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The catalytic oxidation of CO on perovskite Eui-xSrxCoO3-> has been investigated at reaction temperatures from 
100 to 25此 under stoichiometric CO and O2 partial pressures. The microstructure and Sr-substitution site of the 
catalyst were studied by means of infrared spectroscopy. The reaction rates were found to be correlated with 1.5- 
and 1.0- order kinetics with and without a CO2 trap, respectively; first- and 0.5-order with respect to CO and 0.5- 
order to O2 with the activation energy of 0.37 eV mor1. It was found from IR, o and kinetic data that O2 adsorbs 
as an ionic species on the oxygen vacancies, while CO adsorbs on the lattice oxygens. The oxidation reaction mecha
nism is suggested from the agreement between IR, a and kinetic data.

Introduction

Most metal oxides contain an excess oxygen or excess 
m안al in their crystal structures. The catalytic activity of nic
kel oxide is due to excess oxygen1 while that of zinc oxide 
is due to oxygen vacancies formed by the excess zinc metal.2-4 
The positive holes caused by the excess oxygen activate the 
reactant molecules and the anion vacancies due to the excess 
metal are responsible for the catalytic activity.5,6 On the other 
hand, the catalytic activity of metal oxides on the oxidation 
of carbon monoxide varies with the amount of impurity dop
ed in the oxide catalyst inducing the positive holes or anion 
vacancies.7 9 The bulk structure of perovskite-type mixed 
oxide h거s been well characterized and the formations of oxy
gen vacancies and metal deficiencies are easily controlled 
by the incorporation of the foreign atoms without changing 
the fundamental structure.10

In this point of view, the perovskite-type EuCoOa doped 
with Sr was selected, since the Sr doping may play an im
portant role in the enhancement of the catalytic activity. We 
prepared Eui-xSrxCo()3-? catalysts with different atomic mole 
fraction of Sr and characterized them by X-ray diffraction 
analysis and infrared spectroscopy.

Experimental

Catalyst Preparation. The Eui^xSi^CoOa-^ powder was 
prepared by mixing appropriate weights of E112O3 (99.99%), 
S1CO3 (99.995%) and CoO from C03O4 (99.995%) powders 
all obtained from the Aldrich Co. in ethanol, stirring them 
for 96h to obtain a homogeneous dispersed powders, filtering 
and drying at 150t?, putting in a covered Pt crucible, firing 
in air at 1150t for 96h, and then slowly cooling to room 
temperature. The sample powder was ball-milled for 3h, cal
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cined at 950t for 96h, and then cooled rapidly to room 
temperature. The Eui-xSr>CoO3-j pellet was prepared by 
compressing some of the powder prepared by the above pro
cedure under a pressure of 19.6 MPa into a pellet and sin
tering at 500t for 3h. The pellet was given a light abrasive 
polish onto surfaces, and then cut into a rectangular shape 
with suitable dimensions for measurement of electrical con
ductivity. The reactant ga요es CO and O2 were prepared by 
the following procedure. The chemical reaction of CaCOa and 
Zn powders in mole ratio of 1:2 was performed by heating 
both materials at about 800t in quartz chamber connected 
to CO storage. The decomposition of potassium chlorate was 
carried out at 630t. The CO and O2 gases were purified 
by passing them over CaCl2, P2O5, and glass wool. This was 
found to give CO and O2 free from catalytic poisons by the 
test reaction of catalytic activity.

Structure and Microstructure. Powder X-ray diffrac
tion was performed on a diffractometer (Philips, PW 1710, 
CuKa) equiped with a curved graphite monochromator in 
a selected beam path. The crystal structure was deduced 
from the diffraction pattern. The accurate lattice parameter 
(a) for each catalyst was obtained in the same method as 
described in the previous pa가ers"-" based on the indexation 
of powder X-ray diffraction data. The obtained lattice para
meter (a = 5.242 A) of pure EuCoOg with orthorhombic struc
ture agrees with the ASTM value (a = 5.249 A). The lattice 
parameters b and c of EuCoO3 and EuojsSro^CoOa-^ are 5. 
371 and 7.470 and 5.524 and 7.866 X with orthorhombic st
ructure, respectively. The a-lattice parameter for various Sr- 
substituted catalysts were obtained from the same manner. 
The obtained lattice parameters are " = 5.528 A for x—0.25 

o
with orthorhombic structure, a — 3.806 A for 尤=0.50, and a = o
3.843 A for *=0.75 with cubic structure in EuirSqCoQ—y 
catalysts. The lattice parameters increase slightly with in
creasing amount of Sr substituted on same crystal structure. 
In order to see the crystal growth and morphology, the SEM 
micrographs were obtained using scanning electron micro
scope (Hitachi S-510).

The infrared spectra of catalysts extracted from KBr pel
lets were recorded at room temperature using an infrared 
spectrometer (Digilab-Division FTS-80) in the wavenumber 
range of 400 to 1000 cm、'.

EDX, Nonstoichiometry, Surface area, and Thermal 
Analyses. The compositions of Eui-xSr^CoOa-j sintered at 
1150t for 96h have been analyzed by EDX (Energy Disper
sive X-ray), and show Eu=60.59, Sr—0, Co—25.18, and O 느 

19.82% for g=0. For Sr-substituted samples, the composi
tions (%) are Eu=49.50, Sr=8.51, Co=26.73, and 0=20.26 
for 0.25, Eu=37.22, Sr =19.13, Co=26.27, and 0=20.15 
for x=0.50 and Eu= 17.60, Sr= 31.50, Co 드 29.75, and 
0=20.65 for *=0.75, respectively. Based on EDX data, the 
effective values of x are almost the same as the nominal 
values, increasing with increasing Sr-substitution. On the 
other hand, the value of y also increases with Sr-substitution, 
satisfying the nonstoichiometry, however, y decreases with 
continuous Sr-substitution up to x=0.75. This indicates that 
the nonstoichiometric composition of present catalyst depe
nds on the amount of Sr-substitution. The surface area of 
each sample (100-160 mesh) was measured by a Blain test 
and the measured values increase with x values, showing 
1.38 (x=0), 2.34 (r=0.25), 2.45 m2/g (#=0.50), respectively,

2 8 (degr”)

Figure 1. X-ray powder diffraction patterns of catalysts sintered 
at 1150t： for 96 h. (a) x=0; (b)无=0.25; (c) 0.50; (d) x=0.75
in Eli—*S&Co()3r.

however the value decreases with further increasing Sr-sub
stitution up to 光= 0.75 with 2.39 m2/g. In order to confirm 
the phase transition, DTA and TGA measurments were car
ried out as a function of the amount of Sr in Eui-^SrxCoOa-j. 
catalysts sintered at 1150t. Both DTA and TGA show th사 

the weight loss and phase change are not occured in the 
present Sr-substitution range.

Measurements of Electrical Conductivity. The 
electrical conductivity was measured in the temperatures 
from —73 to 250t under PO2=0.2 atm. The details of con
ductivity measurements have been described in the previous 
papers.18-22 The conductivities were also measured at 25(定 

under various PCo and P02 in order to confirm the active 
sites of the catalyst. Prior to measurements, the catalysts 
were always pretreated with reactants for 40 min at 250t 
and then degassed for lh at 500t? and IX10-3 torr.

Measurement of Reaction Rate. The catalytic oxida
tion reactions were carried out at 100-250t： with 0.5-0.6 g 
of catalyst on the reaction chamber bed. This reaction cham
ber (142 m/) was connected to the high-vacuum system 
which contained CO and O2 gas storage tanks, Baratron pres
sure gauge, gas chromatographs (molecular sieve, or Porapak 
Q), liquid nitrogen trap, electrical furnace, electrometers, po
tentiometers, lock-in amplifier, and small other instruments. 
The product (CO2) was condensed by a liquid nitrogen trap 
and detected. The amounts of CO consumptions were eval
uated from the measured CO2 and pressure change, respecti
vely. The product was also checked by CO2 sensor (Thomas 
5220) and a gas chromatograph.

Results and Discussion

Figure 1 shows the X-ray powder diffraction patterns of
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Figure 2. SEM micrographs for Eui-tSrxCoOa-j, catalysts sinte
red at ; (a) x=0.00; (b) x=0.25.

Hgure 3. SEM micrographs for Eui-xSrxCo()3-, catalysts sinte
red at 1150t： ; (a) *=0.50; (b) x—0.75.

specimens sintered at 1150t for 96h. As shown in Figure 
1, no peaks corresponding to E112O3, SrO, and CoO appears 
and two series of peaks indicate two different structures. 
The peaks for (a) (r=0) and (b) 8=0.25) in Figure 1 are 
completely overlapped with those of orthorhombic GdFeOa 
on JCPDS file23 and have same d values. On the other hand, 
the peaks for (c) (r—0.50) and (d) (r=0.75) 아】ow the same 
positions and intensities as those of cubic SrCoOa on JCPDS 
file24 and same d values. As was mentioned in Experimental 
section, the lattice parameters obtained by Cohen method25 
increase with increasing Sr-substitution of both orthorhombic 
and cubic structures. This result can be explained by the 
fact that the ionic radius of Sr2* (1.13 A) is larger than that 
of Eu3+ (0.95 A) so that the lattice parameter increases due 
to dopant addition. The increasing lattice parameter with 
increasing amount of Sr implies that the Sr is substituted 
for Eu in the solid solution region.26 Following XRD data, 
no impurity phases are found in the present catalysts. Based 
on the DTA and TGA data, no phase transition occurs in 
the present range of Sr-substitution.

Figures 2 and 3 show the SEM micrographs for samples 
with 先=0 and x = 0.25, and x=0.50 and x = 0.75, respectively. 
As can be seen in these Figures, the sizes of particles on 
surface are smaller from x = 0 to x=0.25 and larger from 
x = 0.25 up to %=0.75. On the other hand, the voids between 
surface particles are larger in size and number from x = 0 
to x=0.25 and smaller from x = 0.25 up to x=0.75, re-

10 9 8 7 6 5 4
wavenumber (x 1OO cm-1)

Figure 4. The infrared spectra of pure CoO (a) and EuCoO3 
(b).
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10 9 8 7 6 5 4
wavenumber( x 1OO cm~1)

Hgure 5. The infrared spectra of 玖1—血£(乂)3^ catalysts; (a) 
x=0; (b) x=0.25; (c) x=0.50; (d) *=0.75 in E\i^xSrxCoO3-y.

spectiv 이 y.
Figures 4(a) and 4(b) show the infrared spectra of pure 

CoO and EuCoO% respectively. In Figure 4(a), a single ab
sorption band appears at 563 cm-1, which is assigned to 
Co-0 vibrations due to Co3+06 in the cubic 아ructure of CoO. 
However, in Figure 4(b), two absorption bands at 580 and 
450 cm-1 are observed and considered to be due to the 
Co-0 vibrations of Co2+O4 and Co3+O6 in the normal ortho
rhombic structure.

Figures 5(a), 5(b), 5(c), and 5(d) show the infrared spectra 
of EuirrSqCoO", for 尤=0 (a), x—0.25 (b), x-0.50 (c), and 
x=0.75 (d), respectively. As can be seen in Figures 5(b), 
5(c) and 5(d), the vibrational bands due to Co-0 are observed 
at 600, 610, and 590 cm~' and conserved. These bands are 
shifted from 580 cm-1 仇=0) to 600 (r—0.25), 610 (r = 0.50) 
and 590 cm-1 (r=0.75), implying that the bond nature of 
Co-0 in Eui-xSrxCoOg-, is different from that in EuCoOa. 
On the other hand, the 450 cm-1 band in EuCoQ is not 
observed in Eui-xSrxCoO3-> catalysts. The intensity of the 
580 cm'1 band at x=0 is decreased as the amount of Sr 
incorporated in Eui-xSgCoOs^ increases up to 尤=0.50 and 
then increases again from x=0.5 up to x=0.75. This indicates 
that the x=0.50, but decreases again from x=0.5 up to 
x=0.75 in Eui-xSr^CoOa-j,, confirming the increase and de
crease of the nonstoichiometry. From the infrared spectra, 
it is known that the degree of nonstoichiometry depends 
on the concentration of oxygen atom which is bonded with

0 10 20 30 40 50 60
Time I min >

Figure 6. Rates of CO oxidation on EuMrosCcQ—】at various 
temperatures. P°co= 119 torr;尸°。2=58 torr; catalyst=0.5g; sur
face area; 2.45 m2/g; particle size : 100-160 mesh; P°, total initial 
pressure; P、total pressure; 一•— (100t?); —O— (150b); 一 

▲一 (200t) and — △一 (25(定).

Table 1. Temperature Dependence of Rate Constants Q, 
torr-0-5, g-1, min-1) of the Oxidation of Carbom Monoxide on 
Eui-xSrxCoOa-^ Catalysts

X
Temperature^)

100 150 200 250

0.25 2.12X106 6.24 X IO-6 1.19X10-5 2.18X10 6
0.50 9.27X105 1.29X10 4 209X1(尸 3.19X10-4
0.75 1.98X10 6 6.15X10M 1.08X10 5 1.98X10-'

Co atom.
The kinetic data are found to obey closely the expression 

—dP/dt=kPco+021,5 with respect to the tot지 pressure in the 
reaction temperatures from 100 to 250t. The total order 
was confirmed by the linearity as shown in Figure 6. The 
rate constants listed in Table 1 are found to be compatible 
with the Arrhenius equation, giving an activation energy of 
0.37 eV-mol The oxidation rates, as shown in Table 2, 
were obtained from the variations of Pco and P02 on the 
three different Eui-xSoCoOs-v catalysts at 100 and 250t, 
respectively. The exponents of the Pco and Pg dependences 
are evaluated from the rate data in Table 2. The partial 
orders are found to be first for CO and half for O2. The 
first and half orders imply that CO and O2 may adsorb as 
a m이ecular and atomic ionic states, respectively.

The electrical conductivity (o) increases with increasing 
temperature and amounts of Sr from to x — 0.50 as 
shown in Figure 7. The magnitude of o of x = 0.75 is almost 
same as that of x — 0.25. The temperature dependence of 
o for EuCoOa is different from that for EuosSro.sCoOs^ v, 
showing very small activation energy. The increasing conduc
tivity with increasing amounts of Sr up to 无=0.75 indicates 
that Sr substitution produces electrons into donor level by 
the disorder equilibrium, O2- = 1/2 02 (g) + 2厂+ K where 
(y~ is a lattice oxygen,厂 a donor electron and Vlf an oxygen 
vacancy.
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Table 호. Comparative Rates(r) of CO Oxidation as a Function 
of Partial Pressure of CO and O2 on EuiSgCoOi Catalysts

X TCc) •Pco PO2 r(torr, g~\ min-1)

100 H7 58 1.87X10~3
100 H9 29 1.40X10 一 3

0.25 -
100 58 27 6.81X10 4
250 H9 59 2.10X10-2
250 I2l 32 1.43X10-2
250 60 29 7.19X10-3
100 H9 57 8.59 X10~2
100 H8 28 5.86X10-2

0.50 -
100 61 32 2.99X10-2
250 H9 59 3.01 X 10~1
250 I2l 31 2.14X101
250 62 29 1.16X10-'
100 I2l 61 1.79 X10~3
100 H9 29 1.39 X10-3

0.75 •
100 58 28 6.75X10—4
250 H9 60 L98X10-2

250 120 31 139 X10~2
250 60 29 6.98X10-3
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Figure 8. Electrical conductivities of catalyst
under various PCo 一•一 and Pg —O— at 250t; pellet; sinte
red at 1150t ； equilibrium time : Ih.
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Figure 7. Log conductivity, vs. 1000/T at P02 of 0.2 atm for 
EuCoO3 (△), Euo.75Sro.25Co03-v (O), Eu0.5oSr0.5oCo03-v (▲) and 
Euo.25Sr().75Co03 (■) catalysts sintered at 1150^：.

Figure 8 shows the o dependences on Pco and 鬼 meas
ured after equilibrium between catalyst and atmosphere. The 
o increases with Pco, but decreases with P& The magnitudes 
of a are listed in Table 3 under various Pco and Pg for 
Euo.5Sr0.5Co03-j catalyst. From the o variation, it is known 
that the reactants can be chemisorbed on the catalyst sur-

Table 3. Electrical Conductivities of Euo^SroiCoOs-j. under Va
rious Partial Pressure of CO and 02 at 250t?

Reactants Partial Pressures(torr) o(0hm-cm)-1

16 1.63X101

Cc 29 5.49X10°
43 1.67X10°
59 5.93X10T
31 1.69X102

CO 61 5.43 X102
89 1.49 X103

119 4.17 X103

face. The charge transfer on the catalyst surface forms a 
double layer and is interpreted in terms of a space charge 
(hie to distributed ions. Actually, the mobile conduction elec
trons are associated with these charge transfers, but the den
sity of energy levels at th은 band edge is so low that the 
conduction electrons are spreaded as a space charge. This 
space charge can affect the electrical properties of the pre
sent catalysts and their double layers can change the density 
of current carriers, controlling the electron concentration. 
The electron density at the catalyst surface will descrease 
due to the formation of double layers as a result of Oz chem
isorption on catalyst surface, showing decreases in a with 
increasing P&

Assuming that molecular oxygen adsorbs on an oxygen 
vacancy formed by the Sr incorporation, the o should de
crease by the following equilibrium (1): O2 (g)+2厂=20一 

(ads) where e~ is a conduction electron trapped at an oxygen 
vacancy, satifying the data in Figure 8. In equilibrium (1), 
the adsorbed oxygen dissociates into two oxygen species and 
their concentration increase with increasing P02- The two 
oxygen species satisfy the half order with respect to oxygen 
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in accordance with the kinetic data. The data in Table 3 
indicate that equilibrium (1) moves to the right, showing 
an oxygen vacancy defect is a possible site involved in ad
sorption of oxygen. The increasing a with PCo indicates that 
electron density increases with increasing CO adsorption. 
Assuming that a lattice oxygen is a possible site for CO ad
sorption, the o should increase based on the following equili
brium (2): CO (g)+O" (latt)=厂+ C0板(ads) where CC^ 
(ads) is adsorbed carbon dioxide ion. The equilibrium (2) 
moves to the right with PCo and as a result a increases 
with electron density.

According to the kinetic data shown in Table 2, the fol
lowing elementary reaction (3) should be involved in the 
total oxidation reaction, since the reaction rate increase with 
Pco and 如 :(3) C% (ads)+O~(ads)—스CQ (g) + O" (latt). 
In order to test the inhibition effect of the product CO2 and 
to know that the elementary reaction (3) is reversible or 
not, the product was not frozen out by liquid nitrogen. As 
a result, the first order with respect to (Pco+Pg) was ob
tained, showing half orders for CO and 02, respectively. This 
indicates that the product CO2 inhibits the reaction rate and 
therefore, the elementary reaction (3) should be represented 
as following equilibrium (4): C05 (ads) + O~ (ads) = CO2 (g) 
+ 0^ (latt). From the kinetic data, it is known that the pro
duct CO2 also adsorbs on catalyst surface. In equilibria (1), 
(2) and (4) and elementary reaction (3), the equilibrium con
stants and rate constant are designated as Kir 瓦，and K4 
and k, respectively.

Kinetics and Mechanisms. The reaction rate of CO2 
production can be represented as d(CQ2)/dt=k(CO2 ~)(0-) 
from the elementary reaction (3). This rate law can be writ
ten as d(CO^)/dt=AiKi1/2K2(CO)(O2)1/2 with substitutions of 
(C09 — ^(O2~)(CO)/(e -) from equilibrium (2) and (C广)=K』2 
(0沪2(厂) from equilibrium (1), taking (O2-) to b은 constant, 
consistent with experimental rate law — dP/dt=k^0^021/2 
for kK[/2K2=k,. Under the CO2 inhibition, however, the rate 
law should be represented as ^(CO，/冰=»(&o/0co2)(&)2) 
where &乂)，0co2 and 昵 are all surface coverages of CO, C02 
and O2 molecules, respectively. d(CO^)/dt=k(bPco/l + bPCo)/ 
(bPcoJk누 bPa摄 X (b기产邱1七負) with the Langmuir^ 
ideal adsorption and b the adsorption coefficient. The concentra
tion of oxygen vacancy is very low, namely and if 
the equilibrium (1) is a rate controlling step, one can obtain 
d(C0g=("c心 2)/0co2)(Fc°/Fco2 腿 F"co/Rw) 
Po21/2> showing first order kinetics; half orders with respect 
to CO and 02f respectively. The kinetic data agree well with 
the above rate law with a=0.5 without a CO2 trap. Also, 
the kinetic data agree well with a—1 and a CO2 trap.

Concludingly, the reaction mechanisms follow the equilib
ria (1), (2), and (4), and elementary reaction (3) on the basis 
of our experimental results that the oxygen vacancy forma
tion due to Sr substitution is the important role for the CO 
oxidation on E\h-xSrxCoO3-y catalysts and the catalytic acti
vity would be related to electrical properties. In this case, 
the catalytic activity is enhanced by Sr doping up to 尤=0.5 
in spite of the space charge.
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