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Production of H2 for polymer fuel cells (PEMFC) is usually
accomplished by a multistep procedure which includes catalytic
reforming of hydrocarbons followed by water gas-shift (WGS)
processes.1,2 However, due to the limited activities of current WGS
catalysts, approximately 0.5-1.0 vol % of unconverted CO still
remains in the effluent and needs to be decreased to a trace level
to avoid poisoning of the Pt-based PEMFC anode. Preferential
oxidation of CO (CO-PROX) upon external introduction of a small
amount of oxygen in the H2-rich stream resulting from reforming-
WGS processes has been recognized as one of the most straight-
forward and cost-effective methods to achieve acceptable CO
concentrations (below ca. 100 ppm).3 Supported noble metal
catalysts, in particular those containing platinum or gold,3-5 have
shown their ability for the process, and commercial systems based
on supported platinum are available.6

Catalysts based on combinations between copper and cerium oxides
constitute a more interesting alternative from an economical point of
view and have also shown promising properties for the process.5,7,8 It
is generally agreed that optimum catalytic properties for CO oxidation
over copper-ceria catalysts are achieved in the presence of well
dispersed copper oxide patches over ceria nanoparticles.7,9 This has
been recently rationalized by spectroscopic analysis under reaction
conditions of catalysts of this type showing that active sites for such
a reaction, under CO-PROX conditions, are related to interfacial copper
oxide entities which become partially reduced during the course of
interaction with the reactant mixture, for which process ceria apparently
plays an important promoter role.8 In turn, the mentioned study has
shown that H2 oxidation, the main reaction competing for the available
oxygen with the CO oxidation one over this type of catalyst (their
respective relative activity therefore determining the width of the
practical conversion window, i.e. temperature range at which values
close to 100% CO conversion with the lowest possible H2 oxidation
activity becomes achieved), is apparently promoted when the reduction
of the copper oxide particles becomes extended to noninterfacial sites,
suggesting that the performance for such a reaction can strongly depend
on morphological characteristics of the copper oxide particles them-
selves.8 Such results, suggesting a possible separation (at least to a
certain extent; it must be noted that both oxidation processes cannot
most likely be treated as fully independent)7,10 between most active
sites for the two main oxidation reactions (of CO and H2, respectively)
taking place along the CO-PROX process, obviously provide a key to
modulation of the overall CO-PROX behavior of this kind of system.8

In this context, enhanced catalytic properties can be achieved by using,

instead of traditional direct catalyst configurations, in which copper
oxide is dispersed onto ceria, inverse configurations in which large
size copper oxide particles act as the support for ceria. The hypothesis
proposes shifting hydrogen oxidation conversion to a higher temper-
ature based on the fact that the reducibility of copper oxide particles
with hydrogen is expected to decrease with increasing particle size,9,11

and considering that this type of catalyst operates under redox Mars-
van Krevelen type mechanisms.12 In turn, it is expected that the amount
and properties of copper-ceria interfacial sites could be maintained in
the inverse system to keep a high level of CO oxidation activity in the
system.8

The inverse system has been synthesized by a microemulsion
method, as detailed in Supporting Information. X-ray diffraction
shows that the catalyst is constituted by CuO and CeO2 with average
crystal sizes of 21.8 and 5.3 nm, respectively (Supporting Informa-
tion). The inverse configuration of the catalyst has been demon-
strated by means of STEM-XEDS and HRTEM analyses (Sup-
porting Information). As illustrated by Figure 1, the sample shows
the presence of large CuO particles onto which small (about 5 nm)
CeO2 particles appear supported.

CO conversion achieved under a CO-PROX mixture for the inverse
catalyst favorably compares with that obtained over a classical reference
catalyst which displayed the highest CO oxidation activity among this
series in a previous study,7 Figure 2. The wider full CO conversion
window and higher CO2 selectivity achieved over the inverse catalyst
are, in accordance with the proposed hypothesis, a consequence of its
lower activity for the H2 oxidation reaction. This must be related to
the limited reducibility of larger size CuO particles present in this
catalyst.8,9,11 This has been demonstrated by means of operando-XRD
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Figure 1. HRTEM image of the catalyst showing several CeO2 nanopar-
ticles supported over a CuO particle.

Published on Web 12/16/2009

10.1021/ja9089846  2010 American Chemical Society34 9 J. AM. CHEM. SOC. 2010, 132, 34–35



and -XAFS. XRD measurements under CO-PROX conditions show
that the starting CeO2/CuO sample becomes reduced to CeO2-x/Cu
above 470 K, Figure 3. The reduction is direct, and only a minute
amount of Cu2O intermediate could be inferred; this behavior is
characteristic of large CuO particles reduced under either H2 or CO.13,14

Another interesting feature is the evolution with temperature of the
CeO2 lattice size. Below 470 K, the CeO2 lattice evolves as expected
for thermal expansion. However, simultaneously with CuO reduction
above 470 K, an extensive lattice expansion is produced which is
related to ceria reduction;15 i.e., concurrent ceria and CuO reduction
is produced, proving the strong copper-ceria interaction in the sample,
in agreement with previous results.8 This is corroborated by XAFS
measurements under reaction conditions (Supporting Information). In

contrast to the redox behavior of the inverse catalyst, the Cu0.2Ce0.8O2

reference system was shown to become reduced at appreciably lower
temperatures (ca. 400 K) under the same conditions and coinciding
with the onset of H2 oxidation.8 Sequential CuO f Cu2O f Cu
reduction was detected in that case, which must be due to the lower
influence of kinetic effects during reduction of the highly dispersed
very low size CuO particles present in the Cu0.2Ce0.8O2 reference
catalyst.7,8,13,16 Activity data collected during recording of XAFS
spectra show that onset of H2 oxidation takes place at ∼425 K, before
bulk reduction occurs (Supporting Information). This suggests that
surface redox changes are mainly generating the active sites for that
reaction; it must be considered the huge amount of bulk with respect
to surface copper expected to be present in the large CuO particles in
the inverse catalyst. In turn, previous studies have evidenced that active
sites for the CO oxidation reaction are related to interfacial Cu+ species
generated through a reductive process upon interaction with the CO-
PROX reactant mixture.8 This has been explored by operando-DRIFTS
which demonstrates the formation of such Cu+ states already upon
contact with the reactant mixture at 303 K (Supporting Information).
Redox/catalytic correlations provide evidence for the involvement of
these active species on CO oxidation for the inverse CeO2/CuO catalyst,
in agreement with our recent investigation.17
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Figure 2. Catalytic activity under 1% CO, 1.25% O2, and 50% H2 (Ar
balance) for the indicated catalysts. Top: CO conversion. Bottom: Selectivity
to CO2. Note CO2 and H2O are only products obtained from competing
CO and H2 oxidation reactions, respectively.

Figure 3. Top: Time resolved XRD patterns of the inverse catalyst taken
under CO-PROX conditions. Bottom: Sequential Rietveld refinement of Cu
species mole fractions and CeO2 cell dimension.
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