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The new compounds Lal,MXMnO, (0.05 GxdO.4 for M= K; x=0.2 for M= Na, Rb) 
have been prepared. La+,K,MnO, (0.05 < x d 0.4), LaMn03.01, LaMnOa.IS, LaO.sNaO.zMnOo, 
and La0.8Rb0.2MnOJ have been used as catalysts in the reduction of NO. La,.,KO.,MnOB has also 
been used in the catalytic decomposition of NO. The activity of these catalysts is related to the 
presence of a Mn3+/Mn4+ mixed valence and to the relative ease of forming oxygen vacancies 
in the solid. The presence of cation vacancies in LaMnOB.IS and the substitution of La3+ by alkali 
ions in LaMnO increases the catalytic activity. The reduction of NO involves both molecular 
and dissociative adsorption of NO. 

Introduction 

Perovskite-like compounds derived from 
LaMnO, by partial substitution of La3+ by 
divalent ions have long been known (1, 2). 
Their electrical and magnetic properties have 
been extensively studied and related to the 
crystal structure and. defect chemistry (3-7). 
These and related systems appear to offer an 
opportunity to relate catalytic properties to 
solid state chemistry. This is in particular so, 
since these compounds contain a catalytically 
active Mn ion in oxygen octahedra linked by 
inactive La ions in dodecahedral coordination. 
Also, substitution of La by other catalytically 
inactive ions makes it possible to vary the 
electronic configuration of the MnO, units 
while maintaining the same or very nearly the 
same geometry of the active center. 

The purpose of the present paper is to 
study the compounds in which La is substit- 
uted by alkali ions in comparision with 
LaMnO,. The general formula is Lal-,-,o, 
M,MnO,, in which q is a cation vacancy on 
the dodecahedral La-site (~-site) and M is 
Na, K, or Rb. Since La3+ is replaced by M+ 
and/or by formally neutral q , the above 

formula demands charge compensation to the 
effect that a fraction of (3y + 2x) of the Mn is 
tetravalent with the remainder of the Mn 
trivalent. The members LaMnO, and La,-, 
q ,MnO, (y 5 0.13) were already known (3,8), 
but the preparation of alkali-substituted 
LaMnO, (0 < x 6 0.4) is reported here for 
the first time. The crystal structure, the elec- 
trical conductivity, and the activity and 
selectivity in the catalytic reduction of NO 
are reported for powder samples. 

Substituted manganites are indeed active 
catalysts. La0.65 Sr0.35Mn03 has been used in 
CO oxidation (9), La0.,Pb,,3Mn03 has been 
used in CO oxidation and NO reduction 
(IO, II), and La,-,Ca,MnO, has been used in 
NH, oxidation (12). The electrical and mag- 
netic properties of these manganites are 
dominated by the negative superexchange 
interaction Mn3+-0-Mn3+ and the strong 
positive Mn3+-O-Mn4+ interaction due to 
double exchange (3,7). In first approximation, 
these interactions are independent of the 
nature of the A-site substitution (o or M+) 
and depend mainly on the Mn4+/Mn3+ 
ratio (3). On the other hand, the binding 
energy for an oxygen atom in the lattice 
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CATALYSIS OF NO REDUCTION 397 

depends very much on whether it is next to 
La3+ M+ or 0. 

The tes; reactions employed for the cata- 
lytic measurements are 

2N0 +2 CO -+ N, + 2C0, (1) 
2N0 + 2Hz + N2 + 2Hz0 (2) 

In both reactions, N,O can be formed in 
addition to N,. Moreover, formation of NH3 
can occur : 

2N0 + 5H, --f 2NH, + 2H,O (3) 
The activity of the manganites in the catalytic 
conversion of NO and the selectivity of the 
reaction towards N,, N,O, and NH3 will be 
used to characterize their catalytic properties. 
These catalytic properties are of importance 
in the treatment of exhaust gases of internal 
combustion engines (II). In such applications, 
catalysts must be selective toward formation 
of Nz and N,O rather than NH3. 

Experimental 

The manganites were used as loose powders. 
They were prepared by firing mixtures of the 
oxides or carbonates in the appropriate 
proportions in air or oxygen at 800-14OO”C, 
with frequent regrinding and refiring of the 
products. Subsequent firing in 0, was used 
to prepare samples with high Mn4+ content, 

while firing in Nz was used for low Mn4+ 
contents (Table I). 

The stoichiometry of the samples was 
determined by analyzing for Mn3+, Mn4+ 
La3+ and M+. 

The electrical conductivities were deter- 
mined on sintered pressed pellets of the 
compounds. Square bars 15 mm long with 
3-mm cross sections were sawed from the 
pellets and a four-point method with spring- 
loaded Pt contacts was used. 

The crystal structures were determined 
from powder X ray diffraction patterns taken 
in a Philips 114.6-mm diameter Debye- 
Scherrer camera using CrKcr radiation. The 
measured lattice parameters of each starting 
material are listed in Table II. 

The surface areas of the catalysts were 
measured by the BET method (13), using NZ 
adsorption in a Shell-Perkin Elmer Sorption 
Meter. The catalytic properties were deter- 
mined on 0.3 cm3 of the compound placed in a 
fixed-bed continuous flow reactor (14). The 
compositions of the inlet gases and reactor 
effluents were measured by gas chromato- 
graphy of gas samples taken at lo-min inter- 
vals. Directly determined were NO, CO, 
H,, NzO, and Nz, while NH3 was determined 
from the nitrogen mass balance (15). The 
NH3 analysis was occasionally confirmed 
by mass spectrometric analysis. The results 

TABLE II 

LATTICE PARAMETERS OF La,-,MxMn03 

Number Formula Symmetry’ 

1F 
2F 
3F 
4F 
5F 
6F 
7F 
8F 
9F 

61.00 5.536 (1) 5.726 (1) 7.697 (2) 
58.66 5.523 (1) 13.324 (2) 
58.27 5.506 (3) 13.317 (8) 
59.45 5.541 (2) 13.415 (5) 
59.45 5.538 (5) 5.521 (5) 7.789 (6) 
58.90 5.524 (1) 13.374 (3) 
58.83 5.519 (1) 13.381 (2) 
58.63 5.511 (2) 13.376 (6) 
58.65 5.511 (1) 13.380 (2) 

’ 0 for orthorhombic, A for rhombohedral. 
b Volume per ABO3 unit. 
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for NO, N,O, N,, and NH3 are presented as 
a percentage of NO inlet remaining or con- 
verted into N-containing products. The gases 
used included a dry mixture (D) of 0.13 % 
NO, 0.4 % HZ, and 1.3 % CO in He and a wet 
mixture (W) of 0.13% NO, 0.4% Hz, 1.3% 
CO, 3 % H20, and 3 % CO, in He. Other mix- 
tures were as indicated in the text. Flow rates 
are expressed as RSV (ml gas NTP/hr/m2 of 
catalyst surface area in the reactor based on the 
surface area of the fresh catalyst). 

The catalysts used, with details on prepara- 
tion and characterization, are listed in Table I. 
Unless noted otherwise, the catalytic behavior 
shown is the stable behavior, after any initial 
transients have passed. 

Results 

Structural, Electrical, and Magnetic Properties 
LaMnO was prepared in a nearly stoi- 

chiometric orthorhombic state and in an 
oxygen-rich rhombohedral state by firing 
in either neutral or oxidizing conditions 
(Table I, catalysts No. 1 and No. 2, respect- 
ively). From the lattice parameters (Table II) 
the oxygen content was deduced with the aid 
of a compilation of the available structural 
data (6, 8, 12, 16-20). LaMnO, contained 
2% Mn4+, whereas LaMnO, contained 
30 y Mn4+. The Mn4+ content is compensated 
by ihe presence of cation vacancies. No 
La20, was observed to exsolve, putting its 
concentration at lower than 2%. A structure 
with predominantly La vacancies, in addition 
to a small number of Mn vacancies, is in 
accord with these observations. On the basis 
of neutron diffraction refinement, a structure 
Lao.95io.02Mn,.,6~o.040, with 9 % of the 
cation sites vacant in a complete oxygen 
sublattice was recently proposed for rhom- 
bohedral LaMnO,.,, (8). 

Alkali-substituted manganites were pre- 
pared with the nominal formulas La,-& 
MnO, (x = 0.05, 0.1, 0.2, 0.3, and 0.4), 
La0.,Na0.2MnOB and La,,.,RbO.,MnO,. In 
view of the sizes of Mn3+ (0.66 A), La’+ (1.22 
A), and the alkali ions (Na+ 0.97 A, K+ 1.38 
A, Rb+ 1.56 A), it is expected that the latter 
will enter the dodecahedral La-site and not 
the octahedral Mn-site. Indeed, attempts to 

prepare LaNa,.2Mn0.B03 with Na+ in the 
octahedral site were unsuccessful since they 
did not lead to single-phase samples. All 
samples mentioned above except La,,.95K0.05 
MnO, were perovskites with rhombohedral 
distortions of the cubic symmetry similar to 
those in LaMnO, (R) There was no evidence 
of ordering of the M ions. The lattice para- 
meters (Table II) are expected to be dependent 
on the actual Mn4+ content which, due to the 
presence of A-site vacancies, may be higher 
than calculated from the alkali-ion content. 
For the lower alkali contents (X 6 0.2), 
nonstoichiometry of the compounds is likely 
to be restricted to the presence of cation 
vacancies, with the oxygen sites being very 
nearly filled, similar to the situation in 
LaMnO3.l2 (8). For higher values of x(x > 0.2) 
the presence of oxygen vacancies and a related 
reduction of the Mn4+/Mn3+ ratio below the 
nominal value of 2x/(1-2x) is expected in 
analogy with the data for La,-,Sr,MnO,, 
Lal+Ca,Mn03, and La,-,Sr,CoO, for 
x > 0.4 (I, 12, 21,22). 

Electrical conductivity measurements 
showed La0.sK0.1Mn03 and La,.,&.,MnO, 
to be semiconductors with activation energies 
for electrical conduction of 0.14 + 0.01 and 
0.075 + 0.005 eV, respectively. At 400°C a 
temperature in the range where catalytic 
activity is measured, the resistivity is approx- 
imately 0.005 G?cm for both samples. Similar 
resistivity is expected for LaMnO, with 
30 % Mn4+, a value intermediate between those 
for La,.,K,.,Mn03 and La,,.BK,.2Mn03. On 
the other hand, stoichiometric LaMnO, (0) 
reportedly has a semiconducting activation 
energy of 0.36 eV and resistivity at 400°C of 
1 SZcm (23). The electrical conductivities are 
the result of the charge hopping between 
Mn3+ and Mn”+ions,,analogous to that occur- 
ring in La,-,Sr,MnO, (3) (which also has a 
similar resistivity at 400°C). 

Catalytic Activity qf LaMnO, and 
LaMnO, 

Many oxide catalysts function in oxidation- 
reduction reactions by participation of their 
lattice oxygen in the reaction (24, 25). This 
has been substantiated for La0.s&.2Mn0, 
(see below). Since in the manganites, oxidation 
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and reduction of the catalysts occur through NO-CO-HZ-He mixture, dashed lines 
adjustments of the concentrations of A-site are for the H,O-NO-CO-C02--HZ-He mix- 
vacancies, the bulk oxidation and reduction are ture. The stability of the two catalysts is not 
expected to occur only slowly at reaction very great, as is indicated by the slowly 
temperatures (T< 6OO”Q their rates are varying results for the consecutive runs A-D 
limited by solid state diffusion. This was for LaMnO,.,, and in run Hfor LaMnO,.,,. 
indeed found to be true for LaMnO to a NO conversion on LaMnO,.,, is much 
degree sufficient for making meaningful faster than on LaMnO,.,,, since the tempera- 
catalytic measurements. tures necessary for 50% NO conversion are 

In Fig. 1, catalytic measurements are Tso = 380°C and Tso = 53O”C, respectively. 
summarized for LaMnO,.,, (No. 1, Table 1, The difference is mainly due to the rate of Nz 
orthorhombic) and LaMnO,.,, (No. 2, rhom- production, while the rate of NH3 formation 
bohedral). The top panel gives the percentage is about the same on both catalysts. The two 
of inlet NO remaining in the effluent from the compounds also behave in a quite different 
reactor; the middle and lower panels give the manner when Hz0 is added to the gas stream : 
percentage of inlet NO converted into NH, LaMnO,.,, is hardly affected, while on La 
and N2, respectively. Solid curves are for the MnO,.O, the rate of Nz production drops to 

100 

60 

60 

40 

60 

200 300 400 500 600 
CATALYST TEMPERATURE (“C) 

FIG. 1. Composition of reactor effluent for LaMnOJ(0) and LaMnO@) catalysts. Flowrate (RSV) 23 500 
ml hr-’ m-’ based on surface area of fresh catalyst (Table 1). Full lines and filled-in symbols: gas mixture D. 
Dashed lines and open symbols: gas mixture W. N20 yield unimportant except in runs A and B. 
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almost zero and the total NO conversion 
shifts to a much lower level (curves G, H, and Z 
in Fig. 1). 

The difference in behavior of LaMnO,.,, 
and LaMnO,.,, cannot be due to the difference 
in structure (rhombohedral versus ortho- 
rhombic distortion). This is shown by the 
fact that LaMnO,.,, during testing (runs 
A-F) changed from the rhombohedral to the 
orthorhombic structure, while being reduced 
to LaMnO,.,,. The change is accompanied by 
some loss of activity (compare A to B, C, and 
D), but the orthorhombic LaMnO,.,, is 
clearly still appreciably more active than the 
orthorhombic LaMnOJ.O1. Hence, the differ- 
ent activities of LaMnO,.l, and LaMnOJ.Ol 
must be due to the different oxidation states. 

Note that the product ZA of the excess 
oxygen z in the formula LaMnO,,, and 
surface area A is 0.056 for No. 2F, 0.050 for 
No. 2S, and 0.004 for Nos. 1F and 15’. This 
may be regarded as a measure of the number 
of active sites available for the catalysis and 
shows the compensation of decreasing z 
and increasing surface area for catalyst No. 2. 
Note also that on fresh LaMnO,.,,, no NH, 
is produced at all. 

Catalytic Activity of Lao.&,.,Mn03 (M = 
iVa, K, Rb) 

As shown above, LaMnO,.,, is of fairly 
low stability in the reducing atmosphere of the 
test reaction. However, similar Mn4+ concen- 
trations can be maintained stably in charge- 
compensated Laoeos M0.2Mn03, where the 
charge compensation is by an alkali ion rather 
than by a La vacancy. Fig 2. shows that 
La,.,Na,.,MnO, (No. 3, Table I) and La,., 
RbO.*MnOJ (No. 4) are indeed active catalysts, 
appreciably more so than LaMnO,.0, (No. 1). 
Similar to LaMnOs.lS (No. 2), NO is mainly 
converted to Nz and N,O rather than to NH,. 
The curves for La,.,K,.,MnO, are similar to 
those shown in Fig. 2. The effect of adding 
water to the gas mixture on the latter catalyst 
was the same as observed for LaMnO,.,,. 

Since the sodium and rubidium compounds, 
which are both rhombohedral, have quite 
different lattice constants (Table II), due to the 
much higher radius of Rb+ in comparison 
with Na+, their similar activity indicates that 
the size of the alkali ions and the distortion 
of the rare earth polyhedra are not important 
for the catalytic activity. 

100 

80 

P 

L 60 

1 

8 40 

8 

20 

0 

CATALYST TEMPERATURE PC) 

FIG. 2. Composition of reactor effluent for La,,.,Nh.,MnO, (RSV= 13 100 ml h-l m-‘, full lines, open sym- 
bols) and for Lao.8Rb0.,MnOJ (RSV= 14 300 ml lx-’ rnmz, dashed lines, filled symbols). Mixture D. 
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La,.,M,.,MnO, and LaMnO,.,, show 
similar selectivities (proportions of NH, in 
the product). However, note that the activity 
of La,.,M,.,MnO, is appreciably lower with 
T,, = 450°C while for LaMnO,.,,, T,, = 
380°C. This is remarkable since the Mn4+ 
concentrations are somewhat higher. Also, 
the yield of N,O is higher relative to that of 
Nz, indicating that N,O reduction and de- 
composition are slower than on LaMnO,.,,. 

Catalytic activity of Lal-,K,MmO, (0 < x < 
0.4) 

The variation of the catalytic activity of the 
potassium compounds Lal-,K,MnO, with 
the value of x is given by the data in Fig. 3. 
The curves for x = 0.1 should be shifted slightly 
to lower temperatures to correct for a specific 
flow rate (volume of gas treated per m2 of 
surface area of catalyst per hour) which was 
twice that of the other tests. The top panel 
of Fig. 3 shows that the activity rises gradually 
with increasing values of x, i.e., T,, decreases 
from a (corrected) value of 480°C for x = 0.1 
to 400°C for x = 0.3. The further rise in NO 

conversion rate from x = 0.3 to x = 0.4 is 
completely due to the production of more 
NH3 rather than to an increased production 
rate of N2 and N,O. This may well be related 
to the fact that the Mn4+ concentration in 
similar systems, e.g., Lal-,Sr,-,MnO, (I) 
and La,-,Ca,MnO, (22) rises only slowly 
once a level of 40-50 % Mn4+ has been reached. 
Further introduction of the compensating 
element then leads to the formation of oxygen 
vacancies. 

The low activity of La,.,,K,.OSMnO, should 
be compared with that of LaMnO,.,, in Fig. 
1. The latter, which has 2% Mn4+, is more 
active than the former, with 10 % Mn4+, but the 
selectivity towards N, and NH, is similar. 
It is likely that the different activities are 
related to the concentration of A-site vacancies 
in La 0.95K0.05Mn03; K+ is expected to fill 
these vacancies. 

Mechanism of the NO Reduction Process over 
-hdbMn03 

(a) Lattice oxygen and 0, in the gas phase. 
To establish whether lattice oxygen plays a 

100 

0 
200 300 400 500 600 

CATALYST TEMPERATURE (“C) 

FIG. 3. Composition of reactor effluent for Lal-,KXMnOJ. RSV for x = 0.05 was 19 000 ml me2 hr-‘; for 
x = 0.1,27 200; for x= 0.2, 13 200; for x = 0.3, 12 000; and for x = 0.4, 13 800. Data for N3 and NzO omitted 
for clarity. Arrows indicate ascending or descending temperature. Mixture D. 
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DoD 
60 - 

ro 
t; 60 - 
% 
8 ‘O 
$ s 

-20 - z 

0 
k -Q---; I 

200 so6 400 600 600 

CATALYST TEMPERATURE (‘C) 

FIG. 4. Yield of N2 in catalytic decomposition of NO on prereduced L&.8K0.,MnOJ (solid line) and in catalytic 
reduction with mixture D (dashed curve). RSV= 5000 ml mm2 hr-‘. 

role in the NO reduction, or in other words, 
whether the reaction proceeds through a 
consecutive reduction of the catalyst by CO 
or H, followed by reoxidation of the catalyst 
by NO, the latter was reacted over the La,., 
I&Mn03 catalyst both in the presence and 
in the absence of reducing gases. In the ex- 
periment, a mixture of 0.13 % NO, 0.4 % H, 
and 1.3 % CO in He was first passed over 
the catalyst at a rate of 5000 ml/m2 surface 
area/hr. In Fig. 4, the dashed curve shows the 
production of N,O + Nz. Subsequently, when 
the reducing gases were omitted and 0.13 % 
NO in He was passed over the catalyst, 
a similar reaction rate of NO to N,O was 
observed (full curve in Fig. 4). The oxygen 
removed from the NO molecules is retained 
by the catalyst, which takes up more than the 
equivalent of 10 monolayers of O2 before the 
NO conversion slows down. This indicates 
that the process occurring is 

V, + 2e + NO -+ Nads + 02- (lattice) (4) 

2Nc1, + Nz (5) 

Naas + N%, -+ N,O V-9 

This process is in accordance with the obser- 
vation (26,27) that the catalytic decomposition 
of NO is inhibited by oxygen in the gas phase, 
which decreases the number of lattice oxygen 
vacancies V,. 

The addition of O2 to a gas flow consisting 
of 0.13% NO, 1.3% CO, 3% COz, and 3% 
H,O in He, in amounts less than the stoi- 
chiometric amount of 0.65%, decreases the 

conversion of NO to N,O and Nz (Fig. 5). 
0, reacts in preference to NO. This shows 
preferential adsorption of O2 on NO ad- 
sorption sites, as was found before for other 
oxide catalysts (27). It is mainly the N,O 
production that is affected and not the rate 
of Nz production. For example, at 490°C 
in the absence of 02, NO is converted for 21% 
into Nz and for 16 % into N,O. With 0.13 % 
0, present, these numbers are 24% and 4%, 
respectively. Therefore, it is likely that O2 
interferes more strongly with the molecular 
NO adsorption [in Eq. (6)], than with the 
dissociative NO adsorption [in Eqs. (4) and 
(5>1. 

‘0°, 
60 

B 
t; 60 

d 0, added I 

300 400 500 600 

CATALYST TEMPERATURE CC 1 

FIG. 5. Composition of reactor effluent for I&.8 
K,,.2MnOJ for a feed mixture of 0.13 % NO, 1.3 % CO, 
3 % H,O, and 3 % CO2 in He, with 0, added in amounts 
of 0 %, 0.13 %, and 0.6%. Full curves: composition 
for 0% 0,. Dashed lines: conversion of NO to Nz + 
N,O when 0, is added. RSV= 13 200 ml mP2 hr-‘. 
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I- 

i- 

t I 
400 500 600 700 800 m 

TEMPERATURE Oc 

FIG. 6. Mass spectrometric desorbed gas analysis of La0.8K0.2Mn03 treated in mixture D and in 1% NO in 
He (see text). Heating rate Z”C/min. N2 data from m/e = 14, NH3 data from m/e = 17 corrected for the contribution 
of OH to that mass peak, CO data from m/e = 28 corrected for the contributions of Nz and COz, NO data from 
m/e = 30. COz shows a peak at 630°C (not shown). 

(b) Molecular and dissociative adsorption 
of NO. To establish the relative importance 
of molecular and dissociative adsorption of 
NO on these manganites, a sample of Laoe8 
K,.2Mn0, was used in the conversion of a 
mixture of 0.13 % NO, 0.4% H,, and 1.3 % 
CO in He at 620°C for 1 hr, cooled in this 
mixture to 150°C and held at 150°C in 1% 
NO in He, after which it was cooled to room 
temperature. The sample was transferred 
under 1% NO in He to a fused silica thermal 
desorption apparatus in which it was evacu- 
ated and its temperature was increased at 
2”C/min. The desorbed gas was analyzed by 
mass spectrometry. Some of the major 
desorbing species are shown in Fig. 6. A 
control experiment in which NO was omitted 
showed none of the desorbed species in Fig. 
6, except a small amount of CO desorbing at 
T > 600°C. 

The results in Fig. 6 indicate that NO is 
moderately strongly chemisorbed in a molec- 
ular form, desorbing at lOO-250°C. Assuming 
first-order desorption kinetics with a 1013 
set-l frequency factor, a binding energy of 
28 kcal/mol (1.2 eV) was derived. The ap- 

pearance of NH3 at T > 300°C and of Nz at 
T > 450°C establish the presence on the surface 
of tightly bound N-containing radicals, which 
may be Nads, NL, etc. The simultaneous 
desorption of CO and N, at Tz 630°C 
suggests the presence of a surface compound 
decomposing at that temperature. Since the 
ratio of N : CO z 1, this might be an isocyanate 
compound. A high concentration of molecu- 
larly adsorbed NO appears to correlate with 
an enhanced NO conversion at 2OO-300°C 
observed on many manganite catalysts (28) 
and this conversion leads to significant 
amounts of N20, supporting the plausibility 
of Eq. (6). 

(c) Reduction of NO with CO-H, or 
CO-H,O. To gain some insight into the overall 
processes in the NO reduction, various gas 
mixtures were used. In Figs. 2 and 3, the pro- 
duct pattern for reduction of NO with a 
CO/H2 mixture was presented, while in Fig. 
5, a mixture of CO, HzO, and COZ is the re- 
ducing agent. In this atmosphere, H, can only 
be formed by the water-gas shift reaction 

CO + H,OT?~CO~ + Hz (7) 
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TABLE III 

NO CONVERSION OVER La,,.8K,,Mn0, AT 507”C, RSV= 13 200 cm3 mm2 hr-’ 

Product, 
% of NO inlet NO-CO-H,” NO-CO-H20b NO-CO-CO, NO-CO-H,O-CO,C 

N2 20 24.5 19 22.5 
N2O 31 16 6.5 15.5 
NH3 38 32 0 6 
Nz + N20 51 40.5 25.5 38 
Total 89 72.5 25.5 44 

’ Percentage of gas components, in the same order as given, in He: mixture 1, 0.13- 
1.3-0.4; mixture 2, 0.13-1.3-3.0; mixture 3, 0.13-1.3-3.0; mixture 4, 0.13-1.3-3.0-3.0. 

b The water-gas shift proceeds and H2 is found in the exit gas. 
c The water-gas shift does not proceed. 

Since the data for Na, K, and Rb are very 
similar we can compare Figs. 2 and 5. The NO 
conversion is very similar up to 43O”C, 
when in the presence of Hz the formation of 
NH3 starts to increase steeply. Since in the 
presence of C02, no Hz was found in the exit 
gas of the reactor, implying that Eq. (7) 
did not proceed, the similarity of the Nz 
and NzO production rates in Figs. 2 and 5 
indicates that CO is the main reducing agent 
at T-c 430°C. 

At 507”C, the relative contributions of CO 
and H, to the NO reduction were further 
explored (Table III). In the second column 
the reducing mixture is CO + Hz. In the third 
column the shift reaction was observed by the 
occurrence of H, in the reactor effluent, 
while in the fifth column this was not the case. 
The yield of N, in these tests was remarkably 
constant at 21 + 2 % of the NO inlet, irrespec- 
tive of the gases admixed to the NO-CO mix- 
ture. On the other hand, NH, is mainly 
produced by Hz, either provided as such or 
through the shift reaction (compare the 
second and third colums). At this fairly high 
temperature, N,O formation is promoted by 
molecular Hz (cf. the second and fourth 
columns) and to a lesser extent by the presence 
of HzO, irrespective of the net rate with which 
the watergas shift proceeds (the third and 
fifth columns). OH groups at the surface might 
enhance the molecular adsorption of NO, 
providing an explanation for the enhanced 
N,O formation through Eq. (6). 

Discussion and Conclusions 

In the present study, the conversion of NO 
over an isostructural series of manganites has 
been studied. The active site in all of these is 
very likely to be the same Mn ion or Mn-O- 
Mn group. In the perovskite structures, the 
(100) face containing a Mn-0-Mn square 
array is likely to be the most stable face 
(29, 30). None of the modifying ions used, 
such as La3+, Na+, K+, and Rb+, has any 
appreciable catalytic activity for the reaction 
studied. 

The oxygen of the perovskite lattice plays 
an important role in the NO conversion pro- 
cess, as indicated by the possibility of con- 
verting NO to Nz and N,O with a reduced 
oxide. The importance of lattice oxygen is also 
most strikingly demonstrated by the compari- 
son of LaMn03.01 and LaMn03.15, the latter 
being a much more active catalyst than the 
former. In the catalytic decomposition (as 
opposed to reduction) of NO, the release of 
oxygen from the catalyst is the slow step 
in the reaction sequence. In the reduction of 
NO by CO, the binding of oxygen in the lattice 
also has an important role in the kinetics of 
the reaction. For example, when comparing 
LaMn03.15 (30% Mn4+) with Lao.sKo.l 
MnO, and La,,.sK0.2Mn03 (20 and 40% 
Mn4+, respectively), it IS readily apparent that 
for catalysts with comparable Mn4+ content, 
it is the nature of the charge-compensating 
defect that determines the catalytic activity. 
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When this is a cation vacancy, the activity is 
higher than when it is an alkali ion. Similarly, 
it was found (31) that the activity is higher for 
La,.,K,.,MnO, than for La,,.,Sr,.,Mn03 
(both have 40% Mn4+). These comparisons 
point to the binding energy of oxygen in the 
lattice, which decreases in the order (La, Sr) 
MnO, > (La, K) MnO, > (La, 0) MnO,. 
Lower binding energies for oxygen are thus 
correlated with higher catalytic activity for NO 
reduction. Note that in a different test reaction 
(the oxidation of NH,) the vacancy concen- 
tration did not seem to be important, with 
(La, U) MnO, and (La, Ca)MnO, equally ac- 
tive at similar Mn4+ content (12). The release 
of oxygen from the lattice is probably not 
involved in the slow steps of that test 
reaction. 

The introduction of cation vacancies lowers 
the binding energy for oxygen in the Mn-O- 
Mn structure, but also increases the Mn4+ 
content and the electrical conductivity. By 
comparisons of catalysts at constant Mn4+ 
content, it was possible to isolate the role of 
the binding of oxygen. The role played by 
Mn4+ and by the electrical conductivity is 
more difficult to isolate. However, in several 
of the reaction steps electronic charge transfer 
is occurring, e.g., in 

NO + V, + 2e -+ Nads + 02- (lattice) (8) 

and in 

02- + co,,, --z CO2 + V, + 2e (9) 
In the first step, the presence of Mn3+ next 
to the oxygen vacancy V, will facilitate the 
reaction, while in the second step the presence 
of Mn4+ next to 02- will enhance the process, 
in both cases because the manganese ion can 
change valence while accepting or donating 
an electron. The electrical conductivity makes 
transfer of several electrons to and through 
one active center possible without grossly 
upsetting the local equilibrium valence situ- 
ation. Low electrical conductivity is most 
likely to limit the charge transfer processes 
at the surface at compositions close to stoi- 
chiometric LaMnO,. Studies of that range are 
presently underway. 

The dissociative adsorption of NO [Eq. (S)] 
needs the presence of oxygen vacancies ad- 

jacent to an electron donor such as Mn3+. 
The mere existence of oxygen vacancies in a 
structure, as in PbZRu207-x, where they are 
fully coordinated by four Pbz+ ions, is not 
sufficient to enhance the activity (28). Suffi- 
ciently strong binding of oxygen in the vacancy 
to a transition metal ion is evidently necessary. 
On the other hand, molecular adsorption of 
NO is more likely to occur as a nitrosyl 
complex (32), competing with CO which is 
bound as the carbonyl. Such bonding is 
stronger on metal ions of low valence (33). 
The combined dissociative and molecular 
adsorption of NO yields a plausible explana- 
tion of the formation of N,O via the sequence 
of Eqs. (4)-(6), which can now be written with 
the V, coordinated by two Mn3+ ions and 
NOad, as a nitrosyl group. 

The conclusions to which this work leads 
are summarized as follows : 

(1) NO adsorbs on manganite perovskites 
in molecular and in dissociative forms. 

(2) Oxygen vacancies adjacent to a 
transition ion of variable valence are necessary 
for dissociative adsorption of NO. 

(3) The concentration of oxygen vac- 
ancies is enhanced by the presence of charge- 
compensating defects such as cation vacancies, 
alkali ions, and alkaline earth ions substituted 
for La3+ ions. Cation vacancies are most 
effective. 

(4) At constant Mn4+ content, lattice 
oxygen is less strongly bound for (La, q ) 
MnO, than for (La, K) MnO, and this in- 
creases the activity of the former compound 
in comparison with the latter. 

(5) The geometrical distortions of the 
basic perovskite cube are unimportant for the 
catalytic activity in NO reduction. 
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