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A wide domain of solid solutions have been prepared in the CrNbO,-VOr-MoOr system with rutile- 
type structure. Electrical conductivity (77-300 K) and magnetic susceptibility (4.2-300 K) measure- 
ments of the samples show small band gap semiconducting behavior with very low activation energies 
(E. < kT) and strong magnetic interactions of the metal ions, respectively. The magnitude of electrical 
conductivity and magnetic interactions increases with increasing MO content. The transport properties 
are discussed in terms of the structural and electronic properties of the compounds. Results of lithium 
insertion reactions on selected compounds are also presented. 8 1986 Academic press, I~C. 

Iutroduction 

A number of metal dioxides, particularly 
those of the transition metals, adopt rutile 
or r-utile-related structures. There have 
been numerous studies, both experimental 
and theoretical, attempting to correlate the 
electronic and structural properties of these 
phases (Z-3). The binary transition metal 
dioxides of V, Nb, MO, W, and Re have 
incompletely filled d shells and the varia- 
tion of the observed structural and physical 
properties are associated with the number 
of unpaired d electrons (1-7). In addition to 
their interesting structural, electrical, and 

* To whom correspondence should be addressed. 
t Present address: Regional Research Laboratory, 

Trivandrum 695019, India. 

magnetic properties, some of these oxides 
have been investigated for potential appli- 
cations in the photoelectrolysis of water 
(8-11) and as possible cathode materials 
for high energy density secondary batteries 
cm. 

The ideal rutile structure may be de- 
scribed as a hexagonal close-packed oxy- 
gen lattice with octahedrally coordinated 
metal ions forming edge-shared infinite 
chains along the [OOl] direction of the te- 
tragonal unit cell (P42/mnm); the chains are 
cross-linked by octahedra sharing comers 
to form an equal number of identical vacant 
channels. Strong cation-cation interactions 
often occur between metal ions across 
edge-sharing octahedra, resulting in anoma- 
lously short metal-metal distances and/or 
structural modification of the r-utile type 
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FIG. 1. The Mile structure, showing closest metal- 
metal interactions along the [OOI] direction. 

(VOz at T < 340 K, MoOz, for example). 
Figure 1 shows that this metal-metal inter- 
action occurs along the c direction and that 
the metal-metal distance is equal to the 
length of the c axis of the undistorted rutile 
unit cell. In VOz (T < 340 K), MOO*, WOZ, 
and Re02 very short metal-metal distances 
have been observed, indicating the pres- 
ence of single and multiple metal-metal 
bonds, respectively (3). 

For example, r-utile-type metallic VOZ in 
which the V-V distances are equivalent 
(2.87 A) undergoes a phase transition at 
340 K to a monoclinic, low-temperature 
semiconducting polymorph in which 
there are alternating short (2.65 A) and long 
(3.12 A) V-V distances along the c axis (4). 
Similarly, MoOz is metallic, but monoclinic 
and there are alternating short and long 
metal-metal interactions in the c direction 
(13). There is a close relationship between 
the magnitude of the short metal-metal dis- 
tances and the number of unpaired d.elec- 
trons which are not engaged in metal- 
oxygen bonding and are available for 
metal-metal bonding (4-6). It has been 
found that the axial ratio c/u of the rutile- 
related oxides is a good measure of the 
short metal-metal distance and may be 
used as a comparison of the t-utile struc- 
tures consisting of metal ions of different 
sizes (3-6). Studies of ternary rutile phases 

of the type Cri-,Mo,Oz, V1-,Mo,02, and 
Nbl-,Mox02 show that the t-utile structure 
is stabilized with incorporation of MO and 
that the unit cell volume increases as ex- 
pected from ionic size while the magnitude 
of the c axis decreases with increasing MO 
content, probably due to the increased Mo- 
MO interaction along that direction (5). 

The band model energy diagram pro- 
posed by Goodenough (I#) and modified by 
Rogers et al. (3) which qualitatively ac- 
counts for the structural and electronic 
properties of rutile-related dioxides has 
been confirmed to be basically correct by 
recent X-ray photoemission (XPS) studies 
(IS17). 

Recently we have reported on quar- 
ternary rutile-type oxides CrVNbOs, Fe 
VNbO6, NiV2Nb2010, Cr2V2WO10, and 
Cr2Nb2W010 (I&21), each with the general 
formula MOZ. It was shown that these com- 
pounds adopt the ideal t-utile structure, can 
form grossly nonstoichiometric phases with 
retention of this structure, are semicon- 
ducting, and their electronic and magnetic 
properties may be correlated with the num- 
ber of unpaired d electrons introduced into 
the rutile network. 

In an attempt to prepare new quarternary 
rutile type molybdates, compounds of 
Wz~;M002+2~r+y~ with M’ = first row tran- 
sition metal and M” = V, Nb, MO, and W 
were systematically studied. Only a few 
compositions produced single t-utile 
phases-NiNbMoOs and CrzWMoOs, for 
example. In the CrNbOd-yMoO2 system we 
found that the r-utile structure is adopted 
only when y < 0.3. However, the solubility 
of Moo2 in CrNbO,, can be increased with 
the simultaneous incorporation of V02 to 
form a series of solid solutions CrNb04- 
xVOryMoO2. The analogous system of 
FeNb04-xVOryMo02 with selected com- 
positions was also studied for comparison. 
We found that the electrical conductivity 
and activation energy change systemati- 
cally with composition in these series of 
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compounds, so that a close control of the 
electronic properties for specific applica- 
tions may be achieved by careful adjust- 
ment of the chemical composition. Possible 
application of these mixed oxides as cath- 
ode materials in secondary lithium batteries 
was also investigated. The results of the 
physicochemical investigations of the new 
mixed transition metal rutile phases in the 
system CrNbOrxVOryMo02 are pre- 
sented in this paper. 

Experimental 

High-purity (~99.99%) oxides, Cr203, 
Nb205, FezO3, V205, and Moo3 (Johnson 
Matthey, Inc.), were used as starting mate- 
rials. V02 was prepared by heating a stoi- 
chiometric mixture of V205 and V metal 
powder in evacuated and sealed quartz 
tubes at 700°C for 40 hr. MOO* was pre- 
pared by heating a mixture of Moo3 and MO 
metal in a similar manner. All compounds 
in the system CrNbOd-xVOryMoOz were 
prepared from stoichiometric mixtures of 
Cr203, Nb205, VOz, and MoOz. Reactant 
oxides were intimately ground and mixed in 
an agate mortar and then pelletized at 
20,000 psi. The pellets were sealed in 
quartz tubes at 2.5 x 1O-2 torr and heated at 
lOOO-1100°C for 7 to 12 days. When neces- 
sary the materials were reground and re- 
fired several times until well crystallized 
single phases were obtained. 

The identity and purity of the phases pre- 
pared were monitored by X-ray powder dif- 
fraction patterns which were recorded on a 
Philips Norelco diffractometer with filtered 
copper radiation. Silicon powder was used 
as an internal standard. Patterns were re- 
corded in the range 10” 5 28 I 70” and 
scanned with a speed of t 28/min. The lat- 
tice parameters were obtained by least- 
square fits of the observed powder diffrac- 
tion data for all the materials. 

For the electrical resistivity measure- 
ments the pelletized samples in each case 

were sintered at 1000°C in evacuated quartz 
tubes for 7 days. The electrical resistivities 
were measured using the van der Pauw (22) 
method. Contacts were made by painting 
Englehard No. 16 silver paint on the sample 
disks; their ohmic behavior was established 
by measuring their current-voltage charac- 
teristics. There was no change in the mea- 
sured resistivities when a disk was cut to 
half its original thickness. Magnetic suscep- 
tibility data were obtained by the Faraday 
method as described previously (23). 

Lithium insertion reactions of selected 
rutile phases were carried out with n-butyl- 
lithium (n-BuLi) in hexane. Electrochemi- 
cal lithium insertion was carried out for se- 
lected phases in a small test cell using the 
r-utile phase mixed with 20% graphite as 
cathode, Li metal foil as anode and 1 M 
LiC104 in propylene carbonate (PC) as elec- 
trolyte. 

Results and Discussions 

The following subsystems with the t-utile 
structure have been identified: I, Cr 
NbV,OJ+t, with 0 5 x I 6; II, CrNbMo, 
04+3 with 0 5 y < 0.3; III, CrNbV,,5 
MoyO5+2y with 0 I y < 2; IV, CrNbVMo, 
0 6+2y, 0 5 y < 3; and V, CrNb 
V2MOyO8+2y, 0 5 y < 5. The X-ray 
powder diffraction patterns of all products 
were consistent with a tetragonal unit cell 
of the rutile type (space group P4dmnm). In 
no case were additional lines observed in 
the diffraction pattern leading to the con- 
clusion that the metal ions do not order. 

The variation of lattice parameters as 
a function of x for subsystem I (Cr 
NbV,Od+& is shown in Fig. 2. Both the 
a and c axes are seen to decrease with in- 
creasing x in accordance with the substitu- 
tion of the smaller V4+ cations for Cr3+ and 
Nb’+ (24). The variation of lattice parame- 
ters as a function of y is shown in Fig. 3 for 
subsystems II, III, and V. The increase of 
the a axis with increasing MO content (y) 
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FIG. 2. Variation of (a) the lattice parameters a and c 
and (b) the volume of the unit cell as a function of VOZ 
content in CrNbO.,-xVOz rutile phases. 

(Fig. 3a) is accompanied by a simultaneous 
shortening of the c axis (Fig. 3b). The break 
in the trend of decreasing c seen at CrNbVs 
Mo20i2 suggests increased metal-metal in- 
teractions beyond y > 2 (Fig. 3b). Similar 
trends are found in the system, FeNbOr 
2VOryMoOz (subsystem VI, the upper 
limit is y = 6; beyond this composition the 
X-ray powder diffraction pattern shows 
multiphase composition) for which the vari- 
ation of lattice parameters is included in 

0) b) 
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Fig. 3. It is noteworthy that in the Fe sys- 
tem, more molybdenum can be incorpo- 
rated than in the Cr system of identi- 
cal composition, i.e., FeNbV2Mo6020 vs 
CrNbV2M040i6. The decrease in the c axis 
is indicative of increased bonding interac- 
tions between neighboring metal ions in 
edge-sharing octahedra as discussed above. 
Moreover, such interactions are apparently 
much weaker in the CrNb04-VOz (or 
FeNbOrV02) systems but increase with 
increasing MO content in the corresponding 
CrNbO,xVOryMoO, (and FeNb04- 
2VOryMo02) systems. 

The relationship between short metal- 
metal distances along the c axis and the 
number of d electrons available for metal- 
metal interaction in t-utile has already been 
discussed (1-7). In the pseudo-ternary 
phases studied here it is more appropriate 
to look at the c/u trends with increasing 
VOz and/or MOO* content. Table I shows 
that in the CrNbOcxVOz phases c/a de- 
creases very slowly with increasing x sug- 
gesting that the electrons are localized on 
V4+ and that there is little metal-metal in- 
teraction either by direct t,(d) or by indi- 
rect fZg(d)-nTF(P) overlap. In contrast, the 
axial ratio decreases dramatically with 
increasing Moo2 content for the CrNbOb- 
xVOryMoOz compounds in each case (Ta- 
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FIG. 3. Variation of the lattice parameters a (a) and c (b) as a function of MOO2 content in CrNbOr 
xVOz-yMoOz, A, CrNbO,-yMoOz (0 5 y < 0.3); 0, CrNb0.4.5V02-yMo02 (0 5 y < 2); 0, 
CrNbO,-2VOz-yMoO2 (0 5 y < 5); +, FeNbO,-2V02-yMo02 (0 5 y 5 6). 
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TABLE I 

CRYSTALDATAFOR MO* COMPOUNDS WITH RUTILE-RELATEDSTRUCTURES 

Compound a 64 b (A) c (& 
Shortest M-M 

p (A) V(A) c/a distances (hi) Ref. 

Cfl2 4.4219(5) 2.9162(3) 57.02 0.660 2.92 3 
VOz (tetr) 4.552(l) 2.846(l) 58.97 0.625 2.85 3 
V02 (mon) 5.7517 4.5278 5.3825 122.65 59.00 0.626” 2.62 3 
MOO? 5.6109(8) 4.8562(6) 5.6285(7) 120.95 65.76 0.577” 2.51 3 
Nb02 13.690(l) 5.9871(3) 70.13 0.618 2.80 3 

vo.&oo.loo2 4.573 2.860 59.81 0.625 2.860 5 
~0.5~~0.50~2 4.680 2.854 62.51 0.610 2.854 5 
~0.3~~0.70~2 4.747 2.831 63.79 0.596 2.831 5 

Cro.33Moo.6702 4.696 2.886 63.64 0.614 2.886 5 
Crdfoo.dh 4.749 2.858 64.46 0.602 2.858 5 

CrNbOhxVOz 
x=0 
x=1 
x=2 
x=3 
x=6 

CrNb04-xVOryMo02 
x= l,y= 1 
x= l,y=2 
x=2,y= 1 
x=2,y=2 
x=2,y=3 
x=2,y=4 

FeNb04-2VOTyMo02 
y=l 
y=2 
y=3 
y=6 

4.635 
4.606(2) 
4.579(2) 
4.572(2) 
4.557(2) 

3.005 
2.989(2) 
2.961(2) 
2.952(2) 
2.924(2) 

64.56 0.648 3.00 18 
63.43 0.649 2.99 This work 
62.09 0.646 2.96 This work 
61.71 0.646 2.95 This work 
60.71 0.642 2.92 This work 

4.651(2) 
4.681(2) 
4.628(2) 
4.639(2) 
4.689(2) 
4.713(2) 

2.951(2) 
2.921(2) 
2.947(2) 
2.951(2) 
2.898(2) 
2.888(2) 

63.82 0.634 2.95 This work 
63.99 0.624 2.92 This work 
63.10 0.637 2.95 This work 
63.52 0.636 2.95 This work 
63.72 0.618 2.90 This work 
64.16 0.613 2.89 This work 

4.671(2) 
4.676(2) 
4.705(2) 
4.752(2) 

2.936(2) 
2.934(2) 
2.920(2) 
2.871(2) 

64.08 0.629 2.94 This work 
64.15 0.627 2.93 This work 
64.64 0.620 2.92 This work 
64.83 0.604 2.87 This work 

@ In monoclinic structures: c/a = a/b + c sin p for the rutile pseudocell. 

ble I). Analogous data for the simple binary 
metallic phases of VOZ, Mo02, NbOz, semi- 
conducting VOZ, and the Vi-,Mo,Oz metal- 
lic ternary phases are included for compari- 
son in Table I. We have mentioned earlier 
that in ternary phases, such as CrOrMo02, 
NbOrMoOz, VOrMoOz, incorporation of 
molybdenum tends to stabilize the i-utile 
structure and favor metallic behavior (5, 
6). Further, increasing MO content results 
in decreasing values of c/a. In the CrNbOd- 
xVOzyMoOZ (and FeNb04-2VOryMoOJ 
phases the metal-metal distances (i.e., the 
c axis) are greater than the critical distance 

R, (2, 25) necessary for metallic behavior 
seen by comparing their c/a values with 
those of known metallic rutiles such as 
VOZ, MoOz, and their ternary analogs. 
Nevertheless, the trend in the axial ratios 
shows that strong orbital interactions are 
present and appear to increase with in- 
creasing concentrations of molybdenum; 
these conclusions are also supported by the 
electrical resistivity and magnetic suscepti- 
bility results as will be shown next. 

The temperature variation of the resistiv- 
ity for two representative samples, CrNbV 
Mo~Or0 and CrNbVzMojOi4, respectively, 
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FIG. 4. Temperature variation of the log resistivity 
of 0, cooling and +, heating; for CrNbVMozOlo; 0, 
cooling and 0, heating for CrNbVzMoJOId. 

in the temperature range 77-300 K (Fig. 4) 
show small band gap semiconducting be- 
havior. The apparent temperature depen- 
dence of the activation energy (EJ of each 
sample between 77-300 K is likely to be 
due to a distribution of impurity and/or de- 
fect levels that lie in the gap. Room-temper- 
ature conductivities and approximate high- 
and low-temperature limits of E, for se- 
lected samples given in Table II show that 
the electrical conductivities (u) increase 
with increasing molybdenum content, and 
that the E, values are very low (<kT) for all 
of the samples. 

Why E, decreases with increasing molyb- 
denum content (Table II) is not clear. It is 
possible that with increasing MO content 
the bottom of the conduction band is low- 
ered, or that the molybdenum source mate- 
rials contain impurities with very small E, 
whose concentration in the sample would 
increase with increasing MO content. The 
temperature variation of resistivity of one 
of the samples, CrNbV2Mo4016, was also 
studied in the low temperature range 4.2-77 
K; no unusual feature in the plot was ob- 
served. Qualitative measurement of the 
sign of the Seebeck coefficient at room tem- 
perature indicated that the majority carriers 

are electrons in all of the CrNbOd-SOZ 
yMoOz t-utile phases studied here. 

FeNbV2M040i6 has a lower conductivity 
o (300 K) = 76.9 fi-crn-l than the analogous 
Cr compound (Table II). However, the Fe 
compounds are p-type semiconductors sug- 
gesting that the mechanism of transport in 
these compounds is different. 

It is possible that the observed transport 
properties are due to localization of the 3d3 
electrons on the Cr3+ ions (as in Cr3+ 
Nb5+V4+Mo;+0 iO, for example) which 
have a very large octahedral crystal field 
stabilization energy and are unlikely to par- 
ticipate in either M-M cr or M-M 7r bond- 
ing. This would interrupt metallic interac- 
tions alone and result in semiconducting 
behavior of these compounds. Nb5+ with no 
d electrons would have a similar interrupt- 
ing effect on metallic interactions. Finally, 
the disordered distribution of metal ions 
with different orbital energies is likely to be 
a sufficient driving force for semiconduct- 
ing behavior. 

The magnetic susceptibility data of se- 
lected samples in the CrNb04-xVO*-yMo02 
series are summarized in Table III. The 
results show that in contrast to the first 
three samples where both Cr3+ and V4+ 
have magnetic moments and contribute to 
the observed Curie constant, C,,, (obtained 

TABLE II 

ELECTRICALPROPERTIESOF SELECTEDCOMPOUNDS 
IN THE CrNb0,xVOryMo02 SYSTEM 

Ea (ev) 
(T (300 K) 

Compound (&cm-‘) High T Low T 

CrNbV06 1.8 x 1O-3 0.22 - 
CrNbVMoO, 3.68 5 0.02 0.037 0.024 
CrNbVMo20,0 19.8 + 0.1 0.014 0.008 
CrNbVzMoOlo 2.00 -t 0.02 0.060 0.019 
CrNbVzMo2012 1.45 * 0.01 0.032 0.017 
CrNbVzMopO14 58.8 + 0.8 0.003 0.002 
CrNbVzModOls 148.3 ” 0.8 -0 -0 
FeNbVzModOls 76.9 5 0.8 0.011 0.007 
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TABLE III 

MAGNETIC DATA FOR SELECTED RUTILE PHASES STUDIED 

Temperature range of 
Compound Curie-Weiss law fit C&w4 C,(theo) 0 

CrNb04’ 1.875 1.875 
CrNbVO< 100-300 K 2.23 2.25 -13 

(x=l,y=O) 
CrNbVzOs 2.82 2.625 

(x = 2, y = 0) 
CrNbModL~ SO-290 K 1.70 1.98 +32 

(x = 0, y = 0.1) 
CrNbVo.&fol.4A 50-300 K 1.65 5.06 +22 

(x = 0.5, y = 1.5) 
CrNbVMoOs 30-300 K 1.99 3.25 + 19.0 

(x=l,y=l) 
CrNbVMo201,, 70-300 K 1.82 4.25 +26.0 

(x= l,y=2) 
CrNbV2M03014 30-300 K 1.839 5.62 +19.0 

(x = 2, y = 3) 
CrNbV2M04016 30-300 K 1.588 6.62 +13.0 

(x = 2, y = 4) 
FeNbV2MosOzOd -2.03 11.12 
Li3.SCrNbVMo2010 0.8965 

a C,(theo) = Q gz[Scr3+(Scr3+ + 1) + x&4+(&4+ + 1) + y&d+ (&,4+ + l)]; g = 2.0, 
&3+ = 1, &4+ = f, f&4+ = 1.0. 

b Ref. (8). 
c Ref. (19). 
d f&3+ = f (high spin). 

87 

for that region of temperature where the 
data can be fitted to the Curie-Weiss law), 
when molybdenum is added to the samples 
it appears that C,,, can be essentially ac- 
counted for by the Cr3+ magnetic contribu- 
tions alone (C,(theo) for Cr3+(d3) is 1.875; 
see Table III for calculation of C,,, assuming 
localized spins.). There is no strong evi- 
dence in any of these compounds that the 
molybdenum or vanadium ions make any 
contribution to the observed magnetic mo- 
ments. It appears that either the individual 
ions have even number of electrons which 
are in singlet states, or that the d electrons 
are paired in metal-metal bonds. This latter 
possibility is also supported by the decreas- 
ing M-M distances (Table I) observed with 
increasing MO content which might be ex- 
plained by MO-MO, V-MO, and V-V inter- 

actions occurring, but without long range 
order (i.e., localized clustering). At very 
low temperatures (<lo K) the susceptibility 
appears to saturate for samples with high 
MO content (Fig. 5) suggesting the onset of 
antiferromagnetic ordering consistent with 
the Weiss constant values obtained (Table 
III). Similar effects were observed in the 
magnetic behavior of Cr (26), Nb (27, 28), 
and MO (29) doped VO2. Magnetic data of 
V4+Mo6+05 showed that the vanadium ions 
order antiferromagnetically at - 110 K (30). 

The large negative deviation of C, from 
1.875 at high molybdenum content (y > 2 or 
y/x > 2) suggest that perhaps the Cr3+ (and 
the Fe3+(d5) in FeNbVzMo&, Table III) 
moments are changing; either by their oxi- 
dation state or by changes in their crystallo- 
graphic environment, or that a few vana- 
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FIG. 5. Temperature variation of the magnetic sus- 
ceptibility: (a) CrNbV,Os; (b) CrNbV0.5MoI.S08; (c) 
CrNbVMo2010; (d) CrNbV2MoJO14. 

dium ions have developed a moment that is 
strongly coupled to the Cr moments with an 
exchange energy of at least a few hundred 
degrees. 

Chemical lithiations with n-BuLi in IZ- 
hexane was carried out on selected samples 
of these compounds. Each can accommo- 
date substantial amount of lithium (OS-o.8 
Li+ per MOz unit). Upon lithium insertion, 
the lattice parameters of the host t-utile 
phases change as seen in Table IV where 
data for selected compounds are given. 
Also included in Table IV is the data for a 

Mo20i0) obtained by treatment of the fully 
lithiated sample (Li&rNbVMo20i0) with a 
calculated quantity of 12 in acetonitrile to 
avoid full re-oxidation. The decreasing 
trend of the axial ratio (c/a) as a function of 
increasing MO content seen in the host 
compounds is also evident in the lithiated 
phases. The electrochemical lithiation of 
CrNbVMo20i0 was carried out using a 
small galvanic test cell. The plot of open- 
circuit voltage versus lithium content 
shown in Fig. 6 indicates formation of a sin- 
gle homogeneous phase upon lithium inser- 
tion up to 3.5 Li content. The open circuit 
potential for a particular value of x was ob- 
tained by measuring the voltage of the cell 
immediately after the appropriate amount 
of current was allowed to pass through it. 
The potential of the cell was then measured 
in 24-hr intervals (for several days if re- 
quired) until a constant potential, indicative 
of the equilibrium potential values shown in 
Fig. 6 was obtained. The mobility of Li ions 
in these t-utile structures is low. These 
results indicate that the performance of 
these complex t-utile-type mixed oxides as 
cathode materials in secondary lithium bat- 
teries is approximately the same as those of 
the simple binary dioxides such as VOZ and 

partially delithiated sample (L&CrNbV MoOz (12). - 

TABLE IV 

LATTICE PARAMETERSOFTHE COMPOUNDS FROM 

LITHIUM INSERTION STUDY 

Compound a (4 

CrNbVMo20,a 4.651(l) 
Li#3NbVMqOl# 4.836(3) 
Li&rNbVMozOl$ 4.%9(2) 2.840(l) 
Li3.&rNbVMo2010C 4.966(3) 
CrNbVzMo,Ols 4.713(l) 2.888(l) . 
Lir.&MV&fo.@~ 4.796(5) 2.861(4) 
CrNbMoo.Kks 4.662(l) 3.ooo(l) 
Lh.~rmMoo.ua.5 4.711(3) 2.988(2) 

0 Compound 
Li3.&rNbVMo2010 by I2 in CHEN. 

Zf gj I.1 ,lo , , 

obtained from partial delithiation of 2.0 3.0 

* Compound obtained from electrochemical lithiation of X 
CrNbVMqOl0. 

c Compound obtained from full chemical lithiation of FIG. 6. Open-circuit voltage vs x for Lill M Li 
CrNhVMqOl0. C104,PC~LixCrNbVMqOu,. 
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Conclusion 

A wide range of solid solutions have been 
prepared in the CrNbOd-xVOTyMo02 sys- 
tem with the t-utile structure. With inclusion 
of VOz increasing amounts of MoOz can be 
incorporated in this system. The metal- 
metal interactions along the c direction of 
the r-utile structure are enhanced by in- 
creasing the MO content as indicated by the 
decreasing axial ratios (c/a) and increased 
magnetic interactions. This may be ex- 
plained by increased MO-MO interactions 
occurring along the c direction, but without 
long-range order. 

The temperature variation of the electri- 
cal conductivity of all the samples shows 
small band gaps semiconducting behavior, 
with very small &‘s (E, < k7’). 

Lithium insertion reactions with n-BuLi 
and by electrochemical means indicate that 
substantial amounts of Li can be incorpo- 
rated in these t-utile phases, however, the 
diffusion rate is very slow. 
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