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Systematic structural investigations have been performed on the formation of the ternary Chevrel
phase system Cu,Mo.S; by topotactic intercalation of copper into MoSg via electron/ion transfer
reactions. In high-temperature synthesis the homogeneity range of Cu,Mo,S; formation corresponds
to 1.8 = v = 3.66, while by galvanostatic or potentiostatic reduction of binary MogS; at ambient
temperature in aqueous CuSQ, or aprotic CuCI/CH,CN electrolyte the terminal rhombohedral phase
CuyMo. Sy with the maximum number of electrons per Mo, cluster can be obtained, The phase range
I = x = 4 of CuMo,5, as obtained by galvanostatic reduction of MogS; in aqueous CuSQy electrolyte
has been determined by in sit X-ray experiments. Warburg oxygen manometry has proved to be a
new and powerful analytical tool for examination of the Cu content of ternary phase Cu Mo.S;.
Thermodiffractometry and *'Cu NMR studies of Cu,Mo¢S; (high-temperature phase) reveal a phase-
transition rhombobedral/triclinic tn a broad temperature range between 285 and 200 K. Superconducting
properties (temperature-dependent ac susceptibilily) of high temperature and electrochemically pre-

pared Cu phases are reported.

Introduction

The binary and ternary molyhdenum clus-
ter chalcogenides {Chevrel phases) with the
compositions Mo, Xy and A Mo X, (X = §,
Se A main-group o transition metl) nee
known o exhibit unusual physical proper-
tics—in particular with respect Lo supereon-
ducting behavior—which depend strongly
upon the nature of the chalcogen anion X,
the nature of the ternary metal A, and the
stoichiometry of the latter (1, 2). The struc-
ture of the binary phases can be described
by a thrce-dimensional arrangement of
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Mo X units, which themselves consist of
Xy cubes surrounding the distorted Mo, oc-
tahedra (Fig. 1). This framework system
icads to intersecting ‘‘channels’ of vacant
lattice sites along the three rhombohedral
axes, which are partinlly occupicd in e
cise ol the wermry phases by the mictal
atoms A (Fig. 2). Morcover, it has been
shown recently that the Mo.Xy cluster
phases cxhibit remarkable properties in
terms of chemical rcactivity. They arc ablc
to undergo reversible topotactic redox reac-
tions at ambient temperature via electron/
ion transter according 1o the equation (3, 4).

XAT + xe” + O,IMoX5] =

(A", 0, (Mo Xyl ™. (1)

H=x

where O = vacant fattice site.
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FiG. 1. Structure of binary molybdenum cluster chal-
cogenides Mo Xy (X = S, Se. Te): @, Mo; O, X; 4,
vacant “"channel” positions at the unit cell origin.

The electrons arc accepted by the lowest
lying vacant energy level of the host band
(conduction band), which acts as an ¢lectron
sink, and the matrix becomes a macroanion
[Mo X ]*". The negative excess charge is
compensated by the simultaneous uptake of
mobile cations AY, which occupy empty
sites in the lattice channels. Reaction (1}
describes the conversion of an electronic
conductor to an electronic/ionic conductor

by an intercalation process, which can be
performed either by chemical reaction or by
electrochemical techniques in appropriate
electrolytes (5). The reaction described
allows the reversible modification of the
physical properties of the Mo X; matrix via
chemical reactions at ambient temperature
and it is an interesting alternative route for
preparing new malerials that makes use of
the consequences of kinetics in low-temper-
ature synthesis, which exploits the fact that
metastable states can be stabilized at lower
temperatures.

One aspect of particular interest with re-
spect to the chemical reactivity of these sys-
tems is the upper stoichiometry limit x,,,, of
the guest cations. The latter can be treatcd
in a simple model in terms of a competition
between geometrical and electronic re-
straints (¢, 6). For small ions the structure
provides 12 potential formal lattice sites
around the unit cell origin with distorted
tetrahedral symmetry (f, 2). The first ring
has six positions [Cu(1)] close to the unit
cell origin, forming the “‘inner’’ sites; a sec-
ond ring with six positions [Cu(2}] which
form the “‘outer” sites is located around the
inner positions (Fig. 2b}. In electronic terms

FiG. 2. (2) Arrangement of the Mo,S; units and the distribution of the ternary atoms i Cu,MogS;.
(b} A perspective view of the six inner Cu(l) and outer Cu(ll) positions in Cu, jMo,Sg. A, unit cell
origin; the threefold axis goes through 82-A-52 (adapted from Ref. (/}).
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the maximum charge transfer predicted is
equivalent to 4e /Mo,S;, resulting in the
maximal insertion of, ¢.g., four monovalent
cations A or two bivalent cations A>*, This
is a consequence of the ionic model dis-
cussed by Yvon (7}, which considers the
electron-deficient Mog cluster in MogS,
(number of electrons per cluster (NEC) =
20) that can formally take up four additional
electrons in order to establish 12 two-elec-
tron Mo-Mo bonds (NEC = 24).

Chevrel er al. were the first to report on
nonstoichiometric Cu,Mo,S; compounds (7,
8). Studies of low-temperature relationships
in terms of structural phase transitions and
superconducting properties soon followed
(). The system Cu/Mo,S; is currently the
only ternary molybdenum cluster chalco-
genide system for which the phase diagram
has been extensively studied (I0, 7). The
homogeneity range of the Cu,Mo.S; phase
prepared by high-temperature synthesis ex-
tends from x = 1.2 to x < 4, The limits of
the rhombohedral phase are strongly tem-
perature dependent, so that the range 1.2 =
x < 1.8 1s metastable at room temperature
and can be retained only by quenching. The
first investigations on the intercalation of
Cu into MogS; at ambient temperature were
performed by electrochemical technigues
(12, 13). Galvanostatic titration of the binary
molybdenum cluster sulfide in aqueous Cu
electrolyte led to the identification of thom-
bohedral CuMo,S; with 1.2 = x = 3.2,
Cu,Mo.S; was found to exhibit the highest
superconducting {ransition temperature (7,
= 10.8 K) over the mentioned homogeneity
range (/3). An upper limit of x = 5 was
reported subsequently by coulometric titra-
tion of the host lattice via Cu-containing
solid electrolyte at 400 K (/4). Measure-
ments of the chemical ditfusion coefficient
D using a solid state electrolyte yielded vai-
ues of 107710 1075 cm? - sec™! for Cu, sMogS,
and Cu, -Mo Sy at 440 K (/5).

Since the Cu system is of particular im-
portance for an understanding of charge

transfer with regard to the upper stoichio-
metry limit x_,, of the guest cations, we have
undertaken a thorough study of structural
and compositional changes with MoS, as
the host lattice, These investigations have
been supplemented by extensive in sifu
X-ray studies to establish the phase regions
of the intercalation compounds.

Experimental

The binary host lattice Mo,S; was pre-
pared from the ternary compound Cu,
Mo,S;. The latter was obtained by heating
the elements (stoichiometric ratio, purtty
>99.9%) in sealed quartz ampoules for 24
hr to 450°C and thereafter for 24 hr to 700°C.
After each heating period, the loose powder
in the ampoules was agitated to achieve ho-
mogencous producis. The final heating
mode was 1100°C for 24 hr with subsequent
slow cooling over 10 days. Ternary molyb-
denum cluster sulfides with other nominal
copper contents were prepared in the same
way. Treatment of the copper compounds
with agueous FeCl/0.1 N HCI solution
(leaching technique) led to the guantitative
removal of Cu with the formation of Mo,Sq
(lattice parameters given in Table I). Anodic
oxidation of the ternary phases in 0.1 N
H,50, led aiso to a quantitative copper
deintercalation. EDAX studies confirmed
the absence of copper ions in both cases.
Analytical data were obtained by wet analy-
sis, atomic absorption spectrometry, and
microanalysis. The values found for the bi-
nary phase were as follows: Anal. Found
(calcd) for Mo Sy: Mo, 69.04 (69.18); S,
30.88 (30.82).

X-ray powder measurements were made
with the Simon-Guinier technigque from
samples sealed in lithium borate glass capil-
laries, Due to the sensitivity of the interca-
lated phases to oxygen and water, all opera-
tions had to be carried out in closed systems
under an argon atmosphere. Mo,S; was sim-
ilarly stored under an inert gas atmosphere,
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TABLE 1
RHOMBOHEDRAL AND HEXAGONAL LATTICE PARAMETERS OF MogSg aND Cu,MoSy

g ap ay CH C VH ' 106

x (pm} ) {(pm) tpm) (a) (pm’®)
Q 642.40(3} 91.26(1) 918.4(2) 1088.0(3) 1.1844 794.63
1.00 647.85(3) 94 17(1) 949 8(1} 1037.4(2) 1.0923 810.48
1.25 648.57(4) 94.36(2) 95).9(2) 1034.142) 1.0863 811.44
1.50 646.32(3) 94.57(1) 954 .4(3) 1031.1(4) 1.0804 813.28
1.88 650.37(3) 94.91(2) 959.8(3) 1025.8(3) 1.0688 818,29
2.10 651.43(3) 95.14(3) 967.3(2) 1020.4(2) 1.0549 826.77
2.30 652.50(3) 95.22(2) 969.3(2) 1021.0(3) 1.0533 830.81
2.56 654 .21{4) 95.32(3) 972.4(2) 1022.7(3) 1.0518 837.44
297 657.64(4) 95.58(1) 974.003) 1022.3(3) 1.0497 839.82
1.20 658.79(3) 95.60(3) 975.4(3) 1023.6(3) 1.0494 843,34
3.60 660.33(4) 95.62(2) 978.1(3) 1025.8(4) 1.0487 849,87
4.00 661.63(3) 95.66(2) 979.7(3) 1026.9(3) 1.0481 853.64

Note. Data were obtained from galvanostatic reduction of MogS; in aqueous CuSQy electrolyte at 300 K.

since we found that on exposure to air slow
oxidation (catalyzed by Mo) proceeds under
formation of molybdenum oxide hydrates
and sulfuric acid. Additional diffraction pat-
terns and structural phase transitions at low
temperaturcs were obtained with a powder
diffractometer (Siemens D 500, Cu K« radi-
ation) equipped with a position-sensitive de-
tector which allows rapid data collection,
Electrochemical reactions were per-
formed at 300 K in three electrode galvanic
cells with commercial and homemade equip-
ment to monitor the current and potential.
Galvanostatic titration, potentiostatic reac-
tion with integration of the charge con-
sumed, oxidation/reduction cycling, short
circuit runs, and EMF measurements (equi-
librium potentials) were used for the elec-
trochemical study of the reactions. The
working electrodes consisted of pressed
polycrystalline samples with 1% wit Teflon
as a binder. Cu plates served as counterelec-
trodes; the potentials of the coulometric ti-
tration of the host lattice were measured vs
Cu’ (small rods). Dry, clean Cu'Cl of analyti-
cal purity in high-purity acetonitrile (resid-
ua}l water content 20 ppm as determined by
Karl-Fischer titration) served as the aprotic

electrolyte. Reactions with Cu*™ were per-
formed in aqueous electrolyte (saturated
CuSQ, solution). All operations were car-
ried outinan inert gas atmosphere. For eval-
uation of the chemical diffusion coefficient
D the galvanostatic intermittent titration
technique (GITT) was used ({6).

A specially constructed plexiglass gal-
vanic cell was used to perform in situ X-ray
studies during the coulometric titration of
the host lattice (Fig. 3), An X-ray transpar-
ent adhesive tape (Tesa Spezial) was used
as the window in the diffraction plane. The

i
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Fig. 3. Plexiglass electrochemical cell for in situ
X-ray studies: S, sample; E, electrolyte; F, X-ray trans-
parent film; W, C, R, working, counter, and reference
electrodes.
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working electrode for this cell arrangement
consisted of a thin pellet of Mo,S; mixed
with 1% wi Teflon binder (surface, 1 cm?®;
weight, approximateiy 50 mg; thickness, 0.1
mmj,. After adjustment «f the working elec-
trode in the diffraction plane of the elec-
trochemical cell, it was contacted with
platinum cement. The counterelectrode
consisted of Cu wire; a small Cu rod was
used as the reference electrode.

For control purposes the copper content
of the intercalation compounds was rou-
tinely checked by electrogravimetry after
decomposition of the Cu phases in dilute
HCI solution. The integral Cu content of
ternary phases Cu MogS; was determined
by Warburg oxygen manometry. Upon dis-
solution of (Cu™) [Mo, X, JF~ in aqueous acid
solutions in a closed system, Cu' will be
oxidized to Cu', resulting in consumption
of oxygen, according to Eq. {2}, which can
be detected in the closed system of the War-
burg apparatus:

(CU+)1[M06-SS]X_ + x/402 + IH+ —F
MoSs + xCu2t + x2H,0. (2)

Critical temperatures T, for the transi-
tion normal conductivity/superconductivity
have been measured by the ac susceptibility
technique (Meissner effect). ®Cu NMR
measurements were performed at 79,515
MHz on a Bruker CXP 300 FT spectrome-
ter. As an external reference for the determi-
nation of the chemical shift, solid Cu'Cl was
used. Further details and results of the tem-
perature-dependent NMR studies will be
published elsewhere (/7).

Resnlts and Discussion

Formation of CuMoySg by Galvanostatic
Cathodic Reduction of MogS, in Aqueous
Cu Electrolvte

The potential/charge transfer diagram for
the electrochemical intercalation of Cu®*
into the host lattice by cathodic reduction in

the galvanic cell Cu®//Cu**, H,0//MogS; is
given in Fig. 4a. Figure 4b illustrates the
corresponding changes in the hexagonal lat-
tice parameters cbserved during the reac-
tion with increasing integral Cu content x of
the reaction products, as determined analyt-
ically. Since the oxidation state of copperin
the ternary transition metal chalcogenides
is Cu'* (/8), two electrons are required for
the intercalation of one Cu ion from aqueous
CulSO, solution (Eq. (3)): at the phase
boundary of solid//electrolyte Cu®* will be
reduced to Cu'"; during the electron/ion-
transfer process an additional electron will
be taken up into the upper band level of the
molybdenum cluster sulfide, while the guest
ions Cu'* fill the vacant lattice sites. The
integral analytical Cu content x(Cu/
Mo, S;)—determined by electrogravimetry
and Warburg manometry—of samples col-
lected at given values of the electrochemical
charge transfer n(e”/MogSg) corresponds
linearly with # according tox = n/2;1.e., no
side reactions occur:

xCu®* + 2xe” + Mo S, =2
(Cu+)_x{M0(JSa]x_- (3)

The critical values for the intercalation of
guest ions into the Mo;Sy host lattice must
be = ~126 pm, since rare earth ions with
hard-sphere radii of ~100-110 pm cannot
be intercalated into the binary phase or
deintercalated from ternary compounds pre-
pared by thermal reaction, while Ag™ ions
can still be inserted. We observed a strong
influence however of kinetics upon the reac-
tion Cu/MogS,, indicated by a noticeable
variation in apparent potential with the cur-
rent density. This is obviously due to the
limited mobility of the copper ion (rp,+ = 96
pm) in the Mo,S, framework. It turned out
that under the conditions used, the optimal
current density for the intercalation process
is given by value of 0.2 mA - cm™2.

Analytical data reveal that the linearity of
x = n/2 no longer applies for significantly
lower current densities, where the increase
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F1G. 4. Formation of Cu,Mo,S; by galvanostatic cathodic reduction of MogS; electrodes in aqueous
CuS0, electralyte at 300 K: (a) Change in potential E {vs Cu® of the working electrode with the integral
Cu content x; (b) change in hexagonal lattice parameters {ay = O, cy= @) with x.

in Cu content is smaller than the value calcu-
lated. At low current densities a portion of
the Cu’” ions is reduced on the electrode
surface and diffuses back into the aqueous
solution under disproportionation or is de-
posited as Cu,0; the overall electrochemical
charge transfer values thus become formally

larger before the potential of Cu deposition
is reached. On the other hand, higher cur-
rent densities lead for kinetic reasons to pre-
mature reaching of the potential of Cu de-
position before the terminal phase with
maximum Cu content 1s obtained. Figure 4a
presents the potential/charge transfer dia-
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grams obtained on galvanostatic cathodic
reduction and anodic reoxidation of MogS,
and CuMogS;, respectively, in a saturated
aqueous CuSO, solution at 300 K. In terms
of thermodynamics the potential plateaus
appearing in the cathodic current seem to
represent two separate two-phase systems
with 0 = x < 0.5 and 0.66 < x < 1.1, since
the potentials remain constant (i.e., AG =
const.}. With further reduction the continu-
ous change in potential should correspond
to a nonstoichiometric phase region. The
end point of the coulometric titration of the
host lattice is aitained after a transfer of 827/
MogSq, i.e., 4Cu/MogSg, where the elec-
trode potential becomes identical with the
potential of the copper reference electrode
and metal deposition occurs. The maximum
charge transfer observed is thus in formal
agreement with the predictions from the
ionic/covalent structure model (1) and the
band structure calculations (6, {9} for the
molybdenum cluster sulfide. The terminal
phase Cu,Mo,S; is a new metastable com-
pound which is accessible only by isother-
mal topotactic reaction at low temperature.

The electrochemical intercalation of cop-
per ions into the binary molybdenum cluster
sulfide is completely reversible, as deter-
mined analytically. On anodic oxidation of
the terminal phase, the same sequence of
reactions is found in the reverse direction
up to a deintercalation stage of 2.5Cu/
Cu,MogS;. At copper contents lower than
Cu, ;Mo Sy, however, deviations are ob-
served. As illustrated in Fig. 4a the range
from x = 0.5 to x = 1.5 in Cy,MoS; 1s
characterized by a significant hysteresis of
the potentials for forward and back reaction.
The final product after a charge transfer of
8e /CuMo,S; is the binary phase MoyS;
with lattice parameters identical to those
given in Table 1.

The structural changes in ternary copper
phases CuMoS, during the intercalation
process were investigated by in situ X-ray
studies. Figure 4b shows the hexagonal lat-

tice parameters of the intercalation system
Cu,Mo,S, at selected values of the integral
copper content x. Table I presents the lattice
parameters and untt cell volumes of the
starting phase and of ternary Cu com-
pounds. X-ray diffraction data for region [
(0 < x < 1) clearly show the coexistence of
(wo phases: Mo S; and Cu,MogS, (Eq. (4)).
Selected X-ray diffraction patterns recorded
in situ are given in Fig. 3a. In Fig. 6 the
changes in the relative intensities of the two
coexisting phases MogS; and Cu MogS; are
given as a function of the integral copper
content:

Two-phase region: 1Cu?* + 2¢”
+ Mo,S, = CuMogSs. ()

At higher intercalation stages the structural
changes are in formal agreement with the
potential course of the coulometric titration
of the molybdenum cluster sulfide. The con-
tinuous change in potential in region II of
the potentiat/charge-transfer diagram (Fig.
da, AG # const.) leading to the terminal
compound Cu,MoS; is characterized by a
continutous change in lattice parameters of
a nonstoichiometric phase Cu Mo Sy with a
phase width of 1 = x = 4 (Fig. 4b; Eq.
(1), Figure 3b shows selected in situ X-ray
diffractograms of the one phase region:

One-phase region: 3Cu®*" + 6e”
+ Cu,Mo,S; 2 CuMoS,. (5)

While in the potential/charge-transfer dia-
gram the copper intercalation range 0 < x <
1 appears to be characterized by two distinct
two-phase regions, this section could defi-
nitely be identified as a single two-phase
system with the coexisting phases MogS;
and Cu,MoS; by in situ X-ray studies. The
hysteresis in electrochemical potential ob-
served for forward and backward reaction
can therefore be explained by the influence
of kinetic factors. Similar phenomena have
been reported by us for the systems Na/
MoS; and Cd/MogS; (20), while no hystere-
sis is found in the case of Li/Mo.Ss (21),
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FiG. 5. X-ray powder diffraction patterns of Mo,S; and ternary phases Cu,MogS; recorded in siru
during galvanostatic reduction of MoS; (selected Bragg peaks labeled with hexagonal Miller indices):
(a)} Two-phase region 0 < x < [; (b) nonsteichiometric phase region 1 = x = 4,

where the guest ion Li* has a hard-sphere
ionic radius (60 pm) significantly below that
of Na' (95 pm), Cu™ (95 pm), and Cd** (97
pm).
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Fi1G. 6. Relative intensities (%) of the hexagonal { 2
I Brage peaks of Mo,Sg and Cu;MogS; as a function of
the copper content x. @, MogS;; &, CuMogS;.

Formation of CuMogSy by Coulometric
Titration of MoS; in Aprotic
Cu* Electrolyte

As already described, the aqueous cells
revealed some specific problems, e.g., cur-
rent density; it seemed necessary to carry
out these experiments in aprotic electrolytes
Cu®//Cu'*, CH,CN//MogS;, for comparison
reasons.

Figure 7 presents the potential/charge-
transfer diagram obtained on galvanostatic
cathodic reduction and anodic oxidation of
Mo.S; and CuMo.S;, respectively, in
CulCl/CH,CN at 300 K. A significant in-
fluence from the current density applied was
not observed. It turned out that after an
electrochemical charge transfer of 4¢ /Moy
Sz—using an aprotic Cu'* electrolyte with
nle~ /Mo Sg) = x(Cu/Mo,S;)—the potential
of copper deposition is reached; i.e., the
intercalation reaction has arrived at its end
point. Again, the maximum uptake of four
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FiG. 7. Formation of Cu,Mo,S; by galvanostatic ca-
thodic reduction of Mo,S; in aprotic Cu! electrolyte at
300 K: Change in potentsal with the copper content x.

Cu'” ions as predicted by the ionic structure
model (1) and by the band structure caicula-
tions {6, 79) 15 observed. Thermodynamic
considerations suggest that the potential
plateau in region 1 (Fig. 7) corresponds to a
two-phase system, while region 11 with a
continuous change in potential should repre-
sent a nonstoichiometric phase region. This
is clearly verified by X-ray diffraction data
with samples taken at different values of the
electrochemical charge transfer: in region I
the starting phase Mo,S; coexists with
Cu;MogS; as described by Eq. (6), while a
nonstoichiometric phase Cu,MoS; with a
continuous change in lattice parameters is
found in region 1T with a phase width of | =
x = 4 (Eq. (7). The X-ray data are in good
agreement with the values obtained by cou-
lometric titration of Mo,S; in aqueous Cu**
electrolyte.

The gaivanostatic anodic reoxidation of
the fully intercalated ternary molybdenum
cluster sulfide proceeds close to the equilib-
rium potentials in the range of 0 << n < 2.7
{n = ¢"/CuMo.S;). At lower copper con-
tents a significant deviation of the patential
curve of the coulometric reduction of Mo,S;
in aprotic Cu'* electrolyte becomes obvi-
ous, contrary to the corresponding reaction
in Cu’*-containing aqueous electrolyte.

While by galvanostatic reduction in CuSQ,/
H,O significant hysteresis was observed in
the range 0.5 < x < 1.5, galvanostatic cy-
cling of the cell Cu%/Cu'", CH,CN//
Cu MogS, led to a much smaller width of the
mentioned hysteresis of the 0.3¢~/formula
unit: 0.95 < x << 1.25. Additional potentio-
staiic measurements characterized region 1
as a single two-phase system with AG =
const. (=51.4 kJ - mole™'; EMF = (.53 V)
within the limits 0 < x < 0.95 (Eq. (8)).

Two-phase region: Cu* + ¢~
+ Mo,Ss 2 Cu,Mo,Sy (6)

One-phase region: 3Cu* + 3¢~

+ CuMoS; 2 CuMogS; (7)

The intercalation of small cations in
Mo, S; leads with deformation of the host
matrix to the generation of 12 distorted tet-
rahedral sites around the unit cell origin (/,
2). These positions can be distinguished as
two concentric sets of six sites, i.e., pleated
hexagonal rings with their planes perpendic-
ular to the threefold lattice axis (Fig. 2).
These sites are all interconnected and form
infinite channels along the rhombohedral
axis. They are essential for the transport
properties of molybdenum cluster chalco-
genides in terms of electronic/ionic conduc-
tivity at room temperature. Measurements
of the chemical diffusion coefficient D (300
K) by the galvanostatic intermittent titration
technigue (/6) in aprotic Cu'" electrolyte
yielded values of 1077 to 3 x 1077 cm?® - sec™!
for Cu;Mo,Sg and Cu, Mo Sy, respectively.
For the termary copper phases with
x = 2 and 3 a chemical diffusion coefficient
of about -2 orders of magnitude larger was
observed with a slight increase in D with
increasing Cu content (Fig. 8). These data
are not in agreement with the resulis of Dud-
ley er al.(15), who observed no change in D
with the variation in Cu stoichiometry from
x = 1.5to x = 3.37 in CuMo.S;. This in-
crease of ionic mobility in the host lattice at
room temperature may be due to the strong
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FiG. 8. Chemical diffusion coefficients £ of termary
phases Cu,MogS; as a function of the integral copper
content x (T = 300 K).

change in lattice distortion and unit ¢ell vol-
ume (Table 1). Yvon e al. (22) studied the
site occupancy of Cu at site [ and site 2 (Fig.
2} for thermal phases as a function of the
copper content in Cu,MoyS;. The authors
report that in Cu,MogSy only the first inner
site Cu(1} is occupied at the lower limit of x
(x = 1.8). Increasing x results in an increase
i the occupancy of the second outer site
Cu(2}, leaving the population of the first site
nearly unchanged. The increasing occu-
pancy of Cu(2) sites leads to an enlarged
origin 5, distance while the origin §, dis-
tance remains unchanged. This implies that
an increasing population of the outer Cu(2)
sites leads to an enlarged system of inter-
secting vacant channels in the chalcogen
atom network which allows an increase in
the 1onic mobility in the host lattice at higher
intercalation rates. From a thermodynamic
aspect, a change in slope of the potential of
the electrochemical intercalation of copper
at values of x > 2.1 appears; i.e., a change
in the variation of the free energy AG with
x must be noted (Figs. 4a and 7). At the
mentioned region of the charge-transfer dia-
grams a minimum of the hexagonal c-axis is

observed (Fig. 4b, Table I). The hexagonal
¢/a ratio decreases, however, over the
whole range from Cu, to Cu, as expected.
A smaller ¢/a ratio and a larger rhombohe-
dral angle indicate a deformation of the
Mo,S; host lattice; i.e., the origin Sg pseu-
docube is compressed and distorted along
the threefold axis. Meanwhile, the distor-
tion of the original lattice is relatively large
up to an iniegral copper content of =2.1
Cu/Mo¢S;, and further intercalation of guest
jons leads to significant lower structural
changes (Table 1). The region of the major
lattice distortion correlates in fact with a
significant change in transport behavior.

Structural Phase Transition of Cu, sM0.Sy
at Low Temperatures by in Situ X-Ray
and ®Cu NMR Studies

The first low-temperature studies per-
formed by Fliikiger et al. (J0) revealed that
rhombohedric copper Chevrel phases
Cu, Mo,S; undergo a triclinic phase transi-
tion. The transition temperature of
Cu, sMo,Sy was determined by specific heat
(C) measurements as T = 269 K. Further
indications for a sharp transition tempera-
ture of this phase at 269 K were given by a
discontinuity in the slope of the temperature
dependence of the electrical resistivity (71).

In order to verify the literature data, we
made systematic temperature-dependent in
sitn X-ray measurements of Cu, gMo,S, pre-
pared by thermal synthesis and compared
the results to those from corresponding %*Cu
NMR experiments. The sample in the dif-
fractometer was cooled by a flow of evapo-
rating liquid nitrogen ¢controlling the temper-
ature with a precision of =0.5 K through
electrical heat resistivity. Starting from 300
K the temperature of the solid was reduced
in steps of 5 K with a cooling rate of 10 min
- K~! down to 90 K. The sample remained
at constant temperature for 20 min in order
to achieve thermal equilibrium. Figure 9
shows the diffraction patterns of Cu, (Mo,S;
ina 20 range between 36° and 48° at different
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FiG. 9. Structural phase transition of Cu,MoS,:
Selected X-ray powder diffraction patterns in a temper-
ature range between 300 and 175 K. {Intensities not
proportional for reasons of a more distinet presen-
tation.)

temperatures (300 K = T = 175 K). Already
at 285 K a splitting of the Bragg peaks is
observed, indicating a first triclinic distor-
tion of the Cu, ;MoS, lattice. By further
lowering the temperature, the reduction in
symmetry becomes more distinct and ends
at 200 K, where the solid is completely con-
verted to a triclinic phase. In fact, the struc-
tural phase transition does not occur at a
definite temperature, as reported, but, as-

suming thermal equilibrium, in a wide tem-
perature range between 285 and 200 K.

Reproducible results without any hystere-
sis were obtained by slowly reheating the
sample under identical conditions. The lat-
tice parameters of the rhombohedral (room
temperature) and triclinic (low temperature)
phase are listed in Table I1. With the triclinic
distortion of Cu, Mo, S; an order phenome-
non, i.e., the formation of pairs of copper
atoms (dp,_c, = 258 pm (23}, is observed,
causing a slight contraction of the lattice
volume (Table 1I) and a strong distortion of
the cube shaped chalcogen cavity at the unit
cell origin,

The subsequent distortion of Cu, ;Mo.Ss
was further investigated by corresponding
temperature-dependent solid state ®Cu
NMR measurements (/7). The spectrum at
room temperature (I = 295 K) reveals one
resonance signal (central line) with a line-
width (half-width at half intensity) of approx
36 kHz. The resonance frequency of ®Cu
nuclei amounts to 79.515 MHz. The chemi-
cal shift of Cu, sMoS; (8 = —800 ppm vs
Cu'Cl) can be regarded as a downfield shift
or paramagnetic shielding. The high reso-
nance frequency in relation to copper metal

with a chemical shift of & = —-2000 ppm
Cu (Muogs,  implies partial  covalent
bonding.

Particular attention was given to the Cu
NMR lingshape changes at lower tempera-
tures in order to relate these to the X-ray
data. By subsequent cooling of the thermal
phase in steps of 5-10 K, a decrease in the
signal intensity in connection with an in-
tense line broadening was observed. At 200
K the resonance line almost fully disap-
peared from the noise level. If the tempera-
ture is lowered further, a new distinct reso-
nance line is observed already at 190 K.
Low-temperature spectra at 180 and 120 K
reveal almost the same line intensitly and
line shift (signal width 80 kHz) as the original
line at T > 280 K., This increase of the signal
width at low temperatures may be attributed
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TABLE I

LaTTICE PARAMETERS OF Cu, gM0,S; AT 300 K (RHOMBOHEDRAL PHASE) AND 200 K
{TRICLINIC DISTORTED PHASE)

a b C o 8 v V108
T(K) (pm) (pm} (pm) 9 ) © (pm?)
300 650.2(3) 94.88(2) 2711
200 643.9(4) 652.2(3) 651.3(3) 96.75(3) 93.49(2) 95.78(2) 269.5

to a strong magnetic interaction of the Cu
nuclei due to the small nuclear distance in
the low-temperature structure. The down-
field shift of Cu, sMo.S; at 120 K (—600 ppm)
is thus somewhat smaller than that at room
temperature.

The loss of intensity of the Cu NMR signal
in the temperature range between 295 and
200 K may be described by an order/disor-
der model. With decreasing temperature,
only small isolated areas of the sample un-
dergo triclinic distortion. Thus, some of the
copper atoms experience a different struc-
tural environment lcading to different field
gradients. The strong differences in the elec-
tronic environment of the copper nuclei are
cxplained by quadrupole interactions re-
sulting in strongly broadened and less in-
tense lines. The fact that only a small
amount of copper atoms experience an
equal structural and magnetic environment
represenis a state of strong structural and
magnetic disorder. Finally, at temperatures
near 200 K. rapid growth of the triclinic do-
mains occurs, leading to uniform quadru-
pole interactions. Hence after termination
of the structural phase transition below 200
K intense, although broadened, resonance
signals appear again. The latter is in
agreemen{ with considerations about the
above-mentioned formation of copper pairs
(23): reduced Cu-Cu distances lead to
stronger dipole—dipole interactions and thus
to a distinct line broadening of the Cu reso-
nance. Further investigations of thermally
and electrochemically synthesized interca-

lation compounds of CuMoS, are planned
with the aim of analyzing the bonding rela-
tions of copper in the molybdenum cluster
sulfide and of studying the ionic mobility of
the ternary metal atoms in the three-dimen-
sional solid matrix (/7). Similar studies of
the lithium intercalation systems Li/Mo,S,
and Li/MoSe; have already exhibited that
solid state NMR spectroscopy is a valuable
tool for clearing up phase diagrams and for
gathering valuable information about the
bonding aspects and dynamics of the host
species (21, 24).

Superconducting Properties of Ternary
Copper Phases CuMogSq

Investigations concerning the supercon-
ductivity of ternary molybdenum cluster
chalcogenides A MogX; (A = metal atom,
X =8, Se, Te) have been a major topic in
many publications since their discovery in
1972 (2, 25). The studies of the supercon-
ducting properties of the system Cu/Mo,S,
were performed on phases prepared by ther-
mal synthesis but also on samples obtained
via coulometric titration of Mo,Ss in aque-
ous Cu(ll} electrolyte (/3). Detailed investi-
gations about the superconducting behavior
of phases Cu,Mo.S; synthesized electro-
chemically in aprotic Cu(I) electrolyte have
not been performed so far. We also report
here on the influence of air and humidity
on the superconducting behavior of various
copper Chevrel phases synthesized at high
temperatures.

The quartz ampoules with the thermaliy
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TABLE III

TEMPERATURE-DEPENDENT ac
SuscepTiBILITY OF Cu,MogS;

xvin Cu,Mo,5; T. onset (K) Transition range (K)

(a) High-temperature phases synthesized ar 1400 K

i.8 10.1 35
p3 10.8 17
3 33 1.0
3.66 <2.2 —

(b} Samples obtained by galvanostatic reduction of MogS;
in aprotic CuCHYCH,CN electrolyte

1 5.3 3.7
2 10.4 235
3 6.0 3.0

synthesized Cu, MoS; phases with x = 1.8,
2.0, 3.0, and 3.66 were opened in a glove
box under inert gas atmosphere (Ar). While
part of the material was immediately trans-
ferred into helium-filled (500 mbar) lithium
borate glass capillaries and sealed in order
to perform the temperature-dependent ac
susceptibility measurements, the rest of the
materials were exposed to air for 5 days
before comparable amounts of them were
encapsulated in capillary tubes. Both sam-
ple series were measured under identical ex-
perimental conditions. No differences in the
induction signals, in height, in critical tem-
perature (T, midpoint), or in width of the
transition were detectable between samples
exposed to air and those stored under argon
atmosphere. The T, characteristics of the
high-temperature copper Chevrel phases
are listed in Table I1la. For Cu; ¢Mo,S; with
its strongly distorted lattice {ag = 95.56%;
¢/a = 1.05008) close to the magic number of
24 electrons per cluster, where semicon-
ducting behavior is expected (/}, no de-
crease in the induction signal above 2.2 K
(He-2) was observed. Cu,MoSg(NEC = 22)
reveals, in agreement with theoretical band
structure calculations (6} and earlier studies
on samples obtained via galvanostatic cop-
per intercalation at ambient temperature
(13), the highest transition temperature with
7. = 10.2 K (midpoint).

Parallel susceptibility —measurements
were performed with ternary copper phases
Cu Mo,S,, synthesized by electrochemical
technigues via potentiostatic {x = 1, 3, and
4) and galvanostatic (x = 2) modes in the
cell Cu®/CuCl, CH,CN//Mo,S; (in Ar atmo-
sphere) at room temperature. Comparable
quantities of the highly air-sensitive samples
were sealed into capillaries under 500 mbar
helium. Generally the intensities of the in-
duction signals were approximately one or-
der of magnitude smaller than those origi-
nating from the corresponding thermal
sampies. This phenomencn seems to be
strongly connected with the size of the parti-
cles, which depends on the mode of prepara-
tion. The samples synthesized electrochem-
ically at ambient temperature from MogSg
reveal a distinctly smaller particle size, lead-
ing to less distinct and broad phase transi-
tions. The difference in morphology is un-
derstandable, if we consider that the binary
host lattice MogS; is prepared from ther-
mally synthesized Cu,Mo.S; under chemical
copper deintercalation (leaching technique).
During this leaching process a reduction in
crystallite size is observable even under an
optical microscope. Beyond the reduction
in height of the transition and the increase
in the transition width, no further significant
differences from the high-temperature
phases were observed. The results from the
temperature-dependant susceptibility mea-
surements of samples prepared electro-
chemically in aprotic CuCl electrolyte are
presented in Table [I1b,

Conclusion

Thermodynamically stable phases of
Cu,Mo,S; could be synthesized from the ei-
ements at high temperatures (1100°C}) in the
range 1.8 = x =< 3.66, which is in good
agreement with experiments performed by
Yvon et al. (22). We cannot confirm reports
by Yamamoto et al. (26) on the formation of
high-temperature phases of CuMo.S; with
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366 = x =42, I1). CuMogS; (number
of electrons per cluster unit: NEC = 24),
however, may easily be obtained via coulo-
mefric titration of the binary eiectron-defi-
cient cluster chalcogenide Mo, Sg in aguteous
or aprotic electrolyte at 300 K. The maxi-
mum charge transfer observed is thus in
agreement with predictions from the ionic/
covalent structure model and band structure
calculations. The terminal product stoichi-
ometry corresponds to the ionic formula
(Cu*)[MogSs]*~ with four electrons, i.e.,
the maximum numbers taken up into the
conduction band of the MogS, matrix. Anal-
ysis of the structural changes with x for
thermally and electrochemically prepared
phases confirmed these results.

Warburg oxygen manometry turned out
to be a new analytical tool with which to
examine the copper content of ternary elec-
tronic/ionic conductors. Due to the kinetic
stability of the MogS; host lattice, the mobile
guest ions Cu! will be oxidized to Cu' upon
dissolution of the ternary compound in
aqueous acid solutions under consumption
of an equimolar amount of oxygen. This
method has also been used for determina-
tion of the oxidation states of high-tempera-
ture superconductor oxides (5). The lower
phase boundary of x = 1.8 in high-tempera-
ture Cu Moy S, phases shifts downtox = 1.0
when copper is intercalated electrochemi-
cally. Nonstoichiometric phases of
CuMo,S; with a homogencity range of
I = x = 4 can be synthesized only at low
temperatures. Solid state reactions of elec-
tronic conductors at room temperature thus
offer a way of synthesizing new metastable
phases which are not accessible by conven-
tional thermal preparation. Since topotactic
electron/proton transfer reactions via hy-
drogen branzes play an essential role in
many heterogeneous catalytic processes, in-
tercalation compounds of CuMo.S; have
been studied for the catalytic hydrogenation
of acetylene and reduction of N, . That activ-
ity has been interpreted in terms of the for-

mation of Cu,H ,Mo.S; intermediates and
depends on the charge of the Mo, cluster
(5). Investigation of the molybdenum clus-
ter chalcogenides with their unusuai proper-
ties in terms of the correlations of structure,
bonding, physical properties, and chemical
reactivity certainly remains an interesting
field of solid state science.
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