JOURNAL OF SOLID STATE CHEMISTRY 118, B4-92 (1995)

Kinetics and Mechanism of Molybdenum (VI) Oxide Reduction

Jerzy Sloczyniski

Institute of Catalysis and Surface Chemistry, Polish Academy af Sciences, ul. Niezapominajick, 30-239 Krakéw, Poland

Received August 11, 1994; in revised form January 11, 1995; accepted January 17, 1995

Kinetics of the reduction of MoO, under hydrogen, propene,
butene-1, and CO has been studied. It has been found that MoO,
morphology and the addition of MoQ, and metallic platinum affect
the rate of reduction under hydrogen. The experimental findings
confirm the validity of the CAR model proposed earlier, according
to which the reduction of MoO, to MoQ, is a consecutive reaction
and Mo,0; is the intermediate product. The dissociative adsorp-
tion of the reductant yielding atomic hydrogen is the rate-determin-
ing step. The process is autocatalytically accelerated by the reaction
pl’OdUC‘, M()Og- © 1995 Academic Press, Inc.

INTRODUCTION

Reduction of MoO, by hydrogen is one of the methods
used to obtain metallic molybdenum of high purity. The
reduction to lower oxides is of interest because molybde-
num (VI) oxide is a main component of catalysts for selec-
tive oxidation of olefins (1), ammoxidation of toluene
(2, 3), and hydrodesulfurization of oil (4).

The kinetics of the reduction of MoO; to MoQ, was
investigated by many authors (5-18). In a number of pa-
pers (6-8, 10, 11, 13, 15) on the reduction of MoO, by
hydrogen or hydrocarbons, a sigmoidal shape of the a(#)
(degree of reduction versus time) curves has been ob-
served, which indicates that the rate of reaction goes
through a maximum. In only a few papers, has the linear
dependence of « versus time been reported (5, 9, 12).

The sigmoidal shape of the «(r) curves is often de-
scribed by the Avrami-Erofeev equation (19), which as-
sumes that nucleation of the solid product of reduction
is the rate-determining step. An allernative explanation
{for the increase in the rate of reduction has been proposed
by Sfoczyfiski (16). The author has postulated that the
dissociative adsorption of hydrogen is the rate-determin-
ing step and that the acceleration of the reaction is due
‘to an autocatalytic effect.

Phase composition in the MoO,~Mo0O, range has been
intensely investigated with the use of mainly XRD (11,
15, 20-27). The existence of seven intermediate oxides
of defined structure was established. Early stages of the
MoQ, reduction, prior to the formation of the reduction
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products in the form of separate phases, have been de-
scribed by Bursil (28), Théni and Hirsch (29, 30), and
Gai (31, 32). In the discussed case, oxygen vacancies
originating in the course of the reduction disappear as the
result of the formation of shear planes without any change
in the structure of the parent oxide. Changes in the surface
composition of MoQ, during reduction have been investi-
gated with the use of ESCA (33-35), whereas an ESR
technique has been used to determine the oxidation state
of molybdenum and its coordination (36-38), Moiybde-
num bronzes of the composition HMoO; are formed in
the course of a low-temperature reduction of MoO,
(39-42). In this case, the reduction proceeds with the
participation of atomic hydrogen, which is formed in the
presence of small amounts of metallic platinum or palla-
dium and migrates to the oxide phase (a spillover effect).
Acceleration of the reduction of MoQ; due to a slight
admixture of Pt or Pd was observed by many authors
(43-47). The effect of a support on the rate of MoO,
reduction was also reported (18, 48), but the problem has
not been investigated systematically.

In many papers, the reduction of molybdenum (VI)
oxide to MoQO, has been considered a one-step reaction.
Burch (11) was the first to suggest that Mo,O,, was an
intermediate product of the reduction. This hypothesis
was confirmed experimentally by Ueno ef al. (15), who
investigated the reduction of MoO; by an X-ray high-
temperature technique.

In a subsequent paper by Sloczyiiski and Bobinski (17),
a detailed kinetic analysis of the consecutive autocatalytic
reaction (CAR) model has been carried out. The authors
have shown that the CAR maodel describes kinetics of the
reduction of molybdenum (V1) oxide, unsupported and
deposited on different supports (18).

In the present work, a number of experiments confirm-
ing the autocatalytic character of the MoO, reduction and
elucidating the reaction mechanism have been presented.

EXPERIMENTAL

Three preparations of molybdenum oxide were investi-
gated: 1, obtained by thermal decomposition of ammo-
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nium paramolybdate at 623 K followed by heating the
solid residue at 823 K for $ hr; II, a commercial reagent
from POCH; and III, obtained by a sublimation of I at 1100
K. MoO, was obtained by reduction of I under hydrogen at
823 K and cooling under vacuum to room temperature.

The preparations were characterized by: (i) determina-
tion of specific surface area with the BET method using
krypton as an adsorbate; (ii) an X-ray diffraction method
using a DRON-2 diffractometer and CuKe radiation; and
(iii) observations in a Nikon optical polarization micro-
scope in reflected light.

Contents of the crystalline components of the reaction
mixtures were determined from the relative intensities of
selected X-ray diffraction maxima: at 3.27 A for MoO;,
at 4.00 A for Mo,0,,, and 3.41 A for Mo0,. Three compo-
nent mixtures of known composition were used as stan-
dards for the calibration. Details of the procedure em-
ployed are given in (18).

The rate of reduction was measured with a Sartorius
vacuum microbalance connected to a standard vacuum
system. Details of the measurements were given in the
earlier work (18). The pulse experiments were carried out
in a flow microreactor coupled to a gas chromatograph
with a thermal conductivity detector, using helium as a
carrier gas.

Several reducing gases were employed: (i) commercial
hydrogen which was purified by passing through a palla-
dium filter at 623 K; (ii) carbon monoxide from Merck
(=99% CQ); and (iii) propene and butene-1 from Phillips
Petroleum (pure grade).

RESULTS

Characteristics of the Preparations

Chemical and spectral analyses have shown that the
content of metallic impurities in the MoO, preparations
investigated does not exceed 0.01%. The content of nitro-
gen present as ammonium ion is on the order of 0.01%,
and that of nitrogen in the form of NO, is below this value.
The surface areais 1, 0.1, and 0.015 m?/g for preparations
I, II, and III respectively.

Molybdenum (V1) oxide has a tendency to form single
crystals in the shape of thin plates. Their large faces
(basal) coincide with the (040) lattice planes whereas side
faces are (100} and (001) (e.g., 51, 56, 58).

Microscopic observations have revealed that the prepa-
ration obtained through sublimation (III) consists of well-
developed plate-shaped crystals of average dimensions
(4-10 mm) % (0.2-2 mm) X (0.01-0.2 mm). The commer-
cial preparation (II) consists of small well-formed crystals
in the shape of thin platelets or plates. It is similar to
sublimated MoQ, but is microcrystalline. In contrast,
molybdenum oxide obtained by the decomposition of am-
monium paramolybdate (I} forms skeleton polycrystalline
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FIG. 1. X-ray patterns for MoO, preparations of various morphol-
ogies.

aggregates built of microcrystals of dimensions 3-9 pm,
similar in all directions. It should be thus surmised that
the fraction of basal faces (0k0) and side faces (100) and
(001) will be similar in preparation I whereas the basal
faces will prevail in preparations II and II1.

Result of the X-ray investigations shown in Fig. | con-
firm this supposition. Since crystallites in preparation [
fulfill the condition of random orientation in an X-ray
diffraction experiment, intensities of the reflections com-
ing from different lattice planes agree with the standard
values listed in ASTM. In contrast, the preparations of
the plate morphology (Il and III) show a tendency to
have an orientation parallel to the basal faces, hence the
reflections (040) are markedly stronger compared to the
ASTM values.

Phase Transformations during Reductions

The X-ray diffraction has shown that the reduction of
the investigated preparations of MoQ, at temperatures
below 823 K is a two-step process whereby Mo,0y; is an
intermediate and MoO, is a final product of the reduction,
irrespective of the reductant used. No other suboxides of
molybdenum have been found. This observation agrees
with our earlier findings (18) as well as with the results
of other authors (2, 9, 11, 14). The reduction reaction may
be thus written as

MOO3‘—) M04011 i MOOz. [1]
(A) (B) ©

Contents of the above compounds as a function of the
degree of reduction (a) are compared for the reductants
hydrogen and butenc in Fig. 2. As one can see, the A —
B reaction is faster than B — C for the reduction under
hydrogen. As a result, the content of the intermediate
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FIG. 2. Changes in phase compositions during reduction of MoO,
under hydrogen and under butene-1. Hy: T = 823 K, p = 26.6 Kpa;
butene-1: T = 793 K, p = 7.0 kPa.

reduction product close to a maximum is comparatively
high, whereas it is low for butene and it changes little in
the course of the reduction. This indicates that in the case
of the reduction by butene, rates of the two reactions
A— Band B— Care comparable, The phase composition
of samples reduced by propene is similar to that found
for the samples reduced under butene.

Microscopic observations of the reduced samples have
shown that products of the MoO, reduction crystallize in
loose aggregates and do not form a compact layer at the
oxide surface, which would hamper access of the reduc-
tant. A “*fresh’’ surface of the MoO, grains is permanently
accessible and it diminishes with the progress of the reac-
tion, according to the ‘‘shrinking core’” model (49).

Investigations carried out with the pulse technique have
shown that products of coking are deposited on surfaces
of samples reduced by hydrocarbons. The experiments
consisted in the reduction of MoQO; in a flow reactor by
pulses of propene or butene, followed by the reoxidation
by pulses of oxygen. The degree of coking of the reduced
samples could be established from the amount of CO,
formed in the course of combusting the carbon deposit.
It has been found that the amount of the carbon deposit
increases in proportion to the degree of reduction of

MoO;. Formation of the products of coking in the course
of the reduction of MoO, by butene was also observed
by Batist et al. (6).

Reduction Kinetics

Figure 3 shows the initial rate of MoO; reduction as a
function of pressure, for different reductants. As one can
see the rate of reduction is proportional to the pressure,
hence the reaction is of the first order with respect to
gaseous reductant.

Figure 4 shows full kinetic curves for the reduction by
hydrogen in the form of plots of the rate of reduction as
a function of the degree of reduction, for three MoO4
preparations described above, differing in the crystallite
morphology. Due to considerable differences in the reac-
tion rates resulting from different surface areas of the
preparations, ratios of the current rate of reduction R to
the initial rate of reduction R, were plotted. Values of the
rates of reduction in Fig. 4 have been recalculated for the
same hydrogen pressure of 1 Pa. Hence, the differences
which one can see in the figure reflect differences in the
morphologies of preparations I-II1.

The effect of the nature of reductant used was investi-
gated for preparation 1. Figure 5 shows the rate of reduc-
tion R as a function of the degree of reduction («) for
propene and butene-1 at various temperatures. The analo-
gous set of curves for the reduction by hydrogen is given
in Ref. (18). For both propene and butene-1 the position
of the maximum shifts with an increase in the temperature
toward smaller values of @ and at the same time its height
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FIG. 3. Initial rate of reduction of MoQ; (preparation 1) as a function
of pressure for various reductants.
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increases. In the case of hydrogen, the position of the
maximum on the R(a) curve does not depend on the
temperature and corresponds to « = 0.5,

The initial rates of reduction are compared for various
reductants in Fig. 6 in the form of linear Arrhenius plots
in the coordinate system In R, versus 1/7. As one can
see, the rate of reduction increases in the order: CO <
H, < C3H¢ < C,Hg. The differences are very large and
amount to several orders of magnitude. The activation
energy of the reduction decreases in the same order. it
is 125 = 5 kJ mole™! for H,, 113 = 10 kJ mole™! for
propene, and 80 = 10 k] mole™! for butene-1 and corre-
lates with values of energy reguired to abstract one atom
of hydrogen from the gascous reductant; these values,
expressed in kJ mole™?, are: 432.7 (H,), 361.2 (propene),
and 328.1 (butene-1) (50). For comparison, the activation
energy of the reduction in CO is 137 = 10 kI mole™, i.¢.,
is higher than that of any hydrogen-containing reductant.

In order to confirm the autocatalytic course of the re-
duction, experiments with an admixture of MoQ, have
been performed. Preparation [ has been used with hydro-
gen as the reductant. The results are shown in Fig. 7 in
the form of the R(a) curves. As one can see, the addition
of the final product of the reduction, i.e., MoO,, clearly
increases the initial rate of MoQ, reduction. The maxi-
mum on the R(a) curve shifts slightly toward smaller
values of «, at the same time a decrease in its relative
height, the measure of which is the R_/R, ratio, is ob-
served (R is a maximum rate of reduction).
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Kinetics of reduction of MeO; (preparation I) by propene and butene-1 at various temperatures. The rate of reduction is recalculated

for a reductant pressure of 1 Pa and a specific surface area of MoQ; of | m?g ™!,
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(preparation I),

The effect of the addition of platinum on the rate of
reduction of MoO; was also investigated. Platinum is a
known activator of the dissociative adsorption of hydro-
gen. Platinum black obtained by thermal decomposition
of the chloroplatinic acid was used for this purpose. The
results are shown in Fig. 8. As one can see, adding Pt
increases the initial rate of reduction of MoO; 10-50 times.
The rate decreases with time due to the deactivation of Pt,

DISCUSSION

Analysis of the R(a) kinetic curves for the reduction
under hydrogen was carried out on the basis of a consecu-
tive autocatalytic reaction model (CAR), described in de-
tail previously (17),

The autocatalytic action of product C consists in facili-
tating a dissociative adsorption of the reductant which
leads to the formation of reactive atomic hydrogen and
transport of the active species to the surface of substrate
A (spillover effect). The traces of dispersed metal usually
present in the lower oxide which is the final product of
the reduction may activate the hydrogen or hydrocarbons
used as the reductants.

An obvious condition for the occurrence of the catalytic
effect is the existence of contacts between grains of cata-
lyst C and the oxide under reduction. Thus the autocata-
Iytic effect should be particularly pronounced in the re-

22+ MoO, + 20% Mo,
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MoD; + 10% MaO,
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FIG. 7. Effect of addition of MoO, on the rate of reduction of MoO,
(preparation I) at 13 K.

duction of the intermediate product B transforming
directly into the final product C, which facilitates the
generation of a significant number of the contacts B/C.
In contrast, crystallites C do not often contact the sub-
stratc A and hence the active hydrogen transfer from C
to A is negligible. The above considerations lead to the
conclusion that only the second step of the reduction is
autocatalytic.

The overall rate of reduction may be expressed in the
form of a product r(p, T) - S(e), where the first component
accounts for the dependence of the rate on the tempera-
ture and pressure of the reductant, and the second reflects
the change in size of the reaction interface during the
process. If nucleation and crystallization of the products
are fast, as indicated by the microscopic observations,
S(a) decreases with increasing «, according to the shrink-
ing core model mentioned earlier. Then at constant p, T
the rate of consumption of substrate A or intermediate
product B is proportional to the surface of unreacted
grains, i.c., to the nth power of the actual reactant con-
tent. The exponent n is 2/3 for spherical grains and is
close to zero for flat platelets of small thickness. Thus,
the following scheme corresponds to the CAR model:

k3
k, | n order I}
————» B C 2}
n order f

autocatalytic



KINETICS AND MECHANISM OF MOLYBDENUM (VD) OXIDE REDUCTION 89

04

MoO; + 10% Pt

k] o

DEGREE OF REDUCTION

0zF MoO5+5% Pt

Al

MoO,

0 50 100 150
TIME {MN]

FIG. 8. Effect of addition of Pt on the rate of reduction of MoO;
(preparation I) at 8§13 K.

The rates of the subsequent steps of the reduction are
described by the set of differential equations

dxA _ k X" de dxA dxc
T, = 1A . T . T T
dt dt dt dr 13)
dx
-a“tg = kpxjy (K +x3),

where x,, xg, and xc are mole fractional contents of the
solid reactants. The constant K = k3/k, formally gives the
ratio of the rate constants of the noncatalyzed and auto-
catalyzed reactions. It may also describe the initial
amount of the catalyst introduced into the system or
formed in situ as a result of the appropriate treatment of
the sample prior to the reduction. ‘

The rate of reduction determined experimentally may
be related to changes in the phase composition by the
equation

R = Rylx’ + (8 — DAxB(k + x2l, [4]

where R, = k,/ is the initial rate of reduction, k = &,/
k,, and 8 is a constant dependent on the reduction stoichi-
ometry; § = 4 for reaction [1]. The mole fraction x, ap-
pearing in Eq. [4] may be calcuiated after integration of

the first relationships in Eq. [3], whereas xg and x; may
be calculated from the experimentally determined degree
of reduction « making use of the relations

~xgtxc=a, xpatxgtxc=L (5]

5

Rate constants & and x, and hence k, and k3, can be
calculated by fitting the experimental data into Eq. [4].

Equation [4] has been used to describe the kinetic
curves R{a) obtained for the reduction of various prepara-
tions of MoO, by hydrogen. The number n was assumed
to be % for preparations I and II and for all the reactants
(A, B, C), whereas for the plate-shaped preparation III,
which consists of large well-developed crystals, n = 0
was assumed for substrate A (MoQ;) and n = § for the
remaining reactants. The solid lines in Fig. 4 were plotted
according to the above assumptions and Eq. [4]. The
respective values of constants & and K, as well as the
initial rates of reduction R, are given in the caption of
the figure.

The data show that the kinetics of reduction depends
on the morphology of MoO,. One can easily determine
that the initial rate of reduction (given in the caption of
the figure) does not change in proportion to the relative
surface area, as was observed previously for preparation
I (18). This indicates that the preparations studied have
different relative activities which increase with an in-
crease in the fraction of the basal faces (040). The acceler-
ation of the first step of the reduction (A — B), without
a significant change in the rate of the second step, leads
to an increase in the height of maxima in curves R(a),
observed for preparations 1l and III.

One cannot, however, formulate unequivocal conclu-
sions about the activity of a specific lattice plane of MoQ,
on this basis. Results of investigations on the role of spe-
cific faces of MoO, crystallites in the catalytic reactions
of oxidation of olefins (51-53), alcohols (56, 57), as well as
oxidative ammonolysis of toluene (3}, obtained by various
authors reveal a number of discrepancies which could not
be rationally accounted for in the past. Recently it turned
out, however, that the basal planes in MoO, are not
smooth in atomic scale, but have a stepped structure (58).
They also thus contain arrangements of atoms characteris-
tic of side planes (e.g., (100)), as well as atoms situated
on edges of the steps, having different coordination and
energetic properties.

Similar results have been obtained by Mingot et al. (59)
and Abon et al. (60), which prepared MoO, by oxidation
of the molybdenum foil. Preparations thus obtained have
a distinct [100] preferred orientation and are bordered by
(110), (120), and (130) faces, which are stepped surfaces
composed of (100) terraces and normal (010) steps.

The kinetics of MoO; reduction in the atmosphere of
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hydrocarbons may be analyzed using the same model but
with modifications that take into account the different
phase composition of reduced samples. As described ear-
lier, in the case of hydrocarbons, the content of the inter-
mediate product B is small and practically constant in
the course of the whole reduction process. Hence, A/C
intergranular contacts prevail in the reduced samples, and
the number of B/C contacts is limited. This allows one
to define reaction [1] as a simple autocatalytic reaction
A — C and to neglect the intermediate product B. In
these conditions the rate of reduction may be described
by the equation

de, .
"“"E‘:klx?d\m'*'kl-’f%\nx(z:u, [6]

which, when it is assumed that x, is proportional to 1 —
o and x; to a, may be written as

R=%

— W1 _ 123
” Ryl + ko™ )1 — &),

(7

where k = ki/k,.

An additional factor which should be taken into account
for the reduction by hydrocarbons is the deposition of
products of coking con the surface. Based on the results
of the pulse experiments, it has been established that
the rate of reduction of MoQ, by hydrocarbons may be
described by the equation

R = (Ry+ ko — kea)(1 — o), [8]

where the expression kco is the rate of accumulation of
the carbon deposit on the sample surface, and 4c is the
coking constant. Plots in Fig. 5 show the fit to Eq. [8].
Only in the case of reduction by butene at 813 K, where
the rate of coking is very high, was the k.a/(1 + a) expres-
sion used instead of kce, since the former takes into ac-
count the hampering of the coke deposition process with
increasing degree of reduction. The activation energy of
coking is high and amounts to 200 kJ mole™' and 340 kJ
mole~! for propene and butene-!, respectively. Hence,
the contribution from the coking process increases dra-
matically with increasing temperature. The coking is neg-
ligible below 750 K.

A summary of the most important experimental findings
seems necessary before discussing the mechanism of the
reduction of MoQ;:

(i) The rate of reduction is proportional to the pressure
of the reductant,

(ii) The rate of reduction depends on the nature of the
reductant; for hydrogen and alkenes, the rate of reduction
increases with decreasing energy necessary to abstract

an atom of hydrogen from a molecule of the reductant.
The activation energy of reduction decreases in the
same order,

(iii) The rate of reduction changes in a complex way
with increasing degree of reduction; it passes through a
minimum and a maximum or it attains a maximum only.
When alkenes are used as reductants, the reduction is
accompanied by the formation of the coke deposit, which
leads to a decrease in the rate of reduction.

(iv) In the temperature range 723-823 K, the reduction
of MoQ; is a consecutive reaction, orthorombic Mo,Oy;
is an intermediate product, and MoQO, is the final product.

(v) Adding MoO,, the final product of the reduction,
accelerates both iransitions: Mo0O,; — Mo,0,, and
Mo,0,; — MoO,.

(vi) Adding platinum black, a known activator of the
dissociative adsorption of H,, markedly accelerates the
redaction of MoO,.

All the above relationships indicate that the reduction
of MoQ; proceeds according to a previously described
model of an autocatalytic consecutive reaction corre-
sponding to kinetic scheme [2]. According to the CAR
model, the rate-determining step of the process is the
dissociative adsorption of the reductant accelerated auto-
catalytically by the product of the reduction, MoO,. The
remaining elementary processes, such as the reaction of
the surface atomic hydrogen with lattice oxygen, the crys-
tallization of the solid products of the reduction, and the
transport of reactants, are fast. The surface area of re-
duced grains is not blocked by the products of the reduc-
tion and it diminishes in the course of the reduction ac-
cording to the shrinking core model.

Alternative models of the MoO, reduction, described
in some papers, which assume nucleation to be a rate-
determining step, cannot account for all experimental
findings. In particular, they exclude the presence of a
minimum and a maximum on the curve R(«), whereas
such shapes are in fact observed under appropriate condi-
tions. If one assumed that nucleation was the rate-de-
termining step, it would be difficult to explain the acceler-
ating action of platinum or the increase in the rate of
reaction MoO, — Mo,0,; when MoQ, is added. Nor can
the observed correlation between the activation energy
and the rate of reduction of Mo(Q; on one side, and the
energy required for abstraction of hydrogen from a mole-
cule of the reductant on the other, find explanation on
the ground of the nucleation model; it is, however, a
simple consequence of the CAR model.

Yet other rate-determining steps in the reduction of
MoQ, were considered in older literature. Since in the
course of the reaction oxygen vacancics are formed in
the subsurface layer, a diffusion stream of oxygen ions
from the bulk of crystallites to the surface is generated.
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As a result, the concentration of vacancies in the bulk
constantly increases, which leads, when a certain limit is
exceeded, to the formation of new phases of lower oxides.
Using such reasoning, Batist et al. (6) developed a model
of the MoO, reduction, which assumes the diffusion of
0%~ ions from the bulk to the surface to be the rate-
determining step and the activation energy to be equal to
the activation energy of the diffusion step. The model was
next improved by Steenhof de Jong et al. (61), without
principally altering, however, its physical basis.

In the light of the facts observed, the models based on
the assumption that the diffusion of the lattice oxygen is
a step limiting the reduction of MoQO, are inadequate.
They do not account for the shapes of the kinetic curves
nor for the acceleration of the reaction on the addition of
Mo0,. Obviously one should expect that the addition of
platinum or a change in the kind of reductant would lead
to anincrease in the hydrogen concentration, which would
accelerate the surface reaction. A faster depletion of oxy-
gen from the surface layer would increase the concentra-
tion gradient, and hence the diffusion stream of oxygen
ions. However, all these processes cannot change the
activation energy of the oxygen diffusion. Thus the ob-
served decrease in the activation energy of reduction
which accompanies the change in the reductant from hy-
drogen to alkenes cannot be explained within the frame-
work of the diffusion model.

The diffusion model can also be criticized on broader
grounds. It is known from the investigations cited in the
Introduction that atomic hydrogen readily penetrates the
bulk of MoO; already at room temperature. One should
thus expect that at elevated temperatures the reduction
of the subsurface layer will proceed even more as the
result of the migration of atomic hydrogen into the oxide
structure. Under such conditions the diffusion of the lat-
tice oxygen is nof necessary, since the oxygen deficit
is quickly compensated for by the crystallization of the
reduction products (oxides impoverished in oxygen} and
the uncovering of fresh surfaces of unreacted MoQ,. Dif-
fusion of the oxygen lattice and formation of the oxygen
vacancies play a significant role in the formation of shear
planes in the earlier stages of the reduction before new
oxide phases appear. These processes may be observed
during the reduction of MoO, at low temperature.
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