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A TPD (temperature-programmed desorption) study on the unstable lattice oxygen from
praseodymium oxide has been made with a view to know catalytic behaviors of such an unstable
lattice oxygen to the oxidation reactions. Five different oxygen peaks [« (340°C), a’ (380°C), B
(400°C), v (440°C), and & (500°C)] were observed on the TPD spectra from the oxide between 25 and
600°C, and the thermal behaviors of the 83, v, 8 peak oxygens were investigated as functions of
oxygen absorption temperature, pressure, and time. The total amount of oxygen desorbed
(evolved) between 25 and 600°C from PrgO;,, which is one of the oxides having a stable
composition, corresponded to 7.5% of total oxygen in the oxide. The absorption rates of oxygens
for each peaks were very fast, and the activation energies for desorption were rather high ranging
from 34 to 43 kcal/mol. Among these three peaks, only the 8 peak oxygen reacted with nitric oxide

at 300°C.

INTRODUCTION

In recent years, many investigators have
reported on the reactivity and behavior of
lattice oxygen in metallic oxides to catalytic
oxidation of olefines or the other oxidation
reactions. The main interest in such study
is whether the lattice oxygen shows better
catalytic properties, activity or selectivity,
compared to the adsorbed oxygen on the
oxide. For example, Keulks (/) found on
the oxidation of propylene over the bis-
muth-molybdate catalyst that the catalytic
activity is directly related to the rate of
diffusion of the oxygen ion through the
lattice; however, Moro-oka and co-workers
(2) have found no convincing evidence that
the selectivity to the formation of acro-
lein is directly correlated to the extent of
the participation of lattice oxygen.

On the other hand, some rare earth ox-
ides which have nonstoichiometric compo-
sition in wide range of oxygen contents,
e.g., Prg0y; or TbyO;, sometimes showed
higher catalytic activity than the other rare
earth sesquioxides in the catalytic oxida-

tion, such as oxidation of nitric oxide (3) or
oxidation of butane (4). In the previous
paper (3), the authors presented that the
unstable lattice oxygen of Prg0,; was de-
sorbed (evolved) by TPD method and
showed some lattice oxygen in PrgO, to
react with nitric oxide to form nitrogen
dioxide. Concerning the thermal behavior
of the lattice oxygen in the praseodymium
oxide, many thermodynamic studies have
been made by many authors (5-8); how-
ever, kinetic data for the desorption (evolu-
tion) of lattice oxygen and absorption of
oxygen have scarcely been performed.

In the present study, the thermal behav-
iors of the lattice oxygen in praseodymium
oxide were investigated quantitatively by a
TPD technique, X-ray photoelectron spec-
troscopy (XPS) and X-ray diffractometry,
in order to know the catalytic behaviors of
lattice oxygen on the oxidation reactions.

EXPERIMENTAL

Materials. The praseodymium oxide
(99.9%) was prepared by calcining the oxa-
late in a stream of an O,-N, mixture (O, : N,

0021-9517/81/050051-07302.00/0
Copyright © 1981 by Academic Press. Inc.
All rights of reproduction in any form reserved.



52 TAKASU ET AL.

= 1:4) at 950°C for 6 hr. This oxide was
identified as PrgOy, by X-ray diffractome-
try. The surface area was 2.3 m?/g by the
BET method using nitrogen adsorption at
77 K. The oxygen from a commercial cylin-
der was purified by bulb-to-bulb distillation
with liquid nitrogen coolant. Nitric oxide
of a high purity in a glass cylinder from the
Takachiho Co. was used without further
purification.

TPD apparatus and the procedure. The
TPD apparatus was a conventional one
capable of evacuation to 1075 Torr (1 Torr
= 133.3 N m™?) by a diffusion pump, and
the schematic diagram of it was shown in
Fig. 1. The TPD spectra were followed by
the variation of pressure with a highly sen-
sitive pirani gauge (Dan Kagaku, Ltd.,
Model PS-12, 107* ~ 10 Torr range) due to
desorption of the gases from the sample.
The usual procedure of TPD was as fol-
lows: (1) putting 0.014 g of PrgOy; in the
TPD cell, (2) heating the cell at 750°C for 1
hr in vacuum (1073 Torr), (3) cooling to a
desired temperature, (4) introducing oxy-
gen into the cell, (5) being allowed to stand
for the desired time, (6) pumping off the
gaseous phase at the same temperature, (7)
cooling the cell to 25°C, (8) heating the cell
at a rate of 20°C/min in vacuum, and the
pressure change due to desorption was re-
corded. In order to obtain quantitative
TPD data, a thermomicrogravimetry was

adopted by using a handmade Gulbransen-
type microbalance set in a high vacuum
apparatus which is capable of evacuation to
1073 Torr. The XPS spectra were observed
with a Vacuum Generator ESCA-3 spec-
trometer which has a facility of heating the
powdered sample in situ up to 600°C. The
desired PrO, sample was prepared by heat-
ing a PrgOy; in vacuum in the analyzing
chamber at various temperatures for 10
min. The source of the X-ray was MgKo
or AlKa. The X-ray diffractometry was
carried out with a powder method in atmo-
sphere at room temperature using CuKea as
an X-ray source (30 kV, 40 mA). The
oxygen uptake of the oxide in atmosphere
was negligible within 3 hr after the removal
of the oxide from the TPD cell. The gas
analysis was performed by a mass spec-
trometer (JEOL, JMS-D-100).

RESULTS AND DISCUSSION
1. TPD Spectra of PrO,~0, System

Figure 2 shows the TPD spectra obtained
from the PrO,-O, system for the various
oxygen-treatment temperatures [TPD pro-
cedure (3) described in the experimental
section]. The oxygen pressure and time of
absorption were 400 Torr and 1 hr, respec-
tively [TPD procedure (4) and (5)]. The
spectrum (a) obtained from the sample oxy-
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FiG. 1. Block diagram of a TPD apparatus. A, sample; B, TPD cell; C, thermocouple (c.a.); D,
furnace; E, pirani gauge; F, variable leak stop-cock; G, manometer (Hg).
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FiG. 2. TPD spectra of the PrO,-0O, system for
various oxygen-treatment at different temperatures.
Oxygen-treatment was performed at a pressure of
different temperatures: (a) 450°C; (b) 400°C; (¢) 320°C;
(d) 308°C; (d) 250°C.

gen-treated at 450°C showed only peak & at
500°C. This large peak can be found on all
of the sample. The sample oxygen-treated
at 400°C gave vy peak at 440°C besides &
peak, and that treated at 320°C gave also 8
peak at 400°C besides y and & peaks. The
samples treated oxygen at 450, 400, and
320°C showed the maximum temperatures,
at which the peak heights of each character-
istic peaks 8, y, and 8 were maximum,
respectively. When the sample was treated
with oxygen at the temperature between
302 ~ 308°C, a small peak « also appeared
at 340°C; however, when it was treated at
less than 300°C a large peak «' appeared at
around 380°C in which both « and 8 peaks
were also included. At less than 200°C of
oxygen-treatment temperature, the inten-
sity of each peak was much weaker than
that obtained at higher temperatures of
oxygen-treatment as shown in Fig. 2. The

virgin oxide which was not treated by either
the evacuation at 750°C or the oxygen ab-
sorption at a certain temperature [TPD pro-
cedure (2) ~ (7)] gave only B, y, & peaks.
The detailed examination on the TPD spec-
tra of a and «’ peaks will be given in a
separate paper. Oxygen desorption occur-
ring from 670°C on every TPD spectra was
not considered in the present study, be-
cause the oxidation reaction was performed
below this temperature. Then, all the de-
sorbed gas followed on the TPD spectra
was assigned to oxygen by mass spectrom-
etry.

Figure 3 shows the influence of oxygen-
treatment time on the TPD spectra, in
which 400 Torr of oxygen was introduced at
320°C for their oxygen-treatments [TPD
procedure (4) ~ (6)]. Both oxygen of v and
6 were saturated within 3 min. The 8 oxy-
gen was saturated after about 1 hr; never-
theless about 80% of it was absorbed in 1
min after the introduction of oxygen. The
effect of absorption pressure on the TPD
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FiG. 3. The time dependence of absorption time of
oxygen to 400 Torr of oxygen pressure at 320°C. (a) 3
sec; (b) 5 sec; (¢) 1 min; (d) 1 hr.
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Fi1G. 4. The pressure dependence of oxygen to the
TPD spectra in the PrO,-O; system at 320°C for 1 hr.
(a) 1.4 Torr; (b) 2.0 Torr; (¢) 2.4 Torr; (d) 3.0 Torr; (e)
400 Torr.

spectra was shown in Fig. 4 in which the
sample was treated with oxygen at 320°C
for 1 hr [TPD procedure (4) ~ (6)]. The
absorption pressure of oxygen after the
oxygen absorption was just the same as that
before the evacuation at 320°C after the
oxygen absorption. When absorption pres-
sure was 1.4 Torr, only the 8 peak accom-
panied with a small y peak was observed.
The intensities of 8 and y peaks rapidly
increased with increase of the absorption
pressure and were almost saturated at 2.4
Torr, while the intensity of 8 peak in-
creased rather slowly with the rise in ab-
sorption pressure and was saturated at
about 10 Torr, as shown in Fig. S.

From the desorption spectra obtained,
the activation energies of the desorption of
oxygens assigned to each peak were calcu-
lated by the method proposed by Cve-
tanovi¢ and Amenomiya (9). When the
temperature of sample linearly increases
with time, the peak maximum temperature
(T,) of desorption is correlated with the

(mg / Prglyy - 19)
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FiG. 5. Relation between the amount of each TPD
peak oxygen absorbed in the praseodymium oxide and
the oxygen pressure for absorption at 320°C for 1 hr.

activation energy of desorption (E,) and the
heating rate (R) by the following equation:

ZthM — InR = Ed/RTA\[ + lnEde/Rko,

where V, is the amount of oxygen desorbed
per unit volume of the solid phase when 6 =
1, ko is the preexponential factor of the rate
constant of desorption. By plotting 2 InT\,
— In R against T\, E, can be determined.
Figure 6 shows this relation for 8, y, 8 peak
oxygens. From this figure the activation
energies of desorption for the 3, vy, and &
peak oxygens were estimated to be 34, 43,
and 43 kcal/mol, respectively. The energy
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FIG. 6. The plots for the determination of the activa-
tion energy of desorption of each TPD peak oxygens in
Pr¢O,;. Oxygen-treatment at 400 Torr at 320°C for 1 hr.
Rate of temperature increase was changed from 5 to
30°C/min.
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of desorption for 8 peak oxygen was lower
than those obtained from y and & peak
oxygens. Therefore, we could say that y
and 8 peak oxygens have quite similar
behaviors as to the absorption rate, equilib-
rium pressure to absorption and desorption
processes, whereas the desorption temper-
ature of y oxygen peak was about 80°C
lower than that of 6 oxygen peak, and the 8
oxygen peak having slower absorption rate
and higher equilibrium pressure of absorp-
tion has lower activation energy of desorp-
tion than those of v and 6 oxygen peaks.

2. Structure and Surface Characteristics
of PrO,

Figure 7 shows X-ray diffraction spectra
of PrO, which has various TPD oxygen
peaks. The lattice constant of the sample
for the spectrum (d) was almost identical
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Fi. 7. X-Ray diffraction spectra of PrO, with
various TPD oxygen peaks. Pretreatment was the
same as that described in Fig. 1. X-Ray diffraction was
carried out in atmosphere at room temperature.

TABLE 1

The Structure of Praseodymium Oxide Having
Various Oxygen Peaks

Oxygen peaks Value of x in PrO,
found in

TPD spectrum

By X-ray By

diffractometry  gravimetry
(a) No peak 1.68 1.67
(b) 8 1.78 1.77
(c) Y, 8 1.81 1.79
(d) B,v,8 1.84 1.83
(e) o', y, 6 2.0 2.0

to that of PrgO,; (as.. = 5.4695). The lattice
constant was calculated from the diffraction
peaks of (400), (331), (420), and (422) planes
of the oxide. Therefore, not only the spec-
tral features of TPD but also X-ray diffrac-
tion spectra of PrgQ;; were identical with
those of the praseodymium oxide which
were oxygen-treated in 400 Torr of oxygen
at 320°C for 1 hr after the evacuation at
750°C. The value of x in the formula PrO,
for the samples with various TPD oxygen
peaks are listed in Table 1. The x value was
determined by two methods, i.e., the X-ray
diffractometry and the thermomicrogra-
vimetry. In the case of the X-ray diffrac-
tometry, the x value was estimated from
the relation between the x value and the lat-
tice constants of this oxide system (5). The
x value determined by both methods gave
almost the same result within experimental
errors. According to the phase diagram of
praseodymium oxide presented by Burham
and Eyring (6), there are six oxides in the
range of x = 1.5 ~ 2.0, i.e., PrO;,
PrO;su, PrOigzs, PrOige, PrO;gs, and
PrO,,in the temperature range taken in our
experimental conditions. The x values of
the latter four oxides were coincided with
those of the oxide (b), (¢), (d), and (e)
shown in the table; however, both the
former two oxides do not coincide with the
oxide (a). On the other hand, Honig and co-
workers (7) studied the value of x as func-
tions of oxygen pressure and temperature,
and obtained eight oxides in the range of x
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= 1.5~ 1.833, i.e., Prol.m, Prol_sz, Pr01_67,
PrO;7;, PrOjzs, PrO;g, PrO,s, and
PrOy g4. The oxides PrO, 4;, PrO; 15, PrO; g0,
and PrO, g3 coincide with the oxides listed
in the table. Siegraff and Eyring (/0) ob-
tained two crystalline oxide phases, PrgOy;
and PrO,, when the oxidized a PrgO,; sam-
ple at 350°C under oxygen pressure of 4.25
atm. In the present study, the oxide giving a
large diffraction intensity due to PrO, , was
prepared at 250°C in 400 Torr of oxygen
after the evacuation at 750°C. The evacua-
tion at a high temperature seems to pro-
mote the oxygen-uptake into the lattice,
resembling the oxygen-uptake onto NiO by
an evacuation treatment at a high tempera-
ture reported by Iwamoto and co-workers
(11). The close agreement of the value of x
determined from the X-ray diffractometry
and the microgravimetry means that
most of the desorbed oxygen from the
praseodymium oxide by heating in vacuo
originated from the lattice oxygen of the
oxide; however, the oxygen existing on
surface layers as lattice oxygen might be
more sensitive and removable to the heat
treatment to the oxides.

Figure 8 shows the XPS spectra of the

praseodymium oxides with the various oxy-
gen peaks which were heat-treated at var-
ious temperatures in the XPS chamber. The
spectral features of Pr3dg, from the pra-
seodymium oxide were scarcely affected by
the temperature of treatment. On the other
hand, the spectral features of O, were
strongly affected by these heat treatments.
That is, the intensity of peak having the
higher binding energy decreased with the
increase in the heat-treatment temperature.
The ratios of peak intensities at ~531 eV to
~528 eV of (a), (b), (¢), and (d) were 1.1,
0.67, 0.67, and 0.59, respectively. This fact
suggests that weakly bounded oxygen,
probably the lattice oxygen in the surface
layers, was more easily desorbed by the
heating than that in the bulk by that treat-
ment, whereas most of the desorbed oxy-
gen came from the bulk, because the total
amount due to 3, v, and & oxygen peaks
was at most about 7.5% of oxygen in
PrsOn.

3. Reactivity of the Lattice Oxygen in
PrsOu NO

As already presented qualitatively in the
previous paper (3), only the 8 peak oxygen
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Fi1G. 8. XPS spectra of PrO, with various TPD oxygen peaks. The samples were prepared by heating
a PrgOy,; in vacuo in the analyzer chamber at various temperatures: (a) 600°C; (b) 460°C; (c) 370°C; (d)

290°C.
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F1G. 9. Consumption of the 8 oxygen peak in PrgOy,
by NO. Reaction was carried out in 10 Torr of NO at
280°C.

among B, v, and & oxygens could be reacted
with NO at around 300°C. Figure 9 shows
the time course of the reaction of 8 oxygen
in PrgO,; with 10 Torr of NO at 280°C. In
this case, the peak intensities of vy and 6 in
their TPD spectra were not affected during
the reaction. In the early stage, the rate of
reaction of B oxygen with NO closely
obeyed a parabolic rate law (AW)* = Lz,
where AW signifies the amount of oxygen
consumed, k, the parabolic rate constant,
and ¢ the reaction time. This fact suggests
that the reaction rate should be controlled
by the diffusion rate of the lattice oxygen
from the bulk to the surface. The apparent
activation energy of the reaction was 21
kcal/mol between 200 and 300°C. The con-

tribution from each oxygen peak, especially
the o’ and B oxygen peaks, to the rate of
oxidation reactions of NO in detail is now
being studied.
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