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Abstract

In this paper, the Cu~CeO, system is chosen as a model catalyst and CO oxidation is used as a probe reaction to illustrate the strong
interaction and synergism observed when transition metal-promoted fluorite oxides are used as total oxidation catalysts. It was found that
only small amounts of copper are sufficient to promote the catalytic activity of CeO, by several orders of magnitude, while excessive amounts
of copper (Cu/ (Cu+ Ce) >0.05) are detrimental to the catalyst thermal and hydrothermal stability. Heating the catalyst to temperatures over
800 °C has a significant impact on the catalytic activity because of crystal growth of cerium oxide, loss of surface oxygen, and copper

aggregation.
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1. Introduction

Oxygen mobility is an important property of transition
metal oxide catalysts used for hydrocarbon oxidation [1-3].
Oxygen species on an oxide catalyst include various types of
adsorbed oxygen and lattice oxygen. In general, the former
is considered important for complete oxidation or combus-
tion, while the latter contributes to selective oxidation. Many
studies of the correlation of oxygen mobility with catalytic
activity have been reported in the literature. Although there
has never been a clear definition, oxygen mobility can be
characterized by oxygen adsorption/desorption rate and
capacity, surface oxygen exchange rate with gaseous oxygen,
and mobility of oxygen on and in the catalyst. Fluorite oxides,
commonly comprising CeO,, ZrO,, HfO,, and ThO,, are
known for their high oxygen mobility and high oxygen
vacancy properties and are well studied as oxygen ion con-
ducting materials {4,5]. From this point of view, the fluorite
oxides are appropriate candidates as oxidation catalyst com-
ponents. These materials are superior to the conventional
transition metal oxidation catalysts such as V,0s;, CuO,
Co50y, etc., in chemical and physical stability. The fluorite
oxides have a cubic crystal structure over a wide temperature
range. In addition, alkaline earth and rare earth oxides have
substantial solubility in the fluorite oxide [6] and can be used
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to medify structural and chemical properties of the fluorite
oxide.

Fluorite oxides neat or mixed with other metal oxides are
active catalysts for the oxidative coupling of methane at high
reaction temperatures [ 7]. However, the fluorite oxides have
traditionally not been considered as active oxidation catalysts
at moderate reaction temperatures. They are mainly used as
catalyst additives. Notably, CeO, has been widely used in the
three-way automotive catalytic converter as a thermal stabi-
lizer and oxygen storage medium [8]. But, recent research
on the precious metals (Rh, Pt)/CeQO, system has revealed
that, in addition to the above-mentioned functions, cerium
oxide can alter the catalytic activity of precious metal cata-
lysts and exhibit a synergistic effect [8—13]. The synergism
represents an enhanced and unique catalytic property beyond
a simple additive result when two different kinds of materials
are combined, such as, in the Cu/ZnO system for the hydro-
genation of CO to methanol and the water—gas-shift (WGS)
reaction [14], and in the (Cu, Ag, Au)/ZrO, system for
hydrogenation of CO, [ 15]. Theories about the synergism in
catalysis are still in infancy. For metal/oxide catalysts, a
junction effect explanation has been proposed [16].

Along the lines of oxygen mobility and synergism, we
recently proposed the transition metal modified-fluorite
oxides of the form

M—[(FO,)-,(D0s),] (D
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as a general oxidation catalyst [17]. In the above catalyst
formula, FO, is a fluorite oxide, DO; represents a dopant
oxide consisting of alkaline earth and rare earth oxides, and
M is an active transition metal catalyst (e.g. Cu, Co, Mn,
etc.). The basic idea is that the transition metals are used in
minor amounts to promote the catalytic activity of the fluorite
oxide, while the fluorite oxide comprises the major catalyst
component and backbone of the catalyst structure. Our pre-
vious studies showed that this catalyst system is active for
SO, reduction by CO to elemental sulfur [18,19] and total
oxidation of CO and methane [20,21]. A remarkable
synergism was demonstrated through these reactions.

In the present study we focused on CO oxidation over the

Cu-Ce0, catalyst to further elucidate the oxidation properties

and synergistic mechanism of the catalyst system. We exam-
ined both the effect of thermal treatment on the catalyst activ-
ity and the effect of catalyst composition on the catalyst
thermal stability. Furthermore, we prepared and studied
mixed oxide catalysts of nano CuO (very fine powder) and
CeO,. The structural simplicity of this catalyst enabled us to
obtain unambiguous information about Cu-CeQ, interaction
and activity enhancement.

2. Experimental

Bulk composite Cu~Ce-O catalysts were prepared by
coprecipitating aqueous salt solutions of the metals with
ammonium carbonate or sodium carbonate. Cerium in the
catalyst formula is designated as Ce(La) when the cerium
nitrate precursor used in the preparation contained 1.5 wt.%
La (99% purity, Aldrich). The catalysts were calcined in air
at 650 °C for 4 h. More details on the preparation can be
found elsewhere [ 17,20]. Bulk CuO and CeO, were prepared
by thermal decomposition, respectively, of copper carbonate
at 650 °C and cerium acetate (99.9%) at 750 °C for 4 h. The
resulting CeO, had a crystal size of ca. 17 nm, an average
pore size of ca. 20 nm, and BET surface area of ca. 28 m*
g !, while the bulk CuO had a crystal size of ca. 100 nm and
BET surface area of 1.8 m? g~!. Very fine CuO powder,
nano-CuO, was specially synthesized in an ultrahigh vacuum
(UHV) apparatus by magnetron sputtering without air cal-
cination [22]. The crystallinity of the nano-CuO could not
be detected by X-ray diffraction and its particle size was
estimated to be ca. 2 nm by high-resolution transmission
electron microscope. The nano-CuO+CeO, mixture was
prepared by mixing the nano-CuO powder, CeO, powder,
and de-ionized water for 10 min in an ultrasonic water bath
at room temperature. The amount of water used was just
enough to cover the powder. The well mixed slurry was then
dried in air at 300 °C for 1 h.

The catalyst crystal phase composition was analyzed by
X-ray powder diffraction (XRD) on a Rigaku 300 X-ray
Diffractometer. Copper Ko radiation was used with power
setting of 50 kV and 200 mA. Typical operation parameters
were a divergence slit of 1°, scattering slit of 1°, receiving slit

of 0.15°, and scan rate of 1 to 10° min~! with a 0.02° data
interval. The catalyst morphology was observed with scan-
ning electron microscopy (SEM) on a Cambridge Stereoscan
240 MK.3 instrument. The catalyst microstructure was stud-
ied by a state-of-the-art Vacuum Generators HB603 scanning
transmission electron microscope ( STEM) equipped with an
X-ray microprobe of 0.14 nm optimum resolution. For STEM
analysis, the catalyst powder was dispersed on a nickel grid
coated with a carbon film. The elemental mapping was con-
ducted with the X-ray probe on the basis of a 128X 128 or
256 X 256 data matrix. The catalyst surface was analyzed by
X-ray photoelectron spectroscopy (XPS) on a Perkin—Elmer
5100 system. For XPS analysis, the catalyst powder was
mounted on a tantalum foil and placed into the vacuum cham-
ber without any pretreatment. A magnesium X-ray source
was used with power setting of 15 kV and 20 mA. The binding
energy was adjusted to the C 1s peak at 284.6 eV which
existed in all measurements as an impurity. Temperature pro-
grammed reduction (TPR) was performed on a Cahn 131
Thermlgravimetric Analyzer (TGA) coupled with a MKS-
RS mass spectrometer for gas analysis. A Dupont 951 TGA
was also used for some TPR tests.

The reactor was a 0.6 cm I.D. X 50 cm long quartz tube
heated by a Lindberg furnace. A HP5880A Gas Chromato-
graph {GC) equipped with a Thermal Conductivity Detector
(TCD) was used for gas analysis. In catalyst activity tests,
the catalyst loading was typically 0.15 g and the gas flow rate
was set at 100 sccm, with a corresponding contact time of
0.09 sg cm ~ 3 and space velocity of ~40 000 v/vh™! for the
Cu-Ce~O catalyst. The activity was measured under steady-
state conditions. For reaction rate measurements, the catalyst
was diluted with silicon carbide in a weight ratio varied from
4 to 10 and the reactor was operated in a differential mode
with the conversion not exceeding 20%.

3. Results
3.1. Catalytic properties of Cu—Ce-O composites

3.1.1. Synergism of Cu~Ce-O catalyst for CO oxidation
Fig. 1 shows light-off curves of bulk CeO,, nano-CuQ,
bulk CuO, and Cu—-Ce-O catalysts. The light-off over the
nano-CuO catalyst was close to that over the bulk CuO at
low conversions ( <0.5) but leveled off very slowly with
increasing temperature. This was probably caused by aggre-
gation of nano-CuO particles at higher temperatures. The
crystal sizes for bulk CuO and nano-CuO are about 100 nm
and 2 nm, respectively. Thus, the light-off temperature of the
CuO catalyst was not lowered by decreasing the particle size.
In contrast, the combination of copper and cerium oxide sub-
stantially lowered the light-off temperature. A remarkable
synergism was demonstrated for CO oxidation over the Cu—
Ce-0O catalyst. Our previous studies [20] have shown that
the light-off curves of Cu-Ce-O catalysts under the present
test conditions are not much affected by Cu content, catalyst
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Fig. 1. CO oxidation light-off curves over CuO catalysts and the synergistic

effect of the Cu—Ce-O catalyst (2% CO, 16% O,, 0.09 sg cm™; 150 mg
catalyst; 100 sccm). *, 23 mg nano-CuQ powder diluted by 127 mg SiC.

preparation method, catalyst BET surface area, and low level
La dopant.

3.1.2. Effect of thermal treatment on the catalytic activity of
Cu—~Ce-0 catalysts

For practical application, thermal aging is an important
criterion in catalyst performance evaluation. The Cu-Ce-O
catalysts tested above were prepared by air calcination
at 650 °C. Fig.2 shows the light-off curves of the
Cuy ;5[ Ce(La) ]850, and Cuy 15Ceq 550, catalysts after they
were further heated at 850 °C for 3 h. Compared to Fig. 1,
the light-off curves in Fig. 2 shifted to high temperature by
ca. 100 °C. The Cug1s[Ce(La) o850, catalyst heated in a
reacting gas mixture of 2% CO and 1% O, showed a similar
shift of the light-off curve to that heated in flowing air. This
dramatic activity loss was not caused by the surface enrich-
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Fig. 2. Light-off curve of CO oxidation over a 15 at.% Cu-Ce-O catalyst
subjected to thermal treatment (0.09 sg cm™3,2% CO, 16% 0,).
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Fig. 3. CO oxidation light-off curves over Cu—Ce(La)-O catalysts prepared
by 4 h air calcination at 6350 °C and further heated for 3 h at 850 °C (2%
CO, 16% 0,,0.09 sg cm™?%), =, Catalysts were treated with nitric acid prior
to 850 °C heating. 6 at.% Cu and 10 at.% Cu were left in the original 8 at.%
Cu and 15 at.% Cu catalysts, respectively.

ment in La, since the La-free catalyst also showed similar
activity loss after heating. However, the La-doped material
was superior at high conversions.

The effect of copper content in the bulk Cu-Ce—O catalyst
on the thermal stability of the material is illustrated by Fig. 3.
All catalysts in Fig. 3 were prepared by 4 h calcination at 650
°C and further calcined for 3 h at 850 °C, both in air. The 2
at.% catalyst had similar light-off curve to the Cu-Ce-O
catalysts prepared by 650 °C calcination (Fig. 1). The light-
off curve shifted to high temperatures with increasing copper
content. No CuO phase was detected by XRD in the as-
prepared Cu—Ce(La)~O catalyst containing 2 at.% or 5 at.%
Cu. The bulk CuO phase in the as-prepared Cu—~Ce(La)-O
catalyst of high copper content (8 at.% and 15 at.%) was
completely removed by nitric acid prior to the 850 °C heating.
The treatment procedure comprised immersing the catalyst
in pure HNO; solution for 14 h, washing it with de-ionized
water, and drying it for 1 h at 650 °C. Therefore, copper can
be assumed well dispersed in all these catalysts prior to high
temperature heating (850 °C).

In summary, the light-off performance of Cu—Ce(La)-O
can be greatly altered by heating the catalyst at 850 °C. Only
catalysts of low copper content can preserve the low light-off
temperature after the heating.

3.1.3. Effect of water vapor on the catalytic activity of
Cu—Ce—0 catalysts

The effect of water vapor on the Cu-Ce(La)~O catalyst
activity after thermal treatment is illustrated by Fig. 4. A
stable activity was obtained for all compositions of the Cu~
Ce(La)-0O catalyst prepared by 4 h calcination in air at 650
°C. However, further calcining the catalyst at 850 °C caused
a loss of catalyst resistance to water vapor. The activity of
the heat-treated Cugg[Ce{La)]p500, seems to slowly
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Fig. 4. Effect of water vapor on the CO oxidation activity of Cu-Ce-O
catalysts (340 °C, 0.06 sg cm ™3, 2% CO, 12% 0,, 32% H,0). 0, all Cu~
Ce-O catalysts prepared by 4 h calcination in air at 650 °C; @,
Cugo;[Ce(La)Joos0, further calcined for 3 h in air at 850 °C; A,
Cug,;s[Ce(La) 15550, further calcined in air at 850 °C for 3 h.

decline with time-on-stream, but immediately recovered
to full conversion after the reacting gas was switched
back to the dry feed gas. By contrast, the heated
Cuy 15[ Ce(La) ] 450, catalyst dramatically lost its activity.
CO conversion over this catalyst dropped to 40% from 93%
upon introduction of 32% H,O, continued to decline with
time-on-stream, and recovered to only 50% after the reacting
gas was switched to dry gas. As aresult, the 1 at.% containing
bulk catalyst had better performance after thermal aging than
the 15 at.% Cu-containing catalyst.

3.1.4. Surface properties and microstructure of thermally-
aged Cu—Ce(La)-O catalysts

Fig. 5 shows the XPS analysis of 2 at.% and 15 at.% bulk
catalysts after thermal aging. The copper species were iden-
tified as CuO, Cu™!, and isolated Cu*? based on Cu 2p
binding energy, Cu L;VV Auger electron kinetic energy,
catalyst microstructure, and the literature data. Comprehen-
sive XPS data and analysis were presented in a recent publi-
cation [21]. Fig. 5 indicates that a higher fraction of the
isolated copper was found on the 850 °C heated
Cug 15[ Ce(La) 14550, catalyst than on the fresh one. But, the
overall Cu/(Cu+Ce+La) ratio measured by XPS for this
catalyst decreased from 24% to 16% after heating because of
CuO growth. The latter is accompanied by fine CeO, particle
decoration [21], hence it becomes ‘‘invisible’’ to XPS.

The microstructure of the heated Cugy5[{Ce(La)]550.
catalyst was extensively studied by STEM. Fig. 6(a)-6(c)
show the typical elemental maps obtained with X-ray micro-
probe. In Fig. 6(a)-6(c), the upper left corner is a micro-
graph, the upper right corner is the O element map, the lower
left corner is the Ce element map, and the lower right corner
is the Cu element map. Consistent with the stronger and
sharper CuQ peaks found by XRD, more bulk CuO particles
were observed on the 850 °C heated catalyst than on the fresh
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Fig. 5. Cu 2p XPS of Cug;5[Ce(La)]oss0, and Cupga[Ce(La)]yss0.
catalysts subjected to high temperatare heating.

one. Similar to the observations with the Cu-Ce(La)-0O cat-
alyst of high copper content [21], the bulk CuO particles
were associated with smaller cerium oxide particles as indi-
cated by Fig. 6(a). However, an area mainly consisting of
cerium oxide particles, such as in Fig. 6(b), shows uniform
dispersion of copper in the cerium oxide matrix. The
‘‘arrow’’-designated cerium oxide particle in Fig, 6(b) was
analyzed by the STEM X-ray microprobe. The Cu/Ce ratios
on that particle are 4.7/95.3 at the edge and 2.8/97.2 at the
center. The presence of copper in this particle was confirmed,
although the copper elemental map on the spot was faded due
to weak contrast. Extensive dispersion of copper in the ther-
mally-aged catalyst was more cleatly revealed under high
magnification, as illustrated by Fig. 6(c). The X-ray analysis
of the whole area in Fig. 6(c¢) gave the Cu/Ce ratio as 4.8/
96.2. Similarly, extensive copper dispersion was found in the
Cug 15[ Ce(La) ]850, catalyst after bulk CuO was removed
by nitric acid and subsequent heating at 850 °C (Fig. 6(d)).
In summary, the STEM analyses have shown that copper
distribution in the cerium oxide matrix remains after high
temperature heating. Thus, the drastic activity loss cannot be
explained on the basis of lower copper dispersion.

3.2. Catalytic properties of nano-CuO + CeO, catalysts

3.2.1. Comparison of specific activity of nano-CuQO + CeO,
and Cu~Ce-0 catalysts

The composite catalyst has a complex microstructure,
which makes it difficult to delineate the Cu—CeO, interaction
and its effect on the catalytic activity. Therefore, the nano-
CuO +CeO, catalyst is studied here due to its great simplic-
ity. As will be discussed below, in this catalyst, fine copper
clusters are dispersed only on the cerium oxide surface.

Light-off curves serve as a crude means for catalystactivity
comparison. The complete activity comparison needs to be
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Fig. 6. STEM elemental mapping of Cug.5[Ce(La) 10550, catalyst calcined at 850 “C. (a) A typical area, (b) an area of only one CuO particle, (¢) an area
without CuO particles, (d) a typical area of the same sample but washed by HNO; prior to 850 °C calcination.

provided by kinetic studies. We reported in a recent paper
[21] that CO oxidation kinetics over Cu-Ce-O catalysts of
different bulk or surface compositions could be expressed by
the following rate equation:

Reo,= kc;)fc;{op coPo, 2)
COPCO
Thus, a first order dependence on Pco is derived if the
partial pressure of CO (Pco) is low enough for KeoPco < 1.
Eq. (2) is further simplified into Eq. (3) by incorporating
the keoKcoPh, term into one single constant, &, because 7 is
a small number close to zero and P3, is nearly constant,
especially when excess oxygen is present. Therefore, the
apparent activation energy, E,y,, derived from  is the differ-
ence between the intrinsic activation energy, E,, and the heat
of CO adsorption, Q.

Rco,=kPco (3)
k=A exp( — E,,,/RT) 4
Eapp=Ea— Q (5)

Given the first order dependence at low Pco, only specific
rates rather than complete kinetics are reported in the follow-
ing. The measurements were conducted under Pco=0.003

bar and P, =0.003 bar with the CO conversion not exceed-
ing 20%. Fig. 7 shows Arrhenius plots of specific rates on the
Cug o [Ce(La) 14990, and the 25 at.% nano-CuO + CeO, cat-
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Fig. 7. Arrhenius plots of reaction rates. Filled symbols for 25 at.% nano-
CuO + CeQC, and the unfilled ones for Cug; [Ce(La) 10,550, M [, catalysts
as-prepared; @ O, catalysts heated for 4 h in air at 650 °C; A M, catalysts
heated for 4 h at 650 °C and for 3 h at 850 °C, both in air.
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Effects of copper content and heating on CO oxidation rate over Cu-Ce-O catalysts

Catalyst Eopp (kI mol™1) Pre-exponential factor (mmol g~!s~1)

Fresh ® 650°C*® 850°C¢ Fresh 650 °C 850 °C
Bulk catalyst
Cug 0 [Ce(La) 15,950, 41 51 36 13x10% 54%10° 9.3X10
Cug el Ce(La)]p010x 67 - 25 9.8X 108 - 42x107!
Nano-CuO + CeO, mix
2at%Cu? 58 33 15 24X10° 23X10 1.4%x10™!
S5at% Cu? 71 83 19 44%107 3.2x10° 43%X10"!
25at.% Cu?® 70 56 21 2.2%1¢7 33X10° 1.8X107!
# Atomic ratio of Cu/(Cu+ Ce) X 100%.
® As-prepared.
© Further heated for 4 h at 650 °C in flowing air.
¢ Further heated for 3 h at 850 °C in flowing air following the 4 h calcination at 650 °C,
alysts subjected to thermal treatments. For the catalysts as- 12
prepared or heated at 650 °C, the 25 at.% mixed catalyst [ s prepared

showed about two orders of magnitude higher activity than
the 1 at.% bulk catalyst, which can be rationalized in view of
the higher copper content and non-linear correlation of activ-
ity with surface copper fraction [21]. After the catalyst was
further heated at 850 °C, however, the 25 at.% mixed catalyst
dramatically lost its activity, while the 1 at.% bulk catalyst
gained significant activity.

The apparent activation energy and pre-exponential factor
obtained from the Arrhenius plots are listed in Table 1
together with the data for other nano-CuO + CeO, mixtures
and Cugge[Ce(La)lys,0, catalysts. Apparent activation
energies for the fresh as-prepared catalysts with high copper
content are similar, around 65 kJ mol ~ !, which is higher than
the values for the 1 at.% bulk and 2 at.% mixed catalysts. The
pre-exponential factors for the fresh catalysts of high copper
content are of the same order of magnitude, 1057, thatis 1 to
2 orders of magnitude higher than the 2 at.% Cu mixed cat-
alyst and 4 to 5 orders of magnitude higher than the 1 at.%
Cu bulk catalyst. After the catalysts were heated for 4 h in
flowing air at 650 °C, the kinetic parameters (E,,, and A) did
not change much except for the 2 at.% catalyst. However,
both the ., and A factor were substantially decreased after
the catalyst was further heated for 3 h in flowing air at 850
°C. E,p, becomes a small number in the range of 15-36 kJ
mol ™!, while the A factor except for the 1 at.% bulk catalyst
is of the order of 107, The A factor for the 1 at.% bulk
catalyst turns out to be the greatest one. The E,,, represents
difference between the intrinsic activation energy and heat of
CO adsorption. The intrinsic activation energy for CO oxi-
dation is in the range of 73-91 kJ mol ! based on our previous
results [21]. It can be approximately assumed to be a con-
stant. Therefore, variations of E,,, with the catalyst compo-
sition and heating treatment are attributed to the change in
the heat of CO adsorption. The substantial decrease in E,,
upon 850 °C heating results from an increased heat of CO
adsorption.

+4hat650°C

o0

PR |

W +3na850°C

Rate, x10°6 mol/g-s

H
3

lat%bulkk 2 5 15 25

at.% Cu in nano-CuO-+CeQ; mixture
Fig. 8. Specific CO oxidation rates at 100 °C over Cug g, [Ce(La) 190, and
nano-CuO + CeO, catalysts subjected to thermal treatment.

For a clear comparison of the relative activity, specificrates
measured at 100 °C for various catalysts are shown in Fig, 8.
It can be seen that catalysts of high copper content have higher
activity than those of low copper levels. After high temper-
ature aging (850 °C), however, the low copper-containing
catalysts showed better activity. Thus, the effect of copper
content on the catalyst activity can be dramatically changed
by thermal treatment. The catalyst of low copper levels again
demonstrated superiority after the high temperature heating.

3.2.2. Composition and structure of the nano-CuO + CeO,
mixture

The SEM picture in Fig. 9(a) shows that as-prepared nano-
CuO looks like amorphous powder and no CuO crystals were
observed, which was confirmed by XRD. The crystal size is
estimated to be ca. 2 nm by high-resolution transmission
electron microscopy. The STEM elemental map of the 15
at.% nano-CuO + CeO, in Fig. 9(b) shows that the fine cop-
per particles or clusters were attached to the cerium oxide
matrix by the mixing procedure described previously. Exten-
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100nm

Fig. 9. (a) SEM picture of nano-CuO powder and (b) STEM elemental
mapping of 15 at.% nanc-CuO + CeO, catalyst.

sive STEM analyses revealed that the CuO clusters were well
dispersed on the CeO, surface without any segregated large
CuO particles and absence of copper in the CeO, bulk, which
makes the nano-CuO + CeO, an ideal model catalyst system
for studying the synergism.

Fig. 10 shows Cu 2p spectra of the nano-CuO + CeO, mix-
ture. CuO and Cu™? species were identified. Different from
the bulk Cu—Ce~O catalyst, the isolated copper was hardly
present. Interestingly, the XPS of nano-CuO was exactly the
same as that of bulk CuO. This finding is consistent with the
activity measurement in Fig. 1 and confirms thatreducing the
CuO crystal size alone would not induce significant change
of copper oxide catalytic properties. However, the Cu*! spe-
cies becomes a major copper component on the nano-
CuO + CeO, mixture of low copper content (2 and 5 at.%),
while the CuO fraction is minor. A significant fraction of
CuO was observed with the 25 at.% nano-CuO + CeO,. This
is not surprising because CeO, particles were almost covered
by nano-CuO powder based on SEM observations. The Cu
2p spectra of the 5 at.% mixture after heating in air at 650 °C

Cu2p3/2

Cu|0 cv'!

S at.% heated at 650°C and 850°C
Shake-up

Signat

T I SN st
970 960 950 940 930 920
Binding Energy, eV

Fig. 10. Cu 2p XPS of several mixtures of nano-CuQO + CeQ, as-prepared
and 5 at.% mixture heated in flowing air.

and 850 °C is similar to that of the original one. Therefore,
surface copper species on this catalyst are stable.

Table 2 summarizes the XPS and XRD results. CeO, crys-
tal sizes were calculated from XRD peak broadening. CeQ,
in the as-prepared nano-CuQ + CeO, mixture has a similar
size around 17 nm, because the same CeQ, powder was used
for the preparation. After the catalyst was heated in air for 4
h at 650 °C and 3 h at 850 °C, the CeO, crystals grew to
around 44 nm size. No CuO peaks were detected in the as-
prepared sample. After the catalyst was heated at high tem-
peratures, however, broad CuO peaks of trace intensity were
observed with the 5 at.% mixture while sharp and strong CuO
peaks were observed with the 25 at.% mixture. The surface
copper fraction as measured by XPS suggests that the copper
was well dispersed in the as-prepared catalysts. Interestingly,
the surface copper content for the 5 at.% catalyst increased a
little after the catalyst was heated at 650 °C and 850 °C, which
indicates that heating the catalyst did not drive copper into
the catalyst bulk. Fig. 11 shows that the lattice spacing of
CeQ, in the nano-CuO + CeO, mixture did not change with
copper content for either the catalysts as-prepared or the cat-
alysts heated at 650 °C and 850 °C. These results show that
nano-CuO did not form solid solution with CeO,.

By comparing the results of the nano-CuQO+CeO, in
Tables 1 and 2, an interesting phenomenon is observed, that
is, while the surface copper fraction on the 25 at.% mixture
is much higher than that on the 5 at.% mixture, the pre-
exponential factor A of the 25 at.% is less than that of the 5
at.%. Therefore, this points out that the key to high catalytic
activity is to induce strong interaction of copper with cerium
oxide. In the 25 at.% catalyst, most copper was not in intimate
contact with cerium oxide and became redundant, while in
the 5 at.% catalyst copper clusters effectively interact with
CeO,.
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Table 2
Ce0, particle sizes and XPS results of the nano-CuO +CeO, mixture

Catalyst XRD results XPS results of Cu
CeO, crystal size (nm) CuO peak Major Be of Cu 2ps/, (eV) Cu/(Ce+Cu) X 100%
2 at.% Cu 16.9 no 932.8+ 13.1
5at.% Cu 171 no 932.6+934.0 212
5 at.% Cu heated * 43.6 trace 932.6+934.0 24.0
25 at.% Cu 17.9 no +934.0 57.8

Heated for 4 h at 650 °C and 3 h at 850 °C in flowing air.

0.545
O fresh nano-CuO+CeO,

g 1 A calcined for 4 hat 650°C +3
a8 h at 850°C in air
o
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Fig. 11. Variation of CeQ, lattice spacing with copper content and heating.

3.2.3. Temperature-programmed reduction profiles

The reducibility of a bulk Cuy ;5[ Ce(La) 550, catalyst
was first investigated on a Cahn 131 TGA coupled with a
MKS-RS1 mass spectrometer. The catalyst was purged for
30 min at 200 °C in 600 sccm He flow and cooled down to
room temperature in He prior to the TPR run. Fig. 12 shows
the reduction profiles of the catalyst in 3.5%CO/N, and 5%
H,/He at a temperature ramp of 10 °C min™". In CO reduc-
tion, the weight decrease was concomitant with CO, produc-
tion. In H, reduction, H,O production was difficult to be
accurately detected by the MS, but, the weight decrease was
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Temperature (°C)
Fig. 12. TPR profiles of Cuy 5[ Ce{(La)]05s0; catalyst at 10 °C min~ L

concomitant with H, decrease in the TGA outlet gas. The
outlet gas compositions were not quantified, because the
change in CO, and H, MS signals was small. Fig. 12
shows that the CO reduction started at ca. 80 °C and the
reduction peak appeared around 120-145 °C, while the H,
reduction occurred a little later. The weight then gradually
declined. Beyond 500 °C, extensive bulk reduction began.
H, caused much deeper reduction than CO. The bulk
Cug 5[ Ce(La)] 550, catalyst has a complex microstructure
consisting of Cu ions in CeO, bulk, copper clusters on CeO,
surface, and segregated CuO particles. During TPR, the sur-
face reduction and bulk reduction took place simultaneously
that the data interpretation becomes difficult. Fig. 12 shows
that H, and CO reduction yielded different TPR profiles. To
conform with most of the literature TPR studies of Cu and
CeO, catalysts, H, was used in a subsequent TPR study of
the nano-CuO + CeO, mixture.

TPR of the nano-CuO + CeO, mixture was performed on
a Dupont 951 horizontal TGA balance. The catalyst was
purged in He at 200 °C until the weight was stabilized and
then, cooled down to room temperature in He. The TPR was
conducted in 20% H,/He from 50 to 850 °C at 10 °C min ™.
Fig. 13 shows the weight loss and reduction rate profiles of
the as-prepared nano-CuO+ CeO, catalysts. The reduction
rate is calculated as follows:

_ —100-dW

Rate= W.-ar (6

where W, is the initial weight and W is the sample weight at
time ¢ on stream. Two reduction peaks were found. The peak
at low temperature (125~ 225 °C) is due to copper oxide
reduction, while the peak at high temperature (600 ~ 850 °C)
is due to bulk reduction of cerium oxide. The low temperature
peak consists of a doublet with one peak centered at 157 °C
and another centered at 180 °C, The 157 °C is a major com-
ponent for 2 at.% and 5 at.% catalysts while the 180 °Cis a
major component for the 25 at.% catalyst. These results are
consistent with the XPS data, i.e. indicate the presence of two
kinds of copper (Cu*' and CuO). Thus, we can attribute the
157 °C peak to the copper strongly interacting with cerium
oxide and the 180 °C peak to the segregated copper oxide.
The reduction extent is characterized by a weight loss below
300 °C as listed in Table 3. Table 3 shows that the measured
weight loss is always greater than the values calculated by
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Table 3
Weight loss of the nano-CuO + CeQ, mixture at 300 °C in TPR

Catalyst Calculated based As-prepared +650°CP® +650°C+3850°C*®
on CuQ? Expt. ¢
Expt, ¢ Excess ® Expt. ¢ Excess °
2 at.% Cu 0.19% 0.59% 0.30% - - 021%
5 at.% Cu 0.48% 0.94% 0.46% 0.9% 0.42% 0.49%
25 at.% Cu 2.70% 0.32% 0.52% - - 2.8%
2 Weight loss calculated by assuming all Cu exists as CuO and complete reduction of CuO at 300 °C,
® Further heated for 4 h at 650 °C in flowing air.
¢ Further heated for 3 h at 850 °C in flowing air following the 4 h calcination at 650 °C.
¢ Experimentally measured weight loss.
¢ Difference between the measured and calculated values.
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Fig. 13. TPR profiles of the as-prepared nano-CuO + CeO, mixtures (50 °C
to 850 °C at 10 °C min~ ! in 20% H,/He, pre-purged in He at 200 °C).

assuming all copper in the catalyst existing as CuO and com-
plete reduction of CuO at 300 °C. The excess weight loss
increased from 0.3% for the 2 at.% Cu catalyst to 0.52% for
the 25% Cu catalyst, which corresponds to 1.6% to 2.8%
reduction of cerium oxide.

TPR profiles of the heated nano-CuO + CeO, mixtures are
shown in Fig. 14. The low temperature peak ( ~ 157 °C) was
still observed with the 5 at.% Cu catalyst after 4 h calcination
in air at 650 °C. Table 3 also indicates that the surface reduc-
tion extent of this catalyst is similar to the as-prepared. How-
ever, the TPR profiles were dramatically changed for all the
three catalysts after 4 h calcination at 650 °C and 3 h calci-

——— T T T
50 180 250 350 450 550 850 750 850
Temperature, °C

Fig. 14. TPR profiles of the nano~CuQ + CeO, mixtures after 4 h calcination
at 650 °C and 3 h calcination at 850 °C in air (50 °C to 850 °C at 10 °C
min~! in 20% H,/He).

nation at 850 °C. The doublet peak in the low temperature
range was replaced with a single peak centered around
180 ~200 °C. This peak is considered to be due to bulk CuO
reduction because large CuO particles were found in the 25
at.% Cu catalyst after the calcination. The reduction extents
listed in Table 3 for these calcined samples are almost the
same as the calculated values. Thus, all the weight loss below
300 °C is ascribed to CuO reduction, while surface reduction
of cerium oxide is negligible for these calcined catalysts. By
contrast, the rate and extent of bulk reduction (high temper-
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ature peak) of the calcined catalysts are similar to those of
the as-prepared catalysts.

4. Discussion

The above experimental results are explained within the
framework of synergism and Cu—CeO, interaction model
presented in a recent paper [21] and depicted in Fig. 15.
Based on this model, cerium oxide provides oxygen sources,
while copper clusters provide sites for CO adsorption, and
the two adsorbed species react at the boundary resulting in
rapid turnover of reacting species or high reaction activity.
The copper clusters are stabilized by cerium oxide through
an interfacial interaction and in turn promote the surface
oxygen activation of cerium oxide. Cu™! species are formed
through the interaction of copper clusters with cerium oxide
and provide strong sites for CO adsorption. In addition, the
copper clusters may keep some identity of the bulk Cu,O
material and modify the physical and chemical properties of
cerium oxide through Schottky junction effects [23]. For
example, Cu,O is a p-type electronic conductor, while CeO,
is of n-type. For an oxidation reaction involving electron
transfer between the reactants and the catalyst, hybrid catalyst
electronic properties may be beneficial.

The present results of the nano-CuO + CeO, catalysts pro-
vide supporting evidence to the synergistic model. The activ-
ity measurements in Fig. 1 show that reducing the CuO
particle size did not lower the CO oxidation light-off tem-
perature. Also, the XPS data in Fig. 10 indicate that reducing
the CuOQ size did not alter the oxidation state of Cu. But, when
the nano-CuO is put on cerium oxide as is in the nano-
CuO + Ce0, mixture, the CO oxidation activity becomes
comparable to the bulk Cu-Ce-O composite catalyst which
has an activity several orders of magnitude higher than the
other Cu catalysts {20]. Fig. 8 shows that excessive appli-
cation of nano-CuO powder on cerium oxide did not yield a
higher activity, although the surface Cu fraction as measured

copper cluster of Cu"' sites

oxygen ton

certum oxide
{cross section of [001] plane of ceria )
)
Fig. 15. Reaction and interaction models of Cu-CeQ, catalysts. (a) syner-
gistic reaction model, (b) strong interaction model of Cu-CeO,.

by XPS was indeed increased. The reason is that this exces-
sive amount of nano-CuO had the properties of bulk CuO as
shown also by TPR. Thus, only the nano-CuO particles in
intimate contact with cerium oxide showed *‘strong interac-
tion’” and were unlike bulk CuO. The strong interaction leads
to the observation of Cu™"! species by XPS, lower reduction
temperature in TPR, and induces surface reduction of cerium
oxide.

A great amount of literature data is available for TPR
studies of various Cu catalysts. A thorough study of Cu,0,
CuO, and CuO-ZnO systems was presented in a recent paper
[24]. The TPR peak shape and position highly depend on
the experimental conditions and the catalyst system. In this
work, the H, reduction profile of the composite Cu—Ce-O
catalyst in Fig. 12 looks different from those for the nano-
CuO + CeO, mixture in Fig. 13. However, a reliable conclu-
sion can be made only by comparison on the same basis. The
nano-CuO + CeQ, mixtures serve this purpose well because
they were made up of the same CuO and CeO, powder
through a simple mixing procedure, The literature data
[24,25] show that the reduction peak of copper oxide typi-
cally occurs over the range of 200 to 300 °C. The TPR peak
at 200 °C in Fig. 14 for the 25 at.% Cu catalyst is attributed
to bulk CuO reduction, because this catalyst consisted mostly
of bulk CuQ after the high temperature calcination. The cop-
per TPR peaks in Fig. 13 for the as-prepared nano-
CuO 4 CeO, mixtures can be divided into two components,
one at 157 °C and another at 180 °C. Taking into account the
XPS and activity results, we attribute the 180 °C and the 157
°C component, respectively, to separated nano-CuO fraction
and nano-CuO fraction associated with cerium oxide. The
separated nano-CuO keep its identity as CuO, while the TPR
profiles in Figs. 13 and 14 suggest that the reduction temper-
ature of CuOQ is only slightly decreased with size as suggested
by some literature [26]. The nano-CuO fraction associated
with cerium oxide interacts with cerium oxide, however, is
more reducible due to the strong interaction with CeO,.

The datain Table 3 show that CuO reduction only accounts
for part of the weight loss of the nano-CuQ + CeO, mixture
in the TPR run below 300 °C. Since all the samples were
purged in situ by He at 200 °C prior to the TPR run, the excess
weight loss is attributed to the reduction of the cerium oxide
surface. The reduction extent of cerium oxide increases with
the Cu at.%, because the higher the Cu content, the higher
the interfacial area of copper clusters with cerium oxide.
According to Ref. [9], significant reduction of CeO, surface
occurs only at temperatures above 300 °C. But, cerium oxide
surface reduction can be significantly lowered in the presence
of precious metals (Pt and Pd) [9,13]. The present TPR
results suggest that copper in the Cu~CeO, catalysts also
induces the surface reduction of CeQ, at low temperatures.
Oxygen adsorption/desorption on cerium oxide have been
studied extensively in the literature using various techniques
[27-30]. The superoxide species (O ) is generally consid-
ered as the active surface oxygen for low temperature oxi-
dation. Its formation is correlated with the surface reduction
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of cerium oxide. Thus, enhancing the surface reducibility of
cerium oxide promotes the generation of the active surface
oxygen species.

Now we apply the synergistic model to the discussion of
the effect of heating on the catalyst activity. Heating the
catalyst induces growth of cerium oxide crystals and aggre-
gation of copper clusters. The particle growths result in low
catalyst surface area. But, this factor is not large enough to
explain orders of magnitude loss in the activity. More impor-
tantly, cerium oxide crystal growth eliminates the surface
defects and drives the copper ions out of the lattice so that
Cu-CeO, interaction is lost and the surface oxygen is dimin-
ished. Yamada et al. [31] found that surface oxygen
decreased from 224 umol g~ ! for CeO, heated at 500 °C to
only 4 umol g™ ! after heating at 1 000 °C. Loss of surface
oxygen of CeO, by high temperature heating was also
reported by Lamotte et al. [32] in TPR of CeO, by CO. The
authors found that extensive surface reduction of CeQ, cal-
cined at400°C (100m? g~ ') occurred at temperatures below
500 °C, while little reduction was observed with the CeQ,
calcined at 850 °C (5 m? g~ !). Our TPR tests also show that
the heating temperature has large effect on the surface reduc-
ibility. Heating CeO, at 650 °C resulted in BET surface area
decrease and about proportional decline in the surface reduc-
ibility. However, heating CeQ, at 850 °C resulted in a
decrease in surface reducibility disproportionately higher
than the surface area decrease. Literature information on
CeO, crystal growth kinetics is very limited. The sintering
kinetics of CeQ, crystallite at 623 °C were studied by Pijolat
et al. [33]. They found that CeO, can sustain a stable surface
area at this temperature. A recent study of the La-doped
CeO,_, system [34] reported that heating at temperatures
below ca. 700 °C does not cause significant crystal growth,
while heating at a temperature beyond 800 °C results in sub-
stantial growth. Therefore, the catalyst heating temperature
is an important factor to determine the catalyst activity. The
drastic activity loss upon heating at 850 °C is, thus, atiributed
to cerium oxide crystal growth and the depletion of surface
oxygen species.

In addition to the effect of heating on the cerium oxide
crystal growth, heating also affects the interaction of copper
clusters and cerium oxide. As evidenced by the data in
Table 2, heating the catalyst induces significant changes to
the apparent activation energy and rate constant. In the case
of the 5 at.% nano-CuO + CeO, catalyst, ‘‘mild heating”’,i.e.
heating at 650 °C, strengthens the synergism between copper
clusters and cerium oxide and thus, enhances the activity.
When the factor of copper content is taken into account, the
changes induced by heating are more complicated. The syn-
ergistic model suggests that only copper cluster associated
with cerium oxide is the active catalyst configuration. There-
fore, for the composite Cu~Ce-O catalyst of low copper con-
tent (1 at.% or 2 at.%), copper existed as isolated ions in the
as-prepared state. High temperature heating drives the iso-
lated copper to form clusters and creates an active catalyst,
For the composite Cu—Ce-O catalyst of high copper content,

such as Cug 15[Ce(La)]0s50,, a large fraction of copper
already disperses on cerium oxide in the form of clusters in
the as-prepared state. The high temperature heating scavenges
the existing copper clusters into bulk CuO particles and the
active configuration is lost. But, STEM analysis revealed that
a significant portion of copper was still uniformly dispersed
in the cerium oxide after the heating, probably in the form of
isolated ions. It is not understood at the present time why
these copper ions do not migrate onto the cerium oxide to
form clusters. Perhaps, what is formed is determined by the
thermodynamics of the Cu-Ce-O tertiary system. For the
nanc-CuO + CeO, mixture, only copper clusters were distrib-
uted on the cerium oxide in the as-prepared state. Copper
cluster coalescence occurs upen heating. The coalescence
kinetics has asecond or higher order dependence to the copper
cluster concentration. Therefore, the catalyst of low copper
content has a slow coalescence rate and possesses a higher
activity, as shown in Fig, 8 after the high temperature heating.
The kinetic measurements show that the apparent activa-
tion energies for all catalysts were substantially decreased
upon 850 °C heating. This is assumed to be due to increased
heat of CO adsorption. The kinetic studies of the
Cupo1[Ce(La)]y990, catalyst {21] showed an increase of
heat of CO adsorption with heating temperature. However, a
better understanding of the reaction mechanism calls for a
study of CO and O, adsorption over the Cu—CeQ, catalyst.

5. Conclusion

The Cu—Ce-O oxide system is a very active oxidation
catalyst. In this work, the CO oxidation over this catalyst
system was examined in the light of the strong synergism
displayed by the copper—cerium oxide interaction. Stabili-
zation of Cu™! clusters by cerium oxide, and, in turn,
increased active oxygen on the cerium oxide by the presence
of copper are invoked to explain the synergism. CO adsorbs
strongly on Cu™' sites and reacts with labile oxygen at the
interface of the two materials. The synergistic model is
strongly supported by the experimental results obtained with
the nano-CuO + CeO, mixture. This catalyst comprised cop-
per clusters deposited on the cerium oxide surface. Its struc-
tural simplicity was used to elucidate the observed synergism.

Heating the Cu—Ce-O catalyst induces the following proc-
esses: copper diffusion from bulk to surface, clustering of
isolated copper ions, aggregation of copper clusters, strength-
ening copper and cerium interaction, crystal growth of cerium
oxide, and decrease of active oxygen species on cerium oxide.
The catalytic activity is determined by the sum of these
effects. Formation of copper clusters and strong interaction
of copper with cerium oxide are desirable to achieve high
activity. Catalyst composition and heating temperature are
two key factors to control these processes. For a catalyst
prepared or calcined at temperatures around or below 650 °C,
its specific reaction rate increases with copper content to a
certain level (i.e. 15 at.%). For a catalyst prepared or calcined
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at temperatures around or above 850 °C, a small amount of
copper (e.g. <5 at.%) is preferred, because large amounts of
copper have a detrimental effect on catalytic activity. Heating
the catalyst at 850 °C significantly decreased the apparent
activation energy and pre-exponential factor of the rate con-
stant, But, the decrease in the activation energy for the catalyst
of high copper levels was not sufficient to compensate the
decrease of the pre-exponential factor. This makes the overall
specific rate lower. Rapid growth of CeO, crystal and deple-
tion of surface oxygen on cerium oxide at such high temper-
atures are considered to be the major causes of the activity
loss.
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