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The catalytic activity of Nd/SRCoCM, 0<x<0.75 and 0.001 <><0.103, on the oxidation of carbon monoxide has been 

investigated from the structure analyses of the catalysts by X-ray diffraction and infrared spectroscopy and the measu

rements of the oxidation and adsorption rates of carbon monoxide. The catalytic activity is found to be correlated 

with Sr substitution (x) and nonstoichiometry (y). The oxidation power of carbon monoxide increases continuously 

with increasing Sr substitution without oxygen, but increases with Sr substitution up to x —0.25 and then is almost 

constant at larger x values up to x = 0.75 with oxygen. This change of catalytic activity is explained by the oxidation- 

red나ction properties of the catalyst due to the variation of nonstoichiometry.

Introduction

In metallic oxides the electronic factors are not dependent 

나pon the type, but are closely linked to the properties of 

the met기lie oxides. The catalytic activities of metallic oxides 

are therefore related to their nonstoichiometric composition 

and electronic properties. The catalytic oxidation of carbon 

monoxide on metallic oxide as a catalyst is useful to under

stand the physicochemical properties of metal oxide. A corre

lation between the catalytic activity and the d-electron confi

guration was found to exist in metallic oxide catalyst. De- 

rouane1 reported that the catalytic activity of metallic oxide 

on the oxidation of carbon monoxide increases with increase 

in the empty d-orbital of metal ion.

Perovskite-type mixed oxide NdCoOs-j is suitable catalyst 

for the basic investigation of the relationships between the 

physicochemical property of metal oxide and the catalytic 

activity, since its bulk structure has been well characterized 

and the number of oxygen vacancies are easily controlled 

by the incorporation of the foreign element without changing 

the fundamental structure2. The catalytic activities of perovs

kite oxides have been interpreted by Voorhoeve et al?A as 

the backbonding between d-orbital of metal ion and n*-orbital 

of carbon monoxide on the oxidation of carbon monoxide.

In this work, we have investigated the catalytic activity 

of Nt" jSrxCoOs- y catalyst on the oxidation of carbon mono

xide from the measurements of the oxidation rates of carbon 

monoxide and adsorptions of CO and O2 under various CO 
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and O2 pressures. The relation between catalytic activity and 

Sr substitution has been studied based on changes in the 

oxidation state of Co and in the concentration of oxygen 

vacancy.

Experimental

Catalysts. NdCoOa-^.NdojsSro^CoOa-^Ndo.soSro.soCoOs^, 

and Ndo^SgCoQ — were prepared from chemically pure 

Nd2O3, SrCQa and CoO. Appropriate weights of the oxide 

powders were weighed precisely, mixed in ethanol solution 

and stirred for 72 h to obtain a homogeneous dispersion. 

The mixture was then filtered and dried at 15(也.This mi

xed powder was put on a covered platinum crucible, placed 

in a preheated furnace, and sintered in air pressure at 105(化 

for 20 h and then slowly cooled to room temperature. The 

sintered powder was ball-milled for 2 h, calcined at 85(定, 

and then cooled rapidly to room temperature.

Carbon Monoxide and Oxygen. Carbon monoxide 

was prepared from the reaction of CaCO3 and Zn powder 

in mole ratio of 1:2. The chemical reaction was performed 

by heating them at about 650t in quartz tube. Carbon mono

xide was purified with glass wool, KOH and CaCl2. Oxygen 

was made from heating KCIO3 with MnO2 at about 270*。 

It was purified with glass wool and P2O5. The analyses of 

reactant gases, CO and O2 were carried out with gas chroma

tography using porapak Q column. The purities of CO and 

O2 were higher than 99.3 and 99.2%, respectively.

Structure Analysis. X-ray diffra사ion analysis was car

ried out on a diffractometer (Philips, PW 1710, CuKa) equip

ped with a curved graphite monochromator in a selected 

beam path. Based on powder X-ray diffraction data, the accu

rate lattice parameter (a) for each sample was determined 

in the same manner as described elsewhere5-10. In the diff

raction angle analysis, the absorption, sample eccentricity, 

radius and beam-divergence errors were considered in order 

to obtain accurate lattice parameters. In this work, a deter

mination of an exact a-value for each sample was made by 

the Nelson-Riley method11. The lattice parameter (7.548 A) 

of pure NdCoO3-_y obtained from the Nelson-Riley method 

nearly agrees with the ASTM listing 0=7.546 A). Determi

nations of the ^-values for various Sr-substituted samples 

were also carried out by the same method. The(2-values 

obtained for the Ndi-^Sr^CoOs-j systems are plotted against 

atomic mol fraction (x) of Sr. The infrared spectra of crystals 

extracted from KBr pellets were recorded at room tempera

ture on a Shimadzu IR-435 spectrometer12. In order to obtain 

informations for microcrystal structure and substitution site 

of Sr-substituted NdCoO3_v catalysts, the infrared spectra 

of pure CoO and CO3O4 were also recorded at room tempera

ture.

Surface Area, x and y Values. The surface area of 

each sample (100-160 mesh) was measured by a Blain test. 

The measured surface area increases with increasing x value, 

아lowing 2.01 (r=0), 3.87 8=0.25), 4.93 (r=0.50) and 5.05 

m2/g (r = 0.75), respectively. The x value in Ndi— 

was confirmed by atomic absorption spectroscopy. The non

stoichiometry (y) was calculated by determining the amount 

of Co4+ and the total amount of Co. The total amount of 

Co was determined following the procedure reported by Gu- 

shee et al}3. The amounts of Co4+ and Co3+ were also deter

Figure 1. Dependence of the lattice parameter(a) on the amount 

of Sr in Nd】 UnCoQ 一catalysts.

mined according to the reported procedure14. The effective 

values of x are 0.247, 0.493, and 0.739 in accordance with 

the nominal values of 0.250, 0.500 and 0.750, respectively. 

Based on the AAS data, the effective values of x are almost 

the same as the nominal values. The values of y are 0.001 

Qr = O), 0.008 0.247), 0.059 = 0.493), and 0.103 0.739),

respectively.

Measurements of Adsorption and Oxidation Rates.
The adsorptions of CO and oxygen and the rates of CO 

oxidation were measured in a completely closed reactor with 

a total volume of 146 ml. The each powder catalyst was 

placed in the reaction chamber and sintered at 40此 under 

10 3 Torr for 30 min, and then cooled to room temperature 

before the reactants were introduced. The reaction chamber 

was then placed in an electric furnace maintained at a cons

tant temperature controlled within ± 0.51. In each run, 0.4- 

0.5g of catalyst was distributed uniformly in the reaction 

chamber bed. The initial pressure of the reactant mixture 

(2CO + O2) was 225 Torr at each reaction temperature. Con

version of CO was monitored by the pressure change at re

gular time intervals and read by scaled microscope. The ra

tes of CO oxidation reaction were measured by the pressure 

decrease of reactants, where product CO2 was condensed 

by a trap kept at liguid nitrogen temperature. Then the 

amount of CO2 formed, which was collected at a trap, was 

measured. The amount of CO and O2 consumption was cal

culated from the pressure decrease and the amount of CO2 

formed. The total pressure decrease and the amount of CO2 

formed were measured after 30 min for each run.

Results and Discussion

The lattice parameter, as can be seen in Figure 1, increa

ses with increase in x. This result is easily explained by 

the fact that the ionic radius of Nd" (104 pm) is smaller 

than that of Sr2* (112 pm) so that the lattice parameter in

creases somewhat upon addition of Sr. Based on this data, 

it is possible to determine whether the cubic NdCoQ—丁 fo

rms solid solution by addition of dopant Sr. However, the 

plot of lattice parameter vs. x does not give straight line, 

as shown in Figure 1. This implies that the structure of
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Figure 2. Infrared spectra of CoO(a) and Co3O4(b).

present sample is somewhat distorted cubic.

Figure 2 shows the infrared spectra of CoO(a) and Co304 

(b). As can be seen in Figure 2(a), a single absorption band 

appears at 560 cm This absorption band is assigned to 

Co-0 vibration due to CoO6, since CoO has NaCl structure. 

As shown in Figure 2(b), the four absorption bands are obse

rved. This is because the Co3O4 has spinel structure in which 

Co" and Co2+ locate at octahedral and tetrahedral sites, 

respectively. The two infrared bands at 510 and 580 cm-1 

are considered to be due to the Co-0 vibrations of Co2+O4 

and Co3+O6 in the normal spinel structure, respectively. The 

remaining two infrared bands at 530 and 560 cm-1 are possi

bly originated from the inverse spinel structure in which 

some of the Co3+ ions move to the tetrahedral sites. From 

the four observed infrared bands, it is found that the present 

CO3O4 is slightly deviated from the normal spin시 structure.

Figure 3 shows the infrared spectra of Ndi^xSrxCo03 > 

for %=0(a), 0.25(b),尤=0.50(c), and x = 0.75(d), respecti-

v이y. The structure of NdCoQ” is pseudo-cubic, however, 

the octahedral symmetry of Co is continuously maintained. 

As can be seen in Figure 2, the vibrational band due to 

octahedral Co is observed at average frequency of 570 cm-1. 

However, the infrared band due to same octahedral Co in 

NdCoQr appears at 470 cm-1, as shown in Figure 3. The 

infrared band at 570 cm 1 due to Co-0 vibrations in CoO 

and CO3O4 is someuhat different from the band at 470 cm-1 

due to Co-0 vibrations in NdCoO3_v. This implies that the 

bond nature of Co-0 in CoO and Co3O4 is different from

800 600 400
Wavenumber (cm*1)

Hgure 3. Infrared spectra of Nd1-JSrtCoO3-?： (a)尤=0; (b) x 

= 0.25; (c) * = 0.50; and (d) x = 0.75 atomic m이 fraction.

that in NdCoOs-^. On the other hand, in Figure 3, the inten

sities and frequencies of the 470 cm-1 bands are almost un

changed as the amount of Sr incorporated in NdCcQr inc

reases, but those of 600 cm-1 bands are varied. This indi

cates that the band at 600 cm-1 is originated from Nd-0 

vibration in NdCoOi and implies that the Sr incorporated 

in NdCoC)3—)，enters into the Nd site and then increases the 

nonstoichiometry.

Figure 4 shows the amounts of CO adsorbed as a function 

of time at 250t in the reduction of the catalysts by CO. 

From the slopes of the curves in Figure 4, the initi가 rates 

of the CO-reduction increase with increasing amount of Sr 

incorporated in NdCoO3As can be seen in Figure 4, the 

adsorption of CO on catalyst is saturated after the initial 

CO-reduction. This implies that the reduction of the present 

c가지yst by CO is enhanced by the incorporation of Sr. In 

other words, the nonstoichiometry(y) due to Sr-incorporation 

increases the adsorption of CO on catalyst, indicating the 

possible enhancement of catalytic activity.

On the other hand, as shown in Figure 5, the oxygen con

sumption as a function of time at 250P in the oxidation 

of the catalyst by O2, the inital rates increase with increasing 

amount of Sr incorporated in NdCo03-j and then is satura

ted after initial oxidation by O2. This means that the oxida

tion power of the catalyst by O2 is originated from the non- 

stoichiometry(y) of the catalyst due to the Sr-incorporation. 

Based on these data in Figure 5, it is possible to say that
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Figure 4. Reduction of Ndi-iSr^CoOa-^ catalyst by CO: Amounts 

of CO adsorbed as a function of time at 250初；Catalyst weight: 

0.5g @=0.25, ▲), 0.4g (#=0.50, c and x=0.75f •).
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Figure 6. Amounts of CO2 produced plotted as a function of 

Sr at 200t (•), 25Q°C (o), and 300宅(▲), Catalyst weight: 0.5g 

(r=0.25), 0.4g 8=0.50 and x=0.75).

0.10

o 1o 2 0 30
Tlm«(min)

Figure 5. Oxid간ion of Ndi-xSrxCoOa-^ catalyst by O2:O2 consu

mption 如 time at 25(*。； catalyst weight: 0.5g (尤二0.25, •), 0.4g 

(r=0.50, O and x=0.75, ▲).

the enhancement of catalytic activity depends upon the de

gree of nonstoichiometry.

Figure 6 shows the amounts of CO2 produced from the 

oxidation of CO without 02 as a function of Sr incorporated 

at three different temperatures. The amounts of CO2 increase 

with increasing temperature and amounts of Sr incorporated. 

In other words, the isothermal activity of catalyst depends 

upon the degree of nonstoichiometry, showing that the

0 03 0.6
X

Figure 7. The specific rate vs. x at 200C (•), 250t (C), and 

300处(▲). Catalyst weight: 0.5g (* = 0.25), 0.4g (% = 0.50 and 

0.75).

amounts of product increase with increasing y values due 

to increased atomic mol fraction of Sr.

Figure 7 shows the reaction rates of the catalytic oxidation 

of CO as a function of x. The rate increases with x up to 

x —0.25 and becomes nearly independent on x or decreases 

slightly with further increase in x up to x = 0.50. This is very 

contrast to the fact that when the CO is thermally activated 

in the absence of O2, CO2 production increases contin기ously 

with increasing x in the three cases at all temperatures mea

sured. This extent of CO2 formation reflects the oxidation 

power of c간alyst.

In conclusion, the catalytic activity of the present Nd—^Sn



Approximate Electronic Solutions for Clusters Bull. Korean Chem. Soc.t Vol. 12, No. 1, 1991 39

CoO3-v on the oxidation of CO is determined by the degree 

of nonstoichiometry due to the incorporation of foreign atom 

such as Sr.
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The Approximate Electronic Solutions in A Closed Form, 
for f.c.c., b.c.c. and h.c.p. Clusters

Gean-Ha Ryu and Hojing Kim*
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A cluster made of M, NB and Nc atoms in the xt y and z directions respectively, is treated with Hiickel method. 

We obtain the approximate expressions for the eigenvalues and eigenvectors of f.c.c., b.c.c. and h.c.p. clusters in 

closed forms. The maximum and minimum values of the band so obtained converge to those derived from the 

Bloch sum in the limit of infinite extension. For a small cluster (of 9X9X5 atoms, for instance), LDOS from the 

analytical (approximate) solution manifests better agreement at the surface, than inside the bulk.

Introduction

There are two main streams in assessing the interaction 

between an adsorbate and a solid substrate. The methods 

of solid state physics1-3 treat the substrate as a semi-infinite 

solid, which has infinite extent in the ±xr ±y, and ~z direc

tion and has surface at z = 0, or as slab, which is a solid 

of finite thickness l요 but has infinite extent in the ±x and 

±y directions. On the other hand, the methods of molecular 

quantum theory4 6 approximate the metal substrate as a clu

ster of finite number of atoms.

One question which immediately comes to mind with re

gard to cluster representin빙 a metal substrate is: how many 

atoms are needed in the cluster to describe the metal ? 

The answer to this question will obviously depend upon 

which properties of metal one wishes to describe. Empirica

lly,7-9 it is known that localized effects, such as metal-adsor

bate bonding, can be treated successfully with a moderate 

size of cluster which is within a computational reach through 

most molecular orbital methods. However a cluster of 50 

atoms or less, which is already quite a computational feat, 

would be sorely inadequate for the discussion of a number 

of solid state aspects of the substrate, such as bulk cohesive 

energies and work functions. In practice, therefore, one 

should investigate and justify the convergence of results as 

a function of cluster size. It would be very convenient, if 

one has an analytical measure, to treat a cluster of an arbit

rary size, in a consistent way. In a limit of infinite size, 

the method should reproduce the results derived from bulk 

solid.

Using simple Hiickel theory, Messmer10 had shown that 

for a simple cubic (s.c.) array of atoms, the eigenvalues and 

eigenvectors can be obtained in a closed form for any size 

of cluster up to the infinite solid.

Here an extension of this to other lattices is intended. 

That is, the solution of closed form is persued, within a 

framework of Hiickel theory. The major obstacle is a large 

coordination number (12 for face centered cubic, while 6 

for simple cubic) which leads to an unfavorable form of the 

secular matrix. A cluster of average configuration is thus 

conjectured, and there results energy matrix of manageable 

form. Analytic (Hiickel type) solutions for face centered cubic


