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Abstract: This article reviews work done at authors’ laboratories about catalysts based on
combinations between copper and ceria for preferential oxidation of CO in
Hy-rich streams (CO-PROX). The main focus of this review is the characterization of
active sites for the process on the basis of spectroscopic analysis of the systems under
reaction conditions (operando techniques). On such a basis, it is exposed the state of the art
in this field in connection with results obtained in other laboratories.
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1. Introduction

Production of H; for polymer fuel cells (PEMFC) is usually accomplished by a multi-step process
that includes catalytic reforming of hydrocarbons or oxygenated hydrocarbons followed by
water-gas shift (WGS) [1,2]. The gas stream obtained after these processes presents, in most cases,
a relatively high CO concentration that disallows efficient handling of the fuel by the Pt alloy anode
usually employed in the PEMFC. Preferential (or selective) oxidation of CO in the Hj-rich stream
resulting from such processes (CO-PROX) has been recognized as one of the most straightforward and
cost-effective methods to achieve acceptable CO concentrations (below ca. 100 ppm) [3-7].

Different types of catalysts have shown their efficiency for the CO-PROX process. These can be
classified into three general groups as a function of their nature and/or respective catalytic properties.
The first group involves supported noble metal catalysts (mainly Pt ones) and follows from the first
developments done by Engelhard researchers in the context of processes related to production of clean
hydrogen for ammonia synthesis [8]. These are mostly employed and commercially available catalysts,
although they exhibit a relatively low selectivity for the reaction of interest (CO oxidation) at practical
operating temperature (between 373 and 473 K), which can make necessary interstage cooling
operations to avoid extensive heating as a consequence of the exothermicity of the (H, and CO)
oxidation reactions involved [9]. A second group of active catalysts involves supported gold catalysts,
well known for their outstanding performance for CO oxidation [10-14]. These show a high
CO-PROX activity with a good match between their activity window and the PEMFC anode operating
temperature (353—403 K). However, they can have the drawback of their poor resistance to the
presence of CO; in the reactant mixture [3,11,12,15]. The third group is constituted by catalysts based
on closely interacting copper oxide and ceria, which have shown promising properties in terms of
activity, selectivity and resistance to CO, and H,O, while their lower cost (particularly in comparison
to catalysts based on supported platinum, taking also into account the relatively high platinum loading
required to optimize CO-PROX performance) could make them strongly competitive [3,4,6,7,16-24].

The particular ability of copper-ceria catalysts for the CO-PROX or related processes has been
essentially attributed to the synergistic redox properties exhibited upon formation of copper
oxide-ceria interfacial sites [4,6,17,18,25-35]. In this sense, generally speaking, the properties of
copper oxide entities for CO oxidation promotion depend strongly on their dispersion degree and/or
related degree of interaction with ceria [18,25,26,36,37]. Nevertheless, although reaction models for
CO oxidation (competing or not with H, oxidation, as it occurs under CO-PROX conditions) have
been proposed on the basis of indirect analysis of redox or catalytic properties for this type of
catalyst [38,39]; direct evidence on redox changes taking place in the catalyst under the reactant
atmosphere, which could provide details on the nature of active sites for the processes taking place
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under CO-PROX conditions in this type of catalyst, has, to the best of our knowledge, only recently
been reported in a series of contributions from our laboratory [18,40,41]. In turn, such redox
characteristics have been shown recently to depend strongly on the type of face exposed by the ceria
support, which has important consequences for the CO-PROX performance of this type of catalyst [42].

The present contribution reviews such studies and also analyzes issues related to catalytic/redox
correlations on catalysts of this type in order to attempt to establish the most relevant aspects of the
state of the art in this field.

2. Results and Discussion
2.1. Redox and Catalytic Properties as a Function of Changes in the Ceria-Based Support Nature

The ability of catalysts based on combinations between copper oxide and ceria for CO oxidation
or the CO-PROX process has been related to the promotion of redox properties, which is achieved
upon combination of both oxides, taking into account that they appear to operate under a redox-type
catalytic mechanism [6]. The existence of a redox promotion has been mainly based on intensive
investigation done with different spectroscopic techniques, as well as temperature-programmed
reduction studies in which it has generally been shown that the CO oxidation rate can be correlated
with the degree of ceria-promoted reducibility attained on the dispersed copper oxide
entities [6,26,29,39,43,44]. In turn, the level of promotion of such reduction can be also affected by
modifying the nature of the support within structurally related doped ceria materials [18,27]. In this
sense, the first approach of the authors’ laboratory to the catalytic properties of this type of system was
done in a work in which a set of catalysts prepared by impregnation with the same copper loading
(1 wt.%)—but differing in the nature of the ceria-related support that was employed—were tested for
the CO-PROX process [18]. Supports were chosen on the basis of previous experience in the field of
three-way catalysts (TWC), as well as considering differences in oxygen transport properties [45].
Thus, in addition to the simple pure ceria support, Ce-Zr and Ce-Tb mixed oxide supports were
employed, taking into account that they could provide enhanced physicochemical and catalytic
characteristics based on previous experience in the TWC field, particularly in terms of enhanced redox
(oxygen transport) properties [46]. Preparation and characterization details for these systems can be
found elsewhere [18]; it must be noted that Sggr values around 100 m*/g were exhibited by all these
systems. As displayed in Figure 1, all catalysts are essentially constituted by fluorite nanocrystals
(stable structure for the corresponding supports; also in agreement with HREM investigation
displaying the presence of more or less rounded ca. 5—8 nm nanocrystals [46,47]) onto which copper
oxide entities have been dispersed. The chemical state of copper has been shown to be similar for all
samples and, in turn, similar to that observed for a CuO reference, with small differences being
attributed to interactions with the ceria-related support [18,37], as evidenced by XANES (Figure 1).
The existence of a fully oxidized state, Cu(Il), of copper in the initial calcined catalysts is also in
agreement with XPS investigation, as shown in Figure 2. In turn, values of XPS atomic ratios are in
agreement with achievement of a relatively high dispersion degree in the copper oxide entities in all
cases (Figure 2). However, in spite of the fact that mixed oxide supports could provide enhanced redox
properties to the catalysts [46], overall CO-PROX performance is shown to be optimized (both in
terms of CO conversion and CO; selectivity—i.e., O, selectivity towards oxidizing CO in competition
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with Hy) for the system supported on pure ceria, as displayed in Figure 3. In turn, such behavior cannot
be attributed to an enhanced copper oxide dispersion in the case of CuC, according to analysis of
Ar'-sputtering XPS experiments (Figure 2), which point to an increase in the dispersion as
CuC =~ CuCT4 < CuCT1 < CuCZ [18]. In order to attempt to rationalize this behavior, the catalysts of
the Ce-Tb series have been examined by means of CO-TPR tests [48]. In this sense, recent work by
Luo et al. [32] provides an interesting rationalization of redox/catalytic correlations in catalysts
combining copper and cerium oxides; on the basis of classical CO-TPR results, they could differentiate
between the reducibilities of the three types of oxidized copper entities generically proposed to be
present in this type of catalyst (in decreasing order of reducibility or CO oxidation activity): finely
dispersed CuQO; bulk-like CuO; and, finally, Cu®" in the ceria lattice, likely substitutionally.
Nevertheless, such an investigation has been undertaken on a series of catalysts combining in all cases
copper oxide and ceria while, as previously mentioned, changes in the support nature can modify such
redox or catalytic properties [46]. In this sense, as shown in Figure 4, the reduction profile (under CO)
of CuC is characterized by a low intensity reduction peak and a somewhat stronger peak at about 170 °C
and 225 °C, respectively, which are referred to as a and 3 peaks, according to the usual nomenclature
employed in the literature [32—34]. In addition, there is a high intensity peak at 298 °C (y peak). These
peaks below 300 °C can be assigned to the reduction of Cu*" ions belonging to different types of
oxidized copper entities with differing degrees of interaction with the underlying ceria support. The
presence of more than one reduction peak in the CuC catalyst, as opposed to one peak in the case of
pure CuO (Figure 4), is consistent with the existence of more than one type of copper oxide species in
CuC, which is in agreement with the irregular shape detected in the Cu/Ce atomic ratio evolution
during Ar'-sputtering experiments (Figure 2) [18]. The reduction of copper species responsible for a
and B peaks occurs at lower temperatures compared to pure CuO, while the y peak maximum appears
fairly close to that of bulk CuO. This justifies attribution of the former two peaks to well-dispersed
copper oxide species whose reduction would be appreciably promoted by ceria, while the latter
accounts for the presence of less dispersed (even though still diffraction silent; see Figure 1) copper
oxide entities. Such an interpretation is also in agreement with results achieved by EPR in previous
studies [29]. Apparent downward shifts of the reduction of copper species are observed in the presence
of Tb in the support (Figure 4). Thus, the reduction profile of CuCT4 contains a low temperature peak
at 120 °C, whereas two peaks appear at higher temperatures (190 °C and 250 °C). The presence of
multiple peaks must reflect, as in the case of CuC, the heterogeneity of copper oxide entities in these
samples, which is in agreement also with Ar -sputtering experiments (Figure 2). Concerning CuCT]I,
the reduction starts around 50 °C and an intense peak at 155 °C is observed. There is also a hump at
250 °C in this case, which could in part be related to the existence of residual WGS activity (as a
consequence of interaction of CO with surface hydroxyls) [49]. Similar results can be found in reports
by Wang et al. [38,50], in which the formation of a low temperature o peak in case of CuO on
samarium-doped ceria has been attributed to the effect of the presence of surface oxygen vacancies
within the oxygen ion conducting support. They have inferred that an interfacial metal oxide-support
interaction mechanism is involved at the inception of the reduction, followed by the induced
successive reduction of bulk copper oxides, somewhat in accordance with a proposed model for the
reduction of components of this type of system upon interaction with CO [29]. Similarly, our CO-TPR
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results (Figure 4) suggest that the low temperature reducibility of finely dispersed CuO on CuCT4 and

CuCT]1 is enhanced in comparison to CuC.

Figure 1. Top: X-ray diffractograms of catalysts with 1 wt.% copper oxide dispersed on
ceria (CuC), Ce-Zr mixed oxide (CuCZ) and Ce-Tb mixed oxides with 4:1 (CuCT4) and
1:1 (CuCTl1) Ce:Tb atomic ratios. Bottom: XANES spectra for the indicated catalysts.
Note: This figure is adapted with permission from [18]. Copyright © 2005, Elsevier B.V.
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Figure 2. Left: Wagner diagram showing Cu (2p and AES) XP parameters observed for
CuC and CuCZ samples. Right: Profile of the Cu/(Ce + M), M = Zr or Tb, atomic ratio as
a function of the Ar -sputtering time for the indicated samples. Note: This figure is adapted
with permission from [18]. Copyright © 2005, Elsevier B.V.
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Figure 3. Profiles of CO conversion (top) and selectivity for the CO-PROX process
(bottom) obtained during catalytic tests under 1% CO + 1.25% O, + 50% H, (Ar balance)

for the indicated catalysts. Note: This figure is adapted with permission from [18].
Copyright © 2005, Elsevier B.V.
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Figure 4. CO; production during the CO-TPR runs performed with a tubular reactor over
the indicated samples. A CuO reference sample prepared by microemulsion has been
included for comparative purpose. Note: This figure is reproduced with permission
from [48]. Copyright © 2009, Elsevier Inc.
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However, such apparently enhanced reduction of dispersed copper oxide entities upon Tb-doping of
ceria (as inferred from interpretation of the CO-TPR profiles; Figure 4) does not correlate with the
gradual decrease in CO oxidation activity under CO-PROX conditions (Figure 3). It has to be noted
that such redox/catalytic correlations appear to be well established on the basis of both CO-TPR and
H,-TPR experiments [26,32—34]. In conclusion, these results evidence that such a type of correlation is
not fully valid when the support nature changes. This being the case, what could then be the reason for
such discrepancies, taking also into account that correlation between copper oxide reducibility and CO
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oxidation activity has been widely demonstrated not only based on mentioned TPR experiments but
also on the basis of various spectroscopic techniques [40,41]? The origin of the discrepancy can be
related to the redox phenomena taking place at relatively low temperatures (even subambient) during
the gas equilibration period carried out at room temperature prior to starting the recording of the
CO-TPR data typically done after such gas equilibration when the heating ramp under diluted CO is
launched. Indeed, a process of CO consumption, with no CO, evolution, is detected during such
equilibration period, in agreement also with previous experiments [48,51,52]. In this respect, amounts
of CO consumed at 20 °C prior to launching the ramp are estimated as 230, 210 and 175 umol/g for
CuC, CuCT4 and CuCT1 samples, in good qualitative agreement with the aforementioned decrease of
CO oxidation activity upon increasing the amount of terbium in the support (Figure 3). The respective
CO oxidation activity is, in turn, reflected by the respective intensity of a Cu'-carbonyl species
(attribution in accordance with previous works, including '>CO-">CO isotopic substitution experiments
and analysis of carbonyls thermal stability, where full details can be found [27,29,48,49,51]) formed
upon interaction of the calcined samples with CO at room temperature, Figure 5. Since the catalysts
were shown to display a fully oxidized state of copper in the initial calcined sample, formation of such
carbonyl species upon room temperature interaction evidences the existence of a low temperature
copper oxide reduction process, also in agreement with concomitant formation of carbonate-type
species upon such room temperature interaction with CO [49,51]. Such a room temperature copper
oxide reduction process has been also demonstrated to take place upon interaction with the CO-PROX
reactant mixture [18]. Therefore, the extent of support promotion of such a low temperature reduction
process, rather than reduction processes occurring at higher temperatures that are the ones typically
reflected by conventional TPR tests, appears to correlate with respective CO oxidation activity in this
type of catalyst, as will be discussed in the following. It may be noted that additional evidence for this
room temperature reduction process was obtained in previous work by XPS and EPR [29]. In turn,
further demonstration of the involvement of a partially reduced state of copper on the CO oxidation
activity was also recently achieved for this type of catalyst by operando-DRIFTS showing in turn the
existence of an induction process related to the aforementioned reduction of copper oxide [53].

Figure 5. DRIFTS spectra in the carbonyl stretching region following interaction of the
indicated catalysts with a diluted CO flow at room temperature.
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2.2. Nature of Active Sites/Entities and Further Hints on Catalytic/Redox Correlations

with
most active configuration involving the combination of copper oxide and ceria were explored with

Considering the results exposed in the former section, a set of -catalysts
regards to their CO-PROX properties by means of spectroscopic techniques under reaction conditions
(the so-called operando techniques). Two different preparation methods (impregnation and
microemulsion-coprecipitation) and different copper loadings have been used in order to attempt to
cover the widest possible range of physicochemical characteristics in the oxide entities constituting the
catalysts. The main characteristics of the initial calcined catalysts at their structural, morphological and
electronic levels, on the basis of XRD, Raman, HRTEM-XEDS, Sggr measurements, XANES, and
XPS were reported in a former contribution, in which full details of catalytic activity results taken with
a tubular reactor can also be found [40]. A brief summary of the characterization results is given in the

following and some relevant data are collected in Table 1.

Table 1. Main textural and structural characteristics of the indicated copper-ceria catalysts.
The initial number in the samples prepared by impregnation reflects the respective
Cu wt.%, while atomic amounts of copper and cerium are indicated in the names employed
for the samples prepared by microemulsion-coprecipitation [40].

Synthesis SeET Lattice parameter *  Crystal size * Phases
Sample 2 b
method (m*/g) A) (nm) detected
0.5Cu0O/CeO, impregnation 116 5.410 7.6 Fluorite CeO,
1Cu0O/CeO, impregnation 107 5.410 7.8 Fluorite CeO,
Fluorite CeO
5Cu0/Ce0, impregnation 101 5.413 8.1 uorl.e oo
tenorite CuO
i Isi Fluorit
CeposClgosQy L CTOCTIUISION =y 3 5.410 7.0 vortte
coprecipitation Ce-,Cu,0,
i Isi Fluorit
CeosCup,0p L rocmUBION 5 5.413 6.6 uorite
coprecipitation Ce-,Cu, 0y

* For the fluorite phase; ® Based on XRD and Raman [40].

Thus, XRD displayed only peaks corresponding to the fluorite structure of ceria, except for
5Cu0O/CeO; for which weak and narrow peaks of tenorite CuO were detected, in agreement also with
HRTEM, XANES and XPS results. As shown in Table 1, lattice parameters estimated from XRD
analysis of the fluorite peaks are close to those expected for pure ceria for all the samples. It must be
taken into account, however, that copper introduction into the ceria fluorite lattice is not expected to
induce significant changes in this parameter [29,37]. Indeed, on the basis of analysis of lattice
microstrain (determined from analysis of XRD results) and Raman results, significant differences
between samples prepared by impregnation and microemulsion-coprecipitation were revealed [37,40].
These have been related to the fact that, as expected, all the copper remains essentially at the sample
surface in the samples prepared by copper impregnation, while at least a part of the copper appears to
be incorporated into the ceria fluorite lattice for those prepared by coprecipitation within
microemulsion. In any case, it must be noted that the latter type of sample cannot be fully considered
as pure Ce-Cu mixed oxides, since a certain copper surface segregation, increasing with the copper
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loading, is evident on the basis of mainly XEDS and Ar'-sputtering XPS analyses [40]. Accordingly,
catalysts of the Ce;-,Cu,O, series (Table 1) can probably be better described as CuO/Ce;-.Cu.O,-,
(with undetermined z and y, and in any case with the amount of segregated CuO increasing
with x [40]), since single solid solution of the copper is not fully achieved in any case (most
particularly for Cu content >10 at.% [40]). In turn, although CuO-type clusters dispersed on the ceria
support predominate for the catalysts prepared by impregnation, differences between catalysts of this
series as a function of copper loading have been shown to be related, as noted in Table 1, to the
presence of large crystalline CuO particles, in accordance also with electron microscopy investigation [40],
in 5Cu0O/CeO,. This must be the result of having exceeded the copper oxide dispersion capacity of the
CeO; support above a certain copper oxide surface loading (in our case, detected for the sample with
5 wt.% Cu) [40]. On the other hand, the presence of copper induces some surface area decrease in the
samples prepared by impregnation, probably due to some copper covering of interparticle pores
(Table 1). In contrast, the surface area appreciably increases with the copper amount for the samples
prepared by microemulsion—coprecipitation, in correlation with the aforementioned introduction of
copper into the ceria lattice, which basically induces a decrease in primary particle size (Table 1). On
the other hand, concerning the electronic state of copper, XANES (as also shown below) and XPS
analyses revealed that the starting sample calcined under dilute O, at 500 °C presents copper in a fully
oxidized Cu®* chemical state with relatively few differences (except for the crystalline CuO detected in
5Cu0/Ce0,) between the samples concerning copper electronic characteristics [37,40].

Concerning the catalytic/redox behavior of the series of samples collected in Table 1, DRIFTS
experiments under CO-PROX conditions reveal the formation of bands of a similar nature for all
catalysts upon contact with the reactant mixture at reaction temperatures between 303 and 523 K.
These basically appear in three distinct spectral zones, as illustrated in Figure 6 for the 1CuO/CeO,
catalyst. The first zone displays bands corresponding mainly to hydroxyl species (isolated ones of
various types giving sharp bands in the 3720-3600 cm ' range and associated species giving a broad
band extending from ca. 3800 to 3000 cm ) [54,55]. A second spectral zone below 1700 cm ' exhibits
most intense bands of carbonate or related species [56—58]. Stretching vibrations of these species
appearing in this region are ascribed to bidentate carbonates (bands at ca. 1583 and 1297; note this
attribution was recently revisited and tridentate coordination was suggested for this species on the
basis of combined IR-DFT analysis [59]); a combination band at ca. 2880 cm ' (see the highest
wavenumber zone at the left of Figure 6), particularly apparent in lower temperature spectra, is also
attributed to these bidentate carbonate species. Polydentate carbonates showing the symmetric and
antisymmetric stretching vibrations of the terminal CO bonds at ca. 1478 and 1356 cm ™' are also
detected. The band at 1216 cmfl, along with that at 1399 cm ! and a shoulder at ca. 1600 cmfl, are
attributed to hydrogen carbonate species [57,58]; this is confirmed by the presence of a sharp OH
stretching vibration at ca. 3618 cm ' also belonging to these species; note that this type of carbonate
must be formed upon interaction of CO with monodentate hydroxyls (giving rise to a band at
ca. 3710 cm™' in the spectrum of the original sample) [55,58], in accordance with observation by
DRIFTS, Figure 6. The third spectral zone (at intermediate frequencies) shows the formation of
CO; (g), evolving in accordance with CO oxidation activity, and a carbonyl species (as discussed
earlier, a Cu'-carbonyl giving rise to a band at ca. 2120-2110 cm ' [27,29,49,51]. As discussed
previously, the presence of these Cu'-CO species already upon initial contact at 303 K with the
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reactant mixture is consistent with the easy reduction of copper in the catalysts, considering that
copper is fully oxidized in the initial calcined catalysts [40]. As also noted earlier, in the case of
Cu/Ce—Tb,0O,-, catalysts, one of the main differences between the samples is related to the intensity
of this Cu'-carbonyl band. Furthermore, as displayed in Figure 7, a correlation can be established
between the intensity of such carbonyl species and the CO oxidation rate observed for every sample.
Since such carbonyl species must be formed as a consequence of a support-promoted reduction process
of the copper and taking also into account that the relatively low frequency of this band, with respect
to those expected for this type of carbonyls [60], has been related to the interaction between the
partially reduced copper centers and the underlying ceria [27,29,40,41,51], the correlation evidenced
by Figure 7 reveals that the active species for CO oxidation under CO-PROX conditions must be
related to surface-dispersed partially reduced copper oxide species interacting with the support,
i.e., at CuO-support interfacial positions. This is consistent with the aforementioned results collected
in previous reports [27,29,40,49], which show that these copper species are the most reducible upon
contact with CO at low temperatures within a process whereby the ceria support that is in contact with
the copper species can also become reduced [27,29,61,62]. Thus, differences between the
CO oxidation activities under CO-PROX conditions for this type of catalyst is related to the extent of
support promotion of such partial (to Cu") CuO reduction at interfacial sites which is attained in each
case. It is worth noting that the correlation between the intensity of the Cu’-carbonyl and CO oxidation
activity over samples of this type was also independently demonstrated later by Baertsch et al. [63].

Figure 6. DRIFTS spectra under CO-H,-O, reactant mixture flow at the indicated
temperatures for 1CuO/CeO,. The spectrum at the bottom corresponds to that recorded at
303 K after pretreatment under diluted O, at 773 K, prior to contact with the reactant
mixture. Note: This figure is adapted with permission from [40]. Copyright © 2007,
American Chemical Society.
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Figure 7. (a) intensity of the Cu’-carbonyl as a function of the reaction temperature under
CO-H,-O, mixture for the indicated catalysts. (b) Intensity of the
QMS m/e = 44 signal, corresponding to CO,, during the tests performed with the DRIFTS
cell under CO-H,-O, mixture. (c¢) correlation between the intensity of the
Cu'-carbonyl just prior to CO oxidation onset and the initial CO oxidation activity.
Note: This figure is adapted with permission from [40]. Copyright © 2007, American
Chemical Society.
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On the other hand, the reaction mechanism under which this type of catalyst operates for CO
oxidation has been proposed to be of a redox, generally speaking, of the Mars-van Krevelen [64,65],
type [6]. This has been, indeed, demonstrated for the 1CuO/CeO, catalyst for which kinetic data are
consistent with Mars-van Krevelen expressions [66]:
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ko2 = A02 exp [T]
with Aco = 1.61 x 10° mol/g-s-bar, E,co = 4.57 x 10" J/mol, Ao, = 2.87 x 10° mol/g-s-bar”,
E.02 =5.51 x 10* J/mol and n = 0.09 [66]. In this respect, it becomes pertinent to enquire as to
the nature of the active oxygen species involved in the reaction mechanism. It must be recalled in
this sense that different oxygen species (superoxide, peroxide, oxide) have been proposed to be
involved as active sites in this type of system, which can certainly depend on the specific degree
of hydroxylation present in each case [67,68]. To help gain perspective, Raman spectra were
collected under reaction conditions for Cug,Ce(3O,. They do not show the formation of peroxide
or superoxide species under CO-PROX conditions; bands are expected at ca. 840 and 1125 cm ™',
respectively [64,69] (Figure 8). The shift of the fluorite F,, mode band at ca. 460 cm ' with
increasing reaction temperature is in agreement with thermal expansion of the fluorite lattice (in
accordance with spectra simultaneously recorded under the same conditions for CeO;) and
reduction at the highest temperatures [64,70], while the decrease of the band at ca. 600 cm '
(related to oxygen vacancies [37,64]) at the highest reaction temperatures is consistent with
copper migration to the surface as a consequence of reduction to metallic copper [37], in
agreement with XANES results described below. The partially reduced oxygen species
(superoxide, peroxide) were proposed to be involved during CO-PROX processes in
hydroxylated ceria-supported gold catalysts [70]. Their absence under CO-PROX conditions in
Cug2Ce 30, suggests that oxygen species involved in the redox processes can be related to oxide
anions, in agreement with a recent investigation in which redox changes under CO/O; in

1CuO/CeO, were observed to occur without involvement of superoxides or peroxides even at
303 K [64], at which they can be stable [29].

Figure 8. Raman spectra obtained for CeysCup,0, under CO-PROX conditions
at the indicated temperatures. Note: This figure is adapted with permission from [41].
Copyright © 2007, American Chemical Society.
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The analysis of the Cu K-edge XANES spectra of Cuy,Ce 30, and 5CuO/CeO, under CO-PROX
conditions indicates the presence of three different chemical species during the course of runs. The
first one corresponds to a Cu®" chemical state displaying geometry similar to that found in CuO,
though it also displays some particularities as a consequence of interactions with the support, as
discussed in more detail elsewhere [37]. The Cu®" component predominates at low reaction
temperature, as illustrated by Figure 9. Since DRIFTS results described earlier revealed that Cu"
species are formed at low temperature, it must be noted that the amount of Cu'-carbonyls formed must
correspond to a relatively low portion of the whole copper present in the sample (note in this sense a
maximal limit of ca. 10% as intrinsic error of the XANES technique/analysis). They must be
exclusively related to interfacial sites in close interaction with the support which present the highest
redox activity, in accordance with existence of a support promoting effect on the CuO reduction, as
discussed previously [29]. A component corresponding to zero-valent Cu’, as identified from a
comparison with a Cu foil reference, predominates at the end of the runs (Figure 9). Additionally, an
intermediate species is detected during spectra analysis and attributed to a Cu” state on the basis of its
Is — 4p/3d transition energy and spectral shape. Joint analysis of the evolutions of the various copper
species and the gases evolving during the CO-PROX tests allow separating different relevant zones
(Figure 9). The first one (zone I) at lowest reaction temperature involves exclusively activity for the
CO oxidation reaction and has been discussed above on the basis of DRIFTS experiments. The second
zone (II) displays a correlation between the onset of H, oxidation and, at slightly lower temperature,
the onset of massive copper reduction to Cu'. This correlation suggests the involvement of the latter
species in H, oxidation, in agreement with the high reactivity shown by partially reduced copper oxide
towards hydrogen [71]. Note that as a difference from CO oxidation, H, oxidation takes place only
when the reduction is propagated to zones of the copper oxide nanoparticles far from the interface
between the two oxide components. In this respect, H, oxidation can be most dependent on the specific
properties (size, shape [72]) of the dispersed copper oxide nanoparticles, as pointed out previously [18].
In contrast, CO oxidation properties are most likely governed by the characteristics of the
CuO-support contacts, i.e., the interfacial properties [41]. A third zone (III) is detected at higher
temperatures whereby the H, oxidation reaction rate changes in coincidence with a sharp increase of
the Cu” contribution. This can be related to the formation of less active Cu,O and/or to sintering of the
copper prior to generation of metallic copper [40,73]. This is detected at the highest reaction
temperature and its formation fairly coincides with the formation of Ce*" states (not shown; see [41]
for details). It may be pointed out that the copper segregation produced by this reduction process can
contribute to the deactivation observed in this type of system when maintained under the reactant
mixture at relatively high temperature [7,20]. Validation of the correlations observed for Cug,Ces0-
is provided by observation of similar ones for 5CuO/CeO; [41].

The existence of different active sites (interfacial ones and on top of the reduced copper oxide
particles) for each of the two reactions basically involved in the CO-PROX process over this type of
catalyst (CO and H, oxidation) is in agreement with kinetic analysis showing the absence of
interference between CO and H; during the two reactions (i.e., the rates of CO and H; oxidation do not
depend on partial pressure of H, and CO, respectively) [39]. This has, however, been refuted recently
by Kydd et al. [73], who suggest that some degree of competency between H, and CO for the active
sites may arise at relatively high reaction temperatures, in the non-selective region, when CO
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desorption from active reduced copper sites become favored, even though, to the best of our
knowledge, no direct evidence for this is available yet [73].

Figure 9. Cu-K edge XANES spectra under CO-H;-O, mixture over CeysCup,0; (a).
Evolution of chemical species extracted from spectra analysis and of the various gases
detected in the course of the Operando test with the XAFS cell (b), quantified in
accordance with calibration and appropriate gas interference corrections. Note: This figure
is adapted with permission from [41]. Copyright © 2007, American Chemical Society.
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Another recent finding is related to a very recent study in which three samples of copper oxide
supported by ceria with different surface morphological characteristics (nanocubes exposing (100)
faces at their surface, nanorods exposing (110) and (100) faces and nanospheres with polyhedral
shape) have been examined with respect to their CO-PROX performance [42]. An absence of
correlation between CO oxidation activity and intensity of Cu'-carbonyls formed under CO-PROX
reaction conditions (as explored by operando-DRIFTS) is observed in that case, which contrasts with
the results exposed above (obtained with series of different copper loading samples supported on a
ceria support with the same morphology or with samples prepared by copper-cerium
microemulsion/coprecipitation.

This reveals differences in the catalytic properties of the dispersed copper oxide entities as a
function of the surface characteristics of the ceria support with which they interact, i.e., a structural
dependence of the CO oxidation reaction involved in the CO-PROX process. On the whole, the main
conclusion of such a study can be that optimized CO-PROX catalysts can be obtained by using ceria
nanocubes as support. This is based on the fact that such morphology could allow achieving maximum
dispersion (i.e., avoiding copper oxide segregation into separated big copper oxide particles not
interacting with the underlying support, as detected, for instance, when using ceria nanospheres as
support; Table 1) in this case, and partly as a consequence of the relatively low specific surface area of
ceria nanocubes [42] and larger particle size within homogeneously distributed dispersed copper oxide
particles. Interaction of such dispersed copper oxide particles with the underlying (100) face of ceria
can also be most relevant to explain the enhanced CO-PROX catalytic properties. The latter is related
to the enhanced CO; selectivity, which favorably balances the decrease of CO oxidation activity
produced as a consequence of the stronger interaction with the support. The higher CO, selectivity
observed over the specimen supported on ceria nanocubes is shown to be related to difficulties in
achieving full reduction of the dispersed copper oxide particles under CO-PROX conditions, on the
basis of mainly operando-DRIFTS experiments, and also in agreement with arguments exposed above.
On the other hand, other morphological details which could be relevant to this type of catalyst/process
is related to control of the porous microstructure of the system, as shown in a recent study [74].

3. Summary and Main Conclusions

Catalysts constituted by combinations between copper oxide and ceria (or structurally related doped
ceria) are amongst the most active catalysts within operative temperature ranges for the process of
preferential oxidation of CO in Hj-rich stream (CO-PROX). This is an economically and practically
interesting procedure for the purification of hydrogen extracted from hydrocarbon sources, particularly
focusing on its use as fuel of proton exchange membrane fuel cells in mobile or small-scale
applications. Although general agreement exists concerning the necessity of establishing contacts
between both components’ oxides, simply achievable upon dispersing at highest possible level copper
oxide on high surface ceria, it is required to go a step further in the sense of understanding basic
aspects of the CO-PROX process over this type of system in order to get optimized configurations,
particularly considering that the main competitors within catalysts active for the process are very
robust platinum-based catalysts. In this context, the present contribution basically revises work done in
the authors’ laboratories focused on gaining basic insights in two interrelated aspects: (1) determining
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the nature of the sites active for the various reactions involved in the process; and (2) establishing
catalytic/redox correlations. Concerning the first point, it must be noted that basically two reactions
take place below about 200 °C (before formation of WGS-active metallic copper under CO-PROX
reaction conditions) in the presence of a CO-PROX mixture over this type of catalyst: CO and H,
oxidation. In turn, concerning the second point, when starting from a fully oxidized catalyst, changes
can be produced in the oxide components during the course of the interaction with the reactant
mixture, i.e., considering the reducing nature of the mixture, reduction of the oxides components
becomes thermodynamically favored. On this basis, operando-spectroscopic analysis of the catalysts
has been carried out and allows concluding on the existence of a low temperature support promoting
effect on the partial reduction (to Cu’) of interfacial sites of the dispersed CuO entities. Such
interfacial partially reduced copper sites (Cu’ species) apparently constitute the most active sites for
the CO oxidation reaction on the basis of the results obtained. This is mainly based on the finding of
an interesting correlation between the intensity of Cu'-carbonyls formed under reaction conditions and
the CO oxidation rate respectively observed. This has been recently shown to depend also on the
specific surface morphology of the ceria support which evidently determines the CO oxidation activity
of the active reduced copper entities. On the other hand, the extension of the reduction over the copper
oxide entities (i.e., to sites out of the interface and accordingly most likely not so strongly affected by
contact with the ceria support) upon interaction with the reactant mixture can provide the most active
sites for the H, oxidation reaction. The possible separation between the two types of the most active
sites that can be involved during the two (H, and CO) oxidation reactions taking place under
CO-PROX conditions over this type of system (previous macroscopic kinetics experiments have also
pointed out towards the presence of independent active sites for the two reactions [39]) can open the
possibility to control their catalytic properties and design optimized systems for this important
application. Indeed, this hypothesis has allowed the design of newly optimized catalysts of this type by
using inverse CeO,/CuO configurations, as recently reported [75]. Nevertheless, it must be noted that
other authors have argued for different active sites for each one of the two oxidation reactions;
i.e., it has been proposed, although no direct demonstration is available to the best of our knowledge,
that H, and CO can compete, at least above a certain reaction temperature, for the same active sites.
This hypothesis proposes that H, oxidation starts as soon as the temperature is sufficiently high and
CO desorption from copper-active sites becomes favored. We are presently working in our laboratory
on understanding better how this functions.

On the other hand, the results point out some discrepancies as to the use of classical TPR runs for
getting catalytic/redox correlations since redox processes of relevancy to explain CO oxidation can
take place at relatively low temperature, typically during gases equilibration prior to data collection. In
addition, as pointed out in previous works, the reaction mechanism under which the catalysts operate
for CO oxidation can be of a redox Mars-van Krevelen type with oxide anions apparently constituting
the active centers, according to Raman investigation. Other aspects of relevancy which have not been
treated in detail in this contribution, are related to understanding the catalysts’ deactivation
mechanisms [76,77], particularly in the presence of CO, and H,O in the reactant mixture, which, as it
occurs for nanogold systems, could limit the practical application of this type of catalyst. It must,
however, be mentioned in this sense that monolithic forms of CO-PROX catalysts combining copper
and ceria have displayed high performance for the process, even in the presence of important amounts
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of CO; and H,O in the reactant stream [78]. On the other hand, copper segregation and formation of
metallic copper is shown to occur at 7> ca. 473 K under CO-H,-O, mixture and can also contribute, in
addition to formation of interfacial carbonate species and molecular water blocking effects [76,77], to
deactivation observed under a simple CO-PROX mixture.
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