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A series of Laz,Sr,Co04 catalysts ( x  = 0-2.0), which have the K2NiF4 structure except for x = 2.0, was 
prepared, and the oxidation states and compositions of both bulk and surface, as well as several properties 
relating to the reactivity of oxygen, were investigated. We also measured their catalytic activities for propane 
oxidation and found a good correlation with the oxidizing ability of the catalyst surface. The average oxidation 
number of Co ion monotonically increased with Sr substitution, and the composition changed from having 
an oxygen excess to being oxygen deficient. The composition and the oxidation state of Co ion on the 
surface generally agreed with those in the bulk as judged from X-ray photoelectron spectroscopy. On the 
basis of the reactivity and nonstoichiometry, the catalysts were divided into two distinct groups: (1) 0 
5 x C 0.8 and (2) 0.8 I x 5 1.5. For group 1, the desorption of the excess oxygen was observed in 
temperature-programmed desorption, and the amount decreased with increasing x .  In group 2, the lattice 
oxygen desorbed, forming oxygen vacancies. The amount of oxygen desorbed, as well as the rate of isotopic 
exchange of oxygen, increased with x .  

Introduction 
The K2NiF4-type mixed-metal oxide (A2B04) consists 

of alternating layers of AB03 perovskite and A 0  rock salt, 
being a kind of two-dimensional analogue of perovskite.' 
It is possible to change the A- or B-site ion variously 
without affecting the fundamental structure,2 as in the case 
of perovskite-type mixed  oxide^.^ Owing to this feature, 
the oxidation state of the B-site ion can be controlled by 
appropriate substitution of constituent metal elements. 
Therefore, the materials are suitable for the solid-state 
chemical study of the catalytic properties of mixed oxides. 

We have previously reported the effects of Sr, Ce, and 
Hf substitution on the catalytic properties of perovskites, 
LaB03 (B = Co, Mn, Fe), and found very high activities 
for oxidation of hydrocarbons, which were comparable with 
or higher than a Pt c a t a l y ~ t . ~ - ~  Recently, we also inves- 
tigated the La2-,Sr,Ni04 ~ y s t e m . ~  The valence control of 
LaCoOs has also been reported by Voorhoeve et al.3 and 
Yamazoe et al.,1° but the explanations for the activity 
changes are different. Furthermore, we noted that the 
effects of Sr substitution were considerably different 
among the Co, Mn, and Ni  system^.^^^ Therefore, we 
concluded that further investigations are necessary re- 
garding the valence control of B-site ion over a wider range 
and its effects on catalytic properties. 

In the present paper we attempt to elucidate the above 
relationships for a series of La2,Sr,Co04 catalysts, for 
which our preliminary work indicated a good correlation 
between the catalytic activity for oxidation and the oxi- 
dizing power of the cata1ysts.l' We measured several 
properties related to the reactivity of the oxygen in the 
catalysts, such as temperature-programmed desorption 
(TPD) of oxygen, the rate of isotopic exchange of oxygen, 
and the reducibility. We also examined the composition 
and the oxidation state of the Co ion on the surface by 
XPS. The relationships between the catalytic activity for 
oxidation and the properties mentioned above are dis- 
cussed in the context of these results. 

Experimental Section 
Preparation of Laz-,SrxCo04. La2,Sr,Co04 ( x  = 0-2.0) 

catalysts were prepared from mixtures of acetates of the metal 
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components. The actual compositions of these mixed oxides are 
nonstoichiometric in general, La2-xSrxCo04+a, but the stoichio- 
metric formulas will be used in this paper unless explicit pres- 
entation is necessary. The mixed acetate solution was evaporated 
to dryness, and then the solid obtained was decomposed. It was 
finally calcined in a quartz crucible in nitrogen (x  = 0 . 5 )  or in 
air (x  = 0.8-2.0) at 1000 O C  for 10 h. 

Powder X-ray diffraction patterns were recorded on an X-ray 
diffractometer. Surface area of the samples was measured by the 
BET method. 

The oxidation number of the cobalt ion in the catalysts was 
measured by iodometry. A sample (ca. 100 mg) that was dried 
at 100 "C for 3 h was dissolved in 25 mL of 0.4 N HC1 plus 25 
mL of 0.16 N KI. The solution was titrated with a standard 
thiosulfate solution. This method has been used for the mea- 
surement of excess oxygen in nickel oxide12 and for the mea- 
surement of the average oxidation number of Co or Ni ion in mixed 
oxides.13 The oxidation number of Co (or the nonstoichiometry) 
determined by this methods generally agreed with that obtained 
by using gra~imetry,'~ in the case of similarly prepared 
Lal,Sr,Co03. 

The composition of metal ions was determined with the aid 
of an inductively coupled plasma spectrometer (ICP). X-ray 
photoelectron spectra (XPS) were obtained with a Shimadzu 
ESCA-750 employing Mg Ka radiation (1253.6 eV) under a high 
vacuum of lo4 Pa. The binding energy was calibrated by using 
a C(ls) electron line (285.0 eV) coming from the background. 

Procedure. Temperature-Programmed Desorption (TPD) 
of Oxygen. TPD of oxygen was carried out with a flow system 
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Table I. Surface Areas, Structures, and Compositions of 

surface 
Laz-,Sr,Co04+a Catalysts 

area, av ox. no. 
m2/g structure 6 of Co ion 

0 1.0 K2NiF4- type 0.14 2.28 
0.5 1.3 K2NiF4-type 0.04 2.58 
0.8 1.7 K2NiF4-type 0.03 2.87 
1.0 2.6 KzNiF4-type 0.00 3.01 
1.2 1.9 K2NiF4-type 0.00 3.21 

2.0 1.5 unknown phase -0.32 3.36 

n x  = 0-0.5 calcined in Nz, 1: = 0.8-2.0 calcined in air. 

1.5 2.0 KzNiF4-type -0.08 3.34 

c -  21 x:2.0 I 

0 
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Figure 1. XRD patterns of La2-,Sr,Co04 ( x  = 0, 1.0, and 2.0). 

using helium as a carrier gas.4+ Prior to  each run, the sample 
(1.0 g) was pretreated in an O2 stream for 1 h at  800 "C and cooled 
to room temperature. Then, O2 was replaced by He a t  room 
temperature. The oxygen impurity in the He carrier gas was 
removed by a molecular sieve (MS) 5A trap kept a t  liquid nitrogen 
temperature. The temperature of the sample was raised a t  a 
constant rate of 20 "C min-' in the He stream (25 cm3 min-'), and 
the oxygen desorbed was detected with a thermal conductivity 
detector. It was confirmed by gas chromatography that only 
oxygen and helium were present in the eluent gas. TPD curves 
were reproducible in the repeated runs after the same pretreat- 
ments. 

Reduction of Catalysts by CO. The reduction of the catalysts 
by CO was conducted in a pulse reactor.&6 Prior to the reaction, 
the catalysts (50 mg) were treated in an O2 stream (20 cm3 m i d )  
for 1 h a t  300 " C ,  and then the O2 stream was replaced by a He 
stream purified by an MS-5A trap kept a t  liquid N2 temperature. 
The flow rate of the carrier gas (He) was 25 cm3 min-', and the 
size of each pulse was 0.1 cm3. The products were analyzed by 
gas chromatography. 

Isotopic Exchange and Equilibration of Oxygen. l80 ex- 
change between O2 in the gas phase and oxygen in the catalyst 
(denoted as "exchange" in this paper) and isotopic equilibration 
of O2 in the gas phase (denoted as "equilibration") were conducted 
in a closed-circulation system.&6 Prior to the reaction, the sample 
(300 mg) was treated with pure O2 (100 Torr) a t  300 "C (with a 
trap kept at liquid nitrogen temperature) and subsequently 
evacuated for 1 h a t  300 " C .  O2 enriched in (SO-SO%,) was 
prepared by mixing (99.5%) with pure 1602. The isotopic 
composition of O2 in the gas phase was analyzed by a mass 
spectrometer using intermittent sampling. 

Oxidation of Propane. The catalytic oxidation of propane 
was carried out with a flow system++ Prior to each reaction, the 
catalysts (300 mg) were treated in an O2 stream for 1 h a t  300 
"C.  A gas mixture of propane (0.83%), O2 (33.3%), and N2 
(balance) was the feed gas. The flow rate of the mixed gas was 
60 cm3 mi&. The products were analyzed by gas chromatography. 

Results 
Catalysts and Their Physical Properties. The sur- 

face area, the crystal structure, and the composition of the 
catalysts, Laz-,Sr,Co04, are summarized in Table I. The 
XRD patterns of x = 0, 1.0, and 2.0 samples are shown in 
Figure 1. The KzNiF,-type structure of the catalysts was 
confirmed by reference to the l i t e r a t ~ r e . ' ~ ? ' ~  The ortho- 

x in La2-xSrxCo04 

Figure 2. Composition of metallic elements in the bulk 0, 
&/(La + Sr); 0, Co/(La + Sr). 

-6 4'0 105 

x in La2-xSrxCo04+s 

Figure 3. Average oxidation number of Co ion and the non- 
stoichiometry (6) of La2-,Sr,Co04+b. 

rhombic structure of LazCo04 changed to tetragonal upon 
Sr substitution for x = 0.5-1.5. The lattice constants all 
decreased significantly for x = 0.5 (a = 5.55, b = 5.49, and 
c = 12.64 A for x = 0 and a = 5.43 and c = 12.55 8, for x 
= 0.51, in agreement with the previous results,2 and then 
slightly decreased upon further Sr substitution. In the 
range x = 0-1.5, Laz-,Sr,Co04 (calcined in nitrogen for x 
= 0-0.5 and in air for x = 0.8-1.5) had the KzNiF4-type 
structure. However, in the case of the calcination in air 
for x = 0 and 0.5, small amounts of the component oxides 
were formed together with the KzNiF4-type structure for 
x = 0.5, and the KzNiF4-type structure was not formed for 
x = 0. The sample with x = 2.0 showed an unknown phase. 
Sr2Co04 with the KzNiF4-type structure could not be 
synthesized even by calcination in O2 at  1200 "C. 

The bulk compositions of metal ions measured by ICP 
are shown in Figure 2. The bulk composition well agreed 
with the composition expected from the quantities of 
starting materials used. 

Figure 3 shows the average oxidation number of cobalt 
ion at  the B site measured by iodometry. The nonstoi- 
chiometry (6 in Laz,Sr,Co04+6) is also shown in Figure 3, 
which was calculated from the average oxidation number 
of cobalt ion and the valences of La, Sr, and 0, which were 
assumed to be +3, +2, and -2, respectively. The average 
oxidation number of the cobalt ion monotonically increased 
from 2.28 (x = 0) to 3.36 ( x  = 2.0) with increasing x ,  and 
the nonstoichiometry varied from being oxygen-excess for 
x = 0-0.8 to oxygen deficient for x 2 1.5. The catalysts 
were almost stoichiometric with respect to oxygen for x 
= 1.0-1.2. When the fractions of Co2+, Co3+, and Co4+ were 
calculated from the average oxidation number on the as- 
sumption that cobalt ions were present as either a mixture 

(15) Janeck, J. J.; Wirtz, G. P. J. Am. Ceram. SOC. 1978, 61, 242. 
(16) Blasse, G. J. Inorg. Nucl. Chem. 1965, 27, 2683. 
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Figure 4. TPD profiles of oxygen from La2-,Sr,Co04. 
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Figure 5. Reduction of La2-,Sr,Co04 by CO pulse a t  300 "C. 

Table 11. Amount of Oxygen Desorption, the 
Corresponding Layers, and the Change of the 

Nonstoichiometry (See Text) 
amt of oxygen corresponding 

x desorbed," cmg/g layersb AdC 
0 1.76 9.8 0.06 
0.5 0.73 3.1 0.02 
0.8 0.19 0.8 0.01 
1.0 0.50 1.6 0.02 
1.2 1.58 3.4 0.05 
1.5 3.48 9.2 0.10 
2.0 3.46 12.8 0.09 

"The amount of oxygen in TPD desorbed up to 800 "C. *The 
surface layers corresponding to the amounts of desorbed oxygen 
(assuming that the amount of oxygen in the surface monolayer was 
0.96 X 10lg atom/m2). CThe change of the nonstoichiometry owing 
to the oxygen desorption (A& La2-xSrxCo04+bb6). 

of Co2+ and Co3+ or a mixture of Co3+ and Co4+, the 
fraction of Co3+ showed a maximum (99%) for x = 0. 
Here, Co'+ is a formal expression, and this could be a 
positive hole on oxygen. 

TPD of Oxygen. Figure 4 shows the TPD profiles of 
oxygen from the catalysts, where the rate of desorption is 
plotted against the catalyst temperature. As shown in this 
figure, the amount of oxygen desorbed below 800 OC de- 
creased first with the increase in the Sr content and then 
increased again, showing a minimum at  x = 0.8. The TPD 
profile for x = 2.0 was quite different. In the case of x = 
0, slight structural changes were observed by XRD after 
the O2 pretreatment a t  800 OC (line broadening and ap- 
pearance of weak lines of oxides of component metals). 

The amounts of oxygen that desorbed below 800 OC are 
shown in Table 11. In this table the amounts are also 
expressed in the unit of "surface layer" and by the change 
of the nonstoichiometry corresponding to the oxygen de- 
sorption. The former is the ratio of the amount of oxygen 
desorbed to the amount of oxygen in the surface mono- 
layer, where the surface density of oxygen was assumed 
to be 0.96 X lOI9  atom m-2. The amount in the unit of 
surface layer exceeds unity, when desorption of lattice 
oxygen from the catalyst bulk takes place. This was the 
case except for x = 0.8. The amount of desorbed oxygen 
in these three units all showed minimums at  x = 0.8. The 
catalyst with x = 0.8 (slight oxygen excess) appeared to 
be least sensitive to the atmosphere or the temperature. 

Reduction of the Catalyst by CO (Oxidizing Power 
of t he  Surface). Figure 5 shows the results of reduction 
of La2-,Sr,Co04 by a CO pulse a t  300 "C, which was carried 
out to obtain a measure of the oxidizing power of the 
catalyst. The ordinate indicates the percent conversions 
of CO to C02 for repeated pulses. The abscissa is the sum 
of COz formed from the pulse and the preceding pulses and 
expresses the extent of the reduction of catalysts a t  each 
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Figure 6. Surface composition of metallic elements determined 
by XPS: 0, &/(La + Sr); 0, Co/(La + Sr). 

pulse. Figure 5 indicates that the reducibility of 
La2-,Sr,Co04 increased initially with x ,  but it showed a 
maximum at  x = 1.0. The amount of C02 formed for the 
first pulse corresponded to 1.2 surface monolayers of ox- 
ygen at x = 1.0 and was less for the others. Therefore, the 
percent conversion of the first CO pulse reflects the re- 
ducibility a t  the vicinity of the surface. Hence, it may be 
regarded as the oxidizing power of the catalyst surface. 

Sur face  Composition of the Catalyst. The surface 
compositions of the catalysts were measured by XPS as 
shown in Figure 6, where eq 11' was used for the calcula- 
tions: 

where N is the peak intensity, n is the atoms per unit 
volume, X is the mean free path of electron, u is the ion- 
ization cross section, and S is the instrumental factor. The 
peak areas of La(4d), Sr(3d), and co(3p), including the 
satellite peaks, were used for N ,  while the values of u were 
taken from the literature.18 A& was assumed to be con- 
stant as in the previous work.lg The surface compositions 
determined by eq 1 are not very accurate but may be 
sufficiently reliable to compare the relative change in the 
surface composition for a series of catalysts. As seen from 
this figure, the atomic ratio of Sr in the A site increased 
monotonically with x .  Although the atomic ratio of Co ion 
was lower on the surface than in the bulk, their differences 
among the catalysts were not great (0.31-0.39) in the range 
x = 0-1.5, for which the K2NiF,-type structure was con- 
firmed. 

Figure 7 shows the XPS spectra of Co(2p) of 
Laz-,Sr,CoO4. The ratio of the satellite to main peak of 
Co(Zp3/2) (Isat/lmain), the binding energy (BE), and the 

Na/Nb = (na/nb) (ua/ ub)(Xa/Ab) (S,/Sb) (1) 

(17) Hirooka, Y. Hyonen  Kagaku 1986, 7, 231. 
(18) Scofield, J. H. J. Electron. Spectrosc. Relat. Phenom. 1976,8,129. 
(le) Nitadori, T.; Ichiki, T.; Misono, M. Bull. Chem. SOC. Jpn. 1988, 

61, 621. 
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Figure 7. XPS spectra of Co(2p) in La2-,Sr,Co04. 

Table 111. lut/Zmain Ratio, E Value, and Binding Energy 
Values of Co(2p) XPS Peaks of La2-,Sr.Co0, 

BE. eV 

0 0.44 15.6 796.9 781.3 
0.5 0.42 15.6 796.3 780.7 
0.8 0.31 15.3 796.1 780.8 
1.0 0.30 15.3 795.9 780.6 
1.2 0.27 15.1 795.8 780.7 
1.5 0.22 15.2 795.6 780.4 
2.0 0.24 15.4 796.2 780.8 

"Intensity ratio of the satellite of its main peak (C0(2p~/~)) .  

spin-orbit splitting at  Co(2p) level (AE) are summarized 
in Table 111. These three values generally decreased with 
increase in x ,  except for x = 2.0. 

Isotopic Equilibration and Exchange of Oxygen. 
Results of the isotopic equilibration in the gas phase and 
the isotopic exchange between the gas and solid phase over 
La2-,Sr,Co04 are shown in Figure 8, where the rates of 
isotopic equilibration are expressed by K (= [1601s0]2/ 
[1602] which becomes 4 at  equilibrium, and the rate 
of exchange by the extent of ls0 diffusion into the catalyst 
bulk (both a t  the reaction time a t  90 min). The latter is 
represented by the number of the surface layers of the 
catalyst in which the ls0 concentration is hypothetically 
equal to that in the gas phase, as in our previous work.5 
The equilibration was slow a t  x = 0 and 0.5 and became 
faster with increase in x up to x = 1.5. The exchange rate 
decreased first and then showed a maximum at x = 1.5. 
The exchange rate was of a magnitude similar to that of 
the equilibration above x = 0.8. 

Catalytic Activity for the Complete Oxidation of 
Propane. The catalytic activities of the catalysts for 
propane oxidation are shown in Table IV. The reaction 
products were only C02 and H20 for all catalysts. As 
shown in this table, the oxidation activities per unit surface 
area of the catalysts showed a maximum at  x = 1.0. The 
activation energy obtained from the data a t  a low con- 
version level below 10% was 15.1-25.0 kcal mol-'. 

Discussion 
Structure and Composition of La2-,Sr,Co04. The 

previous s t ~ d i e s ' ~ J ~ ~ ~ @ ~ ~  show that La2-,Sr,Co04 has a 

Spin-orbit splitting of 2p level. 

(20) Matauura, T.; Mizusaki, J.; Yamauchi, S.; Fueki, K. Jpn. J. Appl. 
Phys. 1984, 23, 1143. 

0 1.0 2.0 
x in La2&rxCo04 

Figure 8. Isotopic exchange of oxygen over Laz-,Sr,Co04: 0, 
equilibration; 0, exchange. See text for the ordinate. 

Table IV. Catalytic Activity of La2-,Sr,Co04 for Oxidation 
of Propane 

n rateo E,b x rate" E,b 
0 0.38 22.4 1.2 0.77 15.1 
0.5 0.51 19.6 1.5 0.06 17.4 
0.8 1.10 19.3 2.0 0.01 25.0 
1.0 1.43 18.3 

cm3 min-' m-2 at 227 "C. bActivation energy, kcal/mol. 

K2NiF4-type structure in the range x = 0-1.5 but not for 
x = 2.0, in agreement with the present study. The K2NiF4 
structure may be unstable for Sr2Co04 ( x  = 2.0) because 
a tetravalent oxidation state is required for all Co ions. 

In the case of La2Co04, since its tolerance factor is close 
to the lower limit of the tetragonal K2NiF4-type structure, 
the structure distorts to orthorhombic and a part of the 
Co ions is oxidized to trivalent, resulting in an oxygen- 
excess composition.2 The composition of La2C004,15 was 
reported for x = 0 even after evacuation at 450 0C.20 The 
present data are in general agreement with these previous 
data. The oxygen-excess composition is probably estab- 
lished by the formation of cation deficiencies a t  cation 
sites, as in the case of LaMn03.24 

The valence control of the Co ion as well as the variation 
of the nonstoichiometry upon the Sr substitution (Table 
I) are similar to the case of La2-xSr,Ni04+6, in which the 
oxidation number of Ni ion increased from 2.32 ( x  = 0) 
to 2.90 ( x  = 1.0) and varied from 0.16 to -0.04.9 The 
change of stoichiometry of Lal-,SrXMnO: was also similar. 
Further, the variation for L ~ , - , S ~ , C O O ~ ~  resembled those 
found in the present study for La2-,Sr,Co04 above x = 1.0. 
The differences between the two Co systems are under- 
standable, if one considers that the valence state before 
substitution was near +2 in the K2NiF4 structure and +3 
in the perovskite structure. 

Thus, the variations of the oxidation state and stoi- 
chiometry of these mixed oxides all appear consistent, and 
it may be further stated that La2,Sr,CoO4 catalysts pre- 
pared in the present study have a well-controlled oxidation 
state of Co and nonstoichiometry. I t  is noteworthy that 
those properties can be varied in wider range for 
La2-,Sr,Co04 than for Lal-,Sr,Co03. 

Composition and the Oxidation State of Co Ion on 
the Catalyst Surface. The concentration of Sr on the 
surface was similar to that in the bulk (Figure 6), although 

(21) Le Coustumer, L. R.; Barbaux, Y.; Bonell, J. P.; Loriers, J.; Clerc, 

(22) Ganguly, P.; Ramasesha, S. Magn. Lett. 1980, 1 ,  131. 
(23) Demazeau, G.; Courbin, Ph.; Le Flem, G.; Pouchard, M.; Hagen- 

muller, P.; Soubeyroux, J. L.; Main, I. G.; Robin, G. A. N o w .  J .  Chim. 
1979. 3 .  171. 

F. C. R .  Acad. Sci. (Paris) 1980,29OC, 157. 

2 - I  ~. . . 

(24) Tofield, B. C.; Scott, W. R. J .  Solid State Chem. 1974, 10, 183. 
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2'oi'oo Table V. 6 Values of Laz-zSr,Co04+a after Various 
Treatments 

treatment 
0 2 ,  after TPD He, as 

x 800 "C up to 800 "C 800 "C prepared 
0 0.43 0.37 0.23 0.14 
0.5 0.10 0.08 0.04 0.04 

the Co concentration on the surface was generally lower 
than that in the bulk. The high surface concentration of 
Sr for x = 2.0 suggests that a Sr-rich phase might have 
been segregated on its surface. 

The electronic state of Co on the surface can be esti- 
mated by a comparison of AE, Isat/Imain, and BE values 
with those in the literature. All of the above three pa- 
rameters observed in the present study for La2,Sr,Co04 
decreased generally with an increase in x (Table 111). 
According to the literature, BE for Co2+ and Co3+ (225p3/J 
of perovskite are 780.3 and 779.6 eV, respectively, and 
the AI3 values of Co(2p) peaks for high-spin Co2+ (t2 5eg2), 
low-spin Co2+ (t2;egl), and diamagnetic Co3+ (t2,6e,[i) are 
16.0, 15.3-15.4, and 15.0 eV, respectively.26 The satellite 
peaks are large for high-spin Co2+ but absent in diamag- 
netic C O ~ + . ~ '  I t  was also reported for COO and CoZO3 that 
AE values were 15.7 and 15.1 eV, respectively, and the 
satellite peak was large for COO but very small for C O ~ O , . ~  

Hence it may be concluded from the present XPS resulb 
that Co ion on the surface became higher in oxidation state 
as the extent of Sr substitution increased, although there 
is some ambiguity for higher values of x due to the lack 
of information on Co4+ in the literature. This trend agrees 
with the oxidation state of Co in the bulk (Table I). The 
absolute BE values in the present study were higher by 
about 1 eV than the reported values. The differences may 
be due to  the inaccuracy in calibration. 

Effect of Sr Substitution on the Reactivity of the 
Oxygen of the Catalysts. On the basis of the variation 
of TPD profiles, the catalysts are divided into two distinct 
groups: (1) 0 I x < 0.8 and (2) 0.8 I x 5 1.5, except for 
x = 2.0, which had a different crystal structure. For x = 
04.5,  the large peak was observed in TPD at  300-350 "C. 
This is likely due to the desorption of the excess oxygen 
from the bulk, since the amounts were more than a surface 
monolayer and paralleled the amount of the excess oxygen 
(compare Tables I and 11). 

To confirm this assignment, the effects of different 
pretreatments on TPD and stoichiometry was examined, 
since the pretreatment of TPD was different from that for 
the measurement of nonstoichiometry. The 6 values 
measured after several treatments were compared in Table 
V. The nonstoichiometry was dependent on the pre- 
treatment, and, as expected, the treatment in O2 enhanced 
the excess oxygen. However, the result is consistent with 
the assignment of the desorbed oxygen to the excess ox- 
ygen. 

For x = 0.8-1.5, the TPD profiles were similar to each 
other, having no peak a t  300-350 "C, and the amount of 
the desorbed oxygen, which was greater than a monolayer, 
increased with x (Table 11). These behaviors as well as the 
changes in the valence ((20,' to Co4+) and nonstoichiometry 
(stoichiometric to oxygen deficient) are very similar to 
those for Lal-,SrXCoO3 p e r o v ~ k i t e . ~ , ~  Consequently, the 

(25) Marcos, J. M.; Buitrago, R. H.; Lombardo, E. A. J .  Catal.  1987, 

(26) Frost, D. C.; McDowell, C. A.; Woolsey, I. S. Mol. Phys. 1974,27, 

(27) Briggs, D.; Gibson, V. A. Chem. Phys. Let t .  1974, 25, 493. 
(28) Okamoto, Y.; Nakao, H.; Imanaka, T.; Teranishi, S.  Bull. Chem. 

95, 95. 

1473. 

SOC. Jpn. 1975, 48, 1163. 
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Figure 9. Rate of propane oxidation and the reducibility: 0, 
rate of catalytic oxidation of propane a t  227 "C; e, percent 
conversion of the first CO pulse a t  300 "C. 

oxygen desorbed a t  a higher temperature for x = 0.8-1.5 
may be ascribed to the desorption of lattice oxygen ac- 
companying the formation of the oxygen deficiency in the 
bulk. Then, the valence change for x = 0.8-1.5 is consid- 
ered to occur according to the following reactions: 

La3+&02+04 - La3+2-xSr2+xCo3+~-xCo4+x-~04 (2) 

La2-xSrxCo3+2-xCo4+x-104 - 
La2_,SrxCo3+2-x+26C04+,~1_2604-6 + 6 / 2 0 2  (3) 

First, divalent Co ions are oxidized to trivalent and then 
to tetravalent upon Sr substitution (eq 2). With further 
Sr substitution, a part of unstable tetravalent Co ions tends 
to return to trivalent by releasing lattice oxygen (eq 3). In 
other words, the oxidizing ability of the catalyst increases. 
This is consistent with the increases in the oxygen defi- 
ciency and in the TPD peak for higher x values in this 
range. 

The isotopic equilibration and exchange of oxygen varied 
in parallel with the TPD results, in the range 0.8 5 x 5 
1.5. This parallel variation was previously found for 
Lal,SrXCoO3.6 Therefore, essentially the same explanation 
may be applied; as the composition varies from stoichio- 
metric to oxygen deficient, the mobility of oxide ion in the 
bulk as well as the number of coordinatively unsaturated 
Co ions on the surface increases, and therefore the ex- 
change and equilibration becomes faster. The low equil- 
ibration rate for x 5 0.5 (oxygen excess) may be understood 
by the decrease of the coordinatively unsaturated Co sites. 

Effect of Sr Substitution on the Catalytic Activity 
for Oxidation. Although there is a report on the catalytic 
activity of L a & 0 0 ~ , ~ l  no studies on the effect of valence 
control have been reported. 

As is seen in Figure 9, the catalytic activity for oxidation 
of propane showed a maximum at  x = 1.0. The catalytic 
activities of x = 0.8 and 1.0 are comparable with that of 
L ~ C O O ~ . ~  This activity pattern agrees well with the var- 
iation of the oxidizing power of the surface, which is also 
plotted in Figure 9. The variation of the activity above 
x = 0.8 is similar to that for the Lal-xSr,Co03 system44 
and is also to some extent in parallel with the Co3+ con- 
centration. In the case of Lal-,SrXCoO3,6 since there was 
no apparent correlation between the catalytic activity and 
the concentration of Co in any particular oxidation state, 
the change of catalytic activity was explained on the basis 
of the observed reactivity of the catalyst. That is, the 
activity increased upon small Sr substitution owing to the 
increased reactivity of oxygen, and the decrease of the 
activity at high extent of substitution was due to the slower 
reoxidation of the catalyst. Hence, the activity pattern 
obtained in the present study may be explained similarly 

sr2+ 
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by the reactivity of the oxide ion rather than by the con- 
centration of Co in a particular oxidation state. In any 
case, we note the close correlation between the catalytic 
activity and the oxidizing power as shown in Figure 9. 
Similar correlations have been observed for Lal-,Sr,MnO: 
and Laz-,Sr,Ni049 for a more limited range of x values. 

Low catalytic activity for x = 0-0.5 (oxygen excess) is 
understandable, since the oxidizing power of the surface 

is relatively low and the ability to dissociate dioxygen is 
also low. The catalysts with oxygen-excess compositions 
showed low catalytic activities also in the cases of 
Lal-,Sr,Mn038 and La2,Sr,Ni04  system^.^ 

Registry No. L a & 0 0 ~ . ~ ~ ,  119147-29-4; La1,6Sr0,6C~04,04, 
119147-30-7; Lal,~ro~8Co04~a, 119147-31-8; LaSrCo04, 12200-4&5; 
La&3rl,&o04, 115285-39-7; La&3r1.6Co03.92, 119147-32-9; Sr2- 
C003.68, 119147-33-0; 02,7782-44-7; CO, 630-08-0; CO, 7440-48-4. 
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Anodic oxide films were grown on niobium in the presence of sodium tungstate. Two sample sets were 
grown at varying temperatures, and one set was grown to varying terminal voltages. The resulting films 
were examined by X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering spectrometry 
(RBS). The XPS results show a close association of the sodium and tungstate species at the surface. Depth 
profiling shows the reduction of niobium oxide and the steady decrease in the amount of incorporated 
sodium with increased depth. The RBS data show multiple, overlapping peaks in the tungsten region. 
The layered structure is voltage dependent. 

Introduction 
Anodic oxide films are important in many applications, 

particularly in the area of electronic and dielectric ma- 
terials. The function of the anodic film can be seriously 
affected by the incorporation of anions during the growth 
process. Recent evidence shows that the presence of 
foreign anions may inhibit the growth of grain boundaries 
and increase dielectric strength.'S2 The incorporation of 
anions into anodic oxide films has been studied for several 
metal/metal oxide systems.3* However, to date, the 
characterization of the niobium system has received little 
attention. 

The surface properties of niobium are also of particular 
technological significance because of their impact within 
the field of superconducting materials. It has been de- 
termined that niobium has the highest superconducting 
transition temperature (9.3 K) of all the elements and also 
the highest transition temperature for the binary com- 
pounds, with Nb3Ge at  23 K.' Of particular importance 
is the use of niobium for applications in superconducting 
ratio frequency (rf) cavities. Performance of the rf cavities 
is highly dependent on the surface properties of the ma- 
terial used. It has been suggested that anodic oxidation 
of the niobium surface may be one method of improving 
the quality of these superconducting  material^.^,^ The 

(1) Thompson, G. E.; Wood, G. C.; Shimizu, K. Electrochim. Acta. 

(2) Shimizu, K.; Thompson, G. E.; Wood, G. C. Thin Solid Films 1981, 
1981, 26, 951. 

81, 39. 

Solid Films 1986, 123, 127. 
(3) Skeldon, P.; Shimizu, K.; Thompson, G. E.; Wood, G. C. Thin 

(4) Abd Rabbo, M. F.; Richardson, J. A.; Wood, G. C. Corros. Sci. 1976, 
16, 689. 

chim. Acta. 1980, 25, 1667. 

Solid Films 1984. I l l .  227. 

(5 )  Konno, H.; Kobayashi, S.; Takahashi, H.; Nagayama, M. Electro- 

(6) Sharp, D. J.; Panitz, J. K. G.; Merrill, R. M.; Haaland, D. M. Thin 

(7) Gavler, J. R. Appl .  Phys. Let t .  1973, 23, 480. 

anodic film provides a suitable coating for the rf cavities 
by forming a protective, amorphous Nb206 oxide overlayer, 
displacing the cavity surface to a purer region within the 
film. Preparation techniques are critical in this matter 
because a few angtroms difference in oxide thickness or 
the presence of impurities can result in large changes in 
the dielectric properties and, thus, drastically affect the 
capabilities of the material. 

The present study will consider the surface and bulk 
characteristics of anodic oxide films grown on a niobium 
substrate in the presence of tungstate anion. Tungstate 
was a practical choice to optimize the peak separation of 
the substrate (low molecular weight) and the dopant (high 
molecular weight) for bulk analysis in Rutherford back- 
scattering spectrometry. The effect of temperature and 
voltage variations on anion incorporation will be examined 
through the use of X-ray photoelectron spectroscopy 
(XPS) and Rutherford backscattering spectrometry (RBS). 

XPS is an important analytical technique for surface 
characterization. This technique provides information 
regarding the binding energies of core electrons in atoms 
and molecules. With this information it is possible to 
determine what species are a t  the surface and, in many 
cases, their oxidation state. RBS, used in the low-me- 
gaelectronvolt energy range, is a powerful technique for 
nondestructive depth-profiling studies. This technique can 
be used to determine several parameters important in the 
study of anodic film formation. These parameters include 
oxide layer thickness, stoichiometric composition, and 
concentration and location of the incorporated film do- 
pants. Through the use of these two techniques, we have 
studied the surface and bulk characteristics of the niobium 
anodic oxide films, and these results are presented. 

(8) Halama, H. J. Part. Accel. 1977,2, 335. 
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