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The catalytic decomposition of N.O has been studied over CoO-MgO

solid

solutions (cobalt content from 0.05 to 50 atoms/100 Mg atoms), and over pure
Co0. It has been shown that the activity per cobalt ion increases with dilution,
and the apparent activation energy ranges from 17 kcal/mole on the most dilute
solid solution to 29 kecal/mole on the most concentrated one and on pure CoO.
Oxygen adsorption measurements taken during N.O decomposition or obtained
directly from molecular oxygen suggest the existence of at least two forms of
adsorbed oxygen. Higher oxygen coverages are achieved when N:O is decomposed:
the result is discussed in terms of ionic interaction. The role of the matrix in
oxygen desorption is examined: peroxy-ion formation is suggested as a possible
mechanism. A comparison of the strength of the T-QO.ss bonds on CoO-MgQO and

NiO-MgO solid solutions (T = Co,
electronic configuration.

=

i
7
:|
J
D
:‘
D
4

Earlier papers from thls laboratory have
‘reported the catalytic activity of systems
made by dispersing nickel (1-3), chromium
(4), and manganese (§) ions in oxides.

Mhic nanar ranarte a aftudy of the natalvtio
11118 paper reporis a stuqy oI i€ ¢ataiyuld

decomposition of N.,O by solid solutions
of cobalt(IT) oxide in magnesium oxide.
The influence of the cobalt ion concentra-
tion and hence of the ionic interactions on
the catalytic activity was thereby investi-
gated. Chemical, structural (lattice param-
eter), magnetic, and spectroscopic (reflec-

Love heo 11gad
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tance spectra) methods
to characterize the solid catalyst. Oxygen
adsorption has also been measured to

supplement, the catalytic experiments.

II. EXPERIMENTAL METHODS

Catalyst Preparation and Chemical
Analysts

Catalysts were prepared by impregna-
tion of magnesium oxide. Magnesium oxide
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(600°C 5 hr) of bas1c magnesmm car-
bonate (reagent grade, Erba R.P.). The
impregnation with a solution of cobalt
nitrate was followed by drying at 100°C,
ﬁrmg at 600°C for 1 hr reorindine. and

,,,,,, at Cpriiiiiilg, @il

ﬁnally firing at 1000°C for 5 hr. A portion
of each specimen was further treated at
1200°C for 5 hr, and two specimens were
treated at 1400° C. The samples are desig-
nated as MCo with number(s) after the
letter giving the nominal cobalt atomic

concentration per 100 magnesium atoms.

The temberature of firine f ) 1g riven in
10e temperature ol HIring L) 18 given 1n

parentheses. Pure CoO was obtained by
thermal decomposition (600°C, 5 hr) of
Co(NO,).-5H,0 (reagent grade, Erba
R.P.) subsequent treatment at 1200°C for
5 hr and quenching (@) in air. Further
details of the preparation and analyses
are deseribed elsewhere (6). Table 1 lists

the ecatalvete and their prnpnrhae
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It was interesting to evaluate the rates
of diffusion of cobalt ions in magnesium

362
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TABLE 1

ANaLyTican, X-Ray anp MaaNeric Dara

Magnetic data

Lattice Surface
Cobalt parameter o -8 area E.c

Catalyste content® (R) (BM) (°K) (m?/g) (keal/mole)
Mg(O9 (1000) — 4.2116 — — 19.0 36.0
MCo 0.05 (1000) Not measured¢ 4.2116 — — 13.0 19.2;19.6
MCo 0.1 (1000) Not measured® 4.2116 — —_ 13.0 21.0:22.0
MCo 1 (1000) 1.22 4.2120 3.30 32 7.6 21.0
MCo 5 (1000) 5.37 —_ 5.44 37 — —
MCo 10 (1000) 10.4 4.2148 5.26 52 4.5 24 .5
MCo 20 (1000) 18.2 4.221 5.20 65 1.9 —
MCo 50 (1000) 53.9 4.234 5.29 123 0.7 25.5
MCo 0.05 (1200) Not measured® 4.2116 — — 11.2 17.0
MCo 0.1 (1200) Not measured¢ 4.2116 — — 11.4 22.5:21.0
MCo 1 (1200) 1.22 4.2124 5.33 20 14.0 22.5
MCo 5 (1200) 5.37 4.2142 5.32 48 2.3 —
MCo 10 (1200) 10.4 4.2168 5.33 20 4.3 22.0
MCo 20 (1200) 18.2 4.221 5.33 62 0.6 25.0;22.5
MCo 50 (1200) 48 .0 4.231 5.20 114 0.5 29.0
MCo 100 (1200) 92.5 4,238 5.30 155 0.4 —
CoO Q (1200) — — — — 0.2 29.5
MCo 0.1 (1400) Not measured® 4.2120 — — 3.7 29 .5
MCo 50 (1400) 480 4231 5.20 114 0.6 27
MCo 0.15 (s.e.) 0.15 42117 — — 0.77 27

« For key to designation of samples see text.
b Atoms per 100 Mg atoms.

¢ When two values are given for E,, they refer to independent sets of experiments.
4 Value for pure MgO prepared at 1000°C ex carbonate.

¢ The concentration value has been considered as nominal in the normalized graphs.
/ Single crystal obtained through the courtesy of Dr. F. 8. Stone (Bristol).

oxide, and hence to estimate whether
homogeneous solid solutions could be
formed. The diffusion of Co?** ions in MgO
has been studied by Wuensch and Vasilos
(7, 8) and by Zaplatinsky (9). Even though
they obtained somewhat different values
for the diffusion parameters D, (diffusivity
constant) and E (energy of activation),
the diffusion coefficients I calculated at
1000°C and at 1200°C are not much af-
fected by the choice of the diffusion param-
eters. For instance, taking the values from
(9), D = 1.7 X 10" at 1200°C, and from
(7,8), D =041 X 10* (cm? sec?). Tak-
ing the values given by Zaplatinsky, and
evaluating the depth of penetration z in
time ¢ by the formula KDt = z* (K, con-
stant ~4), z is caleulated to be 2.1 X 10

em at 1000°C, and 1.1 X 10-% em at 1200°C.
Values of = of about one half of those
quoted were obtained following Wuensch
and Vasilos. It is apparent in both cases
that the penetration depths are well in
excess of the average diameter of the MgO
particles, which can be evaluated by sur-
face area methods to be of the order of
0.1 X 10* em. Therefore, the diffusion co-
efficients suggest that the rate of diffusion
is sufficient to achieve complete penetra-
tion into the MgO particles.

X-Ray and Magnetic Analyses

The CoO-MgQ system forms a contin-
uous solid solution range (10-14). The
lattice parameter a was measured with Mo-
radiation for samples with low (<10%)
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cobalt content, and with Fe-radiation for
high (>10%) cobalt content. The a values
of the MCo 10 specimen, measured by both
radiations, was found to be the same within
the experimental errors. The error in a is
larger when measured with Fe-radiation.
The a values varied as expected (6) and
are reported in Table 1. A plot of a vs x¢,,
where x, is the molar fraction of Co?* ions,
gives a good straight line (Fig. 1) for
all MCo (1200) specimens. The MCo 10
(1000) and MCo 50 (1000) specimens
show only fair agreement. The magnetic
results conform to the behavior previously
deseribed (6).

Reflectance Spectra

Reflectance spectra of MCo specimens
showed the characteristic absorption pat-
tern of Co?* ions in MgO (15, 15a, 16).
The absorbance at 500 and 1200 nm in-
creased linearly with x¢, for the MCo
(1200) series, thus suggesting all the spec-
imens were homogeneous. Specimens fired
at 1000° of low (<10%) cobalt content
behaved similarly, while those of high co-
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balt content, namely MCo 10 (1000) and
MCo 50 (1000), showed an absorbance
which was lower than expected. This result,
together with the lattice parameter results,
gives an indication that specimens with a
high cobalt content are less homogeneous
if fired at 1000°C only.

Catalysis and Oxygen Adsorption
Experiments

A static system was used [similar to the
one previously described (7)] having a
total volume of 540 e¢m?. The progress of
the reaction with time was followed by
condensing a small sample of the gaseous
reactant mixture in a liquid nitrogen trap
and measuring the pressure of the incon-
densable gas with a Pirani gauge. The
reaction was followed up to a maximum
of 1% decomposition of the initial N.O.
Pretreatment of 4 hr under vacuum at
480°C was applied to each fresh sample.
Between runs, samples were conditioned
in vacuo (at 480°C) for 30 min. The pres-
sure of the incondensable gas in the first
experiment rose slowly at first, reaching a
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Fic. 1. Lattice parameter, a, vs cobalt molar fraction, zce+, for MCo samples: ([J) fired at 1200°C

for 5 hr; (@) fired at 1000°C for 5 hr.
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linear dependence with time after only a
few minutes; this time was dependent on
the experimental temperature and it never
exceeded 10 min. The nonlinearity of the
initial part of the curve AP vs ¢, is at-
tributable to oxygen adsorption; succeeding
runs showed a drastic reduction of the
phenomenon, thus pointing to a reduced
oxygen adsorption, as shown by the N,/O,
ratios found in the first and suceeeding
experiments [Table 2, MCo 0.05 (1200) ].
Caleulation of the velocity constant was
performed on the linear part of the AP
vs t curve, hence assuming a kinetic law

([PNz()
dt

which iz obeyed well for the small de-
composition percentages investigated here.
All data are reported as absolute velocity
constants (em min) (1).

Oxygen adsorption experiments were con-
ducted in the same apparatus and with the
procedure described by Cimino and In-
dovina (5). Briefly, fresh specimens under-
went an outgassing treatment at 480°C

= kPx.0,
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for 4 hr. Between adsorption runs, out-
gassing at 480°C for 30 min was adopted.
Calculation of the amount of the more
weakly bound oxygen (hereafter called
“reversible oxygen”) was obtained by mea-
suring the amount of oxygen chemisorbed
after outgassing for 30 min at the tem-
perature of the preceding adsorption ex-
periment (3, 5). Results on oxygen chem-
isorption during N,O decomposition were
obtained by mass-spectrometric analysis of
the N,/0, ratio of the gas, as previously
deseribed (1, §).

ITI. REsvLts

N,O Decomposttion

The results are best illustrated by means
of Arrhenius plots, which indicate imme-
diately the reproducibility and the relative
activities of the wvarious catalysts. The
reference line for MgO (Fig. 2) was taken
from preceding work (I, 4, 5) and was
further checked in the course of the present
investigation. As already remarked (5),

TABLE 2
OxvceN CHeMiSORPTION DURING NoO DrcoMPOSITION
T Po) ¢ Coverage?
Catalyste Fxpt.b °C) (Torr X 10%) N./O. (6 X 100)
MCo 0.1 (1000) e7 306 64 3.37 12.50
MCo 0.1 (1000) o8 379 497 2.20 20.10
MCo 0.1 (1000) cY 326 82 2.58 8.60
MCo 0.1 (1000) ¢i0 302 49 3.13 8.50
MCo 1 (1000) a2t 300 116 2.68 7.20
MCo 1 (1000) a22 320 107 2.24 7.70
MCo 1 (1000) a23 350 108 2.14 5.90
MCo 0.05 (1200) bl 304 89 3.02 15.2
MCo 0.05 (1200) b10 283 98 2.09 2.2
MCo 1 (1200) a9 276 93 3.02 6.1
MCo 1 (1200) al0 314 156 2.53 6.1
MCo 1 (1200) all 320 231 2.46 7.8
MCo 20 (1200) a8 324 46 3.86 84.0
MCo 20 (1200) al0 382 143 2.40 80.0
MCo 20 (1200) all 317 45 3.30 65.0

« For key to designation of samples see text.
ba, b, or ¢ refers to a given portion of the catalyst,
order of the experiment.

taken from a single batch; the numeral specifies the

¢ Oxygen pressure calculated in absence of adsorption.
4 Caleulated for dissociative adsorption of oxygen per total number of cations as specified in Ref. (8).
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Fia. 2. Log kabs vs 1/T for MCo (1200) series: (™) MgO + 0.05%, atomic CoO (MCo, 0.05); () MgO +
0.19% atomic CoO (MCo 0.1); 1 MgO + 19, atomic CoO (MCo 1); (fa) MgO + 109 atomic CoO (MCo
10); () MgO + 209, atomic CoO (MCo 20); ([J) MgO -+ 509, atomic CoO (MCo 50); (l) CoO.

the absolute activity of pure MgO is highly
reproducible. The reproducibility of the
catalytic activity of different MCo spec-
imens of equal composition was found to
be satisfactory for all MCo (1200) speec-
imens, and for MCo (1000) specimens of
low cobalt content (scattering from 7 to
25% in k values). Speciments of the MCo
(1000) series of high cobalt content (MCo
10, MCo 50) were less reproducible.

In order to illustrate the behavior of
MgO-CoO solid solutions, the results ob-
tained on the MCo (1200) series are re-
ported in detail, as this series has been
shown to meet all requirements of homo-
geneity. It is important to note, however,
that the pattern is not altered if the series
MCo (1000) is considered. In fact, the
lower temperature series, as previously
mentioned, ean also be regarded as homog-

eneous if concentrations of cobalt below
10% are considered. Some data on solid
solutions treated at temperatures higher
than 1200°C are also reported.

MCo (1200). The increase of the cat-
alytic activity brought about by additions
of cobalt as small as 0.05 atomic % is
remarkable (Fig. 2). A decrease in the
apparent activation energy E, with respeect
to pure MgO is also observed when small
amounts of cobalt ions are introduced. In
this respect, the MCo system behaves quite
differently from those investigated before
(2, 4, 5), which appeared to be less sensi-
tive to small additions of the transition
metal ions. Further additions of cobalt
have comparatively little effect: a small
variation in catalytic activity is observed.
The position of pure CoO (1200) is also
given in the same graph.
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It should be noted that in passing from
the very dilute MCo 0.05 specimen to the
concentrated specimens, such as MCo 20 or
MCo 50, the surface concentration of
cobalt ions must vary greatly. The struc-
tural data which point to good homo-
geneity of the solid solutions, while not
excluding some surface effect (such as some
cobalt enrichment), are certainly against
the possibility that no variation of cobalt
concentration occurs in the surface con-
centration over the studied range of bulk
concentrations. The fact that the absolute
activities of all the catalysts are within
a factor of 3 in the temperature range
investigated, cannot therefore, be ascribed
to a lack of variation in the surface con-
centration of cobalt over the whole series
of catalysts. Therefore, a compensation
effect must take place, which decreases the
activity of potential centers as their num-
ber is increased. It is then instructive to

367

normalize the catalytie activity with re-
spect to the number of cobalt ions, which,
as specimen MCo 0.05 shows, are effective
centers for the catalytic reaction. The re-
sult of the normalization is illustrated in
Fig. 3, assuming that the surface molar
fraction of cobalt is the same as the bulk
molar fraction ze,. The normalized plot
of log k™ vs 1/T (where k., = kups/
Teo) shows that the activity per cobalt ion
decreased continuously as the total cobalt
conecentration was increased.

MCo (1000). Specimens of this series are
less active than the corresponding spec-
imens with equal cobalt content fired at
1200°C. The low content specimens (<10%
cobalt) show reproducible activity, while
those of high concentration show limited
reproducibility for different portions of the
same bateh. The general pattern is how-
ever the same, in particular: (i) the
marked influence of as little as 0.05 Co
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Fie. 3. Normalized activities (log kans© vs 1/T') for MCo (1200).
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atoms/100 Mg atoms on the catalytic ac-
tivity; (1) the grouping of absolute ac-
tivities within factor of 2 for the whole
concentration range from ¢, = 0.05 X
102 (MCo 0.05) to e, = 0.33 (MCo 50);
(iii) a consistent decrease in activity per
cobalt ion as the cobalt concentration is
increased. The last statement is illustrated
by Fig. 4, where a normalized Arrhenius
plot for MCo (1000) specimens is shown,
analogous to Fig. 3.

Apparent activation energy. The varia-
tion of the apparent activation energy E,
with cobalt content is illustrated in Fig. 5.
The increase in E, with increasing Co?*
concentration shows a trend similar to that
found on NiO-MgO solid solutions (2).
The increase in E, appears to be stepwise
for the MCo (1200) series. The data for
MCo (1000) are not sufficient to show
a clear pattern on their own, although they
are not inconsistent with the results for the

CIMINO AND PEPE

MCo (1200) series. Concentration gradients
and reproducibility errors which affect the
result for the MCo (1000) series, render
this series of less use in defining a clear
pattern of the trend of E with Co.
Decrease in activity per cobalt ion with
increasing total concentration. The decrease
in activity per cobalt ion for both series
(1000) and (1200) is illustrated in Fig. 6,
which shows log k., vs log ¢, at two
temperatures: 270°C (1/7 = 1.8 X 107?)
and 350°C (1/T = 1.6 X 10-*). Note that
if the catalytic activity of each cobalt ion
was independent of the total cobalt con-
centration, a line parallel to the abscissa
should be obtained. Figure 6 shows that a
10-fold increase in the total concentration
causes approximately a 10-fold decrease in
activity, with respect to each cobalt ion.
It is also interesting to note that if the
lower activity of the (1000) series with re-
spect to the (1200) series is ascribed to
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Fic. 4. Normalized activities (log kaps® vs 1/T) for MCo (1000).
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Fic. 5. Apparent activation energy, E, vs cobalt
molar fraction, zce+, for MCo (1200) samples.
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greater effective surface concentration of
cobalt in the former series than in the
{1200) series, the dependence deduced from
Tig. 6 would suggest an enrichment factor
of about 3 between the surface concen-
tration of series (1000) and (1200). This
enrichment factor, even though not impos-
sible, appears to be rather large in view of
the small particle size of MgQO, and the
magnitude of the diffusion coefficient of
Co** in MgO (7, 8), which suggests that
even at 1000°C the diffusion iz complete,
as previously shown. Further support for
ascribing the difference in activity between
the (1000) and (1200) series to factors
other than surface enrichment in Co* ions
comes from the data on specimens fired
at 1400°C (see below).

MCo (1400). The data for two spec-
imens fired at 1400°C, MCo 0.1 and MCo

Co
logl—(abs
L4

_u|
=3

Fie. 6. Logus® (at 350 and 270°C) vs zce+: () MCo (1200); (A) MCo (1000); (@) MCo (1200);

(W) MCo (1000).
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50, are plotted in Fig. 7A and B. On the
same graph, for comparison, the activity
of the corresponding specimens fired at
lower temperatures is reported. The initial
activity of MCo 50 (1400) is considerably
higher than the subsequent activity level
reported in the graph. It is remarkable that
in passing from a firing temperature of
1000 to 1200°C, the activity rises, while a
firing at 1400°C depresses the catalytic ac-
tivity. This observation is strongly opposed
to the idea of segregation occurring in the
outer layers, sinece the higher temperature
should result in more homogeneous spec-
imens, hence in more dilute surface solid
solutions, and hence in higher activity. The
fall in activity must evidently be ascribed

CIMINO AND PEPE

to other factors, related to high temperature
effects on the structure of the solid surface.

MCo—Single crystal. A single crystal
corresponding to an MCo 0.15 specimen
was crushed, fired at 1200°C for 5 hr, and
then tested for catalytic activity. Its Ar-
rhenius plot is shown in Fig. 7A. As shown
its activity is still lower than the MCo
(1400) specimen. Since the preparation tem-
perature of the single crystal (obtained by
crystallization from bulk melt) was much
higher than 1400°C, the decrease in activity
with a firing temperature of above 1200°C
is confirmed.

Pure CoO. The Arrhenius plot for pure
CoO (Figs. 2 and 3) gives E, = 29 keal/
mole and an activity level between the
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F1a. 7A. Logaw. vs 1/T for MCo 0.1 (1400) and MCo 0.15 single crystal (s.c.). Comparison of absolute
activity level with MCo 0.1 (1200) (from Fig. 2) and MCo 0.1 (1000) (from Fig. 4). (B) Log kas vs 1/T
for MCo 50 (1400): comparison of absolute activity level with MCo 50 (1200) (from Fig. 2); MCo 50 (1000)
(from Fig. 4); and MCo 150 (s.c.) [Ref. (15)]. Comparison of absolute activity level of CoO powder (from

Fig. 2) with CoO (s.c.) (100) plane [Ref. (15)].
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two extremes given by Volpe and Reddy
(17) for the (100) plane of a single crystal
(see Fig. 7B).

Oxygen Chemisorption During Catalysis

Tllustrative examples of data referring to
catalysts submitted to a succession of N,O
decomposition experiments are reported in
Table 2, where the sequence in which the
experiments were done is specified by the
run number. It was found that the amount
of oxygen chemisorbed at a given tem-
perature in the initial experiment was
larger, but it rapidly decayed in succeeding
runs as clearly shown by MCo 20 and MCo
0.05 in Table 3.

Because of the large errors involved and
of the limited number of experiments for
each catalyst, it is possible to assess the
dependence of coverage upon catalyst com-
position in a qualitative way only. It is
clear, however, that the oxygen coverage is
increased by the addition of cobalt ions to
pure magnesium oxide. In fact, while pure
MgO shows a coverage of 0.4% at 400°C
(1), specimens prepared at 1200°C and
containing 0.05 or 1 cobalt atom/100 Mg
atoms show an oxygen coverage of 2.2%
(283°C), and 7.8% (320°C), respectively.
Furthermore, as shown, there is little in-
crease in oxygen coverage in passing from
an MCo 0.05 (8 =22%) to an MCo 1
specimen (f = 6.1%), in comparison to the
inerease found on passing from MCo 1
(6 =6.1%) to MCo 20 (4 = 65.0%), ie.,
for the same increase in cobalt concen-
tration. A final observation is that coverage
values are larger than those observed in
analogous experiments carried out on NiO-
MgO solid solutions (1).

Chemsorption from Molecular Oxygen

The data are reported in Table 3, which
lists the “total” and the “reversible” oxygen
uptake (percentage coverages). The data
are listed in the same order in which they
were taken; the latter r refers to the de-
termination of the “reversible” oxygen. As
shown:

a. The first adsorption experiments on a
fresh catalyst, outgassed at 480°C for 4 hr,
indicates oxygen coverage values notice-
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TABLE 3

OxYGEN CHEMISORPTION FROM
MoLecrLar OXYGEN

Po,
T (Torr te
Run* (°C) X 10%) 85 (%) 8. (%) (min)
MCo 0.1 B
1 367 436 2.2 3.7 120
1r 367 360 0.9 1.9 870
2 288 432 — — 140
3 318 408 — — 120
4 330 370 1.1 2.1 345
4r 330 367 — 1.5 886
5 317 83 0.4 0.7 140
6 300 109 1.1 2.6 270
or 300 104 0.3 0.4 66
7 278 92 0.7 0.8 91
v 278 88 0.2 0.3 120
MCo 1B

302 178 4.5 5.8 68

Ir 300 199 0.9 0.9 30
2 320 205 1.3 1.4 36
2r 320 196 0.5 0.6 49
3 300 171 0.6 0.9 140
3r 300 182 — — 40
4 276 187 — — 40
4r 276 199 — — 40
5 330 184 0.4 1.0 174
5r 330 200 — — 40

MCo 20 B

1 326 128 88.6 100 62
Ir 326 60 19.2 194 49
2 382 114 14.0 4.0 30
382 93 6.1 6.1 30
; 330 80 8.4 8.4 30
3r 330 66 2.6 4.5 65
382 156 8.0 20 .0 237

4r 382 157 1.4 1.4 47
5 326 72 3.7 3.7 30
ar 326 100 2.6 3.8 57
6 384 137 5.8 17.0 259
6r 384 104 2.2 2.2 63
7 332 H4 3.2 4.1 63
7r 332 79 1.7 4.3 164
8 376 13% 6.1 7.1 85
8r 376 111 2.1 2.1 60

¢ The run number specifies the order in which
the experiment was taken for each given specimen;
r = “reversible’’ oxygen (see text).

® Coverages (9,) calculated for dissociative oxy-
gen adsorption per total number of cations as
specified in the text: 83 refers to coverages meas-
ured after 30 min; and 6, to pseudo-equilibrium
(see text).

¢ Time (min) required to reach é,.



ably larger than those observed in succeed-
ing adsorption experiments. The decrease
of coverage with increasing number of
m(nprlmp‘n‘rq continues, but in a

manner.
b. Oxygen coverages are considerably
lower than those observed during N.O
decomposition.
c. The dilute solid solutions (MCo 0.1,
MCo 1) behave differently from the con-
centrated one (MCO 20) with respect to

+the tial avvoen 1intal-a T fapt whilae 14
the uuma.l UXYygECIl upuanc 1fl 180y, wniie 1T

is possible to reach 100% oxygen coverage
on MCo 20, the coverage on MCo 1 reaches
a value of the order of 6% only.

d. The decrease of oxygen coverage
from the initial to the stationary condition

is very pronounced for MCo 20, since the
coverage at about 330°C goes from 6 =
100% (run 1) to 6§ ~ 4% (runs 5 and 7).
For MCo 0.1 or MCo 1, stationary level
values are not available, but, as shown,
after the same number of experiments
(five) the coverage values have decreased

rranl-adl,
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e. An important parameter is the time
of adsorption. Table 3 gives oxygen cov-
erages after 30 min (6,) and “pseudo-
equilibrium” coverages (0,), defined as
those values which are not changed in
three successive readings at 10 min inter-
vals. The time necessary to reach 6, is
given in the last column. This time is
longer for the dilute specimen MCo 0.1,
than for MCo 1 or MCo 20. Furthermore,
if the time of adsorption is prolonged, as
in experiments MCo 0.1 (run 1 or 4),

nhaniiont onta 1ndi
supsequcnt \,Ayuluuuuuu mna

5) or no adsorption (run 2) and little or
no reversible oxygen, thus pointing to the
existence of a strong form of adsorbed
oxygen, created in the long runs 1 and 4.
The strong form is removed with difficulty
in the next experiment. Similar behavior
is found with catalyst MCo 1 (runs 3 and
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lyst MCo 20 (runs 4 and 6). It can be
argued that on all catalysts a transforma-
tion can take place from weakly held
oxygen to a more strongly held form. The
long times needed to achieve a strongly
held form in the case of MCo 0.1, together

ate little (run
ate Iitle {(run
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with the shorter times sufficient for cata-
lyst MCo 20, and with the fast decay ot
adsorption (point d), suggest that the

transformation from a wesak to a stronely

ansformation from a weak a strongly
held form is slower on MCo 0.1 than on
MCo 20.

I1V. Discussion

Cobalt oxide is known (18-21) to be a
very active catalyst for N,O decomposi-
tion. The present results prove that cobalt
ions are very active also when dispersed
in the magnesium oxide matrix. The cata-
lytic activity per cobalt ion increases as
dilution is increased (Figs. 3, 4), thus con-
firming a trend established for other tran-
sitional metal ions. When a transition metal

S04 IHetal 10118 en g transition metal

ion M™ is dispersed in the MgO matrix,
interactions can occur between M™ ions
which are found to be active centers for
N.O decomposition, and only in “dilute”
systems can these be safely neglected. How-
ever, the actual concentration range which
can be deﬁned as “dilute” depends upon

+hn croning '1\/[1“— M., wrhila £ inl-al
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ions in MgO, a 1% and a 0.5% dilution
gives equal activities per nickel ion, in the
case of cobalt there is a marked fall in
catalytic activity on passing from 0.05 to
0.1%. Hence, for cobalt, even a 0.1% solu-
tion cannot be considered as dilute. The
reduction of intrinsic activity caused by
an increase of concentration appears to
be more severe for the more active centers
Co?* than for Ni*. An increase in the E,
value accompanies the decrease in activity
as the cobalt ion concentration is increased.

pnmnmhaﬂng that nrnxnnna work on tran-
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sition metal ox1des in solid solution has
pointed out the importance of the surface
oxygen complex (2-5, 3I), the change of
activity per cobalt ion with dilution and
the apparently discontinuous variation of
E, point to a change in the nature of the
surface oxygen complex as the Co?* con-
centration is varied. Some aspects regard-
ing the oxygen-surface interaction, relevant
to N,O decomposition, are therefore dis-
cussed first. Subsequently, the influence of
the temperature of preparation, and of the
state of the surface in solid solutions and
in pure oxides are examined.
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Oxygen chemisorption and catalysis. A
remarkable feature of the CoO-MgO solid
solution is the high oxygen coverage at-
tained during the catalytic decomposition
of N,O. Let us compare the NiO-MgO
system (I, 2) with the present one to
illustrate this feature. For particular ex-
tents of N.O deecomposition (dec %), giv-
ing the coverage 6% as a percentage value
of the manolayer capacity (), we have:

Dec (%) 6.(%)
MN 1 (350°C) 0.14 0.41
MCo 1 (320°C) 0.77 7.8

It is believed that this fact points to
participation of the matrix in the N,O
decomposition process; that 1s, the oxygen
left by the decomposed N.O molecules does
not simply desorb from the center which
is active for the decomposition, but the
oxygen can migrate via the matrix surface
and desorb. The transition metal ion T is
therefore active in carrying out the decom-
position step, such as

Nz()(g) + T(curf) nd N‘Z(g) + T‘()(surf) (1)

(electron transfer iz not shown), but the
succeeding step, such as

T-Oury — T + 3020, (2)

takes place with the intermediate partici-
pation of the matrix, and reaction (2)
should be replaced schematically by (M,
M’ = matrix sites):

Mearn + T-Owury — Towrn + M-Oceurry, (2a)
M-O¢uryy + M 5 M + M'-Ourp, (2b)
I\’I/“O(surf) - %Oﬂ(ﬁ) + :\'I’(surf)' (26)

(Once again, no electrons are shown for
simplicity.) A high catalytic activity of
a transition metal ion in solid solution is
therefore not simply linked to a favorable
aetivity for reaction (1), but it must also
involve a fast step (2a), which 1s not
dependent solely on the T-O bond strength
but also on the capacity of the matrix to
favor the oxygen accommodation, followed
by migration and desorption.

Before commenting further on the N,O
decomposition steps, it 1is relevant to
examine the behavior of CoO-MgO solid
solutions towards oxygen adsorption from
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molecular oxygen. The data of Table 3
show that there is a large initial capacity
for adsorption from molecular oxygen, and
a subsequent fall of this capacity. The
initial capacity can derive from the fact
that the originally prepared MgO surface
1s hydroxylated, and that the conditioning
In vacuum at 480°C gives rise to bare
sites, likely to chemisorb oxygen strongly.
The fall in the oxygen adsorption capacity
shown in successive experiments is then
caused by the impossibility of regenera-
tion of the same surface. It is noticeable
that even in the case of molecular oxygen,
the ensuing oxygen coverage must involve
part of the matrix surface, at least in the
initial experiments. It is also noteworthy
that dilute specimens require a longer time
for reaching their 6, values in comparison
to concentrated specimens. An additional
observation is that after long adsorption
times, the amount of desorbable oxygen 1s
greatly reduced. It can be deduced that, as
time progresses, a transformation takes
place from a weakly held form of oxygen
to a strongly held one. This transformation
is more rapid with concentrated specimens
as pointed out in paragraph (e) above.
This observation can be rationalized if
multiple centers such as ion pairs Co** . . .
Co* play a significant role in achieving
the strongly adsorbed form. In faect, a
cobalt ion pair may be essential in order
to break the O-O bond of the O, molecule.
The oecurrence of such pairs ix less likely
for dilute specimens.

The oxygen adsorption from molecular
oxygen and that occurring during catalysis
can now be compared. During the N,O
decomposition, the amounts of oxygen ad-
sorbed (and therefore the amounts of oxy-
gen desorbed during evacuation between
runs) are larger than those found for the
adsorption from molecular oxygen, cven
after the surface has been subjected to
several runs. However, initial capacities
are not very different (see Tables 2 and 3).
This suggests that the N.O decomposition
sustains a weak form of adsorbed oxygen,
which can be reversibly eliminated by out-
gassing between N.O decomposition experi-
ments.
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Coming back to the hypothesis that N,O
decomposition takes place through steps
such as (2a), (2b), and (2¢) involving

oxygen migration along the matrix surface
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the type of surface complex responsible for
the migration should be considered. It has
been suggested that the formation of a
peroxide ion may be involved at this stage
(22, 23) according to the following scheme:

followed by migration of oxygen atoms
along the surface (O.* + 0% — 0% + 0,2")
until an oxygen molecule is desorbed, either

from two peroxide ions, or from a peroxide
xxrhnn favorable condi-
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and an oxide ion
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tions can be found for the creation of an
anion vacancy (for instance, at edges). It
is not necessarily required that the weak
oxygen form originating from the N,O
decomposition is the same weak form
originating from the adsorption of molecu-
lar oxygen. There may be a difference in
the origin of the weak form: ¢
ing from decomposed N0, i.e., from oxy-
gen atoms, is of the form Q.2 (peroxyions),
and can lead to high oxygen coverages
if the matrix lends itself, as the MgO
matrix dnpq to peroxy- fnr‘mahnn the one
coming from molecular oxygen could be
of the form O, (superoxy-) and it is less
likely to lead to high coverages. The O~
species has been identified at 110°C over
MgO by Tench and Lawson (24); thus it
is a plausible intermediate even at some-
what higher temperatures. However, both
in N;O decomposition and oxygen adsorp-
tion an increase in cobalt content favors
a shift towards the strong form of oxygen
adsorption. The strong form must be
atomie in character, and the O%* form is
the most plausible one, since the tempera-
tures at which the strong form is desorbed

+hn Ana anTa
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are close to the temperatures where de-
composition of the higher oxide (Co,0.)
begins (25-27). The transformations could

be schematically v
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022~ + 2Co%+ — 202 4 2Cod+,
"0y 4 2C0?t + e — 207 + 2Co3.

(32)
(3b)

The two equations justify the suggestion
that the weak form changes to the strong
one as the cobalt ion concentration is in-
creased. As a result of the formation of

stronelv held axvean in coneontrated anhald
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solid solutions, the catalytic activity for
N.O decomposition decreases; while in
oxygen adsorption experiments, a marked
fall (%) of the oxygen adsorption capaci-
ties 1s observed. The shift from weak to
strong form is therefore likely to be an
activated process, favored by concentrated
solid solutions.

Solid solutions and pure oxides., Con-
centrated solid solutions will tend to resem-
ble pure transition metal oxides, provided

that the pure oxide does not show a sur-
different

M1 iy
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structure
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from the one existing in the concentrated
solid solution. If a concentrated specimen
such as MCo 50 is considered, in spite of
the insertion of a con31derable number of
Mg?* ions between the Co?* ions the local

situation is not dissimilar from that found

in pure CoQ, since many extended Co**
0N (24 Anrraing nan Thia fa1imd
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i.e., conditions similar to pure CoO. Thus,
MCo 50 has an E, value equal to that of
pure CoO (29 keal/mole), and a catalytic
activity per cobalt ion which is also com-
parable to that shown by pure CoO (Fig.
6). The similarity between MCo 50 and
pure CoO also helps in a comparison of
the results obtained on pure cobalt oxide
by different authors. The cobalt oxide used
in earlier decomposition experiments (18,
19) had not been subjected to treatment
at high temperatures. At low temperatures,
the higher oxide Co,0, is formed (27).
According to Bielanski and co-workers

(28), treatment at high temperature
£, 1 ONN0 MY L. PRSI W I o~ PRI SURSE ) R
|~ 140U ) 15 Capaple Ul ltﬂlllUVlIlg LUU

excess oxygen. It is true that the thermo-
dynamic stability of Co;0, at lower tem-
peratures will favor formation to Co;0,
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as the lower range of temperature is
crossed during the quenching of the speci-
men in air. However, if the higher oxide
is formed on the surface only, as suggested
by the slowness of the transformation CoQO
— Co,0, (26), outgassing at about 500°C
will be enough to reestablish the CoO
stoichiomeiry (25). Behavior actually at-
tributable to the oxide CoO can then be
expected only when oxides treated at high
temperatures (>1200°) are investigated,
such as our CoO specimens, or single
crystals formed at high temperatures (17).
A cobalt-rich solid solution in MgO, on the
other hand, is necessarily similar to the
CoO oxide because of the stabilization of
the +2 oxidation state in the MgQ struc-
ture (29). This explains why a similarity
can be found between CoO-MgO solid
solutions and our CoO specimens (the CoO
single erystals, as is discussed below, also
behave similarity) but not between our
CoO specimens and the low-temperature-
prepared CoO specimens of earlier investi-
gators.

Effect of calcining temperature. The
(1200) specimens showed the highest ac-
tivity. The increase in activity on passing
from (1000) to (1200) series could be ex-
plained by a more homogeneous distribu-
tion of Co?* ions, the ions becoming less
concentrated near the surface, thus leading
to a higher activity per cobalt ion because
of the dilution effect. In other words, the
dilution outbalances the effect of the de-
crease in the number of Co?" ions per unit
arca. However, the decrease in activity
found when treatment at 1400°C is carried
out, calls for a different explanation. It is
believed that the decrease in activity with
high firing temperature is linked to the
participation of the matrix. The high tem-
peratire material has a more ordered struc-
ture, and the matrix is less apt to intervene
in the secondary steps (2b) and (2¢) of
oxygen diffusion along the surface and
oxygen desorption. The decrease in the
ability of the matrix to participate in the
oxygen transfer process is likely to be con-
tinuous from 1000 to 1400°C. However, the
activity of Co?* in the primary step (N,O
—> N; + O.as) increases at first, until a
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homogeneous solid solution is achieved, as
discussed before. The two factors (the one
due to the cobalt ion efficiency, and the one
due to a matrix effect), which have oppos-
ing trends with increasing temperature,
can give rise to a maximum in the activity
at 1200°C. The importance of the role of
the matrix arose independently from studies
of N,O decomposition with other oxide sys-
tems (Zn0O, Ni-Al,O,;, MgAl,O,) (30-32).
Comparison with single crystal work., A
comparison of catalytic activity of CoO
and MCo solid solution (powders) with
single crystal work (17) must consider
two factors: (a) the different conditions
In the formation of single crystal material
with respect to powders; (b) the very
large difference in surface areas and sur-
tace topography. It is interesting that in
spite of the different conditioning carried
out by Volpe and Reddy (17), and of the
varlability of activity found by these
authors, the absolute activities [absolute
velocity constants (ecm min')| mateh
reasonably well, especially if the large
factor (~100) of surface areas is con-
sidered. The agreement is good for purc
CoO (our sample falls within the two
extremes determined by Volpe and Reddy).
Volpe and Reddy’s MCo 60/40 single
erystal, corresponding to MCo 150 in our
nomenclature, is less active by a factor of
about 7. Such a difference can be accounted
for by the higher preparation temperature
of the single erystal specimen. Our (1400)
samples are less active than the (1200)
ones. The very high temperature involved
in the formation of single crystals can
explain a further decrease in aetivity per
unit surface area, when the single erystal
is considered. Furthermore, the different
conditioning adopted in the two cases can
also introduce some divergence.
Comparison between cobalt and nickel
oxides and related solid solutions. In both
cases, pure oxides and solid solutions in
MgO, cobalt ions are more active than
nickel ions for N,O decomposition. The
activity of numerous oxides has been suec-
cessfully related by Winter (33, 34) to
their ability to act as a catalyst for homo-
molecular exchange and hence related to
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the lability of the metal-oxygen bond.
Data on the homomolecular exchange for
both NiO and Co;0, which is the oxide
formed on the surface of CoO when N0
is decomposed on it (35), are given by
Boreskov (36), and it can be seen that
the same trend is obeyed, since Co0, is
more active than NiO for the homomolecu-
lar exchange reaction. In considering solid
solutions of transition metal oxides in inert
oxides it is necessary to distinguish cases
when the matrix is able to carry out reac-
tions (2a), (2b), and (2¢), as MgO 1is,
from those such as ZnO where the matrix
can limit the catalytic activity of ions
(31). Here we are concerned with a matrix,
MgO, which does not prevent the cobalt
ions reaching their high catalytic activity.
Hence we can discuss the catalytic activity
shown by two different ions, Co** and Ni*,
dispersed in MgO, by focusing attention on
the oxygen loss reaction from the transi-
tion metal ion to the matrix (2a). The
kinetic data on NiO-MgO solid solutions
(37) clearly show the retarding effect of
oxygen. Furthermore, for both NiO and
CoO in solid solution in MgO, there is a
decrease in activity per metal ion as the
concentration is increased, which is attri-
buted to the transformation of the oxygen
surface complex into a strong form, assisted
by the easier electron transfer. This de-
crease can be regarded, without a change
of view on the discrete nature of the pro-
cess, as proof that oxygen retards the N,O
decomposition. Step (2a) is therefore criti-
cal. Both the high catalytic activity and
the high oxygen coverage found for CoO-
MgO specimens show that reaction (2a)
is faster on CoO-MgO than on NiO-MgO.
Tt thus appears that the T-O,qs bond is
weaker for Co?t then for Ni?*. It is inter-
esting to note that this result is correctly
predicted by a crystal field stabilization
energy (CFSE) approach, which estab-
lishes that restoration of full octahedral
symmetry (by O adsorption) is accom-
panied by a larger gain in energy for Ni*
than for Co* (38, 39).
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