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Copper oxide was supported on yttria-stabilized zirconia (YSZ)
and ~v-alumina, respectively, using impregnation methods. The sup-
ported copper oxide catalysts were characterized by temperature-
programmed reduction. The catalytic activity of copper oxide sup-
ported on YSZ for CO oxidation was measured and compared with
those supported on ~v-alumina and with commercial ~v-alumina sup-
ported precious metals (PMs) (i.e., Pd and Pt). Results of the ac-
tivity tests indicated that CuO/YSZ catalysts can exhibit PM-like
behaviors such as the light-off characteristic and the hysteresis phe-
nomenon but CuO/~-alumina catalysts cannot do so. The signifi-
cant and conspicuous activity enhancement of the YSZ supported
copper oxide has been ascribed to the modification of reaction mech-
anism due to the surface oxygen vacancy of YSZ. An active center
composed of an interfacial Cu* ion and a surface oxygen vacancy of
YSZ and formed by an interfacial metal oxide—support interaction
is proposed to explain the activity enhancement. These interfacial
active centers could provide a second reaction pathway for CO ox-
idation via the so-called “metal-support interfacial reaction” step,
for which the turnover frequency is much higher than that of redox
cycle mechanism operated on the CuQ/~-alumina catalyst. These
interfacial active centers can be destroyed by chlorine addition due
to blocking of the surface oxygen vacancies of YSZ by the strongly
adsorbed chlorine. The reaction mechanism and catalytic behavior
of PM/~-alumina, CuQ/~-alumina, and CuQ/YSZ catalysts are
compared and discussed.  (© 1996 Academic Press, Inc.

1. INTRODUCTION

After the concept of strong metal-support interaction
(SMSI) is proposed, the role of support, especially reducible
support, becomes increasingly important. It not only can act
as a carrier but also may give some kind of contribution in
catalytic reactions. For example, the selectivity and reaction
rate of CO hydrogenation has been significantly enhanced
by SMSI (1, 2). However, up to date, no conclusive expla-
nation has been given for this phenomenon.

For CO oxidation, metal-support interaction also ex-
hibits a marked effect on activity enhancement. The well-
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known catalysts are noble metals supported on cerium ox-
ide for automobile emission control (3-5). On these cata-
lysts, a new concept, interfacial metal-support interaction
(IMST), is proposed to interpret the reason for their high
activity in CO oxidation when metals are supported on
cerium oxide and oxygen-ion conducting support (5 —12).
Their common theory and explanation are that the inter-
facial perimeter between metal particle and support can
provide very active centers due to the generation of oxygen
vacancies on the support. When the interfacial active cen-
ters are formed, they can change the reaction mechanism
and kinetic order as well as reduce the activation energy for
CO oxidation (11-14).

In fact, a similar concept of IMSI, which is caused by the
surface oxygen vacancies of support, had been proposed
by many authors (15, 16) to explain the high selectivity
of CO hydrogenation over metal/TiO; catalysts. Recently,
Sanchez and Gazquez (17) systematically elucidated the
role of support oxygen vacancy on SMSI. They pointed
out that a proposed model of oxygen vacancy occupancy
by metal atoms can be equally applicable to different ox-
ide systems, but the resulting effects may vary profoundly
depending on the nature of support. However, they never
consider whether the oxygen vacancies of the oxide support
may take part in catalysis. Many investigations have shown
that the oxygen vacancies of metal oxides such as vanadium
oxide (18, 19), copper oxide (20, 21), and superconducting
oxides (22, 23) play an important role in CO oxidation and
N,O decomposition. More recently, Ekerdt and co-workers
(24-26) confirmed that the active site for CO hydrogenation
over Y,0s-stabilized ZrO, (YSZ) and CaO-stabilized ZrO,
(CSZ) is an oxygen vacancy. They further pointed out that
at higher oxygen vacancy mobility, higher selectivity and
reaction rate were realized.

Precious metals (PMs) such as platinum, palladium, and
rhodium have been demonstrated to be the most efficient
three-way catalysts (TWCs) used to control automotive ex-
haust (27, 28). However, attention has also been given to
base metals due to the limited availability of PMs. Among
the base metals, copper has been explored as a possible
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palladium and platinum substitute for NOy reduction and
CO oxidation in TWCs (28-32). Nevertheless, some dis-
advantages of the base metals such as no light-off char-
acteristic, spinel formation with support, considerable re-
quirement of copper loading, poor poison resistance, and
no chemisorption-type reaction mechanism have not yet
been overcome completely (27).

Their turnover frequencies (TOF) are lower than those
of PMs (27), and this leads to a poor light-off behavior and
a considerable requirement of base-metal loading (27).
The lower TOF can be associated with the mechanism. In
general, CO oxidation over base-metal oxide catalysts be-
longs to the Mars—van Krevelen redox mechanism (18-20,
22,28, 33-35). In order to improve the catalytic activity of
copper catalyst for CO oxidation and NO reduction, many
researchers have adopted different methods to modify
the reactivity. These include high-temperature reduction
treatment (29, 30), addition of chromium (20, 31, 36,
37), and addition of a little platinum (38). However, the
reaction mechanism in which CO reacts with the lattice
oxygen of copper oxide instead of chemisorbed oxygen
cannot be changed still.

Hence, it is conceivable that if one can modify the re-
action mechanism by means of a new active center, which
does not go through the redox mechanism but through a
rapid reaction path, perhaps the catalytic activity of copper
catalysts can compete with those of PMs for CO oxidation.
A feasible way is to choose a proper support that leads
to some kind of interfacial metal oxide—support interaction
(IMOSI) or synergistic effect. Methanol oxidation over sup-
ported vanadium oxide catalysts (39) is a typical instance.

In our previous work (40), we have made a comparative
TPR study of CuO/y-alumina and CuO/YSZ catalysts. It
was found that two TPR peaks, 8 and y, can be observed
in the TPR patterns of CuO/y-alumina catalyst, while four
TPR peaks, a1 and «y, as well as 8 and y, can be distin-
guished on the TPR curves of CuO/YSZ catalyst. The 8
peak has been attributed to the reduction of highly dis-
persed copper oxide species, which include isolated copper
ions, weak magnetic associates, and small two- and three-
dimensional clusters. The y peak has been ascribed to the
reduction of bulk-like CuO phases that include large clus-
ters and bulk CuO. The «; and «, peaks, of which the tem-
peratures are much lower than that of g and y peak have
been attributed to the hydrogen uptake of nested oxygen
ions (NOIs) and temptable oxygen ions (TOIs) of the YSZ
supported copper oxide (40), respectively. These oxygen
ions are the interface-boundary terminal oxygen ions of
supported copper oxide but have different environment
and interaction with the surface oxygen vacancies of YSZ
support. The former case, NOI, results from the function of
oxygen-ionic transport of the YSZ support; the latter case,
TOI, results from the oxygen vacancy of YSZ acting as the
Lewis acid sites (40).
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It is believed that these copper oxide species should have
different reactivity due to their different environment and
interaction with the support. Hence, in this work, we study
the catalytic activity of CuO/YSZ catalyst for CO oxida-
tion and try to find out which copper oxide species is the
predominant contributor in activity enhancement.

This work reports the effect of IMOSI on catalytic activ-
ity of supported copper oxide catalyst. These investigations
include the IMOSI effect on the light-off behavior of CO ox-
idation over copper oxide and the reaction mechanism. Two
commercial PM catalysts, Pt/y-alumina and Pd/y -alumina,
were employed for comparison of catalytic activity. Results
indicate that the IMOSI can modify the reaction mechanism
of CO oxidation on the YSZ supported copper oxide cata-
lyst and thus significantly improve the light-off behavior of
CO oxidation on the copper oxide catalyst even better than
that of PM. The considerable copper loading requirement
over traditional support (e.g., alumina) can also be over-
come by the IMOSI effect after copper oxide is supported
on the oxygen-ion conducting YSZ support.

2. EXPERIMENTAL

Catalyst preparation and characterization. The sup-
ported copper oxide catalysts with various copper loadings
were prepared by the conventional impregnation method
on YSZ and y-alumina powder. Details of the preparation
have been described elsewhere (40). The properties of the
freshly calcined catalysts such as BET areas have also been
reported in Part I (40) of this work. Two commercial PM
catalysts employed for comparison of catalytic activity were
purchased from Strem Chemicals (0.5 wt% Pt/y-alumina
and 0.5 wt Pd/y-alumina, 90-95 m?/g, 150-200 mesh).

In order to reveal the reason for activity enhancement
and the structure of active species of the CuO/YSZ cat-
alysts, HCI was added to impregnating aqueous solutions
of copper nitrate to produce CuO/YSZ catalysts that con-
tained chlorine. Three chlorine-containing CuO/YSZ cata-
lysts were made with different mole percentages of chlorine
with respect to copper content, i.e., Cl/(Cl + Cu), during im-
pregnation. For the case of 0.6 wt% Cu/YSZ catalyst, two
chlorine-containing samples were prepared with chlorine
content of 10 and 70 mol %, respectively. For the case of 1.5
wt% Cu/YSZ catalyst, only one chlorine-containing sample
was prepared with chlorine content of 10 mol%. The chlo-
rine contents were those during impregnation. After the
chlorine-containing catalysts were calcined in air at 500°C,
some chlorine might be removed from the catalysts due to
formation of Cl, and HCI. Accordingly, the Cl/Cu ratios
of the chlorine-containing catalysts became unknown after
calcination.

Apparatus and method of activity test. The activities of
the catalysts were measured in a continuous flow reactor at
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atmospheric pressure. The reactor was an 8-mm-i.d. quartz
U-tube. Two type-K thermocouples were employed. One
was placed at the outside wall of the reactor tube to con-
trol the temperature of the furnace; the other was inserted
into the catalyst powder to monitor the temperature of the
catalyst bed.

Activity-tested samples charged in the catalyst bed were
classified into two categories. One was constant sample
weight; the other was constant metal weight. For the case of
constant sample weight, every tested sample packed in the
catalyst bed had a same weight of 0.1 g. Accordingly, the ab-
solute amount of copper in the catalyst bed varied. For the
case of constant metal weight, every tested sample packed
in the catalyst bed possessed different weight in order to
maintain a same copper weight for each run. The copper
weight charged in the catalyst bed was fixed at 1 mg for the
y-alumina support, while the copper weight was fixed at
0.4 mg for the case of YSZ support. The main purpose of
the classification was to control the absolute amount of the
different supported copper oxide species in the catalyst bed.

All the activity-tested samples were diluted with «-
alumina powder (Aldrich, 150-325 mesh) in order to reduce
the heat effect generated by CO oxidation. In addition, the
volume of the test sample could held constant by means
of the powder dilution. Therefore, the space velocity, vol-
ume flow rate of gas/volume of catalyst powder, could be
maintained to be the same for all test samples.

The comparison of catalytic activity was carried out by
measuring the percentage conversion of CO oxidation as a
function of temperature (“light-off” test). These curves of
conversion versus temperature can serve as a convenient
activity indicator for the practical application of these cat-
alysts. Before each activity test, the catalyst in the reac-
tor was dried in air at 150°C for 1.5 h in order to remove
the moisture adsorbed on the catalyst. The light-off test
was performed under an oxygen-rich condition with a gas
mixture composed of 3% O, plus 2% CO in argon and
with a total flow rate of 300 ml/min. The flows of the re-
actant gases, CO (CP Grade, Air Products), O, (99.995%),
and Ar (99.9995%), were adjusted by mass flow controllers
(Hastings, Model HFC-202). The CO gas used had been
purified by passing through a column packed with molecu-
lar sieve SA and then through a filter to remove impurities
(e.g., metal carbonyl) and moisture. The reactor outflow
was analyzed on line by a gas chromatograph (Shimadzu,
Model GC-8A) with a thermal conductivity detector, a CO
analyzer (Beckman, Model 880), and an oxygen analyzer
(Beckman, Model 755A). Both the signals of the CO ana-
lyzer and the temperatures of the catalyst bed were trans-
mitted to a Y-t recorder (Yokogowa, Model LR-4110).

During the light-off test, the temperature of furnace was
raised from 120°C to a desired one in steps of 10-15°C and
controlled by a temperature controller (Eurotherm, Model
812). Between two 10-15 °C steps the temperature of fur-
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nace was held constant until the temperature of the catalyst
bed had reached a steady state. At that moment, the CO
and O; concentration of the reactor outlet were simulta-
neously sampled with the gas chromatograph and thus the
CO conversion could be accordingly obtained. Usually, it
would take 30-60 min to reach each steady state. For sev-
eral light-off tests, the results of decreasing temperature
were also recorded in order to investigate the hysteresis
phenomenon of activity versus temperature.

Temperature-programmed reduction (TPR). In our
previous work (40), we reported detailed TPR studies
of CuO/YSZ catalysts and proposed mechanisms for
the reduction of YSZ supported copper oxide. For the
sake of investigating how the YSZ support can enhance
the catalytic activity of a copper oxide catalyst for CO
oxidation, TPR tests of several chlorine-free and chlorine-
doped CuO/YSZ catalysts were carried out. Moreover,
the reduction mechanisms proposed in our previous work
can also be further confirmed by the addition of chlorine.
The apparatus and method of TPR has been described in
Part I (40) of this work.

3. RESULTS

3.1. Steady-State Activity Test

The steady-state activities of CuO/y-alumina catalysts
are shown in Fig. 1. It is seen that the catalyst activity varies
with the copper loading and has a maximum value at 7.5
wt% Cu. A similar result was also obtained by Severino
et al. (36).

Figure 1 also shows the relationship between the activity
and the percentage of TPR peak area. The relative fractions
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FIG. 1. The relationships among the steady-state activity, TPR peak

area, and copper loading of CuO/y-alumina catalyst. Activity-tested con-
ditions: constant copper weight of 1 mg; 3% O, + 2% CO in Ar; total
flow rate, 300 ml/min; temperature, 280°C; space velocity, 120,000 h'. (@)
CO conversion, (@) fraction of B-peak area, ({J) fraction of y-peak area.
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FIG. 2. The relationships among the steady-state activity, hydrogen
uptake of TPR peak area, and copper loading of CuO/YSZ catalyst.
Activity-tested conditions: constant sample weight of 100 mg; tempera-
ture, 220°C; space velocity, 72,000 h~%; the rest is the same as that of Fig. 1.
(O) CO conversion, (V) hydrogen uptake of «;-peak area, (V) hydrogen
uptake of ¢-peak area, ((J) hydrogen uptake of g + y-peak area.

of the TPR peak area were obtained from our previous
results (40). Obviously, the trend of catalytic activity varying
with the copper loading is analogous to that of -peak area
fraction. On the other hand, the variation of catalyst activity
with the copper loading shown in Fig. 1 is independent of
that of y-peak area fraction. This implies that the g-peak
copper oxide species are predominant contributors in cata-
lytic activity of the CuO/y-alumina catalysts. It has been
shown that the B-peak copper oxide species are reduced
more easily that y-peak species (40); hence, the catalytic
activity of CuO/y-alumina catalyst should be associated
with the reducibility of alumina supported copper oxide.

Figure 2 shows the relationships among steady state ac-
tivity, hydrogen uptake for different TPR peaks, and dif-
ferent copper loading for CuO/YSZ catalyst under a tested
condition of constant sample weight. The hydrogen con-
sumptions of different TPR peak areas were also obtained
from our previous work (40). Considering the variation of
catalytic activity with increasing copper loading, there is a
turning point at 0.4 wt% Cu. Below this copper loading, the
catalytic activity has a drastic change with copper loading,
while beyond 0.4 wt% Cu the catalytic activity varies mildly
with increasing copper loading.

To combine the results of hydrogen uptake of different
TPR peak areas, one can find out that the turning point of
activity exactly occurs at the maximum value of wq-peak
area, of which the copper loading is 0.4 wt% (40). On the
other hand, the maximum values of «- and 8 + y-peak ar-
eas appear at 0.6 and 1.5 wt%, respectively (40). It should
be noted that the hydrogen uptake of g 4 y-peak area in-
creases markedly when the copper loading is higher than
0.4 wt%. Therefore, it is believed that the predominant

per oxide species or that of g+ y-peak ones. These sug-
gest that the catalytic activity of CuO/YSZ catalyst is dom-
inated by the a1-peak copper oxide species and depends on
its amount. This is to say that the catalytic reaction is as-
sociated with the surface oxygen vacancy of YSZ support,
because the generation of «1-peak is relevant to the surface
oxygen vacancy of YSZ support (40).

3.2 Light-Off Test

Hightower (27) has reported that PM catalysts such as
platinum and palladium have a so-called “light-off” char-
acteristic for CO oxidation, whereas base metal catalysts
such as y-alumina supported copper oxide catalyst do not.
This typical behavior has also been obtained in this work as
shown in Fig. 4. For the PM catalysts, one cannot obtain a
CO conversion between 10 and 90%, while one can obtain a
medium CO conversion over the CuO/y-alumina catalyst.
It should be emphasized that the 7.5 wt% Cu/y-alumina
catalyst chosen for this test has been shown in Fig. 1 to be
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FIG. 3. The relationships among the steady-state activity, hydrogen
uptake of TPR peak area, and copper loading of CuO/YSZ catalyst.
Activity-tested conditions: constant copper weight of 0.4 mg; space ve-
locity, 90,000 h™1. The rest is the same as that of Fig. 2. Symbols are as in
Fig. 2.
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FIG.4. Light-off plots of various catalysts. Operation conditions: 3%
0, + 2% CO in Ar; total flow rate, 300 ml/min; space velocity, 90,000 h—'.
Catalysts: (V) 0.5 wt% Pd/y-alumina; Pd weight, 0.4 mg; (V) 0.5 wt% Pt/
y-alumina; Pt weight, 0.4 mg; (W) 5 wt% Cu/y-alumina; Cu weight, 1 mg;
(@) 7.5 wt% Cu/y-alumina; Cu weight, 1 mg; (O) 0.4 wt% Cu/YSZ; Cu
weight, 0.4 mg; (OJ) 1.5 wt% Cu/YSZ; Cu weight, 1.5 mg.

the best one for CO oxidation among the CuO/y-alumina
catalysts of different copper loading. The difference in the
catalytic behavior between the PM catalyst and the CuO/
y-alumina catalyst has been attributed to the difference
in reactivity of the active sites and reaction mechanisms
(27, 28).

An interesting and surprising result is obtained over
CuO/YSZ catalyst, also shown in Fig. 4. The CuO/YSZ
catalyst also exhibits a light-off characteristic and behaves
like the PM catalyst. Considering the CO conversions at
a given temperature shown in Fig. 4, the BET areas of the
supports (i.e., 10.1 m?/g for CuO/YSZ, 169.5 m?*/g for CuO/
y-alumina, and 90-95 m?/g for PM/y-alumina), and the cor-
responding dispersions of the supported PMs or copper ox-
ides, the catalytic activity of CuO/YSZ catalyst is much bet-
ter than that of the CuO/y-alumina catalyst and even better
than that of the PM catalyst tested. We believe that a new
reaction mechanism, which is different from that of CuO/
y-alumina catalyst, is operating on the CuO/YSZ cata-
lyst, because there is a marked discrepancy in the catalytic
behavior of these base metal catalysts.

It is worthy to note that the jump-off temperatures of
the light-off curves of the CuO/YSZ catalysts shown in
Fig. 4 are near 175°C, which are very close to the reduction
temperatures of «j-peak copper oxide species (40). In
addition, the jump-off temperatures of the light-off curves
of the CuO/YSZ catalysts are approximately independent
of copper loading. The typical results can be seen in Fig. 4.
This suggests that the light-off characteristic of CuO/YSZ
catalyst in CO oxidation is associated with the reduction
of «1-peak copper oxide species.
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3.3 Hysteresis Phenomenon

In order to realize the difference in reaction mechanism
and adsorption character between the y -alumina supported
PMs and copper oxide, the fall-off curves of decreasing re-
action temperature in the light-off test are recorded and
shown in Fig. 5. In practice, these are typical results and
behaviors of CO oxidation over the y-alumina supported
PM and copper oxide catalysts.

It is obvious that the hysteresis loop occurs only on
the PM catalysts. For CuO/y-alumina catalyst, the rising
curve should overlap the fall-off curve, which exhibits a
“reversible” process, as long as the highly dispersed cop-
per oxide species do not sinter during increasing the re-
action temperature. Hence, a slight loss of conversion of
the 7.5 wt% Cu/y-alumina during decreasing reaction tem-
perature is due to the sintering of dispersing copper oxide
species.

From the results of Fig. 5, it can be observed that after the
reaction temperature has been decreased from the point of
100% CO conversion for ca. 50°C, the CO conversion can
still be maintained at 100%. On the other hand, y-alumina
supported copper oxide catalyst cannot do so, its CO
conversion reduces with decreasing reaction temperature.
Many studies have reported that the mechanism for CO ox-
idation over the PM catalysts is a Langmuir-Hinshelwood
type mechanism (41-43), while the Mars-van Krevelen
mechanism is operative on the copper oxide catalyst
(20, 28, 34, 35). Hence, it is believed that the hysteresis
phenomena of CO oxidation in the light-off test is not only
related to the chemisorption-type reaction mechanism but
are also associated with very high TOFs of the active sites.
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FIG. 5. Hysteresis phenomenon in the light-off test. Operation con-

ditions: constant metal weight of 0.6 mg; space velocity, 60,000 h~!; the
rest is the same as that of Fig. 4. Catalysts: (V, ¥) 0.5 wt% Pd/y-alumina,
(O, @) 0.5 wt% Pt/y-alumina, (C], ) 7.5 wt% Cu/y-alumina. Open sym-
bols, increasing temperature; filled symbols, decreasing temperature.
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FIG. 6. Hysteresis phenomenon in the light-off test. Operation con-
ditions are as in Fig. 5. Catalysts: (O, @) chlorine-free 0.6 wt% Cu/YSZ;
(V, V) chlorine-containing 0.6 wt% Cu/YSZ; added amount of chlorine,
10 mol%; (<>, ®) chlorine-containing 0.6 wt% Cu/YSZ; added amount of
chlorine, 70 mol%. Open symbols, increasing temperature; filled symbols,
decreasing temperature.

For the CuO/YSZ catalysts, the hysteresis loop can be ob-
served in the light-off test as shown in Figs. 6 and 7. These
results do not show behavior like the CuO/y-alumina cat-
alysts but rather like the PM catalysts as shown in Fig. 5.
Hence, according to the hysteresis phenomena shown in
Figs. 6 and 7, we conclude that the main mechanism for CO
oxidation over the CuO/YSZ catalyst should not be the
redox cycle one as mentioned above but a chemisorption-
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FIG.7. Hysteresis phenomenon in the light-off test. Operation con-
ditions: constant copper weight of 1.5 mg; the rest is the same as that of
Fig. 5. Catalysts: (O, @) chlorine-free 1.5 wt% Cu/YSZ; (V, ¥) chlorine-
containing 1.5 wt% Cu/YSZ; added amount of chlorine, 10 mol%. Open
symbols, increasing temperature; filled symbols, decreasing temperature.
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type one as proposed in this work (see Discussion) and
in our previous study (12). This inference and anticipation
will become more convincing by means of chlorine addition
method in the next section.

3.4 Chlorine Effect on CuO/YSZ Catalyst

Ithas been reported (44) that controlled addition of chlo-
rine can lead to a two-step reduction of y-alumina sup-
ported bulk-like CuO (i.e., Cu>*— Cut— Cu®). This should
lead to two TPR peaks for bulky CuO reduction in CuO/
y-alumina. If the added amounts of chlorine were high
enough, the two-step reduction would not take place any
more but the reduction of the bulk-like CuO would occur at
very high temperature (44). On the other hand, the highly
dispersed copper oxide, especially isolated copper ions, are
less affected by the added chlorine.

The TPR of chlorine-doped CuO/YSZ is similar to
chlorine-doped CuO/y-alumina. This result is shown in
Fig. 8. It is seen that the y-peak profiles of 0.6 and 1.5 wt%
Cu/YSZ catalysts, of which the added amount of chlorine is
10 mol %, are similar to that of CuO/y-alumina catalyst, of
which the added amount of chlorine is 9.7 mol% (44), and
also consist of y; and y, peaks. When the added amount
of chlorine is increased to 70 mol%, there is only one TPR
peak to be observed at very high temperature as shown in
Fig. 8c. This reduction behavior of CuO/YSZ catalyst with
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FIG. 8. TPR patterns of CuO/YSZ catalysts. Operating conditions:
10°C/min, 10% H; in N, with a total flow rate of 30 ml/min. Sample weight,
200 mg. Catalysts: (a) chlorine-free; copper loading, 0.6 wt%; (b) chlorine-
containing; copper loading, 0.6 wt%; added amount of chlorine, 10 mol%;
(c) chlorine-containing; copper loading, 0.6 wt%; added amount of chlo-
rine, 70 mol%; (d) chlorine-containing; copper loading, 1.5 wt%; added
amount of chlorine, 10 mol%; (e) chlorine-free; copper loading, 1.5 wt%;
() bulk-like CuO.
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the high added amount of chlorine is also the same as that
of the chlorine-added CuO/y-alumina (44).

Figure 8 also shows that the a-peak temperature is shifted
upward due to the addition of chlorine. It can be seen that
the more chlorine added, the higher the a-peak tempera-
ture shift. Moreover, the «; and o, peaks have become in-
distinguishable owing to the chlorine addition. Obviously,
the chlorine-added a-peak copper oxide species have a
higher reduction temperature than the chlorine-free one;
therefore, they should have different activities and catalytic
behavior for CO oxidation.

Indeed, as shown in Figs. 6 and 7, the hysteresis loops
disappear and the light-off characteristics also become
increasingly degenerative and downfallen depending upon
the shifted extent of «-peak temperature shown in Fig. 8.
It is worth noting that as long as the shifted extent of
a-peak temperature is not great, as in the case of Fig. 8b,
the light-off behavior can still exist, although the profile
of the y peak has had an evident change. These suggest
once again that the catalytic performance of CuO/YSZ
catalyst is controlled by the aq-peak copper oxide species
instead of the B+ y-peak ones and the added chlorine
can destroy the interfacial active centers composed of
the a-peak copper oxide species and the surface oxygen
vacancies of YSZ support. Consequently, the catalytic
activity of chlorine-containing CuO/YSZ catalyst is lower
than that of chlorine-free one, and the windows of the
hysteresis loops are also closed due to the destruction of
the interfacial active centers.

4. DISCUSSION

According to the early concept, the so-called “support”
defined in catalysis such as SiO, is merely an inert substance
which provides a means of spreading out an expensive cat-
alyst ingredient such as platinum for its most effective use,
or a means of improving the mechanical strength of cata-
lyst. However, supports are not inert carriers any more in
the phenomenon of SMSI. They cannot only modify the
chemical properties of supported metals but also alter the
mechanism and kinetics of reactions (1, 2, 15, 16). The en-
hancement of activity and selectivity due to the SMSI for
CO hydrogenation can be regarded as the results of coop-
eration and synergy between metal and support. Similar
cooperation or synergy between metal or metal oxide and
support leading to the activity enhancement can also be
found in other reactions such as CO oxidation (6, 7, 11, 14,
45, 46) and methanol oxidation (39). Their common feature
is that the interfacial perimeter between the metal particle
(or metal oxide particle) and support can provide new ac-
tive centers, of which the TOF is very high.

The interfacial active centers which result from the coop-
eration and interaction between copper oxide and the YSZ
support have also been proposed (12) and confirmed by
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TPR (40). Hence, in the following we intend to elucidate the
importance of IMOSI in catalysis. The reasons for the re-
markable activity enhancement of the YSZ supported cop-
per oxide in contrast to the y-alumina supported one and
the probable mechanism for the genesis for the PM-like cat-
alytic behavior will also be discussed according to the above
results and the previous TPR and EPR results (40). In addi-
tion, a comparative discussion concerning the difference of
reaction mechanism of CO oxidation over the PM, CuO/
y-alumina, and CuO/YSZ catalysts will also be given.

4.1 Active Site and Adsorption Behavior

It is well-known that if the reactants are very strongly
adsorbed on the active sites, it will clearly be unreactive,
as the chemisorption bond is too strong to be broken; on
the other hand, if the molecules are so weakly adsorbed on
the active sites that its coverage will be very low, then the
catalytic rate will be at best minimal. This general principle
is the so-called “Volcano Principle” (47).

When one comes to consider the more realistic case of
two reactants, the situation will become somewhat com-
plicated. In general, these will not be equally strongly
chemisorbed, and one may assume that the rate will be pro-
portional to the product of the fractional surface coverage
of each (47). For instance, CO oxidation over PM catalyst
is exactly the case. Its reaction rate can be expressed as
(41, 43)

r = kfcobo, (1]

where Oco is the coverage of CO and 6 is the coverage
of atomic oxygen. Thus when the two reactants fully cover
the PM surface, the rate will be maximum when 6o equal
0o (41, 43) and will depend critically on the variation of
whichever is the smaller. At the moment, the active site
will become a hot spot due to the exothermic reaction (48).
Thus if the TOF of the active site is high enough, the cat-
alyticreaction can be accelerated and subsist due to the heat
generation from itself. Simultaneously, the reaction will be-
come autocatalytic. Hence, a good active site should have
a moderate strength of adsorption with respect to each of
the reactants.

However, the adsorption strength of the active sites with
respect to each reactant is always controlled and deter-
mined by the temperature. For the low temperature region
first order with respect to oxygen and negative order with
respect to CO were observed in CO oxidation over the PM
catalysts (41, 49). On the other hand, when reaction ran
into the high temperature region, the surface of PM cata-
lyst was CO-free and was covered with adsorbed oxygen.
Accordingly, kinetic orders of zeroth and first order with
respect to oxygen and CO, respectively, were observed (41,
49). This explains why the maximum rate appears only at a
certain temperature range (i.e., light-off temperature).

The adsorbed islands of oxygen are not synchronously
desorbed from the PM catalyst surface during cooling until
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the temperature is decreased to a certain one (43). A sim-
ilar hysteresis behavior also occurs in the CO adsorption
and desorption on the PM catalysts (50). These hysteresis
phenomena are associated with the group-type adsorption
and desorption behavior of CO and oxygen (41, 43, 50, 51).
Therefore, when the reaction temperature is raised to a cer-
tain one, the adsorbed CO molecules which have formed
islands will be desorbed in groups. Simultaneously, the gas
phase oxygen has chance to be adsorbed in groups on the
PM surface (41). Accordingly, the CO oxidation over the
PM catalyst has the light-off behavior and hysteresis phe-
nomenon as shown in Figs. 4 and 5.

For CO oxidation over the metal oxide catalyst, it
was found that the reaction obeys mostly a redox cycle
mechanism (49),

CO + Og1, — CO, + g [2]
0O, + 205 — 20g,, [3]

where Og is a surface lattice oxygen and O is a surface oxy-
gen vacancy on the oxide surface. Usually, reoxidation of
the catalytic surface is rather fast and the first step of oxygen
withdrawal from the metal oxide, i.e., reaction [2], appears
to be the rate-determining step (18-20, 22, 28, 33-35, 49).

CO oxidation over CuO/y-alumina catalyst is exactly
the case as described by reactions [2] and [3]. Jernigan and
Somorjai (34) pointed out that CO oxidation over CuO cata
lyst belongs to a redox cycle mechanism between CuO and
Cu,0 where the rate-limiting step is the reduction of copper
(IT) oxide by CO. Dekker and co-workers (37) also reported
that CO oxidation over copper-based catalyst is considered
to proceed according to an oxidation-reduction mechanism
of the active phase. Possible redox couples under working
conditions are Cut—Cu?t, Cu’~Cu?t and Cu’-Cut. After
calcination in air copper is mainly present as Cu?*. The ox-
idation state under oxygen-rich reaction condition is only
slightly lower, which makes the redox couple Cu*—Cu?* the
most probable for CO oxidation by oxygen (37).

From the viewpoint of chemisorption, chemisorbed oxy-
gen is an electron acceptor, where electrons are donated
from catalyst surface to the chemisorbed oxygen. There-
fore, it is conceivable that oxygen will not dissociate on
copper (II) oxide, because copper (II) oxide is an insula-
tor and cannot donate electrons (34). This is to say that
copper (II) oxide cannot provide an appropriate and good
chemisorption site for oxygen adsorption. Hence, CO, pro-
duction must result from the surface reduction of copper
(IT) oxide by CO (34).

Accordingly, the reaction kinetics of CO oxidation over
copper oxide catalyst usually exhibit a positive-order de-
pendence on CO and a zeroth-order dependence on oxygen
(37, 52, 53), which is consistent with the rate expression of
redox mechanism (54). Hence, increasing temperature does
not significantly change the relative coverage of adsorbed
species but mainly increases the reactivity and activity of
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the surface lattice oxygen of the y-alumina supported cop-
per oxide. These are the reasons why the CuO/y-alumina
catalyst does not have the light-off behavior in CO oxida-
tion and hysteresis phenomenon in light-off test as shown
in Figs. 4 and 5, respectively.

4.2 Interfacial Active Center and Oxygen Vacancy

In order to ameliorate the catalytic activity of PM cata-
lyst which is inhibited by the strong adsorption of CO at
low temperature, cerium oxide was used as support (6, 14)
or additive (9, 11, 13, 46). The purpose of these catalyst
designs was to provide a second pathway, which could sup-
ply oxygen to the reaction, after the PM surface had been
fully covered with CO at low temperature. Consequently,
the major reaction regime would be moved to the inter-
facial perimeter between metal particle and cerium oxide
because CeO; could supply its interfacial lattice oxygen to
take part in the reaction at very low temperature (6, 10,
14). An interfacial oxygen vacancy would thus be created
after the interfacial lattice oxygen of cerium oxide had been
removed by the interfacial metal-adsorbed CO (6, 10).

The interfacial oxygen vacancy would be a good site for
oxygen adsorption even it could abstract the atomic oxy-
gen of CO; and result in the reduction of CO, (6). More
recently, Sale et al. (55) have given a theoretical discussion
about the role of oxygen vacancies on ceria surfaces in the
CO oxidation. They showed that the ready formation of
oxygen vacancies on the (110) and (310) surfaces of CeO,
significantly promotes the CO oxidation. The role of the in-
terfacial active centers has been called the “metal-support
interfacial reaction” (7, 12). The effect of the interfacial
active centers, which are composed of the support interfa-
cial oxygen vacancies and the active metal atoms, can be
regarded as a sort of IMSI defined in literature (7, 15).

For CuO/YSZ catalyst, it has been confirmed that the
NOI defined in our previous work (40) can be easily re-
moved at ca. 150°C. Hence, a similar interfacial active cen-
ter may be formed after the NOI reacts with CO to pro-
duce CO;. Since our operation condition of activity test is
oxygen-rich, Cu™ instead of Cu’ should be the stable species
(34, 37, 56) after the NOI is removed by CO. This reaction
step can be manifested by (illustrated in Fig. 9)

VG--0? . Cu? -0’ —Cu*t + CO
- V5 4+ VCut-0*-Cut + CO,, [4]

where V; is the oxygen vacancy of YSZ and (V)Cu* is the
reduced copper ion located beside the oxygen vacancy of
YSZ. Hence, the interfacial active center on CuO/YSZ cat-
alyst is composed of the Vj and the Mcut.

Many studies have reported that CO prefers to adsorb on
Cu* (56-59), especially on Cu* in a Cu?>* matrix (60, 61),
rather than Cu® (57, 61, 62). This chemisorption character
of CO, which prefers to adsorb on p-type semiconducting
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FIG. 9. Scheme of interfacial active center formation. ("LI") Surface
oxygen vacancy of YSZ support, (@) Copper oxide particle.

oxide (33, 63) such as Cu,O (64), is due to the lone pair of
electrons on carbon, which has a high degree of p character
and results in a donor-type chemisorption behavior (65).
Accordingly, the p-type semiconducting oxide, e.g., Cu,O,
which can supply the electron holes, will give a higher ac-
tivity for the donor-type reaction of CO (63).

In our previous work (12), we have proposed that once
the V)Cu™ is formed, it can no longer be easily reduced
or oxidized because there is an oxygen vacancy of YSZ
existing beside it. In other words, the oxygen vacancy can
“protect” the interfacial V)Cu™ from further reduction or
oxidation. Therefore, the interfacial active center of CuO/
YSZ catalyst can be stabilized during reaction.

On the other hand, Zhang et al. (66) pointed out that
these oxygen vacancies of oxygen-ion conducting solids
(e.g., YSZ) may make suitable sites available for oxygen
adsorption. The chemisorption of oxygen on oxygen-ion
conducting solids may result in a mixture of various
oxygen species (e.g., O;,057,07) on the surface. The
chemisorption of oxygen on oxygen-ion conducting oxides
can be expressed as (66)

Ox + VG + e~ = adsorbed oxygen (05,0357, 07),
[3]
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where e” is the quasi-free electron. It may also be avail-
able via the reduction of surface lattice oxygen O~ i.e.,
0>~ — O~ +e™ (66). Zhanget al. (66) further reported that
as the concentration of oxygen defects increases, the surface
ions may donate their electrons to neighboring surface an-
ionic vacancies, which then react with the gaseous oxygen,

1/205¢) + O™ + V5 — 205, [6]

where OF is the atomic oxygen. More recently, a similar
adsorption mechanism as described by Eq. [6] is also
proposed by Lacombe and co-workers (67). The common
features of oxygen chemisorption on the oxygen-ion con-
ducting materials may be (i) the high capacity for oxygen
adsorption; and (ii) the tendency to form atomic-type
oxygen species on the surface (66).

In fact, the oxygen vacancies of YSZ have been verified
to be good adsorbing sites for the adsorption of SO3 and CO
(24) and to be active sites for CO hydrogenation (25) and Cy4
synthesis (26) as well as acting as defect sites for oxygen ad-
sorption. As to the oxygen species adsorbed on the oxygen
vacancy of YSZ, we cannot give an unambiguous determi-
nation only in the light of our current data. Nevertheless,
based on the conclusion as mentioned above, the atomic-
type oxygen species is preferable and will be designated as
VO aq) in subsequent discussion.

Based on the above discussion, the interfacial active cen-
ter composed of Vg and VCu™ caused by the IMOSI is
a good and proper site for CO oxidation according to the
Volcano Principle. As the similar effect of cerium oxide on
the PM catalyst as mentioned above, it also provides a sec-
ond pathway which supplies a chemisorbed oxygen instead
of a lattice oxygen to take part in the reaction, and thus
results in the activity enhancement of copper oxide. This
rate-determining step can be expressed as Eq. [8] in

CO + V' Cut = VCut--COyq) (7]
VO + V' Cut--COwgy — V5 + V' Cut + CO,, (8]

where CO(,q) denotes the adsorbed CO. According to the
activity test results shown in Fig. 4, one may imagine that
the TOF of reaction [8] is much higher than that of reaction
[2]. Hence, as shown in Fig. 3, the catalytic performance
of CuO/YSZ catalyst is not only dependent on but also
controlled by the amounts of o1-peak copper oxide species,
i.e., the numbers of the interfacial active center. However,
the contribution of reaction [2] in CO oxidation cannot be
completely neglected, especially for a high copper loading
one, according to the results shown in Fig. 2.

Obviously, the key points for occasion of the light-off be-
havior in the CO oxidation over the CuO/YSZ catalyst are
reactions [4] and [8]. That is, first, the formation of the inter-
facial active center and, then, fast turnover of the adsorbed
reactants by the interfacial active center. As a result, the
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interfacial active center can become a hot spot due to the
high TOF of reaction [8]. Thus, this will cause the reaction
[8] to proceed increasingly faster and become autocatalytic
and finally to show the light-off behavior during heating.
Therefore, the formation of hysteresis loop can be reason-
ably attributed to that the VYCu™ can be stabilized by the
Vg as mentioned above. Hence, the interfacial active cen-
ter will not disappear at once during cooling until ¥ Cu™
returns to its original state, i.e., Cu>*, owing to the temper-
ature being decreased enough. This argument will become
more convincing by means of chlorine addition on the CuO/
YSZ catalyst and is further discussed in the next section.

4.3. Effect of Chlorine Addition

In our previous study (40), we have provided evidence
that the @ peak formation in the TPR patterns of CuO/YSZ
catalyst is associated with the surface oxygen vacancies of
YSZ support. All the interpretations presented in previous
work (40) are based on a major premise that the oxygen
vacancies exist at the surface of YSZ support and enhance
the reducibility of CuO. Hence, one can imagine that if the
surface oxygen vacancies of YSZ support can be blocked
from inducing the removal of NOI via reduction mecha-
nism I proposed in Part I of this work (40), then the a1 peak
should disappear in the TPR pattern.

It has been mentioned that the surface oxygen vacancies
of YSZ are good adsorbing sites, hence one of the meth-
ods that can block the oxygen vacancies or may invalidate
their induction function is poisoning them. Essentially, the
principle of poisoning mechanism of the oxygen vacancy is
similar to that of metal atoms. For metal atoms, especially
transition metals, they have unoccupied orbitals, which can
accept electrons from chemisorbing species, hence the com-
pounds of sulfur and chlorine that have lone pairs of elec-
trons may be strongly adsorbed. For oxygen vacancies of
YSZ, they possess positive charge (68, 69), which can act
as Lewis acid site (25, 70), thus the compounds of sulfur
and chlorine may also be adsorbed strongly on the oxygen
vacancies.

If fact, Munuera and co-workers (71) have confirmed that
chlorine atoms generated during decomposition of the pre-
cursor (RhCl3) may be trapped by the oxygen vacancies of
TiO, support. They also concluded that once the chlorine
atoms are incorporated into the oxygen vacancies, an exten-
sive reduction of TiO; support is difficult. This may justify
the observation by Bond ef al. (72) and Guenin et al. (73)
that chlorine inhibits or retards the SMSI state. This effect
can be related to the filling of surface oxygen vacancies by
the chlorine, thus retarding the reduction of the TiO,, CeO,
and Nb,Os supports.

Indeed, as shown in Figs. 8b and 8d, it is obvious that
after chlorine was added on the CuO/YSZ catalysts, the a
peak had disappeared and the so-called & peak had become
a high temperature one as compared with the original «
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peak appearing in Figs. 8a and 8e. As a result, both the
light-off behavior and the hysteresis loop in activity test
also disappear as shown in Figs. 6 and 7. Recalling the two
key points, the interfacial ¥’ Cu* and Vg, which result in
the light-off behavior and the hysteresis phenomenon, all
the effects of the chlorine addition on the TPR behaviors
and the catalytic activities can be rationally explained as
follows.

When the chlorine is added on the CuO/YSZ catalyst, the
surface oxygen vacancies of YSZ support will be blocked
by the adsorbed chlorine at low temperature. As a result,
the NOIs may thus become nested chlorines at low reduc-
tion temperature. In addition, it should be emphasized that
the added chlorine may also exist in the supported crys-
tallite behaving as dopant (44, 74). These chlorine dopants
can cause the reduction of crystalline copper oxide to be
difficult due to a “long-range” electronic effect (44). Since
the removal of the chlorines that are adsorbed on the V3
and that exist in the copper oxide particles are difficult, the
interfacial copper oxides can be reduced only at higher tem-
perature after the V{-adsorbed chlorines are removed by
hydrogen.

According to the TPR patterns of Figs. 8b and 8d, it can be
inferred that the V{-adsorbed chlorines should be removed
more easily at higher reduction temperatures than exist in
the supported copper oxide particles. This is to say that the
Vg -adsorbed chlorines are prior removed during reduction;
subsequently, the NOI and TOI reduction mechanism pro-
posed in our previous work (40) may thus proceed owing to
the restoration of the surface oxygen vacancies of YSZ sup-
port. Nevertheless, at the moment, these chlorines doped
in the copper oxide particles are not yet removed by hydro-
gen. Consequently, the V effect on the interfacial copper
oxide reduction results in the shifted a-peak formation as
shown in Figs. 8b, 8c, and 8d.

On the other hand, using the temperature-programmed
oxidation (TPO), it has been demonstrated (44) that the
reduced metal copper can be easily reoxidized due to the
presence of chlorine. The higher the amount of residual
chlorine, the lower the TPO peak temperature of the re-
duced metal copper obtained (44). Accordingly, the window
of the hysteresis loop is closed by the ¥ Cu™ being easily re-
oxidized to Cu** during cooling due to the chlorine effect.
In other words, the disappearance of the hysteresis phe-
nomenon caused by the chlorine addition can be attributed
to the interfacial active center proposed in Section 4.2 not
being able to be held during cooling.

It has been reported (44) that the reduction of the iso-
lated Cu®" ions is less affected by the chlorine addition.
Hence, the shift of a-peak temperature caused by the chlo-
rine addition may exactly show that the a-peak copper ox-
ide species are not the isolated copper ions but the weak
magnetic associates of copper ions or the small two- and
three-dimensional clusters, of which the reduction behavior
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can be altered by the doped chlorine. This result is coinci-
dent with the EPR spectra (40).

As to the adsorbed type of chlorine, we cannot depend
merely upon current data to give a determination. How-
ever, Munuera et al. (71) and Bond et al. (72, 75) have re-
ported that chlorine ions and chlorine atoms both are the
usual types adsorbed on the support.

4.4 Characterization of Active Species

So far, we have pointed out and proposed where the ac-
tive center is and what reaction mechanism is operative
for the CuO/y-alumina catalyst and the CuO/YSZ cata-
lyst, respectively. Subsequently, we will discuss what kind
of structure and environment of the active species of inter-
est is dominant.

In fact, the structure and coordination environment of
the y-alumina supported copper oxide have been thor-
oughly studied by many authors using many physical
methods (76-81). According to the literature (76-81), the
copper—oxygen entities supported on the y-alumina can
be classified into several types: (a) isolated Cu** ions;
(b) weak magnetic associates; (c) small two-and three-
dimensional clusters; (d) large three-dimensional clusters
and bulk CuO phase. Their characters and chemical and
physical properties have been detailedly described in the
Part I (40) of this work.

In our previous study (40), the TPR and EPR results have
confirmed that the y-peak copper oxide species belong to
type (d) and the B-peak copper oxide species are composed
of types (a), (b), and (c). Comparing the intensities of EPR
signals and considering their hyperfine structure shown in
our previous work (40), it can be safely concluded that the
most active species in the S-peak copper oxide species are
type (c) as described above. This also coincides with the
results reported by Davydova et al. (60) and Tikhov and
co-workers (77), in which small two- and three-dimensional
clusters are the most reactive species.

On the other hand, for the CuO/YSZ catalysts, it has also
been verified (40) that the «;-peak generation is not due to
the reduction of the isolated Cu®* ions but the hydrogen
uptake of NOIs, which are the interface-boundary terminal
oxygen ions of which the coordination environment belongs
to types (b), (c), or (d) as illustrated in Fig. 9a. Hence, both
the NOIs and the TOIs defined in our previous work (40)
are the oxygen ions of types (b), (c), or (d) copper oxide
species. This also agrees with the results of chlorine addition
that the a-peak temperature can be markedly shifted by
the added chlorine, which indicates that the a-peak copper
oxide species are not isolated copper ions.

Consequently, comparing Figs. 8b and 8d, the shifted ex-
tent of the a-peak temperature of the 1.5 wt% Cu/YSZ cata-
lyst being greater than that of 0.6 wt% one can be rationally
attributed to the different particle size of the supported cop-
per oxide. The higher the copper loading is, the larger the
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particle size will be and the more residual chlorine that can
exist in the copper oxide microcrystallites, which leads to
a stronger electronic effect on reduction. Hence, when the
added amount of chlorine is increased to 70 mol% on the
0.6 wt% Cu/YSZ catalyst, there is a much more serious
temperature shift as shown in Fig. 8c.

5. CONCLUSIONS

1. Catalytic activity of copper oxide catalyst for CO oxi-
dation can be significantly enhanced by the oxygen-ion con-
ducting support, YSZ, which leads to the supported copper
oxide exhibiting a PM-like catalytic behavior.

2. The activity enhancement of the YSZ supported cop-
per oxide is attributed to the surface oxygen vacancy of YSZ
support providing a second reaction pathway by means of
the formation of interfacial active center, although the re-
dox cycle mechanism is still operative on the CuO/YSZ
catalyst.

3. The interfacial active center of the CuO/YSZ catalyst
is formed by the IMOSI and composed of the interfacial
Cu* ion and the surface oxygen vacancy of YSZ support.
These interfacial active centers exhibit the chemisorption-
type reaction mechanism instead of the redox cycle one.

4. The interfacial active center of CuO/YSZ catalyst can
be destroyed by the chlorine addition, which leads to the
disappearance of light-off behavior and the close of hystere-
sis loop in the activity test and to the temperature shift of
the « peak in the TPR patterns of CuO/YSZ toward higher
one. These are ascribed to the occupancy of the surface oxy-
gen vacancy of YSZ by the strongly adsorbed chlorine and
the easy reoxidization of the interfacial Cu™ ion due to the
electronic effect of the added chlorine.
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