ELSEVIER

The Chemical Engineering Journal 64 (1996) 283-294

THE CHEMICAL
ENGINEERING
JOURNAL

Transition metal-promoted oxidation catalysis by fluorite oxides: A study
of CO oxidation over Cu—CeO,

Wei Liu !, Maria Flytzani-Stephanopoulos °
2 Department of Chemical Engineering, Massachusetts institute of Technology, Cambridge, MA 02139, USA
® Department of Chemical Engineering, Tufts University, Medford, MA 02155, USA

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.







