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Tailored Mesostructured Copper/Ceria Catalysts with Enhanced Per-
formance for Preferential Oxidation of CO at Low Temperature**
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Hydrogen as the most efficient and cleanest energy source for
fuel cell power is produced mainly by reformation of hydro-
carbons, followed by the water gas shift reaction. The CO
(0.5–2%) present in the hydrogen stream must be selectively
removed because CO is highly poisonous to the electro-
catalyst in proton-exchange membrane fuel cells (PEMFCs).
Preferential oxidation (PROX) of CO in excess H2 is there-
fore a key reaction for the practical use of H2 in PEMFCs.[1,2]

Among the catalysts reported to be active for PROX,
copper/ceria-based catalysts have been considered as promis-
ing candidates because of their low cost and high selectivity
compared to catalysts based on gold or platinum. However,
they usually only show noticeable activities above 100 8C,
while the operating temperature of PEMFCs is around
80 8C.[2a–c,3a,b] Furthermore, the catalytic properties depend
strongly on the preparation method and the CuO/CeO2

interfacial area.[2a–c,3] Despite numerous studies about
PROX catalysts, little is known concerning the influence of
pore size and pore structure on the catalytic performance.[2a]

Transition-metal oxides exhibiting mesoporous structures, for
example, Co3O4 and CuO/Fe2O3, are active for CO oxidation
at low temperature and show higher activity than the
corresponding bulk materials.[2c–f] The high activity of meso-
porous metal oxides was correlated to their ordered meso-
structure and high surface area.[2c–f] Hard templating is
a method known to enable the synthesis of materials that

possess a highly defined pore architecture and a very high
surface area, thus leading to unique physicochemical proper-
ties.[4] However, studies of surface redox reactivity and the
confinement of reactions near to the surface owing to the
dimension of the pores have been limited to a few compo-
sitions of catalysts for CO oxidation.[2d–f]

Herein, we report the catalytic performance in CO-PROX
of Cu/CeO2 and CuM/CeO2 catalysts prepared by the nano-
casting method.[5a] In this study, mesoporous catalysts with
various compositions were synthesized using an improved
hard templating method that we have recently developed.
The pore size, specific surface area, and pore structure were
tailored by changing the type of mesoporous silica used as
solid template (e.g., KIT-6 aged at different temperatures,
SBA-15, and MCM-48 nanospheres). The resulting metal
oxide materials possess a high surface area (up to 200 m2 g�1)
and a pore size ranging from 3 nm to 12 nm. The catalytic
performance of these materials is among the best reported
thus far for copper/ceria-based catalysts with respect to the
CO conversion and CO2 selectivity at low temperature. The
effect of their mesostructure and composition on the reduc-
ibility and catalytic properties are also substantiated.

Mesoporous silica templates with different pore structures
(KIT-6, SBA-15, and MCM-48) were synthesized according to
the literature.[5b–d] The pore size of the KIT-6 was varied by
changing the aging temperature (40, 100, and 130 8C).[5b,c] The
nanocast catalysts were prepared by one-step-impregnation
hard templating (see Experimental Section). The samples
prepared from KIT-6 were labeled as Cu(x)CeM(y)-K-T, with
T representing the aging temperature of KIT-6, x (x = 10–30)
and y (y = 20) are nominal molar percentages of Cu or M to
Ce (M = Co or Fe), respectively. The samples using SBA-15
and MCM-48 hard templates were denoted as Cu(x)Ce-SBA
and Cu(x)Ce-MCM, respectively. Representative TEM
images of the nanocast materials replicated from KIT-6 and
SBA-15 templates confirm the long-range periodic order of
the mesopores (Figure 1A and B, and Figure S1 in the
Supporting Information). The TEM image of Cu/CeO2

replicated from MCM-48 spheres clearly show the mesopo-
rous spherical particle morphology. Mesoporosity was further
confirmed by N2 adsorption–desorption measurements (Fig-
ure S2). All of the samples casted from SBA-15, as well as
from KIT-6 aged at 100 and 130 8C, showed type IV isotherms
with a capillary condensation step above p/po = 0.4, which are
rather typical for mesoporous metal oxide nanocasts.[2d–f, 4d]

Narrow pore size distributions were observed for all the
samples except for Cu/CeO2 produced from KIT-6-40. Pore-
size analysis, obtained from the adsorption branch by NLDFT
methods (see characterization section in the Supporting
Information), indicated mesopores of approximately 5 nm
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for the products prepared from SBA-15, KIT-6-100, and KIT-
6-130; the sample replicated from MCM-48 showed a smaller
pore size of 2.6 nm. On the other hand, Cu(30)Ce-K40
exhibited additional pore-size distributions at about 12 nm
and 16 nm, which is rather similar to what is observed when
metal oxides could grow randomly within one set of the pore
system of the bicontinuous structure, possibly owing to low
interconnectivity between the two subnetworks of mesopore
channels in the parent KIT-6 silica aged at low temper-
ature.[2f, 4d–g] Textural parameters of the mesoporous metal
oxide samples are given in Table S1.

Specific BET surface area, pore size, and pore volume of
the nanocast Cu(30)Ce-K samples all decrease with higher
aging temperature of the KIT-6 silica template. The samples
prepared from cubic (Ia3d) KIT-6-100 and 2D hexagonal
(p6mm) SBA-15 have the same pore size (� 5 nm), specific
surface area (� 150 m2 g�1), and pore volume (� 0.3 cm3 g�1).
In contrast, Cu(30)Ce-K40 and Cu(30)Ce-MCM have
a noticeably higher surface area (� 200 m2 g�1), however the
former has larger pore size and higher pore volume. Note that
variation in copper content and additional incorporation of
Co or Fe dopants have a minor effect on surface area and pore
volume of the nanocast products. However, such differences
in composition also have a significant impact on the
reducibility and catalytic properties for CO-PROX (see
below).

The excellent mesostructure order of the mesoporous
metal oxides was also demonstrated by low-angle XRD
patterns (Figure 1 C and Figure S3). All the patterns exhibit
a main strong peak at low 2q value, which could be indexed to
the (211) and (100) reflections of the Ia3d and p6mm
symmetries, respectively. The d values calculated from the

(211) reflection of the cubic mesophase are 8.11, 8.84, and
9.71 nm, corresponding to unit-cell parameters (ao) of 19.9,
21.7, and 23.8 nm for the mesoporous Cu(30)Ce samples
derived from KIT-6 aged at 40, 100, and 130 8C, respectively.
The crystalline nature of the walls of the mesoporous
materials was confirmed by wide-angle PXRD analysis
(Figure 1C and Figure S4), which reveals peaks correspond-
ing to the pure face-centered-cubic (fcc) structure of CeO2.
The absence of other oxide phases of copper, cobalt, or iron
suggests that these metal species are highly dispersed or
incorporated in the ceria lattice. The quantification of bulk
and surface composition was carried out by AAS and XPS
(Table S2). The remaining Si content determined by AAS is
about 3.5 wt % in all samples. It is likely that ceria-bound Si
species could not be totally removed in the presence of Si�O�
Ce bonds (isolated SiO2 is readily dissolved with NaOH),
which is consistent with other reports on the preparation of
CeO2 using silica template.[6a] Surface Cu/Ce ratios in the
samples were 2.1–2.8 times higher than the respective Cu/Ce
ratios in the bulk. This result confirms the surface enrichment
with Cu and its high dispersion, in agreement with the
elemental EDX mapping (Figure S5) and XRD results. From
the XPS spectra (Figure S6), it is apparent that most Cu
present in these samples is in + 1 oxidation state, owing to the
presence of low Cu 2p3/2 binding energy (932 eV) and the
absence of shake-up peaks that are characteristics of Cu2+ at
939–944 eV.[3b–c] Cerium species in all of the samples seem to
be mostly in a + 4 oxidation state. These observations are
indicative of a redox equilibrium (Cu1+ + Ce4+$Cu2+ +

Ce3+), which has been claimed to be the source of a synergetic
effect on catalyst reducibility.[3] These results prove that the
copper species are well dispersed and in close contact with
ceria. Temperature-programmed reduction by H2 (H2-TPR)
of pure CeO2 and metal-doped CeO2 samples were performed
to investigate reducibility characteristics of the catalysts
(Figure 2). Two broad peaks appear at about 582 and 781 8C
for pure CeO2, belonging to the reduction of surface and bulk
ceria, respectively.[6b] Bulk CuO shows a single reduction peak
at 320 8C. For Cu(x)Ce-K100 materials, hydrogen consump-
tion can roughly be divided in two reductive peaks (denoted
as a and b), which can be attributed to the reduction of well-
dispersed surface copper species and copper in the ceria
lattice, respectively, at noticeably lower temperature com-

Figure 1. TEM images of A) Cu(30)Ce-K40 and B) Cu(30)Fe(20)Ce-
K100. C) Powder XRD patterns of the samples templated from KIT-6.

Figure 2. H2-TPR profiles of the compositions replicated from A) KIT-6-
100 and B) Cu(30)Ce from different mesoporous silica templates.
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pared to the bulk oxide.[3, 6] With an increase of the Cu content
from 10 to 30 %, the temperature of the a peak decreases
slightly and the associated H2 consumption increases from
0.21 to 0.5 mmol per gram of catalyst, reflecting higher
amount of the most reducible Cu species on the surface. The
b peak position drops strongly from 321 to 223 8C, and the
total H2 consumption below 400 8C increases from 0.78 to
1.65 mmol g�1 with increasing Cu content. Note that the total
H2 consumption always surpasses the amount needed to
totally reduce Cu+/2+ species into Cu0, which implies that
some of Ce4+ ions are also reduced at lower temperature
along with reduction of Cu+/2+. Indeed, the H2-TPR results
demonstrate that there is a strong synergistic interaction
between copper and cerium species that facilitates reduction
of both copper and cerium. Doping of Co or Fe into the
copper/ceria structure leads to higher H2 consumption
(Table S3), and an additional peak appears at 489 8C in the
case of the Fe incorporation. Moreover, Figure 2 B shows the
H2-TPR profiles of the Cu(30)Ce materials nanocast from
different mesoporous silica templates. These samples have
similar content and segregation of Cu species. The Cu(30)Ce-
MCM has the smallest pore size (� 2.6 nm), but higher H2

uptake for the a peak compared to those of the Cu(30)Ce-
K130 and Cu(30)Ce-SBA samples, which have a larger pore
size (� 4.9 nm), probably because of the higher surface area
of the Cu(30)Ce-MCM sample. For Cu(30)Ce-K samples, the
total H2 consumption below 400 8C and the temperatures of
the a peaks are the same, while the b peak shifts to lower
temperature with decreased aging temperature of the KIT-6
templates. Notably, the H2 uptake at the a peaks is 0.36, 0.52,
and 0.94 for the samples prepared from KIT-6 templates aged
at 130, 100, and 40 8C, respectively, thus suggesting that the
catalysts become more reducible with lower aging temper-
ature of the parent silica template. Thus, these results
evidence that both the composition and textural parameters
of the catalysts have pronounced effects on their reducibil-
ities. In addition, contributions of other effects, such as
differences in Cu dispersion in CeO2 originating from
variation in silanol densities in the silica hard templates,
which could play a role in the process of nanocasting
(templates aged at varying temperatures), cannot be
excluded. Oxygen vacancies are believed to play an important
role in CO oxidation and can be considered as an indicator for
promotion of the reaction.[3b–c] Direct evidence of oxygen
vacancies and defects can be provided by Raman spectros-
copy, as they cause changes in the vibrational structure of the
ceria lattice. As shown in Figure 3 and Figure S7, for pure
CeO2, a broad band with high intensity at 462 cm�1 is assigned
to the F2g vibration mode of the CeO2 lattice. The bands at
580 and 1160 cm�1 can be ascribed to the presence of oxygen
vacancies and defects in the CeO2 lattice.[7] The Raman
spectra of copper/ceria samples exhibit an increase in
intensity of the band at 1160 cm�1, while the F2 g vibration
band shifts from 462 to 446 cm�1, becoming broader and
partially overlapping with the band at 580 cm�1. The reason
for these features could be the presence of oxygen vacancies,
which are related to structural defects generated by incorpo-
ration of heterovalent atoms.[7] These observations made by
Raman spectroscopy agree well with the above conclusions

concerning reducibility and correlation with the textural
characteristic of the catalysts. The increase in copper content,
surface area, and pore size leads to higher number of oxygen
vacancies and increased reducibility. Here, oxides with 3D
cubic pore structure seem to exhibit more oxygen vacancies
and higher reducibility than the analog with 2D hexagonal
pore structure. This result could tentatively be correlated to
the continuous pore structure of the cubic mesophase possibly
associated to subtle variations in wall thickness of the
different replicas.

The corresponding activity and selectivity for CO-PROX
of all the samples, plotted as function of temperature, are
given in Figure 4 and Figure S8. The light-off temperature of
CO (T50) decreases in the following order for copper/ceria
catalysts: Cu(10)Ce-K100>Cu(20)Ce-K100>Cu(30)Ce-
K130>Cu(30)Ce-SBA>Cu(30)Ce-MCM>Cu(30)Ce-
K100>Cu(30)Ce-K40, in accordance with the evolutions in
oxygen vacancies and reducibility. Especially, a complete CO
conversion with 100 % selectivity was achieved at around
40 8C in the case of Cu(30)Ce-K40, which is thus among the
most active copper/ceria catalysts reported to date. Consid-
ering the low temperature, this material might also be
exploited for practical application in gas sensors or breath-
ing-protection masks. Furthermore, the incorporation of 20%
Fe extends the full CO conversion (80–160 8C) and improves
selectivity to CO2, while Co incorporation does not provide
substantial improvement. Further studies will be necessary to
clarify the origin of the impact of the Fe and Co doping. Note
that the stability of the catalyst was verified for the example of
Cu(30)Ce-K100, and only a slight deterioration of the
catalytic performance was found after three cycles.

In summary, we have shown that highly active and
selective mesoporous copper/ceria catalysts with tailored
compositions and textural parameters can be obtained
through nanocasting using mesoporous silica phases as hard
templates. The products are promising materials for applica-
tion as CO-PROX catalysts or as gas sensors. In addition to

Figure 3. Raman spectra of the nanocast mixed oxide samples with
various compositions and structures.
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the role of composition and specific surface area, the
reducibility and catalytic performance are also influenced
by structural parameters such as pore size and pore structure.
This study demonstrates that a fine control over nanoscale
structural features offers new perspectives for catalyst design.

Experimental Section
For the preparation of the nanocast metal oxides, preground nitrate
salts (2.75 g) in desired proportions (Cu(NO3)2·3H2O, Ce-
(NO3)3·6H2O, Co(NO3)2·6H2O, Fe(NO3)3·9H2O) were mixed and
ground with the silica template (1 g, pretreated in vacuum at 150 8C
for 2 h) in an agate mortar in the presence of n-hexane (10 mL). Metal
precursors (1.5 g) were used in the case of KIT-6[5b,c] aged at 40 8C as
the template. The resulting homogeneous mixture was subsequently
dispersed in n-hexane (30 mL) and heated to reflux (80 8C) for 20 h.
After filtration, the samples were dried at 70 8C for 24 h, and calcined
under air at 500 8C for 5 h. The silica template was then removed by
treatment with 2m NaOH (three times for 24 h) at room temperature.
Finally, the resulting Cu/CeO2 or CuM/CeO2 powders were washed
three times with water and three times with ethanol, and then dried at
70 8C.
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