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Three series of samples having the stoichiometry A A;_ BO;., (x = 0-1, B = Mn, Fe, Co) were
prepared and used as catalysts for NH; oxidation. It was found that even at x = 0 or x = 1 the
compositions of the catalysts were nonstoichiometric. The nonstoichiometric amount of oxygen, A,
with which the crystal structure, defects in the solid, reactivity with reactant oxygen, and catalytic
activity could be correlated, was a function of x. A single-phase, solid solution exists in the
composition range from x = 0 to 0.4. A miscibility gap appears at about A’/A = 1 (x = 0.4) and then
an A'BO; phase is found at A’/A = 1. This two-phase region extends until the appearance of the
cubic phase at x = 1.0. Doping with lower valence cations (A’) in the case of ABO, results either in
an increase in the oxidation state of B or in the formation of oxygen vacancies. In the case of Mn,
both A and the concentration of Mn** depend linearly upon x, but in the case of Co, due to the
instability of Co** toward reduction by O?-, only A increases. The case of Fe is situated between
the above two. By ED, EM, and Méssbauer investigation, a vacancy-ordering in the ferrite system
was observed. XPS, TPD, and EPR measurements gave results suggesting the possibility of the
formation of Oz or O~. The adsorbing capacity of catalyst surface to oxygen depends closely on A.
The catalytic activity of A;A;_,BO;_, mixed oxides in the NH; oxidation in general could be
attributed to the extent of the redox reaction

C
2B + 0O v__—;} 2 B* + $0(g) + Vo.
n
The Mn and Co systems are just two extreme cases. The dependence of the activity of Fe-

containing mixed oxides on their redox potential was confirmed by TPR and '®O-isotopic ¢xchange
study. © 1989 Academic Press, Inc.

The mixed oxides which have crystal
structures analogous to natural minerals
such as perovskite (ABO;), scheelite
(ABQy,), and spinel (AB,0,) may be used as
model compounds for investigating the role
of defects in catalysts; moreover, some of
them have been developed into catalysts
which have seen application. Therefore,
extensive interest in this field has been
aroused recently (/). There have been pa-
pers related to these series of compounds
but most of them were generally purely
structural (2(a)) and chemical (2(b)). Only
recent developments in solid state chemis-
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try have correlated physical properties and
chemical features with the nature of the de-
fects (3). In this paper we introduce our
work concerning the perovskite-type cata-
lysts used in NH; oxidation. Three series of
A;A_yBO; (A" = Caor Sr, A = La, B =
Mn, Fe, Co) catalysts were prepared by
varying x from 0 to 1, since it was found
even at x = 0 or 1 that the composition of
catalysts in each series would be nonstoi-
chiometric. The nonstoichiometric amount
of oxygen (A) was a function of x. The activ-
ity of catalysts could be attributed to the
nonstoichiometric amount of oxygen A and
explained by the presence of different de-
fects.
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I. EXPERIMENTAL

1. Catalyst Preparation and Catalytic
Activity Measurement

Samples were prepared by mixing nitrate
solutions of Mn (or Fe, Co), La, and Ca (or
Sr) according to defined composition, pre-
cipitation with NH,OH + NH,HCO;, fol-
lowed by thermal decomposition and calci-
nation of the precipitates.

Activity of the catalysts for ammonia oxi-
dation was measured in a conventional flow
system using 10 ml of catalyst and a feed
composition of NHi/air at 1/9 by volume.
The quantities of NH; and NO in the prod-
uct steam were determined by conventional
acid—base titration. The conversion of NH;
in all cases was complete; therefore the se-
lectivity of NO under the same conditions
was taken as catalytic activity for com-
parison.

2. Oxygen Determination

(1) Nonstoichiometric amount of oxygen
(A). A known mass of sample was dried af-
ter 120°C and dissolved in hydrochloric
acid. La¥*, Ca?* (or Sr?*), and Mn?* (Fe**
or Co’*) ions were separated through an ion
exchange column and then determined by
titration with EDTA. Mn** and Mn?** were
determined by Brists’ method. The content
of Fe3* was determined by titrating with
K,Cr,O; in HCl (3 N) with an excess of
Mohr® salt. Co’" was analyzed quantita-
tively by iodometry. The data obtained
were then used to calculate the nonstoi-
chiometric amount of oxygen in the sam-
ples.

(2) Surface excess oxygen. The Kl
method was used (4).
(3) Adsorbed oxygen. Measurements

were carried out either on an ordinary high
vacuum apparatus volumetrically or by
TPD. Samples were degassed at 10=5 Torr
at 600°C for 2 h, and then the amounts of
adsorbed oxygen were determined at differ-
ent temperatures.

(4) Surface oxygen state. X-ray photo-
electron spectrometry (an NP-1 spectrome-

ter or a SHIMADZU ESCA 650B spec-
trometer) was used with MgKa (1253.6 V)
as the X-ray source. The resolution for Ag
3d peak was 1.02 eV. Other parameters
were signal-background ratio, 16.8:1;
count speed, 275,039 c/s; and vacuum
chamber pressure, 2.2 X 1078 Torr.

(5) Reducibility of catalyst. Measure-
ments were carried out by TPR using an
apparatus similar to that described by
Cvetanovic and Amenomiya for a TPD
study (5).

(6) Isotopic exchange. '®O exchange be-
tween O, in the gas phase and O, in the
catalyst was conducted in a closed circula-
tion system prior to the reaction; the sam-
ple was treated with purified ®O, circulat-
ing at 400°C and subsequently evacuated at
350°C. O, enriched in 80 was prepared by
mixing 80, and pure '°0,. 0 distribution
in gaseous oxygen was analyzed with a
mass spectrometer after intermittent sam-

pling.

3. Catalyst Characterization

(1) Crystal structure. X-ray diffracto-
grams for powdered samples of the Mn- or
Co-containing series were recorded on a
Shimadzu automatic recording X-ray dif-
fractometer (Type VD-1A) operating at 40
kV with a working current of 10 mA using
CuKe radiation in combination with a
nickel filter.

In order to investigate the crystal grain
size and crystal distortion, measurements
for the Fe system were carried out on a
Rigaku diffractometer (Type D/MAX-rA)
operating at 40 kV and 200 mA using CuK«
radiation filtered with a graphite monochro-
mator. X-ray diffractograms were recorded
with a Geiger counter during stepped scans.

(2) Valence states of the surface metal
ions. ESR measurements were carried out
using a conventional ESR spectrometer
with 975 kHz field modulation. The instru-
ment operated at a frequency of 9149 MHz
(determined with a cavity wavemeter). Un-
less otherwise stated, experiments were
performed at 25°C.
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A homemade, constant acceleration
spectrometer was used for Mdossbauer
spectroscopy. The source was a 25 mCi
sample of ¥Co (Pd). The thickness of speci-
men corresponded to 50 mg/cm?. The ve-
locity scale was calibrated with the spec-
trum of sodium nitroprusside.

(3) Physico-chemical properties. Ther-
modifferential and thermogravimetric anal-
yses were carried out with a Rigaku ther-
moanalysis apparatus under the following
conditions: sample, 100 mg; heating rate,
10°C/min; air flow rate, 50 ml/min; tempera-
ture range, 20-800°C.

A simple air adsorption method was used
to measure the surface areas.

The SEM investigations were performed
with a JXA-840 Jeol scanning electron mi-
croscope.

II. EXPERIMENTAL RESULTS
AND DISCUSSION

Defect types and concentrations in metal
oxides can be regulated in wide ranges by
doping with foreign ions and by changing
the conditions of preparation and treat-
ment. For instance, Kamata et al. (6) pre-
pared samples of LaMnO; under different
oxygen partial pressures in which the value
of A varied from —0.053 to +0.079. By sub-

series of catalysts containing various non-
stoichiometric amounts of oxygen with A
ranging from —0.059 to +0.110.

Similar relations between x and A were
observed for all three series of mixed ox-
ides. Their catalytic activity and other
properties varied markedly with the non-
stoichiometric amount of oxygen (\) in the
samples (Tables la—c).

The process of preparing these series
of perovskite-type mixed oxides, with
Ca,La,_,MnQO; as an example, can be ex-
pressed by the equation

xCaCO; + 3(1 — x)Lay(COs);
+ MnCO, —22%¢,

xCaO - %(1 - x)LazO3
- MnO = Ca,La;_,MnOs.

In the course of preparation, the change
of valence state of the manganese ion with
calcination temperatures has been traced
by detecting the Mn?* and Mn*"—O-Mn3**
ESR signals for the sample with x = 0.8.
The results are shown in Fig. 1. Mn?* sig-
nals in the raw material carbonate de-
creased gradually with increasing calci-
nation temperatures and disappeared com-
pletely when the temperature was raised to
600-700°C. A sample for Mn**—O-Mn3*

stituting La with Ca (doping), we obtaineda double exchange appeared at 700°C,
TABLE la
Composition, Structure, and Physico-Chemical Properties of Catalysts Ca,La;_,MnO;
x-Value Ca,La;_;MnO; S Mn**/Mn Cryst. Surf. Ads. O, at NO
(m?%g) (%) parameter excess 600°C select.
(A) 0, (ml/m? X 10) at
(ml/m? x 10) —_— 800°C
Rev. Irrev. (%)
0.0 LaMnO; o 4.31 21.95 a=533 1.6 4.25 3.87 9.0
b =579
c = 8.05
0.3 Cay;Lay sMnO; gs6 4.79 41.17 a=17.62 2.2 1.70 1.19 92.4
0.5 Cag sLag sMnO; g 5.79 55.23 a=7.60 2.5 0.31 2.04 93.7
0.7 Cay;Lag3sMnO; 4,4 6.22 72.82 a=17.59 35 0.50 5.29 96.5
0.8 Cay glayg,MnO; o7 5.18 79.30 a=1747 4.4 0.66 11.14 97.7
0.9 Cayglag ;MnO, o 5.17 89.33 a=1745 4.5 0.68 15.07 97.8
1.0 CaMnO; 4 3.31 88.14 a =742 6.8 1.51 28.94 97.4
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TABLE 1b

Composition, Structure, and Physico-Chemical Properties of Catalysts Sr.La,_,CaO;

x-Value Sr.La,_,CoOs S Co**/Co Cryst. Ads. O, at NO selec.
(m%/g) (%) Sys. 200-700°C at 700°C
(ml/g) (%)
0.0 LaCo00; 455 3.25 9.06 R« 0.0 97.0
0.1 St gsLag.¢;C004 gz 2.65 8.39 R 0.035 98.8
0.2 Sl'qlzzLao_nC()Og‘g“ 3.08 9.50 R 0.176 98.6
0.4 Sr(]_uLaQ‘GgCOOz_go 2.22 7.40 R 98.1
0.5 Sry slag s4C005 1o 2.82 7.78 R 0.640 98.0
0.6 SerLa()wCOOZW 3.65 12.97 (844 96.4
0.8 Srggslag 6C001 639 0.65 15.02 C 0.770 94.7
1.0 SrCo0s4; 0.68 21.94 C 0.800 86.0

@ R, rhombohedral.
b C, cubic.

strengthened with increasing temperature,
and finally reached a maximum intensity at
1000°C (Fig. 2). It may thus be concluded
that the perovskite-type manganate would
be formed by calcining at 1000°C for 4 h.
The results of X-ray diffraction study for
this series of samples have also shown that
the whole series have mainly the same
perovskite-like crystal structure, as dis-
cussed in the following section.

Based on the experimental results, ex-
ploratory discussion will be given below for
the course of defect formation, the types of

defect in such catalysts, and the role of de-
fects in the catalytic reaction.

1. Crystal Structure of Perouvskite-Like
Mixed Oxides

The crystal structure of perovskite,
ABO;, i1s well known: the A ion is coordi-
nated by 12 oxygen ions which in turn be-
long to eight BOg octahedron sharing cor-
ners. When doped with foreign ions the
lattice either can form an ideal cubic
perovskite structure or can distort signifi-
cantly from the cubic phase to form a te-

TABLE 1c

Composition, Structure, and Physico-Chemical Properties of Catalysts Sr,La,_ FeO;

x-Value Sr.La,. FeOs S Fe*t/Fe Cryst. Ads. O, NO select.
(m¥/g) (%) Sys. at 600°C at 800°C

(ml/m?) (%)
0.0 LaFe( 460,04 1.73 O« 0.69 88.3
0.1 Srg 1 Lag gFeO; g03 1.70 8.6 0 0.77 91.8
0.2 Sro,Lag sFeO, g6 2.40 16.5 (0] 2.44 95.3
0.4 Sry4Lag¢FeOs gs4 3.00 30.8 O 2.11 96.9
0.5 Srg sLag sFe0; 934 3.04 36.8 0O+C 1.89 95.0
0.7 Sry;Lag;Fe0; 404 5.81 54.8 O+C 1.14 95.6
0.9 Sryslag [ FeO, g5 2.00 63.0 Oo+C 5.23 92.2
1.0 SrFeO; g3 0.73 66.0 Cch 13.70 93.6

¢ O, orthorhombic.
b C, cubic.
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Fi1G. 1. Change in the ESR signal of different Mn
ions in samples Caggl.ag,MnQO; with calcination tem-
perature (— Mn?*; --- Mn**—O-Mn**).

tragonal, orthohombic, or rhombohedral
phase. Recently, some authors have re-
ported (2(a)) that at a higher concentration
of defects, nonstoichiometry generally
leads to an ordering of the defects. The net-
work could thus be rearranged, for exam-
ple, to a Brownmillerite-like structure
ABO; s which can be considered as an oxy-
gen-deficient perovskite ABQO; correspond-
ing to A = 0.5.

X-ray diffraction (XRD) patterns for dif-
ferent series are given in Fig. 3a—c and
some of the lattice parameters are reported
in Table 1. For lower x-substitution (x <
0.4) they reveal a slight rhombohedral or
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FiG. 2. Dependence of intensities of ESR signals of
Mn ions in samples Cay glLag ,MnQO; on calcination tem-
perature (@—Mn?+; O—Mn**-0O-Mn**).

orthorhombic distortion with the structure
ABOQO;. With an increase in x up to ~0.8, a
cubic symmetry phase of A’BO; was found
in addition to the major perovskite phase.
The XRD phase analysis indicates only the
presence of the cubic phase of A’BO; at x =
1. Those results are consistent with almost
all reported in the literature (7). It can be
seen that a single-phase, solid solution ex-
ists in the composition range from x = 0 to
0.4, wherein ions A and A’ are randomly
substituted. A miscibility gap appears at
about A'/A = % (x = 0.4), and then the
A'BO; phase is found at A'’/A = 1 (x = 0.5)
in addition to A,A,_BO;. This two-phase
region is continuous until the appearance of
the cubic phase with x = 1.0.

Furthermore, our results showed that the
peaks of XRD become wider for an A’-sub-
stituted sample in the single-phase region
(e.g., x = 0-0.4 in Sr,La,_FeOs) at the
same calcination temperature but narrower
with increasing calcination temperature
(e.g., Sry4laysFeOs). Crystallite sizes and
lattice distortions for these samples were
calculated from the relation

Qw)? cos? 6, = (4/m?) - (MD)

+ 32(e?) sin? 6, (2)

where 6, is the corresponding Bragg angle,
D is the average thickness of the crystal
perpendicular to plane [4 k [], and (¢?) is the
square of the average lattice distortion of
the polycrystal perpendicular to plane [4 k
1]. The results are given in Table 2. It can be
seen from these results that lattice distor-

TABLE 2

Average Size of Polycrystal and Lattice Distortion

Sample Dyt (A) D
1. LaFeg960,.94 790 1.0 x 103
2. Srp LagoFeO, 993 1200 1.1 x 10-3
3. Srg,LaysFe0s 05 390 2.1 x 1073
4. Sr0_4Lao'6FeO3_x
1000°C 190 4.9 x 1073
1100°C 230 1.1 x 1073
1200°C 400 0.8 X 1073
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FiG. 3. X-ray diffraction patterns for (a) Ca,La,-,MnO;, (b) Sr.La,_,FeO;, and (c) Sr,La,_,CoOs.

tion increased monotonically with the
amount of A which had been substituted.
The calcination temperature exerts the re-
verse effect. Results obtained from SEM
support these conclusions as shown in Fig.
4. The smallest particles and the best distri-
bution of them are given by the samples
containing the most Sr, but the largest par-
ticles and sintering are observed from the
sample calcined at highest temperature.

2. Defects formed in A A,_ BO;

Now suppose the exposed surface con-
sists of [100] planes, which are the stable
planes in the perovskite structure due to the
square array of Mn—O-Mn (8). A perfectly
stoichiometric perovskite, i.e., ABOs, can
be illustrated with a defect structure dia-
gram as shown in Fig. 5a~d. Variation in x-
values corresponds to doping with foreign
ions of lower valence, i.e., A’ (Ca?* or Sr?*)
in the case of ABO;. According to the prin-
ciple of electroneutrality, doping with
lower-valence cations either increase the
oxidation state of B (Fig. 5b) or decrease
the number of oxygen anions in the lattice
(Fig. 5¢), or both (Fig. 5d). The defect reac-
tion may be represented by the equations

A;AI—XB%tXB§+O3 -

ABO, + xA|A'' + xB™|B| (3)

or

AA VOB 05, —
ABO; + xAJA']" + AO|” ()\ = %) 4)

Moreover, in the case of LaMnOj; it has
been found that at lower Ca-substitution, A
is positive, showing that oxygen anions are
in excess in the crystal. But due to its rela-
tively large radius, the oxygen ion could not
exist in such a lattice as an interstitial an-
ion. Therefore a certain number of metal
ions must be missing from the lattice, form-
ing cation vacancies |K|" (OJ). Because of
the stabilizing action of BOg octahedra in
the perovskite structure, no B cation vacan-
cies have been found in these compounds,
only A cation vacancies (9). For LaMnO;
(Fig. 6a), only a La cation vacancy was
found (6). From electroneutrality, the pres-
ence of one |La|” vacancy can correspond-
ingly give rise to a change of valence state
of three neighboring Mn3* to Mn** (Fig.
6b). With this scheme it is understandable
why the Mn** content in LaMnO; o (21%,
the same as in (/0)) far exceeds the stoi-
chiometric value (0% in LaMnQOs).

The high-valence Mn** ion can be re-
garded as a Mn3* ion associated with a
monocharged positive hole |e|", i.e., Mn*"
= Mn** - |e|". The bound defect electron
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FiG. 4. SEM photographs (numbers correspond to those in Table 2).

can split from Mn** - |e|* freely and form a
quasi-free hole. Accordingly, the equation
from the formation of this defect site should
be written in the form

2
LaMnO;,, = LaMnO; + —3): |Lal|™

+ 2\el + % La,0;. (5

Doping with lower valence cations, e.g.,
Ca’t, would decrease the number of O?~ in
the lattice. To satisfy electroneutrality, if
an O?- vacancy is present, a defect |O|"
usually binds the free electron e’ ([€]), an F-
center, and causes a neighboring high-va-
lence metal ion to become lower valence
(Fig. 6¢). The defect reaction may thus be
represented by the equation
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F1G. 5. Defect patterns in A;A,_, BO;.

CaxLal_XMnO(3+)\)45 —> LaMnO3+A
+ x La|Ca|’ + 8|O|" + (26 — x)e’. (6)
The measured stoichiometries as well as
the B**/B ratios shown in Tables 1(a)-(c)
confirm that our experimental results for all
series of samples are consistent with these
arguments. The plot of nonstoichiometry
(\) and concentration of B** as a function of
x shown in Fig. 7. The same relationship
for the three series has been obtained: in
general, both A and B** change with x, but
there exist differences between them. In
the case of Mn, both nonstoichiometry (A)
and concentration of Mn** in the bulk are
linearly dependent on x. It seems that both
of the defect reactions, (3) and (4), take

place; but in the case of Co, the concentra-
tion of Co** rises fromx = 0.6to x = 1.0, so
probably only reaction (4) takes place, at
least in the lower ranges of x. The change of
Co** vs x could also be attributed to the
instability of Co**, which is easily reduced
by oxygen released during oxygen vacancy
formation. The case of Fe is situated right
between the above two cases. The content
of oxygen vacancies in samples with lower
x is higher than that of Fe**, but in samples
with higher x, the opposite result is ob-
tained. The order of instability of Mn** <
Fe*t < Co*" in air appears to account for
these results.

For small defect concentration an inter-
pretation based on statistical thermody-

02 w3t 02 w3t o2 02wl 0% mi o 02~ Wty 02 Malt 02
« . N
La?* 027 La3' 02 [a3* L3 02 17T 0?2 LY L3+ 02 YT~ @ L
02 mnd* 02" m3t o2 0% mt 02 w3 o 02 wit? 02 W3t o2
L3* 02 1.3 02 La3* L 0% 1 0% L La3t 02 a2 02 La3'
02" w3 02 wd* 02 0% w 0% w0l 02" W3t 02 w3 o2
a) LaMnO3 b) LaMnO3, » ¢) CaxlLa] xMn03+ A

F1G. 6. Defect patterns in Ca,La,_,MnO; samples.
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FIG. 7. Relationships among x, A, and B** content
for A;AI-XBO3.

namics, i.e., the point defects as being ran-
domly distributed in the lattice without
interaction, has been used to elucidate the
mechanism of reactions carried out on or in
the solid state, including the catalytic reac-
tions (I, 11). At higher concentrations clus-
ters or microdomains may be observed. In
some cases, even ‘‘shear planes’’ occur due
to segregation of defects. If long range or-
dering occurs, new compounds with defi-
nite composition and structure can be ob-
tained. The implication is that variation of
structure with stoichiometry should, to a
certain extent, exert some influence upon
the mixed oxides to change their catalytic
properties. Up to now very few authors
have dealt with vacancy ordering in mixed
oxides, especially to correlate it with cata-
lytic properties.

Of all these systems ferrites seem to be
the most extensively investigated phase be-
cause the local environment and the oxida-
tion state of iron can be determined by
Mossbauer spectroscopy. With the help of
this method, in addition to other, classical
physical techniques, the existence of va-
cancy ordering could be elucidated. In the
following, we attempt to study more care-
fully the vacancy ordering in this series of
samples and to correlate it with catalytic
behavior.

TPD measurements and TG analyses for

WU ET AL.

TABLE 3

Chemical Composition of A’ABQO; Obtained by
Measurement of the O, Released

x-Value Weight of Heated to
samples 800°C in flowing air
(mg)
Net loss  Sr,La,_,FeO,
in weight
0.0 81.25 0.3 LaFeo_mOz'ss
0.1 81.78 0.3 Sro_lLaogFCOz.g}g
0.2 79.88 0.50 Sro'y_Lao_gFCOZ_gm
0.4 81.55 0.75 SI'(MLa()_ﬁFCOz_gn
0.5 80.33 1.10 Sro_jLa()erOz.ug
0.7 82.27 1.60 Sr()jLaQ‘gFCOZ‘(,u
0.9 82.52 2.0 Sr(]_gLa()_]FCOZ.ﬂ
1.0 81.21 1.8 SrFeO”w

these series of samples showed that the
amount of O, released in the temperature
range from room temperature up to 500°C
was negligible. At higher temperatures, a
relatively large amount of O, was released
(cf. Fig. 8). Although the amount of O, re-
leased was dependent upon the value of x,
by recalculation of the composition of these
mixed oxides in consideration of the
amount of O, released a new nonstoi-
chiometry for each sample could be thus
obtained. From the data shown in Table 3,
it may be concluded that for lower x the
vacancies are apparently disordered by rea-
son of small variation of nonstoichiometry.
At higher x, the larger variation of the non-
stoichiometry might lead to an ordering of
the defects.

i
voof x=0.2
- =
> 0.5] x=0.4
4 x=(.5
= 1ot
.
® x=0.7
1.5
{ x=1.0
2.0 T ,
300 400 500 600 700 800

() -

Temperature

Fi1G. 8. Percentage mass loss versus temperature for
SI'xLa]_XFCOg.
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Fi16. 9. (a) Electron diffraction pattern of sample x = 0 along [001]c showing the doubling of the
perovskite cell in both a and b directions. (b) Zone axis [001]c¢ shown schematically.

The absence of superstructure lines in
the X-ray diffraction patterns suggests that
any periodic ordering takes place to give
only smail ordered domains. For this rea-
son we carried out ED and EM measure-
ments with the aim of observing superstruc-
ture spots indicating some kinds of periodic
ordering on a small scale.

Electron diffraction from samples with x
= () gave patterns that at first sight could be
indexed in a double perovskite unit cell.
Figure 9a shows an example along the
[001]c axis, schematically shown in Fig. 9b.
From the ED patterns, it could be seen that
no superstructure spots were present. Only
the basic spots corresponding to the cubic
perovskite cell were observed (unit cell,
a. X a. X a.). Electron microscopy of an
area of the crystal (Fig. 10) reveals the 3.68-
to 3.85-A lattice fringes of the perovskite
planes, but it also shows that the sample
corresponds actually to a multitwinned
crystal. It is worth pointing out that the dis-
tortion is not obvious in powder X-ray dif-
fraction patterns or in electron diffraction
patterns, probably because this orthorhom-
bic distortion is relatively small.

These negative results in looking for su-
perstructure spots indicate that (1) the an-
ionic vacancies are randomly distributed,
or (2) if some ordering existed it would be
nonperiodic, forming clusters of different
dimensionalities. We observed that for the

composition x = 0 the perovskite-type
phase predominated but contained inter-
growths and dislocations.

Upon the introduction of more Sr?* into
LaFeO; (x > 0.4), relatively broad peaks
corresponding to a simple cubic subcell
were observed in the X-ray diffraction pat-
terns. From ED and EM measurements,
the real situation appeared much more
complex. In Ca,La,_FeO;_,, Vallet-Regi
et al. (12) pointed out that two types of
solids, Ca,LaFe; 05 (G-type) and Ca,Fe,05
(Brownmillerite-type), were observed to
exist. They were both formed by disordered
intergrowth. Microscopic examination of
the sample with x = 0.4 (Fig. 11) reveals a
crystal structure which is almost ordered.
However, instead of equidistant fringes a
more complicated image with a period of
8.0 A was observed (dor, spacing in Fig.
11). This can be correlated with a hypothet-
ical structure of the compound, as stated in
the following paragraph, which would cor-
respond to an ordered sequence of ABO, 75
structures. An alternating sequence of two
kinds of black lines reflects the presence of
both octahedral and tetrahedral environ-
ments in the ABQO, ;5 structure.

Figure 12 shows the electron diffraction
patterns of the sample with composition x
= 1. These could be indexed in an ABO, 5
unit cell. The corresponding electron mi-
crograph, Fig. 13, shows that the crystal is
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FiG. 10. Electron micrograph showing (a) multitwinning, intergrowth as well as (b) dislocation in the

sample x = (.

formed by an ordered region characterized
by a spacing of ~8.0 A (2a.) = doyo of the
ABOQO, ;s type structure (I3), a model of
which is given in Fig. 13b.

A high resolution structural image of the
ABO, ;5 type region (Fig. 14) shows that the

octahedral and the tetrahedral sites alter-
nate along the b axis. Moreover,
multitwinned crystals were observed.
Recently, based on studies by thermal
analysis, optical and electron microscopy,
and X-ray diffraction, Reller and Bun-
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F1G. 13. (a) Image corresponding to the patterns shown in Fig. 12. (b) Model for the oxygen vacancy

ordering in SrFeO, ;5.

senges (/4) pointed out this kind of struc-
tural reaction mechanism as well as
concomitant compositional change of re-
versible reduction/reoxidation processes of
perovskite metal oxides might play an im-
portant role when these mixed oxides are
used as catalysts for oxidation processes.
When account is taken of the results ob-
tained from ED and EM, Mdéssbauer spec-
troscopy (MS) can help to elucidate the

presence of a certain vacancy ordering.
Mgssbauer spectra at room temperature
were recorded for the representative sam-
ples of the Sr.La,_ FeO;_,. Figure 15
shows some spectra in both paramagnetic
and magnetically ordered regimes. Parame-
ters for each component peak are summa-
rized in Table 4.

At room temperature, the MS of the
three compounds with x = 0.0, 0.1, 0.2
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Fi1G. 14. Structure image of the SrFeO, ;5 type regions.

show a 6-line spectrum characteristic of the the nuclei is very high (Hi, = 515 kOe) de-
nuclear Zeeman effect. These compounds spite low bulk magnetization due to oppo-
are antiferromagnetic and the local field at site orientation of neighboring Fe spins. As

more Sr is substituted for La (see Fig. 16) a

%28 S o ¥70.0 dramatic change occurs in the MS some-
140
120 523 KOe
— /e TABLE 4
8 -4 0 1T 8 01
180 * Mossbauer Parameters of Sr,La;_,FeOs at
- 160 L Room Temperature
2 140
2 120 Composition H, Isomer shift
=]
BoggOq e, e X 0.7 (kOe) (mm/s)
« :, o
= 160 - 3
T L LaFe; 50206 523 0.34
) : Sty LagsFeOs; 513 0.32
20 StosLagsFeOs g, 507 0.25
}gg L0 Sro.4lag6Fe0: 54 -0.04
o Sty sLagsFeOy.934 ~0.08
1o JE SrosLag:Fe0; 954 -0.12(L)
100 : -0.28(R)
60 nm/sec SrogLlag FeO; g5 —0.12(L)
2 0 2 0.24(R)
) SrFeOy¢3 -0.20(L)
FiG. 15. Mdssbauer spectra of several representa- 0.28(R)

tive catalysts at room temperature.
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F1G. 16. Isomer shift versus Sr concentration.

where between x = 0.4 and 0.5. The 6-line
spectrum still recognizable at x = 0.4 de-
generates into a single-line spectrum at x =
0.5 due to a transition from antiferromag-
netic (or ferromagnetic) to paramagnetic
behavior in which both the local magnetic
field and the nuclear Zeeman splitting van-
ish. Samples with Sr concentrations of x =
0.7, 0.9, and 1.0 display small peaks on the
positive velocity slope of the prominent
line.

The room temperature isomer shifts (IS)
of the series Sr,LLa,_,FeO,_, drop drasti-
cally in the samples with 0.0 < x < 0.4 and
then decrease gradually with increasing x in
0.4 = x < 1.0. This sudden change in the
isomer shift appears to accompany the tran-
sition from antiferromagnetic (or ferromag-
netic) to paramagnetic behavior as men-
tioned above.

Isomer shift in iron compounds indicates
a correlation between the IS and the va-
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lence state of the iron (I5). The MS of
Sr,La;_,FeO; with x = 0.7-1.0 show a
dominant peak at —0.20 to —0.10 mm/s and
two small peaks at about 0.25 and 0.70 mm/
s, respectively. These values are character-
istic of Fel} (0.35 mm/s) and Feg. The ap-
pearance of Fel} can be correlated with the
existence of two anionic vacancies in the
vicinity of this iron and thus could be used
to explain the vacancy distribution in
perovskite in relation to the Brownmiller-
ite-like structure (ABQO, 75). It is natural to
conclude that the dominant peak corre-
sponds to the Fe*t state.

The MS of Sr,La;_ FeOs_,, for x = 0.4,
0.5 each consist of a single broad and
slightly asymmetric line with an IS (—0.04
mm/s) that lies between those of Fe’* (0.25
mm/s) and Fe** (—0.15 mm/s). This value
implies an average oxidation state for the
iron and could be attributed to electron
hopping either between Fe’* and Fe** (16)
or between Fe3* and Fe** (17).

3. Reaction between the Defect in
Catalyst and the Oxygen Reactant

In oxidative reactions the state of oxygen
on the catalyst surface plays a key role in
the reaction mechanisms and the distribu-
tion of reaction products (/8). When oxida-
tive reactions proceed on an oxide catalyst
surface, a dynamic equilibrium among gas-
eous oxygen, adsorbed oxygen, and the
bulk lattice oxygen could be envisioned as
follows:

0, (gaseous) = O, (physically adsorbed) = O3 (chemisorbed)

N\ 1

z

O (dissociative adsorption) = O>~(oxygen ion adsorbed)

1

O (lattice oxygen ion)

In order to study the catalytic behavior of capacity of the catalyst surface as well as

these series of catalysts in the oxidative re-
action, information about the O, adsorbing

the reactivity of the adsorbed oxygen
should be obtained.
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F1G. 17. Adsorption isotherm (600°C) of oxygen on
(a) Sr,La,_,FeO,, (b) Ca,La,_,MnQO;, and (¢) TPD
chromatogram on Sr.La;_,CoOs.
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The oxygen adsorbed on different series
of catalysts was measured by using the or-
dinary static method or TPD and is given in
Tables 1(a)-(c) and Fig. 17a—c. Our results
indicated that when temperature <700°C,
the amount adsorbed (or released in TPD)
increased with x, similar to the trend of A
variation. The general pattern shows that
the oxygen adsorbing ability of catalyst sur-
face closely follows the content of oxygen
vacancies (\) in the bulk; i.e., the more neg-
ative the nonstoichiometry, the more oxy-
gen adsorbs on the catalyst.

XPS spectra of these series of catalysts
provided convincing evidence for this infer-
ence (Fig. 18). Based on the electron bind-
ing energy of Oy,, which is about 530 eV for
lattice oxygen, slightly lower than that for
chemically adsorbed oxygen (532 eV), the
XPS spectrum for ABO; showed that lattice
oxygen predominates over adsorbed oxy-
gen. On the contrary, the XPS spectrum
obtained from A’ABO, showed that ad-
sorbed oxygen is superior, its peak almost
covering that of lattice oxygen. After a cat-
alyst (e.g., Cagglay,MnQ;, in which ad-
sorbed oxygen is superior) was etched with
argon for 10 min, its XPS spectrum showed
a decrease for the peak 532 eV clearly. This
fact proved further that the peak 532 eV is
surely that of adsorbed oxygen, and that
oxygen adsorption increases with increas-
ing a number of oxygen vacancies.

b

x1.0

=10 ,

X
. 0
x=0.8 )
N x:0.6
0.5 x-0.5
x=0.4 x=0.5
x=0.0 =
x=0.2 x:0.2
- After etching *=0.0 x=0.0
. Il 1 L L )y 2 1 LN
538 534 530 520 540 532 524 534 532 530 528

Binding Energy (eV)

Fic. 18. Oy, XPS spectra of (a) Ca,La,;_,MnO;, (b) Sr.La,_,FeO;, and (¢) Sr,La,_,CoO,.
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F1G. 19. Plots of (a) irreversible adsorbed oxygen,
(b) surface excess oxygen, and (c) NO selectivity
against nonstoichiometric oxygen (A).

4. Activity of Catalyst and the Possible
Reaction Route

There are three main reactions in the oxi-
dation of ammonia on solid catalysts:

2NH3 + 1.5 02'—> N2 +3 HQO
2NH; + 2 0,— N,0 + 3 H,0 8
2NH; +2.50,—-2NO +3H,0. (9

At fairly high temperatures (700-900°C),
with either metal or oxide catalysts, the
products are mainly NO and a trace of N.
Therefore, NO selectivity is generally used
for the evaluation of catalysts. We have
measured the activity of these series of
perovskite-type catalysts for ammonia oxi-
dation. The catalytic selectivities at 700~
800°C were in the order

A;AI_XCOO::, > A;AI_XMI'IO:;
> A A FeOs.

M

In the case of the Mn system, the NO
selectivity at 800°C tracked with A in the
same way as adsorbed oxygen and surface
excess oxygen (Fig. 19). Thus there seems
to be a direct interrelation between catalyst
activity and the surface oxygen concentra-
tion. Therefore, the direct interaction be-
tween adsorbed oxygen and ammonia
should be the second step of the reaction,
and then after some intermediate steps, the
products NO and N; would finally be

WU ET AL.

formed. The possible reaction route may be

NH; + O; — NHO + H,0 + [&] (10a)
NH; + O~ — NH + H,O + [el  (10b)
NH + O~ — NHO + [el (10c)
2NHO + O~ — 2 NO + H,0 + [el (10d)
NHO + NH — N, + H;0. (10e)

The possibility of formation of O or O~
species was also tested by measuring the
ESR of adsorbed oxygen on Cajgl.ay,
Mng 40,0, catalysts in which Mn had been
diluted. Figure 20 shows the hyperfine
structure diagram of the ESR signal related
to the interaction of unpaired electron with

= 3 nuclear spinning. After adsorption of
oxygen on the catalyst, a new signal ap-
peared at the center of the hyperfine struc-
ture, g = 2.007, showing the paramagnetic
property of adsorbed oxygen (Fig. 20b). In
light of the electronic structure of oxygen,
this signal is most probably due to O; or
O-.

Having operated over 2500 h at 700-
800°C, on scale-up installation, Caygl.ag,

(g=2.007)

-

(a) (b)

FIG. 20. Resolution of the weak Mn?* ESR spectrum
of CagglagsMng o0, (a) before adsorption, pre-
treated at 650°C, measured at 293 K; (b) after adsorp-
tion, pretreated at 650°C and Pg, = 10 Torr, measured
at 77 K.
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TABLE 5

Composition, Mn**-content, and Value of
Nonstoichiometric Oxygen (M) of a Catalyst Before
and After Use

Composition NO A Mn"  Ads. O;
x selectivity (%) (mi/g}
(%)
Before use x =08 97.0 0.010  82.50 2.73
After use x =08 95.0 0.012 8255 3.69

MnO; has no marked change in catalyst
composition, Mn valence state, or nonstoi-
chiometric amount of oxygen (Table 5). It is
concluded that neither the type or concen-
tration of the defect could be changed dis-
tinctly. Hence it is believed that the lattice
oxygen in these oxide catalysts would not
take part in the reaction directly, or the pro-
cess O~ (adsorbed oxygen ion) == 02~ (lat-
tice oxygen ion) would attain equilibrium
quite easily and is not a controlling step for
the reaction. The role of the catalyst is the
same as that of a metallic catalyst such as
platinum or platinum-rhodium gauze. The
main function of this type of catalyst is to
provide an active site for activation of reac-
tant oxygen; therefore, the reaction should
be of a superfacial type.

The selectivity for NH; oxidation to NO
at 700°C and the correlation between the
content of Co’* in the bulk and nonstoi-
chiometry (A) are shown in Fig. 21. It is
noteworthy that the trend of NO selectivity

&100L 4 100
" ol e ;Ti'\\ %0 =
= ° e 0 by
'E 80 | 51 80 a
(&5
8 0p {70
& 60 |- 4 60
o
= 50} 4 50
1 i i
0.0 01 02z 03 04
A

F1G. 21. Relationships among nonstoichiometric
oxygen (A), Co** content, and NO selectivity of
Sr,La,_,Co0;.
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variation is basically the same as that of
Co** content in the bulk. This is reason-
able, if one considers that the Co*" is the
active site during the reaction.

A mechanism for NH; oxidation over
AyA-xCo0Os was suggested as follows:

(a) The reaction proceeds via oxygen ad-
sorption on Co? sites:

0, + Co** - Co** + Oy
0; + Co*" — Co** +20.

(11a)
(11b)

(b) The activated oxygen directly reacts
with NHj, and finally forms the products
NO and N, through several intermediate
steps:

NH; + O; — NHO + H,0 + [e] (11¢)

NH; + O - NH + H,0 + [el (11d)
NH + O~ — NHO + e (11e)
2NHO + O- - 2NO + H,0 + &l (11f)
NHO + NH — N; + H;0. (11g)

(c) Co** is reduced to Co*" by lattice
oxygen:

2 Co*t + 027 — 2 Co* + 30,(g) + Vo
(12a)

30,(g) + 2e~ — O, (12b)
Thus, if the concentration of Co** were in-
creased, the selectivity of the catalyst
would decrease, which coincides well with
experimental results.

The thermal stability of Sry,LayzCoOs;,
which is representative of the series of Sr,
La,_,Co0;, was higher than that of Co
Co,0, (spinel) during NH; oxidation. The
reaction proceeded at 900°C for 24 h. The
result is shown in Fig. 22. The activity of
the Srp,lay3Co0; catalyst does not dis-
tinctly change and is higher than that of the
Co0Co0,0,, but the activity of the CoC0,0,
decreases as time goes on.

The Fe system resembled neither the Mn
system nor the Co system, as shown in Fig.
23. The catalytic activity achieves a maxi-
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Fi1G. 22. Thermal stability of different catalysts.

mum at x = 0.4 and seems neither simply
dependent on the concentration of metallic
ion (Fe?* or Fe*") nor on the amount of
adsorbed oxygen (or A). When the variation
of selectivity of all three systems with re-
spect to x is plotted on the same coordi-
nates (Fig. 24), the Fe system is seen to lie
between the Co and Mn systems.

From the relationships between catalytic
activity and other factors of Mn and Co sys-
tems, we could deduce that the catalytic
activity of A;A,_.BO; mixed oxide in the
NH; oxidation, in general, could be attrib-
uted to the extent of the redox reaction

2 B4 + O == 2 B + {0y(g) + Vo.
(13)

It indicates that the forward reaction is fa-

vored for Co, and the reverse for Mn.

From Eq. (13), it could be predicted, and
has been obtained from our experiments,
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FiG. 24. Relationships between NO selectivity and x
of A;A,_ BO, (B = Mn, Fe, Co).

that samples containing more B** and Vo
for the Mn system but less B** and Vo for
the Co system are the most active. More-
over, the trends in variation of B** and \ in
the Fe and Mn systems (Fig. 24) are in par-
alle] to each other, but the relation for the
corresponding parameters is just the re-
verse. This means that the oxidation reac-
tion of Eq. (13) takes place with more diffi-
culty in the Fe system than that in the Mn
system. By comparing the curves referring
to the Fe and Co systems, we deduce that
the reduction of the Fe system is more diffi-
cult than that of the Co system. Based on
this point of view, the catalytic activity of
Fe-containing mixed oxides should also de-
pend on the redox ability of this system.
Our results obtained from TPR measure-
ment and 80-isotopic exchange investiga-

Hydrogen Consumption

650 750

350
Temperature(°C)

450 550

FiG. 25. TPR profiles for Sr,La,_ FeO;: (1) x = 0.0;
2)x=02;3)x=04,PDx=058)x=07,6)x =
09, x=10.

FiG. 23. Relationships among Fe** content, nonstoi-
chiometry (A), and NO selectivity.
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FiG. 26. Isotopic exchange of oxygen over Sr,
La;_,FeQ; at 400°C.

tion of this series of catalysts have provided
information about the reducibility as well as
the '30-isotopic exchange ability, as shown
in Figs. 25 and 26. Catalysts possessing
maximum activity are related in that both
are more easily reduced and more active
toward '80-isotopic exchange. In short, for
the Fe system the reducibility as well as the
180-isotopic exchange ability also vary in
parallel with the catalytic activity.
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