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The surface reduction and oxidation of nanocrystalline CeO,
and CuQ/CeO, was investigated by temperature-programmed re-
duction (TPR) and isothermal/temperature-programmed oxida-
tion (TPO) measurements. Samples with Cu concentrations in the
range of 5-20% were prepared by homogeneous precipitation and
characterized with regard to their composition, structure, and spe-
cific surface area. The quantitative analysis of H, TPR measure-
ments of the mixed oxides indicated that (i) the majority of the
copper component was completely reduced at temperatures below
473 K and (ii) chemisorption of hydrogen occurred at T=375 K,
catalyzed by the copper oxide. The reoxidation of the samples with
N0 could also be separated into two partial reactions: (i) a re-
action of N,O with adsorbed hydrogen at room temperature and
(ii) the oxidation of the reduced copper component between 343
and 573 K. Annealing of Cug03Ce920,_ at temperatures above
1073 K resulted in the precipitation of a copper oxide phase, as
was evident from X-ray diffraction (XRD). Changes in the mor-
phology of the copper component, induced by high-temperature
annealing, had a significant effect on the N,O TPO profile even
after annealing at temperatures below 1073 K, where XRD was not
sensitive.  (© 2002 Elsevier Science
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temperature-programmed oxidation (TPO); ceria; copper oxide;
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1. INTRODUCTION

Cerium oxide is known as an active catalyst for oxida-
tion reactions (1, 2). The activity for oxidation of carbon
monoxide can be significantly increased by doping with
transition metals. It has been reported that among vari-
ous dopants, the system CuO/CeO, exhibited the highest
activity for CO oxidation (3), even comparable with the
activity of commercial precious metal catalysts (4). Inves-
tigations into the activity of copper oxide supported on
CeO; and y-AlLOs catalysts for NO conversion showed
an enhanced activity of CuO/CeO; compared to CuO/y-
AL O3 (5). Another important reaction in which CuO/CeO,
exhibits high catalytic activity is the total oxidation of
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methane (3, 6). This particular reaction has recently at-
tracted new attention since the mixture CuO/CeQ; is ap-
parently well suited for use as electrodes in solid oxide fuel
cells involving the direct conversion of hydrocarbons (7).
The high activity of CuO/CeO,; raises questions with re-
gard to the atomic, chemical, and electronic structure of this
material. X-ray diffraction (XRD) (8) and scanning trans-
mission electron microscopy (9) revealed that the copper
component in Cug15Cegg50,_x prepared using magnetron
sputtering (10) was highly dispersed on the surface of CeO,
nanocrystals. Thermal stability of the dispersion was only
limited by sintering of the ceria support, indicating a rather
strong chemical interaction between the support and the
copper component. This chemical affinity was also verified
by electrochemical measurements (11). The copper chem-
ical potential was reduced as compared to the known cop-
per oxide phases, indicating a solid solution. Taking into
account the low solubility of copper in the cerium oxide
bulk phase, the experimentally observed apparent solubil-
ity of 15 at% was associated with a surface layer of copper—
cerium mixed oxide (11). Further studies by X-ray photo-
electron spectroscopy showed that the copper component
in the intimate mixture with cerium oxide could be read-
ily reduced and oxidized at temperatures as low as 473 K
(12). The copper valencies were found to be Cu’, Cu'*, and
Cu?*, depending on the reduction and oxidation conditions.
The major objective of the present study was to investi-
gate how the distinct oxidation and reduction properties of
both copper and cerium oxide combine in the surface layer
of nanostructured CuO/CeQO; catalysts. As an experimen-
tal approach, samples of various copper concentration or
different specific surface area were analyzed using quanti-
tative H, temperature-programmed reduction (TPR) and
isothermal or temperature-programmed oxidation (TPO)
with N,O. Nitrous oxide has often been used to measure
specifically the copper surface area by selective chemisorp-
tion, thus allowing quantification of copper dispersion in
supported catalyst (13, 15). However, earlier pulsed oxi-
dation measurements of CuO/CeO; materials aiming at a
characterization of the copper dispersion in the supported
metal catalyst failed in so far as unphysical dispersions of
more than 100% were obtained for the copper component.
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It was a second objective of the present study to identify
the origin of this failure and to find out whether a modified
experimental procedure would provide the desired infor-
mation on the morphology of the copper component.

2. EXPERIMENTAL

2.1. Sample Preparation

CeO; and CuO/CeO, were prepared by a homoge-
neous precipitation method using hexamethylenetetramine
(HMT) (16). Two aqueous solutions of 0.0375 M cerium
(IID)nitrate and 0.5 M HMT were mixed and stirred at
room temperature for 24 h. The precipitate was centrifuged,
washed twice with 2-propanole, and dried at 343 K. A fur-
ther heat treatment in air at 623 K for at least 30 min was
performed in order to completely oxidize the precipitate
and to remove organic residues. The mixed CuO/CeO; ox-
ides were prepared by adding a defined amount of copper
(IT) nitrate to the cerium nitrate solution. By varying the
copper nitrate concentration in the precursor solution, it
was possible to prepare mixed oxide samples with Cu con-
centrations in the range of 5-20 mol%.

The preparation of samples with different surface area
was realized by annealing in 8% O,/Ar for 2 h. In the case
of CuO/CeO,, the samples were taken from the same batch
of mixed oxide powder so that the compositions of the spec-
imens were identical whereas the specific surface areas after
annealing at 873, 973, 1073, and 1173 K were different.

2.2. Characterization

Surface area and structure. 'The specific area of the sam-
ples were obtained from nitrogen adsorption isothermes at
T = 77 K using a Micromeritics ASAP 2010. The analysis
of the isotherms was performed using the supported DFT-
plus software (17, 18). The advantage of this analysis as
compared to the BET method is that condensation in micro-
pores, which are present in the nanocrystalline cerium oxide
samples, are explicity taken into account. Assuming a pore-
size distribution function f(H) the adsorption isotherm is
described as a superposition Q(p) = > dHq(p, H) f(H) of
model isotherms q(p, H), which were obtained from den-
sity functional theory (DFT). The unknown pore-size dis-
tribution function f(H) is received by a least-squares fit
of experimental isotherms. With an asumption for the pore
geometry, the total surface area of the samples can be de-
termined.

X-ray diffraction measurements were performed in order
to identify the crystalline phases of the oxide samples. A
Siemens D-500 diffractometer with Cu K« radiation and a
primary LiF-monochromator was employed.

Chemical composition. The chemical compositions of
the CuO/CeO; samples were measured using the energy-
dispersive X-ray analysis of a JEOL JXA 840 A scanning
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electron microscope. The chemical analysis was calibrated
by measuring a series of standard samples of known com-
position.

Surface reduction and oxidation. The reduction and oxi-
dation measurements were performed using a vertical fixed-
bed reactor in a tube furnace. Samples of 0.2 g of pure
cerium oxide or 0.15 g of CuO/CeO, were placed between
two layers of quartz granules inside a quartz tube. A re-
action gas flow of 50 sccm downward from the reactor was
stabilized by mass flow controllers. The TPR and TPO mea-
surements were performed at a heating rate of 10 K min~".
The reactive gas compositions were 5% H,/Ar for TPR and
5% N,O/Ar gas mixture for oxidation measurements.

The chemical composition of the effluent gas after reac-
tion was analyzed using a Balzers QMS200 quadrupol mass
spectrometer. The analyzer was calibrated with gas mix-
tures of known composition so that a quantitative analysis
of the reduction and oxidation was possible. The various re-
action peaks in the concentration profiles were integrated
after baseline substraction. The absolute amount of reacted
gases was then quantified from the total gas flow.

In order to remove carbonate and hydrate adsorbates
from the surface, the samples were pretreated by heat-
ing in 8% O,/Ar at T = 623 K. In addition, a prelimi-
nary TPR measurement and reoxidation was performed
and the data discarded, because the TPR profiles were
found to become reproducible only after a first such cycle.
Isothermal and temperature-programmed oxidation mea-
surements were performed following TPR after cooling the
sample in pure Ar.

3. RESULTS AND DISCUSSION

3.1. Temperature-Programmed Reduction

Figure 1 shows a typical reduction profile of an un-
doped ceria sample. A reduction peak with a maximum at
T =780 K could be observed and was well separated from
a second continuous increase in the rate of reduction at
higher temperatures. The origin of this distinct reaction was
investigated by measuring samples of different specific sur-
face area. In principle, one may assume contributions from
both the bulk and the surface of cerium oxide nanoparticles
to the integrated peak of hydrogen consumption. The first
contribution would be proportional to the mass whereas
the second would be proportional to the absolute surface
area of a sample.

Nlt‘[ozt =a- Msample +8- Asamplfn [1]

where « and 8 are constants. Dividing Eq. [1] by the sample
mass one obtains the linear relationship

tot
H, = a4+ ,8 Asamplc [2]
Msample Msample
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FIG. 1. Reduction profile of undoped ceria.

Ceria samples of different specific surface area were pre-
pared by annealing nanocrystalline ceria at T = 823, 923,
973, 1023, and 1073 K. The results from the H, TPR mea-
surements of these samples are plotted according to Eq. [2]
in Fig. 2. Linear regression of the data yields an inter-
cept @ = 10.19 & 6.77 umol m~2 and a slope 8 = 9.55 +
1.38 umol m~2. This result indicates that the first reduction
peak in Fig. 1 was dominated by the reduction of the ceria
surface, in agreement with (19). The slope 8 of this analysis
is a quantitative measure for the number of reactive sites
per unit area of the surface of undoped ceria. By compar-
ing the obtained value for g with the total concentration of
formular units on a ceria surface, estimated by Bernal et al.
(20) as 7.97 umol m~2, the degree of surface reduction can
be roughly approximated by the following reaction:

CeO,; + H, — H,O + CeO. [3]
500
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FIG. 2. H; consumption of the first reaction peak divided by the sam-
ple mass versus specific surface area of the ceria samples.
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Asmentioned in the experimental section, the TPR profiles
of CuO/CeO; became reproducible only after a first prelim-
inary measurement. The lack of reproducibility points to an
irreversible change in the morphology of dispersed copper
on the cerium oxide surface during the first reduction. A
possible explanation for this effect could be redistribution
of copper atoms if new sites of low energy become available
during reduction. In order to obtain further information on
the nature of this irreversible change, measurements of the
local structure (e.g., using extended X-ray absorption fine
structure (EXAFS)), will be necessary.

A typical TPR profile of a CuO/CeO, sample is shown in
Fig. 3 together with the reduction profile of an undoped ce-
ria sample for comparison. For CuO/CeO;, the main reduc-
tion process was shifted to temperatures below 473 K. The
profile shows a double peak structure with the first maxi-
mumat T = 373 KandthesecondatT = 423 K whereas the
peak observed at 780 K in the TPR profile of pure ceria did
not appear. A preliminary quantitative analysis revealed
that the total hydrogen consumption was larger than the
value expected for a complete reduction of the CuO com-
ponent to Cu. The additional hydrogen consumption may
be due to surface reduction at low temperature. In this case,
the integrated double peak in the hydrogen consumption
can be divided into one contribution proportional to the
absolute amount of CuO in the sample and a second com-
ponent proportional to the absolute surface area.

Nlt%t = :8/ ' Asample + V/ . NCan [4]

with 8’ and y’ constants. Dividing Eq. [4] by the sample
surface area yields a linear relationship:

Ncuwo
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FIG.3. H, TPR profiles of a 11.6% CuO/CeO, sample (solid line)
and undoped ceria (dotted line).
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FIG. 4. H; consumption of the CuO reduction peak divided by the
surface area as a function of the CuO amount in the samples per unit area.
The solid line shows a linear fit of the data points; the dotted line represents
the values expected for complete reduction of the CuO component.

As shown in Fig. 4, a linear regression analysis of the mea-
sured data yields an intercept §/ = 10.38 £ 0.42 umol and
a slope y’ = 0.80. The latter value indicates the degree of
CuO reduction. Possible interpretations would be a com-
plete reduction of 80% of the CuO to Cu or, alternatively,
a complete reduction of 60% of the copper component and
a partial reduction of the remaining 40% to Cu,O. Both
the intercept 8’ in this measurement and the slope 8 in
Eq. [2] characterize the number of active sites per unit area
of the cerium oxide surface and the two values were very
close. Obviously, the surface reduction peak of undoped
ceria at 780 K was not observed with CuO/CeQO, because
the reaction of hydrogen with the free surface was part
of the low-temperature reaction. As only the consumption
of hydrogen has been analyzed so far, it is not possible to
distinguish surface reduction with a release of water from
hydrogen adsorption on the cerium oxide surface. To clar-
ify the nature of the low-temperature interaction between
hydrogen and the cerium oxide surface, a TPR measure-
ment was performed and also the water concentration in
the effluent gas was analyzed (Fig. 5). There was no in-
crease in the water signal (m/e = 18) corresponding to the
H, consumption in the first peak at T = 373 K whereas
the main peak of the H, consumption had an equivalent
peak in the H,O formation. The main reaction exhibited
two peaks, at T = 420 and 420 K, which had been observed
before (5). This was interpreted as a stepwise reduction in
CuO: first the reduction from Cu®* to Cu!*, second from
Cu'* to Cu’ (5, 6). Our result implies that the overall re-
action of H, with CuO/CeQO, involves the adsorption of
hydrogen on all active sites of the cerium oxide surface
and an almost complete reduction in the CuO component.
The significant H, adsorption on CuO/CeO, was not ob-
served with pure cerium oxide. In agreement with previous
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studies (5) our result indicates that the reduction properties
of both constituent CuO and CeQO; are strongly enhanced
in the mixed catalyst compared to the pure materials.

As mentioned in the introduction, the oxidation of Cu
on metal oxide supports by N,O has been used to char-
acterize the disperion of the copper component in pre-
reduced supported CuO catalysts (13, 15). The method
makes use of the different kinetics of surface and bulk
oxidation of the copper clusters. When this method was
applied to CuO/CeO; unphysical dispersions of more than
100% were obtained because the amount of N, O consumed
during oxidation was larger than the total copper compo-
nent in the sample. The results of the previous section sug-
gest that the excess is due to a reaction between N, O and
hydrogen which was adsorbed at the cerium oxide surface.
Therefore, overall chemisorption of N,O on prereduced
CuO/Ce0O; is not selective. Nevertheless, it may still be
possible to obtain information about the copper disper-
sion form N, O oxidation if the contribution due to the re-
action with adsorbed hydrogen could be separated. This
was investigated by performing combined isothermal and
temperature-programmed oxidation measurements.

3.2. Isothermal and Temperature-Programmed Oxidation

Isothermal oxidation of the sample, which is indicated
by the formation of N,, was observed at room temperature
(Fig. 6). The reaction occurred in a sharp peak and the rate
of reaction decayed to zero after about 500 s. Further ox-
idation was observed during the following TPO measure-
ment. The TPO signal consisted of two overlapping but
well-discernible peaks at 390 and 470 K. Quantitative anal-
ysis of the TPO profiles revealed a good agreement of the
measured nitrogen formation and the amount of CuO in
the various samples, as shown in Fig. 7. Therefore, the re-
action occurring during TPO is associated with the oxida-
tion of copper on cerium oxide. In contrast, the reaction of

H, - consumption [a.u.]
['n"e] Buew.oy} - O°H

0,0

——T —T —T—
400 450 500

Temperature [K]

FIG.5. Reduction profile of an 11.6% CuO/CeO, sample with an
analysis of the H; signal (solid line) and water (dotted line).
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FIG. 6. N,O oxidation of reduced8.5% CuO/CeOs,. (Left) Isothermal
oxidation; (right) TPO.

N,O detected during the isothermal preoxidation at room
temperature must be related to the oxidation of adsorbed
hydrogen on the cerium oxide surface.

3.3. Morphology and Dispersion

Asthe reaction during N, O TPO was identified as the ox-
idation of the reduced copper component on cerium oxide,
we may now investigate the effect of the morphology of the
copper particles on the TPO profile. The method of pulsed
N, O titration makes use of the much slower kinetics of
bulk oxidation as compared to surface oxidation of copper
clusters. If reduced copper clusters on an inert metal oxide
support are exposed to N,O under conditions at which the
surface but not the bulk phase is oxidized, the dispersion
of the copper clusters can be quantified by comparing the
N,O consumption with the total amount of copper in the
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FIG.7. Nitrogen formation per unit area of prereduced CuO/CeO,
during N,O TPO as a function of the CuO component per unit area (see

Eq. [3)).
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sample. The TPO profile shown in Fig. 6 exhibits a double-
peak structure which is associated with the oxidation of
at least two different copper sites. In order to investigate
whether the structure of the TPO profile was sensitive to
the morphology and dispersion of copper on the cerium
oxide substrate, a series of samples with identical composi-
tion of Cug¢sCe9,O,_x Was prepared and changes in the
structure and morphology were induced by heat treatment
of the various specimens at high temperatures. The effect
of the heat treatment is evident from a decrease in spe-
cific surface area from 90 m?> g~! after synthesis to 4 m?
g~! after annealing at T = 1173 K. Given the composi-
tion of Cug0sCe920,_x We can estimate that the surface
coverage with copper in the as-prepared sample was below
one monolayer. With increasing annealing temperature, the
surface area decreased considerably such that the copper
component was forced to precipitate as a second phase. The
formation of CuO- precipitates was observed in the XRD
diagrams of samples which were annealed at temperatures
above 1073 K (Fig. 8). Itis important to notice that there was
no indication of a second copper phase in the as-prepared
sample. The only change observed in the diffraction pattern
of samples annealed at temperatures below 1073 K was the
narrowing of the cerium oxide diffraction peaks associated
with a grain growth of the nanoparticles. Apparently, XRD
was not sensitive to the dispersed copper component. How-
ever, the annealing treatment of the various samples even at
low temperature did result in significant changes in the N,O
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FIG.8. X-ray diffraction pattern of the annealed CugsCe9,02-x
samples. (Bottom to top) As prepared, annealed at 873, 973, 1073, and
1173 K. The peaks associated with the CuO phase are indicated.
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FIG.9. TPO profiles of the annealed CugosCep9202-x samples.
(Bottom to top) As prepared, annealed at 873, 973, 1073, and 1173 K.
The maxima of the increasing second peak are marked.

TPO profiles (Fig. 9). The TPO profile of the as-prepared
sample exhibits a main oxidation reaction in the temper-
ature range between 320 and 500 K, with a maximum
at 380 K. A second increase in the N, concentration at
T = 553 K indicated the beginning of a decomposition of
N, O, confirmed by a corresponding increase in the oxygen
signal of the mass spectrometer. As a result of annealing at
high temperatures, the TPO profiles of the Cug ggCeg 92Oz«
samples evolved toward a double-peak structure with an
additional shoulder at T = 465 K. The temperature of the
second peak, marked in Fig. 9, shifted to higher tempera-
ture with increasing annealing temperature. These results
suggest that considerable changes in the morphology of
the dispersed copper component occurred in the sample,
which were not resolved in the XRD measurements. It is
suggested that the first peak, which did not shift in temper-
ature, is associated with exposed copper ions whereas the
second component may be related to copper ions, which are
located below the surface. The fraction of this buried cop-
per component increased with increasing annealing tem-
perature, indicated by the enlarging intensity of the sec-
ond peak. An alternative explanation for the double-peak
structure of TPO profiles would be a stepwise oxidation
from Cu® to Cu!* and from Cu!* to Cu?t. However, if we
assume complete reduction and oxidation in the initial and
final state of the TPO, we would expect that both peaks ex-
hibit the same integrated intensity, which was not observed.
Therefore, we conclude that the TPO spectra in Fig. 9 point
to a more complex morphology of dispersed Cu on the
cerium oxide surface. Further details of the Cu sites may be
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explored by combined studies of TPO and EXAFS. It
should be noticed that the temperature for bulk oxidation
of larger Cu particles falls outside the range of TPO, as
is evident from the sample annealed at 1173 K. The large
particles of the precipitated copper phase could not be re-
oxidized at temperatures below 553 K (i.e., below the tem-
perature at which decomposition of N,O started). As a re-
sult, the temperature-programmed oxidation of prereduced
copper in CuO/CeO; catalysts by N, O is highly sensitive to
the morphology of the copper component. Further studies,
in particular using complementary techniques such as EX-
AFS, should help to obtain correlations between the TPO
signals and structural units at the surface.

4. CONCLUSION

The reduction and oxidation properties of CeO; and
mixed CuO/CeO, were studied by quantitative H, TPR and
N, O isothermal oxidation/TPO. The overall reaction of H,
with CuO/CeQO; involved the adsorption of hydrogen on all
active sites of the surface and an almost complete reduction
of the CuO component. The oxidation of the prereduced
CuO/CeO, with N,O could also be separated in partial re-
actions. At room temperature, the reaction of N, O with the
adsorbed hydrogen was observed, while the reaction dur-
ing TPO was associated with the oxidation of copper on
cerium oxide. Changes in the morphology and dispersion
of CuO/CeO; induced by annealing treatment at high tem-
peratures were found to have a strong effect on the N,O
TPO profile.
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