 10a which represents the X-
ray diffraction pattern of the cathode mate-
rial after a complete cycle. In addition to
the Bragg peaks corresponding to the pure
Na;MoSs phase one notes two extra peaks
due to silver metal. This is clear evidence
that the ternary Chevrel phase AgMogSg re-
acts with sodium by the displacement reac-
tion

AgMogSs + Na — Na,MogSs + Ag

which is complete after the first cycle. The
removal of silver by sodium implies that so-
dium modifies the chemical potential of Ag
in the host structure in a way that it be-
comes equal to that of Ag in silver metal.
The above reaction is not specific to
Chevrel phases with Ag but also occurs
with other ternary metal atoms such as in-
dium or copper. In a recent study (/0) we
even reported similar reactions to occur
with lithium of sodium. In this latter case
the reaction was slower since several elec-
trochemical cycles were required to com-
pletely remove the ternary metal atom. The
rate of the displacement reaction appears to
be strongly dependent on the nature of the
ternary element. There are two possible ex-
planations for such observations. First it is
known that in the Chevrel phase structure
the lithium atoms generally sit on tetrahe-
dral sites around the 3 axis while sodium
atoms prefer to be on the 3 axis site as is the
case for silver. As lithium intercalation into
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AgMogSs proceeds, the Li* ions, due to
their small size (0.53 A), can first occupy
the tetrahedral sites available in the
AgMosSs host matrix before competing for
the silver site (displacing Ag ions). The
available sites in AgMo0¢S; are certainly not
large enough to accommodate large ions
such as Na* (0.95 A); furthermore, the mi-
gration of Na' into these sites will be
blocked by Ag* ions (1.26 A) sitting on the
3 axis. Then in order to enter the matrix,
the sodium ions have to first liberate the
inner sites occupied by silver, and as a
result, the displacement of silver should oc-
cur during the first discharge as observed
experimentally. Another possibility arises
from the fact that the intercalation of four
sodium atoms into MogS; results in an in-
crease of the unit cell volume (265 to 338
A3) twice as large as the increase caused by
the insertion of four lithium atoms (263 to
292 A%. One might then expect the
“AgMoeSs”’ matrix to expand more when
sodium atoms intercalate. As a result, the
diffusion of the silver atoms would be en-
hanced. This explanation is at least consis-
tent with the experimental observation.

Ambient Stability of the Sodium Cheuvrel
Phases

Electrochemical data (i.e., the recharge
curves) have shown that the oxidation of
the sodium Chevrel phases Na,MogXs-,l,
(i.e., removal of sodium) occurs below 1.7
V. However, we found that this oxidation is
incomplete since sodium cannot be re-
moved from the NaMoeXs, NaggMog
Se7.510.5, N30.5MOGSC7I, and Nao.zMOGSeﬁlz
phases (denoted earlier as R;), even with
potentials as high as 3 V. It is now impor-
tant to recall that the reaction of sodium
with water occurs at 1.9 V. Consequently,
on the basis of these values one should ex-
pect the sodium phases (denoted earlier as
R,, Ty, T») with an oxidation potential lower
than 1.9 V to react with moisture while the
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R phases alluded to above should be air
stable.

This is directly confirmed by X-ray dif-
fraction measurements since the com-
pounds Na;MogSg and Na; sMogS;, for in-
stance, after being exposed a short time
to air, have the same lattice parameters as
Na;MogSg. The mobility of sodium into the
Na,MogSg phases is certainly high and as a
result, the sodium comes out of the chan-
nels by reacting with water to form NaOH,
hydrogen, and the air stable phase Na,
MogSs. No sodium atoms can be removed
from this latter phase even after washing it
for several days in water. The Na,Mos
Ses-,l, systems behave similarly with re-
spect to water. The T;, T», or R, phases
were always found to convert immediately
to the R, phases after short exposure to air.
These observations are quite consistent
with the electrochemical results and fur-
thermore indicate that caution should be
exercised in handling these materials. This
high reactivity may explain the failure en-
countered in isolating the Na,Mo¢X; phases
x =3 and 3.9 up to now.

Physical Properties

The Na,Moe¢X;_,], single-phase products
were studied for their superconducting and
magnetic properties. The superconducting
critical temperatures (T.) are reported in
Table I along with the structural parame-
ters. Among the Chevrel phase compounds
containing the same ternary element, a dif-
ference in T, of about =3 K is usually ob-
served between the sulfide and selenide
phases (I). However, the sodium Chevrel
phases do not obey this empirical relation
since NaMogSs and NaMogSeg supercon-
duct at 9.1 and 8.9 K, respectively. Neither
of the sodium phases with a triclinic unit
cell superconduct down to 1 K. This is not
surprising since in many other compounds,
such as EuMogSs, BaMo0gSg, or SrMogSs
(25), the presence of triclinic distortions
has been used to explain the absence of su-
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perconductivity. According to previous
work (26, 27) the increase in unit cell vol-
ume observed for the halochalcogenide
compounds Na,MogSe;s_,I, as sodium en-
ters the structure would lead to the expec-
tation of high T.. The opposite trend is
clearly seen in Table I.

The magnetic measurements were per-
formed on several materials from 4.2 to 300
K. Figures 11a and b show the measured
susceptibility for the Na,MogSg and Na,
MosSe; single-phase products. A mild tem-
perature dependence of the susceptibility is
observed for the compounds with x = 1 in
contrast to a more pronounced temperature
dependence for the phases with x = 4. This
behavior may be explained as follows. The
sodium atoms enter the structure as donat-
ing electrons to the MogX; clusters. With
four sodium atom, the number of electrons
per MogX; unit reaches the upper limit (24)
at which the compounds become semicon-
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ducting (27). In that range of sodium con-
centration (xmax 4 — &) we are dealing
with a nearly full conduction band and it
may be that few electrons become localized
so that they contribute to the susceptibility.
This will be at least consistent with the
magnetic data as well as with the absence of
T. for the Na,MogX; phases (x = 4). The
most striking feature of Fig. 11 arises from
the susceptibility dependence of the Nas
MogX3 phases which present a large anom-
aly as the temperature is lowered. This
anomaly does not give rise to hysteresis
and furthermore shifts to higher tempera-
ture in going from the sulfide to the homolog
selenide phase. An interesting comparison
can be made with the Li;;MogX;s phases
where a similar analogy with an onset tem-
perature higher for the selenide than for sul-
fide has been reported (10). This anomaly
may be ascribed either to a temperature-
induced phase separation (the NasMogSg
phase decomposes onto Naz-,Mo0gSg and
Naj, MogSs phases as in the Cu,MogS; sys-
tem) or to temperature-induced lattice in-
stabilities (25) (distortion of the triclinic
unit cell). At the present time, without low-
temperature X-ray measurements, it is im-
possible to distinguish between the two

possibilities.

"ne .
LJISCUSsion

The Chevrel phases made up of MogXj
units with large empty channels running
along the hexagonal axis are ideal candi-
dates for use in the study of intercalation
reactions. The physics and chemistry of the
intercalation process into these open-struc-
ture phases depend mainly upon the size
and symmetry of the cavity, the electronic

cfrnhfnrn r\F tha hact matarial as urn“ as
LR W tll\/ LIV OO

upon the size, formal valence, and reduc-
tion potential of the guest species. Within
the same host structure one would expect
the sodium intercalation process to be in a
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sodium differ only in their size. The present
work has revealed several striking differ-
ences, the most surprising one being the ir-
reversibility of the sodium intercalation
process into these phases. The following
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differences.

Sodium intercalation into the binary
phase MogXj5 results in a discontinuous dis-
tortion of the rhombohedral cell R, into a
triclinic phase T; at (x = 3). Such a transi-
tion is accompanied by volume increases
(265 to 338 A% and (292 to 367 A3) for the
sulfide and selenide system, respectively.
The R, phase (MogXg) with o, = 91.5°
presents two types of sites available for in-
tercalation, a large eightfold cavity (site 1)
compressed au’)ﬁg the 3 axis with a maxi-
mum occupancy of 1, and six small tetrahe-
dral sites (site 2) forming a ring around the 3
axis. As a; increases, the type 1 sites (donut
shaped) transform discontinuously into a
ring of six other tetrahedral sites (cailed in-
ner sites) in contrast to the type 2 sites
(called outer sites). Such transformations

result in a range of instability in o,. The
occupancy of these sites by sodium will be
determined by the site energy (e.g., energy
required to place sodium atoms into site 1
or site 2) which uhanges as intercalation
proceeds. In order to introduce three or
four sodium atoms into the structure it ap-
pears that sodium would have to occupy
tetrahedral sites. This implies that as the
sodium intercaiation proceeds, a,, as weii
as the unit cell volume would have to in-
crease to make more sites available for so-
dium as observed experimentally. The T, &

T, transition can be ascribed either to an
order-disorder reaction of the sodium at-
oms into the type 1 and 2 sites alluded to

above as in the Cu, Mo
1n the LU, MOg

tronic driven lattice 1nstab111t1es as ob-
served with the divalent Chevrel phases
(Eu, Ba, . . .). Without neutron data to de-
termine atomic positions and bond lengths
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On recharge the triclinic phase 7, does
not convert to MogX3 but to the more ther-
modynamic stable phase Na;MogX;. These
compounds with a rhombohedral angle of
89.7° belong to type I Chevrel phases (e.g.,
the Na atom is well localized on the 3 axis).
The driving force for the occupancy of the 3
axis site, instead of the tetraheral sites,
most likely results from a large difference in
energy between these two sites. The mobil-
ity of the ternary element into type 1 mate-
rials is known to be small, and as a result,
removal of sodium atoms should be diffi-
cult, in agreement with our observations.

We now discuss the halochalcogenide
compgcunds which als¢ show an irreversible
intercalation process resulting in com-
pounds of formula Na,MoeSes_,I, with
rhombohedral angles greater than 90°. This
observation may indicate that these phases
are type II compounds (ternary atoms out
of 3 axis). However, the gap in o, between
type I and type II phases can occur at val-
ues larger than 90° (for example, 92-94° in
the Li,MogX; system). Based on this, it is
quite reasonable to assume that sodium at-
oms sit on the 3 axis in the ternary halo-
chalcogenide phases (R;) despite a, being
greater than 90°. Then, like Na,MoeXs, one
would expect the R, phases to be air stable
as we have observed experimentally. An-
other remarkable finding among the R,
phases arises from their sodium content (x)
which decreases with increasing iodide sub-
stitution. This result may be explained in
terms of site energy as follows. Sergent et
al. (29, 30) have shown that the substitu-
tion of chalcogen by iodine intc the binary
phases MogX3 can take place only with the
two chalcogen positions on the 3 axis re-
sulting in compounds of formula MogXs-,1,
with y = 2. A complete solid solution 0 <y
= 2 exists for the MogSes_,I, system,
whereas the two end members y = 0 and y
= 2, exist only for the homologous sulfide
system. As iodine is introduced into the
host lattice, the sodium site X~Na—X trans-
forms into three different sites X—Na—X,
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X-Na-], and I-Na-I with a population of
(1 = y2)%, y(1_— y/2), and (y/2)?, respec-
tively. If these 3 axis sites were equally oc-
cupied one would expect the sodium con-
tent (x) intercalated into the R, phases to be
independent of iodine substitution (y) and
equal to 1. The present results clearly rule
out this possibility suggesting then that
these sites are of different energy. The
larger ionic radius of I-! over Se~2 (2.16
instead of 1.98 A), as well as the smaller
coulombic interactions between I-!-Na*
compared to X ?-Na*, led us to predict
that the I-Na-I site is energetically unfa-
vorable. Both our data, which show that
Xmin 18 close to zero (0.2) in Na,MogSegl, or
equal to zero in Na,Mo4S¢l,, and our inabil-
ity to synthesize M,Mo¢X¢l, phases with
large ternary metal atoms (Pb,Sn) strongly
support the above prediction. The statisti-
cal model that we recently constructed for
the Li;MoeX3s-,I, system (see Fig. 8, Ref.
(24)) may be used to determine which one
of the resulting X—Na-I or X-Na—X sites is
more energetically favorable for sodium.
On this plot the experimental points (xpi, =
0.85, y = 05; xmin = 0.60, y = 1) are situated
just below the curve of equation P = 1 — y?/
4 which represents the total occupancy of
both X-Na-X and X-Na-I sites. This indi-
cates that the number of X-Na-X and X—
Na-I available sites at a given value of y
determines the maximum uptake of sodium
atoms on the 3 axis for the R, phases
whereas previous work (24) has shown that
the maximum value of x in the homolog Li,
MoeSes_,1, phases (R,) is determined only
by the occupancy of the X-Li-X sites.
Such differences may tell us only that the
energy of the ternary metal atoms on the 3
axis site is not only dependent upon the
closest chalcogen atoms but also may be
affected by more distant atoms as the size
of the guest ion increases.

An important question still remaining
about these molybdenum chalcogenide
compounds is whether the maximum up-
take of guest ions into MogX; is determined
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by electronic rather than structural factors.
In an attempt to answer this point we will
now comment on our electrochemical
results with respect to both electronic
structure of the ‘‘host”” and bonding
models. Anderson (31), Hughbanks (32),
and Bullet (33) have performed band struc-
ture calculations for several of these phases
(MogSes, PbMogSeg). All the treatments
agree with the presence of a narrow E band
(made out of Mo d states) at the Fermi level
situated just below an energy gap estimated
at 24 electrons per Mog cluster. This upper
limit number was early proposed by Yvon
(34) as the result of the observation that the
Mos cluster needs 24e~ to form 12 maxi-
mum covalent bonds. Another finding of
these calculations was that the chalcogen p
band situated below the E, band is com-
pletely filled, so that a complete charge
transfer from the guest ternary atom to the
Mo cluster should take place, as observed
experimentally by Yvon (34). Then accord-
ing to the above remarks [Mog¢ Sg +4 with
20 electrons and [Mo¢?Xg2 L, '1t¢ with
(20 + y) electrons per Mog unit should be
capable of adding 4 or 4 — y electrons (i.e.,
ternary metal atoms (M™)), respectively,
before becoming semiconducting, assuming
that the sodium-induced triclinic distortions
do not close the energy gap. This point is
clearly confirmed in Fig. 12b which shows
the first electrochemical discharge curves
of several M/MogX;-,1, test cells (M = Na).
Indeed one notes that MogXs can accommo-
date four sodium atoms while MogSe; sl s,
MogSesl, MogSegl>, with initially 20.5, 21,
and 22 electrons per Mog cluster, can ac-
commodate only 3.5, 3, and 2 alkali atoms,
respectively, before observing a sharp drop
in potential. In the absence of evidence for
phase transitions at these sodium concen-
trations the observed voltage drop is di-
rectly related to the complete filling of the
E, band alluded to above as follows. The
voltage of an intercalation cell is deter-
mined by the energy of the charge trans-
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Fi1G. 12., The first electrochemical discharge curves
of several M/M,MoX;_,l, cells (M = Na, Li) operated
at a current density of 150 pA/cm? are shown for X =
sulfur (a) and X = selenium (b) separately.

ferred electrons. As the sodium insertion
proceeds, an equal number of electrons
occupies the empty states of the partially
unfilled valence band (E,) in the host mate-
rial. When this band is filled (24 electrons)
the transferred electrons have to occupy an
electronic state in the next band. If the
compound is semiconducting, the next
band (e.g., the next empty electronic state)
is much higher in energy resulting in a sharp
drop in voltage. The sodium concentrations
at which the voltage anomalies occur (Fig.
12a) agree amazingly well with the values
predicted from band structure calculations.
Another striking feature of Fig. 12 is that
the maximum ternary element content in
these materials, within the accuracy of the
electrochemical measurements, is indepen-
dent of the guest species sodium or lithium
even though Na™ is nearly twice as large as
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Li* (0.97 versus 0.53 ;\). This observation
led us to conclude that the maximum up-
take of alkali atoms Li and Na into Mo¢X;
structures is determined merely by the elec-
tronic structure of the host. However, the
inability to intercalate sodium into MogS¢l,
suggests that structural factors have also to
be taken into account. These structural fac-
tors become predominant for the type 1
Chevrel phase M,MoeX; phases which can
exist only with x = 1, even though the E,
band is incompletely filled.

Conclusion

We have reported the electrochemical in-
sertion of sodium into the binary MogXs-,1,
phases and some properties of these new
phases. We found an irreversible intercala-
tion process resulting in stable compounds
of formula Na,MogX;-,I,. The sodium con-
tent (xmin) decreases with increasing y. This
behavior was explained in terms of avail-
able vacant sites and site energy. We
showed, at least for small atoms (Li, Na),
that the maximum uptake of guest ions into
the host materials, MogXs-,1,, is deter-
mined mainly by electronic rather than
structural factors. In situ X-ray diffraction
measurements revealed sodium-induced
lattice instabilities. Three single phases
Ri(x = 1), Ty(x = 3), and T»(x = 4) with
rhombohedral, triclinic unit cells (7 and
T,), respectively, were discovered. The na-
ture and existence regions of these phases
are affected by iodine substitution (y). The
R, & T, and T, & T, transitions vanish and
a new R, & R, transition occurs with in-
creasing y. Structural changes correlate
perfectly with electrochemical data. The
phase transitions appear as peaks in the dx/
dV vs V plot, whereas single-phase com-
pounds or solid solutions give rise to volt-
age anomalies in the V(x) curves and to
peaks in the dV/dx vs x plot. Finally, physi-
cal properties measurements have revealed
anomalies in the temperature-dependent
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susceptibility curves for the Na,MogXs
phases most likely connected to structural
instabilities which in turn may be linked to
the particular type of site occupied by the
Na* cations in the channels of MogXy
Chevrel phases. However, more knowl-
edge of both the position of the sodium at-
oms and bond lengths in the Na,Mo¢Xs-,1,
phases will be of great importance for a
complete understanding of both the so-
dium- and temperature-induced lattice in-
stabilities reported herein. Further struc-
tural work such as neutron experiments,
which are now in progress, should help
us to determine the origin of these struc-
tural instabilities.
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