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ABSTRACT 

The electrical conductivity oAAc and thermoelectric power a for the MOO,-MOO, _,,-MOO, system. 

namely MOO,. Mo,,O,,. Mo90zh. MoWOz3. Mo,,O,,. Mo.,O,, and MOO?. arc measured over a wide 

temperature range. The conductivity value at room temperature is found to increase with departure from 

stoichiometry. MOO, and its suboxides exhibit semiconducting behaviour while MOO? at low temperature 
exhibits semimetal-like character of IO -2 a-’ cm-’ rather than a semiconducting one. Above room 
temperature MOO, gave a A E value of 0.85 eV. indicating that this metal-like conduction is not taking 
place. ‘Some discontinuities are present in the log u vs. l/T curves for all samples. Thcsc arc confirmed by 
D-l-A. 

The thermoelectric power indicates that all oxides are a-type semiconductors up to 300°C. The value 
at room temperature decreases with departure from stoichiometry. The most pronounced change of both 
u and a is at Mo,02s. i.e. at x=0.125. 

INTRODUCTION 

It is well known that MOO, forms a series of suboxides. The existence of several 
phases in the MOO,-MOO, system had been revealed by Kihlborg [ 11 and MagnCli 
[2]. Their crystal structure and formulae were well established. The electrical 
conductivity of MOO, was previously measured on single crystal [3-121 and poly- 
crystalline samples [8-10,13-221. It was also measured on the melt [23]. The 
conductivity varied from 1O-15 51-l cm-’ at -70°C [3] for a single crystal and from 
lo-” S2-’ cm-’ at 20°C to 10 -3 Q- ’ cm-’ at 3SOOC for polycrystalline MOO, [ 131. 
The resistivity decreased from 10’ to 30-40 Q on melting. The activation energy 
varied from 0.5-0.2 eV [3] and 0.87-1.12 eV [4] for single crystals and 0.56 eV for 
polycrystalline MOO, [ 191. The decrease in conductivity with an increase in oxygen 
pressure indicated n-type conduction 18,201 ’ 

The electrical conductivity of MOO, was measured at high temperature by 
Friederich and %ttig [24]. Pekar [2S] found a new conception of the electronic 
conductivity of ionic crystals of MO%. T’hia concept gave theoretical calculation for 
mobility which coincided with the’ experimental data of conductivity and Hall 
constant. Vickery and Hipp [26] measured the conductivity of MOO, single crystal 
which was n-type and as low as 0.5 Q - ’ cm- ‘. 
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Few authors have dealt with the measurement of the thermoelectric power of 

MOO, [ 10,271. Differential thermal analysis was studied by Trambouza et al. i28]. It 
was found that MOO, undergoes an endothermic transition between 350 and 500°C. 
There was no change in chemical compo,sition as measured by weight change. The 
transformation is reversible but X-ray and IR absorption measurements show no 
change accompanying this transition. Only a break in the density temperature curve 
is observed at about 4UOOC. 

Very little information is available about the variation of the transport properties 
of this sysrem with variation of the 0: MO ratio. The aim of this work is to trace the 
variation of u and LY with the departure of the 0: MO ratio; This is a continuation of 
previous similar studies carried out on the magnetic susceptibility [29]. IR absorp- 
tion 1301 and diffuse reflectance [3 I]. 

EXPERIMENTAL 

Samples included in this study are MOO,. Mor30jX, Mo,0Z6, Mo,0Z3. Mo,,O,,, 
Mo,O,, and MoOz. The starting materials for preparation were MOO, (Merk) 
heated in a stream of oxygen at 600°C and spec pure MO metal (Johnson and 
Matthey. England). powdered and heated in vacuum at 4OOOC. The samples were 
prepared accordin, a to MagnCli [2] by thoroughly mixing weighed amounts of MO 
and MOO,. These mixtures were heated at the appropriate temperature in evacuated 
silica tubes as previously described [30]. 

The conductivity measurements were carried out using a simple .circuit by the 
application of Ohm’s law as reported previously [32]. The thermoelectric power was 
measured according to the method of Middleton and Scaolon 1331. 

Differential thermal analysis was carried out using type Linseis (Selb, F.R.G.). 

RESULTS AND DISCUSSION 

The electrical conductivity uAc was measured over the temperature range - 190 to 
SOOOC for MOO, and up to 300°C for the different suboxides. Figures 1 and 2 
represent the course of the conductivity variation against the reciprocal of tempera- 
ture. As can be seen. all curves reveal an approximately horizontal region extending 

from - 190 up to OOC. This is due to the frozen-in impurities, where the defects are 
less ,nobile and most of the carriers are frozen on cations. This- is the case with 

MOO, and the samples with low oxygen deficiency, namely Mo,,O,,, Mo90za and 
Mo,O,, while Mo,,C& and Mo,O,, show semimetal-like character which increases 
relatively with decrease of oxygen: metal ratio. 

This metal-like character can be seen clearly in Fig. 2 with MOO, which exhibits a 
high ekctrical conductivity value of 10 -2 Q-l cm-’ with temperature dependence. 
This result is in agreement with the finding of Perloff and Wold [34] and Rogers et 
al. [35]. Rogers pointed out that the short interaction separation within metal atom 
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doublets in this oxide structure (distorted r-utile) indicates the presence of strong 

metal-metal bonding and a close relationship exists between the axial ratios of this 

oxide and the number of free valence electrons available per bond. Goodenough [36] 

argued that metallic conductivity may arise either by direct overlap of d-wave 

functions or by strong covalent mixing of cationic and ionic s and p wave functions. 

Applying this model to rutile related structures, it was found that MOO, not only has 
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one electron available for metal bonding but also has one P * electron to partially fill 
the ‘;r * band. Hence this accounted for the occurrence of both the cationic doublets 
and metallic conductivity in MOO,. 

Indeed MOO, has a conductivity with a metallic temperature coefficient in the 
region of room temperature. in agreement with Morin [37]. 

As the temperature rises. carrier concentration results in a low change of 

conductivity for all samples. Above a certain temperature the increase becomes rapid 
and the behaviour is that of typical semiconductors. Some peaks and valleys are 
detected through plots of logo vs. l/T. which vary from sample to sample. These 
plots are clearly manifested in Figs. 3-6. together with the corresponding differential 
thermal analysis curves. These Figs. are classified according to the structural families 
of the compounds [I]. 

Considering Fig. 3 representing the behaviour of the MOO, family, it is clear that 
MOO, exhibits a maximum at 50-60°C and then drops to a minimum value at about 
100°C. This maximum completely disappeared when the experiment was repeated 
on a sample previously heated to 100°C under vacuum of 10 -3 mm Hg for 1 h. 
which confirms that this may be due to the presence of OH - groups as stated by 
Ioffe e: al. [IO]. A similar dehydration reaction with its peak in the temperature 
range 55-100°C is traced on the DTA curves. This endothermic reaction is attri- 
buted to the loss of interlayer and surface adsorbed water present. 

After 100°C the conductivity increases with temperature and the relation u = IS, 

exp - RE/2kT is applicable in certain ranges with maxima and interruptions of the 
linear relation at 140. 180, 230, 300, 375 and 445OC in the case of MOO,. A full 
discussion of its electrical conductivity has been published [38]. 
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temperature for MOO?. 

The temperature dependence of u for McC$ above room temperature is plotted in 
Fig. 6. The u value increases with temperature and possesses discontinuities in the 
range 55--lOO°C and 200°C. The first may be due to water molecules adsorbed on 

the surface of the sample. The second, at 2OO”C, may be due to a change in the 
carrier mobility arising from either (i) a change in the scattering mechanism, (ii) an 
increase in the effective mass, or a combination of both. Alternatively, this may be 
due to (iii) phase change from one crystallographic modification to another leading 
to a change in the electronic structure [39]. The absence of X-ray proof at high 
temjeratures leads to its confirmation by DTA alone, where the changes in the EMF 
and u are found to occur in the same temperature regions. 

The application of the above-mentioned relation of u and l/T led to A E values of 
0.231 and 0.85 eV, respectively. Chase [40] observed a peak at 0.8 eV in the optical 
conductivity and it was taken as evidence that normal metallic conduction is not 
occurring, as is the case in the low temperature range. 

The variation of the electrica conductivity for the samples between MOO, and 
MOO, is represented in Figs. 3-5 with the corresponding DTA curves. The be- 
haviour of the suboxides above room temperature is typically semiconducting. The 
value of u increases with rise in temperature but still preserves the discontinuities 
observed in the case of MOO, and MOO,. This behaviour varies from sample to 
sample. If these are compared within each family, it is noticed that MOO, and 
Mo,,O,, behave similarly. This may be due to the fact that the variation in the 
number of free electrons and the effective mass is very small [29]. 

The ReO, famiIy members Mo90,, and MosO,, behave similarly. This may be 
due to the fact that their crystal structures are closely interrelated and differ only in 
the width of the slab. Mo,O,, of the ReOs family shows a behaviour which is 
deviated more towards that of Mo,,O,, of the mixed polygonal network structure of 



the order of lo-’ Q-’ cm-‘. Mo,O,, is somewhat different to Mo,O,, and MosO,, 

from the structuraI point of view. The orientation of this suboxide relative to the 

slab is quite different. A further difference is found in the mutual connection of the 

slabs. In lMo40, ,. these slabs are not condensed upon each other but mutually 

connected by MOO, tetrahedra which share three corners with two octahedra in one 

slab and the remaining corners with an octahedron in the next slab [I]. The 

difference between the different suboxides may be due to their different family 

structures [30]. 

As shoivn above. the curves record& by DTA indicate not only the thermal 

effects related to dehydration (in the range room temperature to about 12OOC) but 

nlso the physical changes which the molybdenum oxide series (Mo03-MoOJ_, - 

MOO,) undergo as a result of thermal energy. A dehydration reaction, with its peak 

in the temperature range 50-100°C. is traced on all curves of molybdenum oxides. 
For Moo3 and Mo,~O~, samples an endothermic effect occurs at about 140- 

160°C. 230-240°C and 350-370°C. These are assigned to the transfer of oxygen 
mobility from a lower to a higher level in the crystal lattices of these oxides. The 
exothermic changes in the MOO, curve at 300 and 445°C can be attributed to either 
recrystallization of MOO, or to the transfer of MOO, crystals to a well-defined type. 
It is clear from the DTA of MOO, that this process started at 375°C and reached its 

maximum at 445OC. The small endothermic change in the Mo,~~,, curve at 290°C is 
also attributed to the change in oxygen mobility in the crystal. 

It is well known that there is a characteristic temperature for each compound, 
depending on the nature of the crystalline structure. at which the atoms or groups of 
atoms obtain the necessary mobility for changing their position. At these tempera- 
tures thermal agitation begins to manifest itself first by a vibration of the atoms at 
the points which they occupy in the lattice. By further raising the temperature the 
vibrations of the atoms are amplified, and thus a change in their position becomes 
possible. This may explain the movement of oxygen atoms in the lattices of MOO, 
and Mo,,O,, with the appearance of the endothermic changes obtained [28]. 

Over the whole temperature range used in the DTA of MOO, and Mo,~O~~, as 
well as in all the molybdenum oxide series, the base line always deviates more or less 
from a straight line. This may be attributed firstly as a result of a change in the 
physical properties of the tested samples due to the thermal changes which has taken 
place; secondly. it may also be produced due to the inequality of heat conductivity 
and specific heat of molybdenum oxides and those of the thermally inert Al,O,. So 
it is clear that the DTA characteristics of MOO, and Mo,,O,, are very similar since 
they are related to the same MOO, family. 

Observing the second family which contains Mo,O,,, Mo,O,, and Mo,O,,, the 
following conclusions are drawn from the DTA curves. 

(1) In the Mo,Ol, sample the DTA characteristics give endothermic changes at 
270-285°C and at 300°C which are attributed to the increase in oxygen mobility in 
the crystal lattice of this oxide. 



43 

(2) With respect to Mo,0z3, the thermal change begins to reverse its sign up to 
110°C to give an exothermic change at 16OOC. Small exothermic effects at 205, 225 
and 245°C are obtained, which may be attributed to the recrystallization characteris- 
tics of this oxide. 

(3) The same behaviour of Mo,O,, is also observed in the case of Mo,O,, but 
with respect to Mo,O! , the first exothermic change occurs at 15OOC and the small 
exothermic effects at 210 and 265OC. 

The disap’pearance of ihe endothermic changes and the reversing of the sign of 
the DTA curves obtained for Mo,O,, may be attributed to the fact that with 

decreasing the oxygen in the lattice, the oxide formed to reach its neutrality in 

charge must represent 
(a) increase in oxygen valency for the oxygen atoms in the cystal lattice, which 

leads to the increase of electronegativity of the oxygen; 
(b) Distortion of the MOO, octahedron which can be regarded as a displacement 

towards the slab boundaries of the oxygen lattice relative to the metal lattice [ 11; 

(c) decrease in the average valency of molybdenum in the oxide crystal lattice. 

These three factors cause increased capture of oxygen in the Iattic: and decreased 
oxygen mobility. Furthermore, it reverses the sign of the thermal change to ex- 

othermic. This is further proved by the increase of the exothermic peak in the case of 
Mo,O,, and MOO,, with the decrease of oxygen in the lattices. 

The observed results of Mo,,O,, are not coincident with the latter explanation. 

This is due to the fact that Mo,,O,, gives an endothermic change. first at 70-95°C 
which is attributed to the first dehydration step, and then the second dehydration 

step begins at 95OC to cover the exothermic change which is found to start at 170°C 

instead of 15OOC in the case of Mo,O,, and at 160°C in case of Mo,O,,. So these 

two exothermic changes which occurred in these two latter oxides disappeared in the 

DTA curves of Mo,,O,,. This may be due to the mixed polygonal network structure. 

As far as the authors are aware, there is no mention in the literature concerning 

either the phase changes or the effect of temperature on this series of oxides. The 

only available study is that of Deb and Chopoorian [ 191 where no significant change 
could be found in the line intensity of the X-ray diffraction pattern in the 

temperature range 25-500°C that could be indicative of a polymorphic phase 
change. This needs further confirmation using a high temperature X-ray camera. 

Thermoelectric power 

The thermoelectric power (Y was measured in the temperature range 20-300°C. 
The sign of 01 was negative for all samples. The general behaviour of the thermoelec- 

tric power decreases on going from 20 to 3OO”C, except in the case of Mo,,O,, and 
Mo,O, I where (Y decreases then increases again and becomes approximately con- 
stant. 

The room temperature values of (Y for the different oxides are illustrated in Fig. 7. 

It is clear that there is a sharp decrease in the thermoelectric power value after the 
composition MosO,,, i.e. at x - - 0.125. This is also clear in the variation of (I values 



at room temperature. The conductivity increases with increase of oxygen deficiency, 
also with the pronounced variation after MO& composition. From all other 
properties previously measured, it is clear that Mo,O,, divides this 0: MO range into 

two regions at x = 0.125. 

_j 
3p 

Fig. 7. Variation of log clcctrical conductivity (0) and the thermwlectric power (8) with oxygen 

dcficicncy at room temperature. 

The present representation of u and (Y with 0: MO ratio indicates that the type of 
current carriers is the same throughout this composition range, i.e. n-type electronic 
semiconductors. 
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