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CO oxidation over YBa,Cu;_;Me;Oq, ., where Me is Co or Al, has been studied. The activity for
CO oxidation decreases with increasing degree of substitution in the B site, in the case of substitution
both with a more active element (Co) and with an inactive element (Al). The active site is believed
to consist of —Cu—{ )-Cu~, where () can be an oxygen species O or an oxygen vacancy | ]. Dilution
of this site with less active —-Cu—( )-Me-results in a lower activity. Nitrogen-annealed samples show
a considerably higher activity than oxygen-annealed samples. Oxidation-reduction experiments
suggest that bulk influences such as oxygen diffusion and filling of vacancies also affect activity.
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INTRODUCTION

The YBa,Cu,;0q., , cuprate perovskite sys-
tem (YBCO) is investigated concerning its
physical and electronic properties (I-3).
Comparatively little attention is focussed on
its catalytic properties, although it shows
activity for a variety of reactions (4-16).
Further catalytic investigations involving
the YBCO system are important considering
the following facts. The surface is known
to react with atmospheric water and CO,,
forming surface degradation products (/7,
18). Tt was recently suggested that the de-
graded thin surface acts as a supported ac-
tive phase, while the intact bulk YBCO acts
as the support (/7). The reactivity is then
influenced by changes both in the bulk and at
the surface. Furthermore, the formal charge
on Cu based on the stoichiometric composi-
tion and oxygen content should vary be-
tween 1+ and 3+. It is, however, believed
that the excess charge is located on the oxy-
gens in the form of positive holes and not
as formal Cu®* species (/9-22). Conse-
quently, reactive oxygen species may be
present in these materials and the variable
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valence state of Cu can induce different
types of reactions depending on the condi-
tions. Indeed, this behavior is believed to
be responsible for the total combustion of
toluene at high pressures of O,, and selec-
tive (amm)oxidation at low pressures (3, 6,
12). Substitution of Cu by other transition
metals influences the physical and catalytic
properties and we found a decreased am-
moxidation activity with the addition of Zn
(11). This may be expected, considering that
arather inactive component is added. In this
work we therefore compare the effects of
substitution with an active component, Co,
and an inactive component, Al. Both are
believed to enter the lattice with 3 + valence
and to substitute for the Cu-chain sites
(23, 24). Beyond 6 = 0.09-0.15 in YBa,
Cu;_sMe;Oyq., ., the structure switches from
orthorhombic to tetragonal and there is an
enhanced oxygen occupancy in the vicinity
of the chains (23, 24). Oxygen vacancies are
affected by these replacements, and their
role may be important. In a previous investi-
gation the activity for CO oxidation could
be correlated to the x-value (/6), which
would be interesting to correlate also in this
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study where the x-value is influenced by the
varied substitutions.

EXPERIMENTAL

Preparation and Characterization
of Samples

Samples were prepared by heating stoi-
chiometric mixtures of pure and well ground
CuO, Y,0s, BaCO,, Co,0,, and ALO, at
920°C for 24 h. The resulting mixtures were
several times reground, pelletized, and fired
again at 920°C. The samples denoted as
YBa,Cu,;_;Meg*Oq4,, (in short YBCMeg¥)
were then finally annealed in O, at 500°C for
several hours, while the samples denoted
YBa,Cu;_;MeOq, , (in short YBCMe[*)
were annealed in nitrogen at similar condi-
tions. Me stands for either Co or Al. The
x-values for fresh and used catalysts were
determined by iodometric titrations as de-
scribed elsewhere (13, 16). The specific sur-
face areas for the perovskite samples were
between 0.4 and 0.5 m*/g, for CuO 3.6 m%g,
and for Co,0, 1.7 m%*g. XRD analysis was
performed on a Philips X-ray powder dif-
fractometer equipped with a diffracted beam
monochromator using CuK e« radiation from
a 4-kW X-ray generator (PW1730) operated
at 40 kV and 20 mA. XPS studies were
carried out on a Kratos XSAMS800 in-
strument by procedures described earlier
(6, 18). Sensitivity factors used were Cu
2py, = 2.65, Co3p = 0.32, and Al 25 =
0.21.

Catalytic Activity Measurements

The activity measurements were carried
out in a conventional microflow reactor
which was operated at atmospheric pres-
sure. In each experiment, the catalyst bed
was loaded with about 0.7 g of catalyst
mixed with 2 g of inert quartz. YBCMeg*
was pretreated in the reactor by heating in
0, at 400°C for about 1 h, followed by cool-
ing to 200°C and catalytic measurements
between 200 and 300°C. YBCMeZ! was
pretreated by heating in N, at 400°C for
about 1 h and then cooled to 160°C, followed
by catalytic measurements between 160 and
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250°C. The in situ annealing is considered
to be a continuation of the last step in the
sample preparation. The total gas flow rate
was 24 liter/h. Over YBCMe2* samples, the
partial pressures of CO and O, were kept
constant at 4 and 166 Torr, respectively, but
for YBCMe} they were maintained at 4 and
16 Torr, respectively. At the end of these
treatments, samples were cooled and trans-
ferred for XPS the same day and also for
chemical analysis. CO and CO, formed dur-
ing reaction were analysed with an on-line
gas chromatograph.

RESULTS

Oxygen Stoichiometry and
Structural Composition

X-ray diffraction (XRD) measurements
show that the Co-substituted samples are
pure single phase samples, both before and
after use in the catalytic oxidation of CO.
The Al-substituted samples are less pure,
with the main impurity Y,BaCuO;s in con-
centrations of a few percent. The fresh, oxy-
gen-annealed samples YBCMe®* are ortho-
rhombic, but after use shifts in peak heights
indicate formation of the tetragonal phase.
Both fresh and used nitrogen-annealed sam-
ples, YBCMe™, are of the tetragonal phase.
Similar observations are made by the oxy-
gen titration results, see Table 1. The fresh,
oxygen-annealed samples, YBCMe®*, have
x-values from 0.61 to 0.85, while the fresh,
nitrogen-annealed samples YBCMe™ have
x-values from 0.48 to 0.60. All used samples
have lower x-values than before use and
range from 0.37 to 0.67.

Surface analysis by X-ray photoelectron
spectroscopy (XPS) showed quantitative
variations mainly in Cu, Co, and Al, as pre-
sented in Table 1 as the &-value. For Co-
substituted samples these are in reasonable
agreement with the nominal values, whereas
for Al-substituted samples large deviations
occur. Thus for Al ,, the largest -value by
XPS is obtained. The nitrogen-annealed
YBCCo™ samples were also analyzed after
use in oxidation of CO. The main effect ob-
served was a varied valence state of copper,



564

with predominance of Cu(II) and increasing
content of Cu(I) with decreasing oxygen
pressures, which was followed by the Cu
2ps, satellite to the main line intensity ratio
(18). Thus, after use of YBCCof't, at pg, =
4-8 Torr this ratio was 0.33, indicating
about 50% Cu(Il). Corresponding data were
as follows: For YBCCog3, po, = 8 Torr,
0.41 and 60% Cu(Il); for YBCCof
po, = 16 Torr, 0.46 and 70% Cu(ll); and for
YBCCoO a8 Po, = 166 Torr, 0.55 and 85%
CudI). The Co 2p core lines could not be
observed due to overlap with the Ba 3d core
lines. Therefore, the much weaker Co 3p
line was used for quantification purposes.
Due to its broad and weak structure, precise
measurement of its binding energy was not
successful, and hence we could not deter-
mine the valence state of Co. The Ba 3d
and O 1s core lines gave binding energies in
agreement with earlier results showing the
presence of a degraded surface layer over
the YBCO samples (17, 18).

Catalytic Activity

The conversion of CO as a function of
temperature over the Co-substituted cata-
lysts is shown in Fig. 1. Similar results for
the aluminium-substituted catalysts are
shown in Fig. 2. A common pattern ob-
served for all the substituted materials is
that the activity over YBCMe[ is much
higher than that over YBCMeg* and similar
conversions are obtained at considerably
lower temperatures. It is also evident that
conversion is higher over Al-substituted
than over Co-substituted samples. Concern-
ing activity of the pure components, mea-
surements showed that it was too low over
Al,O, to measure, while it was considerably
higher over Co;0, than over CuO. Thus, to
achieve an activity of 15 umol - m~2 - min~!
a temperature of 140°C was required for
CuO, whereas it was 120°C for Co,0, at 166
torr O, and 4 torr CO in both cases. The
main impurity in the Al-substituted samples,
Y,BaCuOs, requires about 400°C to achieve
the same activity at these conditions. In the
concentrations detected by XRD, a few per
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FiG. 1. Conversion of carbon monoxide over cobalt-
substituted YBCO perovskites as a function of temper-
ature. (a) YBa,Cu;_;Cof*Oq, . (0) 6 = 0.12; (() & =
0.24; (0) 6 = 0.36; (L) 86 = O48(pco = 4 Torr, Po,
166 Torr). (b) YBa,;Cu;_;Cof® 06+r (@) 6 =0.12; (l)

=0.24;(#)6 = 0.36; (A) 8 = 0.48 (pcy = 4 Torr,
po, = 16 Torr).

cent, its influence on the various samples
should result in a negligibly reduced activ-
ity. The apparent activation energies calcu-
lated from activities measured below 20%
conversion are 16—17 kcal/mole for YBC
Co, 9-10 kcal/mole for YBCCo™. The or-
der is reversed for Al-substituted samples
with 10-11 kcal/mole for YBCAI°* and
21-24 kcal/mole for YBCAI®®. On the
whole, the apparent activation energy is
rather constant at a varied degree of substi-
tution.

The influence of the degree of substitution
on the reaction rates is shown jn Table 1.
The rates are from different temperatures
for oxygen- and nitrogen-annealed samples.
Cobalt samples show a decrease in activity
with an increase in nominal cobalt content.
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FiG. 2. Conversion of carbon monoxide over alumini-
um-substituted YBCO perovskites as a function of tem-
perature. (a) YBa,Cu;_;Alf*O¢.,: (O) 8 = 0.12; (O)
8 = 0.24; () 8 = 0.36; (A) 8 = 0.48 (pco = 4 Torr,
po, = 166 Torr). (b) YBa,Cuy_;AIR0,, .: (@) 8 = 0.12;
(M) & = 0.24; (#) 5 = 0.36;(A) 6 = 0.48 (pco = 4,
Torr, py, = 16 Torr).

Except for the different behavior of both
YBCAI, ,, samples, the effect of Al substitu-
tion is similar, although less pronounced.
Figure 3 shows the response of time on
stream in conversion of CO to step changes
in the O, pressure for some reduced and
oxidized samples. The conversion over
YBCCo® samples (pretreated in oxygen)
passed through an optimum with time on
stream during CO oxidation at 0 Torr oxy-
gen. After 85 min the oxygen pressure was
increased to 166 Torr, resulting initially in
a doubled CO conversion, which gradually
decreased with increasing time on stream.
The conversion over YBCCo™ samples
{pretreated in nitrogen) showed a low con-
version, decreasing with time, at the initial
measurement at an oxygen pressure of 166
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Torr. The step decrease in oxygen pressure
to 8 Torr after 85 min. time on stream re-
sulted in a slowly increasing conversion,
which after 2 h is about 4-5 times higher
than initially. Thereafter, the conversion de-
creases with time.

DISCUSSION

The surface of the YBCO system is be-
lieved to differ from the bulk due to reaction
with atmospheric water and CO, (17, 18).
Thus, it might be rightly argued that the
catalysis over this sytem should be interpre-
ted strictly in terms of the surface structures
and the properties associated with them.
What seems to be interesting here is that,
following several systematic studies (4-6,
11, 16), we have observed that changes in
the bulk structure of the YBCO system af-
fects oxidation catalysis strongly. In order
to be able to understand the underlying
mechanisms involved in these oxidation
processes, it will be worth while to consider
the relationship between the oxygen stoichi-
ometry, oxygen vacancy ordering, crystal
structure, and surface properties.

Crystal and Structural Composition

The crystal structures of the YBCO com-
pounds can be considered to be made
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F1G. 3. Conversion of carbon monoxide as a function
of time on stream for oxygen- and nitrogen-annealed
cobalt-substituted YBCO perovskites. (O) YBa,Cu;_;
Cof*O¢. 5 & = 0.12, 240°C; (O) YBayCu;_;Co*Og ;s
5 = 0.24, 240°C; (@) YBa,Cu;_;Cof?Oq,,, 6 = 0.12,
200°C.
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TABLE 1

Oxygen Content by Titration of Fresh and Used YBa,Cu;_;Me;0; ., Catalysts Annealed in Oxygen (Me®*)
and in Nitrogen (Me™), Substituent Content by XPS, and Rate of CO Oxidation

Me 8 X Rate
(uwmol/m®min)
As prep. By XPS Before use After use?

None*™ 0 45.3%
None™? 0 60.5°
Co% 0.12 0.61 0.51 29.2
0.24 0.64 0.52 15.6

0.36 0.67 0.53 13.7

0.48 0.80 0.57 8.0

Cord 0.12 0.04 0.48 0.35 29.3
0.24 0.24 0.50 0.46 24.1

0.36 0.33 0.58 0.48 18.4

0.48 0.42 0.59 0.58 4.5

Al 0.12 0.53 0.36 37.3
0.24 0.56 0.52 45.1

0.36 0.71 0.63 35.0

0.48 0.75 0.67 35.2

Alred 0.12 0.03 0.39 0.34 47.1
0.24 1.23 0.50 0.45 17.1

0.36 0.61 0.59 0.42 343

0.48 0.58 0.60 0.50 31.0

9 Used at 240°C and Po, = 166 Torr for Me®, and at 200°C and po, = 8 Torr for Me™d.
b Calculated for conditions as in ¢ using the rate equation in Ref. (I6).

up of an intergrowth sequence with
-Cu0O,~|Ba0-Cu0,-BaO|-CuO,-Y sheets
along the c-axis. Al and Co are believed to
substitute at CuO, positions which seem to
affect oxidation catalysis (13). Therefore,
the CuO, sheet will be described more with
respect to ideal oxygen filling, ordering of
vacancies, and substitution of Cu. We de-
note the sheet as —Cu~( )-Cu~, where ()
can be an oxygen species O or an oxygen
vacancy [ ]. In the highly ordered structure
with x = 1, all the anion positions along
the b-axis are occupied by oxygen and the
coordination around Cu is square planar.
These oxygen atoms are mobile and can
leave the structure at elevated tempera-
tures. At x = 0.5, half of these oxygen
atoms have left and an ordering in which
—0O—Cu-0O- chains alternate with —[ ]-Cu—[ ]-
chains along the g-axis is observed. In this
case half of the Cu atmos are in two-fold
linear coordination and of formal valence

+1. When all these oxygens have left, at
x = 0, all Cu are in twofold linear coordina-
tion. When these Cu atoms are replaced
with Co or Al, more oxygen species will be
coordinated to the latter cations to maintain
their higher oxidation states. Thus, when
the cations are in 3 + oxidation states, oxy-
gen will be additionally ordered along the
a-axis. This may lead to orthorhombic-to-
tetragonal transitions at 0.7 < x < 1.3, e.g.,
for Co substitution 8 = 1 (25). But when
8 = 0.5 and 0 < x < 0.7, orthorhombic-
to-tetragonal transitions can possibly occur
due to disordered but equal distribution of
oxygen along a and b axes. The x-values and
8 for most of the samples, cf. Table 1, are
within the ranges in which the ordering of
oxygen can be described as disordered, but
equal along the a and b axes. Some conse-
quences arising from this may be the follow-
ing. Due to the low 8-value, the amount of
oxygen actually added additionally to the
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F1G. 4. Rate of carbon monoxide oxidation over ni-
trogen-annealed cobalt- and aluminium-substituted
YBCO perovskite as a function of degree of substitu-
tion as measured by XPS: 200°C, pco = 4 Torr, po, =
16 Torr). (O) YBa,Cu;_;CofiOq.,; (@) YBa,Cu,_;
AIFO; .

material when compared to YBCO may be
small. The coordination around the substitu-
ent cations may then stabilize lower oxida-
tion states for Co, while for Al unfavorable
coordination can lead to structural distor-
tion and segregation of phases in accordance
with XPS data (see Table 1).

Considering surface compositions, XPS
results show that fresh Co-substituted sam-
ples have compositions which are fairly
close to those of the bulk, but for the Al
samples the 8-values differ considerably; cf.
Table 1. These results together with those of
the X-ray diffraction seem to further support
the view that Co may be stabilized in the
lower valence state, while Al is segregated.
The data also indicate changes in the surface
structures containing Cu?* and Cu'* spe-
cies, as is evident from the Cu 2p spectra
and the satellite-to-main line intensity ra-
tios. It is worthy of mention that even at the
lowest oxygen pressure applied, the forma-
tion of Cu!" is low compared to that during
(amm)oxidation of toluene (6, 11, 12), where
it is exclusively Cu!".

Surface Influences on Activity

Co-substituted samples appeared to be
homogeneous by XRD and XPS, and the
large drop in activity, cf. Table 1 and Figs.
1 and 4, at increasing Co content strongly
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suggests that segregation of a separate Co
phase does not occur. In such a case, very
probably, an opposite effect would have
been obtained since the activity over Co;0,
is considerably higher than over CuO. A
plausible explanation of the activity pattern
of the Co samples is that Co and Cu form
surface compounds or structures in which
the coordination around each Co cation fa-
vors an oxidation state close to 2+ . In this
situation, Co sites will be less active for
CO oxidation as observed for tetragonally
coordinated Co?" species (26). Conse-
quently, the gradual replacement of active
—Cu-0O-Cu- sites with less active
—Cu-0-Co(II)- sites can explain the de-
creased activity with Co substitution.

The somewhat different activity pattern
observed for Al-substituted samples can be
explained considering that Al is possibly
segregated out of the bulk, indicated
by XPS, leaving more —Cu-O-Cu- and
—~Cu—()~-Cu-~ species at the surface. If activ-
ity is plotted against d-value measured by
XPS for reduced samples, a better correla-
tion is obtained, see Fig. 4, since Al 4 then
has the highest 8-value.

Bulk Influences on Activity

Considering the mobility of lattice oxygen
species, the ordering of oxygen at the sur-
face, i.e., occupation of the —Cu—( )-Me-
position, will depend on the changes at near-
surface and bulk regions. It seems that when
these positions are filled, and also when near-
surface vacancies are filled, the catalytic ac-
tivity is low. In the opposite situation the ac-
tivity is higher. Compare the loweractivity of
oxygen-annealed samples than of nitrogen-
annealed samples; cf. Table 1 and Figs. 1 and
2. However, the transitory stages, see Fig. 3,
appear to develop higher activity. For preox-
idized YBCMe®* samples, the activity in-
creases in the absence of oxygen, since
—Cu—()—-Cu-~is gradually created, but passes
through an optimum after the surface is prob-
ably depleted of mobile oxygen species.
When oxygen is reintroduced, the activity
initially increases and later decreases with
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Rate of CO oxidation [umole x m™2 x min”"]

T ) L)
0.69 0.70 07
Concentration of bulk vacancy

0.68 0.72

FiG. 5. Rate of CO oxidation as a function of concen-
tration of bulk vacancy derived after normalizing the
compositions based on titration results to a basic perov-
skite ABX; structure; e.g., for YBa,Cu;_;Co,0s, .,
8 = 0.12, A= Y0.33Ba0_67, B = CuO.%COQM! and X =
O, Jlogo> where [ ] is a vacancy. (O) YBa,Cu;_;
Cog*Oq4,, 240°C, pco = 4 Torr, po, = 166 Torr; (®)
YBa,Cu;_;Co0. ,, 200°C, peo = 4 Torr, po, = 16
Torr.

time as —Cu—( )-Cu— and near-surface
vacancies become filled up. In the case of
YBCMe™, pretreated in nitrogen, when
used initially at high oxygen pressure, there
is a tendency for ~Cu—( )-Cu- and near-
surface positions to be filled with oxygen,
thus rendering these sites less active. At the
later decreased oxygen concentration, the
activity therefore increases again as the sites
are depleted with oxygen.

If the response to the step changes were
confined to a thin surface layer, one might
expect that the responses would be immedi-
ate. As this is not the case it is likely that
bulk processes are also of importance.
There may be an equilibrium between the
surface and bulk concentration of vacan-
cies. The bulk oxygen content can affect
reactivity by controlling the rate of oxygen
migration into and out of the bulk, and also
the occupation of the surface ~Cu—( )}-Cu-
positions. It has been found that the in-diffu-
sion of oxygen is strongly dependent on the
x-value, whereas the out-diffusion is not
(27). At high bulk oxygen content the con-
centration of vacancies in the bulk and near-
surface region is low. In this situation dis-
sociative oxygen adsorption will be limited,
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yielding low reactivity. At low bulk oxygen
content, the concentration of bulk vacancies
and —Cu-( )—Cu- species is high, and will
increase the rate of migration and dissocia-
tion of oxygen at the surface. The high con-
centrations of —-Cu—( }-Cu-and reactive O~
species will lead to a high rate of oxidation.
Support for these views, cf. Fig. 5, is the
almost linear dependence of CO oxidation
rate on the bulk concentration of vacancies
derived after normalizing compositions in
Table 1 to a basic perovskite structure of
ABX;. For Me®* and Me™! samples the bulk
is respectively neither fully reduced nor
fully oxidized and this depends on the reac-
tion at the surface.
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