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Abstract: This article reviews work done at authors’ labora® about catalysts based on
combinations between copper and ceria for prefedenbxidation of CO in
H,-rich streams (CO-PROX). The main focus of thisieevis the characterization of
active sites for the process on the basis of spsmipic analysis of the systems under
reaction conditionsoperandatechniques). On such a basis, it is exposed the ctahe art

in this field in connection with results obtainedather laboratories.
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1. Introduction

Production of H for polymer fuel cells (PEMFC) is usually accomspked by a multi-step process
that includes catalytic reforming of hydrocarbons axygenated hydrocarbons followed by
water-gas shift (WGS) [1,2]. The gas stream obthiafter these processes presents, in most cases,
a relatively high CO concentration that disallovificeent handling of the fuel by the Pt alloy anode
usually employed in the PEMFC. Preferential (oresele) oxidation of CO in the Hich stream
resulting from such processes (CO-PROX) has bemgnized as one of the most straightforward and
cost-effective methods to achieve acceptable C@eargrations (belowa. 100 ppm) [3-7].

Different types of catalysts have shown their &ficy for the CO-PROX process. These can be
classified into three general groups as a funatibtheir nature and/or respective catalytic prapsrt
The first group involves supported noble metal lgata (mainly Pt ones) and follows from the first
developments done by Engelhard researchers inotiitexa of processes related to production of clean
hydrogen for ammonia synthesis [8]. These are mestiployed and commercially available catalysts,
although they exhibit a relatively low selectivity the reaction of interest (CO oxidation) at picad
operating temperature (between 373 and 473 K), lwlian make necessary interstage cooling
operations to avoid extensive heating as a consegquef the exothermicity of the ¢Hand CO)
oxidation reactions involved [9]. A second groupacfive catalysts involves supported gold catalysts
well known for their outstanding performance for Gfidation [10-14]. These show a high
CO-PROX activity with a good match between thetivaty window and the PEMFC anode operating
temperature (353-403 K). However, they can have dit@avback of their poor resistance to the
presence of CQin the reactant mixture [3,11,12,15]. The thirduyp is constituted by catalysts based
on closely interacting copper oxide and ceria, Whiave shown promising properties in terms of
activity, selectivity and resistance to €énd HO, while their lower cost (particularly in compamns
to catalysts based on supported platinum, takisg mito account the relatively high platinum loagin
required to optimize CO-PROX performance) could eniiem strongly competitive [3,4,6,7,16—24].

The particular ability of copper-ceria catalysts the CO-PROX or related processes has been
essentially attributed to the synergistic redox perties exhibited upon formation of copper
oxide-ceria interfacial sites [4,6,17,18,25-35]. tls sense, generally speaking, the properties of
copper oxide entities for CO oxidation promotiorpeled strongly on their dispersion degree and/or
related degree of interaction with ceria [18,253B637]. Nevertheless, although reaction models for
CO oxidation (competing or not with,Hbxidation, as it occurs under CO-PROX conditiohaye
been proposed on the basis of indirect analysisedbx or catalytic properties for this type of
catalyst [38,39]; direct evidence on redox changgdsng place in the catalyst under the reactant
atmosphere, which could provide details on the neatif active sites for the processes taking place
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under CO-PROX conditions in this type of catalysts, to the best of our knowledge, only recently
been reported in a series of contributions from taboratory [18,40,41]. In turn, such redox
characteristics have been shown recently to dependgly on the type of face exposed by the ceria
support, which has important consequences for @ROX performance of this type of catalyst [42].

The present contribution reviews such studies dsd analyzes issues related to catalytic/redox
correlations on catalysts of this type in ordeattempt to establish the most relevant aspectheof t
state of the art in this field.

2. Results and Discussion
2.1. Redox and Catalytic Properties as a Functib@leanges in the Ceria-Based Support Nature

The ability of catalysts based on combinations ketwcopper oxide and ceria for CO oxidation
or the CO-PROX process has been related to the qtremof redox properties, which is achieved
upon combination of both oxides, taking into acdaimat they appear to operate under a redox-type
catalytic mechanism [6]. The existence of a redoonmtion has been mainly based on intensive
investigation done with different spectroscopic htdques, as well as temperature-programmed
reduction studies in which it has generally beeomshthat the CO oxidation rate can be correlated
with the degree of ceria-promoted reducibility ewta@l on the dispersed copper oxide
entities [6,26,29,39,43,44]. In turn, the levelpsgbmotion of such reduction can be also affected by
modifying the nature of the support within struelly related doped ceria materials [18,27]. In this
sense, the first approach of the authors’ laboydtothe catalytic properties of this type of systeas
done in a work in which a set of catalysts prepdsgdmpregnation with the same copper loading
(1 wt.%)—Dbut differing in the nature of the cergated support that was employed—were tested for
the CO-PROX process [18]. Supports were choserherbasis of previous experience in the field of
three-way catalysts (TWC), as well as consideriiftergnces in oxygen transport properties [45].
Thus, in addition to the simple pure ceria supp@e;Zr and Ce-Tb mixed oxide supports were
employed, taking into account that they could pdevienhanced physicochemical and catalytic
characteristics based on previous experience iTYME field, particularly in terms of enhanced redox
(oxygen transport) properties [46]. Preparation aehdracterization details for these systems can be
found elsewhere [18]; it must be noted thgg:&alues around 100 iy were exhibited by all these
systems. As displayed in Figure 1, all catalyses essentially constituted by fluorite nanocrystals
(stable structure for the corresponding supportsp an agreement with HREM investigation
displaying the presence of more or less rountle®-8 nm nanocrystals [46,47]) onto which copper
oxide entities have been dispersed. The chemiatd sf copper has been shown to be similar for all
samples and, in turn, similar to that observed &o€uO reference, with small differences being
attributed to interactions with the ceria-relategbort [18,37], as evidenced by XANES (Figure 1).
The existence of a fully oxidized state, Cu(ll), adpper in the initial calcined catalysts is also i
agreement with XPS investigation, as shown in Edrin turn, values of XPS atomic ratios are in
agreement with achievement of a relatively higlpéision degree in the copper oxide entities in all
cases (Figure 2). However, in spite of the fact thixed oxide supports could provide enhanced redox
properties to the catalysts [46], overall CO-PRGCetfgrmance is shown to be optimized (both in
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terms of CO conversion and G®electivity—.e., O, selectivity towards oxidizing CO in competition
with H,) for the system supported on pure ceria, as disglan Figure 3. In turn, such behavior cannot
be attributed to an enhanced copper oxide dispelisidhe case of CuC, according to analysis of
Ar*-sputtering XPS experiments (Figure 2), which poiot an increase in the dispersion as
CuC= CuCT4 < CuCT1 < CuCZ [18]. In order to attemptationalize this behavior, the catalysts of
the Ce-Tb series have been examined by means ofRFOtests [48]. In this sense, recent work by
Luo et al. [32] provides an interesting rationalization ofdog/catalytic correlations in catalysts
combining copper and cerium oxides; on the basdasisical CO-TPR results, they could differentiate
between the reducibilities of the three types ofdimed copper entities generically proposed to be
present in this type of catalyst (in decreasingeorof reducibility or CO oxidation activity): fingl
dispersed CuO; bulk-like CuO; and, finally, €uin the ceria lattice, likely substitutionally.
Nevertheless, such an investigation has been w@ahkaerion a series of catalysts combining in all €ase
copper oxide and ceria while, as previously memtihrchanges in the support nature can modify such
redox or catalytic properties [46]. In this sers® shown in Figure 4, the reduction profile (unde)

of CuC is characterized by a low intensity reducii@ak and a somewhat stronger peak at about 170 °C
and 225 °C, respectively, which are referred to andp peaks, according to the usual nomenclature
employed in the literature [32—34]. In additioneftd is a high intensity peak at 298 YJo€ak). These
peaks below 300 °C can be assigned to the reducfid®./* ions belonging to different types of
oxidized copper entities with differing degreesimraction with the underlying ceria support. The
presence of more than one reduction peak in the €uélyst, as opposed to one peak in the case of
pure CuO (Figure 4), is consistent with the exiséeaf more than one type of copper oxide species in
CuC, which is in agreement with the irregular shdpéected in the Cu/Ce atomic ratio evolution
during Ar’-sputtering experiments (Figure 2) [18]. The retucbf copper species responsible for
andp peaks occurs at lower temperatures compared ® @uO, while they peak maximum appears
fairly close to that of bulk CuO. This justifiestrétution of the former two peaks to well-dispersed
copper oxide species whose reduction would be afgig promoted by ceria, while the latter
accounts for the presence of less dispersed (dwmrgh still diffraction silent; see Figure 1) coppe
oxide entities. Such an interpretation is also greament with results achieved by EPR in previous
studies [29]. Apparent downward shifts of the reaturcof copper species are observed in the presence
of Tb in the support (Figure 4). Thus, the reducfwofile of CuCT4 contains a low temperature peak
at 120 °C, whereas two peaks appear at higher tatupes (190 °C and 250 °C). The presence of
multiple peaks must reflect, as in the caseCoiC, the heterogeneity of copper oxide entitiethese
samples, which is in agreement also witi-gputtering experiments (Figure 2). Concerning CuCT
the reduction starts around 50 °C and an intenak ae155 °C is observed. There is also a hump at
250 °C in this case, which could in part be relatedhe existence of residual WGS activity (as a
consequence of interaction of CO with surface hygs) [49]. Similar results can be found in reports
by Wanget al [38,50], in which the formation of a low tempena o peak in case of CuO on
samarium-doped ceria has been attributed to theetefff the presence of surface oxygen vacancies
within the oxygen ion conducting support. They haverred that an interfacial metal oxide-support
interaction mechanism is involved at the inceptbthe reduction, followed by the induced successiv
reduction of bulk copper oxides, somewhat in acaoce with a proposed model for the reduction of
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components of this type of system upon interactothn CO [29]. Similarly, our CO-TPR results
(Figure 4) suggest that the low temperature reditgibf finely dispersed CuO on CuCT4 and CuCT1
is enhanced in comparison to CuC.

Figure 1. Top: X-ray diffractograms of catalysts with 1 wt.% coppeide dispersed on
ceria (CuC), Ce-Zr mixed oxide (CuCZ) and Ce-Tb edixoxides with 4:1 (CuCT4) and
1:1 (CuCT1) Ce:Tb atomic ratios. Bottom: XANES dpador the indicated catalysts.
Note: This figure is adapted with permission frat8]f Copyright © 2005, Elsevier B.V.
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Figure 2. Left: Wagner diagram showing Cu (2p and AES) XPapaaters observed for

CuC and CuCZ samples. Right: Profile of the Cu/Qd), M = Zr or Tb, atomic ratio as
a function of the Arsputtering time for the indicated samples. NotaisTigure is adapted

with permission from [18]. Copyright © 2005, ElsevB.V.
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Figure 3. Profiles of CO conversion (top) and selectivity fine CO-PROX process
(bottom) obtained during catalytic tests under 1@ €1.25% Q + 50% H (Ar balance)
for the indicated catalysts. Note: This figure dapted with permission from [18].

Copyright © 2005, Elsevier B.V.
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Figure 3.Cont.
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Figure 4. CO, production during the CO-TPR runs performed wittulaular reactor over
the indicated samples. A CuO reference sample pdphy microemulsion has been
included for comparative purpose. Note: This figusereproduced with permission
from [48]. Copyright © 2009, Elsevier Inc.
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However, such apparently enhanced reduction okedigg copper oxide entities upon Th-doping of
ceria (as inferred from interpretation of the CORTProfiles; Figure 4) does not correlate with the
gradual decrease in CO oxidation activity under BRI®DX conditions (Figure 3). It has to be noted
that such redox/catalytic correlations appear tavbt established on the basis of both CO-TPR and
H,-TPR experiments [26,32—34]. In conclusion, theseilts evidence that such a type of correlation is
not fully valid when the support nature changess Being the case, what could then be the reagson fo
such discrepancies, taking also into account thatkation between copper oxide reducibility and CO
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oxidation activity has been widely demonstrated oy based on mentioned TPR experiments but
also on the basis of various spectroscopic teclesiqd0,41]? The origin of the discrepancy can be
related to the redox phenomena taking place ativelg low temperatures (even subambient) during
the gas equilibration period carried out at roommgerature prior to starting the recording of the
CO-TPR data typically done after such gas equilibnawhen the heating ramp under diluted CO is
launched. Indeed, a process of CO consumption, mithCQ evolution, is detected during such
equilibration period, in agreement also with pres@xperiments [48,51,52]. In this respect, amounts
of CO consumed at 20 °C prior to launching the rargestimated as 230, 210 and LA%ol/g for
CuC, CuCT4 and CuCT1 samples, in good qualitatpreement with the aforementioned decrease of
CO oxidation activity upon increasing the amountesbium in the support (Figure 3). The respective
CO oxidation activity is, in turn, reflected by thespective intensity of a Cicarbonyl species
(attribution in accordance with previous works limting *4CO-*CO isotopic substitution experiments
and analysis of carbonyls thermal stability, whiedé details can be found [27,29,48,49,51]) formed
upon interaction of the calcined samples with CQoaim temperature, Figure 5. Since the catalysts
were shown to display a fully oxidized state of gepin the initial calcined sample, formation otku
carbonyl species upon room temperature interaagtvidences the existence of a low temperature
copper oxide reduction process, also in agreematt goncomitant formation of carbonate-type
species upon such room temperature interaction @&h[49,51]. Such a room temperature copper
oxide reduction process has been also demonst@te#le place upon interaction with the CO-PROX
reactant mixture [18]. Therefore, the extent ofgrp promotion of such a low temperature reduction
process, rather than reduction processes occuatifggher temperatures that are the ones typically
reflected by conventional TPR tests, appears teelade with respective CO oxidation activity inghi
type of catalyst, as will be discussed in the fwllg. It may be noted that additional evidencetfos
room temperature reduction process was obtaingaamnious work by XPS and EPR [29]. In turn,
further demonstration of the involvement of a @i reduced state of copper on the CO oxidation
activity was also recently achieved for this tygecatalyst byoperandeDRIFTS showing in turn the
existence of an induction process related to tbeeaientioned reduction of copper oxide [53].

Figure 5. DRIFTS spectra in the carbonyl stretching regioltofang interaction of the
indicated catalysts with a diluted CO flow at rom@mperature.
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2.2. Nature of Active Sites/Entities and Furthentdion Catalytic/Redox Correlations

Considering the results exposed in the former cectia set of catalysts with
most active configuration involving the combinatioh copper oxide and ceria were explored with
regards to their CO-PROX properties by means oftspscopic techniques under reaction conditions
(the so-called operando techniques). Two different preparation methods p(egnation and
microemulsion-coprecipitation) and different coppeadings have been used in order to attempt to
cover the widest possible range of physicochenalcatacteristics in the oxide entities constitutiimeg
catalysts. The main characteristics of the int&ltined catalysts at their structural, morpholaband
electronic levels, on the basis of XRD, Raman, HRIPEEDS, Ser measurements, XANES, and
XPS were reported in a former contribution, in vhifall details of catalytic activity results takernth
a tubular reactor can also be found [40]. A brighmary of the characterization results is givethi
following and some relevant data are collectedabl@& 1.

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

Synthesis Sser Lattice parameter®  Crystal size® Phases
Sample 5 b
method (m?g) (A (nm) detected
0.5Cu0O/CeQ impregnation 116 5.410 7.6 Fluorite GeO
1CuO/CeQ impregnation 107 5.410 7.8 Fluorite GeO
. . Fluorite CeQ,
5CuO/Ce mpregnation 101 5.413 8.1 .
N @ 'mpregnat tenorite CuO
microemulsion Fluorite
C . 130 5.410 7.0
&.95C L 00, coprecipitation CeCu0,
microemulsion Fluorite
C . 151 5.413 6.6
&.sClo. 202 coprecipitation CeCu0,

2 For the fluorite phas&:Based on XRD and Raman [40].

Thus, XRD displayed only peaks corresponding to flberite structure of ceria, except for
5CuO/CeQfor which weak and narrow peaks of tenorite CuOenagtected, in agreement also with
HRTEM, XANES and XPS results. As shown in Tableldliice parameters estimated from XRD
analysis of the fluorite peaks are close to thogeeeted for pure ceria for all the samples. It mest
taken into account, however, that copper introductnto the ceria fluorite lattice is not expected
induce significant changes in this parameter [29,87deed, on the basis of analysis of lattice
microstrain (determined from analysis of XRD resuland Raman results, significant differences
between samples prepared by impregnation and nmeriséon-coprecipitation were revealed [37,40].
These have been related to the fact that, as extheall the copper remains essentially at the sampl
surface in the samples prepared by copper impriegnathile at least a part of the copper appears to
be incorporated into the ceria fluorite lattice fthhose prepared by coprecipitation within
microemulsion. In any case, it must be noted tmatatter type of sample cannot be fully considered
pure Ce-Cu mixed oxides, since a certain coppdiacersegregation, increasing with the copper
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loading, is evident on the basis of mainly XEDS @&a&-sputtering XPS analyses [40]. Accordingly,
catalysts of the GgCuO; series (Table 1) can probably be better descraze€uO/Ce ,Cu,0,-y
(with undeterminedz and y, and in any case with the amount of segregated @Gweasing
with x [40]), since single solid solution of the copper not fully achieved in any case (most
particularly for Cu content >10 at.% [40]). In tuthough CuO-type clusters dispersed on the ceria
support predominate for the catalysts preparedrpregnation, differences between catalysts of this
series as a function of copper loading have beemvishto be related, as noted in Table 1, to the
presence of large crystalline CuO patrticles, iroadamce also with electron microscopy investigafitfj,

in 5CuO/CeQ. This must be the result of having exceeded tippeooxide dispersion capacity of the
Ce( support above a certain copper oxide surface mga@n our case, detected for the sample with
5 wt.% Cu) [40]. On the other hand, the presenceopper induces some surface area decrease in the
samples prepared by impregnation, probably dueotoescopper covering of interparticle pores
(Table 1). In contrast, the surface area appreciaoleases with the copper amount for the samples
prepared by microemulsion—coprecipitation, in datien with the aforementioned introduction of
copper into the ceria lattice, which basically iods a decrease in primary particle size (Tabl®©#mh).

the other hand, concerning the electronic stateopper, XANES (as also shown below) and XPS
analyses revealed that the starting sample caleinddr dilute @ at 500 °C presents copper in a fully
oxidized CG* chemical state with relatively few differencesdept for the crystalline CuO detected in
5Cu0O/CeQ) between the samples concerning copper electobraacteristics [37,40].

Concerning the catalytic/redox behavior of the eerof samples collected in Table 1, DRIFTS
experiments under CO-PROX conditions reveal then&tion of bands of a similar nature for all
catalysts upon contact with the reactant mixtureeaction temperatures between 303 and 523 K.
These basically appear in three distinct specwakg, as illustrated in Figure 6 for the 1CuO/geO
catalyst. The first zone displays bands correspananainly to hydroxyl species (isolated ones of
various types giving sharp bands in the 3720-36007 cange and associated species giving a broad
band extending froma. 3800 to 3000 cii) [54,55]. A second spectral zone below 1700 cexhibits
most intense bands of carbonate or related sp§stes8]. Stretching vibrations of these species
appearing in this region are ascribed to bidentatbonates (bands aef. 1583 and 1297; note this
attribution was recently revisited and tridentaterdination was suggested for this species ondlkesb
of combined IR-DFT analysis [59]); a combinatiombatca. 2880 cm’ (see the highest wavenumber
zone at the left of Figure 6), particularly appargnlower temperature spectra, is also attributed
these bidentate carbonate species. Polydentatenzdds showing the symmetric and antisymmetric
stretching vibrations of the terminal CO bondsat1478 and 1356 crhare also detected. The band
at 1216 crt', along with that at 1399 crhand a shoulder ag. 1600 cm®, are attributed to hydrogen
carbonate species [57,58]; this is confirmed byphesence of a sharp OH stretching vibrationaat
3618 cm® also belonging to these species; note that thie tf carbonate must be formed upon
interaction of CO with monodentate hydroxyls (gyinrise to a band at
ca 3710 cm’ in the spectrum of the original sample) [55,58],aiccordance with observation by
DRIFTS, Figure 6. The third spectral zone (at imediate frequencies) shows the formation of
CO; (g), evolving in accordance with CO oxidation aityivand a carbonyl species (as discussed
earlier, a Circarbonyl giving rise to a band at 2120-2110 cnat [27,29,49,51]. As discussed
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previously, the presence of these™ @O species already upon initial contact at 303 ihvthe
reactant mixture is consistent with the easy radocif copper in the catalysts, considering thaipey

is fully oxidized in the initial calcined catalystglO]. As also noted earlier, in the case of
Cu/Ce«ThO,-, catalysts, one of the main differences betweerséimples is related to the intensity
of this Cu-carbonyl band. Furthermore, as displayed in Figure correlation can be established
between the intensity of such carbonyl speciesthadCO oxidation rate observed for every sample.
Since such carbonyl species must be formed asseqaence of a support-promoted reduction process
of the copper and taking also into account thatétetively low frequency of this band, with respex
those expected for this type of carbonyls [60], basn related to the interaction between the plgrtia
reduced copper centers and the underlying ceri29240,41,51], the correlation evidenced by Figure
7 reveals that the active species for CO oxidatioder CO-PROX conditions must be related to
surface-dispersed partially reduced copper oxideecisp interacting with the support,
i.e,, at CuO-support interfacial positions. This is sistent with the aforementioned results collected i
previous reports [27,29,40,49], which show thatséheopper species are the most reducible upon
contact with CO at low temperatures within a precgbereby the ceria support that is in contact with
the copper species can also become reduced [2Z,82]6 Thus, differences between the
CO oxidation activities under CO-PROX conditions fiois type of catalyst is related to the extent of
support promotion of such partial (to G«uO reduction at interfacial sites which is atéal in each
case. It is worth noting that the correlation betwéhe intensity of the Cecarbonyl and CO oxidation
activity over samples of this type was also indeleerly demonstrated later by Baertsthal [63].

Figure 6. DRIFTS spectra under CO-HD, reactant mixture flow at the indicated
temperatures for 1CuO/CeQOThe spectrum at the bottom corresponds to tlwatrded at
303 K after pretreatment under diluted & 773 K, prior to contact with the reactant
mixture. Note: This figure is adapted with permissifrom [40]. Copyright © 2007,
American Chemical Society.
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Figure 7. (a) intensity of the Clicarbonyl as a function of the reaction temperaturger
CO-H,-O, mixture for the indicated catalysts. b)( Intensity of the
QMS m/e = 44 signal, corresponding to gQluring the tests performed with the DRIFTS
cell under CO-EHO, mixture. €) correlation between the intensity of the
Cu'-carbonyl just prior to CO oxidation onset and tin@ial CO oxidation activity.
Note: This figure is adapted with permission frodD][ Copyright © 2007, American
Chemical Society.
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On the other hand, the reaction mechanism undechntiiis type of catalyst operates for CO
oxidation has been proposed to be of a redox, gbypapeaking, of the Mars-van Krevelen [64,65],
type [6]. This has been, indeed, demonstratednferiiCuO/Ce@ catalyst for which kinetic data are
consistent with Mars-van Krevelen expressions [66]:
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with Aco = 1.61 x 18 mol/g-s-barEaco = 4.57 x 10 J/mol, Ay, = 2.87 x 16 mol/g-s-bdy
Eao2= 5.51 x 16 J/mol anch = 0.09 [66]. In this respect, it becomes pertirtenénquire as to
the nature of the active oxygen species involvetthéreaction mechanism. It must be recalled in
this sense that different oxygen species (supeepxidroxide, oxide) have been proposed to be
involved as active sites in this type of systemiclltan certainly depend on the specific degree
of hydroxylation present in each case [67,68]. Biphgain perspective, Raman spectra were
collected under reaction conditions forgG0e) 0. They do not show the formation of peroxide
or superoxide species under CO-PROX conditionstidane expected af. 840 and 1125 cm,
respectively [64,69]Figure 8). The shift of the fluorite,Fmode band ata 460 cm® with
increasing reaction temperature is in agreemett thiermal expansion of the fluorite lattice (in
accordance with spectra simultaneously recordecerutite same conditions for CgOand
reduction at the highest temperatures [64,70], evitie decrease of the bandcat 600 cm*
(related to oxygen vacancies [37,64]) at the higmeaction temperatures is consistent with
copper migration to the surface as a consequencechfction to metallic copper [37], in
agreement with XANES results described beldvine partially reduced oxygen species
(superoxide, peroxide) were proposed to be invohadting CO-PROX processes in
hydroxylated ceria-supported gold catalysts [70]eif absence under CO-PROX conditions in
Cuw oCe g0, suggests that oxygen species involved in the redozesses can be related to oxide
anions, in agreement with a recent investigationwimch redox changes under CQ/@n
1CuO/CeQ were observed to occur without involvement of sapieles or peroxides even at
303 K [64],at which they can be stable [29].

Figure 8. Raman spectra obtained for fg€uw 0, under CO-PROX conditions
at the indicated temperatures. Note: This figuredspted with permission from [41].
Copyright © 2007, American Chemical Society.
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The analysis of the Cu K-edge XANES spectra of £a O, and 5CuO/Ce@under CO-PROX
conditions indicates the presence of three diffecbemical species during the course of runs. ke f
one corresponds to a €whemical state displaying geometry similar to floaind in CuO, though it
also displays some particularities as a consequehageractions with the support, as discussed in
more detail elsewhere [37]. The ¥ucomponent predominates at low reaction temperatase
illustrated by Figure 9. Since DRIFTS results dissat earlier revealed that Capecies are formed at
low temperature, it must be noted that the amodin€w-carbonyls formed must correspond to a
relatively low portion of the whole copper presanthe sample (note in this sense a maximal lirhit o
ca 10% as intrinsic error of the XANES techniquelgsig). They must be exclusively related to
interfacial sites in close interaction with the gag which present the highest redox activity, in
accordance with existence of a support promotifecebn the CuO reduction, as discussed previously
[29]. A component corresponding to zero-valenf,Gs identified from a comparison with a Cu foil
reference, predominates at the end of the runauig). Additionally, an intermediate species is
detected during spectra analysis and attributeal @i state on the basis of its 1s 4p/3d transition
energy and spectral shape. Joint analysis of tbkigens of the various copper species and thesgase
evolving during the CO-PROX tests allow separatiftgrent relevant zones (Figure 9). The first one
(zone 1) at lowest reaction temperature involvedwesively activity for the CO oxidation reactiondan
has been discussed above on the basis of DRIFT&rimgnts. The second zone (ll) displays a
correlation between the onset of ekidation and, at slightly lower temperature, tdmset of massive
copper reduction to Cu This correlation suggests the involvement of thger species in H
oxidation, in agreement with the high reactivityosim by partially reduced copper oxide towards
hydrogen [71] Note that as a difference from CO oxidation, dXxidation takes place only when the
reduction is propagated to zones of the coppereorahoparticles far from the interface between the
two oxide components. In this respecs, dxidation can be most dependent on the specifipguties
(size, shape [72]) of the dispersed copper oxideoperticles, as pointed out previously [18].
In contrast, CO oxidation properties are most Yikgjoverned by the characteristics of the
CuO-support contactg,e., the interfacial properties [41A third zone (lll) is detected at higher
temperatures whereby the kxidation reaction rate changes in coincidencé witsharp increase of
the Cu contribution. This can be related to the formatibess active CiD and/or to sintering of the
copper prior to generation of metallic copper [8),7This is detected at the highest reaction
temperature and its formation fairly coincides witle formation of C¥& states (not shown; see [41]
for details). It may be pointed out that the coppegregation produced by this reduction process can
contribute to the deactivation observed in thisetypy system when maintained under the reactant
mixture at relatively high temperature [7,20]. \dation of the correlations observed for,@De) O,
is provided by observation of similar ones for 5C0€0, [41].

The existence of different active sites (interfh@aes and on top of the reduced copper oxide
particles) for each of the two reactions basicadlyolved in the CO-PROX process over this type of
catalyst (CO and H oxidation) is in agreement with kinetic analysisowing the absence of
interference between CO and #uring the two reactions.€., the rates of CO andjtbxidation do not
depend on partial pressure of &hd CO, respectively) [39]. This has, however nbeduted recently
by Kydd et al. [73], who suggest that some degree of competeatwden H and CO for the active
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sites may arise at relatively high reaction temppees, in the non-selective region, when CO
desorption from active reduced copper sites becéewered, even though, to the best of our
knowledge, no direct evidence for this is availade[73].

Figure 9. Cu-K edge XANES spectra under CQ-8, mixture over CggCuy O, (a).
Evolution of chemical species extracted from sgeetnalysis and of the various gases
detected in the course of th@perando test with the XAFS cell i), quantified in
accordance with calibration and appropriate gasrfietence corrections. Note: This figure
is adapted with permission from [41]. Copyright @0Z, American Chemical Society.

Absorbance (a.u.)

0
%
DA
£
8950 8960 8970 8980 8990 9000 9010 9020 9030
Energy / eV
1.0 :
c :
o :
o 0.8 :
<%
£ ;
s} :
o H
© 06- ;
=1 :
<% :
o :
° :
5 0.4 4
= :
E H
iy :
0.2 :
0.0 ;
64— :
54 3
g . §
£ 4 i)
E »
= A
S 7
2> 3 .o
‘@ /
c i
5 i
£ 24 "
0 7
= A-aalj /
1 “A-A, ]
A 3 % > 26 CO
v : V.
v N : . 2
0 - '.-~I'I!'v . “T.l . AI‘A,L'.LA A AI'XI:!’!Y,
300 350 400 450 500 550 600

Temperature (K)

(b)



Catalysts2013 3 393

Another recent finding is related to a very recshidy in which three samples of copper oxide
supported by ceria with different surface morphalab characteristics (hanocubes exposing (100)
faces at their surface, nanorods exposing (110 H0@) faces and nanospheres with polyhedral shape)
have been examined with respect to their CO-PROMXopeance [42]. An absence of correlation
between CO oxidation activity and intensity of ‘@arbonyls formed under CO-PROX reaction
conditions (as explored mperandeDRIFTS) is observed in that case, which contrestis the results
exposed above (obtained with series of differeipipeo loading samples supported on a ceria support
with the same morphology or with samples prepasgecopper-cerium microemulsion/coprecipitation.

This reveals differences in the catalytic properted the dispersed copper oxide entities as a
function of the surface characteristics of the a&atipport with which they interadte., a structural
dependence of the CO oxidation reaction involvethan CO-PROX process. On the whole, the main
conclusion of such a study can be that optimizedRRDX catalysts can be obtained by using ceria
nanocubes as support. This is based on the facsubh morphology could allow achieving maximum
dispersion i(e., avoiding copper oxide segregation into separdtigd copper oxide particles not
interacting with the underlying support, as detgcter instance, when using ceria nanospheres as
support; Table 1) in this case, and partly as aeguence of the relatively low specific surfacaare
ceria nanocubes [42] and larger particle size wittomogeneously distributed dispersed copper oxide
particles. Interaction of such dispersed coppédeyparticles with the underlying (100) face ofiaer
can also be most relevant to explain the enhan€dPROX catalytic properties. The latter is related
to the enhanced COselectivity, which favorably balances the decreabe&CO oxidation activity
produced as a consequence of the stronger intemaaiith the support. The higher G®electivity
observed over the specimen supported on ceria nbhaecds shown to be related to difficulties in
achieving full reduction of the dispersed coppeidexparticles under CO-PROX conditions, on the
basis of mainlyoperandeDRIFTS experiments, and also in agreement witlhiraents exposed above.
On the other hand, other morphological details Wwiuguld be relevant to this type of catalyst/preces
is related to control of the porous microstructofiéhe system, as shown in a recent study [74].

3. Summary and Main Conclusions

Catalysts constituted by combinations between aopyide and ceria (or structurally related doped
ceria) are amongst the most active catalysts witimarative temperature ranges for the process of
preferential oxidation of CO in Hich stream (CO-PROX). This is an economically gmdctically
interesting procedure for the purification of hygkea extracted from hydrocarbon sources, partigularl
focusing on its use as fuel of proton exchange mman# fuel cells in mobile or small-scale
applications. Although general agreement existsceonng the necessity of establishing contacts
between both components’ oxides, simply achievapten dispersing at highest possible level copper
oxide on high surface ceria, it is required to gstep further in the sense of understanding basic
aspects of the CO-PROX process over this type stegy in order to get optimized configurations,
particularly considering that the main competiterthin catalysts active for the process are vebust
platinum-based catalysts. In this context, the gmesontribution basically revises work done in the
authors’ laboratories focused on gaining basigyimsi in two interrelated aspects: (1) determinimg t
nature of the sites active for the various reastiomvolved in the process; and (2) establishing
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catalytic/redox correlations. Concerning the fpsint, it must be noted that basically two reaction
take place below about 200 °C (before formation\&&S-active metallic copper under CO-PROX
reaction conditions) in the presence of a CO-PROXture over this type of catalyst: CO ang H
oxidation. In turn, concerning the second pointewlistarting from a fully oxidized catalyst, changes
can be produced in the oxide components duringahese of the interaction with the reactant mixture
i.e,, considering the reducing nature of the mixtueguction of the oxides components becomes
thermodynamically favored. On this basigperandospectroscopic analysis of the catalysts has been
carried out and allows concluding on the existevica low temperature support promoting effect on
the partial reduction (to Cliof interfacial sites of the dispersed CuO ergiti®uch interfacial partially
reduced copper sites (Cspecies) apparently constitute the most actives dibr the CO oxidation
reaction on the basis of the results obtained. Thisainly based on the finding of an interesting
correlation between the intensity of Gearbonyls formed under reaction conditions and @@
oxidation rate respectively observed. This has lreeently shown to depend also on the specific
surface morphology of the ceria support which ewviljedetermines the CO oxidation activity of the
active reduced copper entities. On the other hidmedextension of the reduction over the copperexid
entities {.e., to sites out of the interface and accordingly ntigsly not so strongly affected by contact
with the ceria support) upon interaction with tleaatant mixture can provide the most active sibes f
the H oxidation reaction. The possible separation betwtbe two types of the most active sites that
can be involved during the two fHand CO) oxidation reactions taking place under
CO-PROX conditions over this type of system (prasionacroscopic kinetics experiments have also
pointed out towards the presence of independenteasites for the two reactions [39]) can open the
possibility to control their catalytic propertiesica design optimized systems for this important
application. Indeed, this hypothesis has alloweddi#sign of newly optimized catalysts of this tiyye
using inverse CeflCuO configurations, as recently reported [75]. &i#veless, it must be noted that
other authors have argued for different activessite each one of the two oxidation reactions;
i.e, it has been proposed, although no direct dematrmtris available to the best of our knowledge,
that B and CO can compete, at least above a certainaeaemperature, for the same active sites.
This hypothesis proposes thag bixidation starts as soon as the temperature fgigutly high and
CO desorption from copper-active sites becomesréaoNe are presently working in our laboratory
on understanding better how this functions.

On the other hand, the results point out some ejpsercies as to the use of classical TPR runs for
getting catalytic/redox correlations since redorgasses of relevancy to explain CO oxidation can
take place at relatively low temperature, typicallying gases equilibration prior to data collectim
addition, as pointed out in previous works, thectiea mechanism under which the catalysts operate
for CO oxidation can be of a redox Mars-van Kremdlgpe with oxide anions apparently constituting
the active centers, according to Raman investigatiither aspects of relevancy which have not been
treated in detail in this contribution, are relateal understanding the catalysts’ deactivation
mechanisms [76,77], particularly in the presenc€6f and HO in the reactant mixture, which, as it
occurs for nanogold systems, could limit the pcadtiapplication of this type of catalyst. It must,
however, be mentioned in this sense that monolitmnms of CO-PROX catalysts combining copper
and ceria have displayed high performance for thegss, even in the presence of important amounts
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of CO, and HO in the reactant stream [78]. On the other handper segregation and formation of
metallic copper is shown to occurfat ca. 473 K under CO-KHO, mixture and can also contribute, in
addition to formation of interfacial carbonate spsand molecular water blocking effects [76,7@], t
deactivation observed under a simple CO-PROX maxtur
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