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L&Moo3 prepared by hydrogen reduction of L&Moo, was studied by X-ray and neutron diffraction. 
The results imply that the previous assignment of a /3-LilSn0, structure to this material (C2/c; a = 4.97 
A, b = 8.61 A, c = 10.10 A, /3 = 99.5”) is inappropriate. LizMoO3 has a novel, disordered a-NaFeOr 
structure (R&I; a = 2.884 A, c = 14.834 A) with the molybdenum present as Mo,O,r clusters. This 
structural model is consistent with the diamagnetism and low electrical conductivity of L&Moo, and 
accounts for certain features of the L&O-MoOz phase diagram. The presence of Mo90u clusters in 
LizMoO3 was confirmed by comparison of the He-I photoelectron spectra of L&Moo3 and ZnzMo308; 
the latter compound is known from single-crystal X-ray diffraction to contain Mo,O,, clusters. 
Oxidative extraction of up to 85% of the lithium from L&Moo3 was achieved at ambient temperature 
with mild oxidizing agents and electrochemically. Crystallographic studies of Li,-,MoO, by X-ray 
and neutron powder diffraction show that lithium extraction is accompanied by migration of some 
molybdenum ions to sites in the lattice previously occupied by lithium ions. Electrochemical 
delithiation of L&Moo, is kinetically stow and not fully reversible. 0 1988 Academic PWSS. IW. 

Introduction 

Transition-metal compounds that can 
undergo reversible lithium insertion/extrac- 
tion at ambient temperature are of great 
technical interest as cathode materials for 
secondary lithium batteries (1). Since the 
original discovery by Whittingham (2) that 
T& would intercalate lithium reversibly, 
research has been concentrated on transi- 
tion-metal layered chalcogenides (3), Chev- 
rel phases (4), layered oxides (5, 6), and 
framework structures such as defect spinels 
(7). As an extension of recent work on 
electrochemical lithium extraction from the 
layered oxides LiCoO* (5) and LiNiOz (6), 
it was decided to investigate LizMoOJ. 

The initial decision was based on the 

* TO whom correspondence should be addressed. 

assumption that Li2Mo03 had the p-Liz 
Sn03 structure and on an interest to learn 
whether this structure would permit lithium 
extraction without displacement of the 
transition-metal atom to the lithium layers. 
Several workers Q-10) have used X-ray 
powder diffraction data to assign to Liz 
Moo3 the monoclinic p-LizSnO3 structure 
(Fig. 1). This structure consists of a cubic 
close-packed oxide-ion lattice with the oc- 
tahedral interstices filled by cations in an 
ordered way: basal planes of octahedral 
sites alternatively contain Li+ only and 
*Li+, $Sn4+. Furthermore the Sn4+-con- 
taining layers are ordered to give a continu- 
ous hexagonal network of Sn4+ ions. The 
layered LiCoOz structure, which has its 
layered sites alternatively Li and Co only, 
allows reversible electrochemical extrac- 
tion of lithium with fast electrode kinetics 
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FIG. 1. The /3-Li2Sn03 structure. 

because of rapid lithium-ion diffusion 
within the lithium layers (11). Therefore, a 
L&Moo3 phase with the p-LizSn03 struc- 
ture could be expected to have similar elec- 
trode kinetics. Another reason to predict 
good electrode performance from such a 
Li2Mo03 phase is suggested by Fig. 2, 
which is a qualitative electronic energy- 
level diagram for Mo4+ (d*) ions in a Li2Mo 
O3 having the p-Li2Sn03 structure. The par- 
ent octahedral site allows 4d-electron occu- 
pancy at a Mo4+ : 4d2 ion of only two of the 
three t2 orbitals. A trigonal component to 
the crystal field splits the manifold of three 
t2 orbitals into one LI~ orbital parallel to the 
trigonal axis and two err orbitals giving 
strong MO-MO overlap in the basal plane; 
with two distinguishable MO atoms per unit 
cell in the basal plane, orbital overlap in the 
MO-MO network splits the eW band into sep- 
arate bonding and antibonding bands. The 
Mo4+ : 4d2 configuration in this structure 
should have the bonding e= band exactly 
filled; we therefore expected Liz-,MoOj to 
be a metallic conductor in the range 0 < x < 
2. Liz-,Mo03 would then provide the com- 
bination of good electronic conductivity, 
high lithium-ion mobility (in the pure Li+ 
layers of the structure) and structural sta- 
bility needed for a reversible cathode in a 
lithium battery. Furthermore, the Mo~+‘~+ 
couple is sufficiently strongly oxidizing to 
give a useful cell voltage of over 2 V against 
lithium metal. Gopalakrishnan and Bhat 

(10) have recently reported that large 
amounts of lithium can be oxidatively ex- 
tracted from LizMoO with bromide solu- 
tions. 

On the other hand, it should be noted that 
the Li2MoOj structure described above is 
unexpected in view of the known solid- 
state chemistry of molybdenum (22). Gen- 
erally, MO-MO interactions in oxides do 
not stabilize broad bands of extended Bloch 
states; MO-MO clusters or chains rather 
than metallic bonding are commonly found 
across shared octahedral-site edges for 
MO’+, Mo4+, and Mo3+ ions. Molybdenum 
oxide bronzes are rare (13). For example, 
molybdenum clustering is found in the se- 
ries of ternary tetravalent molybdates M:+ 
M0~0s (M = Zn, Mg, Mn, Fe, Co, Ni, Cd) 
(14). The structure of Zn2M030s has been 
refined from single-crystal X-ray data (15) 
and is shown in Fig. 3. It consists of a 
double hexagonal closest packing (abcb) of 
oxide ions in which the oxygen layers are 
alternately held together by partially filled 
layers of octahedral and tetrahedral Zn*+ 
and three-quarter-filled close-packed layers 
of Mo4+ octahedra. Each Mo4’ ion shares 
octahedral-site edges with four neighboring 
Mo4’ ions on linear chains intersecting at 
60” so as to make an array of corner-shared 
triangles. A cooperative dimerization along 
each chain results in six-electron triangular 
Mo30i3 clusters. The MO-MO separation is 
2.524 A within the cluster and 3.255 A 

Octahedral Ma” Trigonal Distortion 

FIG. 2. Qualitative energy-level diagram for the f2 
manifold of Mo4+ (48) ions in a LizMoO having the 
/3-Li2Sn03 structure. 
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FIG. 3. The Zn2Mox08 structure (after Ref. (15)). 

between clusters. Cotton (16) has carried 
out LCAO-MO calculations on Mo3013 
clusters; his results confirm that the clus- 
ters are strongly favored over isolated 
iWoO6 octahedra in the case of Mo4+: the six 
4d-electrons of Mo30r3 exactly fill the aI 
and e bonding orbitals of the cluster. Our 
investigation of Li2Mo03, described below, 
demonstrates that the previously reported 
P-LizSn03 structure for this compound is 
incorrect; the stability of the MO-MO inter- 
actions stabilizes instead a layered struc- 
ture containing Mo3013 clusters. 

Experimental 

Preparation of L&MOOS and LiZvxMo03. 
LizMoO was prepared by the method of 
Gleitzer (17). Predried Moo3 (BDH AnalaR 
99.8%) and L&CO3 (BDH AnalaR 99.5%) 
were ground intimately and heated under a 
stream of dry air at 873 K for 24 hr. The 
resulting LizMoO4 was ground and reduced 
in a stream of dry hydrogen at 923 K for 48 
hr to give LiZMo03. The product is a black, 
air-stable solid. The lithium and molybde- 
num compositions were found by atomic- 
absorption analysis, and the Mo4’ was de- 

termined by the reducing-power analysis of 
Choain and Marion (18) and confirmed by 
thermogravimetry in air with a Stanton- 
Redcroft 1 l/785 thermobalance. All the 
analyses were consistent with the compo- 
sition LiZMoO3 to within 3%. The X-ray 
diffraction pattern of this material matched 
those given for LiZMoO3 in the literature 
(8-10) with no extraneous peaks. The 
phase prepared corresponds to the p-Liz 
Moo3 described by RCau et al. (8); we were 
unable to prepare the closely related a-L& 
Moo3 that they describe. 

Chemical oxidative extraction of lithium 
from L&Moo3 was achieved by vigorous 
stirring of LizMoO3 in solutions of Br2 (0.05 
M in dry acetonitrile) or I2 (0.1 M in dry 
acetonitrile) for 7 days at ambient tempera- 
ture under a reduced pressure of dry nitro- 
gen. The extraction was done with standard 
Schlenk techniques, and in each case the 
product was analyzed by atomic-absorption 
analysis, Mo4+ reducing-power analysis and 
thermogravimetry in air. The product com- 
positions found were L&Moo3 for the 
bromine extraction and Li0.9M003 for the 
iodine extraction; both samples were free 
from Hf. 
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The samples of LizMoO3 and L&M003 
were all found to be diamagnetic at room 
temperature with electrical resistivity > 10’ 
ohm cm. 

Diffraction measurements. X-ray pow- 
der diffraction measurements were made 
on a Philips APD 3520 diffractometer. The 
diffractometer incorporates a Gaussian 
peak-fitting program for accurate location 
of diffraction peaks, and cell parameters 
were refined by a least-squares iterative 
method implemented on a VAX 11/785 
minicomputer. Peak intensities for a given 
structural model were calculated with the 
program LAZY PULVERIX (19). 

Powder neutron diffraction on LiZMoO3 
and L&Moo3 was performed on the DlA 
instrument at ILL Grenoble. The diffrac- 
tion patterns were processed with standard 
Rietveld programs (20, 21). All diffraction 
measurements were made at room temper- 
ature. 

Electrochemical measurements. Electro- 
chemical extraction of lithium from Liz 
MoOj was carried out in a test cell of the 
Mizushima type (5). Finely ground Liz 
MOO, (about 20 mg) was pressed at 10 tons 
onto a l-cm-diameter grid cut from 60-mesh 
stainless-steel gauze. Once pressed, the 
grid was assembled into the cell of Fig. 4 
in an argon-filled glove box. The liquid 
electrolyte was a 1 M solution of LiBF4 in 
purified (22) propylene carbonate; the lith- 
ium anode and reference electrode were 

a 

FIG. 4. Electrochemical cell for lithium cycling. 

separated from the cathode and each other 
by electrolyte-soaked Whatman glass-fiber 
pads. The whole assembly was compressed 
by screwing together the stainless-steel 
spigots until a stable voltage was obtained 
between the cathode and both the counter 
and the reference electrodes. Oxidative 
lithium extraction was carried out by galva- 
nostatic charging at IO-20 PA. The compo- 
sitional dependence of the open-circuit 
voltage (OCV) versus lithium was obtained 
by extracting the lithium stepwise (hx = 
0.1) and allowing the cell to equilibrate for 2 
weeks before measuring the voltage and 
continuing the delithiation. 

L&Moo3 cells were charged up to x = 
1.1 only; they were then discharged step- 
wise back to LizMoO3 in order to study the 
reversibility of the electrochemical lithium 
extraction. The experiment was interfaced 
to a Rade microcomputer for continuous 
monitoring of the current and voltage. 

Photoelectron spectra. In order to es- 
tablish the presence of Mo30i3 clusters in 
LizMo03, its He-I photoelectron spectrum 
was compared with that of ZnzMojOs, 
which is known to contain MojOlj clusters 
(15). Zn2M0308 was prepared by the 
method of McCarroll et al. (14): ZnO 
(Koch-Light 99.999%) and MoOz (Cerac 
99.9%) were mixed in stoichiometric pro- 
portion and pressed into a 13-mm-diameter 
pellet at 10 tons pressure. The pellet was 
wrapped in Pt foil and heated in an evacu- 
ated silica ampoule (p < lop4 Torr) at 
1300 K for 48 hr. The product was found by 
X-ray diffraction to be pure ZnzMojOs with 
no trace of starting material. 

PES samples of LizMoO3 and ZnzMojOs 
were pressed into 13-mm-diameter pellets 
at 10 tons pressure and introduced into the 
preparation chamber of an ESCALAB-5 
electron spectrometer. Since there was 
some surface oxidation of Mo4+ to Mo6’ in 
both cases, the samples were initially re- 
duced at 770 K under 10 Torr of hydrogen. 
This was followed by surface desorption at 



up to 900 K under a dynamic vacuum of 
<10m9 Torr. Following transfer to the main 
chamber, X-ray photoelectron spectra were 
found to be free of signals due to carbon or 
other contaminants. XPS of the molybde- 
num core levels showed that all the MO was 
present as Mo4+. Sample stoichiometry (ex- 
cept for lithium) was monitored in situ by 
measuring intensities of the dominant core 
peaks in XPS. The results indicate that the 
surface composition is close to that of the 
bulk material. He-I PES and HREELS 
spectra were obtained under a dynamic 
vacuum <lo-” Torr. 

Results and Discussion 

Structure of Li&foO~. The neutron dif- 
fraction pattern of LizMoO3 is shown in 
Fig. 5. Both the neutron and the X-ray 
diffraction patterns of LilMo$ can be in- 

‘OO 
dexed to a trigonal unit cell (R3m; a = 2.884 
A, c = 14.834 A). Although the patterns can 
also be indexed to the monoclinic unit cell FIG. 5. Neutron-diffraction profile refinements of (a) 

of the /?-LizSnOj structure (C2/c; a = 4.97 
LizMoO and (b) Li,,gMo03. Observed data as points; 

A, b = 8.61 A, c = 10.10 A, /3 = 99.5”), this 
calculated and difference profiles as lines. 

indexation is unrealistic since it assumes 
that a number of peaks, which are predicted The refinement converged rapidly to the 
to be intense for this structure and which structure given in Table I; MO and Li(l) 
are clearly observable in the X-ray and occupancies cannot be refined simulta- 
neutron diffraction patterns of p-Li2Sn03 neously, so they were constrained accord- 
itself (23), are undetectably weak in the ing to the stoichiometry of the compound. 
case of Li2Mo03. The diffraction patterns The high R factor was due to the low 
of LiZMoO3 closely resemble those of Li neutron-beam intensity at the time the mea- 
CoOI and LiNiOz (24), both of which have surements were made, resulting in a low 
the layered cY-NaFeOz structure shown in 
Fig. 6 (R?m; a = 3.025 A, c = 16.094 A), 

signal-to-noise ratio; the R factor expected 
on the basis of counting statistics is almost 

consisting of a cubic close-packed oxide- the same as that obtained from the re- 
ion lattice with basal planes of octahedral finement (Table I). The rather broad and 
sites alternately filled with Nat and Fe3+ non-Gaussian diffraction peaks also contri- 
ions. Therefore, a new structural model buted to the R factor; the refinement was 
was adopted as the basis for Rietveld re- optimized by fitting the peaks to the Lo- 
finement of the neutron-diffraction profile rentzian function given in Table I. Later, 
of Li2Mo03: the ar-NaFe02 structure with repeated sintering of the sample of Li2 
Na layers replaced by Li and Fe layers Moo3 at 1150 K sharpened the diffraction 
replaced by a randomly distributed mixture peaks, but it did not otherwise alter the 
of 1/3Li, 2/3Mo. structure. The layered nature of the struc- 

LizMoO3 AND Liz-,Mo03 91 



92 JAMES AND GOODENOUGH 

0 o*- [&I . Fe3+[3bj o Na+ [3al 

FIG. 6. The cu-NaFeO, structure. 

ture suggested that particle orientation ef- 
fects might also be contributing to the R 
factor, but refinement of the preferred-ori- 
entation parameter showed that this effect 
is negligible. Individual atomic temperature 
factors could not be refined. X-ray and 
neutron powder-diffraction integrated peak 
intensities calculated from the refined 
structure are in excellent agreement with 
observed values; this is reflected in the low 
value of the Bragg R factor in Table I. 

The diamagnetism of L&M003 implies 
that the Mo4+ (d*) ions are not present as 
isolated Mood octahedra, but as randomly 
distributed planar clusters or chains such 
that each MO makes two homopolar bonds 
with neighboring MO ions. As discussed 
above, this condition is most easily fulfilled 
by formation of Mo3013 triangular clusters. 
(The alternative-formation of zigzag MO 
chains-is observed in /?-MoTe2 and can- 
not be ruled out here; however, it should be 

noted that the end members of such a chain 
will be paramagnetic, so the chains in Liz 
Moo3 would have to be very long to ac- 
count for the observed diamagnetism.) If 
we assume that the MO is present as MojOu 
clusters, then the disordered structure of 
LizMoO3 is readily accounted for: the very 
low mobility of MO locked into Mo30n 
clusters prevents rearrangement of the 
clusters into ordered arrays at the moderate 
temperatures employed to make Li2Mo03. 

TABLE I 

STRUCTURAL PARAMETERS OF LizMoOs AND 
Lis.sMoOs 

Atom Position x/a y/b z/c Occupancy 

LizMo: Space group R&r; 
a = b = 2.884(0.001) A, c = 14.834(0.002) 8, 

:: 0.00 0.00 0.00 0.00 0.500 0.00 0.333(0.002) 0.167(0.002) 
Li(2) 3a 0.00 0.00 0.00 0.500(0.002) 
0 6c 0.00 0.00 0.246(0.090) 1.000(0.001) 

Lir.sMoOl: Space group R&z; 
a = b = 2.906(0.001) A, c = 14.904(0.002) A 

MO(~) 3b 0.00 0.00 0.50 0.270(0.002) 
MO(~) 3a 0.00 0.00 0.00 0.063(0.002) 
Li(1) 3b 0.00 0.00 0.50 0.002(0.002) 
Li(2) 3a 0.00 0.00 0.00 0.300(0.002) 
0 6c 0.00 0.00 0.243(0.000) 1.000(0.001) 

Note. Standard deviations of refinable parameters given in 
parentheses. For LilMo, overall isotropic temperature factor, 
Bi, = 0.61(0.06) I@. R, = 11.3%. R,, = 14.5%, Rb = 4.9%. 
R&expected) = 14.0%. For Lio.pMoOJ, overall isotropic tem- 
perature factor, B,,, = 2.03(0.06) .@. R, = 6.7%, R,, = 9.6%. 
Rb = 3.2%, R,,(expected) = 10.1%). 

R,(expected) = 100 ((N~W~z~rC))“‘, 

where I = integrated Bragg intensity, Y = number of counts at 
angle 28, wi = weighting factor for the ith data point, N = 
number of statistically independent observations, P = number 
of least-squares parameters in the refinement, C = number of 
constraint functions in the refinement. The Lorentzian peak 
shape function employed in the refinement is given by 

2vc Hi 
LlL = K [I + C(28, - 2&#]” 

where HK = full width at half maximum of the Kth peak 
(refinable parameter), C = 4(d2 - 1). 28~ = 20 position of the 
Kth reflection. 
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The other phases in the L&O-MoOI sys- 
tem probably have similar structures. RCau 
et al. (8) reported phases Li6M0207 and 
Li4M0501Z, both with X-ray diffraction pat- 
terns very similar to that of Li2Mo03. 
These phases and LiZMoO form a contin- 
uous solid solution above 1100°C. The dis- 
ordered nature of the LizMoO3 structure 
enables the Li: MO ratio in these com- 
pounds to vary over a wide range without a 
change of structural type. 

Structure of Li2-xMo03. The X-ray and 
neutron diffraction patterns of Li0.9Mo03 
resemble those of LiZMoO3 and can be 
indexed to a nearly identical trigonal unit 
cell (Z&z; a = 2.906 A, c = 14.904 A); this 
implies that no phase change takes place on 
delithiation. However, Rietveld refinement 
of the neutron-diffraction profile (carried 
out as described above for Li2M003) dem- 
onstrates that the delithiation is not topo- 
tactic; the refinement converges rapidly to 
the structure given in Table I, in which 
nearly 20% of the molybdenum atoms, 
along with all the lithium ions formerly in 
the molybdenum-containing layers, have 
migrated into the layers of octahedral sites 
formerly occupied by lithium only. This 
displacement of MO ions can be explained 
as follows: oxidation of Mo3013 clusters is 
followed by disproportionation of the oxi- 
dized clusters to give isolated octahedral 
Mo6+ ions that migrate to electrostat- 
ically favored sites vacated by lithium in 
the alternate layers. Molybdenum displace- 
ment also accounts for the fact that the c/a 
lattice parameter ratio in LiO.gMo03 is 0.5% 
less than that in LizMo03; if the lithium ex- 
traction were topotactic, then the c/a ratio 
would be expected to increase as the lith- 
ium is removed because of increased elec- 
trostatic repulsion between close-packed 
oxide-ion layers; for example, the c/u lat- 
tice parameter ratio of Li&ZoO2 prepared 
by topotactic lithium extraction from Li 
COO* is 2% greater than that of LiCoOZ 
itself (24) (Figs. 7a and 7b). In the case of 

FIG. 7. Distribution of molybdenum ions in close- 
packed layers: (a) three-fourths of sites in layer occu- 
pied by Mo4’; ordered array of Mo3 clusters found in 
ZnzMo30s. (b) Two-thirds of sites in layer occupied by 
Mo4+; random distribution of Mo3 clusters found in 
Li2Mo03. 
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Li0.9Mo03, the lithium-depleted layers are 
held together by the displaced Mo6+; this is 
also reflected in the small shift in the rela- 
tive positions of the oxide-ion layers. Fi- 
nally, we note that the overall isotropic 
temperature factor (individual atomic tem- 
perature factors cannot be refined) is too 
high to be accounted for by thermal vibra- 
tions alone; it must be due to small, random 
variations in atomic positions arising from 
the disordered nature of the delithiated 
structure and the formation of molybde- 
num(VI)-oxygen double bonds. 

A similar displacement of transition- 
metal ions to that in Li2-xMo03 has been 
observed in the delithiation of the layered 
vanadate LiVO2 (27), which has the a-Na 
FeOz structure. In this case, oxidative ex- 
traction of Li leads to migration of vana- 
dium ions into layers formerly occupied by 
lithium only. Such migrations are undesir- 
able in lithium-battery cathode materials 
because the displaced transition-metal ions 
reduce the lithium-ion mobility and because 
the displacement is generally irreversible. 

The X-ray diffraction pattern of L& 
Moo3 shows it to be virtually amorphous; 
the processes of disproportionation and 
migration of molybdenum have completely 
disrupted the original LizMoO, structure. 

Electrical measurements. Figure 8 
shows the compositional variation of the 
OCV versus lithium metal for Liz-,MoO, 
(0 5 x 5 1 .I). Data for both charging and 
discharging of a 19-mg sample of L&M003 
are shown. The irreversibility of the elec- 
trochemical delithiation is apparent after 
just one charge-discharge cycle; it rules 
out L&Moo3 as a reversible cathode for 
lithium secondary batteries. The OCV of 
LitMoO itself (2.3 V) is higher than that of 
MOO;? (1.7 V) (25). This difference implies 
that the Fermi level is lower-lying in Liz 
Mo03, where the Mo4+ d-electrons are lo- 
calized in clusters, than in metallic MoOz; 
MO-MO dimerization in Moo2 places the 
Fermi level in a partially filled m* band that 

3.0 3.0 

G2.6 2.6 

g 

J 2.2 2.2 

2 
2 
z 1.8 1.8 

2 
0 1.4 1.4 

,.O.LO 0.0 0.2 0.4 0.6 0.8 1.0 

Composition (x) of Li(2-x)MoO3 

FIG. 8. Open-circuit voltage versus composition for 
a single charge-discharge cycle of Liz-,Mo03 (0 < x < 
1.1). 

is antiboding with respect to MO-O 7~ bond- 
ing and nonbonding with respect to MO-MO 
interactions (26). PES measurements place 
the r* band approximately 1 eV above the 
MO-MO bonding state in MOO* (26). The 
impedance of the LizexMo03 cell was ex- 
tremely high; the electronic impedance was 
several thousand ohms and lithium-ion dif- 
fusion within the electrode was slow. The 
slow diffusion meant that the cell took 2 
weeks to equilibrate on open circuit before 
the OCV could be measured for a given 
composition. 

Photoelectron spectroscopy. The He-I 
photoelectron spectra of LizMoO3 and 
Zn2M0308 are shown in Fig. 9; the binding 
energies are referred to the Fermi energy. 
The photoelectrons with binding energy 
<3.6 eV arise from ionization of Mo4+ 4d 
levels, the intense signal between 3.6 and 
10 eV is due to ionization of the oxygen 
2p manifold, and the peaks at higher bind- 
ing energy (lower photoelectron kinetic 
energy) are due to secondary electrons. 

The photoelectron spectrum of ZnzMoJ 
O8 in the MO 4d region consists of two 
overlapping Gaussian peaks. This spectrum 
can be rationalized as follows: according to 
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3. 6 7.2 18. e 14. 4 

Binding Energy (eV) 

lb I 

FIG. 9. He-l photoelectron spectra of (a) LiZMoOS 
and (b) ZnzMo,Os. 

Cotton (16), the six MO 4d-electrons in the 
Mo~O,~ clusters of Zn2M0308 occupy the al 
lowest bonding orbital and the next-lowest 
e degenerate pair of bonding orbitals; hence 
two distinct PES peaks are expected. The 
close similarity of the LizMoO photoelec- 
tron spectrum to that of ZnzMo308 in the 
MO 4d region is strong evidence for Mo3013 
clusters within the disordered LiMoz layers 
of LizMo03. In particular, there is no signif- 
icant broadening of the 4d ionization band 
in LizMoO3 such as would be expected if 
the MO was forming larger clusters of 
chains, and there is no sign of a Fermi edge 
(or the plasmon mode in EELS) that would 
be expected if the MO was engaged in 
metallic bonding. 

Proof of the structural model proposed 
for LizMoO must await the preparation of 
single crystals for X-ray diffraction. The 

refractory nature and disordered structure 
of LizMoOs make it hard to grow large 
single crystals, but this might be possible, 
for example, by slow electrolysis of Liz 
Moo4 (mp 649 “C). 
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