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Flash desorption by a new technique has been applied to the study of oxygen desorption 
from powdered oxides of the first transition period (TiO,, V,O,, Cr,O,, MnO,, FeZOs, 
Co,O,, NiO, CuO, ZnO). 

Thermodesorption “spectra” show a small number of well-resolved peaks: one, two or 
three states of binding are found for oxygen, each one characterized by a calculated activa- 
tion energy. Population of these states changes with preliminary treatment of the metal 
oxide. 

The results are compared with literature data on “oxygen mobility” resulting from other 
experimental techniques, and with the known activity pattern of these oxides in oxidation 
catalysis. 

INTRODUCTION 

Comparison of a large number of cata- 
lyzed oxidation reactions shows that the 
transition metal oxides fall into a pattern of 
catalytic activity nearly independent of the 
molecule being oxidized. It is natural to 
ask if this pattern is related to the binding 
energy of active oxygen; it is also of inter- 
est to know whether this oxygen exists in 
discrete states or in a broad distribution of 
energies. The “flash desorption” technique 
can give information on both of these 
questions by displaying a spectrum of ad- 
sorbed states and permitting their energies 
to be measured. 

The method (I) is to heat a surface cov- 
ered with adsorbed molecules and measure 
a desorption flux. For molecules adsorbed 
in a given energy state, the increasing de- 
sorption probability and decreasing supply 
results in a peak in the desorption flux. If 
several states exist, a spectrum is ob- 
tained. From the temperature at the peak 
maximum, the shape of the peak, and the 

variation of peak position with initial cov- 
erage, one can in principle determine de- 
sorption energies and kinetics. The ex- 
perimental requirements are therefore a 
desorption sample, a method of heating, 
a temperature sensor, and a desorption flux 
detector. 

While most flash desorption experiments 
have been performed with metal filaments 
and ribbons in high vacuum, some work 
has been done with powdered samples. 
These have employed a variety of detec- 
tion techniques. Cvetanovic and Ameno- 
miya (2) measured concentration changes 
of desorbed molecules in a carrier gas with 
a gas chromatograph. Czanderna (3) stud- 
ied thermodesorption from silver powder 
with a microbalance by relating mass 
change to desorption rate. Gay (4) ob- 
tained a desorption spectrum of oxygen on 
nickel oxide by measuring the rate of flow 
of desorbed gas through a capillary. None 
of these techniques requires high vacuum 
for its implementation. The present work 
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differs in this respect and so is more akin 
to the standard flash desorption experi- 
ment. 

EXPERIMENTAL METHODS 

Thermodesorption was carried out in a 
glass cell linked to a time-of-flight mass 
spectrometer, a Bayard-Alpert ionization 
gauge, an oxygen purification and delivery 
system, and an auxiliary vacuum line. 
These could be independently isolated by 
greaseless high vacuum stopcocks. The de- 
sorption cell contained a powder sample 
and a radiation heater. 

The powder sample, or desorption 
source, is a cylinder of powder, 1 X 5 mm, 
which has been compacted and slightly 
sintered. A 0.1 mm Chromel-Alumel ther- 
mocouple runs along the cylinder axis, 
with the junction located at the midpoint. 
The powder is initially held around the 
thermocouple by a thin walled, 1 mm 
diameter quartz sleeve, one end of which 
is fire polished to a diameter of 0.1 mm, 
permitting passage of a thermocouple wire 
only. Powder placed in the sleeve is com- 
pacted by means of a thick walled capillary 
(bore 0.2 mm) which can slide inside the 
sleeve and around the thermocouple. This 
serves both as a piston and a means of 
centering the thermocouple. When the 
sleeve is half filled, the junction is formed 
by spot welding and pulled down to the 
powder level. The remainder of the tube 
can then be filled and compacted. After 
heating in vacua to 500°C sufficient 
shrinkage and sintering occurs to permit 
removal of the sleeve; the resulting cylin- 
der is self-supporting though delicate, and 
the axial thermocouple is tightly held in 
good thermal contact with the powder. 

Heating was effected by radiation; two 
types of radiation source were con- 
structed. The first is based on the principle 
of the light pipe (Fig. 1). A Pyrex rod, 
1 X 7 cm, is sealed at its midpoint through 
the glass wall of the cell. The ends of the 
rod are broken cleanly flat or slightly fire 

FIG. 1. Desorption cell (part). (A) 600 W bulb, (B) 
Pyrex rod light pipe, (C) powder cylinder and en- 
cased thermocouple, (D) gold foil mirror. 

polished. The powder cylinder is posi- 
tioned a few millimeters from the interior 
end, suspended by its thermocouple leads 
from an auxiliary glass frame; the leads are 
connected to a two-lead press seal for ex- 
ternal contact. Radiation is supplied by a 
small, 600 W, iodine-vapor projection 
bulb, whose distance from the exterior end 
of the rod could be varied. 

Radiant energy is conducted down the 
rod and onto the powder sample. A gold 
foil mirror, of roughly parabolic cross sec- 
tion, is placed behind the powder for 
greater efficiency and uniformity of illumi- 
nation (desorption from the gold foil alone 
is not seen). Final temperatures of 1000°K 
were easily attained. The second type of 
radiation source was an electrically heat- 
able platinum ribbon which could be 
shaped to surround, but not touch, the 
powder cylinder. At incandescence, radia- 
tion from the ribbon is sufficient to raise 
the temperature to more than 1300°K. Ox- 
ygen is desorbed from the ribbon in quan- 
tities generally small compared to the 
powder; this occurs rapidly before the 
powder heats up, so the spectra are not 
confused. 

Oxygen gas, initially of 20 ppm purity, 
was contained in a l-liter flask supplied 
with sidearm that had been filled with 
outgassed molecular sieve 13X. This 
serves as a condensation source. A liquid 
air Dewar placed around the sidearm re- 
duces the oxygen pressure to less than a 
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micron. By removing the Dewar, oxygen 
could be admitted to the desorption cell 
via a stopcock and a series of liquid air 
cooled traps filled with quartz dust. A 
pressure of 200 Torr is easily obtained 
since little physisorption occurs on the 
quartz dust. The system is shown in 
Fig. 2. 

After establishment of high vacuum, the 
powder was outgassed between 500 and 
700°C‘ until no further release of con- 
taminants was detected in the spec- 
trometer at the sensitivities employed for 
thermodesorption. The main impurities re- 
leased were H20, COz, and a fragment at 
mass 30, probably NO resulting from the 
precipitation of the oxides from the corre- 
sponding metal nitrates. The powder is ox- 
idized under a pressure of 200 Torr at tem- 
peratures up to 500°C for times ranging 
from several seconds to several minutes.. 
After cooling to between -50 and - 1 OO”C, 
the oxygen was recondensed on the molec- 
ular sieve and the oxygen flask was closed 
off. The oxygen is thus continuously puri- 
fied and repurification for each run is 
avoided. Thermodesorption can be com- 
menced by establishing high vacuum, 
opening the desorption cell to the spec- 
trometer, and activating the radiation 
source. 

Because of the high internal surface area 
of the powder cylinder, it was found 

E 

FIG. 2. Oxygen source and vacuum system. (A) 
Oxygen flask and molecular sieve, (B) quartz dust 
trap, (C) auxiliary vacuum line, (D) ion gauge, (E) 
time-of-flight mass spectrometer, (F) desorption cell. 

unnecessary to have initial pressures 
below 10m6 Torr since this corresponds to 
a recontamination rate much lower than 
for a flat surface. During thermodesorption 
only O2 is found to desorb, and simulta- 
neous recordings of ion gauge and spec- 
trometer are identical; it can be concluded 
that the oxygen purity was sufficient for 
these experiments. 

Commercial samples of pure grade 
oxides were used in most cases; sample 
number and surface area (BET) are given 
below. ZnO was precipitated from aque- 
ous nitrate by ammonia, washed carefully, 
dried and calcined at 600°C for 18 hr. 

TiOz Carlo Erba (488257) 5.5 m2 g-l 
VZQ Carlo Erba (491121) 12.0 
CkD3 Carlo Erba (440285) 6.0 
MnO, Carlo Erba (460055) 20.0 
Fe203 Carlo Erba (451826) 8.7 
CogO, ‘Prolabo (22923) 15.0 
NiO Prolabo (25885) 6.5 
cue Prolabo (23 145) 1.0 
ZnO 2.6 

X-Ray diffraction diagrams have been 
compared with published data (ASTM) 
and found to be consistent with the chemi- 
cal formula for all oxides. TiO, is a mix- 
ture of rutile and anatase; iron oxide is 
a -Fe,O,; ZnO shows an extra line 
(weak), presumably due to ZnC03. 

RESULTS 

Oxygen thermodesorption spectra were 
obtained for oxides of the transition metals 
from Ti to Zn. One, two or three binding 
states are found. Typical spectra and light 
pipe heating curves are seen in Figs. 3 
and 4. 

Desorption activation energies E can be 
calculated from the general relations for 
first and second order desorptions: 

1 p/kT, = _ 45 P -- 
28 kT,’ v’ 
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FIG. 3. Cobalt oxide (Co,O,) spectrum. (-) Spec- 
trometer current; (---) heating curve. 
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FIG. 4. Ferric oxide (Fe,O& spectrum. (-) Spec- 
trometer current; (---) heating curve. 

T,?, and p are the temperature and heating 
rate at the peak maximum, and v is the 
frequency factor. For a second order 
process begun at full coverage (6’ = 1), the 
term 20 can be expected to be of the order 
of unity, and neglect of this term will not 
incur a large error. Hence, for either a first 
or second order process, a good approxi- 
mation to the desorption energy is (I): 

i&= In i + In +-- * In $. 
,,I 

v was taken to be kT/h = lOI set’; this 
assumes that both adsorbed molecules and 
activated complex are immobile. This is 
not unreasonable for oxygen on oxides. In- 
dependent determination of this factor is 
possible but requires a two order of magni- 
tude variation of heating rate for accuracy 
(5); this cannot be done with the radiation 
heaters used here. Thermodesorption from 
powders is also potentially complicated by 
diffusion, readsorption (2), and bulk solu- 
tion of oxygen. Since the main object of 
this work was to look for discrete states on 
a large group of oxides, the above simple 
but limited approach was adopted. The 
calculated energies (kcal mole-‘) are 
shown in Table 1. 

A common feature of several oxides is a 
low energy state, state 0, adsorbed with 
zero or very small activation energy. All 
other states require elevated temperatures 
for adsorption. The population of state 0 is 
strikingly sensitive to the population of 
higher states. If these are filled, state 0 will 
be small; if empty, state 0 will be large. 
Beginning with a “clean” surface, a large 

TABLE 1 
ACTIVATION ENERGIES OF OXYGEN DESORPTION 

FROM OXIDES (Ed, kcal mole-‘) 

state 
“0 TiO, V,O, Cr,O, MnO, Fe,O, Co;O, NiO CuO ZnO 

0 16 18.5 20 25 21 16 

I 76 57.5 37 30 39 37 44 48 83 
2 90 41 60 SI 62 
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FIG. 5. Nickel oxide (NiO) state zero variation. (a) 
Adsorption of oxygen below room temperature; (b) 

oxidation at 500”K/200 Torr oxygen, several sec- 
onds. 

population of state 0 can be obtained by 
oxygen treatment at room temperature or 
below; under these conditions, higher 
states remain empty. If oxidation is carried 
out at elevated temperatures, the higher 
states are filled and state 0 is found to 
have a smaller population. The effect is 
shown in Fig. 5 on NiO. 

For MnO, and CuO, two states are 
found; the spectrum is terminated by the 
onset of oxide decomposition (Fig. 6). The 
result is interesting since it permits a suali- 

T’K 

I I I ” 

5 lb 15 20 Time-sets 

FIG. 6. Manganese oxide (MnOJ spectrum. (-) 
Ion gauge current; (---) heating curve; (arrow) onset 
of decomposition. 

tative comparison of the “mobilities” of 
chemisorbed and lattice (bulk) oxygen. 

Cr,O, exhibits two peaks at low cover- 
age, which are not far apart in energy. The 
population of the high temperature peak is 
much greater, however, and at high cover- 
age the spectrum appears to have only a 
single peak corresponding to the higher 
energy (Fig. 7). The two peaks can be dis- 
played by using a low oxidation time at a 
sufficiently low temperature; the higher en- 
ergy state is then incompletely filled and 
does not overlap completely the lower 
state. 

DISCUSSION 

A. Experimental Method 

Since powdered oxides in vacua do not 
have a high thermal conductivity, one must 
ask if the encased thermocouple responds 
with sufficient rapidity to temperature 
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FIG. 7. Chromium oxide (Cr20J spectrum (high coverage). (-) Spectrometer current; (---) heating curve. 

changes, or if significant temperature gra- 
dients exist. This question may be consid- 
ered in several ways. 

If the thermocouple temperature greatly 
lagged behind that of the outer cylinder 
surface, then desorption state 0 should 
commence and be substantially complete 
before the thermocouple voltage rises. 
This never occurs: the temperature always 
rises before the onset of desorption. More- 
over, if the thermocouple response is slow, 
the stronger heating should give an appar- 
ent shift of the peak maximum to lower 
temperatures. This also is not seen: a 
higher heating rate always shifts the peak 
maximum to slightly higher temperatures, 
as would be expected (effect of p). 

The thermocouple response time can be 

estimated as follows: energy falling on the 
outer surface of the sample cylinder will 
diffuse to the thermocouple in a time r 
given roughly by: 

rz 
T-(KIC)’ 

where Y is the cylinder radius, K the 
thermal conductivity, and C the heat 
capacity of the powder per unit volume. K 
will depend on the degree of sintering. If 
values for pressed powders (6) of - 10” erg 
cm-’ set-’ are assumed, then heat dif- 
fusion times of less than 0.1 set result. 

An attempt to measure this time was 
made by using the thermocouple simul- 
taneously as a heater and tempera- 
ture sensor. Alternating current passing 



through the thermocouple cannot affect the 
dc temperature dependent voltage. Short 
circuiting of this voltage by the trans- 
former is prevented by the capacitor. Tem- 
peratures measured during current passage 
are accurate to -30°C; this is verified by 
breaking the heating circuit and noting that 
the thermocouple voltage remains briefly 
at the same value before the onset of slow 
cooling. A large current, sufficient to cause 
a bare thermocouple to glow, is then 
applied suddenly. The recorded thermo- 
couple voltage is found to rise rapidly 
to lOO-200°C due to Joule heating; there- 
after it rises slowly, at a rate determined 
by the heat capacity C of the powder. The 
duration of the rapid rise can be taken as a 
measure of the “damping time” of the 
powder. It is of the order of tenths of a 
second; this is adequate for peak scan 
times of several seconds. 

The thermocouple sensitivity is suf- 
ficient to detect the melting of V,O,: a sud- 
den flattening of the voltage-time curve is 
observed. The melting point found in this 
way is about 65o”C, which compares well 
with the reported value of 670°C (6). 
Desorbing molecules, since they carry off 
energy, should also distort the voltage- 
time curve. This is a small effect for the 
powders studied, since the surface area per 
gram and adsorbed oxygen concentration 
are both low; nevertheless the effect is vis- 
ible for Co,O, (Fig. 3) as a slight kink in 
the heating curve for both the first two 
peaks. 

Early experiments were carried out by 
heating an uncompacted powder in a gold 
foil dish to which a thermocouple had been 
spotwelded. The spectra obtained were 
poorly resolved and the temperatures were 
not meaningful since the contact between 
foil and powder was poor. The present 
construction overcomes these difficulties. 

B. Diffusion and Reudsorption 

A molecule desorbed in the interior of 
the powder cylinder can be delayed by dif- 

50 HALPERN AND GERMAIN 

fusion and readsorption. Since these ef- 
fects can shift the peak maximum, it is of 
interest to estimate their importance. 

In the absence of readsorption a mole- 
cule will diffuse from the center of the cyl- 
inder in a time td giVen by 

r2 
td=-, 

40 

where D is the diffusion coefficient and r 
the cylinder radius. The powder cylinder 
can be crudely regarded as permeated by 
radially oriented capillaries of radius a. 
For Knudsen diffusion in such capillaries, 
D = (2/3)ac, where c is the molecular 
velocity; for the relatively low surface 
area powders used here, a will be taken 
as approximately lO-5 cm. The diffusion 
time is then - 1O-2 set which cannot affect 
the spectrum. 

Readsorption is possible during diffusion 
because of the large number of collisions 
made with powder particles. The length L 
corresponding to unit readsorption proba- 
bility will be estimated for a bare surface. 
Let p be the probability of adsorption on a 
single collision. The number of collisions 
per second with the capillary wall is -c/u 
and the time td required to diffuse the dis- 
tance L is given by 

fd- L2 -3L2 
40 8ac- 

The condition for unit adsorption probabil- 
ity is thus 

from which L can be determined provided 
an assumption is made concerning p. For a 
diatomic molecule adsorbed via an im- 
mobile activated complex, the adsorption 
probability per collision is given by (7): 

h2 h2 
‘= n0 2nmkT 8r21kT 

e-alk7 

’ 
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where no number of sites per cm* 
(- 10’3) 

m molecular mass 
(- 5 x 10-Z” g) 

I moment of inertia 
(- 2 X 1 O-38 gcme2) 

a activation energy 
of adsorption 

Assuming a low activation energy (- 7 
kcal mole-‘) and a high temperature 
(- lOOO”K), one finds a readsorption 
length L of several centimeters. Since this 
is much longer than the cylinder radius, it 
is unlikely that readsorption will occur. 
This justifies the use of the standard ther- 
modesorption equations. 

C. Peak Shapes 

Peak shapes characteristic of first and 
second order desorptions have been calcu- 
lated for linear and hyperbolic heating 
curves by several authors (I ,5,8). The 
radiation heating curve differs from these 
in that it is concave downwards. To show 
qualitatively the peak shape distortions 
caused by this curvature, the heating curve 

T 1 -Yzz -~ 
TO In (t/r) 

will be assumed. The region of interest is 
0 < t/T < 0.1. By varying T, and 7, curves 
resembling radiation heat curves may be 
generated. It is also worth noting that 
a highly linear region is found for 
0.1 < t/T < 0.3. The function is conve- 
nient because it permits a simple integra- 
tion of the differential equations for first 
and second order desorptions. These are: 

(j = -v(je-~ikT 1st order, 
fj = -u(j2e-t/k7 2nd order. 

The desorption flux is proportional to 6; 
the resulting equations are easily found to 
be 

1st order, 

8a Wb?J” 
$ + [n&l + 2)] (tlt,)n+’ 

I 

2 

0 

2nd order. 

The parameter n is given by E/kT,,; it de- 
termines the shape of the peak. The lower 
the value of n, the greater the distortion 
from the linear heat curve case. t, is the 
time at which a peak maximum occurs; 
this was found by setting the first deriva- 
tive of 19 to zero: 

ntn t n+1=-- m u 1st order, 

t 

Finally the relative coverages at the peak 
maximum are given in terms of 8,, by: 

8 m - --e -n/(n+l) 
00 

1st order, 

m= 8 1 
00 1 + n/h + 2) 

2nd order. 

The experimental peak for Cr,O, is 
shown in Fig. 7; it can be compared with 
the theoretical first and second order 
curves of Fig. 8 for I!?~ = 1. To and 7 were 
chosen to give the experimental tempera- 
ture at the peak maximum. To give the 
same t,, slightly different values of IZ, de- 
termined by trial and error, were used for 
first and second order peaks, corre- 
sponding to less than 1 kcal mole-’ dif- 
ference in energy; this does not affect the 
peak shape. From n and To, the calculated 
value of activation energy (45.5 kcal 
mole-‘) is in good agreement with experi- 
ment (Table I). 

Compared with peaks resulting from a 
linear heating curve, the first order peak is 
less sharply attenuated, and the second 
order peak is no longer Gaussian, but has 
developed a pronounced tail. The dif- 
ference is still sufficient to distinguish the 
desorption order. Oxygen desorption from 
Cr,O, thus appears to be second order, 
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FIG. 8. First and second order desorption peaks. (-) Theoretical desorption flux (n = 3.29); (---) heating 
curve (T, = 7028”K, 7 = IO5 set). 

and the peak maximum is indeed found to 
shift to higher temperatures with de- 
creasing initial coverage as expected in 
thermodesorption (I). 

D. Spectra and Energies 

The activation energies Ed calcula- 
ted from the thermodesorption spectra 
(Table 1) have been compared with values 
of desorption heats E obtained from ox- 
ygen pressure measurements on the same 
powders (9). The existence of states suf- 
ficiently separated in energy should be 
manifested by a series of steps in a plot of 
desorption heat vs coverage. Each step 
should correspond to a desorption peak, 
the activation energy Ed being equal to or 
slightly greater than the equilibrium ad- 

sorption (desorption) energy E. In several 
cases, such steps were seen (NiO, Fe,O,, 
Cr,O,, CuO), and the energies Ed and E 
were in reasonable agreement. 

Steps in an E-8 plot and peaks in a 
desorption spectrum can also result from 
repulsive interactions. Wang (10) cal- 
culated E-8 curves for a cubic array of 
adsorbed molecules with nearest neighbor 
interaction; these curves can show an 
abrupt step at 8 = 0.5. On the oxides stud- 
ied here, where only a small fraction of the 
surface is involved in adsorption, this 
would imply the existence of discrete is- 
lands of close packed sites, rather than 
scattered sites. Such a picture is proven 
false from thermodesorption spectra. If 
repulsive interactions existed, then the 
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weakly bound fraction would only give a 
desorption peak when the surface was at 
least half filled. On all spectra obtained, 
however, the filling of the states depended 
only on the oxidation conditions; high and 
low energy states appeared in arbitrary 
proportions. It can be concluded that for 
oxygen adsorption on oxides, repulsive in- 
teractions cannot explain the experimental 
facts. 

Very similar spectra are obtained from 
samples of a given oxide prepared in 
various ways and give, within a 10% range 
of error, the same desorption energies. The 
reproducibility of runs on the same sample 
is much better (about 5%). The pattern 
arising from the values of Ed reported 
above (Table 1) therefore permit us to 
enter into a general discussion of the bind- 
ing energy of active oxygen. Several at- 
tempts have been made in the past to char- 
acterize the “oxygen mobility” of common 
oxides of the transition metals (I I). 
Boreskov et al. (12), (14) have measured 
the temperature dependence of the oxygen 
equilibrium pressure on oxides heated in a 
closed vessel (isochore method): the 
heats of desorption E calculated from a 
Clausius-Clapeyron plot (log P vs l/T) 
were found to increase sharply, in most 
cases, with the amount of oxygen removed 
from the sample. Initial values after a stan- 
dard treatment at 500°C under an oxygen 
atmosphere are given in Table 2. A good 
correlation was found with the activation 
energies of oxygen isotopic exchange on 
the same catalysts (13). 

On each oxide, the heat of desorption 
E increases monotonically, according to 
Boreskov ef al., from a low initial value 
(Table 2) to the high value expected for 

TABLE 2 
HEATS OFOXYGENDESORPTION(STANDARDSTATE) 

FROM OXIDES@, kcal mole-‘) 

Oxide: TiO, V,05 Cr,O, MnO, F&O, Co,O, NiO CuO 2~10 

E 59 43 26 20 34 16 19 18 54 

oxide decomposition. The obvious conclu- 
sion was that mobile oxygen occupied a 
broad and continuous distribution of states 
on the oxide. In contrast to this, our flash 
desorption results (Table 1) indicate that 
mobile oxygen exists on each oxide in a 
small number (1 to 3) of discrete states. 

This discrepancy was cleared up by a 
careful reinvestigation of the isochore 
method (9) carried out in this laboratory: 
the curve of desorption heat vs amount of 
oxygen desorbed actually shows in many 
instances a number of steps corresponding 
to the number of peaks in the flash desorp- 
tion spectrum. However, the state of low- 
est energy may be easily missed with 
some oxides due to experimental dif- 
ficulties. 

Correlations between activity and ox- 
ygen mobility in catalytic oxidations im- 
plies a knowledge of the oxygen states in- 
volved in the catalysis. For a given 
system, this state could change with tem- 
perature, partial pressures of oxygen and 
reagents, and the time when several states 
of oxygen coexist; each one could be 
responsible for a particular reaction of the 
same oxidizable molecule. 

If the observed states are labeled ac- 
cording to Table 1, a comparison with the 
data of Boreskov PI al. (Table 2) shows 
that the first species detected by the iso- 
chore method are oxygen in state 1 for Ti, 
V, Cr, Fe and Zn oxides, but oxygen in 
state 0 for Co, Ni and Cu oxides, as illus- 
trated in Fig. 9. The parallelism between 
heat of desorption and activation energy 
for catalytic oxygen isotope exchange 
(Table 2) indicates that the same states of 
oxygen are the catalytic species in this 
reaction. The same pattern of catalytic 
activity: 

TiO, < V,O, < Cr,O, < MnO, < Fe,O, 
< Co304 < NiO < CuO < ZnO 

is also observed in the oxidation of hy- 
drogen, ammonia, methane, ethylene, and 
other hydrocarbons (I I) with excess ox- 
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TiOz V&5 C&a Mn4 Fe203 Co204 NiO CuO ZnO 

FIG. 9. Activation energies [Ed, this work (a)] and heats of desorption [E, from Ref. (13) (Q] of oxygen 
from oxides of the 4th Peiiod (kcal mole-‘). 

ygen and the same conclusion could be 
drawn in these cases. 

A much higher activity of MnO,, Fe,O, 
and ZnO would be expected if state 0 on 
these oxides was operative. This seems 
to be the case when these oxides are 
degassed in vacuum at high tempera- 
ture - instead of oxidized - and catalytic 
exchange of oxygen is run at low tempera- 
ture (14), notably on ZnO. A very high 
rate of catalysis is then observed, com- 
pletely unrelated with the exchange of 
oxide oxygen. We have shown above that 
high temperature oxygen treatment 
strongly reduces state 0, important for 
oxides degassed at high temperature and 
oxidized at low temperature. 

A common feature of many oxidation 
reactions is a high initial rate followed by a 

deactivation; this could be rationalized as 
a progressive consumption of the most la- 
bile oxygen (state 0), the subsequent reac- 
tion being sustained on oxygen states of 
higher energies (states 1,2,. . .). This effect 
is of course magnified at very low oxygen 
pressures. 

This shift to higher oxygen states may 
entail large distortions of the general activ- 
ity pattern, and explains in part the dif- 
ficulties met in correlating catalytic activ- 
ity and oxygen mobility of oxides (15). 

So far we have no indications about the 
physical nature of the different states of 
mobile oxygen, or different oxygen species 
bound to each state (O,-, O-, 02-). These 
questions have been discussed by many 
authors (/6,17) and investigated using a 
variety of experimental techniques. Transi- 
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tion metal oxides are known to depart eas- 
ily from stoichiometric composition (semi- 
conductors) and lattice oxygen extraction 
with formation of a surface or bulk defect 
structure is likely to occur at moderate 
temperatures. A clear-cut distinction be- 
tween chemisorbed and lattice oxygen is 
often difficult, and interconversion 
between both probable. It is convenient to 
use the term “desorbed oxygen,” but this 
does not imply that oxygen extracted in 
flash desorption experiments is actually 
chemisorbed or surface oxygen. For ex- 
ample, states 0 (Table 1) could be assigned 
to chemisorbed oxygen, while states 1, 
2 . . could arise from the formation of 
different kinds of oxygen vacancies in the 
outer layers of the oxide lattice, or in the 
bulk. If chemisorption sites are identified 
with surface oxygen vacancies, high tem- 
perature oxygen treatment of the sample 
would, as observed, strongly inhibit state 0 
by filling these defects with oxygen anions 
02-. However, existence of several sur- 
face states is not excluded, if anionic va- 
cancies of different coordination are taken 
into account, or if more than one oxygen 
species may bind to a given type of surface 
site. 

Infrared spectra for 0, adsorbed on 
Cr,03 (18) show a prominent band at 1000 
cm-l having five components in a range of 
100 cm-‘. These are ascribed to Cr=O 
double bonds whose stretching frequency 
is modified by environmental features. 
They would probably lie too close in en- 
ergy to be distinguished by thermodesorp- 
tion; the group is most likely desorbed in a 
single peak at 47 kcal mole-‘. Such fine 
heterogeneities cannot be seen with flash 
desorption techniques. 

On the other hand, evidence for the ex- 
istence of several states of adsorbed ox- 
ygen widely separated in the energy scale 
is available for Cr,O, (17) with E = 35 
and 55 kcal mole-‘, akin to our states 1 
and 2 (Table 1). 

Kinetic evidence for the existence of 

two states of oxygen on ZnO is discussed 
above. 

CONCLUSIONS 

A small number of states are found for 
oxygen desorbed from powdered transition 
metal oxides of the 4th Period. The calcu- 
lated desorption activation energies follow 
approximately, with a proper choice of the 
states, the general activity pattern of ox- 
idation catalysis, low desorption energies 
implying high activities. The existence of 
discrete states can be used to explain dis- 
crepancies from this sequence for particu- 
lar reactions, as well as the influence of 
preliminary treatments of catalysts. The 
new flash desorption technique described 
in this work is particularly convenient to 
reveal these oxygen states. 
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