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The reduction—oxidation behaviour of supported copper oxide catalysts has been
investigated by temperature-programmed reduction. For the CuO/CeO, catalyst
there are three reducible copper oxide species; o and B peaks are attributed to
the reduction of highly dispersed copper oxide species; a v, peak is ascribed to
the reduction of bulk CuO. The order of reduction of three copper oxide species
is found to be o-B—y;, which is consistent with the order of reoxidation of
copper species on a reduced CuO/CeO, catalyst. For the CuO/Ce, sZr, 50,
catalyst, three copper oxide species are also observed, an o peak is attributed to
the dispersed copper oxide species; v, and vy, peaks are ascribed to the bulk
CuO. The reduction of the CuO/CeO, catalyst is easier than for
CuO/Ce, sZr, sO,; the oxidation of the reduced CuQ/CeO, catalyst is also easier
than for the reduced CuO/Ce,sZr, O, catalyst. CuO dispersion on a CeO,
support is larger than on Ce, sZr, sO,. The catalytic activity of CuO/CeQ, for
CO oxidation is higher than that of CuO/Ce, 5Zr, sO,, which is consistent with
the dispersion and the reduction of CuO.

The oxidation of carbon monoxide is an important
reaction in reducing air pollution, such as in automobile
emission control. Many studies have shown that copper
is a very active species.!”? Our previous study® has
demonstrated that the CuO/CeO, catalyst exhibits high
catalytic activity for CO oxidation, due to the combined
effect of copper oxide and cerium dioxide. CO oxidation
over copper-based catalysts is considered to proceed
according to an oxidation—reduction mechanism of the
active phase.** Jernigan and Somorjai® pointed out that
CO oxidation over a CuO catalyst belongs to a redox
cycle mechanism between CuO and Cu,0, and the rate-
limiting step is the reduction of CuO by CO. Severino
and Laine’ also pointed out that CO oxidation over
copper—chromium-based catalysts can be described by a
redox cycle mechanism. Possible redox couples under
reaction conditions are Cu*-Cu?*, Cu®-Cu?* and
Cu®-Cu*. After calcination in air, copper is mainly
present as Cu?*. The oxidation state of copper under
oxygen-rich conditions is only slightly lower than Cu?*,
which makes the redox couple Cu*-Cu?* the most
probable for CO oxidation by oxygen.*” Therefore, the
redox cycle of copper species is very important for CO
oxidation. In the present work, the reduction—oxidation
behaviour of CeO, and CeysZr, 50O, supported CuO
catalysts was investigated by means of the temperature-
programmed reduction (TPR) technique.
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Experimental

Preparation of catalysts. The preparation of CuO/CeO,
catalysts was described in our previous paper.> The
Cey 521y 50, support was prepared by evaporating an
aqueous solution of the mixed metal nitrates containing
an equivalent amount of citric acid to obtain a gel,
followed by decomposition at 950°C for 4h. XRD
(Fig. 6) indicates the formation of a single-phase
Cey 5Zr, 5O, solid solution (d values of diffraction peaks:
3.047, 2.640, 1.864, 1.589, 1.522). The BET surface areas
of Ce0, and Ce, 5Zr, 50, are 55 and 11 m? g™, respect-
ively. The preparation of CuO/Ce, sZr, sO, catalyst was
the same as for the CuO/CeO, catalyst.

Temperature-programmed reduction (TPR). TPR was
described in our previous paper,® and the heating rate of
the TPR was 7°C min~! in this work.

The purpose of the reoxidation treatment is to reveal
the oxidation properties of the reduced catalyst. Before
reoxidation, the catalyst was reduced with TPR. The
reduction temperature was raised from room temperature
to 400°C and then held at 400°C for 10 min.
Subsequently the temperature of the catalyst was
decreased to the desired temperature (i.e. 20, 100, 150,
200, 300 or 350 °C) and the gas flow was simultaneously
switched to air for 1h. Then the temperature of the
catalyst was decreased to 20°C. Finally, TPR of the
reoxidation catalyst was carried out.
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Oxidation of CO. Catalytic activity measurements were
carried out in a fixed bed reactor (0.6 cm i.d.) using
150 mg of catalyst of 20-60 mesh size. The total gas flow
rate was set at 80 ml min~!. The gas consisted of 2.4%
CO and 1.2% O, in N,. The catalysts were directly
exposed to 80 ml min~! of reaction gas as the reactor
temperature stabilized at the reaction temperature, with-
out any pretreatment. The analyses of the reactor effluent
were performed with an on-line SP-2304 model gas
chromatograph with a TCD attachment.

Results and discussion

Redox behaviour of CuO/Ce0,. Figure 1 shows the TPR
profiles for CuO/CeQ, catalysts with various Cu load-
ings. The reduction of pure CeQO, begins at 400 °C (not
shown in Fig. 1). The reduction profile of pure CuO is
characterized by a single peak at 375 °C. From Fig. 1 it
can be seen that when the copper loading is lower than
5%, two peaks are observed, and when the copper loading
is higher than 5% a third peak is observed. The three
peaks are designated by o, B and v, in Fig. 1. In our
previous paper® only two TPR peaks were observed. The
reason was that the heating rate in the previous paper?
was 20°C min~!, much larger than the 7°Cmin™"! in
this work. The position of the a and 3 peaks shifts to
lower temperature, and the intensities increase with
increasing copper loading. However, when the copper
loading is higher than 5%, the position and intensity of
o and the peaks remain unchanged. As the copper
loading increases above 5%, a third hydrogen consump-
tion peak appears; moreover, its intensity increases
rapidly with an increase in copper loading from 5 to
15%. The XRD results® show that when the copper
loading is lower than 5%, no visible CuO crystal phases
can be observed. As the CuO loading is increased, the
crystal phase of CuO becomes apparent. Therefore, we
propose that the o and B species are represented by small
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Fig. 1. TPR profiles of CuO/CeO, catalysts with various Cu
loadings: {(a) 2.0%; (b) 3%; (c) 5%; (d) 10%; (e) 15%.
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CuO particles which are finely dispersed, and on inter-
acting with CeO, particles they are reduced at lower
temperature. The 7y, species is represented by larger
particle bulk CuO which reduces at a higher temperature.
The fluorite-type oxides, such as ceria and zirconia,
have a face-centered-cubic crystal structure in which each
tetravalent metal ion is surrounded by eight equivalent
nearest O~ ions forming the vertices of a cube. Dow
and Huang? have reported that when copper oxide is
supported on YSZ (Y,0;-stabilized ZrO,), the interfacial
terminal oxygen ion of copper oxide can be removed at
very low temperature to form third and fourth TPR
peaks, i.e. a; and o, peaks, as well as B and y peaks.
Two TPR peaks with lower peak temperatures (namely,
o, and a,) have been attributed to the hydrogen uptake
of nested oxygen ions and temptable oxygen ions, respect-
ively. The strong affinity between the surface oxygen
vacancy ion of YSZ and the interface-boundary terminal
oxygen ion of copper oxides will cause this Cu=0 bond
to be come weakened. Dow and Huang designated these
oxygen ions as nested oxygen ions. The interface-bound-
ary terminal oxygen ions which are in the vicinity of the
surface oxygen vacancies of YSZ will be easily withdrawn
by the corrosion of acid. These oxygen ions are temptable
oxygen ions. The nested oxygen ion and temptable
oxygen ion are interface-boundary terminal oxygen ions
of the supported copper oxide but have different environ-
ment and interaction with the surface oxygen vacancies
of the YSZ support. We believe that the o and B peaks
of our CuO/CeO, catalyst correspond to the o; and a,
peaks of the CuO/YSZ catalyst in the literature.?
Figure 2 shows the TPR profiles of reoxidized
CuO/Ce0, (10% Cu loading) catalysts. All catalysts were
oxidized for 1 h. From Fig. 2 it can be seen that only
two lower temperature peaks (o« and ) were observed.
This indicates that the o and P copper species were
oxided more easily than y copper species. Comparison
of Figs. 1 and 2 shows that reduction/oxidation treatment
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Fig. 2. TPR profiles of CuO/CeOQ, catalysts reoxidized at 20 °C.
(a)-(e) as in Fig. 1.




promotes the reduction in redoxidized catalyst, since o
and B peak temperatures of the reoxidized samples are
about 10 and 20 °C lower than that of the fresh samples,
respectively. This indicates that reoxidation treatment
promotes dispersion of the o and B CuO species.

Figure 3 shows the effect of reoxidation temperature
on the TPR profiles of reoxidized CuO/CeQO, (10% Cu
loading) catalyst. It can be seen that when CuO/CeO,
was oxidized by 5% O, for 15 min at 20°C, only the
a peak is observed. As the temperature of reoxidation
treatment increases, 8 and y, peaks appear successively.
This indicates that the order of reoxidation of three
copper species is o — B —1v,, which is consistent with the
order of reduction of three copper oxide species (a, B
and v,).

Redox behaviour of CuO/Ce, sZ1, 5 0,. Figure 4 shows the
TPR profiles of CuO/Ce, sZr, sO, catalyst with various
Cu loadings. The intensity of the vy, and vy, peaks
increases appreciably with copper loading, while the
o peak does not change. The reduction behaviour of the
CuO/Ce( 5sZr, 50, catalyst is thus obviously different
from that of CuO/CeO,. The reduction temperature of
CuO/Ce( 5Zry 50, is higher than that of CuO/CeO,.
Only one peak is observed below 200 °C, with two peaks
above 200°C. Figure5 shows the XRD patterns of
CuQ/Ce0, (10%) and CuO/Ce, sZr, sO, catalysts. Very
weak CuO diffraction peaks can be observed in both
CuO/Ce0, (10%) and CuO/Ce, sZr, 50, (2%) catalysts.
However, CuO diffraction peaks can be observed in
CuO/Ce( 5Zry 50, (5%) and CuO/CeysZry 50, (10%)
catalysts. This shows that the CuO/CeO, catalyst has a
higher CuO dispersion than CuO/Ce, 5Zr, sO,. This may
be related to the BET surface area of the these supports;
the BET surface area of CeO, (55 m? g ') is higher than
that of CeysZrs0, (11 m2g~'). Zheng et al® and Lu
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Fig. 3. TPR profiles of CuO/CeO, (10%) catalyst reoxidized
at different temperatures in 5% O, or air: (a) reoxidized at
20°C in 5% O,; (b) 20°C in air; (c) 100°C in air; (d) 150°C
in air; (e) 200°C in air; (f) 300 °C in air; (g) fresh catalyst.

REDOX BEHAVIOUR OF Cu0/Ce0O, AND Cu0/Ceq5Zro50,
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Fig. 4. TPR profiles of CuO/Ceq sZry 50, catalysts with various
Cu loadings: (a) 2.0%; (b) 5%; (c) 10%.

et al.® report that CuO and NiO on the support surface
exist in both crystalline and non-crystalline forms (dis-
persed metal oxide). The amount of non-crystalline CuO
has a threshold limit value which was determined by the
properties and surface area of the support. Because
Cey5Zry 50, has an identical structure to CeO,, we
believe the surface area of the support plays a leading
role. On the basis of the XRD result, we believe that the
o peak is the dispersed copper oxide, while the v, and vy,
peaks are bulk CuO.

Figure 6 shows the TPR profiles of fresh and reoxid-
ized CuO/Ce, sZry 50, (10%) catalyst with different re-
oxidation temperatures. When the reduced CuO/
Cey 5sZr, 50, catalyst was oxided at 20 and 100 °C, only
the lower temperature peak is observed, the temperature
of the peak is about 170 °C, which is higher than that of
the a peak of fresh CuO/Ce, sZr, s0, catalyst. As the
temperature of reoxidation treatment increases, an over-
lap peak is clearly seen, the intensity of the reduction
peak increases and the peak positions shift to higher
temperatures, but o and vy, peaks do not appear even
with oxidation at 350 °C. The area of the overlap peak
of the reoxidized catalyst is about the same as the area
of the a+v,+7v, peak of the fresh catalyst. By compar-
ison with Fig. 3, it can be seen that the reduced
CuO/Ce( 5Zr, 50, catalyst is more difficult to oxidize
than the reduced CuO/CeO, catalyst. On the basis of
above result, we conclude that reduction of the
CuQ/CeO, catalyst is ecasier than that of CuO/
Cey 521y s0O,, and oxidation of the reduced CuO/CeO,
catalyst is also easier than that of reduced
CuO/Ce 5Zr, 5O, catalyst.

Catalytic activity for CO oxidation. Figure 7 shows the
CO oxidation conversion over CuQ/CeO,, and
CuO/Ce 5Zr, 5O, catalysts. At each reaction temper-
ature, the reaction was continued for about 1 h to achieve
steady-state activity. From Fig. 7 it can be seen that CO
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Fig. 5. XRD pattern of CuO/CeO, and CuO/Ceps5ZrosO, catalysts: (a) CuO/CeO, (10%); (b) CuO/CepsZres0, (10%);

(c) CUO/Ceoiser.soz (5%); (d) CUO/CGO.5ZTO.502 (2%).
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Fig. 6. TPR profiles of CuO/Ceq5Zry 50, catalysts reoxidized
at different temperatures in air. (a) 20; (b) 100; (c) 200;
(d) 350°C; (e) fresh catalyst.

conversion of 90% over the CuO/CeO,, and CuO/
Cey5Zry 5O, catalysts takes place at 60 and 120°C,
respectively. This indicates the CuO/CeO, catalyst shows
much higher activity than CuO/Ce,sZr, 50, catalyst.
The support has a significant effect on the activity of the
supported CuO catalyst. On the basis of the TPR and
XRD results, we believe that the reason for the high
activity of CuO/CeO, catalyst is the high surface area of
the CeO, support. The a and B peaks are responsible for
low-temperature CO oxidation. The high surface area is
not only advantageous to the dispersion of CuQ species
but also increases the content of dispersed CuO on the
support surface. Thus the activity of the CuO/CeO,
catalyst is much higher than that of the CuO/
Cey sZr, 50O, catalyst.

1186

100 b=
8or=
X
S 6o
G
o
g
]
8
20~
0 i i 1 1 1
60 80 100 120 140
Temperature /'C

Fig. 7. CO oxidation over (O) CuO/CeO,
(@) CuO/CesZrgs02 (10%) catalysts.

(10%) and

Conclusions

CuO/Ce0O, and CuOQ/Cey sZr, 0, catalysts have been
prepared using impregnation methods. The reduction—
oxidation behaviour of CuO/CeO, and CuO/
Cey.5sZrys0, catalysts was investigated by TPR. Three
TPR peaks on CuO/CeO, and CuO/Ce, sZr, 0, cata-
lysts can be observed. For CuO/CeO, catalysts, o and §
peaks are attributed to the reduction of highly dispersed
copper oxide species; a v, peak is ascribed to the reduc-
tion of bulk CuO. The order of reduction of the three
copper oxide species is found to be a—p—1v,, which is
consistent with the order of reoxidation of copper oxide
species. For CuO/Ce, 5Zr, 50, catalysts, the o peak is
dispersed CuO, while the y; and vy, peaks are bulk CuO.



The reoxidation behaviour of CuO/CesZrysO, is
different from that of CuO/CeO,. After oxidation at
350 °C, the o and vy, peaks do not appear, but an overlap
peak is observed. CuO dispersion on CeO, supports is
larger than on CuO/Ce, sZr,50,. The catalytic activity
of CuQ/Ce0O, for CO oxidation is higher than that of
CuO/Cey 5Zr,s0,. However, a study of systems with
more comparable BET surface areas would be desirable.
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