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The catalytic decomposition of dinitrogen oxide (N2O) was carried out over Laz_zSrzCuOy (z=0—1),
LaMOs (M=Cr, Mn, Fe, Co, and Ni) and LagMO, (M=Co, Ni, and Cu) mixed oxides with perovskite and
perovskite-related structure. The reaction rate at the steady state was first-order in the partial pressure
of N2O, with reversible inhibition of oxygen. The initial rate was enhanced by pretreatment in helium
at 1073 K, but decreased gradually due to irreversible inhibition of oxygen formed by the reaction, while
the rate increased with time when the catalyst was pretreated in oxygen. A good correlation between the
catalytic activity and the average oxidation number of copper (AON) was observed for Las—;SrzCuQO4 and
was explained by a Cu®t/Cu®* redox mechanism. The catalytic activity for a series of LaMO3 and La;MO4
showed a one peak pattern with Co at the peak. These trends in catalytic activity are similar in general to

those for NO decomposition.

The decomposition of NoO has been studied mostly
as a model reaction for the elucidation of the -mech-
anism of catalysis.!™® Catalysts investigated so forth
range from metals,’»? oxides>® to zeolites.”® Re-
cently, NoO has been realized to be an environmen-
tal pollutant, because accumulated evidence shows that
it contributes to stratospheric ozone destruction and
greenhouse effects.” With this concern, there is urgent
need to abate NoO emission into the atmosphere.!®

Perovskite-related mixed oxides are known for their
structural stability and variable composition, as the
nonstoichiometry of oxygen or the valency of metal ions
can be controlled in a regular way. Therefore, they are
suitable model compounds for the study of the relation-
ships between the solid state chemistry of catalyst and
the catalytic function.!' %

In our previous paper,'® the catalytic activity for the
decomposition of NO over valency-controlled LasCuQy-
based mixed oxides was correlated well with the valency
of copper; the catalysts of which the average oxidation
number (AON) of copper was greater than 2 exhibited
very high activity. It was also shown that there were
reversibly and irreversibly adsorbed oxygen species and
both of them significantly suppressed the NO decompo-
sition.

In the present work we attempted to elucidate the re-
lationships in the case of the catalytic decomposition of
N>O. In addition, the effect of transition metal ions at B
site was examined for several perovskites and compared
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.with the results in the literature for NO decomposition.

Experimental

Catalysts. The LaMOg (M: transition elements) cata-
lysts except for LaFeOs were prepared from metal acetates
in the same manner as has been described previously.**) The
precipitates, which had been obtained from mixed acetate
solutions by evaporation to dryness in a rotary evaporator,
were decomposed in air at 573 K for 3 h. After sufficient
grinding in a mortar, they were calcined again in air at 1173
K for 10 h. LapCo0O4 and LapNiO4 were also prepared from
coprecipitation of metal acetates in a similar way, but pre-
cursors were calcined in nitrogen in stead of air at 1173 K for
10 h, according to the literature.!® LaFeOs was synthesized
from a mixture of nitrates of each component following the
literature.'® The precipitates were obtained from the mixed
nitrate solution by adding butylamine. After they were fil-
trated and decomposed at 573 K in air, the precursor was
calcined in air at 1173 K. The structure was checked by
powder X-ray diffractometer (Rigaku Denki, Rotaflex, RU-
2000) using Cu Ko radiation. The surface areas of the sam-
ples were measured by means of the BET method (N2 ad-
sorption).

Apparatus. The decomposition of NoO was carried
out in a fixed-bed flow reactor at atmospheric pressure. A
quartz glass tube (8 mm in inside diameter) was used as a re-
actor. The temperature was monitored by a chromel-alumel
thermocouple. The gas compositions at the both inlet and
outlet of the reactor were analyzed by gas chromatography
(a molecular sieve 5A column, 1.5 m, for N; and Os; a
Porapak® Q column, 3 m, for NoO; both at 328 K). Prior to
the reaction, the catalysts (0.6 g in most cases) were usually
pretreated in He or Oz stream for 1 h at 1073 K, and the
temperature was lowered to the reaction temperature in the
same atmosphere. The reaction gas, which was 1000 ppm
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N3O in He, was supplied onto the catalyst at a flow rate of
120 cm® min~! (contact time: usually 0.3 g s cm™3).

Results

Bulk Structure and Physicochemical Proper-
ties.  The crystal structure and specific surface area
of the catalysts are summarized in Table 1. The struc-
ture was confirmed for all the catalysts with reference
to ASTM cards. Since both XRD patterns and surface
areas for Lay _,Sr,CuQO4 were very close to those in the
previous study,'® it may be reasonable to quote the av-
erage oxidation numbers (AON) of copper, which was
determined by iodometry previously.'¥ AON increased
with the Sr substitution upto z=0.5. Oxygen vacancy,
8, was calculated according to the principle of electric
neutrality.

The Kinetics and the Effects of Pretreatment.
The initial rate of the NoO decomposition changed de-
pending on pretreatment, but it reached a nearly sta-
tionary state after a certain period (see later section).
The stoichiometry of NgO—N;+20, held at the later
stage. The dependency of the stationary rate on the
contact time (W/F, W=catalyst weight, F=flow rate)
is shown in Fig. 1 for Laj gSrg.oCuQOy4 at 723 K. The
% conversion tended to be saturated when W/F was
high. This is mainly due to the inhibition of oxygen, as
it will be quantitatively discussed in the later section.
The plots for 0.6 and 1.0 g of catalysts agreed, while the
curve for 0.3 g was lower. This indicates that under the
standard reaction conditions (W =0.6 g, F=120 cm?
min~!; W/F=0.3 g s cm™3), the rate of overall reac-
tion was not controlled by the mass transport through
boundary layer.

Table 1.. Structure, Specific Surface Area of Cata-
lysts, Average Oxidation Number (AON) of Cop-
per, and 6 of Las—zSrzCuQ4—s

Catalyst Structure®  Surface =~ AON of 6%
area/m? g=! copper®
LasCup.0Zr0.104  K(O) 3.6 1.84 —0.04
LapCuO4 K(O) 1.2 2.00 0.00
La1,gsr0,1CllO4 K(T) 1.3 2.10 0.00
Laq.8Sr0.2Cu0y4 K(T) 11 2.20 0.00
Laj 6Sr0.4Cu0y4 K(T) 1.7 2.22 0.09
Lai.55r0.5CuOy K(T) 1.3 2.30 0.10
La1,28r0,80u04 K(T) 14 2.16 0.32
LaSrCuQq4 K(T)® 1.2 2.21  0.40
LaCrOs3 P(O) 3.5 — —
LaMnOs P(R) 2.5 — —
LaFeO3 P(O) 4.9 — —
LaCoOs3 P(O) 3.1 — —
LaNiO3 P(R) 2.5 —
LapCo04® K(0) 3.4 — =
LagNiOy4 K(T) 4.0 — —

a) K: KoNiFy-type structure, P: Perovskite, O: Or-
thorhombic, T: Tetragonal, R: Rhombohedral. b) From
Ref. 14. c¢) Calcined in nitrogen. d) See Ref. 14.
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Fig. 1. Dependency of the conversion of NoO decom-
position on the contact time over La; gSrp.2CuOy4 at
773 K. O, A, and O correspond to catalyst weight
0.3, 0.6, and 1.0 g, respectively.

Figure 2 shows the dependence of the conversion on
the partial pressure of NoO (500—10,000 ppm) for
La; gSrg.2CuQy4 at 723 K. Open circles and solid line
are experimental results, while solid symbols are results
simulated by the rate equations which will be discussed
in later section. The conversion decreased slightly with
the increase of the partial pressure of NoO. The appar-
ent reaction order with respect to NoO, which was ob-
tained from a plot of log of rate vs. log of pressure, was
about 0.8. The influence of oxygen mixed into the feed
gas on the stationary conversion was also examined.
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Fig. 2. Dependency of the conversion of N2O decom-
position on the pressure of NoO over Laj gSrp 2CuQO4
at 773 K, W/F=0.06 g s cm™3. O: observed. B and
A correspond to the calculated values from Eqgs. 6
and 7, respectively.



1228 Bull. Chem. Soc. Jpn., 68, No. 4 (1995)

The results are shown in Fig. 3 (open circle). Solid
symbols are from simulation (see below). The decom-
position of NoO was suppressed by the coexistence of
oxygen, the apparent reaction order varying from about
—0.7 to —0.2 in the partial pressure of oxygen from 250
to 10000 ppm. The effect was reversible upon the elim-
ination of oxygen from the feed gas.

The effects of pretreatment by oxygen or helium at
1073 K for Laj gSrg2CuQy4 are shown in Fig. 4. The
reactant (NoO 1000 ppm in He) was introduced into
the reactor at 873 K (a) or 723 K (b) after the catalyst
had been pretreated for 1 h in different atmospheres.
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Fig. 3. Dependency of the conversion of NoO decom-

position on oxygen pressure at 773 K, W/F=0.06 g
s cm™3, O: observed. M and A correspond to the

calculated values from Eqs. 6 and 7, respectively.
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Fig. 4. Effects of pretreatments in He (O, A) and

O, (M, A) at 1073 K on N>O decomposition over
Laj.8Sr0.2CuQy4. (a) W/F=0.025 g s cm™3, at 873
K; (b) W/F=0.3 gs cm™3, at 723 K.

N2 O Decomposition over Perovskite Ozides

After the treatment in helium, the conversion of NoO
into N2 was initially high, but it decreased rapidly and
reached slowly a stationary value. Oxygen was not de-
tected at the outlet in the first 10 min and then it rose
to the value satisfying the stoichiometry of the reaction,
N20—>N2+%02, in about 1 h. The conversion contin-
ued to decrease slowly thereafter, but the imbalance of
oxygen was not detected beyond the experimental error
(100+2%).

In contrast, the activity of the catalyst pretreated in
an oxygen stream became constant rapidly. The rate
at steady state at 723 K was considerably lower than
that treated in helium even after 24 h. On the other
hand, at 873 K the activities for the two pretreatments
became equal after 24 h of reaction. By the treatment
of the used catalyst in helium at 1073 K, the catalytic
activity was recovered to the original level.

The Effects of Sr Substitution at A-Site on
the Catalytic Activity. The effect of the valency
control by means of Sr substitution was examined for
Lag_;Sr,CuOy4. Results are shown in Fig. 5, together
with AON of copper. Here the catalytic activity is
expressed by the % conversion divided by the surface
area, where the % conversion ranged from 10 to 40%.
The activity was initially enhanced by substituting La
by Sr and then decreased, a maximum being observed
at x=0.5. Parallelism between the activity and AON
may be noted. The correlation is further confirmed in
Fig. 6, where LayCug.9Zrg.1 04 is included. The activ-
ity monotonically increased with the increase of AON.
This trend is similar to that found previously for the
decomposition of NO.'%

The Effects of 3d Transition Elements at B-
Site in LaMOg and LagMOy4 on the Catalytic Ac-
tivity.  Catalytic activities of LaMO3 and LagMOy4
mixed oxides for NoO decomposition, which are plotted
against the sequence of transition elements in the fourth
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Fig. 5. Relative activities for NoO decomposition (723
K, W/F=0.3 g s cm™®) and the average oxidation
number (AON) of copper for Las_4SrzCuQs.
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decomposition and the average oxidation number
(AON) of copper for Las_zSrzCuO4 at 723 K (@)
and 773 K (O), W/F=0.3 g s cm™3.

period, are shown in Fig. 7. A one-peak pattern was ob-
tained with Co at peak. LaCoQO3 was about 40 and 20
times more active than LaMnQOjs and LaFeO3. The ap-
parent activation energy was calculated from the slope
of the plot of log (% conversion) against 1/T, where
the conversion was controlled below 30%. These results
are listed in the column B of Table 2. The activation
energy was in the order LaCoO3 < LaNiO3; < LaFeOj3
< LaMnOj; < LaCrOgs. Activation energies in column
A of Table 2 were calculated in a more precise way by
considering the rate equation, as well (see below).

Conversion of N,O into N, /%

Cr Mn Fe Co Ni Cu
3d elements of B site

Fig. 7. Activity profiles of NoO decomposition over

LaMO3 (O) and LazMO, (@) at 723 K, W/F=0.3

gm s cm™3,
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Table 2. Apparent Activation Energy of N2O Decom-

position
Catalyst Activation energy/kJ mol™!
A B
LaCrOs 119 117
LaMnOs 120 121
LaFeOs 127 126
LaCoOs3 37.3 39.0
LaNiOg3 - 77.0 76.8
Laj.0Srg.1Cu0y4 — 169
Lal_GSro,4Cu04 —_— 87.5
La1_5Sro,5CuO4 —_— 97.7

A) Calculated from the rate constant, k» (see text).
B) Calculated from log (% conversion) vs. 1/T at
W/F=03gscm™3.

Discussion

Surface Oxidation State and the Catalytic Ac-
tivity.  Catalytic oxidation reactions on metal oxide
are generally sensitive to the oxidation state of catalyst
surface as well as adsorbed oxygen species. The disso-
ciation of N2O proceeds readily at oxygen vacancies of
oxides, or at coordinatively unsaturated metal ions on
the surface.®'” Therefore, the results shown in Fig. 4
can reasonably be explained as follows. On pretreat-
ment with helium at 1073 K, the surface and lattice
oxygen atoms of the catalyst are partly removed. NoO
molecule dissociates easily on this partially reduced sur-
face to form Ny and surface oxygen species. The rate
of NoO decomposition decreases rapidly, as the result
of irreversible reoxidation of the surface by the oxygen
formed by the reaction. In the case of the oxygen-pre-
treated catalyst, most of the active sites are already
occupied by oxygen species or the surface is in a highly
oxidized state. NoO decomposition takes place on the
remaining active site available on this oxidized surface,
so that the activity is much lower than that of the He-
treated catalyst.

These effects of pretreatment are similar to the case
of NO decomposition.!® A difference is that the change
of the activity with time is much slower in the case of
N3O decomposition as compared with the NO decompo-
sition. At 723 K, the rate of He-treated catalyst surface
continued to decrease for a long period (Fig. 4b), and
gave a different activity from that of Os-treated cata-
lyst. This is possibly because of the differences in the
reaction-temperature and in the partial pressure of Os.
At 873 K, as shown in Fig. 4a, the catalytic activities
became equal and constant after 24 h. When the tem-
perature is higher, the diffusion of oxygen in perovskite
or the surface lattice relaxation would be easier.

After the catalytic decomposition reached a steady-
state, the retarding effect of the coexisting of Oy was
reversible as shown in Fig. 3. Thus, there are appar-
ently two kinds of oxygen species, as in the case of NO
decomposition;'® one is irreversible, and the other re-
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versible, although the borderline between the two may
not be distinct.

The Rate Equation of N;O Decomposition.
The decomposition of N3O on oxides is usually de-
scribed by the mechanism shown by Egs. 1, 2, and 3.319

NQO:NQO(adS), (1)
N;O(ads) <A~ N2 + O(ads), (2)
20(ads)&==0:. (3)

The apparent reaction order with respect to NoO ob-
tained from a log—log plot was about 0.8 (Fig. 2), so
that it may be reasonable to assume that the reaction
order of NO is first-order, if one considers that the
reaction is inhibited by oxygen formed by the reaction
and this reduces the apparent dependency of the rate
on NyO pressure. Then the following rate expressions
are derived based on simple Langmiur—Hinshelwood ki-
netics. ‘

_94Px0 _ ks Pxjo (4)
dt P
1+bP3,
_ d12N2O =k 1)N2O (5)
dt 1+ Po, ’

In Eq. 4, N3O decomposition is inhibited by dissoci-
ated oxygen species which is in equilibrium with gaseous
oxygen. In Eq. 5, adsorbed diatomic oxygen species?®
inhibits the reaction. These two rate expressions are
integrated to Eqs. 6 and 7, respectively.

W 1 ,Poz “ \/E

¥ P,o

w 1

Here z represents the conversion of NoO. These two
equations were checked by the data in Fig. 1. A good
linear correlations were obtained for both Eqs. 6 and
7 respectively. Hence, it is difficult to tell which one is
the most fitted rate expression. Both Eq. 6 (b=1.5x10%
atm™%, k;=0.37) and Eq. 7 (b'=9x103 atm™!, k,=2.9)
also reproduced the dependency of the reaction rate on
the pressure of N2O observed experimentally (Fig. 2).
However, neither Eq. 6 nor Eq. 7 was able to simu-
late the dependency on the oxygen pressure as seen in
Fig. 3. Calculated values are considerably lower than
the experimental values except for Pp,=0. This clearly
demonstrates that the surface is highly heterogeneous
for Oy or O adsorption, and that the assumption of
constant b or & is not correct. This is in agreement
with the observation that the apparent reaction order
in Po, sharply decreased with increase in Pg, from —0.7
to —0.2, as described above for the log—log plot of the
data in Fig. 3. The coefficient b’ calculated with Eq. 7
from the data at the pressure of oxygen of about 250
ppm was 6x10% and it was 1 for about 10000 ppm.

[-ln(l-2z)— x]} . (7

N2 O Decomposition over Perovskite Ozides

The dependencies of the conversion on contact time
were also investigated on LaMQj at various tempera-
tures. After the rate constants were calculated by us-
ing Eq. 6, the activation energies were obtained from
the slopes of Arrhenius plots as listed in the column A
of Table 2. They are close to the data calculated simply
from the conversions given in the column B.

Controlling Factors of Catalytic Activity. (1)
Effects of AON of Cu over Las_,Sr,CuOy4. A
good correlation is noted between the catalytic activi-
ties for NoO decomposition and the average oxidation
number of copper (AON) for Las_4Sr,CuQOy, as shown
in Fig. 6. This trend generally agrees with that ob-
served previously for NO decomposition over the same

catalysts.'¥ The agreement implies that the AON of

copper is also the main factor controlling the activity of
N3O decomposition. Oxygen vacancy which increases
monotonically with the Sr substitution has apparently
poor correlation with the catalytic activity as in the
case of NO decomposition. Although the oxygen va-
cancy generated by pretreatment has strong effect on
N2O decomposition (Fig. 4), it is not the primarily dom-
inating factor of the steady-state activity for a series of
Lag_,Sr;CuQy (Figs. 5 and 6).

Thus, the correlation shown in Fig. 6 may be
explained, similarly to the case of NO decomposi-
tion. Since no significant chemical shifts attributable
to the presence of Cu3t were observed by XPS for
Lag_Sr;CuOy4,'® the oxidation number of copper on
the surface is two even when it is greater than two in
the solid bulk. When N,O is adsorbed at oxygen vacan-
cies or coordinatively unsaturated Cu?* ions, a partial
electron transfer occurs.>!V

Cu®t 4+ N2O — Cu®d+ _N,0°-.

Then, the N-O bond of N,O tends to dissociate eas-
ily. As catalyst which has the greater AON of cop-
per tends to facilitate the electron transfer, the activ-
ity increases with the AON of Cu. A somehow simi-
lar explanation has been given for the decomposition of
N2O on Lal.85Sr0,15Cu04, LagCuO4, and CuAlOZ;lg)
the presence of Cu?t/Cu®* and oxygen vacancy in
Laj 85510.15Cu0y is the main reason of its high activity.

(2) Effects of 3d Elements at B-Site. The cat-
alytic activities of LaMOj3 for oxidation reactions are
principally determined by the B-site elements.!!2:*9)
In the cases of the oxidations of CO, CH4, and C3Hsg,
twin-peak patterns with Co and Mn at the peaks are ob-
tained as in the case of simple oxides of M elements.'*'
These patterns have been explained by either the elec-
tronic state of the d electron of the B-site ion, the bind-
ing energy of M—O band, or the stabilization energy of
crystal field.'*—% Although it is not certain which fac-
tor is essential, the readiness of the reduction—oxidation
cycle of the B-site ion under the reaction atmosphere
probably determines the catalytic activity for oxidation
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reactions.

In this study of NoO decomposition, a one-peak pat-
tern with the peak at Co is observed (Fig. 7). One-
peak pattern with a peak at Co (1073 K) or Fe (973
K) has also been reported for NO decomposition over
LaMO3,'® although the differences in the activity of
the catalyst were relatively small. Anyhow, it is notable
that LaMnOg is active for the oxidation of CO, CHy,
and CsHg but not active for NoO or NO decomposition.

LaMnOg is known to be a metal-ion deficient mixed
oxide,??® the actual stoichiometry being LaMnO3,s.
In the case of NoO or NO decomposition, the reaction
conditions are always in oxidizing atmosphere, while
reducing reagents are present in the case of catalytic
oxidation reactions. Therefore, the possible reason why
LaMnOj3 was less active for NoO and NO decomposition
is that the surface oxygen vacancy or the coordinatively
unsaturated Mn ion is hardly generated on the surface
of LaMnOQOs;.

On the other hand, although LaCoOg is usually stoi-
chiometric, it has tendency to be oxygen-deficient as
reported previously.???% This may explain the high cat-
alytic activity of LaCoOj3 for N3O and NO decomposi-
tion.
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