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Electrolysis of fused L&Moo4 at 850°C resulted in the growth of large crystals of H0.23Li1.68MoI.0S03 at 
the anode. The composition of the crystals was determined by chemical analysis, thermogravimetry, 
and X-ray diffraction. Single crystal X-ray structure analysis was carried out and confirmed that the 
crystals have the trigonal cr-NaFeOr structure type previously reported for Li2MoOj, but with evi- 
dence for a displacive superstructure. Magnetic susceptibility measurements down to 4.2 K show 
weak Curie-Weiss paramagnetism with c~eff = 0.35 ws. This contrasts with the almost total absence of 
paramagnetism in stoichiometric L&Moor prepared by hydrogen reduction of LizMo04. o rsst 
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Introduction 

Oxides containing molybdenum (IV) 
crystallize with a variety of interesting 
structures. The common feature is the ten- 
dency of Mo(IV) to form localized MO-MO 
bonds with its two unpaired electrons 
rather than forming broad, delocalized 
bands as in the tungsten bronzes. Examples 
of localized MO-MO bonding include 
Mo02, in which formation of MO-MO pairs 
between Mo(IV) ions in adjacent, edge- 
sharing octahedra leads to a doubling of the 
c-axis of the rutile structure (I), and Laz 
Mo207, which also contains Mo2 pairs (2). 
More complex MO-MO bonding is observed 
in the isostructural series M2M0308 (M = 
Zn, Mg, Mn, Fe, Co, No, Cd) (3, 4), in 
which all the molybdenum is present as tri- 
angular Mo3013 clusters, and in the spinel- 
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like compound GQ.~Mo&, which contains 
paramagnetic, tetrahedral Mod clusters (5). 
More generally, Burdett and Hughbanks 
have carried out extended Huckel calcula- 
tions on MOO;- close-packed layers; they 
predict the formation of clusters or chains 
of MO atoms for all cases where - 1 <n < 1 
(6). This prediction is supported by the 
structure of Nao.gsMoOz, which contains in- 
finite zig-zag chains of MO atoms (7). 
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Until recently it was thought that Liz 
Moo3 was an exception to this general ten- 
dency of Mo(IV) compounds to form local- 
ized MO-MO bonds. On the basis of X-ray 
powder diffraction data, both Lang (8) and 
Reau et al. (9) assigned to it the monoclinic 
P-Li#nOj structure, which consists of a 
cubic-close-packed oxide-ion lattice with 
basal planes of octahedral cation sites filled 
with Li+ alternating with basal planes of oc- 
tahedral sites containing a mixture of 
%Li+ : %Sn4+; the Sn4+ ions in these layers 
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are further ordered into an infinite, planar 
hexagonal network. However, not only is 
this structure unexpected for LiZMoO3 on 
the basis of the known crystal chemistry of 
Mo(IV) oxides, but it is also inconsistent 
with the X-ray diffraction data: although 
the powder diffraction pattern of LiZMoO3 
can be indexed to the &LizSnOJ unit cell 0 
(C2/c, a = 4.97 A, b = 8.61 A, c = 10.10 A, 
/3 = 99.Y), a number of peaks that are pre- 
dicted to be intense for this structure and 
that are clearly visible in the X-ray diffrac- 
tion pattern of p-Li2Sn03 itself are not ob- 
served for LitMoOs. In a recent paper (IO), 
one of us suggested that the true structure 
of L&Moos is a novel, disordered type sim- 
ilar to that of cY-NaFe02 but with no order- 
ing of MO and Li in the mixed *hLi : V3Mo 
layers. The Mo(IV) ions themselves were 
assumed to be present as randomly distrib- 
uted MoxOu clusters within these layers. 
The retulting unit cell is, trigonal (R3m, a = 
2.884 A, b = 14.834 A); the structure is 
very similar to that of cY-NaFeOz (Rjm, CY = 
3.025 A, b = 16.094 A), which consists of a 
cubic-close-packed oxide-ion lattice in 
which basal planes of octahedral cation 
sites filled with Na+ alternate with basal 
plans of octahedral sites filled with Fe3+ 
ions. The same structure is adopted by Li 
COO* and LiNiO*. This model provided a 
good fit to neutron powder diffraction data 
on a sample of L&M003 prepared by hydro- 
gen reduction of LiZMoO4 ; the trigonal lat- 
tice parameters given above were obtained 
from this refinement. The presence of 
Mo(IV) as Mo30j3 clusters was deduced 
from the extremely low electronic conduc- 
tivity of the material and its observed 
diamagnetism at room temperature (Mo3013 
clusters are diamagnetic). However, the 
lack of good magnetic susceptibility data 
and the rather poor quality of the neutron 
diffraction data which made refinement of 
individual atomic temperature factors im- 
possible in this earlier study made further 
research into this system desirable. In this 

paper we report the preparation, by elec- 
trolysis of fused LiZMoOd, of crystals of 
H,LiYMo,03 having the LiZMoO structure 
with partial substitution of H+ for Li+. 
Analysis, thermogravimetry, and single- 
crystal X-ray structure determination show 
that the composition of these crystals is 
Ho.nLl~d’h.os03 . The structure is the 
same trigonal a-NaFeOz-type previously 
reported for Li2Mo03, but there is some ev- 
idence from single-crystal X-ray diffraction 
data for the formation of a displacive super- 
structure. 

Experimental 

The crystals of H,LiYMo,03 were grown 
by electrolysis of fused Li2Mo04. The Liz 
Moo4 was prepared from stoichiometric 
amounts of Moo3 and L&CO3 mixed and 
heated in air at 600°C for 6 hr with intermit- 
tent grinding. Approximately 20 g of this 
material was placed in a zirconia crucible 
inside a vertically mounted tube furnace. 
The furnace was continuously flushed with 
dry N2, but otherwise no attempt was made 
to exclude air or moisture. The Li2Mo04 
(mp 6SoOC) was heated to 840°C and elec- 
trolyzed with 2 cm2 Pt foil electrodes at a 
current density of 10 mA cmm2 for 60 hr. 
The measured voltage across the cell was a 
constant 1.4 V throughout the electrolysis. 
Crystals of H,Li,Mo,03 formed rapidly at 
the negative electrode; after growing to a 
certain size they dropped off the electrode 
and accumulated at the bottom of the flux. 
The crystals were recovered by dissolving 
away the remaining Li2Mo04 with cold wa- 
ter, brief washing with 2 M HCl to remove 
traces of Mo03, and washing with water 
and acetone. The electrolysis carried out as 
described yielded 1.7 g of black, shiny crys- 
tals with well-developed hexagonal habits 
and typical dimensions 0.2 x 0.2 x 0.02 
mm. The surface of the crystals appears to 
degrade slowly on standing in air for a pe- 
riod of days. Single-crystal X-ray diffrac- 
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tion data were collected from two crystals 
prepared in separate electrolysis runs; they 
were examined on an ENRAF-NONIUS 
CAD4 single-crystal diffractometer. Details 
of the data collection are given in Table II. 
All subsequent calculations were carried 
out with the NRCVAX structure package 
(12) on an Alliant IX/80 computer. 

A powder sample of LizMoO was also 
prepared by the method of Gleitzer (II): 
LiZMoO4 was reduced with H2 at 650°C for 
48 hr with intermittent grinding. Both this 
material and a sample of the electrochemi- 
tally grown H,Li,Mo,03 crystals were sub- 
mitted to the Schwartzkopf microanalytical 
laboratory for analysis by atomic absorp- 
tion spectrophotometry. The magnetic sus- 
ceptibilities of both materials were mea- 
sured in the temperature range 5-300 K by 
means of a Faraday balance and thermo- 
gravimetric data were collected with a Du- 
Pont Instruments 951 thermogravimetric 
analyzer. 

Results and Discussion 

The results of the chemical analyses car- 
ried out on samples of ceramic LiZMoO3 
prepared by hydrogen reduction of Liz 
Moo4 and on electrochemically grown 
H,LiYMo,03 crystals are given in Table I, 
together with the expected Li and MO con- 
tents for stoichiometric LizMoOj. The ce- 
ramic is clearly very close to the stoichio- 
metric composition. However, the 
electrochemically grown crystals are 
slightly molybdenum rich and substantially 

TABLE I 
ELEMENTAL ANALYSIS OF MATERIALS 

Li %(w/w) MO %(w/w) 

LizMoO3 (calculated) 8.79 60.80 
LizMoO3 (powder) 8.70 60.50 
fb.J&&ot.0@3 (crystals) 7.22 62.24 
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FIG. I. Thermogravimetric data for a sample of 
H023LiI.~MoI.0S03 heated in Nz at 2”Umin. 

lithium deficient; the Li : MO ratio in the 
crystals calculated from this analysis is 
1.60 : 1. Such lithium deficiency in the Liz 
Moo3 system is familiar; two previous 
studies (IO, 13) have shown that partial to- 
potactic extraction of Li from LiZMoO is 
possible with mild oxidizing reagents such 
as dilute I2 in acetonitrile. The resulting 
LiZ-,Z Moo3 has Li vacancies concentrated 
in the mixed Li : MO cation layers. It was 
also shown that substantial amounts of H+ 
could be ion-exchanged for Li+ by stirring 
the LiZMoO3 powder in dilute acid over- 
night. In the case of the electrochemically 
grown crystals the thermogravimetry and 
X-ray diffraction data point to partial sub- 
stitution of H+ for Li+, rather than vacan- 
cies on the Li sites, as the reason for the 
low lithium content. Such substitution 
could take place if the molten LiZMoO4 
from which the crystals are grown is suffi- 
ciently hygroscopic to retain some dis- 
solved HZ0 at 840°C. Figure 1 shows 
thermogravimetry data for the electro- 
chemically grown crystals in N2. There is a 
weight loss near 600°C in N2 arising from 
loss of Hz0 due to the presence of H+ in the 
material. From the magnitude of this weight 
loss (1.27%), we arrive at an H+ content of 
0.225 H+ per LiZMoO formula unit in the 
crystals. Taking this together with the ana- 
lytical data we can deduce that the compo- 
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TABLE II 

SUMMARY OF CRYSTALLOGRAPHIC INFORMATION 
FOR H0.23Li~.~MoI.0~03 

Dimensions (mm) 0.15 x 0.08 x 0.02 
Radiation MOK,, x = 0.70930 A 
Monochromator Graphite 
Crystal system Rhombohedral 
Space group R3m (No. 166) 
Temperature Ambient 
Calculated density 4.961 g cmm3 
Scan mode e-28 
28 range 0 to 120” 
p km) 56.6 
Abs. correction Gaussian integration 
Transmission factors 0.49 to 0.91 
Extinction (pm) 0. I l(2) 
Total reflections 1313 
Unique reflections 241 
Observed reflections (I > 2.50) 194 
Rf (significant reflections) 0.041 
R, (significant reflections) 0.026 

sition of the crystals is Ho.2jLi1.68M01,0503, 
implying that there are very few vacancies 
on the octahedral cation sites. 

Structural parameters obtained by refine- 
ment of the single-crystal diffraction data 
are given in Table II. The parameters are 
given for only one of the two crystals stud- 
ied; the structural parameters obtained 
from the other crystal were identical to 
within two standard deviations. The refine- 
ment confirms that these crystals have the 
disordered cw-NaFe02 structure type pro- 
posed for Li2Mo03, with lattice parameters 
close to those previously determined for 
stoichiometric L&M003 prepared by hydro- 
gen reduction of L&M004 (10). One feature 
that is clear from the refinement is excess 
occupancy on the molybdenum (3b) sites. 
Interpretation of this is complicated by the 
fact that these sites are also occupied by 
lithium and, perhaps, hydrogen atoms. 
Since scattering from hydrogen atoms can 
be ignored and the Li occupancy of these 
sites must be between 0 and 0.33, we arrive 
at a fractional MO occupancy on the 3b sites 
of 0.70 2 0.015 and an overall molybde- 
num : oxygen ratio of 1.05(2):3 (the oxygen 
site occupancy is normalized to 1 .OOO in the 

refinement), fully consistent with the ana- 
lytical data. The anisotropic thermal pa- 
rameters of the MO atoms show large com- 
ponents in the ab plane; too large for 
thermal motions alone. This is exactly what 
would be expected if formation of Mo3013 
clusters results in small, random in-plane 
displacements of the MO atoms from the 3b 
sites. Indeed, small superstructure reflec- 
tions with fractional indices in h and k only 
were observed, indicating a doubling of the 
unit cell parameters in the ab plane. 

The formula H0.23Lil .aMoI .0503 deter- 
mined for the electrochemically grown 
crystals implies that the average MO oxida- 
tion state in the crystals is only +3.90. Such 
reduction of the molybdenum can be ac- 
commodated by a structure containing 
Mo3013 clusters because, according to the 
calculations by Cotton (14), the lowest-en- 
ergy empty orbital in these clusters is ap- 
proximately nonbonding. However, the 
presence of additional, unpaired electrons 
on the Mo30B3 clusters would be expected 
to give rise to a magnetic susceptibility. 
Figure 2 shows plots of inverse magnetic 
susceptibility versus temperature for the 
ceramic LizMoO prepared by hydrogen re- 
duction of LizMoOd and for the H”.23 
Li1.68M01,0503 crystals. Both materials ex- 

FIG. 2. lnverse magnetic susceptibility I/& - x0) 
versus temperature for (a) ceramic LizMoO3 prepared 
by hydrogen reduction of LizMo04: (b) H0.z3Li1,68 
Molo503crystals. 
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TABLE III 

CRYSTALLOGRAPHIC DATA OF H0.23Li1.68MoI.0S03 RHOMBOHEDRAL CELL, SPACE GROUP Rjrn (No. 166), 
Z = 1, a = 2.8684(3) A, c = 15.1166(6) A. 

Atom Position x y 

MO 3b 0 0 f 1.390(19) 0.716(12) 2.36(3) 0.552(19) 1.182 
0 6c 0 0 0.2454(3) 1.34(8) 1.38(8) 2.33(15) 0.689 
Li 3a 0 0 0 1.6(4) 1.2(3) 3.8(8) 0.579 

Note. u13 = ~23 = 0. The uij values are given in A2 x 100. 

hibit weak Curie-Weiss paramagnetism; 
fitting the data to an expression of the form 

xs = & + x0 

over the temperature range 20-300 K gives 
C, = 91.6 x 10m6 emu K g-l, x0 = 5 X 10m9 
emu g-l, and 0 = 12 K for the electrochem- 
ically grown crystals, and C, = 15.1 x 10m6 
emuKg-‘,x0=4 x 10-8emug-‘,and0 = 
1 K for the ceramic. Making the assump- 
tions that this is a localized, magnetically 
dilute system with S = 4 and no orbital con- 
tribution to the susceptibility, the observed 
Curie constants correspond to an effective 
magnetic moment of 0.35 Bohr magnetons, 
or one unpaired electron spin for every 25 
MO atoms in the electrochemically grown 
H0.23Lil .68M01 .o&3 crystals. The corre- 
sponding values for the powdered L&M003 
prepared by hydrogen reduction of Liz 
Moo4 are p,~ = 0.14 j.@, or one unpaired 
electron per 150 molybdenum atoms. 

In summary, we have prepared crystal- 
line H0.23Li1.68M01.0503 by electrolysis of 
fused LiZMoOd. The composition of the 
crystals was determined by chemical analy- 
sis and thermogravimetry and confirmed by 
single-crystal X-ray diffraction. The struc- 
ture of the crystals was determined; it is of 

the a-NaFeO* type with layers containing 
randomly distributed MO, probably in the 
form of Mo3013 clusters. The crystals ex- 
hibit weak Curie-Weiss paramagnetism. 
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