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X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) have been used to characterize a series of Cu/Ce/
Al2O3 catalysts. Catalysts were prepared by incipient wetness impregnation using metal nitrate and alkoxide precursors. Catalyst
loadingswere held constant at 12wt%CuOand 5.1wt%CeO2.Mixed oxide catalysts were prepared by impregnation of cerium first,
followed by copper. The information obtained from surface and bulk characterization has been correlated with CO and CH4 oxida-
tion activity of the catalysts. Cu/Al2O3 catalysts prepared using Cu(II) nitrate (CuN) and Cu(II) ethoxide (CuA) precursors consist
of a mixture of copper surface phase and crystalline CuO. The CuA catalyst shows higher dispersion, less crystalline CuO phase,
and lower oxidation activity for CO and CH4 than the CuN catalyst. For Cu/Ce/Al2O3 catalysts, Ce has little effect on the disper-
sion and crystallinity of the copper species. However, Cu impregnation decreases the Ce dispersion and increases the amount of
crystalline CeO2 present in the catalysts, particularly in Ce modified alumina prepared using cerium alkoxide precursor (CeA).
Cerium addition dramatically increases theCOoxidation activity, however, it has little effect onCH4 oxidation.
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1. Introduction

Copper oxide is a well known component of catalysts
for CO [1^6], hydrocarbon [1^3,7], chlorinated hydro-
carbon [8] and alcohol oxidation [9,10] as well as for
NOx [11^13] and SO2 reduction [13]. These air purifica-
tion reactions using heterogeneous catalysts have been
important topics due to their application to automobile
exhaust converters and industrial waste incinerators.
Copper oxide based catalysts have been considered as
suitable substitutes for noble metal catalysts in emission
control applications due to their high catalytic activity
for the purification reactions, tolerance to SO2 [3] and
refractory nature [14]. Several researchers reported that
copper oxide based catalysts show similar activity to
noble metal catalysts for CO oxidation [2], butanal and
mercaptan oxidation [15], and reduction of NO by CO
[13].

Rare earth oxide additives have been widely applied
as textural and structural promoters for supported noble
metal catalysts. Cerium addition prevents 
-alumina
from sintering at high temperature and improves the dis-
persion and thermal stability of noble metals [16^20]. In
addition, cerium oxide has been added to noble metal
catalysts for treatment of automobile exhaust to pro-

mote the water^gas shift reaction [21,22], to suppress the
CO inhibition effect [23^25], and to remove CO, hydro-
carbons, and NOx simultaneously using its oxygen sto-
rage ability [17,18,26^29].

Previous studies of rare earth promoters have focused
primarily on their effects on the structure and activity of
noblemetal based catalysts. Study of the promoter effect
on supported transition metal oxide catalysts has been
relatively limited. Recently cerium oxide has been exam-
ined both as a promoter [30] and as a support [31] for oxi-
dation reactions over copper oxide based catalysts.
Agarwal et al. [30] found that a ceria promoted hopcalite
catalyst has a higher initial activity for hydrocarbon oxi-
dation than a Pt catalyst. Bedford and LaBarge [31]
showed that copper^chromium oxide impregnated on
high surface area ceria has three-way catalyst behavior
and retains catalyst activity after aging at high tempera-
ture. Flytzani-Stephanopoulos and coworkers [32^34]
reported recently that a Cu^Ce^O composite catalyst
shows high activity for CO and CH4 oxidation and high
resistance to water poisoning. They attributed the
enhanced catalytic activity and stability to the strong
interaction of copper and cerium oxides. The effect of a
CeO2 promoter on alumina supported copper oxide cat-
alysts has been reported to be similar to the effect it has
on noble metal catalysts [35,36]. The authors suggested
that the addition of CeO2 enhances redox behavior of
the copper ion, increases dispersion of the copper oxides,
provides surface oxygen, and improves the oxygen sto-
rage capacity of catalyst.

While, cerium oxide promoted copper oxide based
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catalysts have recently drawn the attention of many
researchers, the effect of cerium oxide on the surface
structure and reactivity of copper catalysts has not been
studied extensively. The present work is part of a broad
study to investigate structure^reactivity correlations for
rare earth oxide promoted transition metal oxide based
emission control catalysts. In this paper, X-ray photo-
electron spectroscopy (XPS) and X-ray diffraction
(XRD) have been used to determine the effect of catalyst
precursors and cerium promotion on the chemical state
and dispersion of copper oxide phases in a series of Cu/
Ce/Al2O3 catalysts. The information derived from these
techniques is correlated with CO and CH4 oxidation
activity to develop a more complete understanding of
Cu/Ce/Al2O3 catalysts.

2. Experimental

2.1.Catalyst preparation

Catalysts were prepared by pore volume impregnation
of 
-alumina (Cyanamid, surface area � 203 m2/g, pore
volume � 0.6 ml/g). The alumina was finely ground
(< 230 mesh) and calcined in air at 500�C for 24 h prior
to impregnation. Ce/Al2O3 catalysts were prepared
using a deionized water solution of ammonium
cerium(IV) nitrate (Mallinckrodt Inc., Analytical
Reagent) or an ethanol solution of cerium(IV) methox-
yethoxide (Gelest Inc., 18^20% ceriummethoxyethoxide
in methoxyethanol). The impregnated sample derived
from the cerium nitrate solution (designated ``CeN'')
was dried in air at 120�C for 24 h and calcined in air at
500�C for 16 h. The sample prepared using the cerium
methoxyethoxide solution (designated ``CeA'') was
impregnated and subsequently dried at room tempera-
ture for 48 h in a N2 purged glove bag prior to further
drying in air at 120�C for 24 h and calcination in air at
500�C for 16 h. The Ce loading was held constant at
5.1 wt%CeO2. Cu/Al2O3 catalysts were prepared with a
deionized water solution of copper(II) nitrate
(Columbus Chemical Industries Inc, ACS Grade) or an
aqueous diethylenetriamine solution (DETA/water
ratio � 1/3 by volume) of copper(II) ethoxide. DETA
addition was necessary due to the limited solubility of
copper(II) ethoxide in water and common organic sol-
vents. Since an aqueous DETA solution was used to dis-
solve copper(II) ethoxide, a Cu^DETA complex should
be formed in the impregnating solution [37]. The impreg-
nated samples derived from the aqueous copper nitrate
solution (designated ``CuN'') and catalysts prepared
with the aqueous DETA copper ethoxide solution
(designated ``CuA'') were dried and calcined under the
same conditions as used for CeN and CeA samples,
respectively. The Cu loading was held constant at 12
wt%CuO.Mixedmetal oxide catalysts were prepared by
step-wise impregnation of Ce first, followed by Cu. The

cerium modified alumina carrier was dried and calcined
prior to introduction of copper. After the addition of
copper, the catalysts were dried and calcined at the same
conditions described above depending on the choice of
precursors. Catalysts prepared using nitrate and alkox-
ide precursors will be symbolized using ``N'' and ``A'',
respectively.

2.2. Standardmaterials

CuO and CeO2 were prepared by calcining copper(II)
nitrate and ammonium cerium(IV) nitrate in air at
500�C for 16 h. CuAl2O4 was prepared by calcining stoi-
chiometric amounts of the respective nitrates in air at
1000�C for 24 h. CeAlO3 was prepared by reduction of a
dried CeA sample at 800�C inH2 (AGA, 99.99%) for 8 h.
XRD patterns of the standard compounds matched the
appropriate PowderDiffraction File [38].

2.3. BET surface area

Surface area measurements were performed using a
QuantaChrome Quantasorb Jr. Sorption System.
Approximately 0.1 g of catalysts were outgassed in a
N2/Hemixture (5%N2) at 350�C for 1 h prior to adsorp-
tion measurements. The measurements were made using
relative pressures of N2 to He of 0.05, 0.08, and 0.15 (N2
surface area � 0.162 nm2) at 77 K. The addition of cop-
per and/or cerium to the alumina carrier decreased the
BET surface area by amaximumof 20%.

2.4.X-ray diffraction

X-ray powder diffraction patterns were obtained with
a Rigaku XRD diffractometer employing Cu K� radia-
tion (� � 1:5418 Ð). The X-ray was operated at 45 kV
and 100 mA. Diffraction patterns were obtained using a
scanning rate of 0.5 deg/min (in 2�) with divergence slit
and scatter slit widths of 1�. Samples were run as pow-
ders packed into a glass sample holder having a
20� 16� 0:5mm cavity.

The mean crystallite sizes (�d) of the CuO and CeO2
particles were determined from XRD line broadening
measurements using the Scherrer equation [39]:

�d � K�=� cos � ; �1�
where � is the X-ray wavelength, K is the particle shape
factor, taken as 0.9, and � is the full width at half maxi-
mum (fwhm), in radians, of the CuO h�111i or CeO2h111i
line.

Quantitative X-ray diffraction data were obtained
by comparing CuOh�111i/Al2O3h400i or CeO2h111i/
Al2O3h440i intensity ratios measured for catalyst sam-
ples with intensity ratios measured for physical mixtures
of pure CuO or CeO2 and 
-Al2O3. This method
assumed that copper or cerium addition did not disrupt
the 
-Al2O3 spinel and subsequently affect the intensity
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of theAl2O3 h400i line. The error in thismethodwas esti-
mated to be�20%.

2.5.XPSanalysis

XPS data were obtained using a Perkin-Elmer
Surface Science instrument equipped with a magnesium
anode (1253.6 eV) operated at 300 W (15 kV, 20 mA)
and a 10-360 hemispherical analyzer operated with a
pass energy of 50 eV. The instrument typically operates
at pressures near 1� 10ÿ8 Torr in the analysis chamber.
Spectra were collected using a PC137 board interfaced
to a Zeos 386SX computer. Samples were analyzed as
powders dusted onto double-sided sticky tape or spray
coated onto a quartz slide using a methanol suspension
of the catalyst. Binding energies for the catalyst samples
and standard compounds which containedAlwere refer-
enced to the Al 2p peak (74.5 eV). The binding energies
for standard compounds that did not contain Al were
referenced to the C 1s line (284.6 eV) of the carbon over-
layer. XPS binding energies were measured with a preci-
sion of�0:2 eV, or better.

Reduction of copper [40^42] and cerium [43^46] spe-
cies during XPS experiments has been reported and
attributed to several factors such as X-ray flux, X-ray
dose, temperature, and pressure. In order to minimize
the effect of photoreduction on the results, all samples
were analyzed using the same distance between X-ray
source and sample (2 cm) andminimum data acquisition
time (5 min scan for Cu 2p3=2 spectra). No significant
photoreduction of copper species was observed using
these experimental conditions. However, in order to
obtain reasonable quality spectra, the Ce 3d region must
be scanned for an extended time (� 600 min). We have
previously reported [46] that extended scan times lead to
photoreduction of supported cerium oxides. Ce XPS
data were used only to measure Ce dispersion on alu-
mina.

2.6.QuantitativeXPSanalysis

It has been shown by Defosse et al. [47] that one may
calculate the theoretical intensity ratio I0p=I

0
s expected

for a supported phase (p) atomically dispersed on a car-
rier (s). An extension of the Defosse model proposed by
Kerkhof and Moulijn [48] has been used in the present
investigation. The photoelectron cross sections and the
mean escape depths of the photoelectrons used in these
calculations were taken from Scofield [49] and Penn [50],
respectively. For a phase (p) present as discrete particles,
the experimental intensity ratio Ip=Is is given by the fol-
lowing expression:

Ip=Is � I0p=I
0
s �1ÿ exp�ÿd=�p��=�d=�p� ; �2�

where I0p=I
0
s is the theoretical monolayer intensity ratio,

d is the length of the edge of the cubic crystallites of the
deposited phase and �p is the mean escape depth of the

photoelectrons in the deposited phase. Particle sizes of
the Cu or Ce species were determined by solving eq. (2).
The relative Cu or Ce dispersion was estimated from the
ratio of Ip=Is to I0p=I

0
s .

2.7.COoxidation activity

CO oxidation activity measurements were performed
in a flowmicroreactor. Approximately 0.03 g of catalyst
were supported on a glass frit (70^100 �m) and the tem-
perature was measured with a K-type thermocouple
located just above the catalyst bed. The reactor was
heated by a tube furnace (Lindberg) with temperature
being controlled within 1�C by an Omega CN 1200 tem-
perature controller. Reactant gas flow rates were held
constant with Brooks 5850 mass flow controllers.
Product gases were analyzed with a Varian 920 gas chro-
matograph equipped with a TCD and interfaced to a
Hewlett-Packard 3394A integrator. Reaction products
were separated on a 6 ft 60/80 mesh Carbosieve S-II col-
umn. Prior to the first activity measurement, catalysts
were pretreated with amixture of 5%O2/He (99.5% pur-
ity for O2, 99.995% purity for He, AGAGas Co.) stream
(143 cm3/min) at 350�C for 1 h to remove any impurities
absorbed on the surface of the catalyst during prepara-
tion and storage. CO oxidation reactions were per-
formed with a constant flow rate (80 cm3/min) of 4.8%
CO/9.8% O2/85.4% He gas mixture (AGA, purity
> 99:99%) in the temperature range of 100^220�C.

2.8.CH4 oxidation activity

Methane oxidation reactions were performed with a
constant flow (15 cm3/min) of 0.98% CH4/5.25% O2/
93.77% He gas mixture (AGA, purity > 99:99%) in the
temperature range of 360^420�C. Approximately 0.1 g
catalyst were charged into the same type of microreactor
used for CO oxidation measurements. Water produced
during methane oxidation was frozen downstream from
the reactor in a trap maintained at< ÿ40�C with a mix-
ture of ethanol and dry ice. No partial oxidation product
was observed. All activity measurements (CO and CH4
oxidation) were obtained under steady-state conditions
at conversions less than 15%. Turnover frequency
(TOF) was calculated using CO andCH4 oxidation rates
at 160 and 390�C, respectively, normalized by surface
copper atoms determined from Cu content and disper-
sion.

3. Results and discussion

3.1.Chemical state and dispersion of cerium/alumina
catalysts

The chemical state and dispersion of cerium oxide in
cerium modified alumina (CeN and CeA) have been
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reported previously [46]. In summary, for the CeA, only
0.3 wt% crystalline CeO2 was detected by XRD (table 1,
figure 1b), indicating that most of the cerium oxide is
present as an amorphous phase. A large amount of crys-
talline CeO2 (4.6 wt%) was observed for CeN (table 1,
figure 1c), although a low cerium loading (5.1 wt%) and
high surface area alumina support (203 m2/g) were used
in this study. The Ce dispersion determined by XPS
results was found to be poor in both catalysts (table 2).
Le Normand et al. [20] and Shyu et al. [51] have reported
that for cerium catalysts with < 2:6 �mol ceria/m2 alu-
mina (< 9 wt% CeO2/200 m2 Al2O3), Ce species were
present as CeAlO3 dispersed surface phase and/or as
small CeO2 crystallites which were not detectable by
XRD. The inconsistency between our work and that of
previous researchers can be readily understood when
one considers that the cerium precursor used in this
study (Ce4�) was different from the one used in others
(Ce3�). The Ce4� precursor cannot occupy cation vacan-
cies or substitute isomorphously for Al3� in the alumina
lattice because Ce4� does not have the same oxidation
state as Al3�. This limits the interaction of Ce4� and the
alumina support, which leads to the formation of CeO2
during sample preparation.

3.2.Chemical state of copper/alumina catalysts

The XRD patterns obtained for CuA and CuN cat-
alysts are shown in figures 1d and 1e. The XRD pattern
of the CuN catalyst shows intense peaks characteristic of
CuO, however, weak CuO lines are observed in the dif-
fraction pattern of the CuA catalyst. Quantitative XRD
measurements indicate that the CuN catalyst contains
5.5 wt% crystalline CuO phase, while the CuA catalyst
contains only 0.8 wt% crystalline CuO (table 1). For alu-
mina supports with surface area comparable to that used
in this study, previous results [40,52] suggest that up to 8
wt%Cu can be incorporated into the alumina lattice as a
Cu^Al2O3 surface phase when copper nitrate precursor
is used to prepare the catalyst. Our finding that 6.5 wt%
of the copper oxide is present as a dispersed phase for the

CuN catalyst is in good agreement with previous work.
In addition, theXPSCu 2p3=2 binding energies measured
for CuN and CuA catalysts (935.1 eV) are consistent
with the value measured for CuAl2O4 (935.0 eV) and
higher than the value measured for CuO (933.9 eV).
Thus, XRD and XPS results suggest that copper is pres-
ent predominantly as a copper surface phase on the alu-
mina support.

3.3.Dispersion of copper/alumina catalysts

Particle sizes determined for CuN and CuA catalysts
using XRD line broadening calculations and XPS Cu/

Table 1
Concentration of crystalline a phases in Cu/Ce/Al2O3 catalysts calcu-

lated from quantitative XRDdata

Catalyst Crystalline phase (wt%)

CeO2 CuO

CeN 4.6 ± b

CeA 0.3 ± b

CuN ^ b 5.5

CuA ^ b 0.8

CuNCeN 4.7 6.0

CuACeN 4.1 0.6

CuNCeA 3.4 5.5

CuACeA 1.5 0.8

a Valid for crystalline phases with particle sizes> 3:0 nm.
b Catalysts do not contain the component.

Figure 1. XRD patterns measured for (a) alumina support and (b)
CeA, (c) CeN, (d) CuA, and (e) CuNcatalysts.

Table 2
Particle size of cerium and copper phases determined from XRD line

broadening calculations andXPS intensity ratios

Catalyst Particle size (nm)

cerium copper

XRD XPS XRD XPS

CeN 5.1 1.6 ± a ± a

CeA 4.5 1.6 ± a ± a

CuN ^ a ± a 30 1.9

CuA ^ a ± a 30 1.1

CuNCeN 5.1 3.0 32 2.1

CuACeN 5.4 3.6 32 1.1

CuNCeA 4.1 4.1 32 2.2

CuACeA 4.6 4.7 30 1.1

a Catalysts do not contain the component.
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Al intensity ratios are shown in table 2. CuO particle
sizes determined using XRD line broadening calcula-
tions are identical for CuN andCuA catalysts. However,
the copper species particle size determined for the CuA
catalyst using XPS is smaller than the value obtained for
the CuN catalyst. XPS and XRD analyses of the CuA
catalyst indicate the formation of less crystalline and
more dispersed copper species on the alumina support
compared to CuN catalyst. From quantitative XRD
data, approximately 11.2 wt% CuO in CuA is not
detected by XRD can be assigned as a dispersed copper
species on the alumina surface. However, the relatively
poor Cu dispersion compared to monolayer noted for
CuA catalyst indicates that it is not entirely due to a Cu^
Al2O3 surface phase, since copper surface phase is nor-
mally considered to be highly dispersed. These results
suggest that a dispersed amorphous copper oxide phase
is formed on the CuA catalyst. Uchikawa and
Mackenzie [37] have proposed that a polymeric gel was
obtained after a solution of copper ethoxide^aqueous
DETA was heated at 90�C. Therefore, the polymer
structure is possibly obtained during the drying of aque-
ous copper ethoxide^DETA solution and then an amor-
phous CuO phase may be formed subsequently in the
calcination step. It is also possible that Cu^DETA com-
plexes aggregate less during catalyst preparation than
the copper nitrate precursor.

The CuO particle sizes of all copper catalysts deter-
mined with XRD are significantly larger than the values
obtained from XPS (table 2). This difference may be
attributed to the limitations of X-ray diffraction. It is
well known that XRD determined particle sizes are
skewed to large values since XRD does not detect highly
dispersed species. For the copper catalysts, a significant
fraction of the Cu is present as a copper surface phase or
small CuO particles (d < 3:0 nm) that are detected by
XPS but not by XRD. Thus, smaller average particle
sizes are expected fromXPS calculations.

3.4.Chemical state of copper/cerium/alumina catalysts

Figure 2 shows the XRD patterns obtained for Cu/
Ce/Al2O3 catalysts. The XRD patterns show only peaks
characteristic of CuO and CeO2. This is consistent with
studies which have found that copper oxide is immiscible
with cerium oxide [33]. For the Cu/Ce/Al2O3 catalysts
prepared using CeN support (i.e. CuNCeN and
CuACeN), Cu addition has little effect on the intensity
of CeO2 XRD peaks. This can be attributed to the fact
that a large amount of poorly dispersed crystalline CeO2
(4.1^4.7 wt%) is already present in CeN. For the Cu/Ce/
Al2O3 catalysts derived from the CeA (i.e. CuNCeA or
CuACeA), Cu addition increases the intensity of CeO2
XRD peaks. The effect of Cu addition on the CeO2 peak
intensity is more pronounced in the diffraction pattern
of the CuNCeA catalyst compared to the CuACeA cat-
alyst. Quantitative XRD measurements (table 1) show

that Cu addition increases the amount of crystalline
CeO2 from 0.3 wt% (CeA) to 1.5 wt% (CuACeA) and 3.4
wt% (CuNCeA). We attribute the increase in crystalline
CeO2 content observed for the CuNCeA catalyst to the
dissolution of cerium oxide in an acidic copper nitrate
solution (pH 2.2) followed by agglomeration during sub-
sequent drying and calcination steps of the catalyst prep-
aration. Cerium oxide is insoluble in the basic
impregnating solution (pH 12.4) used to prepare CuA
catalysts and consequently a less significant change in
crystalline CeO2 content is observed.

For the Cu/Ce/Al2O3 catalysts, quantitative XRD
measurements show that the concentration of crystalline
CuO is identical within experimental error to the value
measured for analogous CuN and CuA catalysts. In
addition, Ce has little effect on the Cu 2p3=2 XPS binding
energies (935.0�0.1 eV). The chemical state of copper
species is essentially independent of Ce promotion.

3.5.Dispersion of copper/cerium/alumina catalysts

The particle sizes of Cu and Ce species calculated
using XRD line broadening and XPS intensity ratios are
shown in table 2. XRD line broadening calculations
show that CeO2 particle sizes of Cu/Ce/Al2O3 catalysts
are not changed by Cu addition and are similar to those
of analogous CeN and CeA supports. However, the cer-
ium particle size calculated from XPS Ce/Al intensity
ratios increases significantly after Cu addition. Since Cu

Figure 2. XRD patterns measured for (a) CuACeA, (b) CuNCeA,
(c) CuACeN, and (d) CuNCeN catalysts.
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addition increases the crystallinity of cerium oxide, we
can attribute the decrease of dispersion to the agglom-
eration of cerium species during the Cu impregnation
step. However, we cannot exclude the possibility that
some copper species deposits on the surface of the cerium
oxide phase, and encapsulates the particles and subse-
quently decreases the XPS Ce/Al intensity ratio. Such
an encapsulation effect would be more prominent for
copper alkoxide derived catalysts due to their higher dis-
persion.

The copper oxide particle sizes calculated from XRD
line broadening calculations are identical regardless of
cerium promotion and copper precursors. The particle
sizes of copper species calculated from XPS Cu/Al
intensity ratios depend on the precursors used for cat-
alyst preparation. The absence of a significant effect of
Ce addition on the CuO crystallinity and dispersion can
be understood in terms of the Ce/Al2O3 surface struc-
ture. Since the CeN and CeA catalysts contain poorly
dispersed cerium oxide, 
-Al2O3 is the predominant sur-
face exposed during copper impregnation. Thus, the
copper oxide structure in each catalyst is determined pri-
marily by the copper^alumina interaction.

3.6. Effect of catalyst structure onCOoxidation
activity

Table 3 shows the specific turnover frequencies
(TOF) and activation energies for CO oxidation over
Cu/Al2O3 and Cu/Ce/Al2O3 catalysts calculated at
160�C using XPS estimates of the Cu dispersion. The
results of CeN and CeA catalysts are not shown due to
their negligible CO oxidation activity compared to the
copper catalysts. The CuN catalyst shows higher TOF
and lower activation energy compared to the CuA cat-
alyst. Comparison of the CO oxidation activities meas-
ured for the CuN and CuA catalysts indicates that the
catalyst containing more crystalline CuO (i.e. CuN) is
more active than catalysts containing less CuO phase
(CuA). This is consistent with our previous study [53],
which showed that crystalline CuO was more active for
COoxidation than a dispersed copper surface phase.

Ce addition increases the TOFs measured for the

Cu/Al2O3 catalysts by a factor of 5 to 12. The activation
energies for CO oxidation calculated for cerium pro-
moted catalysts are similar within experimental error
(12:1� 0:9 kcal/mol) and close to the values measured
for unpromoted catalysts. The higher CO oxidation
TOF for cerium promoted copper catalysts indicates
that cerium oxide is an effective promoter when one con-
siders that only a small amount of cerium oxide (5.1
wt%) was used in this study. Changing crystallinity and
dispersion of cerium oxide species after Cu addition indi-
cates that copper oxide interacts strongly with cerium
oxide during catalyst preparation. Liu and Flytzani-
Stephanopoulos [33,34] reported that Cu^Ce^O compo-
site catalyst shows high CO oxidation activity, compar-
able to that of the Pt/alumina catalyst. They attributed
the enhanced catalytic activity to the strong interaction
of copper and cerium oxides. It also has been reported
recently [35,36] that ceria promoter enhances the redox
behavior of copper ions and produces surface oxygen
ions over CuO/CeO2/
-alumina catalysts. The Cu/Ce/
Al2O3 catalysts derived from CuN show higher CO oxi-
dation activity than the catalyst prepared with CuA.
This is consistent with the result of CuN and CuA cat-
alysts, which shows higher CO oxidation activity for the
catalyst containingmore crystalline CuO.

3.7. Effect of catalyst structure onCH4 oxidation
activity

Table 3 shows the TOFs and activation energies for
CH4 oxidation calculated at 390�C. The results of CeN
and CeA catalysts are not shown due to their negligible
CH4 oxidation activity compared to the copper cat-
alysts. The TOFs of the catalysts derived from CuN are
approximately three times higher than those of the cat-
alysts prepared with CuA. Ce addition has little effect on
the CH4 oxidation TOF for copper catalysts. The activa-
tion energies are identical within experimental error
(22:6� 0:8 kcal/mol).

We have previously reported [53] that isolated copper
surface phase is the active site for CH4 oxidation reac-
tion over copper oxide catalyst. Therefore, the catalyst
containingmore isolated copper surface phase should be

Table 3
Specific turn over numbers a and activation energies b of CO andCH4 oxidationmeasured forCu/Ce/Al2O3 catalysts

Catalyst CO oxidation CH4 oxidation

TOF (sÿ1 � 102) activation energy TOF (sÿ1 � 104) activation energy

CuN 1.1 12.0 3.7 22.7

CuA 0.3 15.4 1.2 21.6

CuNCeN 8.7 10.9 3.7 22.7

CuACeN 3.0 12.1 1.3 23.8
CuNCeA 13.7 12.6 4.5 21.9
CuACeA 1.5 12.8 1.4 22.6

a Calculated at 160 and 390�C forCOandCH4 oxidation respectively using exposedCu species determined fromXPS.
b Estimated fromArrhenius plots (kcal/mol) within 15% conversion.

P.W.Park and J.S. Ledford /Structure and oxidation ofCe-promoted copper oxide catalysts46



more effective. In our study, CuA catalyst may contain
less isolated copper surface phase than CuN catalyst,
although Cu dispersion of CuA is higher than that of
CuN. The formation of less isolated but dispersed cop-
per phase can be attributed to the formation of Cu^
DETA polymer structure during catalyst preparation
step [37]. We propose that this polymeric Cu^DETA
complex leads to the formation of an interacting copper
surface phase (i.e. dispersed copper cluster) and/or
amorphous copper oxide which may be a less active
phase than isolated copper species for CH4 oxidation.
The absence of a cerium promoter effect on CH4 oxida-
tion reaction for Cu/Ce/Al2O3 catalysts can be
explained by limited interaction between poorly dis-
persed ceriumoxide and isolated copper surface phase.

4. Conclusions

The combined use of several techniques to investigate
the effect of cerium promoter and metal precursors on
the structure of Cu/Ce/Al2O3 catalysts leads to the fol-
lowing conclusions.

(1) The CuA catalyst shows enhanced Cu dispersion
compared to CuN catalyst. However, CuA catalyst is
less active for CO andCH4 oxidation than CuN catalyst.
We believe that the CuA catalyst contains less active
phases than the CuN catalyst for CO and CH4 oxidation
which are crystalline CuO and isolated copper surface
species, respectively.

(2) Ce has little effect on the dispersion and crystalli-
nity of copper species. In contrast, Cu addition decreases
the Ce dispersion and increases the amount of crystalline
CeO2 present in theCu/Ce/Al2O3 catalysts, particularly
in catalysts prepared using theCeA.

(3) Ce addition increases the CO oxidation activity
of the copper catalysts. This can be explained by the
strong interaction of cerium oxide with crystalline CuO
and, subsequently, an enhancement in redox activity of
the copper oxide phase. The Ce promoter does not affect
CH4 oxidation activity due to limited interaction of cer-
iumoxide with isolated copper surface species.
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